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Very neutron-rich Z ∼ 60 isotopes produced by in-flight fission of 345 MeV/nucleon 238U beam at
the RI Beam Factory, RIKEN Nishina Center have been studied by delayed γ-ray spectroscopy. New
isomers are discovered in the neutron-rich N = 100 isotones, 162Sm, 163Eu, and 164Gd. Half-lives,
γ-ray energies and relative intensities of these isomers were obtained. Level schemes were proposed
for these nuclei and the first 2+ and 4+ states were assigned for the even-even nuclei. The first 2+

and 4+ state energies decrease as the proton numbers get smaller. The energies and the half-lives
of the new isomers are very similar to those of 4− isomers known in less neutron-rich N = 100
isotones, 168Er and 170Yb. A deformed Hartree-Fock with angular momentum projection model
suggests Kπ = 4− two quasi-particle states with ν7/2[633] ⊗ ν1/2[521] configurations with similar
excitation energy. The results suggest that neutron-rich N = 100 nuclei are well deformed and the
deformation gets larger as Z decreases to 62. The onset of K isomers with the same configuration
at almost the same energy in N = 100 isotones indicates that the neutron single-particle structures
of neutron-rich isotones down to Z = 62 do not change significantly from those of the Z = 70 stable
nuclei. Systematics of the excitation energies of new isomers can be explained without the predicted
N = 100 shell gap.

PACS numbers: 23.35.+g

I. INTRODUCTION

Exploration of neutron-rich nuclei far from the line of
β stability is attracting more and more interest. As ex-
perimental studies on unstable nuclei progressed, it was
seen that nuclear structure of neutron-rich nuclei can be
different from what is known in stable nuclei. One exam-
ple is the appearance of new magic numbers at N = 16
or 34 [1, 2]. Appearance of such new phenomena shows
the importance of the studies of nuclei far from stability.
Studies of unstable nuclei are being extended to heav-

ier mass regions with the advent of new facilities. In the
neutron-rich rare-earth region, a new deformed shell gap
is predicted at N = 100 [3, 4]. Due to the deformed shell
gap, N = 100 nuclei may have additional stability com-
pared to neighboring isotopes. Deformed configurations
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and band structures in the rare-earth region have been
studied using mean-field or Hartree-Fock models [5, 6].
Rare-earth nuclei with N ≥ 90 are known to be well
deformed. This can be seen from the systematics of ex-
citation energies of the first 2+ states of even-even nu-
clei, which get as low as ∼100 keV in N ≥ 90 nuclides as
shown in Fig.1 of Ref. [7]. A shape transition from spher-
ical to prolate-deformed ground-state shape occurs when
going from N = 88 to 90. The quadrupole deformation
is expected to be largest at around the midshell region,
Z ∼ 66, N ∼ 104 [8–10]. In order to examine how the
deformation evolves in neutron-rich rare-earth nuclei and
to confirm the existence of a shell gap at N = 100, mea-
surements of the excited states are a possible method
to probe these properties. Systematics of the moment
of inertia obtained from the excitation energies of the
ground-state band will give us a picture of nuclear shape
evolution. Measurements of excited states will also give
us useful information to understand the deformed single-
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particle structure around N = 100.
Nuclear deformation of neutron-rich rare-earth nuclei

is of great importance also from an astrophysical point of
view since it is supposed to have a significant influence
on the r-process abundances. The r-process, or rapid
neutron capture process, occurs at a fast rate compared
to β decays [11] and is responsible for the synthesis of
roughly half the Z > 26 nuclei in the universe. There are
distinct peaks in r-process mass abundances at A ∼ 80,
130 and 195. The origin of those peaks was pointed out
to be the neutron closed shells [11]. There is a smaller
peak in the r-process abundance at A ∼ 160 known as
the rare-earth element peak. Surman et al. hypothesized
that the interplay of nuclear deformation and β decay
was responsible for the formation of the rare-earth peak
[12, 13]. They argue that the formation of the rare-earth
peak does not occur in the steady phase of the r-process
but at a later time of the process as the free neutrons
disappear. Recent theoretical studies on such late-time
r-process dynamics [14, 15] point to the importance of
nuclear properties such as masses, β-decay rates or neu-
tron capture rates of neutron-rich rare-earth nuclei for
the formation of the rare-earth peak. Ghorui et al. [5]
argue that the stability of N = 100 nuclei will make them
serve as a waiting point in the nucleosynthesis of the r-
process. Experimental studies of the deformation of this
region will lead to important information for understand-
ing the r-process abundances.
A spectroscopic study of Z = 62 (Sm) nuclei so far has

been carried out by using spontaneous fission of 252Cf
[16]. Energies of the first 2+ and 4+ states suggest that
the nuclei are deformed up to N = 98, but no data are
available for N = 100. In deformed nuclei with axial
symmetry, a transition between states with large differ-
ences of the K-quantum number is hindered and gives
rise to K isomerism. Kπ = 4− isomers are known in
stable N = 100 nuclei, 168Er and 170Yb, and considered
to be neutron two quasi-particle excitations [17, 18]. Iso-
mers with similar excitations should be observed in the
N = 100 isotones at lower proton numbers. Recently, the
production of the high intensity beams of such neutron-
rich isotopes became available at the Radioactive Isotope
Beam Factory (RIBF) in RIKEN Nishina Center by in-
flight fission of the 238U beam. A couple of quasi-particle
K isomers have been reported in rare-earth nuclei with
N = 98 and 102 at RIBF [19, 20]. Isomer spectroscopy
on the N = 100 nuclei is expected to give us informa-
tion related to nuclear deformations and single-particle
structures through the excitation energies of isomers or
ground-state bands.

II. EXPERIMENT AND ANALYSIS

The neutron-rich Z ∼ 60 nuclei were produced by in-
flight fission of 345 MeV/nucleon 238U beam at the RIBF.
The fission fragments were separated and identified in
the BigRIPS in-flight separator [21]. Measurements were

performed with two different separator settings. One cen-
tered on Z = 64 nuclei and the other on Z = 59 nuclei.
The primary 238U beam bombarded a production tar-
get (made of Be 4.93-mm thick for higher Z setting, and
3.96-mm thick for lower the Z setting). The average in-
tensity of the primary 238U86+ beam was 0.24 pnA for
the lower Z setting and 0.31 pnA for the higher Z set-
ting, respectively. The produced RI beams were iden-
tified event-by-event by their proton numbers (Z) and
mass-to-charge ratio (A/Q). These quantities were ob-
tained by the measurement of the magnetic rigidity (Bρ),
time of flight (TOF), and energy loss (∆E) in BigRIPS.
The TOF was obtained from the time difference between
plastic scintillation counters at achromatic foci called F3
and F7 located at the beginning and the end of the second
stage of the BigRIPS, respectively. A detailed explana-
tion of the particle identification at the BigRIPS is found
in Ref. [22]. In addition, a Si stack detector was installed
in the final focal plane, F12. It consisted of 14 layers
of Si detectors for the measurement of ∆E and total ki-
netic energies (E) of beam ions. It was designed to stop
all ions of interest. As a tracker of the implanted ions,
two PPACs (Parallel Plate Avalanche Counters) were in-
stalled before the Si stack detector in order to deduce the
implantation position.
The γ rays from the ions stopped at F12 were detected

by four clover-type high-purity Ge detectors placed
around the Si stack detector. The total detection effi-
ciency for 1333-keV photons emitted from the center of
the Clover array was ∼2.5%. The energies and times of
delayed γ rays detected within a time window of 30 µs
following the implantation of the beam were recorded.
The time of flight between the production target and the
F12 focus was ∼550 ns for 168Gd. Therefore, the half-life
of the observable isomers was limited to between ∼100 ns
and ∼30 µs in this measurement.
In order to search for new isomers, energy spectra of

delayed γ rays from each isotope were examined by gating
on the RI particle identification (PID) obtained from the
A/Q and Z values. For each isotope, energies, half-lives,
and relative intensities of the γ rays were obtained. Half-
lives are obtained by likelihood fitting of a time spectrum
between beam implantation and γ-ray emission with a
function with an exponential decay and a constant back-
ground. Relative intensities of the γ rays were obtained
for the isotopes. The detection efficiencies of γ rays were
estimated for each isotope by a Monte Carlo simulation
using Geant4 [23, 24] by taking the position distribution
of the beam implantation into account. The consistency
of our analysis of relative intensities was confirmed by
using known γ rays in less neutron-rich isotopes.

III. RESULTS

In this experiment, three new isomers were systemat-
ically observed in the N = 100 isotones, 162Sm, 163Eu,
and 164Gd. Energy spectra of the delayed γ rays from
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FIG. 1. Delayed γ-ray spectra for the new N = 100 isomers.
The numbers labeling the peaks show γ-ray energies in keV.
All the peaks with labels are identified and shown in the level
schemes in Fig. 3. The time window is gated up to 10 µs for
162Sm, 6 µs for 163Eu and 4 µs for 164Gd. Times close to the
beam implantation (<100 to 400 ns, energy dependent) were
excluded from the window in order to avoid prompt γ rays or
X rays.

the new isomers are shown in Fig. 1. Time spectra for
each isomer decay are shown in Fig. 2. The γ-ray ener-
gies, relative intensities and half-lives of each isotope are
listed in Table I. Level schemes were constructed for the
three nuclei as shown in Fig. 3.

A.
162

Sm

The two peaks in the spectrum of 162Sm at 71.0 and
164.3 keV were assigned as the γ rays from 2+ → 0+

and 4+ → 2+ members of the ground-state band which
follows the systematic trend of the transition energies of
the less neutron-rich Sm isotopes, 158Sm and 160Sm as
shown in [16]. The 774.1-keV γ ray is assumed to be
the transition decaying from the isomeric state to the
4+ state of the ground-state band. The isomer in 162Sm
was assigned to decay by a single cascade since the rel-
ative intensities of the three γ rays after the correction
of internal conversion [25] agreed with each other. This
indicates that there is no branching in the decay. The
spin of the isomeric state of 162Sm was assigned as 4 be-
cause only one decay was observed from the isomer to
the J = 4 level of the ground-state band. For other
spin assignments, isomeric decays to states with spins
other than 4 should be observed. For example, there are
Kπ = 5− isomers known in 156Sm, 158Sm, and 160Sm
[16]. However, a Jπ = 5− assignment was excluded
since the 5− → 6+ γ ray (∼ 510 keV) was not observed.
The isomeric state of 162Sm can be interpreted as the
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FIG. 2. Summed time spectra for the γ decays of new
N = 100 isomers. The fits with an exponential decay and
a constant background are shown as solid curves. The dashed
lines represent a constant component of the fitting function.

TABLE I. List of γ-ray energies, half-lives, proposed multipo-
larity and relative intensities of new isomers obtained in this
study. The relative intensity Iγ rel is the ratio of the number
of emitted γ-rays normalized by the most intense one in a
nuclide. Iγ rel does not include the correction of the internal
conversion.

nuclide T1/2 (µs) Eγ (keV) Mult. Iγ rel (%)
162Sm 1.78(7) 71.0 E2 9.8(1.6)

164.3 E2 62(3)

774.1 E1 100(7)
163Eu 0.869(29) 74.9 M1 18(3)

96.2 M1 7.8(2.2)

117.1 M1 15(3)

171.9 E2 19(3)

214.1 E2 66(5)

256.1 E1 9(3)

536.2 M1 14(4)

674.9 E1 100(9)
164Gd 0.580(23) 60.2 E1 14(3)

72.0 E2 19(4)

168.0 E2 71(5)

854.1 E1 100(11)

961.9 M1 37(7)
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FIG. 3. Proposed level schemes of 162Sm, 163Eu, and 164Gd obtained in this work. Energies of each level and γ ray are
labeled in keV. Half-lives are shown below the isomeric states. Widths of the arrows are proportional to the intensities of each
decay. Reduced hindrance factors, fν (see text), of the decays from the isomeric states to the ground-state bands assuming E1
transitions are shown.

same configuration as known isomers with Kπ = 4− in
N = 100 isotones, 168Er and 170Yb [17, 18]. The iso-
mers of 168Er and 170Yb decay by E1 transitions to the
Jπ = 4+ level of the ground-state band. The reduced hin-
drance factor, fν , of the E1 transitions in

168Er and 170Yb

are 1.4×103 and 1.2×103, respectively, where fν = F
1/ν
W ,

FW = T1/2 exp./T1/2 Weisskopf , and ν = ∆K − λ. The

hindrance factor obtained for 162Sm in this work by as-
suming an E1 decay was 1.53(2)×103, which is consistent
with the cases in 168Er or 170Yb. It supports the Jπ = 4−

assignment of the isomer in 162Sm and its decay by a hin-
dered E1.

B.
164

Gd

The 72.0- and 168.0-keV γ rays in 164Gd were reported
as the 2+ → 0+ and 4+ → 2+ transitions of the ground-
state band in Ref. [26]. In this work, new delayed γ rays
were observed at 60.2, 854.1, and 961.9 keV. The isomeric
state was assigned at 1094.1 keV since the energy sums
of the 60.2-, 961.9-, 854.1-, and 168.0-keV γ rays were in
good agreement. Relative intensities of the γ rays were
also consistent with the proposed level scheme. The spin
and parity of the isomeric state at 1094.1 keV was ten-
tatively assigned as 4− by using the same arguments as
those in the analysis of 162Sm. The reduced hindrance
factor of the 854.1-keV isomeric decay of 164Gd obtained
in this work was 1.28(3)× 103. The 60.2-keV transition
from the isomeric state was assigned as an E1 transition
since the intensity conservation between 60.2- and 961.9-
keV decays matches with this multipolarity assignment
the best. The known isomer in 168Er has a decay branch
to the Jπ = 3+ state of the Kπ = 2+ γ-vibrational band
at 896 keV. Assuming that the spin and parity of the
isomeric state is 4− and the 60.2-keV decay is an E1

transition, Jπ = 3+ is the best candidate for the 1034-
keV state in 164Gd. The inverse order of the placement
of 60.2- and 961.9-keV γ rays cannot be excluded. If the
60.2-keV decay is placed below the 961.9-keV decay, there
should be a state at 132 keV instead of 1034 keV. This
is also possible but less probable from the level system-
atics. The excited state at 132 keV should have negative
parity since the 60.2-keV transition is E1. However, no
negative-parity state is known below the 4− isomer at
1094 keV in 168Er.
In 168Er, a decay from a Kπ = 4− isomer to a Jπ = 3+

state of a Kπ = 2+ γ-vibrational band has been ob-
served [27]. Such Kπ = 2+ bands are also known in other
N = 100 isotones, 166Dy and 170Yb. The 1034-keV state
in 164Gd can also be a member of the γ-vibrational band.
The reduced hindrance factor of the decay from 4− iso-
mer to the proposed 3+ state of 164Gd is 2.37(10)× 106,
which is similar in strength to that of 168Er, 5.2 × 106.
The intra-band transition from the 3+ state to the sec-
ond 2+ state is expected to have an energy less than
100 keV, from a comparison with those in 168Er. The
intensity should be much weaker than the decay to the
first 2+ state of the ground band. The 3+ state was not
observed in 162Sm probably because its energy is either
higher or almost the same as that of the isomeric state.

C.
163

Eu

In 163Eu, 8 delayed transitions were newly observed in
this work. The ground state of 163Eu was tentatively as-
signed to be 5/2+ from the systematics [28]. The ground-
state band was identified up to the 289-keV (11/2+)
state. The energies of these states agree well with the
systematics of the less neutron-rich Eu isotopes, 157Eu
and 159Eu [29]. The energy sums of ∆J = 1 γ cascades
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FIG. 4. Systematics of the excitation energies of the states
in even-even N = 100 isotones. The Jπ = 4+ state of
the ground-band, Jπ = 3+ state of Kπ = 2+ γ band, and
Kπ = 4− isomeric states are shown. Symbols with an as-
terisk represent the data points newly obtained in this work.
The levels of 170Yb, 168Er, 166Dy, and 164Gd are from [17],
[18], [30], and [26], respectively.

agree well with those of the crossover ∆J = 2 decays.
The isomeric state was assigned at 963.9 keV and decays
to both the 289.0- and 708.1-keV states. This scheme
was deduced from the agreement of the energy sum of
the 536.2- and 256.1-keV γ rays with that of the 117.1-
and 674.9-keV transitions. The spin and parity of the
isomeric state was assigned as (13/2−) from the decay
pattern and systematics of the hindrance. The isomeric
state decays only to the (11/2+) state of the ground-state
band. In the case of a spin assignment other than 13/2, a
decay to other members of the ground-state band should
be observed. The isomer of 163Eu can be interpreted as
the coupling of the Kπ = 4− neutron excitation and the
π5/2[413] odd proton. The reduced hindrance factor of
the 674.9-keV decay in 163Eu was 1.09(3)× 103 which is
similar to those of the isomers in the even-even N = 100
nuclei. The spin of the 708-keV state was assigned as
11/2 since it decays to a 9/2+ member of the ground-
state band. The opposite placement of the 256.1- and
536.2-keV decays is also possible in 163Eu. The measured
relative intensities of the γ rays were consistent with this
level scheme assignment.

IV. DISCUSSIONS

In this work, the first 4+ and 2+ states have been ob-
served for the first time in 162Sm. The systematics of
the 4+ and 2+ energies show a slight decrease as proton
number decreases as shown in Fig. 4. All the nuclei in
the figure have an E(4+)/E(2+) ratio of ∼3.3, which in-
dicates that the ground-state bands have rigid rotational
character. Those results indicates that the nucleus is
more deformed for lower Z isotones.
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The 3+ energy has a minimum at Z = 68 (Er) and
gradually increases as proton number decreases. Trends
of the γ vibrations from various experimental and theo-
retical data on rare-earth and actinide nuclei are summa-
rized in [32]. The bandheads of Kπ = 2+ γ-vibrational
bands become particularly lower in transitional regions
between spherical and deformed shapes. The increase of
the γ-band energy in Gd and Sm indicates that the nu-
cleus becomes more rigidly deformed and is some distance
away from the shape transitional region.

The two new isomers discovered in 162Sm and 164Gd
have similar excitation energies and half-lives to those
of the known 4− isomers in 170Yb and 168Er. Figure 5
shows the comparison of the experimental and theoret-
ical excitation energies. Projected Shell Model (PSM)
[31] and Deformed Hartree-Fock (HF) model with an-
gular momentum (J) projection [5, 33–35] were used to
understand the structures of the states obtained in the
experiment.

In the HF and J projection theory, the deformed
Hartree-Fock equations are solved self-consistently us-
ing the residual interaction among nucleons to obtain
the Hartree-Fock wave functions of the deformed or-
bits. The Hartree-Fock procedure is based on the varia-
tional principle for a many-particle system [36, 37] and
gives a good account of the deformation properties and
band structures of nuclei. It also correctly predicts the
shapes and microscopic properties of light and heavy nu-
clei [36, 38, 39]. Assuming a 132Sn core, the model space
consists of the 3s1/2, 2d3/2, 2d5/2, 1g7/2, 1h9/2 and 1h11/2

proton space and 3p1/2, 3p3/2, 2f5/2, 2f7/2, 1h9/2, and
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1i13/2 neutron space. For example for 162Sm, there are
12 protons and 18 neutrons in this active model space. A
surface delta interaction is used as the residual interac-
tion [5, 33–35]. The energy spectra and electromagnetic
transitions are obtained by angular momentum projec-
tion from suitable intrinsic states based on the respective
Hartree-Fock solutions. This model calculation showed
substantial agreement for two quasi-particle excitations
and their band structure for the N = 90 to 96 even-even
Nd isotopes [5] and for many other nuclei [33, 34]. It
predicts the systematics of the deformations in the rare-
earth region quite well [5, 33].
Deformed Hartree-Fock calculations were performed

for 162Sm, 163Eu, and 164Gd. Deformation parameters
were self-consistently obtained by the calculation, which
were β2 = 0.33 and β2 = 0.34 for 162Sm and 164Gd, re-
spectively. Properties of the calculated bandhead states
are listed in Table II. Calculated magnetic moments of
quasi-particle states reflect the assigned configurations in
162Sm, 163Eu, and 164Gd.

A.
164

Gd

In the Deformed HF calculation, Kπ = 4− states with
two quasi-particle excitations with the configuration of
ν7/2[633]⊗ ν1/2[521] and π3/2[411]⊗ π5/2[532] appear
at 1336 and 1000 keV above the ground state, respec-
tively. In the π4−(5/2−3/2+) case, the 5/2− deformed
orbit has contribution from the h9/2 proton and connects
it by an E1 decay to the g7/2 component of the 3/2+

deformed orbit. In contrast the E1 matrix element of
the ν4− state decay to the ground band is much smaller
and it is an 0.58-µs isomer. The faster E1 transition of
the π4− bandhead remains undetected in the present ex-
periment where we cannot detect isomers with half-life
smaller than 100 nano-seconds. Of the two Kπ = 4−

configurations of 164Gd, the interaction matrix element
connecting the two configurations is very small and there
is negligible mixing between these two bands.

B.
162

Sm

In the case of 162Sm, a Kπ = 4− state with the con-
figuration of ν7/2[633]⊗ ν1/2[521] appears at 1455 keV
above the ground state in the Deformed HF calculation.
The ν3+ state of 162Sm appearing in the HF calculation
can quickly decay to the ground band via a ∆K = 3 tran-
sition and is not detected as an isomer in this measure-
ment. Because the intensities are almost conserved in the
cascade below the 4− isomer, the 3+ two quasi-particle
state must lie either above, or be quasi-degenerate with,
the 4− isomer and was not observed.
The Projected Shell Model (PSM) calculation in

Ref. [31] also predicts the Kπ = 4− state at 1.2 MeV
above the ground state in 162Sm. This calculation re-
produces the excitation energies of isomers in 156Sm and

TABLE II. Properties of isomers and bandheads from the HF
calculation. Spectroscopic quadrupole moments at bandheads
are in eb and magnetic moments are in nuclear magnetons.
See [34] for definitions of Qs and µ.

A Kπ configuration Qs (in eb) µ (in µN )
162Sm 4− ν(1/2−7/2+) 3.037 22.03

3+ ν(1/2−5/2−) 3.116 24.18
163Eu 5/2+ π5/2+ -2.201 -29.26

11/2+ π5/2+ν(1/2−5/2−) -3.658 -102.53

13/2− π5/2+ν(1/2−7/2+) -3.974 -135.489
164Gd 4− ν(1/2−7/2+) 3.20 21.84

3+ ν(1/2−5/2−) 2.594 12.14

158Sm very well [31]. The PSM calculation also repro-
duces the 4− state at low energy in 162Sm. In this cal-
culation the deformation parameter β2 = 0.319 was used
as input.

The hindrance factors of the new isomers, fν ∼ 103 for
E1 transitions with ∆K = 4, agree with the systematics
of the similar decays of deformed nuclei with A > 100
given in Ref. [40]. Such a high hindrance of the γ decay
suggests that the purity of the K-quantum number is
high in this configuration. The existence of the isomers
with such high K-hindrance shows that the nucleus is
well deformed with good axial symmetry. The trends of
the ground-state bands and γ-vibrational bands indicate
that the prolate deformation of the N = 100 nuclei is
getting larger and more rigid as the proton number de-
creases down to 162Sm. It raises the necessity of further
investigations of lower Z nuclei for locating the deforma-
tion maximum in the rare-earth region that may have a
significant influence on r-process abundances.
From the experimental result that the excitation ener-

gies and the hindrance factors of Kπ = 4− isomers are
very close to each other among N = 100 isotones, the
deformed single-particle levels at the N = 100 neutron
Fermi surface is expected to be stable against the change
of proton numbers. This indicates that there is no signif-
icant change of the single-particle structure of neutrons
for the 62 ≤ Z ≤ 70 isotones at N = 100. If the shell
gap at N = 100 appears in Z ∼ 62 nuclei [3, 4], single-
particle levels should be affected and would change the
excitation energy of the Kπ = 4− isomer when going
from Z = 62 to 70. According to the HF calculation,
the ν1/2[521] and ν7/2[633] orbitals are located below
and above the N = 100 Fermi surface and the excita-
tion energy of the isomer is expected to become higher
as the deformed shell gap appears. However, no signifi-
cant change has been observed in the excitation energy
of the Kπ = 4− isomer between Z = 62 and 68, while
the local maximum of the E(2+) systematics becomes
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more distinct in Z = 62 isotopes than in Z = 68 [19].
The systematics of the isomeric state do not prove the
existence of a N = 100 shell gap. There is no experi-
mental mass data available for the Sm or Gd isotopes in
the AME2012 compilation [41] to check the stability at
N = 100 but at least for the Yb isotopes, no kink in the
structure can be seen at N = 100 in the mass data. The
local maximum of E(2+) does not necessarily reflect the
shell gap directly and may be caused by other reasons.
In order to confirm the predicted shell gap at N = 100 in
[3, 4], further studies such as mass measurements should
be performed.

V. CONCLUSIONS

New isomers with µs half-lives were discovered in the
neutron-richN = 100 isotones, 162Sm, 163Eu, and 164Gd.
Level schemes of these nuclei were constructed. The iso-
mers of 162Sm and 164Gd were assigned as 4−. By com-
paring with a Deformed HF and J Projection Model and
Projected Shell Model calculations, the isomeric states
can be interpreted as having a ν7/2[633]⊗ν1/2[521] con-
figuration, the same configuration as other N = 100
4− isomers known in 168Er and 170Yb. The isomeric
state of 163Eu can be interpreted as a coupling of the
ν7/2[633] ⊗ ν1/2[521] and the π5/2[413] configuration.
The existence of the K isomer and the trends of excita-
tion energies indicate the nucleus is well deformed with
axial symmetry. Observation of the 4− isomer at almost

the same energy in the 62 ≤ Z ≤ 70 isotones suggests
that the neutron single-particle shell structures around
the N = 100 Fermi surface in neutron-rich nuclei down
to Z = 62 does not change significantly from those at
stability. Systematics of the excitation energies of new
isomers can be explained without the predicted N = 100
shell gap. The results of this study will contribute to the
further understanding of nuclear deformation and single-
particle structure in neutron-rich rare-earth nuclei and
consequently provide input to the calculation of r-process
abundances. It also provides motivation for the study of
neutron-rich rare-earth nuclei beyond N = 100.
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