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First in-beam gamma-ray study of the level structure of neutron-rich
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Ruder Bošković Institute, Zagreb, Croatia
(Dated: July 28, 2016)
The neutron-rich 39 S nucleus has been studied using binary grazing reactions produced by the
interaction of a 215-MeV beam of 36 S ions with a thin 208 Pb target. The magnetic spectrometer,
PRISMA, and the γ-ray array, CLARA, were used in the measurements. Gamma-ray transitions of
energy 339, 398, 466, 705, 1517, 1656, and 1724 keV were observed. Five of the observed transitions
have been tentatively assigned to the decay of excited states with spins up to (11/2− ). The results
of a state-of-the-art shell-model calculation of the level scheme of 39 S using the SDPF-U effective
interaction are also presented. The systematic behaviour of the excitation energy of the first 11/2−
states in the odd-A isotopes of sulphur and argon is discussed in relation to the excitation energy
of the first excited 2+ states of the adjacent even-A isotopes. The states of 39 S which have the
components in their wave functions corresponding to three neutrons in the 1f7/2 orbital outside the
N = 20 core have also been discussed within the context of 0 h̄ω shell-model calculations presented
here.
I.

INTRODUCTION

The present paper is concerned with the nuclear structure of 39
16 S23 and forms the last of a series of studies of
neutron-rich nuclei lying between the N = 20 and 28 shell
closures which have been based on the same experiment
carried out at the INFN Legnaro National Laboratory,
Italy. Binary grazing reactions were used to populate the
nuclei of interest. The previous published works from the
experiment have involved studies of the neutron-rich isotopes 33 Si [1], 36 Si [2], 34 P [3], 35 P [3], 36 P [3], 37 P [3],
38
P [3], 37 S [4], 40 S [5], 41 S [6], and 38 Cl [7]. These
studies are mainly concerned with the role of negativeparity intruder orbitals in the structure of neutron-rich
nuclei on the periphery of the island of inversion, which
is centred on 32 Mg, and on the description of such nuclei
using state-of-the-art shell-model calculations [8]. Binary
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grazing and deep-inelastic reactions have been used extensively over the last few decades to study the structure
of neutron-rich nuclei over a wide range of nuclear masses.
The coupling of large solid-angle magnetic spectrometers
to arrays of escape-suppressed Ge detectors in studies of
this type (see e.g. Refs. [9–11]) has represented a very significant experimental advance in relation to earlier techniques which exploited large arrays of Ge detectors but
no particle identification, see e.g. Broda et al. [12], Fornal et al. [13], and Lee et al. [14].
In an earlier publication [5], we discussed the evolving
structure of the sulphur isotopes for neutron numbers,
22≤ N ≤ 28. The large energy gap between the 1d3/2 and
2s1/2 proton shell-model states at N = 20 36 S reinforces
the effects of the neutron shell closure and this is reflected
in a large 2+ energy (3.29 MeV) and small B(E2;0+ →2+ )
value (88.6 ± 7.0 e2 fm4 ) [15]. In the N = 20 odd-A iso+
tones, 35 P and 37 Cl, the energy gap, E(1/2+
1 ) - E(3/21 ) is
approximately -2.5 MeV and 1.75 MeV, respectively [16].
With increasing neutron number, the energy spacing of
the proton 1d3/2 and 2s1/2 orbitals decreases as the 1f7/2

2
neutron orbit is filled; this is a consequence of the attractive monopole tensor force [17] between 1f7/2 (j> ) neutrons and protons in the 1d3/2 (j< ) orbit. For the isotopes
of potassium, where the energy spacing has been measured using proton pickup reactions [18, 19], the total
monopole shift between 1d3/2 and 2s1/2 proton binding
is about 350 keV per 1f7/2 neutron [20]. The decreasing
1d3/2 - 2s1/2 proton energy spacing with increasing neutron number is the underlying reason for the increase
in quadrupole deformation in the even-A sulphur isotopes [21, 22]; a pseudo-SU(3) symmetry develops [23]
with increasing neutron number. In addition, as neutrons are added to the 1f7/2 shell, there is a tendency
for the nucleus to adopt a quadrupole deformation in
order to remove the degeneracy associated with the increasing occupancy of the 1f7/2 shell. This is the nuclear
analogue of the Jahn-Teller effect [24, 25], which was first
discussed in 1937 in relation to the stability of polyatomic
molecules in degenerate electronic states [26].
From the simple perspective of the nuclear shell model,
the 39 16 S ground state has 4 proton holes in the sd shell
and 3 neutrons in the 1f7/2 orbital outside the N = 20
shell closure, with a J π value of 7/2−. The three neutrons
in the 1f7/2 orbit would be expected to play a dominant
role in the low-lying excited states; they can couple to
J π values of 3/2− , 5/2− , 7/2− , 9/2−, 11/2−, and 15/2−;
J π values of 1/2− and 13/2− are forbidden by quantummechanical angular momentum coupling considerations.
However, the shell-model calculations of Woods [27] show
that neutron excitations into the 2p3/2 orbital play an important role in the structure of the close lying triplet of
states with J π values of 7/2−, 5/2−, and 3/2− (ground
state). The configuration π(2s1/2 1d3/2 )2 ⊗ ν(1f7/2 )3 contributes 65 %, 44 %, and 42 % to the total wave function,
respectively, while the neutron occupancies of the 2p3/2
orbital are 0.32, 0.50, and 0.77, respectively.
There have been few experimental studies of the
neutron-rich 39 16 S nucleus and no conclusive inbeam γ-ray studies. Drumm et al. [28], using the
40
Ar(13 C,14 O)39 S transfer reaction, observed a level with
a large energy uncertainty at 1469±25 keV. A further
study of 39 S using β decay was performed by Winger et
al. [29]. Gamma rays of energies 339.8, 398.2, 1126.2, and
1524.6 keV were observed; however there was not enough
supporting information to place these four γ-ray transitions within a 39 S level scheme. In a β-delayed neutron
emission study by Winger et al. [30], 339.9- and 398.6keV γ rays were observed to be in coincidence with 465.5keV γ rays, but not with each other. As a by-product of
an investigation of the level structure of 45,46 Ar through
in-beam γ-ray spectroscopy using the fragmentation of
a 60 AMeV 48 Ca beam, Dombrádi et al. [31] identified
a γ-ray transition of energy 904(7) keV, which was attributed to 39 S. Thus, although the 339.9-, 398.6-, 465.5-,
904-, 1126.2-, and 1524.6-keV γ rays have been assigned
to the decay of excited states of 39 S, to date none has
been placed within a level scheme.
Binary grazing reactions with stable neutron-rich

beams and heavy targets can be used to populate
yrast and near-yrast states of moderately neutron-rich
projectile-like species [5, 13, 32–34] and, in general, experiments using such reactions, although unable to reach
the most neutron-rich nuclear species currently accessible to experiment, provide more detailed spectroscopy
than is currently possible using intermediate-energy
Coulomb excitation, where the states that are populated
are, in general, those that are connected directly to the
ground state by E2 transitions [35]. Fusion-evaporation
reactions with stable beams are unable to populate
neutron-rich nuclei such as 39 S. Here, the yrast decay
sequence of 39 S, populated in binary grazing reactions,
has been studied. We have exploited the combination of a large acceptance magnetic spectrometer,
PRISMA [36, 37], and a high granularity and high
efficiency γ-ray detection array, CLARA [38], which
allows good reaction channel selection and precise
Doppler correction of γ-ray energy spectra.

II.

EXPERIMENT

Yrast and near-yrast states of the N = 23 nucleus 39 S
were populated using binary grazing reactions produced
+
in the interaction of a 215 MeV beam of 36 S9 ions,
delivered by the Tandem-ALPI accelerator complex at
the INFN Legnaro National Laboratory, Italy, with a
thin 208 Pb target. The target, isotopically enriched to
99.7% in 208 Pb, was of thickness 300 µg cm−2 on a 20
µg cm−2 carbon backing. Projectile-like fragments produced during the reaction were analyzed with PRISMA
[36, 37], a large acceptance-angle magnetic spectrometer
placed at 56◦ to the beam axis, and covering a range
of angles including the grazing angle of the reaction
(58◦ ). Measurements taken with the PRISMA magnetic
spectrometer enable a determination of the atomic
number Z, the mass number A, the ionic charge state,
and the absolute velocity vector of each ion that reaches
the detector system at the focal plane. PRISMA has
a solid angle of 80 msr, a momentum acceptance of
±10%, and a mass resolution of 1/300 via time of flight
measurements. Gamma rays from the de-excitation of
projectile- and target-like binary reaction products were
detected using CLARA [38], an array of 25 escapesuppressed Ge clover detectors (22 Ge clover detectors
were used during the present work). The CLARA array
has a photopeak efficiency of about 3%, a peak-to-total
ratio of 0.45 for 60 Co 1332-keV γ rays, and covers an
azimuthal angular range of θ = 98◦ to 180◦ with respect
to the entrance aperture of the PRISMA magnetic
spectrometer. Following Doppler-shift energy correction
of γ rays from projectile-like species, the FWHM of
γ-ray photopeaks is approximately 0.7% in energy. A
relative photopeak efficiency calibration for the CLARA
array was carried out using radioactive sources of 152 Eu,
133
Ba, and 56 Co. Gamma rays were detected in time
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FIG. 2: Gamma-ray singles energy spectrum observed in coincidence with 39 S ions detected at the focal plane of PRISMA.
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III.

noted earlier, the 339-, 398-, and 466-keV γ-ray transitions were previously identified by Winger et al. [29, 30];
however, the 1126.2- and 1524.6-keV γ-ray transitions observed by Winger et al. and that observed by Dombrádi
et al. [31] at an energy of 904 keV, were not observed here.
The measured 39 S γ-ray energies and relative intensities
are presented in Table I.

Counts per channel

coincidence with projectile-like fragments identified at
the focal plane of the PRISMA spectrometer, thereby
providing an unambiguous association of γ rays with
each projectile-like binary fragment of a particular A
and Z. The data acquisition trigger is provided by
timing signals from the large area multi-wire parallel
plate avalanche counter (MWPPAC) at the focal plane
of PRISMA. Doppler correction of γ-ray energies was
performed on an event-by-event basis. More details of
the experimental equipment used here have been given
in earlier publications e.g. [5]. Experimental data were
accumulated during a six day run with an average beam
current of 7 pnA.
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FIG. 1: Mass spectrum for sulphur (Z = 16) isotopes (measured in coincidence with γ rays) populated in the present
work. See text for details.

In the present experiment, a wide range of nuclear
species, from Mg (Z = 12) to Ca (Z = 20), was identified at the focal plane of PRISMA. Here, we focus on
a discussion of 39 S. 39 S was weakly populated in a threeneutron transfer reaction with 16200±130 γ-particle coincident events recorded. Figure 1 shows the γ-A matrix
(projected onto the mass axis) which resulted from the
correlation of γ rays and detected S ions. Electronic timing problems during the experiment resulted in tails on
the mass peaks (see Fig. 1); any resulting contamination
of the γ-ray spectra can be readily identified through the
generation of γ-ray spectra corresponding to each of the
sulphur isotopes and through the use of mass gates of
different widths.
Figure 2 presents the Doppler-corrected singles γ-ray
energy spectrum measured in coincidence with 39 S ions
identified at the focal plane of PRISMA. The γ-ray
spectrum has photopeaks at energies of 339(1), 398(1),
466(1), 705(1), 1517(1), 1656(1), and 1724(1) keV. As

The γ-ray spectrum corresponding to the decay of the
associated target-like fragments is presented in Fig. 3;
Doppler correction of this γ-ray spectrum was performed
assuming two-body kinematics. The observed γ-ray
peaks correspond to the de-excitation of known states
of 205 Pb. In particular, the γ-ray peaks at energies of
323, 684, and 703 keV correspond to the previously observed yrast transitions [39] from 19/2+ to 17/2+, 17/2+
to 13/2+, and 7/2− to 5/2− , respectively. On the other
hand, the strong photopeak at 803 keV does not correspond to a previously observed transition of 205 Pb; the
relative photopeak intensity would suggest that the peak
corresponds to the deexcitation of an yrast state. The
21 + → 0+ transition in 206 Pb has an energy of 803.1 keV;
it is the strongest photopeak in the γ-ray spectrum of the
associated target-like fragments observed in coincidence
with 38 S ions detected at the focal plane in the same experiment [40]. Thus, contamination of the 39 S mass peak
by the much more intense 38 S peak (see Fig. 1) may account for the presence of the 803-keV peak in the spectrum of Fig. 3. On the other hand, the strongest transition observed in the 38 S γ-ray spectrum at 1292 keV
(21 + →0+ ) [40] is not present in the spectrum of Fig. 2.
There is no convincing evidence in the spectrum of Fig. 3
for the population of the 899.2-keV first 2+ state of
204
Pb [41]; this indicates that neutron evaporation of the
excited target-like fragment is not a significant process
in this particular case. Photopeaks marked with ”Pb-X”
in Fig. 2 and in Fig. 3 are lead x rays from the target.
The statistics in the experiment were not adequate in
order to perform a γ-γ coincidence analysis, necessary
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FIG. 3: One dimensional Doppler-corrected γ-ray energy
spectrum from target-like fragments observed in association
with 39 S ions detected at the focal plane of the PRISMA
spectrometer. All but one of the observed photopeaks can be
associated with known γ-ray transitions in 205 Pb. See text
for details.

TABLE I: Measured γ-ray transition energies and relative intensities for 39 S. Previously unobserved γ-ray transitions are
indicated by the symbol ⋆ .
Eγ (keV) Iγ /I1517 (%)
339(1)
398(1)
466(1)
705(1)⋆
1517(1)⋆
1656(1)⋆
1724(1)⋆

17.3(2.4)
18.1(2.7)
24.1(3.2)
12.6(2.7)
100.0(6.5)
34.3(4.9)
27.2(4.1)

for the construction of a robust level scheme. Rather,
the proposed 39 S level scheme is based on several considerations, namely comparison with the published level
schemes of the N = 23 isotones, 37 Si and, in particular,
41
Ar, and with the results of shell-model calculations for
39
S, also presented here. Further, as noted earlier, binary
grazing reactions of the type discussed here preferentially
populate yrast and near-yrast states of the final nuclei.
The level scheme must also be consistent with the measured relative transition intensities (Table I). Finally, as
noted above, in the work of Winger et al. [30] the 339.9and 398.6-keV γ rays were observed to be in coincidence
with 465.5-keV γ rays, but not with each other.
Figure 4 shows partial level schemes for the N = 23
isotones, 37 Si, 39 S, and 41 Ar. The level scheme for 37 Si is
based on the work of Steiger et al. [42] and of Stroberg et
al. [43]. For 41 Ar, the level scheme of Szilner et al. [44] is
presented; in this work, the PRISMA/CLARA detector
systems were used, as in the present study, and states of
41
Ar were populated in a binary grazing reaction initiated by an 40 Ar beam on a 208 Pb target. Consequently,

there are expected to be some similarities with the yrast
and near-yrast excited states of 39 S based on the present
work; however, since the states of 41 Ar were populated
in a one-neutron transfer reaction, single-neutron states
are also expected to be strongly populated in this case,
and this is what is observed experimentally [44]. It is
proposed that the strongest observed γ-ray photopeak at
1517-keV in the spectrum of Fig. 2 corresponds to a transition from a J π = 11/2− state at 1517 keV to the ground
state. The energy of the state is two standard deviations
from that measured by Drumm et al. [28] at 1469±25
keV. The corresponding state in 41 Ar lies at an excitation energy of 1630 keV and is also relatively strongly
populated. The first J π = 9/2− state, predicted in the
shell-model calculations presented here to lie at an excitation energy of 1803 keV, is also expected to be strongly
populated and, on this basis and by comparison with the
41
Ar level scheme, the 1656-keV transition is very tentatively assigned to the decay of a 1656-keV J π = 9/2−
state to the ground state. The 1656-keV transition is,
in this proposed placement, favoured over the 1724-keV
transition because of its higher intensity; confirmation of
the placement through γ-γ coincidence measurements is
necessary. The 466-, 389-, and 339-keV transitions have
been assigned to low-lying states of 39 S through a com−
−
+
parison with the 3/2−
1 , 5/21 , 7/21 , and 3/21 levels of
37
Si and 41 Ar. It is again emphasised that the 39 S level
scheme presented here should be regarded as tentative;
good statistics γ-γ coincidence data are required to confirm the proposed placement of γ rays. Thus, of the seven
γ-ray transitions listed in Table I, five have been tentatively placed in the 39 S level scheme and two transitions,
those at 705 keV and 1724 keV, have not been included
because of the lack of supporting evidence. In the experiment of Szilner et al., to which reference has been
made above, γ-ray photopeaks of energy 339(1), 399(1),
467(1), 535(1), 1518(1), 1654(2), and 1727(4) keV were
observed in the -2p + 1n channel, 208 Pb(40 Ar,39 S) [45].
The 535-keV transition was not observed in the present
work and the 705-keV transition was not observed in the
work of Szilner et al. [45].
A large scale 0 h̄ω shell-model calculation was performed to understand the structure of 39 S from a theoretical aspect using the Nathan code [8, 46] with the latest
SDPF-U effective interaction [47]. Protons are restricted
to the sd shell and neutrons are confined to the full pf
shell-model space outside an inert 28 O core. The results
of the shell-model calculation are presented in Fig. 4.
The ground-state configuration of the even-Z N = 23
isotones, in a simple shell-model picture, is described in
terms of the coupling of three extra-core 1f7/2 neutrons
to an inert proton core. In some cases, the lowest state of
such a (j)3 configuration has a total angular momentum
quantum number of J = j − 1, rather than J = j. This
is a consequence of the residual interaction between
the three like nucleons in the same orbit and was first
discussed by Talmi in 1962 [48]. In 37 Si23 , shell-model
calculations performed here, and based on the SDPF-U
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of shell-model calculations based on the SDPF-U effective interaction are also presented. See text for details.

interaction, give a ground-state J π value of 5/2−, a first
excited state at an excitation energy of 170 keV with J π
value of 7/2−, and a second excited state at 237 keV
with a J π value of 3/2− . The experimental level scheme
(Fig. 4) is consistent with this. However, there has been
no definitive determination of the ground-state J π value;
the adopted value of 7/2− [49], which is in disagreement
with the more recent work of Steiger et al. [42] and of
Stroberg et al. [43], is based on systematics. For the
ground state, the largest component (∼ 38%) of the wave
function corresponds to three 1f7/2 neutrons coupled
to an inert (1d5/2 )6 proton core; 70 % of the wave
function corresponds to neutrons coupled to spin 5/2−
and protons to 0+ . In the case of 41 Ar23 , the shell-model
predicts close-lying J π = 5/2− (ground) and 7/2−
(36-keV first excited) states, with the J π = 3/2− state
at 783 keV. The experimental ground-state J π value
of 7/2− is based on the results of (d,p) single neutron
transfer studies with a polarised deuteron beam [50, 51];
the largest component (∼ 65%) of the wave function
corresponds to three 1f7/2 neutrons coupled to protons with the configuration (1d5/2 )6 (2s1/2 )2 (1d3/2 )2 .
Shell-model calculations for 39 S give a ground-state J π
value of 7/2− , with close-lying 3/2− (4 keV) and 5/2−
(72 keV) states. The adopted ground-state J π value
(7/2− ) [52] is based on systematics. In the present
work, the assumption is made that the ground-state
J π value is 7/2− but, as is also the case for the 37 Si
ground-state, no definitive model-independent assign-

39

S. The results

ment has so far been made. Within the context of
shell-model calculations, the ordering of the low-lying
states in the N = 23 isotones is sensitive to details of
the interaction. The ground state of 39 S has, as the
three largest components of the wave function, the neutron configuration (1d5/2 )6 (2s1/2 )2 (1d3/2 )4 (1f7/2 )3 with
the proton configurations (1d5/2 )6 (2s1/2 )2 (1d3/2 )0
(17%),
(1d5/2 )6 (2s1/2 )0 (1d3/2 )2
(20%),
and
6
(1d5/2 ) (2s1/2 )1 (1d3/2 )1 (21%).
The nearby shellmodel excited states at 4 keV (J π = 3/2− ) and at
72 keV (J π = 5/2−) have the same above three configurations in their wave functions with corresponding
contributions of 10-, 14-, and 17 % and of 22-, 19-, and
13 %, respectively. Contrary to the expectations of the
simple shell model, these states cannot be described in
terms of three 1f7/2 neutrons coupled to an inert proton
core.
The second 3/2− shell-model state in 39 S at 1261 keV
has the dominant component (42%) in its wave function
corresponding to the promotion of a neutron from the
1f7/2 to the 2p3/2 shell, namely ν(1d3/2 )4 (1f7/2 )2 (2p3/2 )1
⊗ π(1d5/2 )6 (2s1/2 )2 ; 69% of the wave function corresponds to neutrons with J π = 3/2− coupled to protons
with J π = 0+ . Consequently, the state is not expected to
be strongly populated in the present work. The second
3/2− state of 37 Si at an experimental excitation energy
of 692 keV has a very similar shell-model structure; the
state was populated in a one-neutron knockout reaction
[43] with a spectroscopic factor consistent with the results

6
tion between the behaviour of the excitation energy of
the first 2+ states of the even-A isotopes and the excitation energy differences of the first 11/2− and first 7/2−
states of the odd-A isotopes with neutron number. The
simple systematic behaviour presented in Fig. 5 suggests
the applicability of a particle-core coupling model involving a 1f7/2 neutron coupled to the first 2+ state of the
even-even core. In particular, the effect of the neutron
shell closures is very pronounced for both the even-A and
odd-A isotopes and the decrease in excitation energies,
E(21 + ) and E(11/21− ) - E(7/21 − ), with increasing neutron number, together with the known behaviour of the
B(E2;0g.s. + → 21 + ) values for the even-A sulphur and
argon isotopes [15], reflect the increase in quadrupole collectivity with increasing neutron number. Experimental
determination of the B(E2;11/21− →7/21 − ) values would
give a more definitive indication concerning the evolution
of collectivity in the odd-A isotopes.
18Ar
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of a shell-model calculation, which used the SDPF-U effective interaction. The largest component of the wave
function (33%) is π(1d5/2 )6 ⊗ ν(1d3/2 )4 (1f7/2 )2 (2p3/2 )1 .
In the work of Szilner et al., the most strongly populated state of 41 Ar is that at 1354 keV with a J π
value of 3/2−; this state has a pronounced single-particle
character. In the 40 Ar(d,p)41 Ar single-neutron transfer
study of Sen et al. [50], the measured transfer strength
to the state is (2J+1)S = 1.7 ± 0.3, which is consistent, within the normal uncertainties associated with
a Distorted Wave Born Analysis (DWBA) of single
nucleon transfer cross section measurements, with the
shell-model wave function, π(1d5/2 )6 (2s1/2 )2 (1d3/2 )2 ⊗
ν(1d3/2 )4 (1f7/2 )2 (2p3/2 )1 (53%). The intruder 3/21 +
state has been observed in all three isotones (Fig. 4).
Population of the state in 37 Si at 717 keV by the removal
of a 1d3/2 neutron with a spectroscopic factor of C2 S =
1.5 [43] and the weak population (C2 S = 0.06) of the
equivalent state at 1035 keV in the 40 Ar(d,p)41 A reaction [52] are consistent with the main component of the
wave function corresponding to ν(1d3/2 )3 (1f7/2 )4 . Such
positive parity states lie outside the 0 h̄ω configuration
space of the present shell-model calculations.
In the present shell-model calculations for 39 S, the energy gap of about 1200 keV between the low-lying triplet
of states and the second J π = 3/2− state would suggest
that higher-lying states have significant core-coupling
components in their wave functions. For the first 11/2−
shell-model state, for which the proposed experimental
counterpart is at 1517 keV, the component of the wave
function corresponding to protons coupled to a J π value
of 2+ and neutrons coupled to 7/2− corresponds to 33%
of the total wave function. The largest component of the
wave function (45%) corresponds to neutrons coupled to
a J π value of 11/2− and protons to J π = 0+ . Seventeen percent of the total wave function corresponds to
three neutrons in the 1f7/2 orbital coupled to an inert
proton core, (1d5/2 )6 (2s1/2 )2 , whereas 22% corresponds
to the three 1f7/2 neutrons coupled to the proton configuration (1d5/2 )6 (2s1/2 )1 (1d3/2 )1 . In a particle-core coupling description, states of 39 S can be considered as a 38 S
core coupled to the unpaired neutron in the 1f7/2 orbital.
Such a particle-core coupling description has been found
to have some validity in earlier work in this region e.g.
see refs. [4, 53, 54]. The excitation energy of the first
2+ state of 38 S is 1292 keV [55] and this suggests that a
particle-core coupling description is appropriate for the
1517-keV J π = (11/2−) state of 39 S. Figure 5 presents,
for the isotopes of sulphur and argon, with neutron numbers in the range from 14 to 28, the excitation energies of
the first 2+ states in the even-A isotopes and the excitation energy differences of the first 11/2− and first 7/2−
states of the odd-A isotopes. The corresponding data for
the isotopes of Si have not been presented, since information in relation to the odd-A isotopes is rather sparse.
The data presented in the figure were taken from Nuclear
Data Sheet references [49, 52, 55–72]. For the isotopes
of sulphur and argon, the figure shows a good correla-
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FIG. 5: Excitation energies of the first 2+ states of the evenA isotopes of sulphur and argon for neutron numbers in the
range from 14 to 28 (red triangles connected by red lines).
Also shown are the excitation energy differences between the
first 11/2− and first 7/2− states of the odd-A isotopes (blue
squares connected by blue lines). See text for details.

In a simple shell-model picture, there are expected
to be six states of 39 S which correspond to the various
allowed couplings of three 1f7/2 neutrons which lie
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outside the N = 20 36 S ground state core. Shell-model
calculations performed here show that the ν(f7/2 )3
strength is not concentrated in a single state for each
of the possible J π values, but rather the strength is
distributed over many states encompassing a wide
range of excitation energies. As noted earlier, the three
neutrons in the 1f7/2 orbital are forbidden, by angular
momentum coupling considerations, to couple to total
angular momentum values of J π = 1/2− and 13/2−.
Figure 6 shows the results of a shell-model calculation
of the distribution of ν(f7/2 )3 strength for states with
J π values of 3/2−, 5/2−, 7/2−, 9/2−, 11/2−, and
15/2−. The shell-model calculation used the SDPF-U
effective interaction and the first ten states of each
J π value were included. The histogram in blue colour
corresponds to the configuration π(1d5/2 )6 (2s1/2 )2 ⊗
ν(1d5/2 )6 (2s1/2 )2 (1d3/2 )4 (1f7/2 )3 in which the proton
core is undisturbed, whereas the histogram in red corresponds to the configuration π(1d5/2 )6 (2s1/2 )1 (1d3/2 )1
⊗ ν(1d5/2 )6 (2s1/2 )2 (1d3/2 )4 (1f7/2 )3 . The latter proton
configuration is included in the figure since it plays
an important role in the wave function of states for
which there are three neutrons in the 1f7/2 shell. It
can be seen that there is a considerable distribution in
energy of (f7/2 )3 strength and that, as expected, the
centroid of the strength increases with increasing J π
value. As mentioned earlier in relation to the three
lowest-lying shell-model states, the simple shell-model
picture of (f7/2 )3 neutron strength carried by a multiplet
of six states is evidently much too simplistic. The
mixing of configurations in the wave functions of states
of 39 S is probably a consequence of several nuclear
effects. The development of a pseudo-SU(3) symmetry
and the consequences of the Jahn-Teller effect with
increasing occupancy of the neutron 1f7/2 shell were
briefly discussed earlier. The tendency for the nucleus
to become deformed with increasing neutron number in
the isotopes of sulphur will result in mixing of states
and the consequent increased complexity of nuclear
wave functions. In addition, core-coupling of the type
discussed above will also conspire to render the simple
shell-model picture of low-lying state of 39 S states invalid.
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FIG. 6: Shell-model wave-function components corresponding to states of 39 S for which three neutrons in the 1f7/2 orbital outside a closed N = 20 core are coupled to an inert
Z = 16 proton core (blue). The red histograms correspond
to the coupling of the three f7/2 neutrons to protons with a
(s1/2 )1 (d3/2 )1 configuration. See text for details.

IV.

CONCLUSIONS

Binary grazing reactions have been used to populate
states of 39 S and a tentative level scheme has been
constructed for the first time based on comparison with
the level structure of the N = 23 isotones 37 Si and 41 Ar
and with the results of 0h̄ω shell-model calculations.
The systematic behaviour of the excitation energy
difference E(11/21− ) - E(7/21− ) in the odd-A isotopes
of sulphur and argon is discussed in relation to the
excitation energy of the first excited 2+ states of the
adjacent even-A isotopes. The states of 39 S which have
the components in their wave functions corresponding

8
to three neutrons in the 1f7/2 orbital outside the N = 20
36
S core have also been discussed within the context of
0 h̄ω shell-model calculations presented here.
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