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Identification and shell model calculation of high spin states in 137,138Cs nuclei
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High spin states of 137,138Cs have been studied by measuring γ -γ -γ coincidences from the spontaneous fission
of 252Cf with the LBNL Gammasphere detector array. The high spin level scheme of the N = 83 neutron-rich Cs
(Z = 55) isotope, 138Cs, built on the 6− isomeric state, has been established for the first time up to a 4626 keV
level, assigned (16+). The level scheme of 137Cs has been expanded up to a 5495 keV level, assigned (31/2−).
Spins, parities, and configurations are assigned based on the agreement between experimental level energies and
shell model calculations and level systematics. Similarities are observed in the N = 82 isotones, 137Cs and 135I,
up to 17/2+ as well as in the N = 83 isotones, 138Cs and 136I, up to 12−. The shell model calculations indicate
the important role played by interactions between the excitation of the valence protons outside the Z = 50 major
shell and the f7/2 valence neutron outside the N = 82 major shell.
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I. INTRODUCTION

Studies of neutron-rich nuclei near the N = 82 closed
shell with a few protons beyond the Z = 50 closed shell
are of interest to test nuclear shell model calculations that
utilize effective interactions. A straightforward and important
question is “To what extent is the spherical shell model
(SSM) valid for neutron-rich nuclei near the N = 82 shell?”
With one valence neutron outside the N = 82 closed shell
and a few valence protons beyond the Z = 50 closed shell,
the N = 83 isotones under consideration are adjacent to the
doubly magic nucleus 132Sn. The structure of these nuclei
could provide additional understanding of the proton-neutron
and proton-proton interactions and of the similarities of the
structures of nuclei around 132Sn and 208Pb [1].

β decay [2], (d, p) and (α, xn) reactions [3], thermal
neutron capture, and fission [2] have been used to populate the
N = 83 isotones. Detailed exploration of the high spin yrast
and near-yrast spectroscopy in this region was not realized
until the advent of large γ -detector arrays used in fission
experiments [4,5]. Before the present work, some progress
was made at the Gammasphere and Eurogam II arrays on the
N = 83 isotones 134Sb(Z = 51) [6], 135Te (Z = 52) [6–8],
136I (Z = 53) [6,9,10], 137Xe (Z = 54) [9,11,12], and 139Ba
(Z = 56) [8]. The ground state and and a number of low spin
states [13] and a 6− isomeric state [14] in 138Cs were reported
from β-decay work. However, nothing has been reported for
the high spin states of 138Cs (Z = 55).

In the present work, we have identified the high spin states
in 138Cs up to the 4626 keV level built on the 6− isomeric state
and expanded the level scheme of 137Cs. Spins, parities, and
configurations were assigned based on a comparison of the
experimental energies and shell model calculations and level
systematics, with good agreement between the theoretical and
experimental values. The shell model calculations indicate the
important role played by interactions between the excitation
of the valence protons outside the Z = 50 major shell and the
f7/2 valence neutron outside the N = 82 major shell.

II. EXPERIMENTAL RESULTS

The measurements reported in the present work were
carried out at Lawrence Berkeley National Laboratory with
the Gammasphere detector array. The array consisted of 102
Compton suppressed Ge detectors. A spontaneously fissioning
252Cf source of strength ≈62 µCi was sandwiched between
two Fe foils of thickness 10 mg/cm2. This was mounted in
a 7.62 cm diameter plastic (CH) ball to absorb β rays and
conversion electrons. A total of 5.7×1011 triple and higher
fold coincidence events were collected. The coincidence data
were analyzed with the RADWARE software package [15].

A. Identification of 138Cs

More than 100 nuclei are populated in the spontaneous
fission of 252Cf, and many transitions from different nuclei

0556-2813/2007/75(4)/044314(6) 044314-1 ©2007 The American Physical Society

http://dx.doi.org/10.1103/PhysRevC.75.044314


K. LI et al. PHYSICAL REVIEW C 75, 044314 (2007)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

F
is

si
on

 Y
ie

ld
 R

at
io

Mass Gates

103Mo

104Mo

105Mo

109Tc

110Tc

111Tc

I(144Ba)/I(143Ba)

I(138Cs)/I(137Cs)

FIG. 1. Fission yield ratios of 138Cs and 137Cs in 109,110,111Tc gates,
144Ba and 143Ba in 103,104,105Mo gates [20].

overlap even in the coincidence spectra. Furthermore, there are
always multiple pairs of correlated partners for a given nucleus.
By gating on known γ rays in different partner isotopes, we
can identify the transitions of interest in a particular nucleus.
The fission partners of the 138Cs nucleus are 109Tc (5n), 110Tc
(4n), and 111Tc (3n). The level schemes of 109,110,111Tc were
reported by our group [16,17] and by Urban et al. [18]. A
number of low spin (1,2) levels up to 2500 keV built on the
ground state were reported by Carlson et al. [13] from β decay
of 138Xe. A 6− isomeric state in 138Cs was reported by Carraz
et al. [14].

With the above-mentioned Tc identifications achieved, we
searched for high spin states and transitions in 138Cs. By gating
on known transitions in 109,110,111Tc isotopes, we identified
a 1156.9 keV transition, which we assigned to 138Cs. In
109,110,111Tc gates, the yield ratios of the 1156.9 keV transition
in 138Cs and the 1184.7 keV transition in 137Cs were measured
to be 2.2, 1.1, and 0.3, as shown in Fig. 1. The variations of

these ratios follow those of 144Ba and 143Ba in 103,104,105Mo
gates [20], to support the proposition that the 1156.9 keV
transition belongs to 138Cs. The fact that the ratios are smaller
than those observed in Ba-Mo pairs also suggests that the
1156.9 keV transition is not directly feeding the isomeric state
or the ground state.

To show how we identified other transitions that belong
to 138Cs, several triple-coincidence spectra were generated by
gating on the 1156.9 keV transition in 138Cs and transitions in
its partner Tc isotopes. A spectrum double gating on the 1156.9
keV transition in 138Cs and the 137.3 keV transition in 109Tc
is shown in Fig 2(a). The coincident γ -ray transitions in both
138Cs and 109Tc were clearly identified. In Fig. 2(b), a spectrum
double gating on the 1156.9 and 174.5 keV transitions in 138Cs
is shown. The coincident transitions of 138Cs and its Tc partners
are indicated. Extensive cross-checking with many other triple-
coincidence spectra led to identifications and placements of
the transitions in 138Cs. We have observed a total of 15 new
transitions and placed them into the level scheme with 13 new
levels, as shown in Fig. 3.

The level scheme of 138Cs established in the present work
is shown in Fig. 3. Excited levels are observed to be populated
up to ≈4.63 MeV in 138Cs. The ground state and 6− isomeric
state in 138Cs were reported in Refs. [13] and [14], respectively.
For the neighboring N = 83 isotone, 136I (Z = 53), Urban
et al. [10] reported the 1− ground state and a 6− isomeric state.
Compared with the level scheme of 136I, it is most likely that
the observed yrast cascade of 138Cs in the present work is built
on the 79.9 keV 6− isomeric state. This is supported by the fact
that spontaneous fission populates high spin states. Based on
the decay patterns, the levels are arranged into different bands.
Table I shows the transition energies and relative intensities of
all the transitions identified in 138Cs.

The total internal conversion coefficients (αtotal) were
measured to determine the multipolarities of the low
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FIG. 2. (a) Spectrum gating on 1156.9 keV
transition in 138Cs and 137.3 keV transition
in 109Tc, (b) spectrum gating on 1156.9 and
174.5 keV transitions in 138Cs.
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TABLE I. Energies and relative intensities
determined for transitions in 138Cs.

Eγ (keV) Iγ Ei (keV) Ef (keV)

84.7 32.9 1917.5 1832.9
174.5 100 254.4 79.9
185.5 52.5 1596.8 1411.3
236.0 40.3 1832.8 1596.8
320.7 2.2 1917.5 1596.8
421.5 5.9 1832.8 1411.3
426.4 2.6 3158.3 2731.9
447.5 8.2 3260.5 2813.0
461.6 0.9 4626.1 4164.5
535.8 2.0 3348.8 2813.0
814.4 5.2 2731.9 1917.5
895.5 16.0 2813.0 1917.5
904.0 3.5 4164.5 3348.8
909.8 1.2 4258.6 3348.8

1156.9 77 1411.3 254.4

energy transitions. The αtotal of low energy transitions can be
determined from the intensity balance in and out of a state
by double gating on two transitions in the same cascade. The
total internal conversion of two low energy transitions, 185.5
and 84.7 keV, were measured. For the 185.5 keV transition,
the αtotal was measured by double gating on the 1156.9 and
84.7 keV transitions. In this gate, the difference in relative
γ -ray intensities of the 185.5 and 236.0 keV transitions is equal
to the conversion electron intensity. The αtotal of the 84.7 keV
transition was measured by double gating on 185.5 and
895.5 keV transitions. Their total internal conversion coef-
ficients were determined to be αtotal (84.7 keV) = 1.39±0.22
and αtotal (185.5 keV) = 0.18±0.04. The theoretical values
were calculated as α(total,E2)(185.5 keV) = 0.22, α(total,M1)

(185.5 keV) = 0.16, α(total,E2)(84.7 keV) = 3.42, α(total,M1)

(84.7 keV) = 1.48 [2]. Comparing with the theoretical
values, their multipolarities were deduced as pure M1 for the
84.7 keV transition, M1 and/or E2 for the 185.5 keV transition.

B. Level scheme of 137Cs

The level scheme of 137Cs was reported by Broda et al. [19]
from a deep inelastic one-proton-transfer reaction. From our
fission data, we confirmed the level scheme of 137Cs with
more transitions and levels identified. We observed seven new
transitions and placed them into the level scheme with five
new levels. An example of the coincidence spectrum for 137Cs
obtained by double gating on 1184.7 and 487.1 keV transitions
is shown in Fig. 4. The transitions in 137Cs and its fission
partners can be clearly identified. The level scheme of 137Cs
constructed in the present work is shown in Fig. 5.

III. SHELL MODEL CALCULATIONS AND SPIN, PARITY,
AND CONFIGURATION ASSIGNMENTS

The spin, parity, and configuration assignments for
137Cs and 138Cs were essentially based on comparisons
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FIG. 3. Partial level scheme of 138Cs. Energies are in keV.

of the experimental level energies with those of the shell
model calculations. In these calculations, we assumed 132Sn
to be a closed core and let the valence protons occupy the
five single-particle (SP) orbits of the 50–82 shell;, while for
the neutrons, the model space included the six orbits of the
82–126 shell. We employed a shell model Hamiltonian with
the single-particle energies taken from experiment and the
two-body effective interaction derived from the CD-Bonn free
nucleon-nucleon potential [21]. The same Hamiltonian was
used in recent studies of 134Sn, 134Sb, and 135Sb, producing
very good results [22–24]. The values of the proton and
neutron SP energies as well as a brief discussion of the
derivation of the effective interaction can be found in Ref. [24].
Comparisons of the experimental level energies with the shell
model calculations for 137Cs and 138Cs are shown in Tables II
and III, respectively.

A. 137Cs

As shown in Table II, the newly observed 3168.1, 4117.6,
4291.0, 3303.6, and 3503.4 keV levels are assigned a Jπ

of (19/2+), (19/2+), (21/2+), (19/2−), and (21/2−), respec-
tively. The unassigned 4351.6 keV and 4776.9 keV levels in
Ref. [19] (confirmed in the present work) are assigned a Jπ of
(23/2+) and (25/2+), respectively.

The configuration assignments of levels for 137Cs previ-
ously reported in [19] are confirmed in the present work with
good overall agreement between theory and experiment, as
shown in Table II. The 3303.6 keV (19/2−) and 3503.4 keV
(21/2−) levels are both assigned as πg4

7/2h11/2 and the
3168.1 keV (19/2+) level as πg3

7/2d
2
5/2. The last four exper-

imental levels of Table II, 4117.6 keV (19/2+), 4291.0 keV

044314-3
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FIG. 4. Spectra gating on 1184.7 and
487.1 keV transitions in 137Cs, showing (a) the
low energy region and (b) the high energy region.

(21/2+), 4351.6 keV (23/2+), and 4776.9 keV (25/2+) levels
have no theoretical counterparts. They are most probably re-
lated to particle-hole neutron excitations of the 132Sn core. We
suggest a configuration of πg5

7/2νf7/2h
−1
11/2 for these levels (see

Fig. 5) since this excitation has been identified in the isotone
135I (Z = 53) and confirmed by theory [5,25]. The neutron
particle-hole νf7/2h

−1
11/2 configurations are not described within

our model space.

B. 138Cs

The level scheme of 138Cs is built on the isomeric state at
79.9 keV which has been assigned 6− [14]. The spins, parities,
and dominant configurations are assigned by comparing the
experimental level energies with the calculated ones, which
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FIG. 5. Partial level scheme of 137Cs. Energies are in keV.

are given in Table III. The levels in 138Cs can be interpreted
by coupling an f7/2 neutron to the levels in 137Cs. Based
on the shell model calculations and the above-mentioned
multipolarity determinations of low energy transitions, (7−),
(9−), (10−), (11−) and (12−) are assigned to the 254.4, 1411.3,
1596.8, 1832.8, and 1917.5 keV levels, respectively. Note that
a (7−) state and a low energy transition from (7−) to (6−)
were also reported in the neighboring N = 83 isotone, 136I, by
Urban et al. [10]. In 138Cs, positive-parity levels should occur
above the 1917.5 keV (12−) level related to coupling an f7/2

TABLE II. Comparison of experimental (Eex) and calculated
(Eth) level energies (in MeV) of 137Cs, and deviations between them.

Iπ Eex Eth � = Eth − Eex Leading
component

7/2+ 0.00 0.00 0.00 πg5
7/2

(11/2+) 1.18 1.35 0.17 πg5
7/2

(15/2+) 1.67 1.68 0.01 πg5
7/2

(17/2+) 1.89 2.02 0.13 πg4
7/2d5/2

(21/2+) 2.78 3.01 0.23 πg4
7/2d5/2

(19/2+) 2.88 3.07 0.19 πg4
7/2d5/2

(19/2+) 3.17 3.51 0.34 πg3
7/2d

2
5/2

(23/2+) 3.47 3.75 0.28 πg3
7/2d

2
11/2

(19/2−) 3.30 3.29 −0.01 πg4
7/2h11/2

(23/2−) 3.50 3.40 −0.10 πg4
7/2h11/2

(21/2−) 3.50 3.40 −0.10 πg4
7/2h11/2

(27/2−) 4.41 4.40 −0.01 πg4
7/2h11/2

(29/2−) 5.02 5.22 0.20 πg3
7/2d5/2h11/2

(31/2−) 5.50 5.36 −0.14 πg3
7/2d5/2h11/2

(19/2+) 4.12 πg5
7/2νf7/2h

−1
11/2

(21/2+) 4.29 πg5
7/2νf7/2h

−1
11/2

(23/2+) 4.35 πg5
7/2νf7/2h

−1
11/2

(25/2+) 4.78 πg5
7/2νf7/2h

−1
11/2

044314-4
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neutron to the proton g7/2 → h11/2 and (g7/2)2 → d5/2h11/2

negative-parity excitations found in 137Cs. By considering
the corresponding couplings, (11+), (12+), (13+), (14+), and
(16+) are tentatively assigned to the 2813.0, 3260.5, 3348.8,
4164.5, and 4626.1 keV levels, respectively.

The angular correlation coefficients Aex
2 and Aex

4 for the
174.5 and 1156.9 keV cascade were measured to be −0.07(1)
and −0.02(2), as described in Ref. [26]. They are consistent
with the theoretical coefficients of Ath

2 = −0.071 and Ath
4 =

0.0 [27], for pure quadruple and pure dipole transitions and
for the proposed spin assignments of (9−) and (7−) to the
1411.3 and 254.4 keV levels. This measurement also indicates
that the 174.5 keV transition has M1 character, while the
1156.9 keV transitions has E2 character.

It can be seen in Table III that in 138Cs, the coupling between
the g7/2 valence protons and the f7/2 neutron, πg5

7/2νf7/2,
is assigned to the first three excitations, 79.9 keV (6−),
254.4 keV (7−), and 1411.3 keV (9−). The g7/2 → d5/2

excitation, πg4
7/2d5/2νf7/2, is assigned to the 1596.8 keV (10−),

1832.8 keV (11−), and 1917.5 keV (12−) levels. The coupling
of the f7/2 neutron with the g7/2 → h11/2 excitation, fits well
the 2813.0 keV (11+), 3260.5 keV (12+), and 3348.8 keV
(13+) levels. The 4164.5 keV (14+) and 4626.1 keV (16+)
levels are interpreted with a πg3

7/2d5/2h11/2νf7/2 configuration.
The shell model calculations indicate an important role

played by the coupling of the odd protons outside the Z = 50
closed shell and the f7/2 neutron outside the N = 82 closed
shell. Also note in Table III that the configuration mixing in
138Cs is extensive. We show only the leading components and
their percentages of the total theoretical wave function.

IV. DISCUSSION

Figure 6 shows the yrast excitations of Cs isotopes near
the N = 82 major shell closure. The level spacings exhibit
strong shell effects of the N = 82 neutron major shell. The
level schemes of 140,142Cs are not included, since the spins and
parities of their yrast states are not available.

TABLE III. Same as Table II, but for 138Cs, relative to the 6− state.

Iπ Eex Eth � =
Eth − Eex

Leading
component

Percentage

6− 0.0 0.0 0 πg5
7/2νf7/2 46

7− 0.17 0.15 −0.02 πg5
7/2νf7/2 41

9− 1.33 1.55 0.22 πg5
7/2νf7/2 51

10− 1.52 1.75 0.23 πg4
7/2d5/2νf7/2 80

11− 1.75 1.89 0.14 πg4
7/2d5/2νf7/2 57

12− 1.84 1.98 0.14 πg4
7/2d5/2νf7/2 77

11+ 2.73 2.79 0.06 πg4
7/2h11/2νf7/2 61

12+ 3.18 3.25 0.07 πg4
7/2h11/2νf7/2 61

13+ 3.27 3.33 0.06 πg4
7/2h11/2νf7/2 63

14+ 4.08 3.80 −0.28 πg3
7/2d5/2h11/2νf7/2 81

16+ 4.55 4.63 0.08 πg3
7/2d5/2h11/2νf7/2 79

2.0

0

1.0
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FIG. 6. Yrast states of Cs isotopes. Data from Refs. [28,29] and
this work.

Figure 7 shows the yrast excitations of the N = 82 and
N = 83 isotones with a few valence protons outside the
Z = 50 major shell closure. A similarity is seen in the yrast
level patterns between 137Cs (Z = 55) and its neighboring
N = 82 isotone 135I (Z = 53) [25]. For the N = 83 isotones
138Cs and 136I [6,9,10], a similar cascade pattern is observed.
However, one more yrast state, the 10− state, is identified in
138Cs but not reported in 136I. For the 136I nucleus, the 47s 6−
isomeric state was assigned a configuration of πg2

7/2d5/2νf7/2

by Urban et al [10]. The assignment was supported by shell
model calculations of the SMPN(400) set of two-body matrix,
in which the position of the πd5/2 orbital was lowered by
400 keV. In our shell model calculations of 138Cs, we
predict a yrast 6− state in 138Cs arising from the πg5

7/2νf7/2

configuration, while a second 6− state predicted at 185 keV
higher is dominated by the πg4

7/2d5/2νf7/2 configuration. When
we similarly lower the πd5/2 orbital energy, we observe a
reordering of the two 6− states. However, the level ordering
of the 9−, 10−, 11−, 12− levels change too, resulting in signif-
icant disagreement between the calculated and experimental
level energies. Based on this disagreement, we assigned the
6− state in 138Cs with a configuration of πg5

7/2νf7/2. Note
that our shell model calculations on 136I [30] predict the same
πg3

7/2νf7/2 dominant configuration for the lowest 6− state and
the existence of a 10− state at about the same energy as that
calculated for 138Cs. Further studies are needed to verify these
predictions.

The variations of the excitation energies of the 11/2+ state
in even-N Cs isotopes versus the excitation energies of the first
2+ state in the corresponding even-even Xe core are shown in
Fig. 8. They change very rapidly in the region of N = 82
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FIG. 7. Yrast states of N = 82 and N = 83 isotones.
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the even-aN Cs isotopes vs excitations of the first 2+ state in the
corresponding even-even Xe core. 9+ state energy in 138Cs is also
shown. Data are from Refs. [19,28,29] and from the present work.

major shell, with an almost linear relationship. The N = 83
Cs isotone, 138Cs, is also shown in the figure by assuming
that the 9− state can be attributed to the coupling between the
lowest yrast excitation of the even-even core 136Xe with one
g7/2 valence proton and one f7/2 valence neutron. For 138Cs,
the coupling does not significantly reduce the excitation energy
of the corresponding 9− state.

V. CONCLUSION

In conclusion, the high spin states of the N = 83 neutron-
rich isotope 138Cs have been observed for the first time,
and the level scheme of 137Cs expanded by observing the
spontaneous fission of 252Cf with the Gammasphere. Shell
model calculations were performed and used to interpret

the excitations in 137,138Cs. Note that these calculations are
completely free from adjustable parameters. Spins, parities,
and configurations were assigned to the levels of 138Cs
based on total internal conversion coefficient measurements of
the low energy transitions, shell model calculations, angular
correlation measurements, and level systematics. Spin, parity,
and configuration assignments for the newly observed levels
in 137Cs were also made based on the shell model calculations.
The level schemes of 137,138Cs established in the present work
and the shell model calculations reveal significant contri-
butions by the proton excitations in this important nuclear
region near the doubly magic 132Sn nucleus. Similarities were
observed between the N = 82 isotones, 137Cs and 135I, as
well as the N = 83 isotones, 138Cs and 136I. The shell model
calculations indicate the important role played by the coupling
between the excitation of the fifth proton outside the Z = 50
major shell and the f7/2 neutron outside the N = 82 major
shell.
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