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A. N. Deacon,5 Zs. Dombrádi,6 E. Farnea,7 E. Fioretto,4 A. Gadea,4 A. Hodsdon,1 F. Ibrahim,3 A. Jungclaus,8 K. Keyes,1
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Yrast states in the neutron-rich 41S nucleus have been studied using binary grazing reactions produced by
the interaction of a 215-MeV beam of 36S ions with a thin 208Pb target. The magnetic spectrometer, PRISMA,
and the γ -ray array, CLARA, were used in the measurements. γ -ray transitions of energy 449 and 638 keV
were observed. Results from published intermediate-energy Coulomb excitation measurements in combination
with those from the present work have led to the construction of a new 41S level scheme. Proposed J π values
are based on experimental observation and on model-dependent arguments. The level scheme and published
electromagnetic transition probabilities are discussed within the context of state-of-art shell-model calculations
using the SDPF-U effective interaction. In contrast with the excellent agreement observed in earlier published
work, here there are significant discrepancies between experiment and the results of shell-model calculations.
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Introduction. The isotopes of Mg, Si, S, and Ar, which lie
at the N = 20 and 28 shell closures, have been the subject
of much experimental and theoretical activity. The N = 20
isotopes exhibit rapid changes in nuclear structure; thus the
first 2+ state of “semi-magic” 32

12Mg20 has a low energy
and a large quadrupole deformation [1–3] with large 2p-2h
configurations in its wave function [4–12], while the recently
observed 0+ state at 1058 keV is believed to be spherical [13].
On the other hand, 34

14Si20, two protons removed, has a spherical
ground state with a 2p-2h intruder 0+ state, yet unobserved, at a
predicted excitation energy of 3.0 MeV in the work of Caurier
et al. [10], and at about 2 MeV in the work of Otsuka et al. [8]
and of Ibbotson et al. [14]. The large energy gap between
the proton 1d3/2 and 2s1/2 orbitals leads to 36

16S20 having the
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characteristics of a doubly magic nucleus; nevertheless 2p-2h
configurations also play an important role in reproducing the
spectrum of 36S excited states in shell-model calculations [15].
Similarly, there is evidence that the size of the N = 28 shell
gap is reduced south of doubly magic 48

20Ca. 42
14Si28 has a low

2+
1 energy [16], consistent with shell quenching and there is

evidence for shape coexistence in 44
16S28 [17]. In 46

18Ar28, the
suggested 0+

2 state at 2710 keV is expected to have a 2p-2h
configuration [18].

Turning now to the isotopes of sulfur, the measured
B(E2; 0+

g.s. → 2+
1 ) values for the even-A isotopes show an

increase in quadrupole deformation with increasing neutron
number, reaching a maximum at N = 26, 42

16S26 [19,20]. This
has been attributed to the decrease in the energy separation
of the proton 1d3/2 and 2s1/2 states with increasing neutron
number, which is a result of the monopole component of the
tensor interaction [21,22] between neutrons in the 1f7/2 shell
and protons in the 1d3/2 shell. A pseudo-SU(3) symmetry
results [23]. In addition, as neutrons are added to the 1f7/2

shell, there is a tendency for the nucleus to adopt a quadrupole
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deformation in order to remove the degeneracy associated with
the filling of the 1f7/2 shell. This is the nuclear analog of the
Jahn-Teller effect [24,25].

It is within the above context of a rich and varied
nuclear landscape that we have recently been studying the
spectroscopy of neutron-rich Si, P, S, and Cl isotopes using
binary grazing reactions [15,26–30]. There is, in addition, a
paucity of experimental information for neutron-rich nuclei
lying between N = 20 and 28. Here, we focus on the low-lying
yrast structure of 41S.

Excited states of 41
16S25 have previously been studied in

β decay [31] and in β-delayed neutron decay [32]. The
adopted level scheme [33] is based on intermediate-energy
Coulomb excitation of 47.4 A MeV 41S nuclei, produced in the
fragmentation of a 48Ca beam at the National Superconducting
Cyclotron Laboratory at Michigan State University (MSU)
[34]. γ -ray transitions were observed at energies of 449(8)
and 904(16) keV with B(E2 ↑) values of 167(65) and 232(56)
e2f m4, respectively.

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 nuclei [35–37] and, in gen-
eral, as a consequence of the reaction mechanism, experiments
using such reactions provide more detailed spectroscopy, to
spins of the order of 30 h̄ in heavy binary partners [38,39]
and around 6 h̄ [29] in the mass range of interest here,
than is currently possible using intermediate-energy Coulomb
excitation. In the latter process, the few states that are normally
populated are those which are connected directly to the ground
state by E2 transitions.

Here, the yrast decay sequence of 41S, populated in binary
grazing reactions, has been studied. We have exploited the
combination of a large acceptance magnetic spectrometer,
PRISMA [40], and a high-granularity and high-efficiency
γ -ray detection array, CLARA [41], which allows good
reaction channel selection and precise Doppler correction of
γ -ray energy spectra.

Experiment. Yrast states of the N = 25 nucleus 41S were
populated using binary grazing reactions produced in the
interaction of a 215-MeV beam of 36S9+

ions, delivered by
the Tandem-ALPI accelerator complex at the INFN Legnaro
National Laboratory, Italy, with a thin 208Pb target. The target,
isotopically enriched to 99.7% in 208Pb, 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 [40], a large acceptance-angle magnetic spectrom-
eter placed at 56◦ to the beam axis, and covering a range of
angles including the grazing angle of the reaction (58◦). γ rays
from the deexcitation of both (projectile and ejectile) binary
reaction products were detected using CLARA [41], an array
of 25 escape-suppressed Ge clover detectors (22 Ge clover de-
tectors were used during the present work). Gamma rays were
detected in time 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.
CLARA was positioned in the hemisphere opposite to the
PRISMA spectrometer and covering the azimuthal angles from
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FIG. 1. γ -ray energy spectrum observed in coincidence with
41S ions.

98◦ to 180◦ with respect to the entrance aperture of PRISMA.
Doppler correction of γ -ray energies was performed on an
event-by-event basis. Details of the experimental equipment
used here have been given in earlier publications, e.g.,
Ref. [29]. Experimental data were accumulated during a
six-day run with an average beam current of 60 enA.

Results and Discussion. In the present experiment, a wide
range of nuclear species, from Na (Z = 11) to Mn (Z = 25),
was identified at the focal plane of PRISMA. Here, we focus
on a discussion of 41S. 41S was weakly populated in the
present study in a five-neutron transfer reaction. Only ∼ 100
coincidence events of 41S ions and γ rays were obtained;
this corresponds to about 5% of the total number of 41S ions
detected at the focal plane. Figure 1 presents the γ -ray energy
spectrum measured in coincidence with 41S ions identified
at the focal plane of PRISMA. The γ -ray spectrum has two
very weak photopeaks at energies of 449(2) and 638(2) keV,
with areas of 11±5 and 14±5 counts, respectively. As noted
earlier, the 449-keV γ -ray transition was previously identified
by Ibbotson et al. [34].

In making assignments to the level scheme of 41S, we
have been guided by the observation that, in deep-inelastic
processes, it is the yrast states that are predominantly populated
[15,29,35,36,43]. The relative γ -ray intensities of the 449-keV
and 638-keV transitions cannot be used to order the two
γ -ray transitions within the level scheme, if they are in
coincidence, since the relative transition intensities are the
same, within experimental errors. In the present study, we
follow the assignments based on the published Coulomb
excitation experiment [34], i.e., the 449-keV γ ray corresponds
to a transition to the 41S ground state. The 904-keV γ -ray
transition, observed in the Coulomb excitation experiment,
was not observed in the present work; the low statistics of
the 41S reaction channel combined with the relatively low
γ -ray detection efficiency at 904 keV might be the reason
for the nonobservation. In addition, the 904-keV state will
be relatively weakly populated in the present experiment if
it is not yrast. The absence of a strong γ -ray photopeak at
an energy of 638 keV in the γ -ray spectrum of Ibbotson
et al. [34] indicates that this transition does not correspond
to an E2 transition connected directly to the ground state of
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FIG. 2. A comparison of the published level scheme, the proposed
41S level scheme based on the intermediate-energy Coulomb excita-
tion measurement [34] and the present experiment, and the result
of the 0h̄ω sd-pf shell-model calculation with the latest SDPF-U
effective interaction [42]. See text for details.

41S. Although Coulomb excitation populates states primarily
through E2 excitation from the nuclear ground state, E1 or M1
excitation is also possible. Ibbotson et al. [34] have argued that
any strong same-parity transitions observed in their study of
41S can reasonably be assumed to result from E2 excitations
and that, since E1 strengths are generally of the order of 10−4

W.u., no strong E1 excitations will be observed. However, the
possibility of E1 excitations cannot entirely be ruled out. So,
while we are unable to dismiss the possibility that the 638-keV
transition is connected directly to the ground state of 41S, it
is much more likely that it corresponds to the deexcitation of
an yrast state at 1087 keV which decays to the 449-keV first
excited state. The proposed 41S level scheme, based on the
above considerations, is presented in the second column of
Fig. 2. In constructing the level scheme, we have relied on the
results of the Coulomb excitation experiment to order the 449-
and 638-keV transitions.

In a simple shell-model picture, five neutrons occupy the
1f7/2 shell in the 41S ground state with a Jπ value of 7/2−.
The ground state of 41S was indeed assigned a Jπ value of
(7/2−) in the MSU work [34], based on this expectation. On
the other hand, the results of 0h̄ω shell-model calculations give
a ground state Jπ value of 5/2−. The shell-model calculations
presented here have been performed using the ANTOINE

code [44,45] with the most recent sd-pf residual interaction
(SDPF-U) [42]; the full sd(fp) valence space has been used for
protons (neutrons). We note that the N = 25 isotone, 43

18Ar25,
has an established ground-state J value of 5/2 [46]. Here,
we have adopted a ground-state Jπ value of 5/2− for 41S, as
shown in the level scheme of Fig. 2. This assignment is based
on a model-dependent argument.

The proposed level scheme of 41S is based on experimental
observations and on reaction population characteristics and
the proposed Jπ assignments are aided by model-dependent
arguments. A comparison of the level scheme, column 2 of
Fig. 2, with the results of shell-model calculations, column 3
of Fig. 2, would suggest an association of the first excited state
at an energy of 449 keV with the Jπ = 7/2− shell-model state
at 395 keV. We propose here that the two close-lying states

TABLE I. A comparison of level energies and B(E2) values [34]
with the results of shell-model (SM) calculations for the 41S nucleus.
See text for details.

Ef (Exp) Ef (SM) Ji → Jf B(E2) (SM) B(E2) (Exp)

keV keV h̄ e2f m4 e2f m4

449 395 5/2− → 7/2− 180 167(65)
904 1616 7/2− → 9/2− 116

5/2− → 9/2− 76 232(56)
1087 2014 9/2− → 11/2− 86

7/2− → 11/2− 127

at excitation energies of 904 and 1087 keV are counterparts
of the shell-model yrast states with Jπ = 9/2− and 11/2− at
excitation energies of 1616 and 2014 keV, respectively. We
would not expect to populate the experimental counterparts of
the shell-model state with Jπ = 1/2− at an excitation energy
of 1619 keV and that at 1327 keV with Jπ = 3/2−, since the
states are not yrast or “near yrast.” The population character-
istics of multinucleon transfer reactions would lend support
to the 1087-keV level being the Jπ = 11/2− member of the
doublet. The proposed Jπ assignments are not inconsistent
with the results of the Coulomb excitation experiment. In
particular, the direct population of the 904-keV state precludes
a Jπ assignment of 11/2−.

Table I presents a comparison of level energies and
B(E2) values with the results of shell-model calculations.
The shell model reproduces the B(E2) value of the 5/2− to
7/2− transition very well, but fails to reproduce the large
experimental B(E2) value of the 5/2− to 9/2− transition.
While the 7/2− state has been reproduced rather well in the
shell-model calculation, this is not the case for the 9/2− and
the 11/2− states. In addition, the shell-model calculation does
not reproduce the observed collectivity of the 9/2− → 5/2−
E2 transition, which is based on the work of Ibbotson [34].
The lack of collectivity in the shell model could explain
qualitatively why the Jπ = 9/2− and 11/2− states are too
high in energy in the shell-model calculations. As proposed
in the MSU paper, the 5/2−, 7/2−, 9/2−, and 11/2− states
seem to form a band (prolate) with interband E2 transitions of
∼ 15 W.u., which is relatively strong. The evidence presented
here, which is based on the intermediate-energy Coulomb
excitation experiment [34] and on the present work, would
therefore appear to indicate that the shell-model calculations
exhibit a lack of collectivity compared with experimental
observation.

Conclusions. Results from the present experiment together
with published data from an intermediate-energy Coulomb
excitation experiment have been used in the construction of a
level scheme. The revised 41S level scheme presented here is
a reasonable interpretation of the available experimental and
theoretical information. Proposed Jπ assignments are based
on a comparison of the level scheme with the results of shell-
model calculations and on the population characteristics of
the two reaction processes discussed here. The experimental
yrast level energies and B(E2) values are compared with the
results of sd-pf 0h̄ω shell-model calculations with the latest
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SDPF-U effective interaction. There is a discrepancy between
the experimental observations and the results of shell-model
predictions in terms of excitation energies and B(E2) values,
apart from the lowest transition. This is a very surprising result
since it is in contrast with the good level of agreement observed
in earlier published studies in this mass region, which would
suggest that the model is robust. For even-Z isotopes with
12 � Z � 18, comparisons with experimental 2+ energies and
B(E2) values for the neutron-rich isotopes of Mg, Si [42], S [29,
47,48], and Ar [49,50] result in overall good agreement. For
odd-Z nuclei, good agreement has been observed with the yrast
level schemes of 37P [28] and 38Cl [30], with the g factor of the
44Cl ground state [51], and the 1/2+ - 3/2+ energy splitting in
the isotopes of K, Cl, and P [42]. The shell-model calculations
performed here also show that, in 41S, π (2s1/2)1(1d3/2)1 and
π (2s1/2)0(1d3/2)2 configurations play an important role in a
description of the observed states and measured B(E2) values.
However, in 41S, the origins of the enhanced collectivity are, at
the present time, not understood and this presents a challenge
to the shell model, which is not reflected in the shell-model
description of collectivity in the even-A neutron-rich isotopes
of sulfur [19,20,29,42]. In view of this surprising discrepancy

between experiment and the shell model, there is clearly a need
for additional experimental investigations of the level structure
of 41S in order to verify the results of the present work and
those of Ibbotson et al. [34].
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