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Spectroscopy of 98Cd by two-nucleon removal from 100In
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Low-lying states of 98Cd have been populated by the two-nucleon removal reaction (100In, 98Cd +γ ) and
studied using in-beam γ -ray spectroscopy at the Radioactive Isotope Beam Factory at RIKEN. Two new γ

transitions were identified and assigned as decays from a previously unknown state. This state is suggested to
be based on a π1g−1

9/22p−1
1/2 configuration with Jπ = 5−. The present observation extends the systematics of the

excitation energies of the first 5− state in N = 50 isotones toward 100Sn. The determined energy of the 5− state
in 98Cd continues a smooth trend along the N = 50 isotones. The systematics are compared with shell-model
calculations in different model spaces. Good agreement is achieved when considering a model space consisting
of the π (1 f5/2, 2p3/2, 2p1/2, 1g9/2) orbitals. The calculations with a smaller model space omitting the orbitals
below the Z = 38 subshell could not reproduce the experimental energy difference between the ground and
first 5− states in N = 50 isotones, because proton excitations across Z = 38 subshell yield a large amount of
correlation energy that lowers the ground states.

DOI: 10.1103/PhysRevC.104.024302

I. INTRODUCTION

The nuclear structure of the self-conjugate doubly magic
100Sn and its neighboring nuclei has been the subject of in-
tense experimental and theoretical interest, since it provides a
unique testing ground for the nuclear shell model and is im-
portant for the astrophysical rapid-proton capture process [1].
However, nuclei in the vicinity of 100Sn lie well away from the
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stability line and experimental investigations of their spectro-
scopic properties are still limited. In particular, experimental
information on excited states of 100Sn is yet to be obtained,
where the excited state energies would provide important
information on the N = Z = 50 shell gap and a direct bench-
mark to the development of structure models around the A ≈
100 proton-rich nuclei region. Experimental information from
the neighboring nuclei is indispensable in understanding the
nuclear structure of this region and could serve as a stepping
stone toward 100Sn. In the 100Sn region, the evolution of the
0+

gs → 2+
1 transition strengths in light Z = 50 isotopes toward

100Sn has been the subject of continued experimental and
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theoretical efforts [2–8]. The neutron-proton interaction in
N = Z nuclei below 100Sn has become an attractive research
topic in recent years [9–14]. For example, recent experimen-
tal work on the level structure of 92Pd [9] and 96Cd [11]
has revealed the importance of the isoscalar neutron-proton
interaction for self-conjugate nuclei close to 100Sn. The
proton-rich N = 50 isotones below 100Sn have also attracted
considerable interest [15–29], where highlights include the
discovery of seniority isomers [23] and N = 50 core excited
states [15,19,22,24].

The nucleus 98Cd (Z = 48, N = 50), two proton holes
from 100Sn, is so far the most proton-rich N = 50 iso-
tone for which information about excited states is available
[16,23–26]. In previous studies on 98Cd, its excited states
have been populated via isomer-delayed γ -ray spectroscopy
following fusion-evaporation reactions [23–25] and frag-
mentation reactions [16,26]. The π1g−2

9/2 seniority ν = 2
states with Jπ = (2+), (4+), (6+), and (8+); and two core-
excited states of (10+) and (12+) [24,25], based on the
(π1g−2

9/2)(ν1g−1
9/22d1

5/2) configuration, have been observed. In
a conference report [30], it is mentioned that the level scheme
of 98Cd is extended tentatively to 15+ by using a fusion-
evaporation reaction, but no details are presented. Various
shell-model calculations [23,31–33] have been performed to
study the structure of 98Cd, and some low-lying states as-
sociated with the single-particle excitations from the proton
π2p1/2 or π2p3/2 to π1g9/2 orbitals are predicted. How-
ever, none of these states have been identified experimentally
in previous studies because these states are not populated
in the decay of the known isomers and are also difficult
to investigate using in-beam γ -ray spectroscopy following
fusion-evaporation reactions due to their nonyrast nature.
Note that, in the neighboring even-A 100,102Cd isotopes, these
single-particle states are also not observed, although a large
number of high-spin states have been established in 100,102Cd
via fusion-evaporation reactions. Nucleon-removal reactions
in inverse kinematics at intermediate energies are a valu-
able tool to populate single-particle states, and thus reactions
involving proton removal can be used as a complementary
method to probe the proton single-particle structure of these
neutron-deficient Cd isotopes.

In the present work, we report on an in-beam γ -ray spec-
troscopy study on 98Cd populated in the two-nucleon removal
reaction from a 100In secondary beam, in order to extend the
spectroscopic information of 98Cd and enhance the under-
standing of its structure in the context of the doubly magic
100Sn region.

II. EXPERIMENTAL PROCEDURE

The present experiment was carried out at the Radioac-
tive Isotope Beam Factory (RIBF), operated by the RIKEN
Nishina Center and the Center for Nuclear Study of the Uni-
versity of Tokyo. A 124Xe primary beam was accelerated to
345 MeV/nucleon and impinged on a 5-mm-thick 9Be pro-
duction target placed at the entrance of the BigRIPS fragment
separator [34]. The radioactive cocktail beams of interest,
including 100In, were separated and identified in BigRIPS
event by event based on the measurements of time of flight

FIG. 1. (a) Doppler-corrected γ -ray energy spectrum of 98Cd
following the CH2(100In, 98Cd) reaction with no γ -ray multiplicity
restrictions. The fit function to the spectrum (red solid line) includes
simulated response functions for the single and cascade transitions
(blue dotted lines) and a double-exponential background (green
dashed line). The inset (b) shows the spectra for Mγ = 1, 2, and 3.

(TOF), magnetic rigidity (Bρ), and energy loss (�E ) [35],
and transported to the reaction target location in front of the
ZeroDegree spectrometer.

The secondary 100In beam then impinged on the reaction
target with an energy of ≈175 MeV/nucleon in front of the
target to produce the two-nucleon removal residues 98Cd. The
reaction residues were identified in the ZeroDegree spectrom-
eter following a similar method as for BigRIPS. Two reaction
target settings were used during this experiment, employing a
5-mm-thick CH2 target and a 3-mm-thick C target.

Prompt γ rays emitted from excited states of 98Cd were de-
tected with the upgraded DALI2+ array [36,37] surrounding
the reaction target. DALI2+ consisted of 226 NaI(Tl) detec-
tors, covering center-of-crystal polar angles in the range from
16◦ to 123◦. Energy calibrations were performed using 88Y,
60Co, and 137Cs sources. Emitted γ rays from the fast moving
nuclei experienced a large Doppler shift, and therefore the
γ -ray spectra were corrected based on the individual detector
angles and the reaction-product velocities. In the analysis,
an energy add-back procedure was applied for hits detected
within 15 cm radius to increase the photopeak efficiency.

III. RESULTS

The Doppler-corrected γ -ray spectrum of the CH2(100In,
98Cd +γ ) reaction is displayed in Fig. 1. A similar result is
obtained for the C target setting. In Fig. 1(a) no cut on the
γ -ray detection multiplicity Mγ was applied. The spectra for
Mγ = 1, 2, and 3 events are shown in Fig. 1(b).

As can be seen in Fig. 1(a), four peaks are clearly visible,
of which the two peaks at lower energies are observed in the
present experiment for the first time. The two strong peaks at
higher energies are suggested to correspond to the previously
observed 688-keV (4+ → 2+) and 1395-keV (2+ → 0+)
transitions, respectively. An energy shift of these two peaks
compared with actual values is observed. The shift can be
explained as due to the influence of lifetimes of the decaying
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FIG. 2. γ -γ coincidence spectra. Panels (a), (b), and (c) show
the spectra gated on the 1395-, 688-, and 544-keV transitions, re-
spectively. The blue dotted lines show simulated response functions
for the number of expected coincidences based on the proposed level
scheme in Fig. 3 and the direct population intensity determined from
the fitting shown in Fig. 1. A double-exponential background (green
dashed line) is coupled to the simulated response function in order to
get the fit function (red solid line) to the gated spectrum.

excited states. Excited-state half-lives with tens of ps or longer
will shift peaks to lower Doppler-reconstructed energies as
compared with their actual values. After taking into account
the excited-state lifetime effects, the newly observed transi-
tions are determined to be 346(8) and 544(12) keV by fitting
the spectrum in Fig. 1(a) with simulated DALI2+ response
functions (see below).

To establish the level scheme for the new transitions ob-
served in the singles spectrum, γ -γ coincidence spectra are
produced and shown in Fig. 2. The obtained spectra for the
CH2 and C target are essentially the same and therefore
are combined in the γ -γ coincidence analysis. The level
scheme of 98Cd, displayed in Fig. 3, is constructed based
on the γ -γ coincidence relationships in combination with
previously known information [23–26]. As can be seen in
Fig. 2, the newly observed 544(12)-keV transition has a clear
coincidence with the previously known transitions at 688 keV
[(4+) → (2+)] and 1395 keV [(2+) → 0+], and thus forms
a cascade with the (4+) → (2+) and (2+) → 0+ transitions,
suggesting that this new γ ray feeds the known (4+) state at
2083 keV. Therefore, the 544(12)-keV transition is placed as
decaying from a new state at 2627(12) keV to the (4+) state,
as shown in Fig. 3.

As illustrated in Fig. 1(b), the γ -ray spectrum for γ -ray
multiplicity Mγ = 1 displays a strong peak at 346(8) keV,
while in the spectra for Mγ = 2 and 3 the position at
346(8) keV does not show a strong peak as compared with
the neighboring 544(12)- and 688-keV transitions. Further-
more, the γ -γ coincidence analysis indicates that none of
the other transitions is seen in coincidence with the 346(8)-
keV transition, suggesting that this transition should feed
the ground state or an isomeric state. The possibility for the
346(8)-keV transition to be a direct ground state decay from
a state at 346(8) keV can be excluded. Such a state would
lie far below the first 2+ state at 1395 keV, which is not
expected for the semimagic 98Cd. Therefore, the 346(8)-keV
transition most likely populates an isomeric state. The pos-
sibility for this transition to feed the known 154(16)-ns (8+)
isomer at 2428 keV cannot be ruled out based on the present
experiment, but it can be discarded by comparison with the
shell-model calculations as described below and shown in
Fig. 3. The 346(8)-keV transition is in agreement with the
energy difference between the newly identified 2627(12)-keV
state and the previously observed 13(2)-ns isomeric (6+) state
at 2281 keV, thus is tentatively placed as feeding the (6+)
isomer from the 2627(12)-keV level.

The singles spectrum in Fig. 1(a) is fit with simulated
DALI2+ response functions based on GEANT4 frame-
work [38,39] added on a double-exponential background. In
the simulations, the precise energies of the 1395- and 688-
keV transitions determined previously are employed when
obtaining the DALI2+ response functions. The half-lives for
each excited state are considered in the simulations. The (6+)
state in 98Cd, as shown in Fig. 3, is known to have a half-
life of T1/2 = 13(2) ns [26], while the half-lives of the (2+)
and (4+) states are experimentally unknown. For the (2+)
and (4+) states, the deduced half-lives from the calculated
B(E2) values using different shell models are very similar.
In Ref. [20], the half-life of the (2+) state is expected to be
below 1 ps based on the calculated B(E2) values from all
three models and the (4+) state half-life is expected to be
in the range 17–30 ps. The (2+) state half-life is assumed
to be 0 ps in the simulations, since ≈1 ps uncertainty in
the half-life leads to negligible effect on the deduced γ -ray
energy. Considering that the SDGN model predictions [20]
provide better agreement with the experimentally known
(4+) → (2+) transition strength for the neighboring N = 50
isotones 96Pd and 94Ru, the SDGN model predicted half-life
of 17 ps for the (4+) state of 98Cd is taken as input for the
simulations.

In addition to keeping the half-lives of the (2+) (T1/2 = 0
ps), (4+) (T1/2 = 17 ps), and (6+) (T1/2 = 13 ns) states and
the energies of the 1395- and 688-keV transitions fixed, the
half-life and energy of the newly observed state are treated
as free parameters in the simulations. It is found that a
half-life of 100(30) ps and an energy of 2627(12)keV for
the newly identified state can best describe the experimen-
tal spectrum by considering the response functions for the
following single and cascade γ transitions: (a) a 1395-keV
γ ray emitted following the direct population of the (2+)
state in the reaction, (b) a cascade of two γ rays (688 keV
→ 1395 keV) emitted following the population of the (4+)
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FIG. 3. Level schemes of 98Cd constructed experimentally and predicted by shell-model calculations. The transitions and the level energies
are in keV. The red level and transitions are established from the present experiment.

state, (c) a cascade of three γ rays [544(12) keV → 688
keV → 1395 keV] emitted following the population of the
2627(12)-keV state, and (d) a 346(8)-keV transition emitted
from the decay of the 2627(12)-keV state to the (6+) isomeric
state.

Based on the simulations, the populated intensities for
the detected γ rays and excited states are extracted. The
relative intensities of the γ rays at 1395, 688, 544(12), and
346(8) keV are deduced to be 100(12)%, 63(7)%, 54(3)%, and
26(3)%, respectively. The direct populations of each excited
state are deduced to be 100(8)%, 12(5)%, and 46(6)%, for
2627(12), 2083, and 1395 keV, respectively. The proposed
level scheme and the determined direct population intensities
for each excited state are employed to get simulated response
functions for the number of expected coincidences in the
gated spectra, as shown by blue dotted lines in Fig. 2. To
have a better comparison with the experimental spectrum,
a double-exponential background is added to the simulated
response function. It can be been in Fig. 2 that the simulated
spectra (red solid lines) are in overall good agreement with the
experimental results. Note that self-coincidence is observed
in the coincidence spectra gated on 544- and 688-keV transi-
tions. The self-coincidence originates from the contributions
to the energy gate from the Compton background of the
1395-keV transition. The gate on the 1395-keV transition, in
contrast, is much cleaner because of the lower background
at higher energies and the fact that no γ rays are observed
above 1395 keV.

IV. DISCUSSION

As shown in Fig. 3, the newly identified 2627(12)-keV
state decays to the (4+) and (6+) states. The decay pattern of

the 2627(12)-keV state suggests that the possible spin-parity
for this state could be 4+, 5+, 6+, or 5−. To further probe
the nature of the 2627(12)-keV state, shell-model calculations
have been performed using the KSHELL code [40] with the
modified jj45pna Hamiltonian. The jj45pna Hamiltonian is
derived from the CD-Bonn potential through the G-matrix
renormalization method [41] and included in the OXBASH

package [42]. It is widely used to investigate Cd and In iso-
topes [43–45]. All two-body matrix elements of the jj45pna
Hamiltonian are scaled by a factor of 0.93 to better repro-
duce the systematic spectroscopic properties of nuclei around
A = 90. The predicted low-lying levels, shown in Fig. 3, are
calculated in the π1 f5/2, π2p3/2, π2p1/2, and π1g9/2 model
space, marked as model space I. Besides the calculations
based on model space I, we also performed calculations by
allowing at most one neutron to be excited across the N = 50
shell, in order to predict the excitation energy related to N =
50 core excitation. The calculations show that the excitation
energy of the lowest level involving one-neutron excitation
across the N = 50 shell is above 4.4 MeV. All excited states
below 4 MeV are predicted to originate from proton exci-
tations within the π1 f5/22p1g9/2 shell, as shown in Fig. 3.
The calculations give an overall good description of the ex-
perimentally known (2+) to (8+) yrast states with the π1g−2

9/2

configuration. Moreover, four more states with Jπ = 5−, 4−,
0+, and 3− below 4 MeV are predicted. The first two states are
the members of the π1g−1

9/22p−1
1/2 doublet, the third one arises

from the π2p−2
1/2 configuration, and the fourth one has a con-

figuration of π1g−1
9/22p−1

3/2. The present calculations show that
the position of the predicted 5− state at 2635 keV is in good
agreement with the newly observed state at 2627(12) keV,
and the spin-parity of 5− is well among the experimentally
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FIG. 4. Energy difference between the first 5− and 0+ ground
states in N = 50 isotones. Data are taken from Refs. [15,19,27,28]
(black filled circles) and the present work (red filled square). The
shell-model calculations are performed using four different model
spaces. See text for details.

restricted candidates. Thus, the observed 2627(12)-keV state
is suggested to be 5− based on the π1g−1

9/22p−1
1/2 configuration.

In fact, in the lighter N = 50 isotones 96Pd, 94Ru, 92Mo,
and 90Zr, a 5− state in each nucleus has been observed at
similar excitation energy with the presently observed (5−)
state in 98Cd, as displayed in Fig. 4. The continuation of
a smooth trend of the 5− state energies along the N = 50
isotones support the configuration assignment for the 5− state
in 98Cd. For the decay pattern of the 5− states in 96Pd [19]
and 94Ru [29], besides the main decay path to the 4+ states, a
decay branch to the 6+ states has been observed. The existence
of the 5− → 6+ transition in the neighboring N = 50 isotones
adds further confidence for the suggested assignment of the
observed 346(8)-keV transition as decaying from the 5− to
6+ states in 98Cd. In addition, the half-lives of the 5− states
in the 94Ru and 92Mo isotones have been measured to be
510(50) ps [15] and 1.55(4) ns [46], respectively. The deduced
transition probabilities B(E1) for the 5− → 4+ transitions
in 94Ru and 92Mo are 7(1)×10−6 and 19.0(5)×10−6 e2fm2,
respectively. The derived B(E1) value for 98Cd using the (5−)
state half-life obtained in this work is 18(5)×10−6 e2fm2.
This strength is comparable to that observed in lighter iso-
tones [15,46].

To gain insights into the feature of the 5− states along
the N = 50 isotones, shell-model calculations with different
model spaces are performed, as shown in Fig. 4. In addi-
tion to model space I, three other model spaces are used for
comparison. For model space II, the π1 f5/2 orbital is omitted
in comparison with model space I. Model space III is even
smaller, as both the π1 f5/2 and π2p3/2 orbitals are frozen as
being fully occupied. Model space IV has the same orbitals
as model space III, but at most one proton is allowed to
be excited from the π2p1/2 orbital. It can be seen in Fig. 4
that, when model space I is considered in the calculations,
the experimental results of the 5− excitation energies in the
N = 50 isotones can be well reproduced by the theory. In

the case of model space II, the calculated results slightly
underestimate the experimental data. For model space III,
the calculations exhibit obvious discrepancies with the data.
Furthermore, the calculations with model space IV provide a
rather poor description of the data, especially for lower mass
N = 50 isotones.

The calculations using model space I show that the
π1g−n

9/22p−1
1/2 (n = 1, 3, 5, 7, and 9) components for the 5−

states in the N = 50 isotones 98Cd, 96Pd, 94Ru, 92Mo, and
90Zr are 95.75%, 87.95%, 81.33%, 76.66%, and 75.14%,
respectively. Although the π1g−n

9/22p−1
1/2 configuration is the

dominant component in all these five N = 50 isotones, the
model space III (consisting of only the π2p1/2 and π1g9/2

orbitals) is insufficient to obtain a good agreement with the
experimental 5− excitation energies in the N = 50 isotones.
This is mainly because the configuration components for
the ground states are not pure. The calculations show that
the π1g−n

9/2 (n = 2, 4, 6, 8, and 10) components for the

ground states in 98Cd, 96Pd, 94Ru, 92Mo, and 90Zr are only
83.20%, 67.56%, 53.18%, 39.58%, and 25.26%, respectively.
The calculations also show that the proton excitations from
the π2p1/2 and π2p3/2 orbitals to the π1g9/2 orbital are
important for the ground states. The missing π2p3/2 orbital
in model space III has reduced a large amount of correla-
tion energy and raises the ground-state energy, resulting in
the disagreement between the calculated and experimental
5− excitation energies. Therefore, a model space consisting
of the π2p3/2 orbital below the Z = 38 subshell, as well
as the π2p1/2 and π1g9/2 orbitals is necessary to obtain a
good agreement with the experimental 5− data in the N = 50
isotones.

It is interesting to note that the first 8+ state in the N = 50
isotones is predicted to have relatively pure π1g−n

9/2 compo-
nents as compared with the ground states. The calculations
show that the π1g−n

9/2 (n = 2, 4, 6, and 8) components for

the ground states in 98Cd, 96Pd, 94Ru, and 92Mo are 100%,
83.59%, 68.09%, and 52.41%, respectively. Thus, it is ex-
pected that the calculated energy difference between the 5−

FIG. 5. The same as Fig. 4, but for the energy difference between
the first 5− and first 8+ states in N = 50 isotones.
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and 8+ states in the N = 50 isotones may not be strongly
dependent on the model space. As shown in Fig. 5, the
calculations using different model spaces give similar re-
sults and the experimental data are well reproduced by all
calculations.

V. SUMMARY

In the present work, excited states in the proton-rich iso-
tope 98Cd have been populated via the two-nucleon removal
reaction (100In, 98Cd +γ ). Four peaks were observed using
the DALI2+ γ -detection array, of which two peaks are ob-
served for the first time. Based on γ -γ coincidence analysis,
a new level at 2627(12) keV is placed in the level scheme
of 98Cd. The spin-parity of the identified state is tenta-
tively assigned as 5− based on the systematics of low-lying
structures in proton-rich N = 50 isotones and shell-model
predictions. The nature of the (5−) state is suggested to arise
from a π1g−1

9/22p−1
1/2 configuration. To understand the feature

of the 5− state energies in N = 50 isotones, shell-model
calculations with different model spaces are performed. The
calculations show that, to reproduce the experimental data,
the effect of the proton excitations from the π2p3/2 orbital

should be taken into account for describing the 0+ ground
states.
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