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New Region of Deformation: The Neutron-Rich Sulfur Isotopes
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The energies andBsE2; 01
g.s. ! 21

1 d values for the lowestJp  21 states in the neutron-rich
radioactive nuclei38,40,42S and44,46Ar were measured via intermediate-energy Coulomb excitation. The
results for40,42S provide the first evidence of moderate deformation nearN  28, while the effects of
the N  28 shell closure persist in theZ  18 nucleus46Ar. [S0031-9007(96)01592-X]

PACS numbers: 27.40.+z, 21.60.Cs, 25.70.De, 27.30.+t
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One of the primary goals of experiments with radioa
tive beams is to determine how nuclear structure chan
near the drip lines as the binding energies of single p
ticle orbits approach zero. The region ofb-unstable nuclei
near theN  28 isotope44S has attracted particular inter
est because these neutron-rich nuclei play an important
in the nucleosynthesis of the heavy Ca-Ti-Cr isotopes
Werneret al. [2] suggested on the basis of self-consiste
mean field calculations that the majorN  28 shell gap,
which plays a defining role in the structure ofZ $ 20 nu-
clei, disappears atZ  16, and they predicted moderate d
formation for the neutron-rich sulfur isotopes. Radioacti
beams are required to test these predictions because
ful yields cannot be produced with fusion-evaporation
transfer reactions using stable beams and targets.

Here we report measurements of the energies
BsE2; 01

g.s. ! 21
1 d values for the21

1 states of the neutron
rich isotopes38,40,42S and44,46Ar obtained with the tech-
nique of intermediate-energy Coulomb excitation [3]
beams of these radioactive nuclei. This technique
been used recently to populate low-lying states of s
eralA # 14 nuclei [4] and32Mg [5]. The results reported
here demonstrate that deformation occurs nearN  28
and that theN  28 major shell gap persists in46Ar.
Our data are compared to the results of calculations
ing two types of nuclear models. Werneret al. [2] cal-
culated the properties of the nuclei measured here us
self-consistent mean field techniques to account for
changes in binding energies and residual interactions
occur far from the line of stability. We also present sh
model calculations that use empirical interactions obtain
from nuclei closer to the beta-stability line and are, the
fore, effectively an extrapolation from these nuclei.

The present experiment was performed at the Natio
Superconducting Cyclotron Laboratory (NSCL) at Mich
gan State University. Primary beams of48Ca131 and
40Ar121 with energies up to 80 MeVynucleon and intensi-
0031-9007y96y77(19)y3967(4)$10.00
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ties as high as 5 particle-nA were produced with the NS
room temperature electron cyclotron resonance ion so
and the K1200 cyclotron. The48Ca beam was produce
using a new technique discussed in [6]. The second
sulfur and argon beams were obtained via the fragme
tion of the primary beams in a379 mgycm2 9Be primary
target located at the mid-acceptance target position of
A1200 fragment separator [7]. The rates and purities of
secondary beams are listed in Table I. The time of flig
between a thin plastic scintillator located after the A12
focal plane and a parallel plate avalanche counter (PP
located in front of the secondary target was recorded
each fragment and provided positive identification of t
fragment before interaction in the target.

The position and direction of each fragment incide
on the secondary gold target (93.5 mgycm2 for the argon
isotopes and184.1 mgycm2 for the sulfur isotopes) were
measured with two PPACs. Fragments scattered into la
ratory angles less than 4.1± were detected in a cylindrica
fast plastic-slow plastic phoswich detector after pass
through a third PPAC located in front of the phoswi
detector. The energy loss-total energy measuremen
the phoswich detector after the secondary target allow
us to reject events from the breakup of the projectile in
secondary target.

Photons were measured in coincidence with the s
tered fragments in an array of 42 position sensitive NaI(
detectors. The NaI(Tl) crystals were cylindrical, 18 c
long, 5.75 cm in diameter, and enclosed in a 0.45 mm th
aluminum shield and were oriented parallel to the be
direction, as shown in Fig. 1. The target was located p
pendicular to the centerline of the detectors. The NaI(
detectors were arranged around a 10.2 cm diameter
minum beam pipe in three concentric rings. The energ
and interaction points of the incident photons were rec
structed from photomultiplier tube signals at each end
the NaI(Tl) crystal. Photon sources of22Na, 88Y, 152Eu,
© 1996 The American Physical Society 3967



VOLUME 77, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 4 NOVEMBER 1996

TABLE I. Experimental parameters and results. The purity of the secondary beam is for reference only; the secondary fragments
were positively identified on an event by event basis and only desired fragments were analyzed. The energy spread of the secondary
beam was63%.

Secondary beam 38S 40S 42S 44Ar 46Ar

Energy (MeVynucleon) 39.2 39.5 40.6 33.5 35.2
Beam purity 0.99 0.65 0.55 0.99 0.99

Typical intensity on target (s21) 50 000 17 000 1800 50 000 27 000
Energy loss in target (MeVynucleon) 9.1 8.4 7.9 5.1 4.9

Energy of first excited state (keV) 1286(19) 891(13) 890(15) 1144(17) 1554(26)
ssE2; 01

g.s. ! 21
1 , ulab # 4.1±d smbarnd 59(7) 94(9) 128(19) 81(9) 53(10)

BsE2; 01
g.s. ! 21

1 d, se2 fm4d 235(30) 334(36) 397(63) 345(41) 196(39)
jb2j 0.246(16) 0.284(16) 0.300(24) 0.241(14) 0.176(17)

and 228Th were used to obtain a position dependent en-
ergy calibration for each detector. The energy resolution
of the detectors was typically 8% at 662 keV. The po-
sition resolution was approximately 2 cm. This resulted
in an angular resolution of better than 10± for the emit-
ted photon. The angular information was used to correct
for the large Doppler shift of the photons emitted from the
secondary beam particles. To shield the NaI(Tl) detector
array from photons originating at the zero degree phoswich
detector, the PPACs, and from room background, the en-
tire array was surrounded by a 16.6 cm thick layer of
low-background lead bricks. The time difference between
the detection of the photon in the NaI(Tl) detectors and
the detection of the scattered fragment in the zero-degree
detector was recorded for each event so that accidental co-
incidences could be subtracted from theg-ray spectra. Co-
incident photons in22Na and88Y as well as a152Eu source
were used to measure the energy- and position-dependent
photopeak efficiency of the NaI(Tl) array. The detector
efficiency was folded with the photon angular distribu-
tion [3,8] in the projectile frame to determine the pho-
topeak efficiency for a photon emitted from the excited

FIG. 1. Arrangement of the position sensitive NaI(Tl) detec-
tors in the experiment.

projectile. This was combined with the integrated num-
ber of beam particles as identified in the zero-degree de-
tector (ulab # 4.1±) and the target thickness to obtain the
cross sections in Table I. From these cross sections we
then determinedBsE2; 01

g.s. ! 21
1 d andb2 [9] values as-

suming pure intermediate-energy Coulomb excitation [3].
Neglecting nuclear excitation is justified here as a typical
distance of closest approach between the projectile and the
target in this experiment is 18 fm, which is about 5 fm
more than the distance between projectile and target as-
suming touching spheres. We also used the coupled chan-
nels codeECIS[10] to verify that the nuclear contribution to
the cross sections in the angular range covered by the zero-
degree detector is negligible. These calculations used stan-
dard collective model form factors and the optical model
potential given by Suomijärviet al. for the 40Ar 1 208Pb
reaction at 41 MeVynucleon [11].

Photons emitted from the fast moving fragments (y ø
0.3c) could be clearly distinguished from photons emitted
from the stationary target by their Doppler shifts. Fig-
ure 2 shows theg-ray energy spectrum as a function of
position in the NaI(Tl) detectors for the40S 1 197Au re-
action. The left panel shows theg-ray energies in the

FIG. 2. Observed energies ofg rays as a function of position
without correction for Doppler shifting (left panel) and with the
Doppler correction (right panel) for the40S 1 197Au reaction.
The target was located at 90 mm. Theg rays near 547 keV
are from the gold target, while those near 890 keV are from the
(21

1 ! 01
g.s.) transition in the projectile.
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laboratory rest frame, that is, before any Doppler shift
justment. In this panel, the energy of the 547 keV (7

2
1 !

g.s.) transition from the197Au target is independent o
position, while the energy observed for the21

1 ! 01
g.s. g

ray from the projectile40S depends strongly on the pos
tion and, therefore, on the angle at which it was emitt
The right panel shows the same energy spectrum wi
Doppler shift to the projectile rest frame (y  0.27c, cor-
responding to the velocity of the projectile at the midpo
of the target). In this panel, the energy of theg ray from
the projectile is constant, while the energy of the targeg

ray now varies as a function of position. Similar compa
sons were used to distinguish between target and pro
tile g rays for all the nuclei studied here.

The Doppler-corrected, background-subtractedg-ray
spectra for all five nuclei studied here are shown
Fig. 3. All five spectra clearly show one photope
associated with each projectile. To address the ques
of whether the observedg rays might be produced by32

states instead of21 states, coupled channels calculatio
were performed with the computer codeECIS88 [10]
as described above. The calculated cross sections
populating21 states were at least a factor of 5 larger th
the 32 cross sections if one assumes identical excita
energies and coupling strengths for the two states.
therefore conclude that the observedg rays correspond
to the 21

1 ! 01
g.s. transitions in the projectiles. Th

measured energies of the21
1 states andBsE2; 01

g.s. ! 21
1 d

values are listed in Table I. It should be noted that
BsE2; 01

g.s. ! 21
1 d result obtained here for38S is consistent

with the lower limit set on the lifetime of the21
1 state by

Olnesset al. [12]. In addition, the well-known energ
of the 21

1 state of38S [13] was used to check the ener
calibration procedure.

FIG. 3. Upper panels contain background subtracted ph
spectra in the laboratory frame. The 547 keV (7

2
1 ! g.s.)

transition in the gold target is visible as a peak, while
(21 ! g.s.) transitions in each projectile are very broad. Low
panels contain Doppler-corrected, background-subtractedg-ray
spectra.
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No excited states have been observed previously
40,42S, but excited states have been reported for44,46Ar
[14,15]. Crawleyet al. [14] observed states in44Ar using
the 48Cas3He, 7Bed reaction and proposed the21

1 state of
44Ar to be at 1.61 MeV. The spectra in the study
Crawley et al. are quite difficult to interpret because th
background peaks are much larger than those from44Ar.
If the 1.144 MeV state proposed here as the21

1 state was
populated in the experiment of Crawleyet al., it would
have been obscured by a peak corresponding to an exc
state of 7Be. Mayer et al. [15] reported an energy o
1.55 MeV for the corresponding state in46Ar from their
work with the 48Cas14C, 16Od reaction in agreement with
the present work.

Self-consistent mean field techniques [2] predict perm
nent quadrupole deformations in40,42S of b2 , 0.25, only
slightly smaller than those measured here (see Table
For 44,46Ar, Werner et al. [2] did not provide definitive
predictions, but instead showed that their two calculat
techniques (Hartree-Fock1 Skyrme and relativistic mean
field) give very different answers for these two nuclei. T
Hartree-Fock calculations yield a significant prolate def
mation (b2  10.17) for 44Ar and an oblate deformation
(b2  20.13) for 46Ar. On the other hand, the relativis
tic mean field calculations yieldb2  20.13 for 44Ar and
b2  0.00 for 46Ar. The experimentalBsE2; 01

g.s. ! 21
1 d

results agree with the Hartree-Fock results better, since
measure a nonzero deformation for46Ar [b2  0.18s2d]
and a relatively large deformation for44Ar [b2  0.24s2d],
though we are unable to determine thesignsof the defor-
mations. The effects of theN  28 major shell gap persis
in 46Ar because it is less deformed than44Ar and its defor-
mation and the energy of its first excited state are sim
to 50Ti [Es21

1 d  1554 keV, b2  0.17, [16] ]. It would
be of considerable interest to measure the21

1 state of44S
to see whether theN  28 shell gap is still present even
further from the line of stability.

While the shapes of40,42S can be understood with th
mean field calculations of Werneret al. [2] which attempt
to account for changes in single particle binding energ
and residual interactions away from the line of stabili
the data for all nuclei measured here except46Ar can
also be explained with shell model calculations whi
use empirical interactions obtained from nuclei close
the stability line. These calculations were carried out
a model space in which the protons occupy the0d5y2,
0d3y2, and 1s1y2 ssdd orbitals and the neutrons occup
the 0f7y2, 1p3y2, 0f5y2, and 1p1y2 spfd orbitals. For
many of the nuclei under consideration the dimens
of the full pssdd-nspfd model space is too large, an
the calculations reported here have been truncated
leaving out the0f5y2 and 1p1y2 neutron orbitals. With
this truncation the dimension for the21 state in 42S
is 4335. For some nuclei such as48Ca and46Ar, this
truncation can be compared to those performed in a mo
space which includes the0f5y2 and1p1y2 orbitals, and the
3969
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results for the orbital occupations and excitation energ
of the 21 states are found to be very similar. We u
the Wildenthalsd-shell interaction [17], the recent FPD
pf-shell interaction [18], and the Warburton, Becke
Millener, and Brownsd-pf cross-shell interaction [19]
This latter cross-shell interaction successfully accou
for the properties of theN  20 22 nuclei including the
intruder state deformation in32Mg [19]. TheBsE2d values
were calculated using proton and neutron effective char
of ep  1.6e and en  0.9e, respectively, which were
chosen to reproduce theE2 transition strengths of the
protonsd-shell transitions in36S and38Ar [13] and neutron
pf-shell transitions in48Ca [20].

In the top two panels of Fig. 4, the measuredb2 val-
ues are compared to the results of the mean field ca
lations of Werneret al. [2] and the present shell mode
calculations. The mean field calculations slightly und
predict the measured values for40,42S and the shell mode
calculations slightly overpredictb2 for these nuclei. How-
ever, the shell model calculation predicts that theb2 value
in 46Ar is larger than in 44Ar, contrary to the downward
trend in the data, which can be explained by the per
tence of theN  28 shell closure. The increase inBsE2d
for the shell-model calculation is related to the crossing
the 0d3y2 and1s1y2 proton orbitals observed between35K
(which has a3

2
1 ground state [13]) and37K (which has a

1
2

1 ground state [13]). The bottom two panels of Fig.
show that the shell-model calculations successfully rep
duce the energiesEs21

1 d in the nuclei reported here.
The results presented demonstrate that a direct m

surement ofBsE2; 01
g.s. ! 21

1 d is necessary to determin

FIG. 4. The top two panels compare the experimen
quadrupole deformation parametersjb2j (solid points) to
shell-model calculations (stars) described in the text and
relativistic mean field (open diamonds) and Hartree-Fock (op
squares) predictions [2]. The bottom two panels compare
experimental excitation energiesEs21d (solid points) to the
shell model calculations (stars).
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the nuclear deformation, and that the energies of the21
1

states [without theBsE2d values] are not sufficient to de
duce the deformation on the basis of systematics.
example, the global systematics of Ramanet al. [9] give
b2  0.4 from the energies of the21

1 states in40,42S. The
experimentalb2 deformations are significantly smaller.

In summary, the energies andBsE2; 01
g.s. ! 21

1 d values
of the 21

1 states of 38,40,42S and 44,46Ar have been
measured using intermediate-energy Coulomb excitati
The isotopes40,42S are deformed, indicating the presen
of a new region of deformed nuclei nearN  28. The
data on the21

1 state in46Ar demonstrate that theN  28
major shell gap persists atZ  18. Both the mean field
calculations and shell-model calculations using empiric
interactions can approximately reproduce the behavior
the 21

1 states of40,42S. A measurement of44S will show
whether theN  28 shell gap, which is still evident in
46Ar, persists toZ  16.
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