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3IPHC, Université de Strasbourg, Strasbourg, F-67037, France
4CNRS, UMR7178, Strasbourg, F-67037, France

5Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Legnaro, I-35020 Legnaro, Padova, Italy
6Department of Physics, Florida State University, Tallahassee, Florida 32306, USA

7TRIUMF, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada
8Dipartimento di Fisica e Astronomia, Universitá degli Studi di Padova, I-35131 Padova, Italy
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Lifetimes or lifetime limits of a small number of excited states of the sulphur isotopes with mass
numbers A = 35, 36, 37, and 38 have been measured using the differential recoil-distance method.
The isotopes of sulphur were populated in binary grazing reactions initiated by a beam of 36S ions
of energy 225 MeV incident on a thin 208Pb target which was mounted in the Cologne plunger
apparatus. The combination of the PRISMA magnetic spectrometer and an early implementation
of the AGATA γ-ray tracking array was used to detect γ 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 35S, 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 36S at 4193 keV was determined and compared with earlier measurements. No previous lifetime
information exists for the (6+) state at 6690 keV; a lifetime measurement with large associated error
was made in the present work. For 37S, the states for which lifetime limits were established were those
at 646 keV with Jπ = 3/2− and at 2776 keV with Jπ = 11/2−; there are no previously published
lifetime values for excited states of 37S. Finally, a lifetime limit was established for the Jπ = (6+)
state of 38S 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 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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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 dis-
tance method [1, 2]. The nuclei of interest were popu-
lated in binary grazing reactions initiated by the inter-
action of 225-MeV 36S ions with a thin target of 208Pb.
The nuclear species observed in the reaction have previ-
ously 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 36S ions at the centre of the 208Pb tar-
get in the present experiment. In the earlier work, the
combination of PRISMA [3, 4], a large solid angle mag-
netic spectrometer to identify the projectile-like nuclear
species, and CLARA [5], an array of escape-suppressed
Ge γ-ray detectors to measure the γ-ray decay of the
populated levels, was used. In relation to the isotopes
of sulphur, the previous published works from the ex-
periment have involved studies of the isotopes 37S [6],
39S [7], 40S [8], and 41S [9]. In addition, the level struc-
tures of other populated isotopes of sulphur were inves-
tigated [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 centred on 32Mg, and on
the description of such nuclei using state-of-the-art shell-
model calculations [11].

The spectroscopy and electromagnetic decay proper-
ties of the isotopes of sulphur have been the subject of
many studies 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 con-
ventional fusion-evaporation reactions using stable pro-
jectiles, such reactions have been employed in investi-
gations of the lighter isotopes of sulphur. A study of
the more neutron-rich sulphur isotopes is inevitably more
challenging experimentally; in this case, intermediate en-
ergy Coulomb-excitation of beams of radioactive nuclei
produced in fragmentation reactions has been used in
measurements of B(E2;0g.s.

+→2+), from which conclu-
sions in relation to quadrupole collectivity can be made.
Excitation energies and B(E2;0g.s.

+→2+) values for the
lowest Jπ = 2+ states in neutron-rich 38,40,42S from inter-
mediate energy Coulomb-excitation measurements have
provided the first evidence of moderate quadrupole de-
formation (β = 0.31(9)) at the major magic neutron
number N = 28 [12, 13]. The observed collectivity in
44S can be reproduced with the relativistic mean field
(RMF) calculations of Werner et al. [14], which predict
large static quadrupole deformations for 40−44S. A simi-
lar collapse of the N = 28 shell closure has been observed
in 42Si [15]. Shape coexistence often becomes manifest in
regions of shape change; in 44S, evidence has been found
of prolate-spherical shape coexistence [16]. In this case,
the monopole strength of an 02

+ isomeric state at an

excitation energy of 1365(1) keV is very small (ρ2(E0;
02

+→01
+) = 8.7(7) x 10−3), which indicates a weak

mixing between the prolate 01
+ ground state and the

spherical 02
+ isomeric state. To date, 44S is the heaviest

sulphur isotope for which electromagnetic decay rates of
excited states have been measured. For the moderately
neutron-rich sulphur isotopes, such as those populated
in the present work, the more detailed spectroscopic in-
formation 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 36S. Shell-model calculations in-
volving the sd shell predict an excitation energy of the
state of 15.3 MeV, about 8.6 MeV above the experimen-
tally 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 configu-
rations. Indeed, shell-model calculations which include
the fp shell are able to reproduce both the excitation en-
ergy of the yrast 6+ state and the negative parity yrast
states [17]. For the stable and neutron deficient isotopes
of sulphur, high spin states can more readily be pop-
ulated using conventional fusion evaporation reactions.
For example, states of 35S have recently been studied to
spin (21/2~) through the use of the 26Mg(18O,2α1n)35S
reaction; in this case the physics interest centred around
a comparison of the experimental level scheme with that
predicted in state-of-the-art large-scale shell-model cal-
culations using the SDPF MSD4 interaction [18]. Simi-
larly, high-spin states and lifetimes in 33S have been stud-
ied using the 24Mg(14N, αp) reaction [19] and the results
interpreted using shell-model calculations in the sd-fp
space. On a completely different physics topic, the fun-
damental property of isospin symmetry of the nuclear in-
teraction has been studied in the high-spin spectroscopy
of the neutron-deficient 31S nucleus and its mirror nu-
cleus 31P [20–22].

Here, we extend the study of the nuclear structure of
a few of the previously studied sdpf -shell sulphur nuclei
through the measurement of nuclear lifetimes and com-
parison 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 pre-
sented here. Shell-model calculations of the electromag-
netic 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 calcula-
tions, the shell-model interaction, and the effective nu-
cleon 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
spherical and deformed configurations and present ex-
cellent tests of the ability of state-of-the-art shell model
calculations to reproduce the experimental observables,
namely excitation energies, Jπ values, electromagnetic
decay properties, and nuclear static moments.

Binary grazing and deep-inelastic reactions have been



3

used extensively over the last few decades to study the
structure of neutron-rich nuclei over a wide range of nu-
clear masses. The coupling of large solid-angle magnetic
spectrometers to arrays of escape-suppressed Ge detec-
tors in studies of this type (see e.g. Refs. [27–30]) has
represented a very significant experimental advance in re-
lation to earlier techniques which exploited large arrays
of escape-suppressed Ge γ-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 sul-
phur isotopes studied previously. Lifetime measurements
here have been possible for sulphur isotopes with mass
numbers near that of the 36S projectile. Since 36S has a
closed neutron shell, it is expected that the neighbouring
isotopes, differing from 36S 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 sulphur for which lifetimes, or life-

time limits, have been established are 35S, 36S, 37S,
and 38S with neutron numbers N = 19, 20, 21, and
22, respectively. Lifetime measurements from the
same experiment for the isotopes of phosphorus with
mass numbers A = 33, 34, 35, and 36 have been pub-
lished [34], while those for the isotopes of Si with A = 32,
33, and 34 will be the subject of a future publication [35].

II. EXPERIMENT

Yrast and near-yrast states of the final sulphur nuclei
were populated using binary grazing reactions produced
in the interaction of a 225-MeV (6 MeV/u) beam of
36S9

+

ions of average current 1 pnA, delivered by the
Tandem-ALPI accelerator complex at the INFN Legnaro
National Laboratory, Italy, with a thin 208Pb target.
The stretched Pb target of thickness 1 mg cm−2, and
isotopically enriched to 99.7 % in 208Pb, 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 centre 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 downstream from the target. The
distance between the Pb target and degrader foil was
adjusted and controlled by a piezo-electric 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
spectrometer, the probability of γ-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 between the Pb target and
degrader, two photopeak components are observed in
the γ-ray energy spectrum for each γ-ray transition,
corresponding to the different Doppler shifts associated
with recoil velocities before and after passage through
the degrader. The velocity vector of sulphur ions after
passage through the degrader foil is determined from
the reconstruction 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
(35P as the final nucleus), for example, the v/c values of
the recoiling nucleus before and after passage through
the target 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 spectrom-
eter where they are detected 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 trajectory 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 10 × 4 element
Ionization Chamber (IC) used for energy loss, △E, 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 identification 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
measurements. 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
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knowledge of the velocity of the projectile-like nucleus
and the distance between target and degrader foils.

The associated de-excitation γ rays emitted by the
recoiling nuclei were detected by the AGATA Demon-
strator array [39]. This new state-of-the-art germanium
detector array was, at the time of the present experi-
ment, 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
γ rays of energy 1 MeV is about 7%. Digitised signal
pulses from the 36-fold segmented germanium crystals
were compared to a data base of simulated detector
responses using a pulse-shape analysis algorithm [40] to
determine the loci of γ-ray interactions in the detector
crystals. The resulting position resolution is better
than 5 mm FWHM. The application of a γ-ray tracking
algorithm [41] resulted in the energies of individual γ
rays. Energies and interaction positions of γ rays were
stored in list mode with a time stamp, which permitted
a correlation to be established between γ-ray events and
the associated projectile-like reaction products identified
at the focal plane of Prisma. To produce γ-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
sulphur recoil ions. Doppler correction of γ-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. In order to reduce
the counting rate from 208Pb x rays, a lead absorber of
thickness 2 mm was placed between AGATA and the
reaction chamber. In total, five different distances, 7,
20, 35, 65, and 120 µm, 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 multi-wire 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 γ-γ coincidence data. A relative photopeak efficiency
calibration for the AGATA array was carried out using
radioactive sources of 152Eu and 133Ba. Uncertainties in
γ-ray energies are approximately ± 1 keV.

In summary, lifetime measurements using the
recoil-distance method have exploited the powerful com-
bination of a large acceptance magnetic spectrometer,
PRISMA, and a high efficiency γ-ray tracking array,
AGATA, which results in good reaction channel selection
and precise Doppler correction of γ-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 iden-
tified at the focal plane of PRISMA. Here, we focus on a
discussion of those isotopes of sulphur for which reaction
yields were sufficiently large for the measurement of nu-
clear lifetimes to be made using the present experimental
setup.
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FIG. 1: Mass spectrum of the sulphur isotopes produced in
the present work.

A. The isotopes of sulphur

The mass spectrum of Fig. 1 shows that the sulphur
isotopes with mass numbers 35 ≤ A ≤ 38 were success-
fully populated in the present work. As expected, the
largest yield corresponds to 36S 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 γ-ray spectrum corresponding to the
particular isotope of interest. Experimental results for
the isotopes of sulphur for which lifetimes, or lifetime
limits, 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 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 experiment, 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)~ω states in the sulphur isotopes with A =
35 and 36 are described here with the PSDPF interac-
tion [23]. This shell-model calculation has a 4He core and
uses the full p− sd− pf model space; it is built on exist-
ing interactions for the major shells with adjustments of
the cross-shell parameters. The positive parity states are



5

essentially obtained using the USDB Hamiltonian, devel-
oped 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 36S, and in particular the (61

+) state first identified
by Liang et al. [17], the recently developed FSU interac-
tion [25] has been used. For the isotopes of sulphur with
A = 37 and 38, large scale 0~ω shell-model calculations
were also performed using the Nathan code [11, 43, 44]
but with the SDPF-U effective 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 28O core. In the calculation of E2 and E3 elec-
tromagnetic transition probabilities, effective charges of
eeff (p) = 1.36e and eeff (n) = 0.45e were used while, for
the calculation of B(M1) and B(M2) transition proba-
bilities, the effective spin and orbital g-factors of geffνs =

-3.55, geffνℓ = -0.09, geffπs = 5.150, and geffπℓ = 1.159 were
adopted [45].

B. Lifetimes in 35S

36S is a semi-magic nucleus with a closed shell of 20
neutrons. Consequently, low-lying positive-parity states
of 35S with Jπ = 1/2+, 3/2+, and 5/2+ are expected to
have wave functions with a large component correspond-
ing to a neutron hole in the sd-shell. Unfortunately, di-
rect single-neutron pickup reactions on 36S have, to date,
not been reported in the literature and thus the neutron
single-hole characteristics of states of 35S remain unex-
plored experimentally. The γ-ray spectrum measured
in coincidence with 35S ions detected and identified at
the focal plane of the Prisma spectrometer is shown in
Fig. 2. All the labelled γ-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 11/2− have been made for the states
at excitation energies of 3593, 3818, and 4023 keV, re-
spectively. Dominating the γ-ray spectrum of Fig. 2 is
the 1572-keV γ-ray photopeak, which corresponds to the
de-excitation of the first excited 1/2+ state to the 3/2+

ground state.
The ground state of 35S has a Jπ value of 3/2+ and, in

a simple single-particle shell-model picture, corresponds
to a neutron hole in the 1d3/2 shell. The first excited

state at 1572 keV has a Jπ value of 1/2+ and corresponds
to a neutron hole in the 2s1/2 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
Jπ = 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.

C. Lifetime of the Jπ = 1/21
+ state of 35S 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 35S are

π(1d5/2)
6(2s1/2)

2 ⊗ ν(1d5/2)
6(2s1/2)

2(1d3/2)
3,

and
π(1d5/2)

6(2s1/2)
2 ⊗ ν(1d5/2)

6(2s1/2)
1(1d3/2)

4,
respectively.

On this basis, the 1/2+ → 3/2+ transition is a
mixed M1/E2 transition, where the M1 component is
∆l “forbidden” [48] and corresponds to the transition
ν(1d3/2) → ν(2s1/2).

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 nu-
cleus of interest was formed using the 2H(34S, p)35S re-
action. The authors used three different target backing
materials, Mg, Al, and Cu, as the stopping media for
the 35S γ-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 value is 3.3(5) ps.
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FIG. 2: Gamma-ray singles spectrummeasured in coincidence
with 35S ions detected at the focal plane of the PRISMA spec-
trometer. The photopeaks labelled with a triangle and star
correspond to γ rays from the associated target-like 208,209Pb
isotopes, respectively.

It is noted 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 minimise the ef-
fect 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 experimental data,
unobserved side-feeding transitions will also contribute
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FIG. 3: The level scheme for 35S observed in the earlier 36S
+ 208Pb experiment [10].

to the measured lifetimes of the states discussed here.
In order to minimise 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 γ-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. It
is noted that, if non-direct 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 experimental er-
rors). 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 γ-ray transition (15/2− → 9/2+) from the bi-
nary partner nucleus 209Pb lies in this energy region of
the γ-ray spectrum and this photopeak was also removed
through the application of the Q gate. Figure 4 shows
the Doppler corrected γ-ray spectrum with and without
the 209Pb contaminant γ-ray photopeak removed and
Fig. 5 shows a section of the Doppler-corrected γ-ray
spectra associated with the 1/2+ → 3/2+ transition in
35S, at target-degrader distances of 20, 35, 65, and 120
µm. Gaussian fits for the two components of the pho-
topeak are also presented, with appropriate background
subtraction. The resultant decay curve corresponding
to the 1/2+ → 3/2+ transition is given in Fig. 6; the

measured lifetime value is τ = 3.3(2) ps, which is in ex-
cellent agreement 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 Nu-
clear Data Sheets evaluation [46]. In Fig. 6, It is the
intensity of γ rays emitted from recoiling 35S nuclei dur-
ing their passage from target to degrader, while Id is
the intensity of γ 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 Id/(Id + It) is shown as a function
of the target to degrader distance. For all lifetime mea-
surements 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 statis-
tical 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 sep-
aration setting, with the piezo-electric feedback system
used here, is around 0.1 µm [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 ar-
eas of γ-ray photopeaks have been determined by fitting
Gaussian shapes to the data; there is no evidence to sug-
gest that this results in significant systematic errors in
the determination 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 γ-ray
intensity ratios used in the determination of the decay
curve. As noted above, the good agreement with pre-
vious independent lifetime measurements also confirms
the robustness of the present method used in the deter-
mination of lifetimes. In particular, in addition to the
above lifetime measurement of the Jπ = 1/21

+ state of
35S, excellent agreement has also been obtained in mea-
surements of the lifetimes of the first excited 21

+ state
of 34P (1.5 ± 0.5 ps [34] compared to the previously ac-
cepted value of 1.9 +0.9

−0.4 ps [52]) and of the 1/2+ state of
35S 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 36S 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 2+ state of 32Si 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 previously
published values and this provides strong validation of
the analysis methods used here.

The shell-model excitation energy of the first excited
Jπ = 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
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π(1d5/2)
6(2s1/2)

2(1d3/2)
0 ⊗ ν(1d5/2)

6(2s1/2)
1(1d3/2)

4

corresponds to 44% of the total wave function. The
other contributions of significance are

π(1d5/2)
6(2s1/2)

1(1d3/2)
1 ⊗ ν(1d5/2)

6(2s1/2)
2(1d3/2)

3

(18%)

and

π(1d5/2)
6(2s1/2)

0(1d3/2)
2 ⊗ ν(1d5/2)

6(2s1/2)
1(1d3/2)

4

(14%).

The 1/2+ state is therefore not such a pure hole
state as the ground state, for which the wave-function
component

π(1d5/2)
6(2s1/2)

2(1d3/2)
0 ⊗ ν(1d5/2)

6(2s1/2)
2(1d3/2)

3

accounts 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 6.
The shell-model value of B(E2; 1/2+ → 3/2+) = 35.2

e2 fm4 (5.2 W.u.) while the B(M1; 1/2+ → 3/2+) value
is 0.0204 µ2

N (1.14 × 10−2 W.u.). As noted earlier, the
B(M1) transition is ∆l forbidden and this is reflected in
the small shell-model value of B(M1). The shell-model
mixing ratio (δ2 = λ(E2)/λ(M1)), for which there is
currently no experimental measurement, is |δ| = 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 35S.
Although the M1 transition is ∆l forbidden, the total

shell-model width of the 1/2+ state (Γ = 1.21 × 10−3

eV) is dominated by the M1 component of the electro-
magnetic transition, for which the partial width is 0.93
10−3 eV. It would therefore appear that the discrepancy
between experimental and shell-model lifetimes can be
attributed to problems in the calculation of M1 transi-
tion rates. A similar issue was noted in a recent publica-
tion on the lifetimes in the isotopes of phosphorus [34].
In that work, there is evidence that shell-model values
of M1 transition rates for the 3/21

+ →1/21
+ (ground

state) and 5/21
+ → 3/21

+ transitions in 33P underes-
timate the experimental values by a factor of between
5 and 10. The two-body matrix elements which involve
both 1d5/2 and 1d3/2 orbitals are relatively poorly de-
fined in the USDB interaction and this may contribute
to the observed differences between experiment and shell
model in the phosphorus case. It is noted that, in con-
trast with the 33P case [34], here the shell-model value
of M1 transition probability is large in relation to exper-
imental 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 pro-
vide useful additional information on the M1 transition
rate. It is noted that the 35S ground-state quadrupole
moment (Q) and nuclear magnetic dipole moment have
been measured. The shell-model values of Q = 5.28 e
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fm2 and µ = 0.95 nm are in very good agreement with
the experimental values of Q = 4.71(9)e fm2 [55] and µ
= +1.00(4) nm [56].
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FIG. 6: The decay curve corresponding to the 1/2+ → 3/2+

transition in 35S. See text for details.

D. Lifetimes in 36S

The γ-ray spectrum for 36S is shown in Fig. 7. All
of the γ-ray peaks have been observed and identified in
the previous PRISMA-CLARA experiment [10]. Figure 8
shows the level scheme of 36S 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 (6+) → 4+ transition, ob-
served by Wang [10, 58].

36S 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 36S, with Z = 16 and N = 20, has the configuration

π(1d5/2)
6(2s1/2)

2 ⊗ ν(1d5/2)
6(2s1/2)

2(1d3/2)
4.

The significant energy gap between the π(2s1/2) and
π(1d3/2) orbitals [59], together with a large N = 20

shell gap, leads to 36S 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.

36S has been extensively studied experimentally, see
Ref. [57] and references therein. Using the two-neutron
transfer reaction, 34S(t,pγ)36S, Olness et al. [60]
identified the first two excited states of 36S at 3291 keV
and 4193 keV, with Jπ assignments of 2+ and 3−,
respectively. The levels at 5020 and 5205 keV were

assigned Jπ values of 4− and 5− respectively by Hogen-
birk et al. [61]. A transition of energy 1484 keV was
observed for the first time in a study by Liang et al. [17]
and the γ-decaying state at 6690 keV was assigned a Jπ

value of (6+). The first 2+ state of 36S 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
34S(t,pγ)36S reaction; a Doppler centroid shift method
was used [62]. Using the Coulomb excitation of a 36S
beam in inverse kinematics, Speidel et al. [53] mea-
sured 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 photopeak is
fully Doppler shifted in all γ-ray spectra in the present
work, which is consistent with the measured lifetime.
The corresponding experimental B(E2; 2+ → 0+)
value is 17.6(15) e2fm4 (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 dominant
component (90 %) in the wave function of the 2+ state
is

π(1d5/2)
6(2s1/2)

1(1d3/2)
1 ⊗ ν(1d5/2)

6(2s1/2)
2(1d3/2)

4.

In the present work, lifetimes have been measured for
the first Jπ = 3− state and the first (6+) state.

E. Lifetime of the Jπ = 31
− state of 36S at 4193 keV

In the measurement of the lifetime of the 31
− state, it

is necessary to consider the direct feeding contributions
from the 4− (827-keV transition), 5− (1012-keV transi-
tion), and 32

− (1058-keV transition) states in addition to
the unobserved side feeding. In relation to the intensity
of the 902-keV 31

− → 21
+ transition, the γ-ray intensities

of the 827-, 1012-, and 1058-keV transitions are 28.0(8)
%, 2.6(5)%, and 1.9(5) %, respectively. Figure 9 shows
a section of the γ-ray energy spectrum with and without
the setting of a Q gate. The spectrum in blue corre-
sponds 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 γ-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 mea-
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surements where a Q-gate condition was applied, it was
checked that the gamma-ray intensity ratio, Id/(Id+ It),
does not exhibit any significant dependence on the de-
tailed choice of limits for the Q-gate.
Figure 10 presents a section of the measured γ-ray

spectra for target-degrader distances of 7, 20, 35, and
120 µm, and shows the 902-keV photopeak correspond-
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FIG. 9: Section of the 36S γ-ray energy spectrum with and
without Q conditions set to remove feeding from higher lying
states and from unobserved side-feeding states.

ing to the transition 31
− → 21

+; gaussian fits with a
linear background subtraction are shown for the two
components of the photopeak. The corresponding de-
cay curve is presented in Fig. 11; the resultant lifetime is
τ = 0.84(24) ps.
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FIG. 10: Section of the measured γ-ray spectra for target-
degrader distances of 7, 20, 35, and 120 µm which shows the
two components of the photopeak corresponding to the 902-
keV 31

− → 21
+ transition in 36S. See also caption to Fig. 5.

Speidel et al. [53] have made the most recent published
measurement of the lifetime of the 31

− state (0.9(1) ps)
using the Doppler shift attenuation method in the in-
verse kinematics Coulomb excitation of 36S; 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
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TABLE I: Experimental and shell-model values of excitation energies and lifetimes of states in 36S. Adopted lifetimes for the 2+

and 31
− states are from the Nuclear Data Sheets evaluation of Nica et al. [57], and are based on the measurements of Speidel

et al. [53]. See text for details.

Jπ E(exp.) E(SM) τ (present) τ (adopted)) τ (SM)
(keV) (keV) ps ps ps

2+ 3291 3335 < 1 0.12(1) 0.093
31

− 4193 4293 0.84(24) 0.9(1) 0.25
(6+) 6690 7188 5.4(26) 4.3

TABLE II: Experimental and shell-model values of electromagnetic decay properties of states in 36S. The experimental B(E2;2+

→ 0+) value is based on the measurement of lifetime by Speidel et al. [53]. The mixing ratio for the 31
− → 2+ transition

is based on the work of Olness et al. [60]. The B(E1;31
− → 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 (6+) state is from the work of Wang [10, 58]. All other
electromagnetic transition probabilities for the (6+) state are from the present work.

Jπ E Ef , Jf
π BR(exp) BR(SM) δ (exp) |δ| (SM) B(E1) (exp) B(E1) (SM) B(E2) (exp) B(E2) (SM) B(M2) (SM)

(keV) (keV) (%) (%) (W.u.) (W.u.) (W.u.) (W.u.) (W.u.)
2+ 3291 0, 0+ 100 100 2.49(21) 3.14
31

− 4193 0, 0+ 0 0.4
3291, 2+ 100 99.6 +0.03(3) 3.7 10−3 0.00135(15) 0.0049 0.37

(6+) 6690 5205, 5− 35(7) 19 1.78(90) 10−5 1.20 10−5

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

0 �0 �0 60 �0 �00 ��0 ��0
m)μDistance (

�.�−

�.2−

1−

0.8−

0.6−

0.4−

0.2−

0

)] t
+
I

d
/(
I

d
ln

[I

S
36

36S

902 keV

3- 2+

distance (μm)

0 20 40 60 80 100 120 140

ln
[I

d
/(

I d
+

 I
t)

]

0

-0.2

-0.4

-0.8

-0.6

-1.0

-1.2

-1.4

36S

distance (μm)

FIG. 11: Decay curve for the 36S 31
− → 21

+ transition. See
text for details.

31
− state very well (4293 keV); the shell-model lifetime of

0.25 ps is not in particularly good agreement with exper-
iment, 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 31
− state, and the yrast (6+) state of

36S and Table II presents the experimental and shell-

model values of the electromagnetic decay properties of
the three states of interest in 36S.
The shell-model wave function of the 31

− state
has two main components. These correspond to the
configurations

π(1d5/2)
6(2s1/2)

2(1d3/2)
0(1f7/2)

0

⊗ν(1d5/2)
6(2s1/2)

2(1d3/2)
3(1f7/2)

1 (31%)

and

π(1d5/2)
6(2s1/2)

1(1d3/2)
0(1f7/2)

1

⊗ν(1d5/2)
6(2s1/2)

2(1d3/2)
4(1f7/2)

0 (19%).

The 31
− state decays to the 21

+ state by an E1/M2
transition; the shell model reduced transition probabili-
ties are B(E1) = 0.0034 e2fm2 (0.0049W.u.) and B(M2)
= 6.6 µ2

N fm2 (0.37 W.u.). The shell-model mixing ratio
(δ2 = λ(M2)/λ(E1)) is |δ| = 3.7 10−3; the transition
is therefore, as expected, dominated by E1 radiation.
An experimental mixing ratio (δ = +0.03(3)) has been
measured by Olness et al. [60] (see also Ref. [57]) using
the 34S(t, pγ) two-neutron transfer reaction, in agreement
with the shell-model value; the transition is therefore es-
sentially pure E1 in nature. The corresponding experi-
mental B(E1; 3− → 2+) value is 0.00135(15) W.u. [57].
It is noted here that shell-model values of B(E1) using
the PSDPF interaction are normally small compared to
experimental values [63]; this is not the case here for the
decay of the 31

− state.
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The decay branch to the 0+ ground state by an E3
transition has not been observed experimentally. The
shell-model branching ratio is Iγ(31

− → 0+)/Iγ(31
− →

21
+) = 0.0041, and this is consistent with the non-

observation of the 31
− → 0+ transition in this or in earlier

work; see Ref. [57] and references therein. It is noted here
that the shell-model value of B(E3;31

− → 0+) is large,
namely 77.0 e2fm6 (15.9 W.u.) and this is consistent with
an E3 transition corresponding to the unpaired proton
making the ∆j = ∆ℓ = 3 transition π(1f7/2) → π(2s1/2).

F. Lifetime of the Jπ = (61
+) excited state of 36S

at 6690 keV

The 1484-keV γ-ray photopeak, corresponding to the
(61

+) → 51
− transition, has two components in the 36S

γ-ray spectrum. Although there is no observed feeding
to this state from higher-lying states, a Q gate has never-
theless been employed in order to produce γ-ray spectra
which correspond to a more selective population of the
(61

+) state. Figure 12 presents a section of the measured
γ-ray spectra for target-degrader distances of 7, 35, and
120 µm. The statistics for the γ-ray photopeak corre-
sponding to the (61

+) → 51
− transition are very poor;

nonetheless, a clear evolution of the relative intensities of
the two components of the photopeak can be seen with
changing target-degrader distance. Figure 13 presents
the decay curve for the (61

+) state; the resultant lifetime
of τ = 5.4(26) ps has a large associated statistical error.
The value of lifetime based on the 120 µm data, with
the photopeak areas measured by integration with lin-
ear background subtraction, is 5.1(30) ps; this provides
additional confidence in the value of the lifetime given
here.
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FIG. 12: Section of the measured γ-ray spectra for target-
degrader distances of 7, 35, and 120 µm which shows the two
components of the 1484-keV photopeak corresponding to the
(61

+) → 51
− transition in 36S.

In order to make a comparison between experiment
and shell model for the properties of the 61

+ 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 wavefunction of the state has very
significant two particle-two hole components in its wave
function. However, the PSDPF interaction allows the
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FIG. 13: The decay curve corresponding to the (6+) → 51
−

transition in 36S. See text for details.

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 neces-
sary calculation of excitation energy and electromagnetic
decay properties for the 6+ state of 36S.

Using the recently developed FSU interaction [25, 26],
the spectrum of 6+ states of 36S with both 0p− 0h and
2p − 2h configurations has been calculated with an 16O
core. The calculated states are unmixed, since no fits
were made to 0p − 0h or 2p − 2h states to develop the
interaction. Therefore, for the 2p−2h states, the valence
space is sdfp; two particles are promoted from the sd to
the fp shell. Excitation energies and orbit occupations
for the 0p−0h and 2p−2h yrast 6+ state are presented in
Table III. The very significant discrepancy between the
experimental excitation energy of 6.090 MeV and the ex-
citation energy corresponding to the 0p− 0h shell-model
calculation serves to emphasize the crucial role played by
the occupation of the fp-shell in the structure of the 61

+

state. The shell-model calculation based on a 2p − 2h
configuration is able to reproduce the experimental ex-
citation energy very well (7.188 MeV compared to 6.690
MeV). From Table III it may be seen that, in the 6+

state, two neutrons occupy the 1f7/2 orbital to a good ap-
proximation and that there is a redistribution of protons
within the sd-shell, with a very insignificant occupation
of the fp-shell.

In the earlier experiment carried out at the INFN
Legnaro Laboratory, to which reference was made above,
a γ-ray photopeak of energy 1182 keV was identi-
fied [10, 58] in the γ-ray spectrum corresponding to the
identification of 36S ions at the focal plane of PRISMA.
The tentative placement to the (6+) → 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
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TABLE III: Shell-model values of excitation energy and orbit occupations for the yrast 6+ state of 36S. The FSU interaction
was used in the calculations.

0p− 0h calculation 2p− 2h calculation
orbit excitation energy neutron proton excitation energy neutron proton

(MeV) occupation occupation (MeV) occupation occupation
1d5/2 16.085 6.00 3.98 7.188 5.78 5.51
1d3/2 4.00 2.02 2.62 1.18
2s1/2 2.00 2.00 1.63 1.29
1f7/2 0.00 0.00 1.82 0.02
1f5/2 0.00 0.00 0.06 0.00
1p3/2 0.00 0.00 0.10 0.00
1p1/2 0.00 0.00 0.00 0.00

γ-ray spectrum near 1200 keV, where there are several
close-lying photopeaks, is considerably better than is
the case here. From the measured lifetime of the (6+)
state, τ = 5.4(26) ps, and the measured branching ratio,
Iγ((6

+) → 4+)/Iγ((6
+) → 5−) = 1.84(55) [10, 58],

it is possible to calculate the electromagnetic decay
properties 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;(6+) → 5−) = 1.25(65) × 10−5 e2fm2 (1.78(90)
× 10−5 W.u.) and B(E2;(6+) → 4+) = 42(25) e2fm4

(6.0(36) W.u.). The electromagnetic decay properties
of the 6+ state were also calculated in the shell-model
calculations which employ the FSU interaction. As
has been noted in the earlier work on the isotopes of
phosphorus [34], the calculation of E1 transition rates
in this region of the nuclear chart presents challenges.
The shell-model values are B(E1;6+ → 5−) = 0.84 ×
10−5 e2fm2 (1.20 × 10−5 W.u.) and B(E2;6+ → 4+)
= 67 e2fm4 (9.43 W.u.). The corresponding lifetime of
the 6+ state is 4.3ps, which agrees reasonably well with
the experimental value of 5.4(26) ps, see Table I. It is
noted that, in the shell-model calculations, the lifetime
of the 6+ state depends mainly on the E2 transition
probability. The shell-model value of branching ratio,
Iγ(6

+ → 4+)/Iγ(6
+ → 5−) = 4.30, is in poor agreement

with the experimental value, 1.84(55), see Table II.
Here, it is again worth emphasising that the current
proposed decay modes of the (6+) state require to be
confirmed by further measurement.

Finally, it is noted that, based on the average strength
of the E1 isovector transition in the A = 36 mass re-
gion [64], Liang et al. [17] proposed that the (61

+) state
would have a lifetime of 1.1 ps; the measured lifetime is
of the same order of magnitude.

G. Lifetimes in 37S

In the present work, lifetime limits have been estab-
lished for two states in 37S, namely the first excited state
at 646 keV with Jπ = 3/2− and the (11/21

−) state at

2776 keV. These two states were strongly populated in
the earlier work of Chapman et al. [6] which, as previ-
ously noted, used the same beam and target combination.

From the simplest perspective of the nuclear shell
model, the 37

16S21 ground state has 4 proton holes in the
sd shell and one neutron in the 1f7/2 orbital, outside the

N = 20 shell closure, and has a Jπ value of 7/2−. Ex-
cited states of 37S 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
2p3/2, 2p1/2, and 1f5/2 shell-model orbitals. In addition,

the coupling of the odd 1f7/2 neutron to states of the 36S
core gives rise to multiplets of states. The lowest-lying
core state of 36S, the first Jπ = 2+ state, lies at an excita-
tion energy of 3291 keV; consequently, core-excited states
of 37S are expected to be observed at around this energy,
with Jπ values of 3/2−, 5/2−, 7/2−, 9/2−, and 11/2−.
37S 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 37S at 646 keV was identi-
fied by Ajzenberg-Selove and Igo [65] using the 37Cl(t,
3He)37S charge-exchange reaction. This state was as-
signed a Jπ value of 3/2− by Thorn et al. [66] from
proton angular distribution measurements in the 36S(d,
p)37S one-neutron transfer reaction, in which states with
excitation energy up to 5.72 MeV (Jπ = 5/2−) were
observed; spectroscopic factors were measured for most
states. In the 36S(d,p)37S reaction [66], the ground state
is populated in l = 3 neutron transfer with a spectro-
scopic strength of (2j + 1)S = 6.2 and this is consis-
tent, within the normal uncertainties associated with a
Distorted Wave Born Approximation (DWBA) analysis,
with a description of the 37S ground state in terms of a
36S ground-state core and the unpaired neutron occupy-
ing the 1f7/2 orbital outside the core. Similarly, most of
the 2p3/2 neutron-transfer strength, (2j + 1)S = 2.6, is

located in the 646-keV Jπ = 3/2− first excited state. The
results of shell-model calculations [6] indicate that about
20% of the wave function of the first excited Jπ = 3/2−

state corresponds to the coupling of a 1f7/2 neutron to

the first excited Jπ = 2+ state of the 36S core, and this
component cannot, of course, be populated in a direct
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one-neutron transfer process. The relatively strong pop-
ulation of the non-yrast 646-keV Jπ = 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

assigned to the decay of the 2776-keV excited state
to the ground state [6]. There is no previous credible
evidence for its population in a direct single-neutron
transfer reaction and its strong population here suggests
that it is yrast; a tentative Jπ value of (11/21

−) has
been assigned, based on the population characteristics
of binary grazing reactions and on comparison with
the results of shell-model calculations [6]. With this
proposed assignment, decay to the ground state takes
place through an E2 transition. The shell-model 11/2−

yrast state lies at an excitation energy of 2678 keV,
in reasonably good agreement with the experimental
value of the proposed (11/21

−) state at 2776 keV. The
wave function of the state is dominated (76%) by the
configuration

π(1d5/2)
6(2s1/2)

1(1d3/2)
1

⊗ν(1d5/2)
6(2s1/2)

2(1d3/2)
4(1f7/2)

1.

In this configuration, protons, coupled to a Jπ value
of 2+, are aligned with the total angular momentum of
the odd 1f7/2 neutron. Of course, there is more than
one core configuration with an angular momentum of
2+. For example, the first 2+ state of 36S has, as the
dominant configuration (90%),

π(1d5/2)
6(2s1/2)

1(1d3/2)
1 ⊗ ν(1d5/2)

6(2s1/2)
2(1d3/2)

4,

while the dominant configuration (93%) of the second
2+ state, at a measured excitation energy of 4575 keV,
is

π(1d5/2)
6(2s1/2)

0(1d3/2)
2 ⊗ ν(1d5/2)

6(2s1/2)
2(1d3/2)

4.

It would therefore seem reasonable to describe the
11/2− state in terms of an unpaired neutron in the 1f7/2
orbital coupled to the first 2+ state of the 36S core.
The state at 2776 keV has previously been populated

in the 37Cl(t, 3He)37S charge-exchange transfer reaction
[65]; it would seem likely that population occurs through
the pickup of a 2s1/2 proton from the 37Cl ground state
and the transfer of a neutron to the empty 1f7/2 shell.

The observed population in the (t, 3He) reaction pro-
vides additional evidence in support of the proposed as-
signment.
The γ-ray spectrum measured in coincidence with 37S

ions detected and identified at the focal plane of the
Prisma spectrometer is shown in Fig. 14. All the la-
belled γ-ray peaks were identified in the previous exper-
iment, referred to above [6]. The spectrum is dominated
by γ rays corresponding to the decay of the first excited
state at 646 keV. The 2776-keV photopeak, correspond-
ing to the transition from the (11/21

−) 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.
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FIG. 14: Gamma-ray singles energy spectrum observed in
coincidence with 37S ions detected at the focal plane of the
PRISMA spectrometer. The photopeaks labelled with a circle
and asterix correspond to γ rays from the associated target-
like 206, 207Pb isotopes, respectively.
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FIG. 15: The level scheme for 37S based on the earlier 36S +
208Pb experiment [6].

H. Lifetime of the Jπ = 3/2− 646-keV first excited
state of 37S

For the 3/2− → 7/21
− transition, only the component

corresponding to γ-ray emission after passage of the ex-
cited recoiling 37S ions through the degrader foil is seen
in the γ-ray spectrum of Fig. 16, which corresponds to
the sum of all spectra measured at the five target to de-
grader distances. It can therefore be concluded that the
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lifetime of the 3/2− state exceeds the maximum lifetime
range corresponding to the present plunger setup, namely
in excess of 100 ps. Figure 17 presents a graph of the cal-
culated percentage of γ 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 ps
to 100 ps. The longest lifetime that can be measured
with the current setup is around 100 ps. The lifetime of
the 3/21

− state has recently been measured by Wang et

al. [67] using a β-γ delayed coincidence technique. The
current lifetime limit of τ > 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 3/2− state, in excellent agreement with the ex-
perimental value. The shell model value of B(E2;3/2− →
7/2−), namely 20.0 e2fm4 (5.38 W.u.), is also in excellent
agreement with the experimental value of 18.8(4) e2fm4

(5.13(11) W.u.) [67], of course. Thus, an 0~ω sd − pf
shell-model calculation in which the full sd(pf) valence
space was used for protons (neutrons) above an 16O core
is very successful in its description of the first 3/2− state
of 37S and its electromagnetic decay properties. It follows
that the suggested mixing [67] of the 7/2− ground state
and the 3/2− first excited state with intruder 3/2− and
7/2− states at excitation energies of 1992 and 2023 keV,
respectively, (which are not described within the config-
uration space of the present shell-model calculation [6])
is not necessary for a good shell-model description of the
excitation energy (624 keV) and, in particular, the elec-
tromagnetic decay properties of the first 3/2− state.
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FIG. 16: A section of the 37S γ-ray spectrum showing the 646-
keV γ-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 γ-ray emission after the degrader foil.

0 50 100 150 200 250

m)μtarget-degrader distance (

0

20

40

60

80

100

p
er

ce
n

ta
g

e 
o

f 
ra

y
s 

em
it

te
d

 

b
ef

o
re

 t
h

e 
d

eg
ra

d
er

 

Lifetime:

1 ps

5 ps

10 ps

15 ps

50 ps

100 ps
=

FIG. 17: Results of the calculation of the % of γ rays emitted
before passage through the degrader foil for target-degrader
distances up to 250 µm. Calculations have been performed
for lifetimes in the range from 1 ps to 100 ps.

I. Lifetime of the Jπ = (11/2−) state of 37S at
2776 keV.

For the 2776-keV γ-ray photopeak, corresponding to
the (11/2−) → 7/2− (ground state) transition, only the
component corresponding to γ 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 τ
= 0.15 ps, consistent with the measured experimental
limit, and a B(E2; 11/2− → 7/2−) value of 33.0 e2fm4

(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 36S is
120(10) fs [53, 57], and this is consistent with the present
lifetime limit of the (11/2−) state. The corresponding
shell-model lifetime values are 93 fs for the 2+ state and
150 fs for the 11/2− state.

J. Lifetimes in 38S

The ground state of 38S has, in a simple shell-model
picture, two neutrons occupying the 1f7/2 orbital, outside

an inert 36S core. Figure 19 presents the decay scheme
of 38S, based on the earlier PRISMA/CLARA experi-
ment [10] and Fig. 20 shows the γ-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 photo-
peaks, corresponding to the de-excitation of the yrast
2+, 4+, and (6+) states, respectively. Here, a limit will
be established for the lifetime of the (61

+) state.
An evaluation of the literature for A = 38 nuclides has
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recently been published by Chen [68]. In relation to the
yrast states with Jπ = 2+, 4+, and (6+) observed in the
present work, there is agreement with earlier published
studies of 38S [8, 32]. While the energy of the (6+) →
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 keV), it is in disagreement, within
experimental errors, with that quoted by Lunderberg et

al. [69] (833(5) keV). However, the position and shape of
the 833-keV transition in the work of Lunderberg et al.
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FIG. 20: Gamma-ray singles spectrum measured in coinci-
dence with 38S ions detected at the focal plane of the PRISMA
spectrometer. The photopeaks labelled with an asterix and
a circle correspond to γ rays from the associated target-like
nuclei, namely 206Pb and 207Pb isotopes, respectively.

is consistent with the emission of a 849-keV γ ray from
a state that has a mean lifetime τ between 100 and 200
ps. Nevertheless, the evaluation of Chen [68] places the
yrast (6+) state at an excitation energy of 3658(6) keV,
based on the 833-keV photopeak; the available evidence
strongly suggests that this is incorrect. A state at excita-
tion energy 3690(17) keV was observed in the 36S(t, p)38S
two-neutron transfer reaction [70] with an orbital angu-
lar momentum transfer of L = 5 or 6 (Jπ = 5− or 6+),
and this is also consistent with the proposed 6+ spin and
parity assignment. In relation to the non-yrast states ob-
served in the earlier PRISMA/CLARA experiment [10],
the 3516, and 4436-keV states are included in the eval-
uation of Chen [68] with Jπ 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 γ-
ray transitions of energy 383 and 438 keV are included
in the evaluation of Chen [68], but unplaced. The life-
time of the 21

+ state, based on a measurement of B(E2;
0+ → 2+) (235(30) e2fm4) [71, 72], is 4.8(6) ps. For the
41

+ state, a lifetime limit of τ > 0.20 ps was established
by Olness et al. [73] using the Doppler Shift Attenuation
Method; states of 38S were populated using the 36S(t, p)
reaction. To date, a direct measurement of the lifetime
of the 3675-keV Jπ = (6+) state has not been made al-
though, as noted above, its value has previously been
estimated as lying between 100 and 200 ps.

The 3675-keV Jπ = (6+) state is relatively strongly
populated in the present work, as would be expected for
an yrast state. For the 849-keV photopeak, correspond-
ing to the (6+) → 4+ transition, only the component
corresponding to γ-ray emission after the degrader is ob-
served, see Fig. 21. It can therefore be concluded that the
lifetime exceeds that which is measurable using the cur-
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FIG. 21: A section of the 38S γ-ray spectrum showing the 849-
keV γ-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 γ-ray emission after the degrader foil.

rent 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 γ-ray emission from a 38S re-
action residue moving with v/c ≈ 0.35. As a consequence
of the long lifetime, a measurement of the lifetimes of the
21

+ and 41
+ would require removal of feeding from the

(61
+) 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 0+, 2+, 4+, and 6+ states can be described as-
suming the configuration π(2s1/2)

2 ⊗ ν(1f7/2)
2, in which

the two 1f7/2 neutrons couple to the required spins. As

expected, the energy corresponding to the (6+) → 4+

transition is reduced in relation to those of the two lower
transitions [74]. The results of shell-model calculations
based on the SDPF-U interaction show that the wave
functions of the positive-parity states are mixed. The
predominant component in the wave function is indeed
π(2s1/2)

2 ⊗ ν(1f7/2)
2, and this contributes 54%, 37%,

40%, and 58% to the total wave function of the 0+, 2+,
4+, and 6+ states, respectively. The shell-model lifetimes
of the 2+, 4+, and 6+ states are 6.36 ps, 2.89 ps, and 64
ps, respectively, which are in relatively good agreement
with the published lifetimes and lifetime limits from ear-
lier published work [71–73] and from the present work.
The corresponding transition rates are B(E2;2+ → 0+)
= 34.9 e2 fm4 (4.60 W.u.), B(E2;4+ → 2+) = 32.5 e2

fm4 (4.29 W.u.), and B(E2;6+ → 4+) = 29.0 e2 fm4

(3.82 W.u.). Table IV summarises the experimental and
shell-model values of excitation energy and lifetime for
the 2+, 4+, and 6+ states of 38S.
Finally, the shell-model value of g-factor of the 2+

state, -0.15, is in reasonable agreement with the exper-

TABLE IV: Experimental and shell-model values of excita-
tion energy and lifetime of excited states of 38S. The quoted
published lifetime for the 2+ state is based on a measurement
of B(E2; 0+ → 2+) [71, 72], while that for the 4+ state comes
from Olness et al. [73].

Jπ E(exp.) E(SM) τ (present) τ (previous) τ (SM)
(keV) (keV) (ps) (ps) (ps)

2+ 1292 1349 4.8(6) 6.36
4+ 2826 2426 >0.2 2.89
6+ 3675 3164 > 100 64

imental value +0.13(5) [75, 76], when consideration is
given to the extreme sensitivity to configuration mixing
and the near cancellation of proton and neutron contri-
butions [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
sulphur isotopes 35,36,37,38S, populated in binary grazing
reactions, were measured using the differential recoil dis-
tance method. The statistics of the γ-ray spectra corre-
sponding to the five different target to degrader distances
are poor and consequently the experimental uncertain-
ties on the measured lifetimes are large. The robustness
of the data analysis methodology adopted here is con-
firmed 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 Jπ = 1/2+ state of 35S is not particularly
well reproduced in calculations which use the PSDPF in-
teraction; it has been suggested here that this can be
attributed to problems in the calculation of M1 transi-
tion rates, an effect which has previously been noted, see
Ref. [34] and references therein. In 36S, the first nega-
tive parity state at 4193 keV with Jπ = 3− decays to
the first excited 2+ state by an almost pure E1 transi-
tion. Values of E1 transition rates calculated using the
PSDPF interaction are normally small compared to ex-
perimental 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 calcula-
tions within an sd-shell configuration space fail spectac-
ularly to reproduce the experimental excitation energy
of the yrast (6+) state of 36S which is a strong indica-
tion of the importance the promotion of pairs of nucle-
ons 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 6+ state, calcula-
tions based on the FSU interaction are able to repro-
duce the experimental excitation energy to within about
500 keV, whereas sd-shell calculations result in an exci-
tation energy approximately 9 MeV too large. In rela-
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tion to the electromagnetic decay properties of the 6+

state, shell-model calculations based on the FSU inter-
action 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 ex-
perimental measurements of the properties of the yrast
6+ state would be very helpful. For the first excited 3/2−

and yrast (11/2−) states of 37S at excitation energies of
646 keV 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 em-
ployed the SDPF-U interaction. Finally, for 38S, a lower
limit to the lifetime of the (6+) yrast state has been es-
tablished which, while of the correct order of magnitude
as the shell-model value, is nevertheless larger. Unob-
served feeding from higher-lying excited states may be
responsible for the difference; a measurement with sig-
nificantly improved statistics would be helpful. There is
good agreement between shell model and experiment for
the lifetimes of the yrast 2+ and 4+ states. A definitive
lifetime measurement of the yrast 4+ state, rather than
the current lower limit, would also be helpful in test-
ing 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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