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Excited states in 35S were investigated by in-beam γ-ray spectroscopy using the 26Mg(18O, 2α1n)
fusion-evaporation reaction The de-exciting γ-rays were measured with germanium detector arrays
along with the measurement of evaporated charged particles in a 4π segmented Si detector array.
The level scheme was extended up to 12470 keV. The obtained level structure is compared with the
large-scale shell-model calculations. The possibility of isoscalar-pair excited states is discussed for
J = (17/2) states with comparison between the experimental and theoretical results.

PACS numbers: 23.60.+e, 27.50.+e

I. INTRODUCTION

Nuclear properties such as binding energies [1] and the
spectroscopy of excited states [2] suggest that isovector
(T = 1) proton-neutron (pn) paring is dominant at low-
excitation energies. On the other hand, isoscalar (T = 0)
pn paring is less clear, and often debated [3–5]. Recent
noteworthy experimental works indicate the role of the
interaction at low-spin states in N = Z nuclei [6, 7]. The
isoscalar pn interaction plays an important role in the
occurrence of the high-spin β-decaying 16+ state in 96Cd
[8]. The isovector paring correlations are supposed to be
rapidly suppressed with increasing angular momentum,
while the isoscalar paring correlations relatively fall off at
a slower rate [9–11]. The study on the paring interactions
has been focused mainly on the N = Z nuclei. However
it could be extended to N ̸= Z nuclei. The promotion
of the isoscalar pn pair to the fp-shell was discussed at
the high-spin states in 34S [12]. Further experimental
investigation is necessary to clarify such excitation. Here,
we extended the study to the high-spin states in 35S.

In addition to the pn correlation, interesting phenom-
ena such as emergence of superdeformed (SD) bands [13–
15], clusterization in nuclei [16, 17] can be studied in sd-
shell nuclei. To describe the high-spin states in this re-
gion, cross-shell excitations from the sd- to the fp-shell
have to be taken into account. The emergence of SD
bands in 36Ar [13], 40Ar [14], and 40Ca [15] is attributed
to the multi-particle multi-hole excitations. The low-spin
structure has been reproduced well by shell-model calcu-
lations with such as the USD residual interaction [18].

However, there are still considerable uncertainties in the
high-spin states between experimental and theoretical re-
sults. Investigations on the high-spin states provide con-
straints and also testing grounds for more recent effective
interactions [19–23]. As for sulfur isotopes, cluster prop-
erties in 34S were discussed in the low-spin states [24]
while the promotion of isoscalar pn pair was reported in
the high-spin states [12]. The excited states of odd-mass
nuclei 33,35S [25, 26] has been extensively studied with
different effective interactions.

In this work, we investigated high-spin states of 35S
by a fusion evaporation reaction of 26Mg(18O, 2α1n) to
investigate the isoscalar pn-pair excitation. Prior to this
work, there is a significant body of experimental studies
on the excited states such as β-decay of 35P [27], 34S(n,
γ) [28], 34S(d,pγ) [29], 37Cl(p, 3He) [30], 37Cl(d,αγ) [31],
24Mg(14N, 3p) [26], and transfer reaction of 37Cl [32].
We extended the level scheme up to 12470 keV with
J = (21/2) from the previously known level at 8023 keV
with Jπ = (17/2+) [26]. The observed levels in this
work are compared with large-scale shell-model calcula-
tions including the sd-fp model space with the 16O core.
The high-spin structure of 35S and the promotion of the
isoscalar couplings in the high-spin states are discussed
on the basis of the experimental and theoretical results.

This paper begins with a description of the experi-
mental detail and results in Sec. II. A comparison of the
experimental data with large-scale shell-model calcula-
tions is described in Sec. III. The results of this work are
summarized in Sec. IV.



2

II. EXPERIMENTAL RESULTS

To investigate the high-spin states of 35S, two exper-
iments were conducted. The first experiment was per-
formed at the JAEA tandem accelerator facility to de-
termine the beam energy for producing high-spin states
of 35S. The heavy-ion fusion evaporation reaction of
26Mg(18O,2α1n)35S was used. The target consisted of
a self-supporting metallic enriched foil of 26Mg which
has 0.5 mg/cm2 thickness. The measurement of the
γ-rays was conducted with the germanium detector ar-
ray GEMINI-II [33] with the BGO Compton suppressor
shield. A total of 14 germanium detectors were placed
with 5 different angles. The γ-ray energies measured in
the laboratory frame were corrected for Doppler shifts by
the velocity of the fusion residue of 35S outside the tar-
get. The velocity was obtained by fitting peak positions
of previously known γ-ray transitions [26] as a function
of the detector angles. The beam energy of 80 MeV was
selected by comparing the ratio of the high-spin to low-
spin states of 35S with different beam energies among a
set of measurements at 70, 80, 95 and 110 MeV [34].

The second experiment to investigate high-spin states
of 35S was conducted at the ALTO-Tandem facility with
the beam energy. In order to measure the γ-ray tran-
sitions from the high-spin states, the germanium detec-
tor array ORGAM based on the EUROGAM [35] with
BGO scintillator for the anti-Compton suppressor, was
employed. A total of 13 detectors was installed at 4 dif-
ferent angles at 47◦, 86◦, 94◦, and 158◦ with respect to
the incident 18O beam.

The excited states of 35S were populated via 2α1n
evaporation from the compound nucleus of 44Ca. The
reaction channel was selected by measuring the evapo-
rated charged particles with a 4π silicon detector [36] in
both experiments. The array consists of 170 µm-thick
pentagonal-shape detectors. Each detector was arranged
in a regular dodecahedron frame. The most forward sili-
con detector and the second forward detectors were seg-
mented into 5 and 2 sections respectively to have a capa-
bility for the high-count rate of the evaporated charged
particles. In order to avoid the scattered 18O beam en-
tering into the detector, thin aluminum absorbers were
set in front of each detector. The thickness of the ab-
sorber was selected to be 8 µm-thick with an additional
gold foil of 15 µm for the most forward angle, 50 and
40 µm for the second forward and the backward angles,
respectively. The overall efficiency for a single α particle
was estimated to be 60% by comparing γ-ray intensities
in the 1α- and 2α-gated γ-ray spectra of 35S. The use
of the multi-charged particle gate significantly reduced
the γ-ray background produced by different evaporation
channels during the experiment.

To construct the level scheme, γ-γ coincidence analysis
with the 2α-detection in the Si detector array was per-
formed. Spectra gated by the low-lying transitions are
shown in Fig. 1. The gate on the 1991-keV transition
shows the peaks related to the previously known transi-
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FIG. 1: Background-subtracted γ-ray coincidence spectra
gated on the 2α-detected case. New transitions observed in
the present work are marked with a star (*).

tions with the different reaction of 24Mg(14N,3p)35S [26].
The gate on the intense transition at 1302 keV revealed
four new transitions of 732, 1576, 2421 and 2869 keV. The
spectra gated on 2869- and 2421-keV transitions show
that these transitions are mutually in coincidence.

The proposed level scheme in this work is shown in
Fig. 2. New transitions at 732, 1576, 2421 and 2869 keV
are assigned as those from the high-excited states. These
transitions are placed above the 7180-keV level since they
are observed in coincidence with the transitions below the
7180-keV level. The γ-ray coincidence analysis supports
the cascade assignments of 732- and 844-keV transitions,
which results in an assignment of the new 1576-keV tran-
sition as a crossover. All of other assigned peaks are
consistent with the prior work [26]. Note that several
known low-excited levels [26] could not be observed in the
present work due to the limited statistics for the transi-
tion with small-relative intensity. The unobserved level
are marked in Table II. Spin-assignments were performed
by the ADO ratio which is calculated by weighted DCO
ratio [37] for all of possible combinations of the detector
angles. The ratio is expressed as

Rγ1
ADO = Iγ1(47◦ gated by γ2 at all)

Iγ1(86◦ gated by γ2 at all)
, (1)

where Iγ denotes the intensity of γ transition. For the
present setup, values of RADO ∼ 0.8 and ∼ 1.0 are
obtained for dipole transition and quadrupole stretched
transition, respectively. The values obtained in this work
are shown as a function of transition energy in Fig. 3. In-
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FIG. 2: Proposed level scheme of 35S as deduced from the present work. The spin-parity assignments below the level at
8024 keV was referred from the prior work [26].

formation on observed transitions is summarized in Ta-
ble I. All of level energies for known levels and the spin
assignments are consistent with the prior work [26].

Among the new transitions, residual Doppler energy
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FIG. 3: ADO ratios of the observed transitions in 35S as a
function of transition energy. Filled and open circles corre-
spond to assignments for ∆J = 1 and 2, respectively.
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TABLE I: Excited levels, spin and parity assignments for ini-
tial and final states, transition energies, relative intensities,
and multipolarities of transitions. New levels obtained in the
present work are marked with a star (*). The multipolarity
assignments below the 8024-keV levels were referred from the
prior work [26].

E (keV) Jπ
i Jπ

f Eγ (keV) Irel
γ RADO Multipolarity

1991 7/2− 3/2+ 1990.5(4) 100 1.30(8) M2 + E3
3594 (7/2+) 3/2+ 3594.4(11) 35(2) 0.93(20) E2
3815 (9/2−) 7/2− 1824.4(6) 48(2) - M1
4023 (11/2−) 7/2− 2032.4(4) 70(16) - E2
4822 (9/2+) (7/2+) 1228.3(6) 11(2) - M1

(9/2−) 1007.2(11) 4(2) 0.87(15) E1
4900 (9/2+) (7/2−) 1305.3(4) 5(3) - M1
5010 (11/2−) (11/2−) 986.6(3) 26(1) 0.91(13) M1
5412 (9/2+) (11/2−) 1389.0(8) 9(2) - E1
5878 (11/2+) (7/2+) 2283.5(10) 14(3) - E2

(9/2−) 2063.3(14) 32(6) 0.58(41) E1
(11/2−) 1854.5(42) 28(14) - E1
(9/2+) 1055.6(4) 39(10) 0.67(18) M1
(9/2+) 978.4(10) 26(7) - M1
(11/2−) 868.2(4) 20(2) 0.54(21) E1
(9/2+) 465.5(2) 14(1) 0.67(11) M1

7180 (15/2+) (11/2+) 1301.6(3) 56(11) 1.40(17) E2
8024 (17/2+) (15/2+) 844.3(6) 20(3) 0.51(8) M1
8756∗ (17/2) (15/2+) 1576.3(14)a 14(3) - ∆J = 1

(17/2+) 731.6(15)a 8(3) 0.43(9) ∆J = 1
10049∗ (19/2) (15/2+) 2868.7(8) 26(2) 0.98(13) ∆J = 2
12470∗ (21/2) (19/2) 2420.6(11) 21(6) 0.50(42) ∆J = 1
a Transition energy was determined by the Ge detectors placed at

86◦ and 94◦.

shifts [38] were observed for the 732- and 1576-keV γ-ray
peaks as shown in Fig. 4. Normally, transitions from low-
spin states are sufficiently slow so that the decay occurs
mainly outside the target. The Doppler energy shifts can
be corrected by using the well-defined velocity distribu-
tion determined by the known transitions. However, very
short-life transitions which decay inside the target pro-
duce small amount of energy shifts compared to the tran-
sition energy even after the Doppler correction because
of the discrepancy of the velocity of compound nuclei
between inside and outside the target. The energies are
shifted slightly to higher energy for the forward-detection
angle while lower for the backward-detection angles than
the original transition energy. The existence of the shifts
indicates a very short-lived, highly-excited state. By esti-
mating maximum traveling time of 35S in the thin-target,
a half-life shorter than 1 ps for the level at 8756 keV is
expected.

On the basis of the obtained ADO ratio and the ob-
servation of the residual Doppler shifts, we assign J =
(17/2) for the level at 8756 keV. As for the high-energy
peaks at 2421 and 2869 keV, we assign new levels at 10049
and 12470 keV based on the relative intensities for these
transitions. The values of the ADO ratio indicate the
dipole and quadrupole nature for the 2421- and 2869-
keV transitions, respectively. As a result, J = (19/2)
and (21/2) are assigned for 10049- and 12470-keV level.
Note that the ADO-ratio indicates only the dipole or
quadrupole characters and dose not assure the parity as-

signments. The obtained levels are discussed later with
results of the shell-model calculations.

III. SHELL-MODEL CALCULATIONS

A. Level structure in 35S

Large-scale shell-model calculations were performed to
interpret the obtained levels. We adopted the SDPF-
MSD4 interaction, which was constructed by modify-
ing the SDPF-M interaction so that the deformed bands
of the Ca isotopes and the neighboring nuclei are re-
produced well [20]. The model space was taken as
the 0d5/2, 0d3/2, 1s1/2, 0f7/2, and 1p3/2 single-particle or-
bits with the 16O inert core. Up to five-particle five-
hole excitations were allowed from the filling configura-
tion. The M -scheme dimension reached 1.02×109 in the
present work. The calculations were performed with the
KSHELL code [39, 40]. The comparison between the ex-
perimental and calculated levels up to J = 17/2 is shown
in Fig. 5.

For yrast states from J = 1/2 to 5/2, positive-parity
states could be dominant since the states mainly consist
of excitations only within the sd-shell. As for the yrast
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FIG. 5: Experimental levels compared with calculated lev-
els by large-scale shell-model (LSSM) calculations. The ex-
perimental levels for low-lying levels were partly taken from
Ref. [26].
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states from J = 7/2 to 15/2, one-particle excitations to
the fp-shell could be dominant to produce the angular
momentum. Two-particle excitations to fp-shell could
produce the yrast states from J = 17/2 to 21/2. Note
that proton excitations over the energy gap at Z = 20
are not assumed here.

The excited levels by experimental data and the shell-
model calculations as a function of spin are shown in
Fig. 6. The levels are colored with red and blue for
positive- and negative-parity states, respectively. The
positive parity for 1/2 to 5/2 and 15/2 to 21/2, and the
negative parity states for 7/2 to 13/2 are calculated in
the yrast levels. The transitioning parity as a function
of spin in these yrast levels could be attributed to the
number of excited particles to the fp-shell.
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FIG. 6: (Color online) Excited levels by experimental data
and large-scale shell-model calculations as a function of spin.
The positive and negative-parity states are colored with red
and blue, respectively. Parities are not available experimen-
tally when the levels are colored with green. Low-excited lev-
els marked with (a) in Table. II are taken from prior work [26].

The detail of the obtained levels could be discussed
with the dominant configurations for each level. Compar-
ison between experimental and calculated levels is sum-
marized in Table II. The table represents the dominant
configuration for each calculated level. For instance, the
ground state of 35S is expected to be Jπ = 3/2+. due
to the neutron hole in the d3/2 orbital. The 0p-0h con-
figuration dominates by 71%. The positive-parity levels
below Jπ = 7/2+ are dominant with the 0p-0h configura-
tion while the negative-parity states below Jπ = 17/2−

are dominant with the 1p-1h configuration.
The 2p-2h configuration takes place above Jπ = 9/2+,

and the dominance appears up to J = 23/2+. The 4p-4h
configuration becomes dominant at Jπ = 25/2+. The
significant reduction of 1p1h components is also seen
in negative-parity states from J = 17/2− to 19/2−.
A recent work by linear polarization measurements on
37Ar [41], which also has 19 neutrons, shows the similar
trend for the yrast level structure in Jπ = (17/2+) to
(21/2+).

B. pn-pair excited states

Transitions from (19/2) to (17/2) states were not ob-
served experimentally in spite of the relatively high-
statistics of the 2869-keV transition from the (19/2) to
(15/2+) states. This fact could be related to different
configurations for these high-spin states. In order to
understand the origin of the states, limited configura-
tion spaces with 1-proton 1-neutron (pn) or 2-neutron
(2n) excitations were applied for the shell-model calcula-
tions. The calculated levels with these configurations are
shown in Fig. 7. The levels labeled with 2n and pn rep-

(a) Exp. (b) LSSM (c) 2n (d) pn 
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15/2+
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17/2+

17/2+
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FIG. 7: (Color online) Comparison between the experimental
levels (a: Exp.) and calculated levels (b: LSSM) from the
large-scale shell-model calculations relative to 11/2+. The 2n
and pn labels represent the calculated levels which allow only
2-neutron, and 1-proton 1-neutron excitations, respectively.
Note that the 17/2+ states in LSSM, 2n and pn correspond
to 17/2+

1,3 from the shell-model calculations.

resent the calculated levels which allow only 2-neutron,
and 1-proton 1-neutron excitations, respectively. Pos-
itive parities for the (19/2) and (21/2) states are as-
sumed here. Note that the predicted levels for 21/2+

and 21/2− are close within 300 keV, therefore the assign-
ment is still tentative here. One could note that the level
energies for (17/2) states obtained in the present work
are close with the calculated results with pn-excitations,
while other levels such as (15/2+), (19/2) and (21/2)
have good agreements with the results of 2n-excitations.

The transition probabilities could be affected by the
difference of the configurations. Here, the parity of the
8756-keV was assumed as positive for the following dis-
cussion. Note that the parity of the level was not as-
signed in the present data. The experimental branching
ratios for 1576- and 732-keV transitions from the level
at 8756 keV are 64(18)% and 36(15)%. By using the
B(M1), B(E2) values from the shell-model calculations
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TABLE II: Comparison between experimental and calculated levels for 35S. nℏω represents n-particle n-hole configuration. The
values in the column mean the portion of the wave function for each calculated state. The transition probabilities B(M1) and
B(E2) were calculated by the shell-model calculations.

Energy (MeV) Jπ
i Jπ

f Eexp
γ Ratio (%) B(M1) B(E2)

Exp. Theory (keV) 0ℏω 2ℏω 4ℏω (µ2
N ) (e2fm4)

1.572a 1.709 1/2+
1 3/2+

1 1572 57.9 36.9 5.2 0.003 36.3
0.000 0.000 3/2+

1 71.0 26.5 2.4
2.717a 2.672 5/2+

1 1/2+
1 2717 66.0 30.9 3.2 7.7

3.886a 3.036 5/2+
2 59.9 35.8 4.3

3.594 3.538 7/2+
1 3/2+

1 3594 50.8 44.1 5.1 28.8
4.822 5.381 9/2+

1 7/2+
1 1228 0.0 86.2 13.8 0.000 5.4

4.900 5.870 9/2+
2 7/2+

1 1305 0.2 85.2 14.6 0.000 0.6
5.412 5.941 9/2+

3 5/2+
2 1526a 3.6 84.3 12.0 11.4

5.878 5.313 11/2+
1 9/2+

1 1056 0.0 86.6 13.4
11/2+

1 9/2+
2 978

11/2+
1 9/2+

3 466 　
6.299 6.776 11/2+

2 9/2+
3 887a 0.0 86.3 13.6 4.1

6.274 13/2+
1 0.0 86.1 13.9

7.180 6.233 15/2+
1 11/2+

2 1302 0.0 87.0 13.0 51.4
8.024 8.118 17/2+

1 15/2+
1 844 0.0 85.9 14.1 0.001 17.3

8.736 17/2+
2 17/2+

1 732 0.0 85.9 14.1 0.364 14.7
17/2+

2 15/2+
1 1576 0.000 27.4

8.807 17/2+
3 17/2+

1 732 0.0 86.8 13.2 0.046 1.9
17/2+

3 15/2+
1 1576 0.002 7.2

9.024 19/2+
1 0.0 88.8 11.2

11.181 21/2+
1 0.0 87.5 12.5

13.376 23/2+
1 0.0 87.1 12.9

15.831 25/2+
1 0.0 12.4 87.6

1ℏω 3ℏω 5ℏω

2.348a 1.837 3/2−
1 72.3 25.6 2.1

2.946 5/2−
1 69.5 28.1 2.4

1.911 1.030 7/2−
1 74.6 23.6 1.8

3.815 3.166 9/2−
1 7/2−

1 1824 78.1 20.5 1.4 0.013 54.7
4.023 3.356 11/2−

1 7/2−
1 2032 74.6 23.7 1.7 60.9

5.010 4.205 11/2−
2 7/2−

1 987 78.4 20.4 1.3 0.3
11/2−

2 11/2−
1 3019 78.4 20.4 1.3 0.067 31.1

6.352a 5.637 13/2−
1 9/2−

1 2536a 77.7 21.0 1.4 39.2
13/2−

1 11/2−
1 2330a 0.017 26.6

6.239 15/2−
1 74.8 23.5 1.7

9.967 17/2−
1 75.4 23.0 1.6

10.343 19/2−
1 0.0 93.3 6.7

11.366 21/2−
1 0.0 93.8 6.2

11.582 23/2−
1 0.0 94.0 6.0

13.421 25/2−
1 0.0 93.1 6.9

a Values were taken from Ref. [26].

as shown in Table II, the expected branching ratios for
the 1576- and 732-keV transitions are calculated to be
59% and 41% when we assume the experimental (17/2+

1 )
at 8024-keV level and (17/2) at 8756-keV level to be the-
oretical 17/2+

1 and 17/2+
3 levels. These theoretical 17/2+

1
and 17/2+

3 levels originate from the pn excitations to the
fp-shell. On the other hand, the expected branching
ratios are calculated to be 12% and 88% if we assume
the experimental (17/2) levels to be theoretical 17/2+

1
and 17/2+

2 levels. The theoretical 17/2+
2 level originates

from the 2n excitations to the fp-shell. These branch-

ing ratio have considerable discrepancies compared to the
experimental branching ratios. The dominance of the
pn-excitations to the fp-shell might be attributed to the
(π0f7/2 ×ν0f7/2)(7+) ×π1d3/2 aligned configuration. The
pn-excitations play important role to interpret the (7+)
level at 9912 keV in 34S [12]. Since the statistical er-
rors for the branching ratios are still large and the spin-
parity assignments for these states were not firmly es-
tablished, future investigations on high-spin states would
provide more quantitative discussion for the pn-pair ex-
cited states.
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IV. SUMMARY

High-spin states of 35S have been studied by the fu-
sion evaporation reaction of 26Mg(18O, 2α1n)35S. The
level scheme of 35S was extended up to 12470 keV with
the γ-γ coincidence analysis and the ADO ratios. The
large-scale shell-model calculations were performed with
the SDPF-MSD4 interaction. All of the observed levels
up to J = (21/2) are explained well within the 2p-2h ex-
citations from sd- to fp-shell. The possibility of the pn-
pair excitation for J=(17/2) states was discussed with
the experimental and theoretical results.
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