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Lifetime Measurements and Triple Coexisting Band Structure in 43S
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Lifetime measurements of excited states in the neutron-rich nucleus S were performed by applying the
recoil-distance method on fast rare-isotope beams in conjunction with the Gamma-Ray Energy Tracking
In-beam Nuclear Array. The new data based on yy coincidences and lifetime measurements resolve a
doublet of (3/27) and (5/27) states at low excitation energies. Results were compared to the 7(sd) —
v(pf) shell model and antisymmetrized molecular dynamics calculations. The consistency with the
theoretical calculations identifies a possible appearance of three coexisting bands near the ground state of
#3S: the K™ = 1/2~ band built on a prolate-deformed ground state, a band built on an isomer with a 115 /12

character, and a suggested excited band built on a newly discovered doublet state. The latter further
confirms the collapse of the N = 28 shell closure in the neutron-rich region.
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The low-lying structure of atomic nuclei has been char-
acterized by the interplay of the single-particle and collective
excitations built on the ground state. The nuclear shape at
closed shells tends to be spherical, while collectivity can
develop and evolve from vibrational to rotational as moving
into the midshell. This picture can be altered in exotic nuclei
far from stability where the shell structure drastically
changes, and the collective properties can be more diverse
even at low excitation energies. Recently, there has been
increased interest in the region around the N = 28 magic
number, where the diminished shell gap is expected to induce
strong quadrupole correlations. Excitations across the shell
gap can become energetically favored and compete with
normal configurations at low excitation energies, exhibiting
significantly different collectivity and shape characteristics
[1,2]. Thus, the coexistence of various deformed states built
on the 1f7, and 2p;,, orbits can occur [3]. In fact,
experimental data show that stabilizing effects of the N =
28 shell gap vanish in neutron-rich isotopes south of the
doubly magic “*Ca nucleus; for example, S [4] and *?Si [5]
display collective behavior and deformation [2,4-6].

Shape and configuration coexistence in the neutron-rich
sulfur isotopes has attracted much attention, with results
showing a strong competition among different configura-
tions, as well as fairly large collectivity observed in even-
even 4042443 jsotopes [4,7-9]. The collective nature of 4S
at N = 28 was evidenced from the low-lying 2" state and
large B(E2) reduced transition probability [4]. Recent
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studies suggest that the shell erosion in N = 28 results
in prolate-spherical shape coexistence in the two lowest 0"
states in **S [10] and even induces triple configuration
coexistence [11] involving an isomeric yrast 4" state as a
new type of high K = 4 isomer with significant triaxiality
[12—14]. Therefore, it is important to understand how shape
coexistence and collectivity manifest and evolve in
neutron-rich odd-mass sulfur isotopes, as coexistence
phenomena with important impacts of triaxiality are pre-
dicted theoretically [15,16].

The evidence for shape coexistence in 3S with N = 27
has been mainly accumulated through the spectroscopy of
the isomeric state at 320.5(5) keV [17,18]. A g-factor
measurement proved the isomer has the spin and parity
7/2~ [18] and suggested it is built on the normal-order
1f7/> neutron-hole configuration, while the ground state
has a neutron 2ps , intruder nature [17]. The spectroscopic
quadrupole moment of the isomeric state was later mea-
sured, and found to be larger than expected for a single-
particle state [19]. Intruder neutron configurations, driven
by the neutron-proton correlations, are suggested to con-
tribute to its wave function [19]. For other excited states,
the intermediate-energy Coulomb excitation measurements
suggested a level around E, ~ 940 keV [20,21] and knock-
out studies extended the level scheme based on energy
considerations and observed intensities [22]. Although
these studies suggest spherical-prolate shape coexistence
[18], it is still essential to experimentally identify the band
structure built on top of each coexisting state.
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The present Letter attempts to elucidate the band
structure of the low-lying states of S to get a compre-
hensive picture of the shape coexistence. Here we present
results of yy coincidence data and precise lifetime mea-
surements of excited states in *3S using the recoil-distance
method. We determine the electromagnetic transition prob-
abilities, a sensitive probe of collectivity, in a model-
independent way. The new results provide the first evidence
of a doublet of (3/27) and (5/27) in *3S. A comparison with
the shell model and antisymmetrized molecular dynamics
(AMD) calculations is also reported, further confirming
experimental findings and indicating the possible appear-
ance of three coexisting bands at the low excitation
energies.

The experiment was performed at the Coupled Cyclotron
Facility at the National Superconducting Cyclotron
Laboratory. The secondary beam of *)Cl was produced
from the fragmentation of a 140 MeV/nucleon *%Ca
primary beam impinging on a °Be production target and
was separated in the A1900 fragment separator [23]. The
secondary beam was used to populate *’S via proton
knockout reactions. The projectilelike products were iden-
tified in the S800 spectrograph [24] from a correlation of
the time of flight with energy losses measured in the S800
focal plane.

Gamma rays emitted at the secondary target location
were detected using the Gamma-Ray Energy Tracking In-
Beam Nuclear Array (GRETINA) [25,26] in coincidence
with the residues. GRETINA consisted of nine detector
modules, each detector having four 36-fold segmented
high-purity germanium crystals. Four detector modules
were positioned at forward angles, covering the laboratory
angles of 20°-50° with respect to the beam axis and were
used to determine lifetimes.

In this experiment, the excited states of interest were first
studied using the 99 MeV /nucleon “*Cl beam on a 2 mm-
thick Be target. In a separate run, lifetimes of the excited
states were measured with the TRIPLEX device [27] with
the 2 mm-thick Be target and 0.58 mm Ta degrader
positioned further downstream, using the */Cl beam at
the lower energy of 89 MeV /nucleon. The recoil velocities
relative to the speed of light (f = v/c) were labeled fast
(Prast = 0.377) and slow (Bgow = 0.297), denoting the
velocity behind the target and degrader, respectively.

The Doppler-shift-corrected y-ray spectrum of S in the
target-only setting is shown in Fig. 1. Experimental data are
compared to a Monte Carlo simulation (red line) that
accurately reproduces all important aspects of the exper-
imental setup [28] and the relative populations were
extracted from the comparison. We observe strong tran-
sitions at 184(2), 628(5), 977(9), 1159(9), and 1213
(10) keV, with the 1159(9) keV transition being the most
strongly populated with the inclusive (sum of direct and
indirect) population of 37(2)%. Populations to the other
four states are around 10%-13%. All of the observed
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FIG. 1. Doppler-shift-corrected y-ray spectrum of 43S together

with the partial level scheme. Data are compared to the simulated
responses for observed transitions (red line). (Insets) Back-
ground-subtracted yy spectra in coincidence with the 628 keV
(top) and 977 keV (bottom) transitions.

transitions are known from the previous two reaction
studies [22], which suggested that an excited state at
1154(7) keV either decays directly to the ground state or
undergoes a cascade decay, with the 183(1) keV y-ray
transition followed by the 971(6) keV transition. This
conclusion was based solely on the observed intensities
and energy considerations [22]. Background-subtracted yy
coincidence spectra shown in the insets of Fig. 1 establish
several conclusive relationships. The 628 keV transition is
observed only in coincidence with the 1159 keV transition.
Observed intensities of the 628 and 1159 keV transitions
result in the proposed level scheme as shown in Fig. 1. With
a gate on the 977 keV line, only the 184 keV transition is
clearly visible and vice versa. Coincidence was not
observed between the 628 and 977/184keV transitions,
which implies another state should exist at 1161 keV, very
close to 1159 keV, and suggests a doublet. Observed
intensities of the 184 and 977 keV y rays are equal to
each other within experimental uncertainties in the present
and previous measurements [22]. In this work, the order of
the 184 and 977 keV transitions can be validated with the
lifetime measurements.

The recoil-distance lifetime measurements were per-
formed using three short target-degrader separations: 0,
0.5, and 1 mm. The relative number of reactions occurring
on the target and degrader was constrained by moving the
foils to 22 mm apart so that there is ample time after each
foil for the excited states to decay completely before the
next foil is reached. The relative degrader contributions
were found to be 12% or smaller. Each lifetime was
determined through the y?> minimization by comparing
data to a set of simulated y-ray spectra, where only the
lifetime of the state was varied. This method was checked
by extracting the known lifetime for 2% state in 4°S. The
present result of 21.51’&'91 ps is in excellent agreement with
the recently published value of 20.6(1.5) ps [12].
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FIG. 2. (Top) Gamma-ray spectrum for the *S 977 keV

transition using 0-, 0.5-, and 1 mm target-to-degrader separations.
Identification of the fast (f) and slow (s) components is shown.
The data are compared to simulated spectra with the best-fit result
of 7 =6.2 ps with the adopted order of the 977 — 184keV
transition. The dashed blue line is given as a reference for the
inverted order of the 184 keV (z=15ps) — 977 keV
(r = 0.1 ps) decays. A peak around 920 keV is the fast compo-
nent of the 854 keV transition. (Bottom) Gamma-ray spectrum
for the *3S 184 keV transition. The data are compared to
simulated spectra with 7 = 7.8 ps for the 184 keV state.

The Doppler-shift-corrected y-ray spectra obtained with
the three separation settings are shown in Fig. 2 for the
977 keV (top) and 184 keV (bottom) transitions. The
double peak structure characteristic of decays with life-
times on the order of 10 ps is noticeable. The 184 keV
transition shows more significant slow components, sug-
gesting that the cascade decay precedes with the 977 keV
transition, followed by the 184 keV transition, proposing
the reversed order from the previous assignment [20,22].

To check the current conclusion on a more quantitative
basis, the lifetime for the 1161 keV state is analyzed in
more detail based on the cascade decay scenario
(977 — 184 keV) proposed in this study. The mean life-
time is determined from the analysis of the 977 keV
transition to be 6.27]F(stat) 13 (syst) ps (Fig. 2, top, red
curves). The main systematic errors arise from ambiguities
in the target-to-degrader reaction ratio (13%), the popula-
tion pattern (15%), and the background assumption (10%).
If we consider a different cascade scenario in which the
184 keV decay originates from the 1161 keV state, the state
lifetime is deduced as 15(2) ps from the 184 keV spectra,
and the simulated response (Fig. 2, top, blue curves) cannot
reproduce the overall spectra for the 977 keV transition,
even when a very short lifetime of 0.1 ps is considered.
Note that this scenario (inverted order of Fig. 2) [22]
requires the 977 keV transition to proceed via E2 transition
with the lifetime of 10(4) ps as suggested by the Coulomb
excitation measurement [20]. The present conclusion is
confirmed by analyzing the overall spectra, where all
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FIG. 3. Gamma-ray spectrum for the S 1159 keV transition

using 0-, 0.5-, and 1 mm target-to-degrader separations. The data
are compared to simulated spectra with the upper limit of 1.5 ps
obtained from this experiment and the reference simulated spectra
with 7 = 6.2 ps that was adapted for the 977 keV transition
(dashed curves).

distance data are summed up to reduce statistical uncertai-
nties, which resulted in the minimum y? of 19.5 (N ar = 20)
for the currently adopted scenario (977 — 184 keV) com-
pared to y of 31 for the inverted order [20,22]. In Fig. 2,
individual spectra agree very well with the current scenario
except for the 0.5 mm data, which is likely due to the
statistical uncertainty.

The lifetime of the 184 keV state was determined
after taking into account the feeding contributions
from the 977 keV decay. The result is found to be
7.8 14 (syst) "1 2 (syst) ps as shown in Fig. 2 (bottom, in
red). The main systematic errors in this case were from
ambiguities in the target-to-degrader reaction ratio (12%)
and the uncertainty of the lifetime of the 1161 keV
state (17%).

Finally, the lifetime of the 1159 keV state was studied as
shown in Fig. 3. If the 977 keV transition depopulates the
1159 keV state, the lifetime should be equal to 6.2 ps,
which is shown by the blue curves. Obviously, the present
data disagree with the lifetime of 6.2 ps for the 1159 keV
state and indicate a much shorter lifetime with the upper
limit of 1.5 ps with one sigma upper bound of the statistical
error. This result confirms a doublet, with independent
states occurring at 1159 and 1161 keV.

Based on the measured lifetimes and yy coincidence
information, we propose the level scheme in Fig. 4. Data
are compared to the shell model calculations, which were
carried out in the z(sd) — v(pf) basis with the SDPF-U [29]
and SDPF-MU [30] Hamiltonian using the code NUSHELLX
[31]. The M1 effective operator for protons in the sd shell
[32] and neutrons in the pf shell [33] is included using
g =5.0, ¢! =-3443, ¢/ =1.174, ¢} =-0.1, and

g’ =0.24, g} =0.0. The E2 effective charges are e, =

1.5¢ and e, = 0.5e. Spectroscopic factors C>S for one-
proton removal from the assumed 2~ ground state of */C1[34]
were also calculated. Both shell model calculations predict
very similar structure for 43S, as shown in Table I, and the
results from the SDPF-U calculations are illustrated in
Fig. 4. The present results conclude that the 1161 keV state
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FIG. 4. Comparison of the experimental level scheme with
results of the SDPF-U shell model calculations. The states are
labeled by twice their spin value (2J). The 1787 keV level is
considered as the theoretical 5/27 state. Spectroscopic factors
C2S for dominant (C%S,,,,) or strong (C2S > 0.03) knockout
channels are shown on the far right together with the single-
particle orbitals for proton removal. The M1 transitions are
denoted by empty arrows. The E2 transitions are denoted by gray
arrows.

deexcites via 977 keV y rays populating the 184 keV state.
This observation is consistent with the cascade transition
from the 5/27 state, 5/27 — 1/27 — 3/2;,, suggested by
the shell model, since other neighboring states such as 7/25
and 3/27 strongly favor the direct decays to the ground state.
The state observed at 184 keV is therefore suggested to be
1/27 as the bandhead of the K” = 1/2~ band, which was
missing in the previous assignment [22]. The calculated
spectroscopic factor for the 1/27 is close to zero, which is in
agreement with the negligible direct population observed in
this work. The calculations also predict that the 5/27 and
7/25 states are members of the ground-state band, although
the population to the previously proposed 7/25 state at
920-940keV [20,21] was not observed in this work. Besides,
the shell model predicts the 7/2; isomer at a somewhat
higher energy than experimentally observed [18,19]. This
state is calculated to have the largest spectroscopic factor
because of its strong single neutron-hole component. Finally,
the SDPF-U shell model calculations predicta (5/27, 3/25)
doublet around 1400 keV with a different sign of quadrupole
moments (Table I), suggesting different intrinsic shapes for
these states. The larger spectroscopic factor predicted for the
3/25 state is consistent with the observed population that
favors the 1159 keV state.

Experimental transition probabilities are extracted from
the measured lifetimes and the proposed level scheme. The
consistency between the measured and calculated transition

TABLE 1. Comparison between the experimental data and the
shell-model calculations for energies, reduced transition proba-
bilities and branching ratios. All energies are given in keV,
B(MT1) in u3 and B(E2) in e*fm*. For the reduced transition
probability results, statistical and systematic errors are added in
quadrature. The shell-model predictions of the spectroscopic
quadrupole moments are given in units of efm?2.

Observable Experiment  SDPF-U SDPF-MU
E(1/27) 184(2) 299 135
E(7/27) 320.5(5) 748 601
E(5/27) 1161(11) 1400 1035
E(3/23) 1159(9) 1405 875
E(5/23) 1787(14) 2132 2198
B(E2,7/27 — 3/27) 0.403(8) [18]  2.25 2.93
B(M1.1/27 - 3/27) 1.2793 0.65 0.38
B(E2,1/27 — 3/27) 219 204
B(E2,5/27 — 1/27) 14675 113 107
B(M1,3/2; — 3/27) > 0.02" 0.03 0.04
B(E2,3/25 — 3/27) 6.28 24.4
0(3/27) -15.4 -14.0
0(7/27) 29.6 30.7
0(5/27) -18.9 -18.3
0(3/27) 13.1 11.5
0(5/23) 2.2 23.0
BR(5/27 = 7/27) <20 7 24
BR(5/27 = 5/27) <3 10 2

*Assuming pure M1 transition.

probabilities further confirms the present level scheme
assignment. The cascade decay of the 1161 keV state
starts with the E2 decay to the proposed 1/27 state at
184 keV, which decays further to the 3 /2, with a dominant
M1 transition. The 6.2 ps lifetime of the 1161 keV
state corresponds to the reduced transition probability
of B(E2,5/27 — 1/27) = 146137 (stat) 73] (syst) e*fm*,
assuming the branching ratio of 100% for the 5/27 decay
to the 1/27 state. As for the 184 keV transition, the decay
should predominantly occur via the M1 transition based on
the small level spacings and the spin-parity combination
suggested from the level scheme (Fig. 4), leading
to B(M1,1/2= —3/27) = 1.2703(stat) )3 (syst) u%,. The
1159 keV state decays directly to the ground state, with
the strong 628 keV transition observed on top of it, as
suggested from the coincidence considerations. The
1159 keV state is observed to have a short lifetime
(< 1.5 ps) and is most likely the 3/25 state with the
predicted lifetime of 1.2 ps. The shell model suggests this
state as a candidate for the other bandhead with the positive
spectroscopic quadrupole moment (Table I). The 628 keV
transition is proposed as the fast 5/23 — 3/25 transition,
since the observed population to the 1787 keV state is
consistent with the large spectroscopic factor for the
5/25 state.
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Possible interband transitions were studied for the
1787 keV state to examine the band structure and results
are shown in Table I. The spectrum (Fig. 1) shows a hint of
the 1467 keV transition, which is consistent with the decay
of the 1787 keV state to the isomeric 7/27 state. If this is
the case, the estimated branching ratio is about 20%,
although the decay to the 3/27 state is still dominant. In
addition, the upper limit of 3% is obtained for the decay
from the 1787 keV state to the 1161 keV state based on the
coincidence data (Fig. 1). Each excited state decays
preferentially through the band, even though calculations
suggest several intraband transitions.

The triple band structure in *’S has been consistently
predicted by both shell model and antisymmetrized
molecular dynamics calculations, with a different interpre-
tation of the nature of the third excited band built on the
3/25 state [15,16]. The recent shell model calculations by
Chevrier and Gaudefroy [15] suggest that the axially
prolate-deformed ground-state band coexists with a triaxial
band built on the 7/27 isomer and an excited prolate
structure built on the K* = 5/2~ deformed orbit. The 3 /25
state, predicted to have a large asymmetry parameter
y = 28° is considered as the decay path of the prolate K* =
5/2~ band built on the 5/2; state.

An alternative interpretation of the third excited band
with the significantly different K* = 3/2~ oblate configu-
ration is given by the AMD calculations by Kimura et al.
[16]. This third oblate-deformed band is predicted to start
with the 3/27 at 1800 keV, leading to a triple shape
coexistence with the prolate-deformed ground-state band
and a triaxially deformed isomeric state. At the large prolate
deformation, the intruder (v2p; /2)1 configuration domi-
nates, whereas on the oblate side, the normal (v1f; /2)‘1
configuration dominates with the pronounced magicity.
Both normal and intruder configurations coexist in the
triaxial region because of the enhanced quadrupole corre-
lation triggered by the quenching of the N = 28 shell gap.

In summary, the model-independent lifetime measure-
ments were performed for the excited states of S by
applying the recoil-distance method with GRETINA. Our
results confirm a doublet at around 1.2 MeV and agree well
with theoretical predictions for triple band coexistence,
presenting the complexity of nuclear many-body systems.
Results further confirm a collapse of the N = 28 shell
closure highlighting the importance of nuclear structure
studies in this neutron-rich region.
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