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Previous experiments observed a 4+ state in the N=28 nucleus 44S and suggested that this state
may exhibit a hindered E2-decay rate, inconsistent with being a member of the collective ground
state band. We populate this state via two-proton knockout from a beam of exotic 46Ar projectiles
and measure its lifetime using the recoil distance method with the GRETINA γ-ray spectrometer.
The result, 76(14)stat(20)sys ps, implies a hindered transition of B(E2; 4+ → 2+1 ) = 0.61(19) single-
particle or Weisskopf units (W.u.) strength and supports the interpretation of the 4+ state as a
K=4 isomer, the first example of a high-K isomer in a nucleus of such low mass.

Electromagnetic transition strengths between states in
atomic nuclei are valuable indicators of the symmetries
in the involved wave functions, especially when quantum-
mechanical selection rules lead to hindered γ emission
and longer-lived excited states, referred to as isomeric. In
a previous work Santiago-Gonzalez et al.[1] identified the
4+1 excited state in the N=28 exotic nucleus 44S and con-
jectured – from the overall agreement with shell model
predictions – that this state showed properties associ-
ated with a high-K isomer. This type of isomerism can
occur when the projection of the total angular momen-
tum on the symmetry axis of deformation is a separately
conserved quantity, associated with the quantum num-
ber K. The suggestion of a high-K isomer in 44S was
remarkable because this mechanism is known in strongly
quadrupole-deformed nuclei of higher mass, where differ-
ent rotational structures are well separated by K values
and angular-momentum selection rules for γ–ray emis-
sion may create long-lived states. A recent review of this
phenomenon was given by Walker and Xu in Ref. [2].

The established level structure of 44S has proven to
be a productive laboratory for observing complex phe-
nomena that occur when the nuclear shell structure is
modified in neutron-rich isotopes. First, Glasmacher et

al.[3] measured the 2+1 state and demonstrated the nar-
rowing of the N=28 major shell closure, which was one of
the most cited predictions for near-dripline nuclei at the
time. Next, Grévy et al.[4] and Force et al. [5] identified
a low-lying 0+2 state that demonstrated the coexistence
of prolate and spherical structures in 44S and showed sig-
nificant mixing between them.

This complex picture of excitations and the surpris-
ing suggestion of an isomeric 4+ state by Santiago-
Gonzalez et al. [1] motivated several theoretical stud-

ies, which separate into two groups. The first group in-
cludes beyond-mean field calculations, such as Li et al.

[6], and Rodŕıguez and Egido [7] which predict a con-
ventional, deformed level structure with the lowest ob-
served 4+ as part of a rotational band of prolate defor-
mation. The other group are shell-model calculations,
such as the one presented in Santiago-Gonzalez et al.,
which predicts a low-lying, isomeric 4+ state, and the
work by Chevrier and Gaudefroy [8], who affirm the in-
terpretation of Santiago-Gonzalez et al. and discuss the
coexisting, separate particle-hole configurations in detail.
Another shell-model work by Utsuno et al. [9] uses the
sdpf-mu interaction to systematically study the influence
of the tensor-force on shape transitions in exotic Si and S
isotopes, predicting gamma-soft deformation for 44S. The
two most recent theoretical studies, letter publications by
Utsuno and co-workers [10] as well as Egido, Borrajo and
Rodŕıguez [11] will be discussed below, in the context of
the experimental result.

All of these theoretical efforts depend centrally on the
question to what degree the wave function of the lowest
observed 4+ state in 44S is separated from the other lev-
els, a question that is quantifiable through the lifetime
of this state. The current experimental work was per-
formed to measure this lifetime and used nearly identi-
cal beam and reaction parameters as the ones described
in Ref.[1]. The coupled cyclotron facility at Michigan
State University was used to accelerate the primary beam
of 48Ca to 140 MeV/u. The secondary beam of 46Ar
was produced and selected in the A1900 fragment sep-
arator, at 99 MeV/u energy and a momentum spread
of 1%, with a purity of greater than 90%, and an in-
tensity of 5.6 × 104 pps. A two-proton knockout reac-
tion on 46Ar was used to populate excited states in 44S
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FIG. 1: Spectra associated with the identification of residual
nuclei in the S800 spectrograph. Panel a) Residue energy
loss versus the path-corrected time-of-flight. Panel b) The
focal plane position of Sulfur- reaction residues selected by
a gate on the 44S region in spectrum a). A combination of
both conditions allows for a unique separation between events
associated with the 44S, 43S and 42S isotopes.

and the Gamma-Ray Energy Tracking In-beam Nuclear
Structure Array (GRETINA) [12] was used to perform
high-resolution γ-ray spectroscopy of the fast-moving nu-
clei. The γ rays were selected in coincidence with the 44S
reaction products in the S800 spectrograph. The event
data was analyzed using the GrROOT software pack-
age developed by Wimmer et al. [13], which implemented
the position-resolution capabilities of GRETINA for the
reconstruction of cross-scattered γ-rays and Doppler-
correction.
At the target location of GRETINA, we used a plunger

apparatus [14], which held the 0.5 mm thick 9Be target at
an adjustable distance from a 1 mm thick Nb degrader
and also a thin plastic stripper foil to equilibrate the
charge-state distribution of reaction residues. The recoil-
distance method allows us to determine the lifetime of
excited nuclear states by identifying the γ-rays emitted
before and after the recoiling nucleus passes the degrader
by detecting their differently Doppler-shifted laboratory-
system energies. The velocity of the 44S residues was
found to be 0.42c after the target and 0.36c after the
degrader. In the experiment, GRETINA detectors cov-
ered laboratory angles ranging from 22◦ to 85◦ relative to
the beam axis. The 44S residues were selected using en-
ergy loss and time-of-flight measurements from the S800
spectrograph as displayed in Fig.1 correlated with their
position in the focal plane. Through these parameters,
all three of the observed Sulfur isotopes, 44S, 43S and 42S
could be well separated.
In addition to the recoil-distance measurements, for a

period of 14 hours we recorded events from the geomet-
rically identical setup, but with the degrader removed.
From this data, we analyzed γγ-coincident events to de-
duce the placement of γ–transitions in a level scheme.
The γ-ray spectrum observed in coincidence with the 44S
reaction residues is displayed in Fig.2, as well as the de-
duced level scheme. The experimental spectrum is also
compared to a Monte-Carlo simulation, which was used

to extract the relative population of excited states in the
target-reactions, parameters treated as constant in the
subsequent analysis. Details of the Monte-Carlo simula-
tion will be described below.

Our analysis confirms the main transition placements
by Santiago-Gonzalez et al [1] establishing the 2+1 , 2+3
and 4+1 excited states. The identification of a level at
3.248 MeV [1], based on the placement of the 1891 keV
and 1929 keV pair of transitions could not be confirmed
from our γγ coincidence analysis. Consistent with Ref.
[1], the 2150 keV transition was tentatively placed pop-
ulating the ground state, in absence of coincidence infor-
mation to verify this placement. In addition to the level
scheme of Ref. [1] a 1040 keV γ transition was observed
to populate the 2+3 level, confirming the observations of
Riley et al. [15] and Cáceres et al. [16].
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FIG. 2: (Panel a) γ-ray spectrum observed in coicidence with
44S reaction residues, measured without the energy degrader.
The spectrum is compared to a Monte-Carlo simulation of
the events (see text). (Panel b) Deduced level scheme for
44S. The arrow widths are proportional to the observed γ-ray
intensities.

The lifetimes of excited states were investigated
through the recoil-distance method, where the distance
between the 9Be target and the Nb degrader was ad-
justed to 3 mm, 6 mm and 25 mm, which correspond to
24, 48 and 200 ps flight times, respectively, and the events
from each distance setting were recorded separately. The
experimental spectra are compared to the results of a
Monte-Carlo simulation [17], which models the popula-
tion of excited states, the emission of γ-ray cascades and
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the location of γ–ray emission as a function of the level
lifetimes. The simulation also includes the energy loss
in target– and degrader materials and the emission kine-
matics in the generation of laboratory-system γ rays. Fi-
nally, it simulates the interactions of these γ rays with
GRETINA’s Germanium crystals and selects the events
according to the acceptance of the S800 spectrograph.
For comparison with the experimental spectra, the simu-
lated γ-detections are then Doppler corrected in the same
way as the measured events.
In our experiment we observe a significant contribu-

tion of reactions induced in the degrader, which need
to be quantified separately. These reactions are most
clearly separated in the spectra recorded for the 25 mm,
“long” distance data, which are displayed in Fig.3, gated
on the 42S (panel a) and 44S (panel b) reaction residues.
The events were also selected for laboratory γ–angles be-
low 45◦ and were Doppler corrected assuming emission
from the target position. Because of the long target-
degrader distance, all γ rays from reactions in the target
are expected to be emitted before the reaction residue
nucleus reaches the degrader. Therefore, peaks observed
at the correct γ-ray energies stem from reactions in the
target, labeled ‘t’ in Fig.3, and peaks at shifted energies
stem from reactions induced by the degrader, labeled ‘d’.
Those lines are displaced in energy by an over-corrected
velocity and an under-corrected γ–detection angle.

The spectra for the 25 mm distance and the Monte-
Carlo simulation were used to extract the probability
ratio of reactions induced by the target vs. by the de-
grader, which is 1.30(10) for the population of the 2+1
state in 42S. The relative population of the 2+1 , 2+3 and
4+ states in 44S were determined with values of 1.05(20),
0.85(10) and 1.05(20), respectively. Owing to the fact
that 46Ar beam particles lose energy at a higher rate in
material than the Sulfur reaction residues, the locus of
the reaction within the target and degrader material also
leaves an imprint on the energy of the residues detected
in the S800 spectrometer, an effect that was taken into
account in the simulation. The 25 mm spectrum of 42S
shows an effect of this correlation, as the S800 acceptance
only allowed the highest-momentum residues of 42S to be
detected, enhancing the target-induced peak intensity in
the spectrum.

In the following we describe the analysis of the spec-
tra taken at the 3 mm and 6 mm distances with respect
to the lifetimes of the 2+1 state in 42S and for the 4+

state in 44S. We are using as fixed parameters the pre-
viously determined population yields in target-induced
and degrader-induced reactions, normalized by number
of counts observed in the 949 keV transition.

The decay transition matrix element of the 2+1 state
in 42S has been established through Coulomb excitation
[18] and is used here as an independent verification of our
analysis. In Fig.4 the 42S data from the 3 mm and 6 mm
runs are shown, again selected for laboratory γ-ray angles

Energy (keV)
800 900

C
ou

nt
s/

(1
6 

ke
V

)

2000

4000

6000

8000

Data

Simulation

S42

d

t(a)

Energy (keV)
800 1000 1200 1400

500

1000 S44td

d t
d

t
(b)

FIG. 3: γ-ray spectra recorded for the target-degrader dis-
tance 25 mm, in coincidence with 42S reaction residues (Panel
a) and 44S (Panel b). For each γ-transition, two peaks are ob-
served, one for target-induced reactions (labeled “t”), and one
for degrader-induced reactions (labeled “d”). The simulated
spectra were used to determine the ratio of reactions induced
by the degrader.
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FIG. 4: γ-ray spectra observed in coincidence with 42S,
recorded with the target–degrader distance set to 3 mm
(Panel a) and set to 6 mm (Panel b). The relative change
in intensities in the fast and slow peaks from 3 mm to 6 mm
is an effect of the state’s lifetime. The spectra were fit using
a Monte-Carlo simulation (see text).

below 45◦ and Doppler corrected for emission from the
target position. The γ-peaks observed at the correct en-
ergies are marked as ‘f’ for “fast” reaction residues, while
those shifted to lower energies are marked with an ‘s’ for
“slow”. The “slow” peak includes γ rays coming from
reactions induced in the target, but emitted after the nu-
cleus slowed down in the degrader, as well as γ rays from
degrader-induced reactions. The intensity ratios between
the “fast” and “slow” peaks and the change observed be-
tween the distances are an effect of the 2+1 states’ life-
time. The simulated spectrum of the peak region was
compared to the experimental spectrum through a χ2

analysis, from which a lifetime value of 20.6 ps with a
statistical uncertainty of 1.5 ps was extracted, consistent
with the Coulomb-excitation value 18.5(33) ps from Ref.
[18]. The simulation also included a continuous back-
ground of exponential shape in the spectrum, whose pa-
rameters were adjusted globally for the target-degrader
runs. The uncertainty in the adopted background pa-
rameters did not influence the extracted lifetime values
significantly in comparison to the statistical errors.
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The lifetime of the 4+ state in 44S was determined in
an analogous way. The spectra for the 3 mm and 6 mm
runs are shown in Fig.5. Here, we also select the upper
half of the residue momenta detected in the S800 spec-
trograph, creating an enhancement of the target-induced
events and the RDM-effects in the data. The 1140 keV
and the 1319 keV γ transitions both exhibit two distinct
components, whereas the 949 keV transition only shows
one peak with a shape indicative of a very fast decay.
From this analysis an upper limit of 3 ps was adopted for
the lifetime of the 2268 keV state.

The 1140 keV line, identified with the 4+ → 2+1 transi-
tion, exhibits a lifetime effect similar to the one observed
for the 42S peak discussed above, only with a larger frac-
tion in the “slow” components, indicative of a longer
lifetime. Fig. 5 compares the spectrum to the simula-
tion with the adopted 76 ps lifetime and – to illustrate
the magnitude of the lifetime effects – a simulation for
a short, 3.5 ps lifetime. It should be noted that the de-
layed character of the 1140 keV transition also leads to a
delayed emission of the 1319 keV 2+1 → 0+1 transition in
cascade.

We performed a χ2 analysis testing the 3 mm and 6 mm
spectra against the respective Monte-Carlo simulations
over a range of hypothetical lifetimes, which provided
a value of 76(14)stat(20)sys ps at a reduced χ2 = 2.7.
The systematic uncertainty is estimated by allowing a
different relative yield for the 1140 keV transition in the
degrader-induced reactions.

The deduced lifetime for the 4+ state corresponds to
a reduced matrix element for the 1140 keV transition of
B(E2;4+ →2+1 )=5.6(18) e2fm4 or 0.61(19) W.u. . For
comparison, the ground state transition matrix element
B(E2;2+1 →0+1 ) = 63(18) e2fm4 [3] corresponds to 7(2)
single-particle or “Weisskopf” units (W.u.), which is in-
dicative of moderate collectivity.

In almost all even-even nuclei the 4+1 state is a
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FIG. 5: γ-ray spectra observed in coincidence with 44S,
recorded with the target–degrader distance set to 3mm (Panel
a) and set to 6mm (Panel b). The spectra are compared to
a Monte-Carlo simulation for the adopted lifetime of the 4+

state (76 ps) and, for comparison and horizontally offset, a
short lifetime of 3.5 ps. The 949 keV peak shows characteris-
tics of a prompt emission.

quadrupole excitation built on the lowest 2+1 . For 44S
all theoretical studies predict such a collective rotational
4+ state to exist and to decay with a much larger
B(E2;4+rot → 2+1 ) transition matrix element of values
varying between 9.1 W.u. [10] and 13.5 W.u. [11]. The
deduced value of 0.61(19) W.u. for the decay of the ob-
served 4+ state is evidence that this state is not a member
of the ground-state rotational band, confirming the hy-
pothesis put forth by Santiago-Gonzalez et al.[1]. The
hindered B(E2) value also means that the 4+ at 2459
keV shows very little mixing with the rotational 4+ state
– which is so far unobserved, but must exist – and which
is predicted by theoretical studies to lie within 250 keV
of the observed 4+.

The two most recent theoretical publications, Ut-
suno and co-workers [10] as well as Egido, Borrajo and
Rodŕıguez [11] placed an emphasis on the properties of
the mean field and the symmetries of the intrinsic frame
wave function required to produce such a low-lying iso-
meric 4+ state. Utsuno and co-workers analyzed the
shell-model wave functions in the intrinsic frame of ref-
erence by means of a Variation After Angular Momen-
tum Projection (AM-VAP) method and found that the
4+1 state is dominated by an almost pure (93%) K=4
configuration, while showing a maximally triaxial shape
with γ = 28◦ [10] and moderate quadrupole deforma-
tion β2 = 0.23. In their subsequent publication [11]
Egido, Borajo and Rodŕıguez expanded the parameter
space of their symmetry conserving configuration mix-
ing (SCCM) calculation and described an isomeric 4+

state in 44S with very similar properties, a predominant
K=4 configuration, strong triaxiality and large deforma-
tion β2 ≈ 0.28− 0.36. Both studies predict a very small
decay matrix element of 0.1 e2fm4 [10] and 1.4 e2fm4

[11], values that are smaller than the observed 5.6(18)
e2fm4, but in agreement with the isomeric character of
the 4+ state.

The purity of the 4+ wave function in the context of
near-maximum triaxiality is a property that remains sur-
prising, as noted by both above-mentioned publications.
Both studies also noted that the intrinsic-frame wave
function of the isomeric 4+ state violates time-reversal
symmetry, stated to be nearly maximal in Ref. [10].
It is tempting to speculate whether this property, not
present in conventional collective excitations with pure
K-quantum numbers, points to a separate implicit sym-
metry of the mean field leading to an orthogonalization
of isomeric and rotational 4+ states.

Given the exotic structure of the isomeric 4+ state,
the search for the collective rotational 4+ state gains
additional significance. In this context it is interesting
to note that Santiago-Gonzalez et al. [1], who were us-
ing the same reaction as the present work, were able to
reproduce the population of the isomeric 4+ at a cross
section of 0.019(4) mb, through a calculation based on
an Eikonal approximation and shell-model wave func-
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tions. The same calculation also produced a cross section
smaller than 1 µb towards the collective 4+ state, ex-
plained by a lack of overlap with the 46Ar ground state
and being consistent with its non-observation. In pur-
suit of the collective 4+ state, additional spectroscopic
studies with other excitation mechanisms and modern
high-resolution γ-spectroscopy methods are called for.
In summary, we have measured the average lifetime

of the 2459 keV 4+ state in 44S to be 76(14)stat(20)sys
ps, which corresponds to a reduced transition matrix ele-
ment of only B(E2;4+ → 2+1 )=0.61(19) W.u. This value
demonstrates that the observed 4+ state is not a member
of the ground state rotational band and that it is remark-
ably pure, despite the likelihood that the rotational 4+

state is located within a few hundred keV excitation en-
ergy of the observed 4+. The properties of the observed
4+ state establish a new kind of isomerism in light exotic
nuclei, to which theoretical calculations assign a near-
pure K=4 character at the same time as moderate or
strong, triaxial quadrupole deformation. The presence
of such configurations in the breaking of the N=28 shell
closure provides new experimental and theoretical op-
portunities in the study of the shell structure in exotic
nuclei.
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