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Yrast states up to (67) in the neutron-rich “°S nucleus have been studied using binary grazing reactions
produced by the interaction of a 215 MeV beam of *°S ions with a thin 2 Pb target. The novel experimental setup
that combines the large acceptance magnetic spectrometer, PRISMA, and the high-efficiency y-ray detection
array, CLARA, was used. A new y-ray transition at an energy of 1572 keV was observed and tentatively assigned
to the (67) — (47) transition. A comparison of experimental observations and the results of large-scale Ofiw
sd-pf shell-model calculations indicates that one- and two-proton excitations from the 25y, to the 1ds/, orbitals
play an important role in reproducing the *°S yrast level structure and the published B(E2; 0;.& — 27) value.
The structure of the yrast states of the even-A isotopes of sulfur is interpreted in terms of the configurations of
valence protons and neutrons within the context of large-scale Ohiw sd-pf shell-model calculations.
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I. INTRODUCTION

In the atomic nucleus, the large shell gap in the energy
spectrum of single-particle states is the origin of magic
numbers. The traditional shell gaps can be reproduced using
a single-particle harmonic oscillator potential with a strong
spin-orbit interaction first suggested independently by Haxel
et al. [1] and Mayer [2]. The magic number is the most
fundamental quantity governing nuclear structure. However,
single-particle energies change with increasing neutron
excess, leading to the disappearance of some conventional
magic numbers and the appearance of new shell gaps [3]. In
the case of ?%Mgzo, the unexpectedly large B(E?2; Ogs. —27)
value [4-6] and small 2;“ energy [7] imply the erosion of the
N = 20 shell gap, which has been interpreted in terms of a
two particle-two hole intruder configuration that dominates
the ground state (g.s.) of 3*Mg [8—10], leading to its intrinsic
deformation.
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The behavior of two-neutron separation energies as a
function of neutron number for the heavy sulfur (Z = 16)
isotopes near N = 28 is quite different from that for the
neutron-rich potassium (Z = 19) and calcium (Z = 20)
isotopes and indicates shell quenching at N = 28 for sulfur
isotopes [11]. Experimental measurements of excitation
energies and B(E2;0F, — 27) values for the first 2* states
of neutron-rich even-A sulfur isotopes populated using
intermediate-energy Coulomb excitation [12,13] indicate
that the neutron-rich sulfur isotopes with A =40 and 42
are deformed with 8, ~ 0.3, in agreement with theoretical
calculations by Werner et al. [14] and provide evidence that
the N = 28 shell closure is somewhat eroded. The results
of in-beam y-ray spectroscopy studies of 4%4>%S using
fragmentation reactions at GANIL, when compared with
the results of microscopic collective-model and large-scale
shell-model calculations [15-17], suggest that *°S and #*S are
deformed, y-soft nuclei, whereas in **S, evidence has been
presented for shape coexistence in the spectrum of low-energy
states [18].

Excited states of “’S have previously been studied in
40p B decay [19], in in-beam y-ray spectroscopy using
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fragmentation reactions [15—17], in elastic and inelastic proton
scattering in inverse kinematics [20], and in intermediate-
energy Coulomb excitation [12,13]. For the first 2% state of
408, the B(E2; 2? — 0;,:_5.) value has been measured as 66.8 +

7.2€? fm* by Scheit et al. [12]. The tentative assignment of
J7 =4% to a state at 1917 keV in the “°P B-decay work
of Winger efal. [19], based mainly on nuclear structure
arguments, appears to be inconsistent with the fragmentation
work of Sohler et al. [15]. Sohler has suggested an alternative
level scheme to that proposed by Winger et al., in which
the J™ = (4T) level at 1917 keV is replaced by a state at
3712 keV. The level scheme from the published S-decay work
of Winger et al., presented later, reflects this proposed change.
The second discrepancy between these two studies relates to
the proposed J” value for the state at 2265 keV. The J™ = (47)
assignment of Sohler et al. for this state is based on y-ray
anisotropy measurements and on the favored population of
yrast states in fragmentation reactions, and is also supported
by the absence of a y-ray decay branch to the *°S ground state.
Winger et al. [19] proposed a J™ = (2) assignment for this
state.

For a more complete understanding of the structure of
408, additional experimental data are needed on relatively
high-lying yrast states and especially the yrast decay sequence,
JT =0%, 2*, 4%, 6%, and 8", with configurations, in a
simple shell-model picture, based on the four extra-core 1 f7,,
neutrons. Here the yrast decay sequence of neutron-rich 4°S,
populated in binary grazing reactions, has been studied. We
have exploited the setup that combines a large-acceptance
magnetic spectrometer, PRISMA [21], and a high-granularity
and high-efficiency y -ray detection array, CLARA [22], which
allows precise Doppler correction of y-ray energy spectra and
good reaction channel selection.

II. EXPERIMENT

Yrast states of the midshell, N = 24, nucleus *°S were
populated using binary grazing reactions produced in the
interaction of a 215 MeV beam of %°S°" ions, delivered by
the XTU-Tandem Van de Graaff-ALPI, superconducting linear
accelerator, complex at the INFN Legnaro National Labora-
tory, Italy, with a thin 2°®Pb target. The target, isotopically
enriched to 99.7% in 2%®Pb, was of thickness 300 g cm™>
on a 20 pg cm~2 carbon backing. Projectile-like fragments
produced during the reaction were analyzed with PRISMA, a
large acceptance-angle magnetic spectrometer (£5.5° in the
dispersion plane and £10.5° perpendicular to the dispersion
plane, ~80 msr solid angle), placed at 56° to the beam axis
and covering a range of angles, including the grazing angle
of the reaction (58°). The PRISMA spectrometer consists
of a quadrupole singlet and a dipole magnet separated by
60 cm. The (x, y) coordinates and time information of an
ion entering the spectrometer are measured using a position-
sensitive microchannel plate (MCP) detector [23] placed
at 25 cm from the target. Following the passage of each
ion through the magnetic elements, the coordinates of the
trajectory and time information are measured again at the focal
plane of the spectrometer using a 10-element 100 cm long
multiwire parallel-plate avalanche counter (MWPPAC) [24].
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The position resolution of the MCP and MWPPAC is 1 mm in
the horizontal (dispersive) direction, and the time resolution
of the MCP and MWPPAC combination is about 300 ps.
Finally, the ions are stopped in a 10 x 4 element ionization
chamber (IC) used for energy loss, AE, and total energy, E,
measurement [23,24]. For each ion detected in PRISMA, the
preceding measurements enable us to determine the atomic
number Z, the mass number A, the ion charge state, and the
time of flight, thereby allowing an unambiguous identification
of each detected projectile-like nucleus. Reconstruction of
the trajectory of each ion through the spectrometer together
with the time-of-flight measurement was used to establish the
velocity vector of each ion on an event-by-event basis.

The y rays from the deexcitation of the binary reac-
tion products were detected using CLARA, an array of
25 escape-suppressed Ge clover detectors (22 Ge clover
detectors were used during this work). The y 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 y 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 98° to 180° with respect to the entrance aperture
of PRISMA. The CLARA total photopeak efficiency for
1.3 MeV vy rays is around 2.8%, and the peak-to-total ratio
is 45% for %°Co 1.3 MeV y rays. Doppler correction of
y-ray energies was performed on an event-by-event basis. The
energy resolution of the y-ray photopeaks following Doppler
correction was typically around 0.6%. Experimental data were
accumulated during a 6 day run with an average beam current
of 60 enA.

III. RESULTS AND DISCUSSION

In this 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 will focus on a discussion of the heavy
sulfur isotope “°S. The mass spectrum of sulfur isotopes with
mass resolution ~1/140 is presented in Fig. 1. The structures
between the mass peaks originate from electronic timing
problems. Careful gating of the mass spectrum was therefore
essential to eliminate the possibility of contamination of the
y-ray spectrum. Figure 2 presents three one-dimensional y -ray
spectra corresponding to gates on the three indicated regions
of the mass spectrum of Fig. 1. The 1517 keV photopeak,
corresponding to the most intense transition observed in 3°S in
the present work, is present in the y -ray spectra associated with
gates centered on A = 39 and centered between the mass 39
and 40 peaks but is absent in the spectrum corresponding to a
narrow gate on “°S. The y-ray transitions from the much more
intensely populated *°S nucleus do not, therefore, contribute
in any significant way to the spectrum corresponding to a
narrow mass gate on “’S. The y-ray spectrum corresponding
to a gate set around *'S in the mass spectrum of Fig. 1 has two
very weak photopeaks at energies of 449 and 638 keV. The
449 keV y-ray transition was previously identified by Ibbotson
et al. [25].
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FIG. 1. (Color online) Mass spectrum for sulfur (Z = 16) iso-
topes populated in this article. See text for details.

In the Doppler-corrected one-dimensional y-ray spectrum
from the deexcitation of excited states of #°S, presented
in Fig. 2(a), photopeaks at energies of 904, 1352, and
1572 keV are clearly visible; the uncertainty in y -ray energy is
approximately 1 keV. The photopeaks at energies of 904 and
1352 keV correspond to the previously observed 2+ — 0% and
(47) — 27 transitions [15-17], respectively. To illustrate the
population characteristics of binary grazing reactions, the y -
ray spectrum corresponding to the deexcitation of states in %S,
also populated in this work, is presented in Fig. 3. Transitions
within the known 38S yrast decay sequence of 1292, 1533,
and 849 keV, corresponding to the 2t — 01, 4t — 2%, and
(67) — 47 y-ray transitions [26-28], respectively, correspond
to the most intense photopeaks observed in the spectrum of
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FIG. 2. Doppler-corrected partial y-ray spectra corresponding to
gates set in regions a to ¢ of the mass spectrum of Fig. 1. (top)
Spectrum corresponds to region a of the mass spectrum and shows
y-ray transitions within the *’S yrast decay sequence. (bottom)
Spectrum dominated by yrast transitions in 3°S. (middle) Spectrum
corresponds to a gate set between the mass 39 and 40 peaks of Fig. 1.
See text for details.
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FIG. 3. (Color online) The partial y-ray spectrum from the decay
of excited states of *S populated in this article. Peaks labeled
“C” correspond to the decay of targetlike fragments. The spectrum
illustrates the population of yrast states in binary grazing reactions.

Fig. 3. In the spectrum of Fig. 2, the photopeak at an energy
of 1572 keV corresponds to a y-ray transition previously
unknown in the decay sequence of *’S. On the basis of
the population characteristics of binary grazing reactions,
together with a consideration of relative transition intensities,
the 1572 keV y-ray photopeak is tentatively assigned to the
yrast (67) — (4*) transition of 4°S.

The midshell 12S»4 nucleus has four neutrons outside the
N = 20 major shell occupying the 1 f7,, orbital, leading to
states with J”* values of 07, 2%, 47, 67, and 8T. For these
u(1 f7)2)* yrast states, we would expect, in a simple shell-
model picture, protons to fill the 1ds,, and 251, single-particle
states. To obtain a more informed microscopic description of
the present experimental results, we have performed large-
scale Ohw sd-pf shell-model calculations for *°S using the
ANTOINE code [29,30]. The new SDPF-U effective interaction
[31] was employed. In the first calculation, an sd-pf model
space was used, in which protons are allowed to move within
the full sd shell and the four extra-core neutrons are free to
occupy full pf orbitals, the normal configuration space for
the SDPF-U interaction. In such a calculation, only positive-
parity states can be obtained, of course. In the following
discussion, we refer to this calculation as SM1. A comparison
of the experimental yrast level energies and the published
experimental B(E2) value [12] with the results of the Ohw sd-pf
shell-model calculation is presented in Fig. 4 and Table I. Only
the first three states of each J” value are presented in Fig. 4.
The calculation is able to reproduce the experimental data
in a satisfactory way. Table II presents the main components
(>10%) of the shell-model wave functions of the 4°S yrast
states. From Table II it can be seen that the occupation of
the 1dz/, orbital by protons in the states considered here
is significant, accounting for between 20% and 40% of the
wave function. The occupation of the 1f5,, and 2p orbitals
by neutrons accounts for, typically, less than 10% of the wave
function.

To investigate the influence of the occupation of the
1ds/, orbital by protons and the occupation of the 1f5,,
and 2p orbitals by neutrons, we have performed two further
calculations, identical to the SM1 calculation, but in which
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TABLE I. Comparison of level energies from this article and
B(E?2) values taken from Ref. [12] with the results of shell-model
calculations for the *°S nucleus. See text for details.
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TABLE II. Main components of the wave functions of the yrast
states of “°S from the SM1, SM2, and SM3 shell-model calculations.
See text for details.

I E.(keV)

Exp. SM1 SM2 SM3
or 0 0 0 0
2+ 904 942 1138 1355
4+ 2256 2173 2199 2265
6T 3828 3651 3105 3160
> T B(E2; J; — Jy) (2 fm*)

Exp. SM1 SM2 SM3
2t — 0ot 66.8 7.2 78 60 13
4+ 5 2% 93 58 12
6t — 4% 77 59 6

these orbitals were blocked. In the first of these calculations,
SM2, neutrons were confined to the 1f7,, shell and protons
were free to occupy the full sd shell. In the second calculation,
SM3, protons were confined to the 1ds,, and 2s;/, orbitals,
and neutrons were free to move within the full pf shell. A
comparison of the experimental yrast level energies and the
published experimental B(E?2) value [12] with the results of
the two additional shell-model calculations is also presented
in Fig. 4 and Table L. In the calculation of B(E?2) values,
effective charges of 0.5e for neutrons and 1.5e for protons were
used. The calculation SM1, as we expect, provides the best
overall comparison with the experimental yrast energies and
the B(E?2) value. A comparison of the results of calculations
SM1 and SM2 with experiment highlights the important
role that neutron excitations into the 1f5,, and 2p orbitals
play, especially in reproducing level energies, although the
amplitudes of such configurations in the calculation SM1 are,
as we have noted earlier, smaller than 10% (see Table II). The
poorest agreement with experiment, particularly in relation to
the B(E2;2] — Og_SA) value, corresponds to the calculation
SM3, in which protons are confined to the 1ds;, and 2sy,,
shell-model orbitals. It may therefore be concluded that
within the model space employed here, the wave functions
of the yrast states have important proton m(2s; /2)1(1513/2)1
and (2s; /2)0(1d3 /2)2 components, which, taken together,
account for about 20%-40% of the wave function (see
Table II).

The level lifetime of the first 2* state deduced from the
SM1 shell-model B(E?2) value, and using the experimental
value of the 2] — 07 transition energy, is 17.3 ps, which
is comparable to the experimental value of 21.1 & 3.4 ps
[12,32]. The level lifetimes deduced from the SM1 shell-
model calculations for the 4% and 6" states are 1.9 and
1.1 ps, respectively. The lifetimes are consistent with the
nonobservation of the 47 — 2+ and 67 — 4% yrast transitions
in earlier thick-target experiments [26-28] in which *’S was
populated in deep-inelastic collision processes. The slowing-
down time of projectile-like nuclear species in the thick target
is of the order of 1 ps.

JT E, Main components Percentage
(keV) of wave function (=10%)

SM1
o+ 0 7T(2$1/2)2 ® U(1f7/2)4 18
7 (1d3)* @ v(l f10)* 22
2* 942 7 (2s12) (1d32)' ® v f70)* 16
7 (1d3)* @ v(l f10)* 18
4+ 2173 7 (2512)* @ v(l f10)* 11
7 (2s512)' (1d32)' @ v(1 f70)* 15
n(1ds2)* @ v(l fr0)* 19
6" 3651 7 (2512)* @ v(l f10)* 16
7 (2s512)' (1d32)' @ (1 f52)* 16
(1ds2)* @ vl fr0)* 22

SM2
ot 0 7T (251/2)> 30
7T(25|/2)'(1d3/2)1 13
n(ldsp)? 33
2+ 1138 (2510) 19
7T(251/2)'(1d3/2)1 26
w(1ds)n)? 32
4+ 2199 7T(2S1/2)2 22
7r(2s1/2)1(1d3/2)1 24
w(1ds)0)? 33
6" 3105 7T (251)* 26
7r(2s1/2)1(1d3/2)1 21
w(1ds))? 31

SM3
0" 0 u(l f1)* 70
vl f12)*2p3p)’ 15
2+ 1355 (A fr2)" 62
vl f12)*2p3p)! 18
4+ 2265 u(1 fr0)* 65
v(1 f12)’2p3p)' 24
6" 3160 u(l f10)* 85

We now discuss the structure of *°S within the context of
the evolving structure of the isotopes of the neutron-rich sulfur
isotopes. With increasing neutron number, between N = 22
and 28, the energy spacing of the proton 2s{,, and 1ds;,
orbitals decreases and the 3/2% and 1/2% states eventually
cross over. The first experimental observation of the 25y 2-1d3»
inversion was made by Bjerregaard ef al. [33] in 1967; in
this work, states of “’K were populated in the proton pickup
reaction (¢, «). From more recent studies of proton pickup
reactions on the even-A isotopes of calcium, the evolution of
the d3 > and s/, proton-hole states in the potassium isotopes
has been established for 20 < N < 28 [34,35]. The monopole
component of the tensor interaction between neutrons in the
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FIG. 4. Comparison of the present experimental level scheme for “°S with the previous experimental results [12,13,15-17,19,20] and the
results of large-scale Ohiw sd-pf shell-model calculations. Only yrast states are shown for calculations SM2 and SM3. See text for details. The
arrow widths of the y transitions in the *’S level scheme from this article are proportional to the measured relative y-ray intensities.

1 f7/2 shell and protons in the 1d3,, shell is responsible for the
increase in binding of protons in the 1ds/, orbit as neutrons
fill the 1f7/> shell. For the isotopes of potassium, the total
monopole shift between 1d3,, and 2s; /> proton binding is about
350 keV per 1 f7, neutron [36]. This behavior has also been
observed in the phosphorus [37] and chlorine [38] isotopes,
but here the behavior of the energy splitting as a function of
neutron number is different, in detail, from that for the isotopes
of potassium. The significance of the near-degeneracy of the
7(1d52) and 7w (25, 2) orbitals with increasing neutron number
is that this results in a deformation-driving force related to the
pseudo-SU(3) symmetry of the two orbits [39]. This is the
underlying reason for the onset of deformation in neutron-rich

sulfur isotopes with increasing neutron number [12,40]. In
addition, as neutrons are added to the 1 f7/, shell, there will be
atendency for the nucleus to acquire a quadrupole deformation
to remove the degeneracy of the 1 f7,, orbit; this is the nuclear
analog of the Jahn-Teller effect [41,42]. The quadrupole
deformation in the neutron-rich isotopes of sulfur reaches a
maximum at *>S [13] and N = 28 **S has an appreciable value
of B, the quadrupole deformation parameter.

The evolving structure of the sulfur isotopes for 22 < N <
28 is now discussed within the context of the shell model
in which the new effective interaction for Ohw calculations
in the sd-pf valence space is used. Figure 5 presents the
first 2* energies and B(E2;2] — 0y ) values for the even-A
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FIG. 5. (Color online) The systematics of experimental 2] en-
ergies and B(E2;2 — 07) values in even-A sulfur isotopes for
neutron numbers in the range 22 < N < 28.

isotopes of sulfur for neutron numbers in the range 22-28.
The first 2% energies of 385 40425 and *S were taken
from Refs. [12,13,43], respectively. The B(E2;2] — 02.5.)
values for 3840428 and **S were taken from Refs. [12,13],
respectively. The 2| energies reach a minimum and the
B(E2;2fr — Ogs') values a maximum at N = 26. For the
N = 28 isotope, #S, the B(E2;2] — 0 ) value is a factor
3.3 larger and the 2 energy, 1297 keV, is significantly smaller
than for the N = 20 closed-shell nucleus, 3°S. The available
evidence suggests that the N = 28 shell gap at Z = 16 is
somewhat quenched. The shell-model calculation provides
good overall agreement with the experimental 2/ energies and
the experimental B(E2;2] — 04 ) values (see Fig. 5). The
wave functions presented in Table III illustrate the importance

TABLE 1II. Total percentage of m(2s12)'(1ds2)! and
7(2512)°(1d32)* components in the wave functions of the
07, and 2] states of the even-A sulfur isotopes for neutron numbers
in the range 22 < N < 28. Only configurations involving proton
excitations from the 25y, to the 1d3, orbitals are included.

S Jr T(2s12)' (1d312)" (%) 7(2512)(1d312)* (%)
¥ 0p 1 15
2 28 17
ws o op, 20 31
2t 27 29
2s o op, 19 36
2f 25 31
“s o op, 9 39
2f 18 30
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FIG. 6. (Color online) Systematics of the E(4")/E(2") and
E(6%)/E(2") ratios for sulfur isotopes with neutron numbers from
N =22 to 28. The E(6%)/E(2") datum point for N = 24 is based
on this work.

of the 7 (2s1/2)'(1d32)" and 7(2s1/2)°(1d52)* configurations
in the description of the 07 and 2 states of the even-A
neutron-rich isotopes of sulfur. With the exception of the
ground state of 3Bg, proton excitations into the 1ds/, orbital
account for approximately 50% of the wave function of the
0f; and first 2* states.

The experimental R4/2 = E(4T)/EQ2") ratios for the
even-A sulfur isotopes with neutron numbers in the range of
22 < N < 26 are presented in Fig. 6. For 388 and 4028, the
data were taken from Ref. [43] and Refs. [15—17], respectively.
For the heaviest sulfur isotope for which such data are
available, #>S, the ratio is within 10% of that corresponding
to a rigid rotor. A quadrupole deformation parameter, §,, of
magnitude 0.300(24) was obtained for *>S by Scheit ez al. [12]
from the measurement of B(E2;0;, — 21). The available
R6/2 = E(61)/E(2") ratios for the even-A sulfur isotopes
are also presented in Fig. 6. The energy of the J* = (6™) state
of 38 was taken from Ref. [26], and for 4°S, the value comes
from this work. As may be seen from Fig. 6, there is good
overall agreement between experiment and the results of the
shell-model calculations. There is currently no experimental
information about the location of the yrast 4% and 6" states
of 8. In the shell-model calculations performed here (SM1),
these states are predicted at excitation energies of 2575 and
4728 keV, respectively.

IV. CONCLUSIONS

The yrast decay sequence of *’S has been observed for
the first time up to the (61) state. The experimental yrast
level energies and B(E2) value are in excellent agreement
with the results of Ohw full sd-pf model-space shell-model
calculations using the ANTOINE code with the SDPF-U inter-
action. The calculations also show that 7(2sy/2)' (1d32)" and
(25 /2)0(1(13/2)2 configurations play an important role in a
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description of the observed yrast states and B(E?2) values not
only for “°S but also for the even-A isotopes of sulfur with
22 < N < 28. The available E(41)/E(21) and E(61)/E(Q2T)
ratios for the even-A sulfur isotopes are also well reproduced
by the current shell-model calculations.
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