Decay spectroscopy of 1Sm: the lightest four-quasiparticle K isomer
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Abstract

The decay of a new four-quasiparticle isomeric state in 15Sm has been observed using v-ray spectroscopy at the RIBF,
RIKEN. The four-quasiparticle state is assigned a 27 ® 2v 77%_[532],7r%+[413], v3 [523], V%+[633] configuration. The
half-life of this (117) state is measured to be 1.8(4) ps. The (117) isomer decays into a rotational band structure,
based on a (67) v3 [523] ® u%+[633] bandhead, consistent with the gk — gr values. This decays to a (57) 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 '°Sm. They reveal a significant influence from s deformation
and that '%°Sm 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 '°Sm. The E1 data are found to agree with the existing relationship for E2 transitions.

The existence of nuclear metastable, or isomeric, states difficult to observe. In combination with projectile frag-

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
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mentation 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 exist.
Therefore, understanding the formation and stability of
multi-quasiparticle isomers is a key part of fully exploiting
the new generation of radioactive-beam facilities.
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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 tran-
sition to a lower energy state with a different K value is
inhibited by the AK < X selection rule, where A is the mul-
tipole order of the transition.These transitions are able to
proceed through symmetry-breaking processes, where the
hindrance factor is strongly correlated with the degree of
forbiddenness, v = AK — A. The partial half-life of the
isomeric state relative to the single-particle Weisskopf es-
timate is known as the reduced hindrance of a transition,

expressed as f, = (T;/Q/Tlvy,z)l/y [1].

K isomers may arise from the breaking of one or more
coupled 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, ®4Er
(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 '6*Er, for ex-
ample, in 156’158’160’1648111 (Z _ 62) [477]’ 152’154’156Nd
(Z = 60) [6, 8-11], and 15°Gd (Z = 64) [7], but none
> four-qp. Increasingly more neutron-rich isotopes must
be populated to further probe this region. The radioac-
tive isotope beam factory, RIBF, at RIKEN has more re-
cently enabled population of these nuclei using high ura-
nium beam intensities.

Nuclei around '%°Sm were populated by in-flight fission
of a 345 A-MeV 233U beam incident on a 4 mm thick
9Be target at the RIBF. The beam intensity at the tar-
get was 10 particle-nA on average. The secondary ra-
dioactive isotope beam containing the nuclei of interest
was passed through the BigRIPS and ZeroDegree spec-
trometers: a two-stage achromatic separation system that
separates and identifies the beam species on an ion by ion
basis, using time-of-flight, magnetic rigidity and energy
loss (TOF-Bp-AE) [12, 13].

Delayed v 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 con-
figuration 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 v-ray detection.

Delayed ~ rays from the isomeric decay of '%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 4T states in the ground state band respectively. In
addition to these transitions, 7 rays from the decay of a
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Figure 1: Energy spectrum of delayed ~ rays from 15°Sm observed
0.5 to 2.5 us following implantation. All labelled v rays have been
placed in the level scheme. Those marked with filled circles are the
123, 149, and 316 keV + rays that were unable to be placed in the
level scheme. Inset: The exponential decay curve from the four-
quasiparticle isomeric decay of 160Sm, obtained from the 432 and
641 keV ~ rays.

four-qp isomer are now observed in the current work. In
particular a strongly-coupled rotational band structure is
newly identified. These new ~ rays have been added to the
160Sm level scheme, presented in Fig. 2.

The level scheme was deduced from -y coincidence
analysis. The new v rays with the highest energy (432 and
641 keV) were determined to depopulate the isomeric state
directly. The 2* — 0% 71 keV ~ ray cannot be observed
in Fig. 1 due to a strongly competing electron conversion
process, but has been observed in coincident spectra. In
addition to the 7 rays placed in the '°Sm level scheme,
weak v 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 deter-
mined 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 transition-
ing through the (57) isomeric state. The spin and parity
assignments are tentative in the absence of directly mea-
sured electron conversion coefficients and ~-ray angular
correlations.

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 decay curves derived from the time
between ion implantation and -ray detection (see inset in
Fig. 1). The half-life of the (57) two-qp state was previ-
ously measured at 120(46) ns [6]. The half-life of this iso-
meric state was not measured in this work as the statistics
were not sufficient to resolve the two different half-lives.

Two v rays of 432 and 641 keV depopulate the four-qp
isomer into a band structure built on a two-qp bandhead.
A spin of at least 114 for the four-qp state is required by
the absence of a transition from the isomeric state to the
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Figure 2: Level scheme of 169Sm. All « rays above the (57 ) two-qp
state are new. The half-life of the (57) state is from Ref. [6].

(97) state. Spin-parities of 11" and 127 are permitted by
the experimental data. Our calculations presented below
suggest a K™ = 117 assignment for the four-qp state.

To further understand the level scheme blocked-BCS
calculations [17] were performed. BCS theory treats the
nucleus as a superfluid, where the presence of unpaired
particles affects the superfluidity through a “blocking ef-
fect”. 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 calcu-
lated for a set of deformation parameters; e; = 0.267 and
€4 = —0.027, taken from Moéller et al. [18]. The results
can be seen in table 2.

These calculations show that a 6~ neutron state with a

v3 523 ® V%+[633] configuration and a 5~ proton state

with a 737 [532] ® 7r3+[413] configuration are the lowest
energy two-qp states. The combination of these states
forms an 111 four-qp state. The two-qp state depop-
ulated by the 878 and 1128 keV transitions was previ-

ously suggested to be a (57) state arising from a two-
neutron yg+[642] ® v5 " [523] configuration [6]. However,
our blocked-BCS calculations show that a 5~ two-proton
configuration is preferred.

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

The expected intrinsic g factor is calculated from
Kgrk = X(gaA + gsX), where A and X are the projec-
tions of the orbital angular momentum and intrinsic spin
on the symmetry axis respectively, and gy and gy are the
corresponding g factors. g, is 0 for neutrons and 1 for

Table 1: Initial level energy, Ej, spin-parity, J/*, and branching ra-
tio, Biot(corrected for electron conversion) of the levels obtained for
160Sm in this work. For each « ray the energy, E., y-ray intensity,
I relative to the 1128 keV v-ray intensity, and final level spin, JT,
are listed.

E; Jr E, I,(rel.) Biot(rel.) JE
(keV) (keV)
71 CAAOR 100 0F
2329  (47) 161.9(3)  91(11) 100 (21)
483.2  (6%)  250.3(4)  34(6) 100 (4%)
1361.0 (57) 877.8(4)  24(5) 20(5) (6%)
1127.9(4) 100 80(19)  (4%)
14685 (67) 107.5(3)  26(5) 100 (57)
1602.0 (77)  133.5(3)  53(8) 100 (67)
17543 (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)  (97)
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)  (97)
27573  (11F)  432.1(4)  21(5) 25(6)  (107)
641.1(3)  64(9)  75(18)  (117)
2 The 71 keV ~ ray is only observed in coincident spectra.

Table 2: Low-lying quasiparticle states in 19Sm 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(EY) (Mev) EJP (MeV)
v two-qp
6~ v3T[523|® Vg+ [633]  1.401 (1.7272) 1.468
3t viT[p23|®@vi([521] 1.674P
5t w323 ®@v3 [512] 1.953
37 vl 2110wt 642 2.115
T two-qp
5= w27 [532] ®7r%+[413] 1.032 (1.4572) 1.361
4= w332 @3 [411] 1.569P
4t w313 @ w3411 1.631
4= w3T13) @ w37 [541] 2.107
four-qp
11t v57 523 @I T[633],  2.433 (3.214%) 2.757

- +
737 [532] @ w3 [413]

8~ w3 [523®@vi[521], 2.706P
737 [532] ® w3 [413]
10t v57[523] @ v L [633], 2.970P

753 [532] @ w3 [411]

a (B2, B4, Bs) = (0.294, 0.052, -0.017), (0.287, 0.046, -0.011), and
(0.290, 0.048, -0.013) for K™ = 6, 5, and 117 states respec-
tively.

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



Table 3: Experimental gi values for various transitions in 160Sm,
considering K = 5 and K = 6 bandheads. Two values exist due to
the modulus |gx — gr|. Theoretical values are gx = 0 for neutrons
and gg = 1 for protons.

K~ JT E; and Es (keV) g’

5 11 209 and 399 20.11(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)
S 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)

protons, and gy, 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 gx for these
configurations is 0 and 1 respectively. The experimental
values for g are found using the following:

— Ey
= 0.9336m

l9x —gr]
Qo

where g is the rotational g factor, taken as 0.3 [19], Qo
is the intrinsic quadrupole moment, taken to be 7.0 e-b
from Sm systematics, and E; is the energy of the M1/E2
mixed transition in MeV from an initial state with spin I.
The quadrupole/dipole mixing ratio, d, is calculated using
the formula:

_ 8% 2K2(21-1) E“/\
9= 1352 = T=K-D({I+K-D{I+1) £}

where ) is the y-ray branching ratio and FEs is the en-
ergy of the E2 transition from the initial state. The results
can be seen in table 3. Two values of gx are given due to
the rearrangement of the modulus, |gx — gr| in the above
equation. These values show that the bandhead regardless
of K™ must be comprised of a two-neutron state, as they
are consistent with the theoretical value of gx = 0, but
not with g = 1.

The assignment of a (6~ ) neutron bandhead for the main
band structure, rather then a (57) neutron bandhead is
made on the basis of a lack of observation of a transition
from the 7~ state to the 57, which would have an energy
of 240 keV. The expected 7-ray intensity of this transition
was calculated using the g-factor formula, rearranged for
I, and found to be 570(70) counts (assuming £2 multipo-
larity). This transition, if present, would be easily observ-
able 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.

100

2
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Figure 3: Reduced hindrance, f,, of El transitions versus the dif-
ference between excitation energy of the isomeric state and the rigid
rotor energy. Data points taken from Refs. [19, 22-28] and the cur-
rent work. A pairing energy of 0.9 MeV has been added to odd-A
nuclei.

It has been noted in this mass region that B¢ defor-
mation can be significant [18] and can have a measurable
effect on the structure of the nucleus [7]. In order to quan-
tify this effect potential energy surface calculations were
performed on '°Sm and its neighbouring nuclei. The to-
tal energy of the configurations was minimised in (82, 84)
deformation space and (32, B4, Bs) deformation space. For
more details see Refs. [20, 21]. The inclusion of 3¢ in the
calculations has the greatest effect on the 6~ 2-neutron
state in 1%°Sm, 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 g, enabling the 6~ state
to compete. Consequently, 5s 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 table 2

The reduced hindrance of a transition removes the de-
pendence of the half-life on energy and the multipole or-
der, A, of the transition. Therefore we would expect sim-
ilar reduced hindrance values for isomers around '6°Sm.
However, a systematic study of E1 transitions reveals an
f, dependence on E — Epg, similar to that known for £E2
transitions [29], where F is the energy of the isomeric state
and E'r is the rigid rotor energy for the same angular mo-
mentum. The rigid rotor energy of **°Sm was calculated
to be 927 keV, using a moment of inertia of 7142 MeV !,
found by scaling with A5/3 using 8542 MeV~! for 178Hf.
For the (117) isomer this gives F — Er=1.83 MeV.

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



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™ t1/2 E, (keV) E (MeV) E - FEp v £,
(MeV)
160Gy (117) 1.8(4) s 641 2.78 1.83 4 22
1608y (11F) 1.8(4) s 432 2.78 1.83 4 21
1645y [24] 12+ 68(2) ns 555 3.38 2.33 4 9.4
13 Tm |27 35/2— 121(28) ns 655 4.05 2.95* 6 8.3
174y} (25, 26] 14+ 55(4) ns 786 3.70 2.42 6 9.9
1741t 23] 14+ 3.7 us 379 3.31 2.03 5 15
174Hf 23] 14+ 3.7 ps 155 3.31 2.03 7 8.9
175 HF [23] 45/2+ 2 s 291 4.64 2.34 4 19
182f 22 (13+4) 40(10) ps 264 2.57 1.54 4 24
179V [19] 35/2— 750(80) ns 625 3.35 2.36* 1 4.1
18305 [28] 43/2— 27(3) ns 351 5.07 3.25* 4 4.9
transitions. Acknowledgements

A plot of f, versus ¥ — Eg can be seen in Fig. 3 for E'1
transitions with v>4. Isomers with v<4 are less forbid-
den and therefore excluded. The data are summarised in
table 4. The solid line in the plot is taken from statisti-
cal calculations for E2 transitions [29]. The data from E1
transitions, including the new data point from the four-qp
isomer in '%°Sm agree well with this trend. This relation-
ship 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, '%°Sm is the lightest four-qp K isomer ob-
served.  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 '°Sm, with 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 '°®*Sm would
likely have a shorter half-life than that of 19Sm. Overall,
the calculations show that '®°Sm is the strongest candi-
date for the lightest four-qp isomer to exist in this region,
consistent with our new observations.

In summary, a new four-qp isomer has been observed in
160Sm with a half-life of 1.8(4)us. 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 '%°Sm agree well with the inverse corre-
lation between reduced hindrance and excitation energy
for E1 and E2 transitions, shown here for the first time
for E'1 transitions. Blocked-BCS calculations reveal '6°Sm
and '°8Sm are the best candidates for deformed four-qp
isomers. However, further experiments are needed to as-
certain the Z and N limits for their existence.

This work was carried out at the RIBF operated by
RIKEN Nishina Center, RIKEN and CNS, University of
Tokyo. All UK authors are supported by STFC. P. H. R.
and G. L. are partially supported by the UK National Mea-
surement Office (NMO). P.-A. S. was financed by JSPS
Grant Number 23.01752 and the RIKEN Foreign Postdoc-
toral Researcher Program. J. T. was financed by Span-
ish Ministerio de Ciencia e Innovaciéon under Contracts
No. FPA2009-13377-C02 and No. FPA2011-29854-C04.
Zs. D., I. K., and Zs. V. were supported by OTKA con-
tract number K100835. We acknowledge the EUROBALL
Owners Committee for the loan of germanium detectors
and the PreSpec Collaboration for the readout electronics
of the cluster detectors. This work was supported by JSPS
KAKENHI Grant No. 25247045.

References

[1] P. Walker, G. Dracoulis, Nature 399 (1999) 35.
[2] K. Jain, P. Walker, N. Rowley, Physics Letters B 322 (1994) 27.
[3] F. Kondev, G. Dracoulis, T. Kibédi, Atomic Data and Nuclear
Data Tables 103 (2015) 50.
[4] E. H. Wang, J. H. Hamilton, A. V. Ramayya, et al., Phys. Rev.
C 90 (2014) 067306.
[5] S. J. Zhu, J. H. Hamilton, A. V. Ramayya, et al., Journal of
Physics G: Nuclear and Particle Physics 21 (1995) L57.
[6] G.S. Simpson, W. Urban, J. Genevey, et al., Phys. Rev. C 80
(2009) 024304.
[7] Z. Patel, P.-A. Soderstrém, Z. Podolyak, et al., Phys. Rev. Lett.
113 (2014) 262502.
[8] M. Hellstrém, B. Fogelberg, H. Mach, et al., Phys. Rev. C 46
(1992) 860.
[9] M. Hellstrom, H. Mach, B. Fogelberg, et al., Phys. Rev. C 47
(1993) 545.
[10] X. Q. Zhang, J. H. Hamilton, A. V. Ramayya, et al., Phys. Rev.
C 57 (1998) 2040.
[11] C. Gautherin, M. Houry, W. Korten, et al., The European Phys-
ical Journal A - Hadrons and Nuclei 1 (1998) 391.
[12] T.Kubo, D. Kameda, H. Suzuki, et al., Prog. Theor. Exp. Phys.
(2012) 03C003.
[13] Y. Yano, Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 261
(2007) 1009.



[14]
[15]
[16]
(17]
(18]
[19]
[20]
21]
[22]
23]
[24]
[25]
[26]
27]
(28]

[29]

S. Nishimura, Prog. Theor. Exp. Phys. 2012 (2012) 03C006.

S. Nishimura, Nucl. Phys. News Int. 22 (2012) 38.

P.-A. Soderstrom, S. Nishimura, P. Doornenbal, et al., Nucl.
Instrum. Meth. B 317 (2013) 649.

K. Jain, O. Burglin, G. Dracoulis, et al., Nuclear Physics A 591
(1995) 61.

P. Moller, J. Nix, W. Myers, W. Swiatecki, Atomic Data and
Nuclear Data Tables 59 (1995) 185.

P. Walker, G. Dracoulis, A. Byrne, et al., Nuclear Physics A
568 (1994) 397.

F. Xu, P. Walker, J. Sheikh, R. Wyss, Physics Letters B 435
(1998) 257.

H. L. Liu, F. R. Xu, P. M. Walker, C. A. Bertulani, Phys. Rev.
C 83 (2011) 011303.

R. D’Alarcao, P. Chowdhury, E. H. Seabury, et al., Phys. Rev.
C 59 (1999) R1227.

N. Gjgrup, P. Walker, G. Sletten, et al., Nuclear Physics A 582
(1995) 369.

T. P. D. Swan, P. M. Walker, Z. Podolyak, et al., Phys. Rev. C
86 (2012) 044307.

G. D. Dracoulis, G. J. Lane, F. G. Kondev, et al., Phys. Rev.
C 71 (2005) 044326.

G. D. Dracoulis, G. J. Lane, F. G. Kondev, et al., Phys. Rev.
C 73 (2006) 019901.

R. O. Hughes, G. J. Lane, G. D. Dracoulis, et al., Phys. Rev. C
86 (2012) 054314.

T. Shizuma, K. Matsuura, Y. Toh, et al., Nuclear Physics A
696 (2001) 337.

P. Walker, D. Cullen, C. Purry, et al., Physics Letters B 408
(1997) 42.



