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Lifetime measurements of states of *°S, 3¢S, 3’S, and S using the AGATA
y-ray tracking spectrometer
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Lifetimes or lifetime limits of a small number of excited states of the sulfur isotopes with mass numbers
A = 35, 36, 37, and 38 have been measured using the differential recoil-distance method. The isotopes of sulfur
were populated in binary grazing reactions initiated by a beam of 3°S ions of energy 225 MeV incident on
a thin 2%Pb target which was mounted in the Cologne plunger apparatus. The combination of the PRISMA
magnetic spectrometer and an early implementation of the AGATA y-ray tracking array was used to detect y rays
in coincidence with projectile-like nuclear species. Lifetime measurements of populated states were measured
within the range from about 1 to 100 ps. The number of states for which lifetime measurements or lifetime limits
were possible was limited by statistics. For 338, the lifetime was determined for the first 1/2% state at 1572 keV;
the result is compared with a previous published lifetime value. The lifetime of the 3~ state of *°S at 4193 keV
was determined and compared with earlier measurements. No previous lifetime information exists for the (61)
state at 6690 keV; a lifetime measurement with large associated error was made in the present work. For 3’S, the
states for which lifetime limits were established were those at 646 keV with J* = 3/2~ and at 2776 keV with
J™ = 11/27; there are no previously published lifetime values for excited states of 3’S. Finally, a lifetime limit
was established for the J™ = (6™) state of 38g at 3675 keV; no lifetime information exists for this state in the
literature. Measured lifetime values were compared with the results of state-of-the-art shell-model calculations
based on the PSDPF, SDPF-U, and FSU effective interactions. In addition, nuclear magnetic-dipole and electric-
quadrupole moments, branching ratios, mixing ratios, and electromagnetic transition rates, where available, have
been compared with shell-model values. The current work suffers from poor statistics; nevertheless, lifetime
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values and limits have been possible, allowing a useful discussion of the ability of state-of-the-art shell-model

calculations to reproduce the experimental results.

DOI: 10.1103/PhysRevC.106.024314

I. INTRODUCTION

The present paper is concerned with the measurement of
lifetimes of excited states of nuclei in the sd shell near the
N = 20 shell closure using the differential recoil distance
method [1,2]. The nuclei of interest were populated in binary
grazing reactions initiated by the interaction of 225-MeV S
ions with a thin target of 2*®Pb. The nuclear species observed
in the reaction have previously been studied in an experiment
carried out at the INFN Legnaro National Laboratory, Italy,
using the same beam-target combination at a beam energy
of 215 MeV, the energy of the *°S ions at the center of the
208pb target in the present experiment. In the earlier work, the
combination of PRISMA [3,4], a large solid angle magnetic
spectrometer to identify the projectile-like nuclear species,
and CLARA [5], an array of escape-suppressed Ge y-ray
detectors to measure the y-ray decay of the populated levels,
was used. In relation to the isotopes of sulfur, the previous
published works from the experiment have involved studies
of the isotopes *’S [6], S [7], *°S [8], and *'S [9]. In
addition, the level structures of other populated isotopes of
sulfur were investigated [10]. The earlier studies were mainly
concerned with the role of negative-parity intruder orbitals in
the structure of neutron-rich nuclei on the periphery of the
island of inversion, which is centered on 32Mg, and on the
description of such nuclei using state-of-the-art shell-model
calculations [11].

The spectroscopy and electromagnetic decay properties of
the isotopes of sulfur have been the subject of many stud-
ies over recent years. The results reveal a rich tapestry of
nuclear structure phenomena. While the work reported here
is concerned with moderately neutron-rich isotopes which
are difficult to reach with the more conventional fusion-
evaporation reactions using stable projectiles, such reactions
have been employed in investigations of the lighter iso-
topes of sulfur. A study of the more neutron-rich sulfur
isotopes is inevitably more challenging experimentally; in
this case, intermediate energy Coulomb-excitation of beams
of radioactive nuclei produced in fragmentation reactions
has been used in measurements of B(E2; OJr — 21), from
which conclusions in relation to quadmpole collect1v1ty can
be made. Excitation energies and B(E2;0] os. — 27%) values
for the lowest J* = 2% states in neutron-rich 34042g from
intermediate energy Coulomb-excitation measurements have
provided the first evidence of moderate quadrupole deforma-
tion [ = 0.31(9)] at the major magic neutron number N =
28 [12,13]. The observed collectivity in **S can be reproduced
with the relativistic mean field (RMF) calculations of Werner
et al. [14], which predict large static quadrupole deformations
for 4043 A similar collapse of the N = 28 shell closure has
been observed in **Si [15]. Shape coexistence often becomes
manifest in regions of shape change; in #*S, evidence has been
found of prolate-spherical shape coexistence [16]. In this case,
the monopole strength of an 05 isomeric state at an excitation

energy of 1365(1) keV is very small [p?(EQ; 03 — 0f) =
8.7(7)x1073], which indicates a weak mixing between the
prolate 0] ground state and the spherical 05 isomeric state.
To date, A“S is the heaviest sulfur isotope for which electro-
magnetic decay rates of excited states have been measured.
For the moderately neutron-rich sulfur isotopes, such as those
populated in the present work, the more detailed spectro-
scopic information available allows tests of state-of-the-art
shell-model calculations and, in particular, the role of intruder
states. One such example relates to the excitation energy of the
yrast 6 state of 3°S. Shell-model calculations involving the
sd shell predict an excitation energy of the state of 15.3 MeV,
about 8.6 MeV above the experimentally observed value of
6.69 MeV [17], which is a strong indication of the importance
the promotion of pairs of nucleons across the shell gap to
form 2p-2h configurations. Indeed, shell-model calculations
which include the fp shell are able to reproduce both the
excitation energy of the yrast 67 state and the negative-parity
yrast states [17]. For the stable and neutron deficient isotopes
of sulfur, high spin states can more readily be populated using
conventional fusion evaporation reactions. For example, states
of S have recently been studied to spin (21/2/) through
the use of the 2Mg('80, 2a1n) S reaction; in this case the
physics interest centered around a comparison of the exper-
imental level scheme with that predicted in state-of-the-art
large-scale shell-model calculations using the SDPF_ MSD4
interaction [18]. Similarly, high-spin states and lifetimes in
338 have been studied using the >*Mg('*N, ap) reaction [19]
and the results interpreted using shell-model calculations in
the sd-fp space. On a completely different physics topic,
the fundamental property of isospin symmetry of the nuclear
interaction has been studied in the high-spin spectroscopy
of the neutron-deficient 3'S nucleus and its mirror nucleus
3Tp [20-22].

Here, we extend the study of the nuclear structure of a few
of the previously studied sd p f-shell sulfur nuclei through the
measurement of nuclear lifetimes and comparison is made
with the results of state-of-the art shell-model calculations
based on the PSDPF [23], SDPF-U [24], and FSU [25,26]
effective interactions, also presented here. Shell-model cal-
culations of the electromagnetic transition probabilities of
excited states strongly depend on and are sensitive to the
details of the wave functions of the two states involved in
the transition. The assumed configuration space used in such
calculations, the shell-model interaction, and the effective
nucleon charges also have a direct effect on the calculated
values. In the sd region, the neutron rich nuclei with N ~
20 are spectacular examples of coexistence between spheri-
cal and deformed configurations and present excellent tests
of the ability of state-of-the-art shell-model calculations to
reproduce the experimental observables, namely excitation
energies, J™ values, electromagnetic decay properties, and
nuclear static moments.
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Binary grazing and deep-inelastic reactions have been used
extensively over the last few decades to study the structure
of neutron-rich nuclei over a wide range of nuclear masses.
The coupling of large solid-angle magnetic spectrometers to
arrays of escape-suppressed Ge detectors in studies of
this type (see, e.g., Refs. [27-30]) has represented a very
significant experimental advance in relation to earlier tech-
niques which exploited large arrays of escape-suppressed
Ge y-ray detectors but no particle identification (see, e.g.,
Refs. [31-33]).

In the present work, the relatively poor statistics have
prevented lifetime measurements for the neutron rich sulfur
isotopes studied previously. Lifetime measurements here have
been possible for sulfur isotopes with mass numbers near that
of the 3°S projectile. Since 3°S has a closed neutron shell, it is
expected that the neighboring isotopes, differing from 3°S by
a few neutrons, will be well described by the shell model, both
in terms of the level structure and the electromagnetic decay
properties of low-lying excited states.

The isotopes of sulfur for which lifetimes, or lifetime
limits, have been established are *°S, 3°S, 37S, and 3*S with
neutron numbers N = 19, 20, 21, and 22, respectively. Life-
time measurements from the same experiment for the isotopes
of phosphorus with mass numbers A = 33, 34, 35, and 36
have been published [34], while those for the isotopes of
Si with A = 32, 33, and 34 will be the subject of a future
presentation [35].

II. EXPERIMENT

Yrast and near-yrast states of the final sulfur nuclei were
populated using binary grazing reactions produced in the in-
teraction of a 225-MeV (6 MeV /u) beam of 3°S°" jons of
average current 1 pnA, delivered by the Tandem-ALPI ac-
celerator complex at the INFN Legnaro National Laboratory,
Italy, with a thin 2%®Pb target. The stretched Pb target of
thickness 1 mg cm~2, and isotopically enriched to 99.7% in
208pp, was deposited onto a 1 mg cm~2 Nb backing foil and
mounted onto the Cologne differential plunger [1,2], with the
niobium backing facing the incident beam. The beam energy
at the center of the Pb target is 215 MeV, the same energy
as that which was used in the earlier experiment, to which
reference has been made above. The degrader foil, used in
the differential plunger apparatus to reduce the velocity of
projectile-like nuclei after they leave the Pb target, consisted
of a 3 mg cm™2 Nb foil mounted at a short distance down-
stream from the target. The distance between the Pb target and
degrader foil was adjusted and controlled by a piezoelectric
feedback system developed at the University of Cologne [36].
As the recoiling projectile-like nucleus moves through the
plunger towards the entrance to the PRISMA magnetic spec-
trometer, the probability of y-ray emission before or after
passage through the degrader foil depends on the distance
between target and degrader foils, the effective lifetime of the
decaying state, and the velocity of the emitting nucleus. If the
lifetime is comparable to the flight time of the nucleus be-
tween the Pb target and degrader, two photopeak components
are observed in the y-ray energy spectrum for each y-ray
transition, corresponding to the different Doppler shifts asso-

ciated with recoil velocities before and after passage through
the degrader. The velocity vector of sulfur ions after passage
through the degrader foil is determined from the reconstruc-
tion of their flight path through the PRISMA spectrometer
(see later); the velocity before passage through the degrader
foil was calculated from a knowledge of the energy loss in
the degrader foil. For the exit channel corresponding to one
proton transfer (P as the final nucleus), for example, the
v/c values of the recoiling nucleus before and after passage
through the degrader foil are 10.0% and 9.4%, respectively.
With the present experimental setup, lifetime measurements
from about 1 ps to about 100 ps are possible.

The plunger device was placed in the reaction chamber
of PRISMA [3,4] with its axis at 14° with respect to the
PRISMA optical axis. Projectile-like fragments, produced in
binary grazing reactions, pass through the degrader foil and
into the PRISMA magnetic spectrometer where they are de-
tected and identified. PRISMA was positioned at 56° with
respect to the beam axis, covering a range of angles including
the grazing angle of the reaction. 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 [37] placed at
25 cm from the target. Following the passage of each ion
through the magnetic elements, the coordinates of the trajec-
tory and time information are measured again at the focal
plane of the spectrometer using a ten-element 100-cm-long
multiwire parallel-plate avalanche counter (MWPPAC) [38].
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 10x4 element ionization
chamber (IC) used for energy loss AE and total energy E
measurements [37,38]. For each ion detected in PRISMA,
the above measurements enable a determination of the atomic
number Z, the mass number A, the ion charge state, and the
time of flight, thereby allowing an unambiguous identifica-
tion of each detected projectile-like nucleus. PRISMA has a
solid angle of 80 msr, a momentum acceptance of £10%,
and a mass resolution of 1/300 via time-of-flight measure-
ments. 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, essential for lifetime measurements by
the differential recoil-distance technique, which relies on an
accurate knowledge of the velocity of the projectile-like nu-
cleus and the distance between target and degrader foils.

The associated deexcitation y rays emitted by the recoiling
nuclei were detected by the AGATA Demonstrator array [39].
This new state-of-the-art germanium detector array was, at
the time of the present experiment, composed of five triple
cluster modules positioned at a distance of 18 cm from the
reaction target and covering backward angles from 135° to
175°. The corresponding simulated full-absorption efficiency
for y rays of energy 1 MeV is about 7%. Digitized signal
pulses from the 36-fold segmented germanium crystals were
compared with a data base of simulated detector responses
using a pulse-shape analysis algorithm [40] to determine the
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loci of y-ray interactions in the detector crystals. The re-
sulting position resolution is better than 5 mm FWHM. The
application of a y-ray tracking algorithm [41] resulted in
the energies of individual y rays. Energies and interaction
positions of y rays were stored in list mode with a time stamp,
which permitted a correlation to be established between y-
ray events and the associated projectile-like reaction products
identified at the focal plane of PRISMA. To produce y-ray
spectra, a precise Doppler-shift correction was applied on an
event-by-event basis using the measured recoil velocity vector
after the degrader; this results in Gaussian-shape photopeaks
unaffected by the velocity profile of the sulfur recoil ions.
Doppler correction of y-ray energies corresponding to decay
between target and degrader is less precise and this leads to
an increase in the width of the corresponding photopeak. To
reduce the counting rate from 2°*Pb x rays, a lead absorber of
thickness 2 mm was placed between AGATA and the reaction
chamber. In total, five different distances of 7, 20, 35, 65,
and 120 um between the target and the degrader foils of the
Cologne differential plunger were used during the experiment.
The experiment ran for 9 days, with between 1 and 2 days
of data accumulated for each distance. The data-acquisition
trigger was provided by timing signals from the large area
multiwire parallel plate avalanche counter at the focal plane
of PRISMA. Gamma-ray singles events were measured; the
low statistics of the experiment prevented the accumulation of
y-y coincidence data. A relative photopeak efficiency calibra-
tion for the AGATA array was carried out using radioactive
sources of *Eu and '**Ba. Uncertainties in y-ray energies
are approximately +1 keV.

In summary, lifetime measurements using the recoil-
distance method have exploited the powerful combination of a
large acceptance magnetic spectrometer, PRISMA, and a high
efficiency y-ray tracking array, AGATA, which results in good
reaction channel selection and precise Doppler correction of
y-ray energy spectra.

III. RESULTS AND DISCUSSION

In the present experiment, a wide range of nuclear species,
from Mg (Z = 12) to Ca (Z = 20), was identified at the focal
plane of PRISMA. Here, we focus on a discussion of those
isotopes of sulfur for which reaction yields were sufficiently
large for the measurement of nuclear lifetimes to be made
using the present experimental setup.

A. The isotopes of sulphur

The mass spectrum of Fig. 1 shows that the sulfur isotopes
with mass numbers 35 < A < 38 were successfully populated
in the present work. As expected, the largest yield corresponds
to 3°S as the final nucleus. The measured mass resolution is
1/140. A mass gate of suitable location and width was used
to produce a one-dimensional y-ray spectrum corresponding
to the particular isotope of interest. Experimental results for
the isotopes of sulfur for which lifetimes, or lifetime lim-
its, have been established here will be presented together
with the results of state-of-the-art shell-model calculations
of the electromagnetic decay properties of the nuclear states

1000 36g
/'\ '_
mo 800 C
o— -
— 600
é 400 —
o 200 F
o C
0 C ! I I

32 34 36 38 40
mass, A

FIG. 1. Mass spectrum of the sulfur isotopes produced in the
present work.

involved. Where previous lifetimes have been reported, they
will be compared with the results of the present work. In
those cases for which the accuracy of the published lifetime
value is significantly better than that from the present experi-
ment, the results of the current work, including the results of
shell-model calculations, will nevertheless be presented in the
interests of completeness.

The (0 + 1)Aw states in the sulfur isotopes with A = 35
and 36 are described here with the PSDPF interaction [23].
This shell-model calculation has a “He core and uses the full
p-sd-pf model space; it is built on existing interactions for the
major shells with adjustments of the cross-shell parameters.
The positive-parity states are essentially obtained using the
USDB Hamiltonian, developed by Brown and Richter [42],
which is included in the PSDPF interaction. Excitation of one
nucleon is allowed across a major shell, from the sd shell to
the pf shell in the present case. For the two-particle two-hole
states of %S, and in particular the (6]) state first identified by
Liang et al. [17], the recently developed FSU interaction [25]
has been used. For the isotopes of sulfur with A = 37 and 38,
large scale Ofiw shell-model calculations were also performed
using the NATHAN code [11,43,44] but with the SDPF-U effec-
tive interaction [24]. In this case, protons are restricted to the
sd shell and neutrons are confined to the full pf shell-model
space outside an inert 20 core. In the calculation of E2 and
E3 electromagnetic transition probabilities, effective charges
of ecir(p) = 1.36¢ and eesr(n) = 0.45¢ were used while, for
the calculation of B(M1) and B(M?2) transition probabilities,
the effective spin and orbital g factors of g = —3.55, gﬁfef =

vs T

—0.09, g = 5.150, and g = 1.159 were adopted [45].

s

B. Lifetimes in *°S

33 is a semimagic nucleus with a closed shell of 20 neu-
trons. Consequently, low-lying positive-parity states of 3§
with J® = 1/2%,3/2%, and 5/27" are expected to have wave
functions with a large component corresponding to a neu-
tron hole in the sd-shell. Unfortunately, direct single-neutron
pickup reactions on 3°S have, to date, not been reported in
the literature and thus the neutron single-hole characteristics
of states of 33§ remain unexplored experimentally. The y-ray
spectrum measured in coincidence with 33§ ions detected and
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FIG. 2. Gamma-ray singles spectrum measured in coincidence
with 33§ ions detected at the focal plane of the PRISMA spectrome-
ter. The photopeaks labeled with a triangle and star correspond to y
rays from the associated target-like 282 Pb isotopes, respectively.

identified at the focal plane of the PRISMA spectrometer is
shown in Fig. 2. All the labeled y-ray peaks were identified
in the previous experiment, carried out at the INFN Legnaro
National Laboratory [10]. The level scheme from that study,
which is consistent with that of the Nuclear Data Sheets
evaluation [46], is shown in Fig. 3. In the more recent work of
Aydin et al. [47], definite spin assignments of 7/2%,9/2~, and
11/27 have been made for the states at excitation energies of
3593, 3818, and 4023 keV, respectively. Dominating the y -ray
spectrum of Fig. 2 is the 1572-keV y-ray photopeak, which
corresponds to the deexcitation of the first excited 1/2% state
to the 3/2% ground state.

The ground state of 33§ has a J* value of 3/2% and,
in a simple single-particle shell-model picture, corresponds
to a neutron hole in the 1ds/; shell. The first-excited state
at 1572 keV has a J™ value of 1/2% and corresponds to a
neutron hole in the 25y, orbital, whereas the 5/ 2% hole state
is probably that at an excitation energy of 2717 keV. The
known negative-parity states, such as that with J* =7/2~
at an excitation energy of 1991 keV, probably correspond to
one-particle two-hole states, in which the unpaired neutron
populates the fp shell. In the present work, a measurement
has been made of the lifetime of the 1/2% first-excited state.

4023 (9/27,11/27)
3818J(9/27,11/27)

(1/2 to 7/2)*3593 3558(3/27,5/2)
5/2+ / \
VI \\
! \ 2032
1211 \
5/2% 2717 ¢ ; ) (1567) 1827
370 .
372723477 (1986)
V19914 $7/2°
1.02(5) ns
15724 1/2%
2347
1991

1572 /
ol ¥32F

FIG. 3. The level scheme for 3°S observed in the earlier
368 4 298ph experiment [10].

C. Lifetime of the J* = 1/2, state of S at 1572 keV

As discussed earlier, in a simple shell-model picture, the
wave functions of the ground state and first excited 1/2% state
of 33§ are 7 (1ds;2)%(2s512)* ® v(1ds/2)®(2s1,2)*(1d32)* and
n(1d5/2)6(2s1/2) ® v(1d5/2)6(2s1/2)1(1d3/2)4, respectively.

On this basis, the 1/2% — 3/2% transition is a mixed
M1-E?2 transition, where the M1 component is Al “for-
bidden” [48] and corresponds to the transition v(2si/) —
U(1d3 /2).

The lifetime of the 1/2% state has previously been mea-
sured by Warburton et al. [49] in the early 1970s using the
Doppler-shift attenuation method (DSAM); the nucleus of
interest was formed using the 2H(**S, p) S reaction. The
authors used three different target backing materials, Mg,
Al, and Cu, as the stopping media for the *°S y-decaying
nuclei. Three different lifetime values were obtained, namely
2.8(4) ps, 3.8(6) ps, and >3.0 ps, respectively, corresponding
to the three different slowing-down media. The mean lifetime
is 3.3(5) ps.

Note that, in the present case, the first-excited state is
not fed significantly from the populated higher-lying states.
For the lifetime measurements presented here, a “Q gate” is
applied in order to minimize the effect of feeding of the states
of interest from higher lying states, while preserving the direct
feeding of the state. Unless conditions are applied to the ex-
perimental data, unobserved side-feeding transitions will also
contribute to the measured lifetimes of the states discussed
here. To minimize the effects of both direct and side-feeding,
an energy condition was applied to the PRISMA focal-plane
Q value, generated from the measurement of ejectile energy.
The effect of changes to the upper and lower limits of the
Q gate on the y-ray intensity ratio (see below) used in the
determination of the lifetime of the state was also investigated
in order to confirm that, with an appropriate choice of gate,
feeding of the state from higher lying states is negligible. The
robustness of the method was validated by reproducing known
lifetimes. If nondirect feeding of the states studied here were
an issue, lifetime determinations would tend to be larger than
the accepted values. As will be seen, this is certainly not the
case. The lifetime comparisons presented later show that, of
the five cases considered, four of the lifetime values based
on the present analysis methods are indeed smaller than the
accepted published values (although in agreement within ex-
perimental errors). This procedure will henceforth be referred
to as corresponding to the application of a “Q gate.”

In the present case, the incorrectly Doppler-shifted
1423-keV y-ray transition (15/2~ — 9/2%) from the binary
partner nucleus 2*Pb lies in this energy region of the y-ray
spectrum and this photopeak was also removed through the
application of the Q gate. Figure 4 shows the Doppler cor-
rected y-ray spectrum with and without the 2°’Pb contaminant
y-ray photopeak removed and Fig. 5 shows a section of the
Doppler-corrected y-ray spectra associated with the 1/27 —
3/2% transition in *°S, at target-degrader distances of 20, 35,
65, and 120 um. Gaussian fits for the two components of the
photopeak are also presented, with appropriate background
subtraction. The resultant decay curve corresponding to the
1/2t — 3/2% transition is given in Fig. 6; the measured
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FIG. 4. A section of a measured **S y-ray spectrum which
shows the 1423-keV *®Pb contaminant y-ray photopeak (in red),
and the same spectrum (in blue) with the photopeak removed through
the application of a Q gate. This spectrum is a sum of spectra
corresponding to all five target to degrader distances.

lifetime value is = 3.3(2) ps, which is in excellent agree-
ment with the mean lifetime value obtained in the previous
work of Warburton et al. [49] [3.3(5) ps], which is also the
value quoted in the most recent Nuclear Data Sheets eval-
uation [46]. In Fig. 6, I, is the intensity of y rays emitted
from recoiling 3°S nuclei during their passage from target
to degrader, while I; is the intensity of y rays emitted after
the recoiling nuclei have passed through the degrader foil.
In this, and in all subsequent decay curves presented here,
the natural logarithm of the ratio I;/(I; + I;) is shown as a
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FIG. 5. Section of the measured y-ray spectra for target-degrader
distances of 20, 35, 65, and 120 um, which shows the two compo-
nents of the 1572-keV photopeak corresponding to the 1/2% to 3/2%
(ground state) transition in *3S. The black curve corresponds to a fit
to the data (Gaussian peaks plus linear background). Background-
subtracted photopeaks are shown in green (corresponding to y-ray
emission between the target and absorber) and in blue (corresponding
to y-ray emission after the decaying nucleus has passed through the
degrader foil).
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FIG. 6. The decay curve corresponding to the 1/2% — 3/2%
transition in 33S. See text for details.

function of the target to degrader distance. For all lifetime
measurements here, and in other published lifetimes using the
same experimental setup [29,34,50,51], the quoted error in the
measured lifetime is dominated by the statistical uncertainty
in the slope of the decay curve. Other contributions to the
experimental uncertainty in lifetime are small by comparison;
the precision of target-foil separation setting, with the piezo-
electric feedback system used here, is around 0.1 um [2],
and the uncertainty in recoil velocity is less than 1% [39].
In a determination of the uncertainty in the lifetime, these
uncertainties are combined with the statistical uncertainty in
the slope of the measured decay curve. In the present and in
earlier work using the same experimental setup [29,34], the
areas of y-ray photopeaks have been determined by fitting
Gaussian shapes to the data; there is no evidence to suggest
that this results in significant systematic errors in the determi-
nation of peak areas. Any small-percentage systematic error,
to a good approximation the same for each peak, would have
a very small effect on the y-ray intensity ratios used in the
determination of the decay curve. As noted above, the good
agreement with previous independent lifetime measurements
also confirms the robustness of the present method used in
the determination of lifetimes. In particular, in addition to
the above lifetime measurement of the J* = 1/2," state of
353, excellent agreement has also been obtained in measure-
ments of the lifetimes of the first excited 2 state of **P
(1.5 £ 0.5 ps [34] compared with the previously accepted
value of 1.9%0% ps [52]) and of the 1/2* state of *°S at 1572
keV [3.3(2) ps compared with the adopted value of 3.3(5) ps
[46]]. Similarly, the measured lifetime of the 3~ state of 3°S
at 4193 keV, 0.84(24) ps, is in very good agreement with the
most recent published value of 0.9(1) ps [53]. In addition, the
measured lifetime of the first 27 state of *2Si at an excitation
energy of 4193 keV, namely 0.44(11) ps [35], is in excellent
agreement with the measurement of Guillaume et al. [54],
0.48(7) ps. Thus, five lifetime measurements based on data
from the same experiment are in excellent agreement with pre-
viously published values, and this provides strong validation
of the analysis methods used here.

The shell-model excitation energy of the first excited
J* =1/2% excited state is 1.739 MeV which agrees
well with the experimental value of 1.572 MeV. The
component in the wave function of the state with the
configuration n(1d5/2)6(2s1/2)2(1d3/2)0 ® v(1d5/2)6(2s1/2)1
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(1ds /2)4 corresponds to 44% of the total wave function.
The other contributions of significance are m(lds) )6
(2s12)' (Ad32)' @ v(1ds)2)0(2512)*(1d32)° (18%) and 7
(1ds/2)°(2512)°(1d32)* @ v(1ds/2)°(2512) (1d3 )" (14%).
The 1/27 state is therefore not such a pure hole state as
the ground state, for which the wave-function component
7 (1ds)2)®(2s512)*(1d32)° @ v(1ds)2)0(251/2)*(1d32)* accou-
nts for 77% of the total wave function. The shell-model value
of lifetime, based on the PSDPF interaction, is 0.55 ps, which
differs from the experimental value by a factor of about six.

The shell-model value of B(E2; 1/2T — 3/2%)
is35.2 ¢*fm* (5.2 W.u.) while the B(M1;1/2T — 3/2%)
value is 0.0204 u? (1.14x1072 W.u.). As noted earlier, the
B(M1) transition is Al forbidden and this is reflected in the
small shell-model value of B(M1). The shell-model mixing
ratio [82 = A(E2)/A(M1)], for which there is currently no
experimental measurement, is | § |= 0.55. However, it is
noted here that the multipolarity of the 1572-keV transition
has been assigned as M1 by Aydin et al. [47] on the basis
of an angular distribution ratio measurement, although no
mixing ratios were extracted for the observed transitions in
35

S.

Although the M1 transition is Al forbidden, the total
shell-model width of the 1/2F state (I' = 1.21x1073 eV) is
dominated by the M1 component of the electromagnetic tran-
sition, for which the partial width is 0.93x 1073 eV. It would
therefore appear that the discrepancy between experimental
and shell-model lifetimes can be attributed to problems in the
calculation of M1 transition rates. A similar issue was noted
in a recent publication on the lifetimes in the isotopes of phos-
phorus [34]. In that work, there is evidence that shell-model
values of M1 transition rates for the 3/2;r — 1/2] (ground
state) and 5/2] — 3/2] transitions in 33p underestimate the
experimental values by a factor of between 5 and 10. The
two-body matrix elements which involve both 1ds,, and 1d3,
orbitals are relatively poorly defined in the USDB interaction
and this may contribute to the observed differences between
experiment and shell model in the phosphorus case. Note that,
in contrast with the 3P case [34], here the shell-model value
of M 1 transition probability is large in relation to experimental
observation. It is therefore also expected that the above shell-
model value of mixing ratio will not be in agreement with
the measured mixing ratio. In this respect, a measurement of
the mixing ratio would provide useful additional information
on the M1 transition rate. The 3°S ground-state quadrupole
moment (Q) and nuclear magnetic-dipole moment have been
measured. The shell-model values of Q = 5.28 ¢ fm? and . =
0.95 nm are in very good agreement with the experimental
values of Q = 4.71(9)e fm? [55] and = +1.00(4) nm [56].

D. Lifetimes in 3§

The y-ray spectrum for 3¢S is shown in Fig. 7. All of
the y-ray peaks have been observed and identified in the
previous PRISMA-CLARA experiment [10]. Figure 8 shows
the level scheme of 3°S from the earlier work [10]. The level
scheme is in agreement with that of the 2012 Nuclear Data
Sheets evaluation of Nica et al. [57], with the exception of the
1182-keV (61) — (4T) transition observed by Wang [10,58].

3000

2000
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counts

1 1
2000 3000

Ey (keV)

0 1
0 1000

FIG. 7. Gamma-ray singles spectrum measured in coincidence
with 3°S ions detected at the focal plane of the PRISMA spec-
trometer. The photopeaks labeled with a circle, square, and triangle
correspond to y rays from the associated target-like 2°%-207-208pp
isotopes, respectively.

39 is a stable nucleus with a closed shell of neutrons
and four proton holes in the sd shell in its ground state.
From a simple shell-model perspective, the ground state
of 3°S, with Z =16 and N =20, has the configuration
7 (1ds2)%(2s512)* ® v(1ds)2)®(2s512)*(1d3)0)*.

The significant energy gap between the m(2s;2) and
7 (lds ) orbitals [59], together with a large N = 20 shell
gap, leads to *°S having characteristics of a doubly magic
nucleus; the first excited 2% state is at an unusually high
excitation energy of 3291 keV. Higher-lying positive-parity
states involve the rearrangement of the eight sd-shell protons
while negative-parity states involve neutron excitations into
the pf shell.

365 has been extensively studied experimentally, see
Ref. [57] and references therein. Using the two-neutron trans-
fer reaction, 3*S(t, py)>°S, Olness et al. [60] identified the
first two excited states of *°S at 3291 and 4193 keV, with

(6%) 6690
1182

1484 5831 37

(4%) 5500/ 5573 17
5 055251 3~
4] uis 5020 1256
1316 1638
2t 4575 10L8227 1058
2218\3%%193/ 1960 2285
1284
\ 902
2§ 3291
3291
ot 0

FIG. 8. The level scheme for 3°S observed in the earlier
3G 4 208pb experiment [10].
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J™ assignments of 2t and 37, respectively. The levels at
5020 and 5205 keV were assigned J”™ values of 4~ and 57,
respectively, by Hogenbirk er al. [61]. A transition of en-
ergy 1484 keV was observed for the first time in a study
by Liang et al. [17] and the y-decaying state at 6690 keV
was assigned a J* value of (67). The first 2+ state of 36§
at an excitation energy of 3291 keV is strongly populated
in the present work, see Fig. 7. Its lifetime [110(30) fs] has
been measured by Samworth and Olness, again using the
343(¢, py ) 3°S reaction; a Doppler centroid shift method was
used [62]. Using the Coulomb excitation of a °S beam in
inverse kinematics, Speidel et al. [53] measured the lifetime
[120(10) fs] using the Doppler-shift attenuation method. The
g factor of the 2% state, g = +1.3(5), was also determined
for the first time using the transient field technique [53]. The
evaluation of Nica et al. [57] gives the lifetime of the state
as 120(10) fs. The lifetime is too short for a measurement
with the present experimental setup. The 3291-keV photo-
peak is fully Doppler shifted in all y-ray spectra in the
present work, which is consistent with the measured lifetime.
The corresponding experimental B(E2;2" — 07) value is
17.6(15) &2 fm* [2.49(21) W.u.], in reasonable agreement with
the shell-model value of 3.14 W.u. The shell-model excitation
energy (3335 keV) and lifetime (93 fs), based on calculations
carried out as part of the present work using the PSDPF
interaction, are in good agreement with experiment, as is the
shell-model value of the g factor, +1.28. The calculation of g
factor was made using the bare nucleon g factors. The domi-
nant component (90%) in the wave function of the 2% state is
7 (1ds;)°(2s512) (1d32)" @ v(1ds2)0(2s1,2)*(1d3)0)*.

In the present work, lifetimes have been measured for the
first J™ = 3~ state and the first (6™) state.

E. Lifetime of the J™ = 3, state of 3°S at 4193 keV

In the measurement of the lifetime of the 3~ state, it is
necessary to consider the direct feeding contributions from
the 4= (827-keV transition), 5~ (1012-keV transition), and
3,7 (1058-keV transition) states in addition to the unobserved
side feeding. In relation to the intensity of the 902-keV 37 —
ZT transition, the y-ray intensities of the 827-, 1012-, and
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FIG. 9. Section of the 3°S y-ray energy spectrum with and with-
out Q conditions set to remove feeding from higher-lying states and
from unobserved side-feeding states.
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FIG. 10. Section of the measured y-ray spectra for target-
degrader distances of 7, 20, 35, and 120 wm which shows the two
components of the photopeak corresponding to the 902-keV 3| —
2] transition in *$. See also caption to Fig. 5.

1058-keV transitions are 28.0(8)%, 2.6(5)%, and 1.9(5)%,
respectively. Figure 9 shows a section of the y-ray energy
spectrum with and without the setting of a Q gate. The
spectrum in blue corresponds to no Q-gate condition; the
feeding transitions at energies of 827 and 1012 keV can be
seen together with the two components of the photopeak
corresponding to the 902-keV transition. The y-ray energy
spectrum in red corresponds to the application of a Q-gate
condition; it may be seen that the feeding transitions are
reduced in intensity in relation to the photopeak of interest.
As noted earlier, in this and in other cases of lifetime measure-
ments where a Q-gate condition was applied, it was checked
that the y-ray intensity ratio, I;/(I; + I ), does not exhibit any
significant dependence on the detailed choice of limits for the
0 gate.

Figure 10 presents a section of the measured y-ray spectra
for target-degrader distances of 7, 20, 35, and 120 um and
shows the 902-keV photopeak corresponding to the transition
3] — 2{; Gaussian fits with a linear background subtraction
are shown for the two components of the photopeak. The

05
= 0.2 36S
& 04l 3—2t
+ o6 902 keV
O r
= 08
S~ L
S 10p
c 12
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FIG. 11. Decay curve for the *°S 37 — 2| transition. See text
for details.
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TABLE L. Experimental and shell-model values of excitation energies and lifetimes of states in **S. Adopted lifetimes for the 2* and 3}
states are from the Nuclear Data Sheets evaluation of Nica ef al. [57] and are based on the measurements of Speidel et al. [53]. See text for

details.

E (expt.) E (SM) T (present) T (adopted) T (SM)
J* (keV) (keV) ps ps ps
2+ 3291 3335 <1 0.12(1) 0.093
3 4193 4293 0.84(24) 0.9(1) 0.25
61) 6690 7188 5.4(26) 4.3

corresponding decay curve is presented in Fig. 11; the resul-
tant lifetime is 7 = 0.84(24) ps.

Speidel et al. [53] have made the most recent published
measurement of the lifetime of the 3] state (0.9(1) ps) using
the Doppler-shift attenuation method in the inverse kinematics
Coulomb excitation of 3°S; this value is in excellent agreement
with that from the present work [0.84(24) ps]. The results
of shell-model calculations based on the PSDPF interaction
reproduce the energy of the 4193-keV 3| state very well
(4293 keV); the shell-model lifetime of 0.25 ps is not in par-
ticularly good agreement with experiment but is nevertheless
of the same order of magnitude as the experimental value.
Table I presents a summary of the experimental and shell-
model energies and lifetimes of the three states of interest
here, namely, the first 2 state, the first 3] state, and the yrast
(6%) state of 3°S, and Table II presents the experimental and
shell-model values of the electromagnetic decay properties of
the three states of interest in 3°S.

The shell-model wave function of the 3] state has
two main components. These correspond to the configu-
rations 7 (1ds2)®(2s1/2)*(1d3/2)° (1 f7/2)° ® v(1ds)2)0(2s12)>
(1d32)*(A f22)" (31%) and 7 (1ds/2)°(2s12)" (1d32) (1 f72)"
® \1(1d5/2)6(25‘1/2)2(1d3/2)4(1f7/2)0 (19%). The 3; state de-
cays to the 2]L state by an E'1 or M2 transition; the shell model
reduced transition probabilities are B(E1) = 0.0034 ¢ fm?
(0.0049 W.u.) and B(M2) = 6.6u3, fm? (0.37 W.u.). The
shell-model mixing ratio [§7 = A(M2)/A(E1)] is |6 |=
3.7 1073; the transition is therefore, as expected, dominated by
E1 radiation. An experimental mixing ratio [§ = 40.03(3)]
has been measured by Olness et al. [60] (see also Ref. [57])
using the (e, py) two-neutron transfer reaction, in agree-
ment with the shell-model value; the transition is therefore
essentially pure E1 in nature. The corresponding experimen-

tal B(E1;3~ — 2%) value is 0.00135(15) W.u. [57]. It is
noted here that shell-model values of B(E'1) using the PSDPF
interaction are normally small compared with experimental
values [63]; this is not the case here for the decay of the 37
state.

The decay branch to the 0" ground state by an E3 transi-
tion has not been observed experimentally. The shell-model
branching ratio is 1, (37 — 0%)/1,(37 — 2{) = 0.0041, and
this is consistent with the nonobservation of the 3] — 0t
transition in this or in earlier work; see Ref. [57] and ref-
erences therein. It is noted here that the shell-model value
of B(E3;3] — 0") is large, namely, 77.0 2 fm® (15.9 W.u.)
and this is consistent with an E3 transition corresponding
to the unpaired proton making the Aj = A¢ = 3 transition
w(1f72) = w(2s1)2).

F. Lifetime of the J™ = (6] ) excited state of 3°S at 6690 keV

The 1484-keV y-ray photopeak, corresponding to the
(6]) — 5; transition, has two components in the S y-ray
spectrum. Although there is no observed feeding to this state
from higher-lying states, a Q gate has nevertheless been em-
ployed in order to produce y-ray spectra which correspond
to a more selective population of the (6]) state. Figure 12
presents a section of the measured y-ray spectra for target-
degrader distances of 7, 35, and 120 um. The statistics for the
y-ray photopeak corresponding to the (6]) — 5 transition
are very poor; nonetheless, a clear evolution of the relative in-
tensities of the two components of the photopeak can be seen
with changing target-degrader distance. Figure 13 presents
the decay curve for the (6?) state; the resultant lifetime of
T =5.4(26) ps has a large associated statistical error. The
value of lifetime based on the 120 um data, with the

TABLE II. Experimental and shell-model values of electromagnetic decay properties of states in *°S. The experimental B(E2;2* — 07)
value is based on the measurement of lifetime by Speidel ez al. [53]. The mixing ratio for the 37 — 2 transition is based on the work of
Olness et al. [60]. The B(E1;3] — 2*) value has been taken from Ref. [57] and is based on the lifetime measurement of Speidel et al. [53].
The branching ratio of the (67) state is from Refs. [10,58]. All other electromagnetic transition probabilities for the (67) state are from the
present work.

E  E;J7 BR(expt) BR(SM) B(E1) (expt.) B(E1)(SM) B(E2) (expt.) B(E2)(SM) B(M2)(SM)
J (keV)  (keV) (%) (%) 8 (expt) [8](SM) (W) (W.u.) (W) (W) (W.u.)
2+ 3291 0,0F 100 100 2.49(21) 3.14
37 4193 0,0° 0 0.4

3291, 2+ 100 99.6  +0.03(3) 3.71073 0.00135(15)  0.0049 0.37
(6%) 6690 52055~ 35(7) 19 1.78(90) 1075 1.20 105

5509, (4+)  65(13) 81 6.0(36) 9.4

024314-9



L. GROCUTT et al.

PHYSICAL REVIEW C 106, 024314 (2022)

6" T ] 6 T B 10 T
> 7 pum 35 um g 120 um
> ] ]
hY
~ 4 4 6
z 4 i
g 2 200 N | J‘A

T | n 1] O

3 1! CTT 2oy h

0 0 / 0 I I

1400 1450 1500 15501400

1450

1500 15501400 1450 1500 1550

EY (keV)

FIG. 12. Section of the measured y-ray spectra for target-degrader distances of 7, 35, and 120 um which shows the two components of
the 1484-keV photopeak corresponding to the (6]) — 5} transition in 3.

photopeak areas measured by integration with linear back-
ground subtraction, is 5.1(30) ps; this provides additional
confidence in the value of the lifetime given here.

To make a comparison between experiment and shell
model for the properties of the 6] state, it is necessary to
include configurations which correspond to the promotion of
two nucleons across the shell gap into the pf shell, since the
wave function of the state has very significant two particle-two
hole components in its wave function. However, the PSDPF
interaction allows the promotion of only one nucleon from the
sd-shell into the fp shell. Thus, the Strasbourg shell-model
code based on the PSDPF interaction is unable to perform
the necessary calculation of excitation energy and electromag-
netic decay properties for the 6 state of 3°S.

Using the recently developed FSU interaction [25,26], the
spectrum of 6% states of S with both Op-Oh and 2p-2h
configurations has been calculated with an '°Q core. The
calculated states are unmixed, since no fits were made to
Op-Oh or 2p-2h states to develop the interaction. Therefore,
for the 2p-2h states, the valence space is sdf p; two particles
are promoted from the sd to the fp shell. Excitation energies
and orbit occupations for the Op-Oh and 2p-2h yrast 67 state
are presented in Table III. The very significant discrepancy
between the experimental excitation energy of 6.090 MeV and
the excitation energy corresponding to the Op-Oh shell-model
calculation serves to emphasize the crucial role played by the
occupation of the fp shell in the structure of the 6T state.

(67)— 5"
1484 keV

In[Id/(Id + It)]

0 40 80

120
distance (um)

FIG. 13. The decay curve corresponding to the (67) — 5] tran-
sition in *S. See text for details.

The shell-model calculation based on a 2p-2h configuration
is able to reproduce the experimental excitation energy very
well (7.188 MeV compared with 6.690 MeV). From Table 11T
it may be seen that, in the 61 state, two neutrons occupy
the 1f7/, orbital to a good approximation and that there is
a redistribution of protons within the sd shell, with a very
insignificant occupation of the f p shell.

In the earlier experiment carried out at the INFN Legnaro
Laboratory, to which reference was made above, a y-ray
photopeak of energy 1182 keV was identified [10,58] in the
y-ray spectrum corresponding to the identification of 3°S ions
at the focal plane of PRISMA. The tentative placement to
the (67) — (4™) transition (see Fig. 8) was based solely
on energy considerations. The 1182-keV photopeak is not
observed in the present work. In the earlier work [10,58],
the quality of the y-ray spectrum near 1200 keV, where
there are several close-lying photopeaks, is considerably bet-
ter than is the case here. From the measured lifetime of the
(61) state, T = 5.4(26) ps, and the measured branching ra-
tio, I, ((67) — (41))/L,((61) — 57) = 1.84(55) [10,58], it
is possible to calculate the electromagnetic decay proper-
ties of the (6) state, which, it is assumed, decays to the
(4*) state by a pure E2 transition and to the 5~ state by a
pure E1 transition. The resulting values are B(E1;(67) —
57) =1.25(65)x 107 ¢*fm? [1.78(90)x 107> W.u.] and
B(E2;(67) — (41)) = 42(25) &> fm* [6.0(36) W.u.]. The
electromagnetic decay properties of the 67 state were also
calculated. As has been noted in the earlier work on the
isotopes of phosphorus [34], the calculation of E1 tran-
sition rates in this region of the nuclear chart presents
challenges. The shell-model values are B(E1;67 — 57) =
0.84x1075 €% fm? (1.20x107° W.u.) and B(E2; 67 — 41) =
67 > fm* (9.43 W.u.). The corresponding lifetime of the 67
state is 4.3 ps, which agrees reasonably well with the ex-
perimental value of 5.4(26) ps, see Table I. Note that, in the
shell-model calculations, the lifetime of the 67 state depends
mainly on the E?2 transition probability. The shell-model value
of branching ratio, I, (67 — 4%)/L,(67 — 57) = 4.30, is in
poor agreement with the experimental value, 1.84(55), see
Table II. Here, it is again worth emphasizing that the current
proposed decay modes of the (6) state require to be con-
firmed by further measurement.
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TABLE III. Shell-model values of excitation energy and orbit occupations for the yrast 6 state of *S. The FSU interaction was used in

the calculations.

Op-Oh calculation

2p-2h calculation

Excitation energy Neutron Proton Excitation energy Neutron Proton
Orbit MeV) occupation occupation (MeV) occupation occupation
lds 16.085 6.00 3.98 7.188 5.78 5.51
1ds), 4.00 2.02 2.62 1.18
2512 2.00 2.00 1.63 1.29
1fip 0.00 0.00 1.82 0.02
1fsp 0.00 0.00 0.06 0.00
1psp 0.00 0.00 0.10 0.00
1piy 0.00 0.00 0.00 0.00

Finally, it is noted that, based on the average strength of
the E1 isovector transition in the A = 36 mass region [64],
Liang ef al. [17] proposed that the (6) state would have a
lifetime of 1.1 ps; the measured lifetime is of the same order
of magnitude.

G. Lifetimes in 'S

In the present work, lifetime limits have been established
for two states in 37§, namely, the first-excited state at 646 keV
with J* = 3/27 and the (11/27) state at 2776 keV. These two
states were strongly populated in the earlier work of Chapman
et al. [6] which, as previously noted, used the same beam and
target combination.

From the simplest perspective of the nuclear shell model,
the 37S21 ground state has four proton holes in the sd shell
and one neutron in the 1f7/, orbital outside the N = 20 shell
closure and has a J* value of 7/2~. Excited states of 3’S
correspond to the rearrangement of protons within the sd shell
and to promotion of the odd-neutron across the N = 28 shell
gap to the higher-lying 2p3/», 2pi,2, and 1f5,, shell-model
orbitals. In addition, the coupling of the odd 1f7,, neutron to
states of the 3°S core gives rise to multiplets of states. The
lowest-lying core state of S, the first J* = 27 state, lies at
an excitation energy of 3291 keV; consequently, core-excited
states of *7§ are expected to be observed at around this energy,
with J™ values of 3/27, 5/27, 7/27, 9/27, and 11/2. %S
is thus a good nucleus within which to study n-p cross-shell
interactions and single-particle states around the N = 20 shell
closure.

The first-excited state of 3’S at 646 keV was identified
by Ajzenberg-Selove and Igo [65] using the 3’Cl(¢, *He) %S
charge-exchange reaction. This state was assigned a J” value
of 3/2~ by Thorn et al. [66] from proton angular distribution
measurements in the 3°S(d, p)3’S one-neutron transfer reac-
tion, in which states with excitation energy up to 5.72 MeV
(J* = 5/27) were observed; spectroscopic factors were mea-
sured for most states. In the 30S(d, p)3’S reaction [66], the
ground state is populated in / = 3 neutron transfer with a
spectroscopic strength of (2j + 1)S = 6.2 and this is con-
sistent, within the normal uncertainties associated with a
distorted-wave Born approximation (DWBA) analysis, with
a description of the 3§ ground state in terms of a 3°S ground-
state core and the unpaired neutron occupying the 1 f7/, orbital

outside the core. Similarly, most of the 2p3,, neutron-transfer
strength, (2j + 1)S = 2.6, is located in the 646-keV J™ =
3/2~ first-excited state. The results of shell-model calcula-
tions [6] indicate that about 20% of the wave function of the
first excited J* = 3/27 state corresponds to the coupling of a
1 f7,2 neutron to the first excited J* = 27 state of the 3°S core,
and this component cannot, of course, be populated in a direct
one-neutron transfer process. The relatively strong population
of the non-yrast 646-keV J* = 3/2 first-excited state in the
present work is consistent with single-neutron transfer playing
an important role.

The strong 2776-keV transition has previously been as-
signed to the decay of the 2776-keV excited state to
the ground state [6]. There is no previous credible evi-
dence for its population in a direct single-neutron transfer
reaction and its strong population here suggests that it
is yrast; a tentative J” value of (11/2;) has been as-
signed, based on the population characteristics of binary
grazing reactions and on comparison with the results of
shell-model calculations [6]. With this proposed assign-
ment, decay to the ground state takes place through an
E?2 transition. The shell-model 11/27 yrast state lies at an
excitation energy of 2678 keV, in reasonably good agree-
ment with the experimental value of the proposed (11/2)
state at 2776 keV. The wave function of the state is domi-
nated (76%) by the configuration 7 (1ds;2)%(2s1,2) (1d52)' ®
v(1ds;2)®(2s12)*(1ds2)* (1 f12)".

In this configuration, protons coupled to a J”™ value
of 2% are aligned with the total angular momentum of
the odd 1f;, neutron. Of course, there is more than
one core configuration with an angular momentum of
2+, For example, the first 2+ state of 3°S has, as the
dominant configuration (90%), 71(1415/2)6(2s1/2)1(ld3/2)l ®
v(1ds/2)%(2s12)*(1d32)*, while the dominant configuration
(93%) of the second 2T state, at a measured excita-
tion energy of 4575 keV, is JT(1d5/2)6(2S1/2)0(1d3/2)2 ®
v(lds;» Y0 (2s; 2 V2 (1d; 2 )*. It would therefore seem reasonable
to describe the 11/27 state in terms of an unpaired neutron in
the 1f;, orbital coupled to the first 2+ state of the *°S core.

The state at 2776 keV has previously been populated in
the *’Cl(¢, *He) *’S charge-exchange transfer reaction [65]; it
would seem likely that population occurs through the pickup
of a 251, proton from the el ground state and the transfer of
aneutron to the empty 17/, shell. The observed population in
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FIG. 14. Gamma-ray singles energy spectrum observed in coin-
cidence with 3’S ions detected at the focal plane of the PRISMA
spectrometer. The photopeaks labeled with a circle and asterisk cor-
respond to y rays from the associated target-like 227 Pb isotopes,
respectively.

the (¢, *He) reaction provides additional evidence in support
of the proposed assignment.

The y-ray spectrum measured in coincidence with 37§ ions
detected and identified at the focal plane of the PRISMA spec-
trometer is shown in Fig. 14. All the labeled y-ray peaks were
identified in the previous experiment, referred to above [6].
The spectrum is dominated by y rays corresponding to the
decay of the first-excited state at 646 keV. The 2776-keV
photopeak, corresponding to the transition from the (11/2)
excited state at 2776 keV to the ground state can also be seen.
The level scheme from the previous study [6] is shown in
Fig. 15.

H. Lifetime of the J* = 3/2~ 646-keV first-excited state of 'S

For the 3/27 — 7/27 transition, only the component cor-
responding to y-ray emission after passage of the excited
recoiling 37S ions through the degrader foil is seen in the
y-ray spectrum of Fig. 16, which corresponds to the sum of
all spectra measured at the five target to degrader distances. It
can therefore be concluded that the lifetime of the 3/27 state
exceeds the maximum lifetime range corresponding to the

751 992
\ 3/2° ]l

4196, ... 13/2%)
1420
3605| (7/2,9/2)
3/22 3262 42 (/2
. B
(9/2)7 3120y /5 3,57 29783605 3341 (7/2,9/2)
1/2° 2638 (3442 4(25)
2332
3120 375" 992 023 (7/2)"
2616
+ 1992
(3/2)" 1397 134 776, 1377
E% / /

7/2'

FIG. 15. The level scheme for 3’S based on the earlier

368 4 208pp experiment [6].
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FIG. 16. A section of the 3’S y-ray spectrum showing the 646-
keV y-ray photopeak. The spectrum corresponds to a sum of spectra
measured at all target-degrader distances. Only one component of the
photopeak is observed: that corresponding to y-ray emission after the
degrader foil.

present plunger setup, namely in excess of 100 ps. Figure 17
presents a graph of the calculated percentage of y rays emitted
from recoils before passage through the degrader foil as a
function of target to degrader distance for lifetimes in the
range from 1 to 100 ps. The longest lifetime that can be mea-
sured with the current setup is around 100 ps. The lifetime of
the 3/2; state has recently been measured by Wang et al. [67]
using a B-y delayed coincidence technique. The current life-
time limit of T > 100 ps is consistent with the published value
of 193(14) ps. Shell-model calculations based on the SDPF-U
interaction give a lifetime of 180 ps for the 3/27 state, in
excellent agreement with the experimental value. The shell-
model value of B(E2;3/2~ — 7/27), namely, 20.0 ¢ fm*
(5.38 W.u.), is also in excellent agreement with the experi-
mental value of 18.8(4) €% fm* [5.13(11) W.u.] [67], of course.
Thus, a Ohw sd-pf shell-model calculation in which the full
sd (pf) valence space was used for protons (neutrons) above

n %0 core is very successful in its description of the first
3/2~ state of 37§ and its electromagnetic decay properties. It
follows that the suggested mixing [67] of the 7/2~ ground
state and the 3/27 first-excited state with intruder 3/2~ and
7/27 states at excitation energies of 1992 and 2023 keV,
respectively, (which are not described within the configura-
tion space of the present shell-model calculation [6]) is not

8 100 r Lifetime:

E 5 r — 1ps

§ T 8or e

> W F —— 15ps

E E 60 :7 50 ps

G = C — 100

5= 40fF =

g & r

2 20

o

E O ye—— PR S S N
0 50 100 150 200 250

target-degrader distance (p m)

FIG. 17. Results of the calculation of the percent of y rays
emitted before passage through the degrader foil for target-degrader
distances up to 250 um. Calculations have been performed for life-
times in the range from 1 to 100 ps.
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FIG. 18. Section of a y-ray spectrum for 3’S which shows the
2776-keV photopeak and corresponding to a sum of all spectra mea-
sured at the five different target-to-degrader distances.

necessary for a good shell-model description of the excitation
energy (624 keV) and, in particular, the electromagnetic decay
properties of the first 3/27 state.

1. Lifetime of the J* = (11/27) state of *’S at 2776 keV

For the 2776-keV y-ray photopeak, corresponding to the
(11/27) — 7/27 (ground state) transition, only the compo-
nent corresponding to y rays emitted before the degrader is
observed, see Fig. 18. The figure corresponds to a sum of
all spectra measured at the five target to degrader distances.
On this basis, the lifetime of the state is estimated as <1 ps.
Shell-model calculations, based on the SDPF-U interaction,
give a lifetime of 7 = 0.15 ps, consistent with the measured
experimental limit, and a B(E2;11/27 — 7/27) value of
33.0 €% fm* (4.5 Wu). In relation to the earlier discussion of
the shell-model configuration of the 11/2~ state, it is noted
here that the measured lifetime of the 2* core state of °S
is 120(10) fs [53,57], and this is consistent with the present
lifetime limit of the (11/27) state. The corresponding shell-
model lifetime values are 93 fs for the 27 state and 150 fs for
the 11/27 state.

J. Lifetimes in 3§

The ground state of S has, in a simple shell-model pic-
ture, two neutrons occupying the 1f7/, orbital, outside an
inert *°S core. Figure 19 presents the decay scheme of %S,
based on the earlier PRISMA-CLARA experiment [10] and
Fig. 20 shows the y-ray spectrum measured in the present
work and corresponding to a sum of spectra measured at all
target-degrader distances. The spectrum is dominated by the
1292-, 1534-, and 849-keV photopeaks corresponding to the
deexcitation of the yrast 2%, 41, and (6™) states, respectively.
Here, a limit will be established for the lifetime of the (6;’)
state.

An evaluation of the literature for A = 38 nuclides has
recently been published by Chen [68]. In relation to the yrast
states with J7 = 2%, 4%, and (6") observed in the present
work, there is agreement with earlier published studies of
39 [8,32]. While the energy of the (67) — 4% transition
from the present work [849(1) keV] and the work of Wang
et al. [8] is in agreement with that of Fornal et al. [32] (849

4436 (4T,5%)
2818

438
3999 (3%,4%)
675 36163 *3

849
2t 28 2806 4t § 2826
2324,
1514 1534 /

316 (1,2,3)

3517

2 1292

1292
0+ 0

FIG. 19. A partial level scheme for S based on the earlier
308 4 28pb experiment [10,58].

keV), it is in disagreement, within experimental errors, with
that quoted by Lunderberg et al. [69] [833(5) keV]. How-
ever, the position and shape of the 833-keV photopeak in
the work of Lunderberg et al. is consistent with the emission
of a 849-keV y ray from a state that has a mean lifetime
T between 100 and 200 ps. Nevertheless, the evaluation of
Chen [68] places the yrast (67) state at an excitation en-
ergy of 3658(6) keV, based on the 833-keV photopeak; the
available evidence strongly suggests that this is incorrect. A
state at excitation energy 3690(17) keV was observed in the
365(¢, p) *8s two-neutron transfer reaction [70] with an orbital
angular-momentum transfer of L =5 or 6 (J™ =5~ or 67),
and this is also consistent with the proposed 6™ spin and parity
assignment. In relation to the non-yrast states observed in
the earlier PRISMA-CLARA experiment [10], the 3516- and
4436-keV states are included in the evaluation of Chen [68]
with J7 values of (1, 2%) and (4™) respectively; the 3616- and
3999-keV states have not, on the other hand, been reported
in the literature. The y-ray transitions of energy 383 and 438
keV are included in the evaluation of Chen [68], but unplaced.

800 F %
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FIG. 20. Gamma-ray singles spectrum measured in coincidence
with 38S ions detected at the focal plane of the PRISMA spectrome-
ter. The photopeaks labeled with an asterisk and a circle correspond
to y rays from the associated target-like nuclei, namely, 2°°Pb and
207pb isotopes, respectively.
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FIG. 21. A section of the S y-ray spectrum showing the 849-
keV y-ray photopeak. The spectrum corresponds to a sum of spectra
measured at all target-degrader distances. Only one component of the
photopeak is observed: that corresponding to y-ray emission after the
degrader foil.

The lifetime of the 21+ state, based on a measurement of
B(E2;0% — 2%) [235(30) €* fm*] [71,72], is 4.8(6) ps. For
the 4 state, a lifetime limit of T > 0.20 ps was established by
Olness et al. [73] using the Doppler-shift attenuation method;
states of 38S were populated using the 30S(¢, p) reaction. To
date, a direct measurement of the lifetime of the 3675-keV
J™ = (6) state has not been made although, as noted above,
its value has previously been estimated as lying between 100
and 200 ps.

The 3675-keV J™ = (61) state is relatively strongly pop-
ulated in the present work, as would be expected for a yrast
state. For the 849-keV photopeak, corresponding to the (6™)
— 47 transition, only the component corresponding to y-ray
emission after the degrader is observed, see Fig. 21. It can
therefore be concluded that the lifetime exceeds that which
is measurable using the current recoil-distance experimental
setup, namely, =100 ps. The lower limit to the lifetime is in
agreement with the estimate by Lunderberg et al. [69] made on
the basis of GEANT simulations of y-ray emission from a 3§
reaction residue moving with v/c = 0.35. As a consequence
of the long lifetime, a measurement of the lifetimes of the
2] and 4] states would require removal of feeding from
the (6]) state by the application of an appropriate Q gate.
Unfortunately, in this particular case, this did not prove to be
possible.

From a simple shell-model perspective, the structure of
the 0T, 2%, 4%, and 6" states can be described assuming
the configuration m(2s; /2)2 ® vl f7/2)2, in which the two
1 f7/2 neutrons couple to the required spins. As expected, the
energy corresponding to the (67) — 47 transition is reduced
in relation to those of the two lower transitions [74]. The
results of shell-model calculations based on the SDPF-U in-
teraction show that the wave functions of the positive-parity
states are mixed. The predominant component in the wave
function is indeed 7 (25, /2)2 ® v(lfs /2)2, and this contributes
54%, 37%, 40%, and 58% to the total wave function of
the 07, 2%, 4%, and 6% states, respectively. The shell-model
lifetimes of the 2%, 4%, and 6% states are 6.36, 2.89, and
64 ps, respectively, which are in relatively good agreement
with the published lifetimes and lifetime limits from earlier

TABLE IV. Experimental and shell-model values of excitation
energy and lifetime of excited states of 3®S. The quoted published
lifetime for the 27 state is based on a measurement of B(E2;0" —
27) [71,72], while that for the 4™ state comes from Olness et al. [73].

E (expt.) E (SM) t (present) 7 (previous) 1 (SM)
JT (keV) (keV) (ps) (ps) (ps)
2F 1292 1349 4.8(6) 6.36
4+ 2826 2426 >0.2 2.89
6" 3675 3164 >100 64

published work [71-73] and from the present work. The corre-
sponding transition rates are B(E2;27 — 0%) = 34.9 ¢? fm*
(4.60 W.u.), B(E2; 4t — 2%) = 32.5 ¢* fm* (4.29 W.u.), and
B(E2;67 — 4%) =29.0 ¢*fm* (3.82 W.u.). Table IV sum-
marizes the experimental and shell-model values of excitation
energy and lifetime for the 27, 4%, and 67 states of 33S.

Finally, the shell-model value of the g factor of the 2 state,
—0.15, is in reasonable agreement with the experimental value
40.13(5) [75,76], when consideration is given to the extreme
sensitivity to configuration mixing and the near cancellation
of proton and neutron contributions [75,76]. Here, the g factor
has been evaluated using the bare nucleon g factors.

IV. CONCLUSIONS

Lifetimes and lifetime limits of excited states of the sulfur
isotopes 3%:36:37:38g populated in binary grazing reactions were
measured using the differential recoil distance method. The
statistics of the y-ray spectra corresponding to the five differ-
ent target-to-degrader distances are poor and consequently the
experimental uncertainties in the measured lifetimes are large.
The robustness of the data analysis methodology adopted here
is confirmed by the ability to reproduce known lifetimes both
in the present work and in the closely related work of Grocutt
et al. [34,35]. The measured lifetime of the first excited J* =
1/27* state of 33 is not particularly well reproduced in calcu-
lations which use the PSDPF interaction; it has been suggested
here that this can be attributed to problems in the calculation
of M1 transition rates, an effect which has previously been
noted, see Ref. [34] and references therein. In °S, the first
negative-parity state at 4193 keV with J” = 37 decays to the
first excited 27" state by an almost pure E1 transition. Values
of E'1 transition rates calculated using the PSDPF interaction
are normally small compared with experimental values [63];
however, this is not the case here. The shell-model B(E1)
value is about a factor of four larger than the experimental
value. Shell-model calculations within an sd-shell configu-
ration space fail spectacularly to reproduce the experimental
excitation energy of the yrast (6) state of %S, which is a
strong indication of the importance the promotion of pairs of
nucleons across the shell gap to form 2p-2h configurations.
The data available here for a lifetime measurement have very
poor statistics, which results in a large statistical error on the
lifetime value. For the 6T state, calculations based on the FSU
interaction are able to reproduce the experimental excitation
energy to within about 500 keV, whereas sd-shell calculations
result in an excitation energy approximately 9 MeV too large.
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In relation to the electromagnetic decay properties of the 67
state, shell-model calculations based on the FSU interaction
are able to reproduce the lifetime reasonably well; however,
the branching ratio of the state, for which there is only a
tentative experimental measurement, is poorly reproduced in
the shell-model calculations. Further experimental measure-
ments of the properties of the yrast 67 state would be very
helpful. For the first excited 3/2~ and yrast (11/27) states of
379 at excitation energies of 646 and 2776 keV, respectively,
lifetime limits have been established for the first time, which
are in agreement with the results of shell-model calculations
which employed the SDPF-U interaction. Finally, for B®g a
lower limit to the lifetime of the (6%) yrast state has been
established which, while of the correct order of magnitude
as the shell-model value, is nevertheless larger. Unobserved
feeding from higher-lying excited states may be responsible
for the difference; a measurement with significantly improved
statistics would be helpful. There is good agreement between
shell model and experiment for the lifetimes of the yrast 2*
and 47 states. A definitive lifetime measurement of the yrast
47 state, rather than the current lower limit, would also be
helpful in testing the shell model. The current work suffers
from poor statistics. Nevertheless, lifetime values and limits
have been possible, allowing a useful discussion of the ability

of state-of-the-art shell-model calculations to reproduce the
experimental results.
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