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Isomer Decay Spectroscopy of 1%4Sm and °6Gd: Midshell Collectivity Around N = 100
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Excited states in the N = 102 isotones '°Gd and '*Sm have been observed following isomeric decay
for the first time at RIBF, RIKEN. The half-lives of the isomeric states have been measured to be 950(60)
and 600(140) ns for '°Gd and '*Sm, respectively. Based on the decay patterns and potential energy
surface calculations, including B4 deformation, a spin and parity of 6~ has been assigned to the isomeric
states in both nuclei. Collective observables are discussed in light of the systematics of the region, giving
insight into nuclear shape evolution. The decrease in the ground-band energies of '°Gd and '%*Sm
(N = 102) compared to '“*Gd and '2Sm (N = 100), respectively, presents evidence for the predicted
deformed shell closure at N = 100.
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In the exploration of the nuclear landscape, it is evident ~ nucleosynthesis, which is poorly understood and yet is key
that the neutron-rich side of stability contains a vast  to the creation of chemical elements from iron to uranium
unknown territory, where approximately half of all the  (Z = 26-92) in stellar environments [1]. With the advent of
bound nuclides remain to be identified. Furthermore, the current generation of radioactive-beam facilities, it is
this is the domain of rapid-neutron-capture (r process) now possible to address some of the open questions
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through experiment, and much effort has been devoted to
the study of spherical neutron-rich closed-shell nuclides
associated with the so-called “waiting points” of the r
process. This is leading to an improved understanding of
the elemental abundance peaks at A =~ 80 [2], A = 130 [3],
and A ~ 195 [4].

In contrast, the present work is concerned with the
enigmatic though less pronounced A = 160 abundance
peak, believed to arise from strong midshell nuclear
deformation, and to provide a unique probe of r-process
conditions [5,6]. In this region, macroscopic-microscopic
calculations [7] show a deformation maximum close to
N =104 and Z = 66 ('"°Dy), which is simultaneously
midshell for both neutrons and protons. However, these
calculations seem to be contradicted by recent experimental
data [8,9], which indicate either that the deformation
maximum is at significantly lower proton and neutron
numbers, or that there is more complex behavior, possibly
due to energy gaps in the deformed single-particle space. In
order to extend the experimental knowledge, and to test
more recent theoretical calculations [10], we exploit a basic
nuclear structure feature, namely, that deformation gives
rise to long-lived nuclear excited states (isomers) [11].
Isomers with half-lives in the 100 ns to 100 us range allow
highly sensitive access to nuclear excited states following
relativistic heavy-ion reactions [12]. Combined with the
excellent uranium beam intensities from the Radio-
active Ion Beam Factory (RIBF) facility at RIKEN,
Japan [13], we have been able to reach further into the
A = 160-170 midshell neutron-rich domain than was
previously possible.

Neutron-rich Z = 62, 64 isotopes were produced by in-
flight fission of a 345 A-MeV 23U beam with an average
beam intensity of 10 particle-nA incident on a °Be target at
the RIBFE. The nuclei of interest were separated and
identified on an ion by ion basis using BigRIPS and the
ZeroDegree spectrometers [13,14]. The nuclei were separated
according to their mass-to-charge ratio (A/g) and atomic
number (Z) by use of bending magnets for A/q separation
and wedge degraders for energy loss (Z separation).

The ions of interest were implanted in a copper passive
stopper, the use of which allows a high implantation rate.
The y rays emitted following isomeric decay were detected
using EURICA (Euroball-RIKEN Cluster Array) [15-17]:
84 HPGe crystals arranged in a 4z configuration at ~22 cm
from implantation. The absolute efficiency of the array was
16.6% at 100 keV and 7.6% at 1 MeV. lon implantation was
correlated with the y rays by use of an acquisition window
of 100 us which was opened when the ion passed through a
plastic scintillator located ~1 m upstream of implantation.

Delayed y rays emitted from '°°Gd and '®*Sm are shown
in Fig. 1. All labeled peaks have been identified and placed
in the level schemes of '%°Gd and '**Sm.

The level schemes seen in Fig. 2 and Fig. 3 were deduced
from y-y coincidence analysis. The 70, 78, and 137 keV
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FIG. 1 (color online). Top: Spectrum of y rays from '%°Gd,
emitted within 2.5 ps after an ion’s arrival. Middle: The prompt
flash time cut (solid line) and the fixed time cut (dotted line)
applied to the energy-time matrix. The former was used to
produce the spectra shown above and the latter for determining
y-ray intensities. Bottom: Spectrum of y rays from '%*Sm, emitted
within 2 ps after an ion’s arrival. Insets: The exponential decay
curve from the isomeric decay of '°Gd and '®*Sm.

y rays in '%Gd cannot be seen in Fig. 1, but have been
observed in coincident y-ray spectra. The existence of the
37 keV transition was deduced from the coincident
relationship between the 146 and 1188 keV transitions.
The 2+ — 0 transition in '*Sm was not observed, due to
the relatively low efficiency for y-ray detection in the
70 keV region, together with large E2 conversion coef-
ficients for such transitions. The intensities of the tran-
sitions are listed in Table I and Table II. We note that a
previous experiment tentatively assigned the 2 — 07 and
4+ — 2% transitions in '%Gd to 69.7 and 160.8 keV,
respectively [18].

In addition to the y rays assigned to '°Gd, two weak y
rays of 220 and 269 keV were observed but not placed in
the level scheme. The possibility that the identified y rays
are due to lower mass isotopes with one, two, or three
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FIG. 2. Level scheme of '°Gd obtained in this work.

electrons (H-like, He-like, and Li-like, respectively) was
ruled out by comparing the data with known y transitions in
these isotopes. A y-ray transition of energy 694 keV is also
observed in '°*Sm. However, due to low statistics this could
not be placed in the level scheme.

The spin and parity assignments given in Fig. 2 and
Fig. 3 are based on the transition multipolarities obtained
from the intensity balances through the levels and the decay
patterns. For example, the strong 146 and 183 keV tran-
sitions, depopulating the isomeric state in '6°Gd, are
assigned as E1 transitions. These assignments are neces-
sitated by the low electron conversion coefficients required
by the intensity balances. In the absence of directly
measured electron conversion coefficients or y-ray angular
correlations, we consider our spin and parity assignments to
be tentative.

The half-lives of the isomeric states were found from the
exponential decay curves (see inset in Fig. 1) derived from
the time between ion implantation and y-ray detection.
Energy gates were placed around the strong 146, 161, 183,
249, 1088, 1170, and 1188 keV y rays in '°Gd and the
155, 242, 349, 669, and 911 keV y rays in '*Sm, with
background subtraction to improve accuracy. The half-lives
of 1Gd and '®*Sm were measured to have weighted
averages of 950(60) and 600(140) ns, respectively. The
half-lives were determined for all individual transitions of
166Gd and '**Sm, and were found to be consistent with each
other within statistical uncertainties (in each nucleus),
which suggests that all transitions in each nucleus are
from the decay of a single isomeric state.

Potential energy surface calculations were made in order
to further understand the nature of the level schemes of
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FIG. 3. Level scheme of '%*Sm obtained in this work.

TABLE 1. Initial level energy E;, spin parity J7, and branching
ratio By (corrected for electron conversion) of the levels obtained
for '°Gd in this work. For each y ray the energy E,, y-ray
intensity /, relative to the 183 keV y-ray intensity, and final level
spin J7 are listed. Transitions marked with * are only visible in
commdent spectra, while ** indicates that the transition has not
been directly observed but deduced from coincident relation-
ships. Intensities marked ' have not been directly measured but
are obtained from the intensity balance of incoming and outgoing
y rays.

E; (keV) J7 E, (keV)  I(rel.)  By(rel.) J7
70 2% 70(1)* 15(1)F 1007 ot
230.8 4") 160.8(2) 82(6) 100 2%
479.5 61) 248.7(3) 21(3) 100 4")
12399  (3Y)  1009.1(7)  14(4)  29(10)  (4)
1169.9(3) 34(7) 71(18) 2"
13189  @4H)  78(1) 72 41(12)F (31
1088.1(3) 30(6) 37(9) 4")
124923)  18(5) 27 @21
1350.1 ) 1119.3(3) 8(3) 74(36) 4")
1280.12)  3(1) 26(14) (24
14183 54 99.83)  24(3) 5209) (@4
178.3(2) 11(2) 11(2) 3"
938.6(4) 15(4) 11(3) 6™)
1187.5(3) 36(7) 26(6) 4")
1455.1 (5% 37+ 747 38217 (5)
137(1)* 5(3)° 11(7)7 4"
105.0(3) 12(2) 38(13) 4")
1224.3(3) 10(4) 12(6) 4")
1601.4 (67) 146.3(2) 66(5) 41(4) 5™
183.1(2) 100 59(5) (5™

these isotones. The calculations included configuration
constraints where the total energy was minimized in the
(Ba, P4, Pe) deformation space. For more details see
Refs. [19,20]. The results can be seen in Table III. We
note that significantly nonzero fs values are found, which
alter the relative two-quasiparticle energies by up to
250 keV (compared to pg = O calculations). Indeed, the
tables of Moller et al. [7] indicate that ¢ maximizes for
164Sm and its inclusion in the calculation of multiquasi-
particle states is necessary. These calculations suggest
that a 6~ state with a two-neutron 13~[512] ® v27[633]

TABLE II.  Same as Table I, but for '®*Sm. Level energies are
given relative to the first 2* state and y-ray intensities /, are
relative to the 349 keV y-ray intensity.

E,—E(Q2") (keV) Ji E, (keV) By(tel) I,(rel) J%

155.9(4) @) 1559(4) 100 79(14) (2+)
398.1(5) (6%) 2422(3) 100  28(9) (4%)
1067.2(5) (57) 668.8(4) 66(28) 39(14) (6)

911.3(3) 10040) 79(22) (4%)
1416.6(5) (67) 349.4(2) 100 100 (5%)
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TABLEIII.  Low-lying quasiparticle states in '°°Gd and '%*Sm,
predicted by potential energy surface calculations. Those marked
with * are energetically unfavored configurations according to
the residual spin-spin coupling rule; therefore, an average
200 keV energy has been added to these states. The calculations

give y = 0 for all predicted states.

K” Configuration P N Ps  E. MeV)
166Gd

. 0.296 0.015 —0.020

6~ v37[512] @ 1A7[633] 0.291 0.014 —0.017  1.288"
4t 1] @ 23F[413] 0299 0.017 —0.022  1.300

3+ v-521] @ 137[512] 0.292 0.015 —0.018  1.400

4- v57[521] @ 5T[633] 0.284 0.015 —0.013  1.684

4= 411 ® .27[532] 0.287 0.011 —0.015  1.769*
5 a3'[413] @ 137[532] 0.289 0.013 —0.017  1.826

164SIn

2. 0.301 0.030 —0.023

6~ v37[512] ® 147[633] 0.295 0.029 -0.020  1.301*
57 mT[413) @ 237[532] 0.294 0.027 -0.020 1411

4= 3t[411] @ n37[532] 0.295 0.027 —0.021  1.907*
4= n3'[413] @ 737[541] 0.285 0.018 —0.020  2.195

4t n37[532] @ 237[541] 0.280 0.015 —0.016  2.502*

configuration is isomeric in both '®*Sm and !9°Gd.
Analogous 6~ states have previously been observed in
heavier N = 102 isotones '"°Er (Z = 68) at 1591 keV [21]
and in '2Yb (Z = 70) at 1550 keV [22]. The isomeric
states in both '*Sm and '°Gd are assigned (67) spin and
parity.

A fragment of a two-quasiparticle band has been
observed in '°Gd with a possible (4%) bandhead at
1350 keV. Calculations suggest a two-proton 3" [411] ®
m37[413] configuration (see Table III). Such bands have
been observed in isotopes °°Gd [23] and '°Gd [24] at
1511 and 1070 keV, respectively, which is consistent with
our configuration assignment.

The third band observed in '°Gd is assigned as the
vibrational y band. The bandhead was not observed;
however, the energies and spacings of the assigned (37),
(4™), and (5T) levels (1240, 1318, and 1418 keV, respec-
tively) are similar to those in the isotones '">Yb (1173,
1263, and 1376 keV, respectively) [22] and '"°Er (1010,
1127, and (1237) keV, respectively) [21]. Based on the
isotones’ 2+ bandheads (1118 keV for '7>Yb and 934 keV
for '7OEr) and the (3T), (41), and (57) levels of '%°Gd, the
2+ bandhead for '°Gd is estimated to be at ~1190 keV.
The (5%) level in '*Sm likely belongs to its corresponding
y band. However, the lack of statistics does not allow
further determination of the y-band members. The assign-
ment of (57) spin and parity to this level is consistent with

the E£1 multipolarity assignment of the 349 keV transition
depopulating the (67) isomeric state.

Different quasiparticle configurations may have different
spin projections K on the symmetry axis of the deformed
nucleus. Transitions between states with different K values
can be forbidden by the AK < 4 selection rule, where 1 is
the multipole order of the transition. K forbiddenness can
result in long-lived states at high excitation energy [11] like
the ones observed in this work. The hindrance factor is
strongly correlated with the degree of forbiddenness,
v=AK — . The reduced hindrance of a transition is
then defined using the partial half-life relative to the

single-particle Weisskopf estimate, expressed as f, =

(Tq/Z/Tgv/z)l/” [11]. The '®Gd (67) isomer decays via a

183 keV ET1 transition to the y band (v = 3) with a reduced
hindrance of f, =356(7) and the '**Sm (67) isomer
decays to the y band via a 349 keV E1 transition with
f, =487(38). These are similar values which are also
broadly in agreement with the analysis of Lobner [25]. The
(67) isomer in '°Gd also decays via a 146 keV El
transition to the K =4 band (v = 1). The reduced hin-
drance is f, = 3.77(24) x 107, in accordance with the large
change in valence nucleons required for this transition: the
two-neutron quasiparticle state decays and a two-proton
quasiparticle state is created.

A key feature of our results is that the isomers decay to
low-lying excited states, which can themselves be used to
deduce basic nuclear structure information. Especially
useful are the first 2 and 4" energies. Systematics of
E(2") and E(4" — 2%) are shown in Fig. 4. The observed
2+ and 4% energies of 'Gd and '®*Sm are the lowest in
their isotopic chains and of the N = 102 isotones. This
suggests that these are the most deformed N = 102 nuclei
observed in this region to date, although a further decrease
in energy with decreasing Z can be expected for Nd
(Z = 60). These new points in the systematics also high-
light the increase of E(27) and E(4" — 2T) at N = 100.
An increase in E(27) and E(4T — 27) at N = 100 in the
Dy chain was previously observed. However, it was unclear
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FIG. 4 (color online). Systematics of E(2") and E(4" — 2%)
for Sm, Gd, Dy, Er, and YD isotopes. All data points from [26]
and this work.
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if this increase is due to a local minimum at N = 98 or a
local maximum at N = 100.

Our total energy surface calculations predict a smooth
increase of 3, deformation with increasing neutron number.
Maximum deformation is reached at N = 102 with g, =
0.296 and 0.301, respectively, for Gd and Sm isotopes.
Other calculations show a similar picture. For example,
Moller et al. [7] also predict a smooth change in S,
deformation, with a maximum at N = 102 for Sm
(Z =62), Gd (Z = 64), and Dy (Z = 66).

There have been several calculations performed on Dy
isotopes due to its midshell Z value. Hartree-Fock calcu-
lations using a variety of Skyrme parametrizations were
performed on Dy isotopes in Ref. [27]. The majority of
Skyrme forces predict a maximum deformation at
N = 102, while others place it at N = 100. Total energy
surface calculations of the type used in the present Letter
were performed in Ref. [28] for Dy, showing greater
deformation at N = 102 compared to N = 104 and
N = 106, while those of Ref. [29] place the maximum
at N = 100 using a cranked mean-field approach. More
recently, a microscopic study based on the pseudo-
SU(3) model also predicts a maximum deformation at
N =102 [30].

These calculations are all consistent in predicting a
smooth f, deformation change in Sm, Gd, and Dy isotopic
chains. In contrast, the energy systematics of Sm, Gd, and
Dy isotopes do not change smoothly with N (see Fig. 4).
The E(2") is larger at N =100 than at N =98 and
N = 102. The systematics of Dy suggest that the E(2")
at N = 98 is unexpectedly low. The same is valid, although
to a lesser extent, in the heavier Er and Yb isotopes. How-
ever, in Gd and Sm isotopes the E(2%) and E(4" — 21)
values at N = 100 appear higher than the systematic trends
suggest. Analysis of E(27), E(4T — 27) (see Fig. 4) and
E(6" — 47) all suggest the same picture: unexpectedly
low energies at N = 98 for Dy, Er, and Yb, and unexpect-
edly high energies at N = 100 for Gd and Sm.

Remarkably, the most recent projected Hartree-Fock
calculations performed by Ghorui et al. for neutron-rich
Sm isotopes [10], and now also for Gd isotopes [31], in fact
show a slightly increased E(2%) energy at N = 100
compared to N =98 and N =102 (Sm only). Their
emphasis was on the prediction of a deformed shell gap
at N = 100, along with a smooth change in /3, deformation
throughout the isotopic chains. Other calculations using
relativistic mean-field formalism had already suggested
N = 100 to be a deformed magic number [32,33]. These
calculations also show that a deformed shell closure would
have an effect on the masses of Z < 62 nuclei (!*Sm,
162Nd, 160Ce, and '**Ba) which manifests as a discontinuity
of the two-neutron separation energies. However, these
nuclei are far from stability and, according to the recent
AME2012 atomic mass evaluation, the masses of these
nuclei are unknown [34]. Where such information exists

(Z > 70) there is no evidence for the deformed magicity of
N = 100. However, the anomalous E(2") behavior has
been observed in Dy isotopes [9], and more prominently
here in Gd and Sm isotopes, clearly highlighting complex
deformation variations. This behavior gives support to the
appearance of a deformed N = 100 shell gap for Z < 66,
and this will influence r-process abundance calculations
[5,6]. Confirmation through mass measurements is now
needed in order to clarify the remarkable structure evolu-
tion in this doubly midshell region. Further investigation of
the role of ¢ deformation is also warranted.

In summary, excited states in '°°Gd and '**Sm have been
observed from the decay of newly found isomeric states
with half-lives of 950(60) and 600(140) ns, respectively.
Total energy surface calculations are in agreement with
a 6~ spin-parity assignment for these isomers, with a
137[512] ® v57[633] configuration. A local maximum of
the ground-band energies at N = 100 is revealed for Sm
and Gd isotopes.
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