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In-beam y-ray spectroscopy of 344§

E. Lunderberg,"> A. Gade,"? V. Bader,? T. Baugher,"">" D. Bazin,' J. S. Berryman,' B. A. Brown,"? D. J. Hartley,’
F. Recchia,>" S. R. Stroberg,"> D. Weisshaar,' and K. Wimmer*'-%

'National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
2Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
3Department of Physics, U.S. Naval Academy, Annapolis, Maryland 21402, USA
*Department of Physics, Central Michigan University, Mount Pleasant, Michigan 48859, USA
(Received 27 September 2016; published 29 December 2016)

The low-energy excitation level schemes of the neutron-rich 332§ isotopes are investigated via in-beam y-ray
spectroscopy following the fragmentation of “Ca and “6Ar projectiles on a '>C target at intermediate beam
energies. Information on y y coincidences complemented by comparisons to shell-model calculations were used
to construct level schemes for these neutron-rich nuclei. The experimental data are discussed in the context
of large-scale shell-model calculations with the SDPF-MU effective interaction in the sd-pf shell. For the
even-mass S isotopes, the evolution of the yrast sequence is explored as well as a peculiar change in decay pattern
of the second 2 states at N = 26. For the odd-mass *'S, a level scheme is presented that seems complete below
2.2 MeV and consistent with the predictions by the SDPF-MU shell-model Hamiltonian; this is a remarkable
benchmark given the rapid shell and shape evolution at play in the S isotopes as the broken-down N = 28 magic
number is approached. Furthermore, the population of excited final states in projectile fragmentation is discussed.

DOLI: 10.1103/PhysRevC.94.064327

I. INTRODUCTION

Neutron-rich N = 28 isotones—comprising **Ca, *°Ar,
#g, and **Si—have provided much insight into the changes
of the structure of nuclei encountered in the regime of large
isospin. Evidence for a breakdown of the traditional N = 28
magic number resulted from the pioneering observation of
low-lying quadrupole collectivity in **S [1,2] and fueled the
field of rare-isotope science in the quest to unravel the origin
of shell and shape evolution in exotic nuclei with experimental
programs worldwide.

The structure of the neutron-rich sulfur isotopes displays a
variety of phenomena that are closely tied to shell evolution
in exotic nuclei [3], with shape [4-6] and configuration
coexistence [7-9] driving the properties of S (N = 28) at
low excitation energy. It is interesting to explore the evolution
of the low-lying states as N = 28 is approached. It was pointed
out by Utsuno et al. [3] that tensor-driven shell evolution plays
a critical role in the rapid shape transitions that occur in the
S and Si isotopic chains towards N = 28. These effects are
included in the SDPF-MU effective shell-model interaction
introduced in Ref. [3] and the resulting predictions for the
4041429 Jevel schemes will be tested in the present work. The
sulfurisotopes between N = 20 and N = 28 have been studied
with a variety of experimental techniques [10-20], however,
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information on the level schemes even at low excitation energy
is still scarce. Beyond N = 28, very few excited states have
been reported in the S isotopic chain [21,22].

Gamma-ray spectroscopy following, for example, B de-
cay [19], intermediate-energy Coulomb excitation [14], multi-
nucleon transfer reactions [17,18,20], and projectile fragmen-
tation [15,16] provided a first, limited glimpse of the level
structure of the neutron-rich S isotopes approaching N =
28 [23]. Here, we report on the in-beam y-ray spectroscopy
of ¥42g following the fragmentation of “°Ar and **Ca
intermediate-energy projectile beams on a C target in the center
of the GRETINA y -ray spectrometer [24]. Complementing the
comparisons by Wang et al. [18] of S level schemes to shell-
model calculations with the SDPF-U effective interaction [25],
we compare our measurements with similar calculations based
on the SDPF-MU Hamiltonian, which was constructed to
describe the shell and shape evolution in the S and Si isotopic
chains as N = 28 is approached [3].

II. EXPERIMENT

The measurements were performed at the Coupled Cy-
clotron Facility of the National Superconducting Cyclotron
Laboratory [26] at Michigan State University.

The *® Ar projectile beam was produced from a *Ca primary
beam impinging upon a 1363 mg/cm? *Be production target
and separated with a 240 mg/cm? Al degrader in the A1900
fragment separator [27]. The same production target was used
to energy degrade the **Ca primary beam in a separate setting.
The total momentum acceptance of the separator was limited
to Ap/p = 0.25% for both projectile beams. In two separate
runs, the projectile beams impinged upon a 149 mg/cm? glassy
12C reaction target located at the pivot point of the S800
spectrograph [28]. The “°Ar and “*Ca beams had mid-target
energies of 67.0 MeV/u and 66.7 MeV /u, respectively. The
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FIG. 1. Particle identification spectra for the reaction residues
produced in "*C(*¢Ar,X)Y (upper panel) and >C(*¥Ca, X)Y (lower
panel). The energy loss was measured with the ionization chamber
of the S800 focal plane. The time-of-flight was taken between plastic
scintillators in the beam line and in the back of the S800 focal plane.
The S isotopes of interest are unambiguously identified and separated.

projectile-like reaction residues formed in the collision with
the target were identified event by event with the focal-plane
detection system of the S800 spectrograph and time-of-flight
information involving plastic scintillators in the beam lines
upstream of the reaction target. The magnetic rigidity of the
S800 spectrograph was set to center the one-neutron pickup
residues, 4’ Ar [22] and *Ca [29], respectively. In the same
settings, due to the large acceptance of the spectrograph, 443
and 340G, respectively, entered the S800 focal plane. The
particle identification spectra correlating the energy loss of the
reaction residues measured in the S800 ionization chamber
and their times of flight are shown in Fig. 1; the various S
isotopes can be cleanly separated. The statistics for S were
not sufficient to construct a level scheme and thus will not
be discussed here. Most transitions observed in **S can be
associated with y rays previously reported in Ref. [12].

The reaction target was surrounded by the Gamma Ray
Energy Tracking In-beam Nuclear Array (GRETINA) [24],
consisting of seven detector modules, each containing four
high-purity, 36-fold segmented, germanium crystals. The
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FIG. 2. Doppler-corrected (v/c = 0.357) y-ray spectrum taken
with GRETINA in coincidence with S as identified with the S800
spectrograph. The inset expands the energy range from 2 to 4 MeV.

GRETINA detectors were arranged to cover forward angles,
with four detector modules located at 58° and three at 90° with
respect to the beam axis. The three-dimensional coordinates of
the y -ray interaction points within the GRETINA crystals were
determined from the signal decomposition of the digitized
traces read out from each segment. The first interaction point,
assumed to correspond to the coordinate with the largest energy
deposition, was used to deduce the y-ray emission angle that
is used in the event-by-event Doppler reconstruction of the y
rays emitted by the reaction products in flight. The spectra
shown in this work employ add-back, a procedure recovering
the y-ray energy of events scattered from one crystal into a
neighbor [30].

In-beam detection efficiencies, taking into account the
Lorentz boost, were determined with a GEANT4 simula-
tion [31], with parameters adjusted to reproduce GRETINA’s
response to standard calibration sources at rest. These in-beam
efficiencies were used to obtain the relative y-ray intensities
from recorded peak areas, as given in the tables in the
next section. To determine yy coincidence relationships for
placement of transitions in level schemes, software cuts with
appropriate background subtraction on y -ray transitions in y y
coincidence matrices were used.

III. RESULTS

In the following, we present our results for each isotope
separately. The proposed level schemes are compared to
large-scale shell-model calculations using the SDPF-MU [3]
effective interaction for the sd-pf shell. The calculations
adopted the full sd and fp model space for protons and
neutrons, respectively, and used effective proton and neutron
charges of e, = 1.35¢ and ¢, = 0.35¢ [3] and standard spin
and orbital proton and neutron g factors. The calculations were
carried out with the code NUSHELLX [32].

A. B8

Figure 2 shows the Doppler-reconstructed y-ray spectrum
taken in coincidence with 38S reaction residues as produced in

064327-2



In-BEAM y-RAY SPECTROSCOPY OF *#-2g

gate on 1292 gate on 1515 gate on 1534
s 5 S
=) == © - ©
2 £ 2
c c c
3 3 3
(@) o (@]
0 0 0

| | | | | |
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000
Energy (keV)

FIG. 3. Background-subtracted ¥y coincidence spectra for 38S.
Coincidence spectra for the 1282, 1515, and 1534 keV transitions are
shown. The small number of counts observed agrees with expectations
based on the statistics of the measurement.

the fragmentation of the “*Ca degraded primary beam. Several
y-ray transitions are present that will be discussed below.

We observe strong transitions at 1292(4), 1515(6), and
1534(5) keV that can be identified with the previously reported
27— 07, (2)— 2}, and 4] — 2] transitions, respec-
tively [18,20,33-35]. This is consistent with the coincidence
spectra shown in Fig. 3, where the small number of counts
observed agrees with expectations based on the statistics in the
singles spectrum and the detection efficiencies at the respective
energies. Within our limited statistics, the 1515/1534 keV
doublet is coincident with the 1292 keV ZT — OT transition.
No coincidence relationships could be established for the new,
weaker y-ray transitions.

The 833(5) keV transition in our spectrum is 16 keV
lower than the (6?) — 4?’ transition previously reported at
849 keV [18,20]. Given the velocity of the S reaction residues,
v/c ~ 0.35, and the C target thickness of 149 mg/cm?, excited
states with lifetimes of the order of several tens to hundreds
of picoseconds will predominantly decay downstream of the
target, signaled by a lowered peak energy and a left tail in
the Doppler-reconstructed y-ray spectrum. The peak shape
of the transition at 833 keV indeed seems to exhibit a left
tail in addition to the downshift in energy. GEANT simulations
for different lifetime values reveal that the position and shape
of the 833 keV transition is consistent with the emission of a
849 keV y ray from a state that has a mean lifetime, 7, between
100 and 200 ps. Shell-model calculations with the SDPF-MU
effective interaction, in fact, predict a lifetime for the 6T state
of ~40 ps, which is an order of magnitude longer than the
lifetime of the 2;“ state [35] but a factor of about 4 shorter
than our estimate.! The association of the 833 keV transition
reported here with the known 849 keV (6]) — 4 transition is
plausible but would benefit from more statistics for conclusive
yy coincidence and line-shape analyses.

'Using the measured transition energy instead of the one from the
shell model only increases the lifetime to 54 ps at constant B(E2)
strength.
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TABLE I. Energies, intensities and coincidence relationships for
y-ray decays observed in 3%S. The 833(5) keV peak is significantly
below the literature value of 849 keV, and has a peak shape indicative
of a left tail. In comparison to simulations, both may be explained
by a lifetime of 100 < 7 < 200 ps. Transition energies placed in
brackets indicate tentative identifications of y-ray peaks.

E, (keV) Rel. Intensities (%) Coinc.
[380(5)] 5(1)

[768(5)] (1)

833(5) 25(3)

1292(4) 100(10) 1515, 1534
1515(6) 10(2) 1292
1534(5) 29(4) 1292
[2344(9)] 10(2)

Table I lists the observed S y-ray energies together with
their relative intensities and coincidence relationships. For the
new weaker transitions reported here, coincidences could not
be established due to low statistics.

Figure 4 compares the S level scheme with the SDPF-
MU shell-model calculations. The experimental scheme only
contains the previously known transitions since the new y rays
reported here are too weak to be placed in the level scheme
based on coincidence relationships. The weak transition at
380 keV may correspond to the 383 keV transition visible
in the 38§ spectrum of Wang et al. [18]. In their work as
well as here, this y ray remains unplaced. We note that the
association of the 2807 keV level with the 2; state from the
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FIG. 4. Proposed experimental level schemes for S based on
previous data and coincidence relationships. The experimental level
scheme is confronted with shell-model calculations using the SDPF-
MU Hamiltonian.
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FIG. 5. Doppler-reconstructed y-ray spectrum in coincidence
with ¥S (v/c = 0.348). The inset expands the higher-energy region
of the spectrum.

shell model is supported by the decay branching ratio. It is
predicted within the SDPF-MU shell-model calculations that
the 25 — 2| transition is the dominant decay branch, with an
intensity exceeding 96% of the total yield out of the 2 state.
No evidence for a 2807 keV transition has been reported in
any of the previous y-ray spectroscopy measurements that
observed the 1515 keV transition [20,33] and there is no
evidence for such a transition in the present work (see Fig. 2).

Consistent with previous studies, transitions from yrast
states are the most prominent in the y-ray spectra of reaction
residues from secondary fragmentation reactions with several
nucleons removed from the projectile [36]. In the following,
we will continue to explore this population pattern and use it
to argue possible level schemes for the more exotic S isotopes.

B. ¥S

Figure 5 shows the Doppler-reconstructed y-ray spectrum
taken in coincidence with 3°S reaction residues produced
in the projectile fragmentation of “®Ca. The transitions at
337(4), 392(6), 466(4), 702(4), 1518(4), 1655(6), 1728(5) keV
have been reported before from multinucleon transfer reac-
tions [18,37], B decay of p [38], and *°p Bn emission [19].
We identify the 392(6) keV line with the 398 keV transition
reported in the references above

Coincidences of the 392, 337, and 466 keV transitions were
reported from the B-decay work [19]. In our intensity and
peak-to-background regime at low energies, weak evidence
was seen only for the 337-466 keV coincidence (see Fig. 6).
The two new transitions reported in this work, at 370(6) keV
and 533(4) keV, appear to be in coincidence, with the 370 keV
transition feeding the state that decays by emitting a 533 keV
y ray, based on intensity arguments.

The transition energies, intensities, and coincidence rela-
tionships are summarized in Table II. We confirm previously
reported y-ray transitions and add two news ones at 370 and
533 keV that appear to be in coincidence.

From the present data on %S, it is hardly possible to
propose a firm level scheme—this is not just due to the lack of
coincidences but also related to the expected structure at low
energies. The difficulty becomes apparent from the predicted
level scheme displayed in Fig. 7. A triplet of states is expected
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FIG. 6. Background-subtracted ¥y coincidence spectra for *°S.
Software gates on the 337,466, and 533 keV transitions are displayed.
The coincidence spectra shown in the left and in the middle panel
investigate the previously claimed 337-466 keV coincidence [19],
which seems plausible based on our low-statistics data. The right
panel provides weak evidence for a coincidence between the newly
observed 533 and 370 keV transitions.

within an energy range of ~200 keV. Depending on the
exact excitation energies, the two lowest-lying excited states
may be nanosecond isomers, as predicted by the shell-model
calculation. In-beam y -ray spectroscopy at our beam velocities
has limited sensitivity to nanosecond isomers. This makes
it difficult to construct a level scheme since transitions or
cascades can feed the ground state or any of the possible
isomers.

Chapman et al. [37] propose a level scheme in comparison
to shell-model calculations and N = 23 isotones, with 398-
and 339-keV transitions depopulating the (3/2]) excited
state to the (7/27) ground state and the (5/2}) first-excited
level at 59 keV. The (3/27) level is then suggested to be
fed by the 466-keV decay of the first (3/2%) cross-shell
excitation. While this is consistent with previously reported
coincidence relationships, it would mean that, based on our
intensities 1,,(337) + 1,,(392) ~ I,,(466), there is no room for
any significant direct population or additional unobserved,
discrete feeding of the (3/27) level. The transitions reported
here (Table II) are indeed indicative of positive-parity states,
i.e., 3/2% and 1/2%, located in the gap from 300 to 1600

TABLE II. Energies, intensities, and coincidence relationships
for y-ray decays in *°S.

E, (keV) Rel. Intensities (%) Coinc.
337(4) 28(5) [466]
370(6) 9(3)

392(6) 42(7)

466(4) 71(10) 337
533(4) 38(7) [370]
702(4) 42(8)

1518(4) 100(15)

1655(6) 59(11)

1728(5) 43(9)
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FIG. 7. Predicted level scheme and nanosecond lifetimes for
%S from shell-model calculations using the SDPF-MU effective
interaction.

keV that separates the first two groups of negative-parity
states in *’S (Fig. 7). The higher-energy transitions are likely
connecting the second group of negative-parity states expected
between 1.6 and 2 MeV to the first group near the ground state.
The observed energies of 1518, 1655 and 1728 keV fit this
picture well. Certainly, a firm level scheme for *S requires
a measurement with sufficient statistics for yy coincidences,
and sensitivity to low-energy y -ray transitions and isomers.

C. S

Figure 8 shows the Doppler-reconstructed y-ray spectrum
taken in coincidence with the *’S reaction residues. *°S was
produced in the fragmentation of **Ca as well as from the *°Ar
projectile beam (see Fig. 1). The two data sets were added
for the purpose of y-ray spectroscopy. Previous information
on the spectroscopy of *’S stems from intermediate-energy
Coulomb excitation [1], fragmentation [16], “0p 8 decay [19],
and most recently multinucleon transfer [18].

Nine y-ray transitions are apparent in our spectrum.
Compared to the S-decay work, the only common transitions
are at 902 and 1350 keV [19]. This complementarity in the pop-
ulation pattern can most likely be attributed to the suspected
(27, 37) ground state of the S-decay parent and the resulting
selective population of final states in the decay daughter. This
is in contrast to the observation that fragmentation reactions
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FIG. 8. Doppler-reconstructed y-ray spectrum in coincidence
with 48 (with v/c = 0.341 for °S from “8Ca beam and v/c = 0.350
for 48 from “°Ar beam).

seem to populate low-lying yrast states the strongest. Other
overlapping transitions with previous work are 891(13) keV
from intermediate-energy Coulomb excitation [1], 909(5) and
1356(6) keV from projectile fragmentation [16], and 904,
1352, and 1572 keV from multinucleon transfer [18].

In addition, yy coincidence relations could be established
for several transitions, as shown in Fig. 9. The coincidence
spectra of the 902, 1350, and 1572 keV transitions show that
they are mutually coincident, consistent with decaying to each
other in a cascade. Weak evidence is visible in the spectrum
gated on 1350 keV for a coincidence with the 2057 keV
transition.

The observed transition energies, intensities and coinci-
dence relations are listed in Table III. It is clear from the
coincidence spectra in Fig. 9 that the statistics in the 1572 keV
line is just sufficient for a yy coincidence analysis and,
therefore, a placement of the weaker transitions reported here
in the level scheme was not possible.

Figure 10 shows the experimental level scheme proposed in
this work. Based on the coincidences and the y-ray intensities
reported here, see Fig. 9 and Table III, we propose the
1572-1350-902 keV cascade to correspond to the (6?) —
(47) — 2§ — 0] even-spin yrast sequence, consistent with
Wang et al. [18]. Also, the 902, 1350 and 1572 keV transitions
are the most intense in our spectrum, consistent with the

20

N
oo

Counts/8 keV
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FIG. 9. Background-subtracted yy coincidence spectra for “°S.
Spectra in coincidence with the strongest transitions at 902, 1350,
and 1572 keV are shown.
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TABLE III. Energies, efficiency-corrected relative intensities,
and coincidence relations for y-ray decays observed in “°S. As for
38, the transitions suspected to form the even-spin yrast cascade are
the most intense.

E, (keV) Rel. Intensity (%) Coinc.
851(4) 5(1)

902(4) 100(8) 1350, 1572
973(4) 5(1)

1102(6) 9(1)

1218(4) 7(1)

1350(4) 76(6) 902, 1572, 2057
1572(4) 20(2) 902, 1350
[1850(5)] 4(1)

2057(6) 8(1)

population pattern reported in Sec. III A for 383, where the
strongest transitions were the decays within the ground-state
band up to the 67 state. The 2057 keV transition is placed
tentatively as feeding the (4)) state based on the spectrum in
coincidence with the 1350 keV line.
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FIG. 10. Proposed experimental level scheme for *°S compared to
the SDPF-MU shell-model calculations. The level scheme is based on
the yy coincidence spectra and intensities. The tentative placement
of the 2057 keV transition is indicated. The tentative identification of
the low-lying even-spin yrast sequence is based on comparison with
the shell model and the population pattern of excited states observed
throughout this work.
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FIG. 11. Doppler-reconstructed y-ray spectrum in coincidence
with ¥'S (v/c = 0.342). The spectrum is expanded with changed
binning beyond 500 keV to highlight the high density of small peaks
up to ~3.2 MeV.

We note that Winger ef al. attribute the 1350 keV transition
to the (25) — 2{ decay. This is at odds with our work and
with the results from the multinucleon transfer [18] and the
earlier projectile fragmentation measurement [16], where the
902 and 1350 keV transitions are attributed to the 2] — 0]
and (4]) — 2] decays, respectively. We see no evidence for
the 1013 keV y ray that was tentatively proposed by Winger
et al. to connect the yrast 41 and 2 states.

Shell-model calculations with the SDPF-MU effective
interaction describe the even-spin yrast sequence of *°S well
as shown in the comparison in Fig. 10. The level density in
403 is predicted to increase significantly at about 3 MeV. The
many weak transitions not placed within the level scheme will
originate from the multitude of states in this excitation energy
region. Possible candidate states for the level established by
the 2057 keV transition are higher-lying 4* or 6% states or the
first 5* level (see Fig. 10).

D. *8§

Figure 11 shows the Doppler-reconstructed y -ray spectrum
taken in coincidence with ! S reaction residues produced in the
fragmentation of “°Ar projectiles. Sixteen y-ray transitions
are visible in the complex spectrum. Of these, transitions
that likely correspond to our 451, 902, and 1613 keV y-ray
transitions have been previously observed in intermediate-
energy Coulomb excitation [14] (449 and 904 ke V), in 8 decay
from *'P [38] (904, 1308, and 1613 keV), and in multinucleon
transfer [17] (449 keV).

Our level of statistics allowed for a yy coincidence analy-
sis, as shown in Fig. 12, with several conclusive relationships
established. In a software gate on the 451 keV line, 536, 1099,
and 1633 keV transitions are clearly visible. The 536 keV
transition is in coincidence with both 451 and 1099 keV and
a gate on 1099 keV returns the 451 and 536 keV lines. The
1633 keV transition is cleanly observed only in coincidence
with 451 keV. We note that the peak structure at ~1620 keV is
a doublet of two peaks with centroids of 1611 and 1633 keV,
where a software gate on the right peak, mainly 1633 keV,
returns the 451 keV while a gate on the lower-energy side,
narrowly on 1611 keV, does not (see Fig. 13). Similarly, the
1302 keV transition is comparably intense and no coincidence
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FIG. 12. Background-subtracted y y coincidence spectra for 4!S.
Spectra in coincidence with 451, 536, 1099, and 1633 keV are shown.

is apparent, as shown in Fig. 13. The transition energies,
intensities, and coincidence relationships are summarized in
Table IV.

The proposed level scheme is shown in Fig. 14. The
placement of the transitions is based on yy coincidences,
energy sums, and intensities observed in the present work.

Based on comparison between shell-model calculations
and observed decay patterns, spin-parities of (5/27), (7/27),
(9/27), (3/27,1/27,3/2%), and (11/27) are tentatively as-
signed to the lowest-lying states in our experimental level
scheme. These assignments provide reasonable matches of
measured and calculated excitation energies, and, in addition,
are supported by comparison of the measured and calculated
decay patterns. The 9/27 state is predicted to have a branching
ratio of 83% to the 7/2~ state and 17% to the 5/2~ ground
state. As listed in Table IV, the branching ratio for (9/27)
from our work is 85(2)% to the (7/27) state and 15(2)% to
the ground state. For the level that we tentatively identify as
the (11/27) state, the strongest decay leads to the (7/27) state
with 68(3)% of the total strength, and the remaining 32(3)%
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= oww\wwwwmww%wwwm
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>

30
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Energy (keV)

FIG. 13. Background-subtracted yy coincidence spectra for !S.
Spectra gated on 1611 and 1302 keV transitions in *'S are shown.
These transitions do not appear in coincidence with 451 keV (see also
Fig. 12) or any other transitions that they would feed.
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TABLE IV. Energies, efficiency-corrected relative y-ray intensi-
ties, and coincidences for *'S.

E, (keV) Rel. Intensity (%) Coinc.
451(4) 100(6) 536, 1099, 1633
502(4) 1.0(2)
536(4) 8.8(8) 451, 1099
587(4) 2.5(2)
901(4) 4.8(4)
1099(4) 41(3) 451, 536
1276(4) 4.2(5)
1302(4) 13.4(1.2)
1548(4) 7.3(8)
1611(4) 11.5(1.1)
1633(4) 192) 451
1893(4) 7.4(8)
2099(5) 6.4(7)
2338(6) 5.0(6)
2578(5) 6.0(7)
3216(8) 6.7(8)
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FIG. 14. Proposed experimental level schemes for 'S based on
the observed coincidences, intensities, energy sums, and comparison
to the shell model (SDPF-MU Hamiltonian). Solid lines and filled
arrows indicate firm level and transition assignments, the dashed line
and unfilled arrows indicate a tentative placement. Given that the 1611
and 1302 keV y-ray transitions are strong and not in coincidence
with 451 keV, we argue that they likely populate the ground state
directly. Comparison to shell-model energies, decay branchings, and
systematics was used to assign tentative J”™ values (see text).
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feeds the tentative (9/27) state. The predicted branching ratios
for these transitions are 69% and 31%, respectively, in good
agreement with the data. Our (3/27,1/27,3/2") assignments
are based on the fact that the 1302 and 1611 keV y rays are
among the most intense transitions (see Table IV) while not
being in coincidence with 451 keV or other strong transitions.
We propose that both decay to the ground state directly, form-
ing excited states at 1302(4) and 1611(4) keV. Comparison
to the SDPF-MU shell-model calculations reveals the 3/27
and 1/2; states as the closest in energy with transitions to
the ground state exceeding 97% of all de-excitations. The
previous B-decay work offers support for this proposition.
Winger et al. [38] report 1308 and 1614 keV y rays that likely
correspond to the 1302 and 1611 keV transitions observed
in the present work. Our shell-model calculations with the
SDPF-MU Hamiltonian suggest that the decay parent *'P has
a ground-state spin-parity of 1/2% and a first excited 3/2%
state at 274 keV. Either of these possible J™ values for the
41p ground state could populate the 1/2~ and 3/2~ states in
g, allowing their observation in Ref. [38]. If the 1/2~ and
3/2 states were indeed at 1302 and 1611 keV, we would have
observed all low-lying negative-parity states below 2.2 MeV
consistent with the systematics of excited states populated in
fragmentation. However, positive-parity states, corresponding
to neutron cross-shell excitations across N = 20 as discussed
for the Si isotopic chain [39], may be found at low excitation
energy as well. A 3/2% level would be expected to decay
to the (5/27) ground state and would have been strongly
populated in the 8 decay of the positive-parity ground state.
Such a positive-parity state is expected from systematics, but
is based on cross-shell excitations and is therefore outside of
the shell-model space employed here.

We show the shell-model level scheme up to 4 MeV and it is
clear that the multitude of weaker, unplaced y -ray transitions
likely depopulate the higher-lying states. It is noted that our
level scheme disagrees with the scheme proposed by Wang
et al. [17] based on a low-statistics y-ray singles spectrum
obtained in multinucleon transfer. Wang et al. suggest that
the 904 keV y-ray transition reported in intermediate-energy
Coulomb excitation [14], although they did not observe it in
their own work, corresponds to the decay of the 9/2~ state to
the ground state. This contradicts the expected decay pattern
for such a state that would predominantly decay to the 7/2~
state.

Since multistep processes are severely suppressed in
intermediate-energy Coulomb excitation [40], the observed y
rays in the work by Ibbotson et al. [14] were attributed to the
depopulation of states at 449 and 904 keV, respectively. Based
on a particle-rotor approach, the ground state and the proposed
449 and 904 keV levels were assigned 7/27, 5/27, and
9/2~ quantum numbers, respectively [14]. M1 excitations are
heavily suppressed in Coulomb excitation and, in the absence
of parity change, only E2 excitations have to be considered. In
intermediate-energy Coulomb excitation, the proportionality
between the excitation cross section and the B(EA; Jo; — Jy)
transition strength depends on the multipolarity, A, but not
explicitly on the spin values [40]. Therefore, we will refer
to the E2 excitation strengths deduced by Ibbotson et al.
as B(E2 1). Now, assuming the SDPF-MU shell-model spin
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FIG. 15. Doppler-reconstructed y-ray spectrum in coincidence
with 28 (v/c = 0.335). The insets expand energy regions of the
spectrum with weaker intensity transitions. Transitions at 1143 and
2154 keV are tentative.

and parity assignments, the B(E2 1)4orev = 167(65) A fm*
and B(E2 1)ooakev = 232(56) e2fm* values from [14] have
to be compared to B(E2;5/2~ — 7/27) = 147 ¢*fm* and
B(E2;5/2~ — 9/27) =59 *fm*, respectively. While the
measured B(E2) strength to the first excited state agrees
well with the shell-model picture, all other calculated B(E?2)
excitation strengths, including the one to the 9/2~ state, are
expected to be smaller by a factor of 4 (9/2]) or two orders
of magnitude (3/27 and 1/27) than what is reported for
the B(E2 1)ooarey Vvalue in Ref. [14]. While a very weak
y-ray transition at 902 keV is visible in our spectrum, it
would be surprising if it corresponded to a low-lying state
based on the population pattern of excited states in projectile
fragmentation that we have observed so far. Ibbotson et al.
explored the possibility of E'1 excitations in their measurement
and concluded that the measured cross sections would be
beyond the recommended upper limits for E1 strength in the
region, but that this possibility of a parity-changing transition
cannot be fully excluded [14].

Wang et al. further report a y ray at 638 keV based on very
low statistics and without coincidence data and assign it to
connect the 11/27 and the 7/2~ states. We see no evidence
for a 638 keV transition in our *'S spectrum.

The energies and y-ray branching ratios of our level
scheme agree with the shell-model calculation using the
SDPF-MU effective interaction. The fact that we observe
candidate states matching all calculated levels below 2.2 MeV
is consistent with a picture where, with no discernible
final-state selectivity, the lowest-lying states are the most
prominent, likely populated directly in the reaction and fed
indirectly through a multitude of higher-lying excited states
that cascade toward the ground state.

E. S

Figure 15 shows the Doppler-reconstructed y -ray spectrum
taken in coincidence with #*S reaction residues resulting from
the fragmentation of **Ar. More than 15 y-ray transitions
are identified in the spectrum. Of these transitions, only the
902 and 1820 keV y rays have been reported before, in
intermediate-energy Coulomb excitation (890(15) keV) [1]

064327-8



In-BEAM y-RAY SPECTROSCOPY OF *#-2g

50 8l 8 gea7t7e on 902
—| o

> q
2 ZOMWWW gate on 1787|
e N 0
2100 S ST gate on 1820 o
< 8 R 908 10=
3 0 0 2
© 10 S S gate on 2803| 5
> ® o
0 O &)

500 1000 1500 2000 2500 3000 3500
Energy (keV)

FIG. 16. Background-subtracted y y coincidence spectra for *2S.
Spectra in coincidence with 902, 1787, 1820, and 2803 keV are
shown.

and in the fragmentation of a **Ca primary beam (904 and 1821
keV) [16]. Two y-ray transitions, at 1466(8) and 1875(9) keV,
reported in Ref. [16] are not observed in the present work.

In addition, yy coincidences were observed between
several transitions, as shown in Figs. 16 and 17. First, the
coincidence spectra for 902, 1787, and 1820 keV indicate that
all three transitions are in coincidence with each other, forming
a cascade that can be sorted by intensity. Furthermore, the
2100 keV transition is in coincidence with the 902 keV y-ray,
and the 2803 keV y-ray decay populates the state decaying by
the 1820 keV transition.

An interesting structure emerges at high excitation energy.
The background-subtracted coincidence spectrum for the weak
949 keV transition (see inset of Fig. 15) shows the 992 and
2677 keV transitions. A gate on the 992 keV line returns
902, 949, and 2677 keV transitions and shows a 992 keV
self-coincidence that may point to a doublet structure. In
coincidence with 2677 keV, all three transitions, 902, 949,
and 992 keV, are visible.

The y-ray transition energies, intensities and coincidence
relationships are listed in Table V. Based on y y coincidences,
intensities and energy sums, the level scheme shown in Fig. 18
is proposed. From the coincidence spectra of Fig. 16 and the
intensities listed in Table V we propose the 1787-1820-902
keV cascade to correspond to the even-spin yrast sequence
(67) — (47) — 2t — 0*. This is in reasonable agreement
with the shell-model calculation where the biggest deviation is

N T~
> 5L o r5, gateon 949
2 0
o 10F 902/949/992 K gate on 992
= ©
£ 0o o
c
8 20t 902/949/992 gate on 2677
© 0

500 1000 1500 2000 2500 3000
Energy (keV)

FIG. 17. Background-subtracted yy coincidence spectra for *2S.
Spectra in coincidence with 949, 992, and 2677 keV are shown.
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TABLE V. Energies, efficiency-corrected relative y-ray inten-
sities, and coincidences for “*S. The 992 keV peak appears in
coincidence with itself, suggesting that a doublet cannot be excluded
for this transition.

E, (keV) Rel. Intensity (%) Coinc.
902(4) 100(6) 1820, 2100, 2677
949(4) 1.2(1) 992, 2677

992(6) 2.2(2) 902, 949, 992, 2677
[1143(4)] 1.6(2)

1787(4) 8.4(7) 902, 1820
1820(4) 33(2) 902, 1787
2011(4) 2.2(3)

2100(4) 1.8(2)

[2154(4)] 0.9(1)

2677(4) 10.6(9) 902, 949, 992
2803(4) 1.7(2) 902, 1820
3002(4) 10.1(9)

3150(4) 5.4(6)

341509) 5.1(5)

4102(8) 5.2(6)

4266(7) 3.1(4)

4592(7) 2.9(4)

observed for the 6™ state with the calculation placing the state
about 400 keV higher than the suggestion from experiment.

Placing the 2100 keV transition on top of the ZT state leads
to a state at 3002(6) keV. In fact, we observe a 3002 keV y
ray that then becomes a candidate to depopulate this new level
directly to the ground state. We associate this state tentatively
with the second 27 state of #*S. The shell model predicts the
27 level at 3072 keV with an 84% branch to the ground state
and the remaining 16% decaying to the 2| state. From our
intensities in Table V we obtain a decay branching of 85(2)%
to the ground state and 15(2)% to the ZT level. We note that
our assignment is at odds with the level scheme proposed by
Sohler et al. [16]. We do not observe the 1875 keV transition
that is attributed in their work to depopulate the second 2%
state to the first 27 state. Such a situation, where the 2; — OT
transition is not observed while the 25 — 2} is, would also
be in contradiction to the shell-model calculations that have
27 — 0f as the strongest branch by a factor of 5. We also
observe no evidence for the 1466(8) keV y-ray transition that
establishes a 4245 keV state in **S in the work by Sohler
etal [16].

The 2677 keV transition feeding the 2? state leads to a
state at 3579(6) keV that, based on excitation energy alone,
may be identified with the 3] state from the shell model or
with a state from the group just above, comprising the 4,
3; , and O; states. From the decay pattern, however, the 3;“
and 45 levels are the only two with an essentially exclusive
branch to the first 27 state. The 35 and 0 states are expected
to exhibit significant decays to the second 2% state. A 3~
spin-parity assignment cannot be excluded and is outside of
our shell-model configuration space.

From Fig. 17 and the intensities of Table V, we construct a
cascade 949-992-2677 keV on top of the 2 state. This leads
to two new excited states, at 4571(7) keV and 5520(8) keV.
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FIG. 18. Proposed experimental level scheme for >S based on
the yy coincidence spectra, intensities, and energy sums. The
experimental data is confronted with shell-model calculations using
the SDPF-MU effective interaction. Comparison to shell-model
energies and decay branchings was used to assign tentative J7
quantum numbers (see text).

The 2803 keV transition that was found in coincidence with the
(41+) state now is a second branch of the new level at 5520 ke V.
Due to the high expected level density in this excitation energy
region, it is not possible to associate this structure with states
and decays of the SDPF-MU shell-model calculation. Many
of the higher-lying 4™ and 6™ states, for example, show decay
patterns broadly consistent with the high-lying structure in our
level scheme.

IV. DISCUSSION

In Sec. III, we compare the 38.40.41.42q 1evel schemes from
experiment to shell-model calculations with the SDPF-MU
Hamiltonian. The motivation for choosing this shell-model
effective interaction is rooted in its optimization to explain
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FIG. 19. Comparison of the excitation energy ratios of the first
excited 2T, 4T, and 6™ states across the neutron-rich sulfur isotopes.
For ¥, the 6/ state has not yet been identified in the literature [23],
and is expected at high excitation energy where the level density
is significant. The collective 4™ and 6* states of **S have not yet
been observed either. For the calculated S E(4%)/EQ2") ratio,
the shell-model energy of the second 4" state is used since the
67 — 4f — 27 — 0] cascade is connected by the strongest E2
transitions. However, the energy ratios would not change if the 4] or
65 energies were used instead since E(65) — E(6]) = 56 keV and
E(4]) — E(4]) = 134 keV. The tentative 6] assignments for 442§
stem from the measurements presented here.

the complex structure of the N =28 isotones **Si and
#g, comprising phenomena such as shape and configuration
coexistence, on a common footing [3]. Furthermore, SDPF-U
level schemes are available in the literature for 3°S [37],
495 [18], and *'S [17]. In contrast to SDPF-MU, the SDPF-U
effective interaction consists of two parts, one valid for
Z < 14 and one applicable to Z > 15 [25]. Earlier work
benchmarked the performance of SDPF-MU in the chain of Si
leading up to N = 28 [39] and the present work extends this
comparison to the S isotopic chain. Below, (i) the character
of the quadrupole collectivity of the even-mass S isotopes
is considered from E(4%)/E(2") and E(61)/E(2") energy
ratios, (ii) the transition into the N = 28 “island of inversion”
is characterized by an analysis of the decay properties of the
22+ state, (iii) the odd-mass S isotopes are discussed, and (iv)
the emerging pattern for the population of excited states in
fragmentation reactions is summarized.

For even-even nuclei, the ratios of yrast excitation energies
have long been used to classify collectivity in terms of
vibrational, rotational, and transitional character. The chain
of S isotopes, however, is challenging as shape and con-
figuration coexistence is at play. We use E(4T)/ E (2?') and
E(6])/E(2}) energy ratios to compare the ground-state bands
of our proposed level schemes to the SDPF-MU shell-model
calculations. Figure 19 shows the comparison of these ratios
for the even-mass sulfur isotopes with N = 20-28. Assuming
the 6, energies proposed in this work, good agreement is
reached for the measured and calculated E (6T) /E (2?) ratios
in 3840425 For 30-4g, the 6f state has not been identified
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in the literature. The systematics, which are not solely based
on comparison with the shell model but also the population
pattern of excited states that has emerged in this work, lend
support to our new tentative 6, assignments for ***2S. For the
E(4])/EQ2]) ratio, close agreement is observed for %42
while measurement and theory are only within ~25% for
the semimagic 3°S and neighboring 3%S. It is noted that the
shell-model calculation is not expected to work well for 3°S
since the neutrons are restricted to the sd shell.

The case of **S is complex—a low-lying 4% state has
been observed [7] that, based on two-proton knockout cross
sections [7] and evidence for a long lifetime from a y-ray
line-shape analysis [7,41], is suggested to correspond to a
K = 4isomer [7,8]. This state differs in configuration from the
2] state, resulting in a strongly hindered 47 — 2| transition.
The 4% level of **S that is connected to the collective 2/
state [2] by a strong E2 decay has not yet been identified
experimentally. With the intent of probing the collective
nature of states with a similar underlying structure, we use
the energies of the 47 shell-model state for *S since the
corresponding cascade 6] — 45 — 2] — 0] is connected
by the strongest E?2 transitions. Using the 4] and 65 energies
instead would not be noticeable in Fig. 19 as the energies
of the first and second 4% and 6% states differ only by 56
and 134 keV, respectively. Future experiments will put the
predictive power of the SDPF-MU shell-model Hamiltonian
to the test once the collective structures beyond the first 2
state are identified in the complex nucleus **S whose low-lying
structure is sensitively determined by shape and configuration
coexistence.

An interesting systematic trend emerges for the 27 states in
the S isotopic chain. According to the shell-model calculations
with the SDPE-MU Hamiltonian, the second 2% state in *2S
has a unique structure that is reflected in the 2 — 0] and
25 — 2 branching ratio. For S and %°S, the 2 — 27
transitions are predicted to dominate with 96.4% and 99.4%,
respectively. For #2S, the branching is essentially reversed
with 84% predicted for the 25 — 0 transition and only 16%
for the 23 — 2] decay. The nonobservation of the 25 — 0}
branch in S here and in Ref. [20] and the 85(2)% branch for
(27) — 0] in **S reported here are in remarkable agreement
with this sudden structural change. We note that in °S the
22’ level could not be identified—it is expected in a region of
already high level density—and, solely based on energy, the
1850 keV y ray may be a candidate for the 23 to 2 transition.

The reason for the abrupt change in the decay pattern of the
2 state in **S lies in its neutron single-particle structure.
The 2] and 2; states in **S differ in the occupancies of
the 0f7,2 and 1pj3,, neutron orbitals as detailed below. These
two orbitals cannot be connected by the M1 magnetic dipole
transition operator. Consequently, the B(M 1;23L — 2;“) =
B(M1) transition strength is strongly hindered with B(M1) =
0.1355 x 10’3/Lfv in #’S versus B(M1) = 0.1924/Lfv in 403,
disfavoring the 25 — 2 branch at N = 26. Figure 20 illus-
trates this by showing the occupancies of the neutron 1p3/,
orbital for the 0% (red) and 2* (blue) states up to 4.5 MeV
from the calculations with the SDPF-MU Hamiltonian. Here,
an increase of the meutron 1p3,» occupancy is correlated
with a decrease of the neutron 0f7,, occupancy. The 2%
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FIG. 20. Shell-model (SDPF-MU) neutron p3,, occupancy for
the 0* (red) and 2+ (blue) states of ¥#S below 4.5 MeV. The rapid
onset of neutron ps3,, occupancy together with the dramatic increase in
the level density of 0 and 27 states in **S signals a sudden transition
into the N = 28 “island of inversion” in the S isotopic chain. The role
of 42§ as a sensitive probe for the neutron configurations is discussed
in the text.

state with the largest 1p3,, occupancy is lowered in energy
between 38 and *2S due to a reduction in the 1p32—0f7
single-particle gap as the neutron number increases. Up to
42g, the configurations of the 0* and 27 states below 2 MeV
are dominated by the (a) = (0 f7,2)" configuration. The wave
functions of the states above 2 MeV in *?S are dominated by
the (b) = (0 f72)" "2 (1 p32)* configuration.” Of all S isotopes

Due to the mixing of (@) and (b) and a small occupancy of the 0 fs 2
and 1p, orbitals, the change in the occupancy of the p3,, orbital is
not exactly 2 between the two groups of states.
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shown, the neutron p3,, occupancy differs the most between
the ZT and 2; states in 42, leading to the hindrance of the
corresponding 2;’ — ZT M transition and the resulting very
small B(M 1) value quoted above.

Figure 20 shows a dramatic change in the 0" and 2%
level density below 4 MeV for “*S and ties this to the
excitation of neutrons across the N = 28 shell gap into the p3,»
orbital. In #4S, the correlation energy of the shell-breaking (b)
configuration now becomes larger than that of the closed-shell
configuration (@), putting **S inside the “island of inversion”
at N = 28. The sensitivity of the 2;“ — 2;“ M1 decay to the
Pp3/2 neutron intruder occupancy now provides a very stringent
test for the shell evolution leading up to the N = 28 “island
of inversion.” Our observation of a small 23 — 2] branch in
45, in agreement with the SDPF-MU calculations, indicates
that this shell-model Hamiltonian indeed captures the changes
in the neutron single-particle structure in the S isotopic chain
as N = 28 is approached. It also illustrates how sudden the
comparably simple structure of *>S evolves into the complexity
encountered for **S as the N = 28 shell closure breaks down.

For the odd-mass isotope ¥§S, the expected low-lying
nanosecond isomers, to which the present measurement is
insensitive, prevent the construction of an experimental level
scheme based on energy sums in the absence of clear
coincidences and knowledge of the energies of the isomeric
states. For #!S on the other hand, the proposed experimental
level scheme seems complete below 2.2 MeV and agrees
remarkably well with the shell-model predictions. Given the
complexity of the structure of the S isotopes, this agreement
is noteworthy.

From all cases investigated here, a consistent picture
emerges for the population of excited states in fragmentation
reactions. Transitions from yrast states are the most prominent,
visible even at low statistics (e.g., 33S). For the higher statistics
cases of 40-4142g  the presence of a multitude of weaker
transitions can be understood as resulting from connections
between the regions of high level density, upward from
3-4 MeV excitation energy, and the low-lying level scheme.
While this may always have been the assumption behind
the population of excited states in fragmentation reactions,
evidence is presented here for the many feeding transitions
that have remained unobserved in previous work discussing
fragmentation reactions specifically for S isotopes [16] or the
population of excited states in projectile-like fragmentation
residues in general [36]. In the case of *'S (**S), all calculated
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negative(positive) parity states below 2.2 (3.5) MeV have been
matched to states in our proposed level schemes, including off-
yrast states, while many weaker transitions remain unplaced.
The prominence of yrast states can likely be attributed to
their significant indirect feeding from the regions of high
level density in addition to their direct population in the
fragmentation reaction.

V. SUMMARY

We have performed in-beam y-ray spectroscopy on
neutron-rich sulfur isotopes populated by fragmentation of
intermediate-energy *3Ca and “6Ar projectile beams. New
transitions were identified in 3°*?S and new level schemes
for 4423 are proposed from yy coincidence information,
energy sums and comparison to the shell model. Shell-
model calculations with the SDPF-MU Hamiltonian provide
remarkable agreement and consistency with the proposed
level schemes. For the even-mass S isotopes, the evolution
of the yrast sequence is discussed in terms of E(67)/E2%)
and E(4%)/E(2%) energy ratios. For ?S, a candidate for the
27 state is proposed that exhibits a unique decay pattern
as compared to 3%4°S. This is rooted in its neutron single-
particle structure and confirmed by the SDPF-MU shell-model
calculations. For the odd-mass *!S, a level scheme is presented
that appears complete below 2.2 MeV and consistent with
the predictions by SDPF-MU shell-model Hamiltonian; this
is a remarkable benchmark given the rapid shell and shape
evolution prevalent in this textbook isotopic chain as the
diminished N = 28 shell gap is approached.
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