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Lifetimes of 32S levels
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Mean lifetimes of 20 out of 31 bound levels in32S below an excitation energy of 8.0 MeV are deduced from
the Doppler-broadenedg-ray line shapes produced in the reactions2H(31P,ng)32S, 28Si(6Li, png)32S, and
31P(p,g)32S. Of the 20 levels, lifetimes for 4 are reported here for the first time. For the remaining 16 levels,
the lifetime values obtained in this work are considered to be more reliable and accurate than those reported in
the literature. Compared to lifetime measurements reported in the literature, significant procedural improve-
ments have been made by~i! using the entire line shape in the data analysis,~ii ! making measurements with
targets implanted in high-stopping-power media, and~iii ! simulating with the Monte-Carlo method the
slowing-down process, experimental conditions, and the delayed feeding from higher levels to the level being
analyzed. The low-lying portion of the level scheme, level lifetimes,g-ray branchings,E2/M1 mixing ratios,
and reduced transition probabilities are compared with shell-model calculations. The reducedB(E2) values for
16 out of 18 transitions andB(M1) values for 5 out of 10 transitions are reproduced to within a factor of 5.
A one-to-one correspondence between 33 experimental and predicted states is established up to 8.2 MeV for
both positive- and negative-parity states.@S0556-2813~98!00408-7#

PACS number~s!: 21.10.Tg, 23.20.2g, 25.70.Gh, 27.30.1t
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I. INTRODUCTION

The deformation of even-mass nuclei changes through
the sd-shell @1#. In self-conjugate nuclei, this change pr
ceeds from large prolate in10

20Ne10 and 12
24Mg12 to large oblate

in 14
28Si14, back to large prolate in16

32S16, and again to mod-
erately oblate in18

36Ar18 @1,2#. Both shell-model calculations
@1# in the full 0d5/21s1/20d3/2 space using the W interactio
of Wildenthal@3# and band-mixed Hartree-Fock calculatio
@4# reproduce the sign variations of the electric quadrup
moments correctly, but the predicted magnitudes show s
deviations. In an earlier study of24Mg levels @5# — a
nucleus with a prolate rotational band structure — it was
ticed that theE2 reduced transition probabilities are cons
tently underestimated in calculations similar to those of R
@1#. About half of the reduced transition matrix elemen
differed from experimental values by more than a factor o
In a similar study of28Si levels@6# — a nucleus with coex-
isting prolate and oblate bands — about one-third of theE2
transition matrix elements were also found to differ by
least the same factor of 2, the values being either over
underestimated in the calculations. It is, therefore, of inte
to extend such comparisons to other self-conjugate nucle
thesdshell. A natural testing ground is32S, in which spheri-
cal and prolate band structures have been suggested to
ist @7#.
PRC 580556-2813/98/58~2!/699~22!/$15.00
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The 32S nucleus is interesting also in other aspects. E
perimentally, the excitation energies of the low-lyin
01, 21, and 41 states suggest that this nucleus behaves
a nearly spherical vibrator. On the other hand, the exp
mental quadrupole moment of the first 21 state is negative
and quite large in magnitude@8# and thus indicates a larg
prolate deformation. Hartree-Fock calculations yield thr
solutions for the 21 states@4# corresponding to prolate, ob
late, and spherical shapes in32S, the prolate solution being
lowest in energy. Nilsson-Strutinski calculations of glob
systematics of deformation@9# predict a primary minimum in
the potential energy surface for a 41 state at about 4-MeV
excitation energy with spherical shape and a secondary m
mum at about 6-MeV excitation energy for another 41 state
with shape parameterse50.63,g50 ° corresponding to a
prolate superdeformed shape. Of these two 41 states, the
lower one is identified with the experimental 4.459-Me
level belonging to the ground-state band, while the hig
one is tentatively identified with the experimental 6.41
MeV level belonging to the first-excitedK50 band. Other
members of this proposed superdeformed band are the b
head 01 state located at 3.778 MeV and the 21 state at 4.282
MeV @9#.

Despite the fact that32S is among the most extensive
studied nuclei in thesdshell, essential experimental data a
still lacking @10,11#. Recent studies@12# at Freiburg have
699 © 1998 The American Physical Society
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contributed considerably to our knowledge of electrom
netic observables in32S, making the spectroscopy of theT
50 states rather complete up to 10 MeV~for T51 states up
to 12 MeV!. However, an important ingredient in testin
model calculations — reliable lifetime data for most of t
excited states in32S — is still missing. With the exception o
the 2.230-MeV first-excited state, for which the lifetime va
ues determined by several different independent meth
@13–34# agree reasonably well@see Fig. 1~a!#, the mean life-
times of the remaining levels@12,14,15,27–32,34,36–50# are
known only with large uncertainties@see Table I and Fig

FIG. 1. A plot of the weights of lifetime measurements vs lif
time values for~a! the 2.230- and~b! 4.282-MeV levels in32S. The
weight of a measurement is taken as (Dt)22, where Dt is the
quoted uncertainty. In those cases where the uncertainty of the
ping powers was not included in the quoted uncertainty, we h
added quadratically 15% of the lifetime value to the statistical
rors. Two contours att(adopted)62(Dt) are also shown. For the
2.230-MeV level the adopted value~247611 fs! is from Raman
et al. @35#. For the 4.282-MeV level the adopted value~57.862.0
fs! is from the current work, and is almost equal to the value~57.7
62.0 fs! from the (p,g) measurement~see Sec. II F!.
-

ds

1~b!#. For example, in the case of the 5.006-MeV level, t
reported values vary from;250 fs to;1550 fs.

The large variations in the lifetime values are relat
mainly to the difficulties encountered in applying th
Doppler-shift-attenuation~DSA! method. Excluding the few
inelastic electron scattering@14,15,46,49# and nuclear reso-
nance fluorescence@47,48# studies, all lifetimes for the
higher excited states have been obtained in DSA meas
ments @12,27–32,34,36–45,50#. A summary of the experi-
mental conditions and analysis procedures used in diffe
DSA experiments is presented in Table II.

The reasons behind the large variations in the previ
lifetime data can be traced to the use of~i! evaporated
targets with layered structures~which complicate the DSA
analysis!, ~ii ! stopping materials whose stopping powe
are in most cases small and poorly known,~iii ! analysis
methods lacking sufficient experimental confirmati
„Lindhard-Scharff-Schio”tt ~LSS! stopping powers@51# in
combination with Blaugrund’s approximation for the larg
angle scattering@61#…, and~iv! reactions producing quite low
recoil velocities which exacerbate problem~iii !. We have
obtained lifetimes for32S levels using measurement tec
niques and analysis procedures designed to overcome t
limitations. We have used~i! implanted targets with known
and stable composition and structure,~ii ! slowing-down ma-
terials whose stopping powers are high and either exp
mentally known or deducible from existing data,~iii ! realis-
tic Monte-Carlo simulations of the slowing-down proces
experimental conditions, and the delayed feeding fr
higher levels to the level being analyzed, and~iv! reactions
that produce large recoil velocities.

The results are reported in Sec. II. The resulting lifetim
data and other data from the literature on electromagn
observables in32S are compared in Sec. III with results from
untruncatedsd shell-model calculations. A brief summary
given in Sec. IV.

II. EXPERIMENT

The reactions studied in this experiment a
2H(31P,ng)32S, 28Si(6Li, png)32S, and 31P(p,g)32S. A
preliminary report on the31P(p,g) experiment was pre-
sented in Ref.@64#. Those results are superseded in this p
per.

A. Target preparation

The deuterium targets for the2H(31P,ng) reaction were
prepared by implanting2H into thick gold ~high stopping
power! and silicon sheets~low stopping power! with a
100-kV isotope separator in Helsinki, Finland. The low
stopping-power target backing was used to determine
initial recoil velocity distribution~for details, see Ref.@65#!.
The high stopping power of gold provided an effective w
to measure short lifetimes. In the case of the28Si(6Li, png)
reaction, preliminary test measurements were performed
ing 0.4-mm-thick single-crystal silicon sheets as targets.
the actual DSA lifetime measurements, the28Si target with
high stopping power was prepared by implanti
100-keV28Si1 (6.231017 ions/cm2) into 0.4 mm-thick tan-
talum sheets. The energy loss of the bombarding beam

p-
e
-
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ticles at a target depth of 100 nm ranged from about 80 k
for 8.0-MeV 6Li ions in tantalum to about 800 keV for 29
MeV 31P ions in gold. A 31P target with a high stopping
power, essential to the measurement of short lifetimes w
the 31P(p,g) reaction, was prepared by implantin
60-keV 31P1 (2.031017 ions/cm2) into 0.4-mm-thick tanta-
lum sheets. Within the implanted region of this target,
energy loss was about 5 keV for 1.5-MeV protons.

The stability of the implanted targets under beam bo
bardment was checked by monitoring theg-ray yields. A
further check was made by using the elastic-recoil detec
analysis ~ERDA! @66# and nuclear-resonance-broadeni
methods@67# for deducing the depth profiles of the im
planted target materials both before and after the DSA m
surements. The targets were quite stable with the excep
that some loss of deuterium from the gold-backed target
observed in the beginning of bombardment with the31P
beam. The depth distributions did not change. Based on
vious studies of implanted targets@68#, it was assumed tha
the implanted layer has no significant effect on the slowi
down of 32S recoils in gold, silicon, and tantalum and, hen
on the extracted lifetimes.
V
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Reactions 2H„

31P,ng…

32S and 28Si„6Li, png…

32S

Lifetime measurements were performed at the Accelera
Laboratory of the University of Helsinki. The experiment
setup used in both reactions is the same as that reporte
Ref. @65#. In the case of the2H(31P,ng)32S reaction, intense
competition occurred from the much stronger2H(31P,pg)32P
reaction. In some cases theg-ray peaks from32P were ana-
lyzed first. Lifetimes for the32P levels deduced from tha
analysis are reported in Ref.@65#.

The 31P4,51 and 6Li21
ion beams with intensities of 45–

150 and 100–300 particle-nA, respectively, were supplied
the 5-MV tandem accelerator EGP-10-II at Helsinki. Bom
barding energies of;24 and;29 MeV for 31P ions and 8.0
and 12.0 MeV for6Li ions were chosen to optimize the yiel
and to monitor the effect of possible feeding transitions
theg-ray line shapes. Slightly different bombarding energ
of the 31P beam were used~24.6 and 29.7 MeV for the gold
backed target, 24.0 and 29.0 MeV for the silicon-backed
get! to ensure approximately equal center-of-mass ener
for the 2H(31P,ng)32S reaction in both materials.

The beams were focused and collimated to a 232 mm2

spot on the target that was set with its surface perpendic
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to the beam direction. The stainless-steel target holder
air-cooled. It was essential to keep the carbon buildup on
target surface and oxidization of the target to a minim
~especially in the case of6Li1 bombardment! because the
interfering 12C16Li and 16O16Li reactions possess high re
action cross sections. The heat generated by the bomba
ion beam and the good vacuum~better than 2mPa! main-
tained in the target chamber kept the carbon deposition
to a minimum in each experiment. Furthermore, it w
checked such that the analyzedg-ray peaks did not overlap
with the peaks possibly produced in the12C16Li or 16O
16Li reactions. These additional checks were made with
MeV 6Li ions incident on targets of tantalum implanted wi
100-keV 12C (1017 ions/cm2) or tantalum oxidized to Ta2O5
~400 nm thick!. The energies of the31P beam were well
below the Coulomb barrier for the12C131P reactions.

C. Reaction 31P„p,g…

32S

The 31P(p,g)32S reaction studies with a 1.0- to 1.6-Me
proton beam having a typical intensity of 7mA were per-
formed at the 5-MV Van de Graaff accelerator of the Ins
tute of Nuclear Research in Debrecen, Hungary. The be
was collimated to a spot 5 mm in diameter on the targ
which was set perpendicular to the direction of the bea
The target holder provided direct cooling of the target ba
ing. The collected charge of the spectra varied between
and 200 mC in the DSA lifetime measurements and betw
300 and 600 mC in the branching ratio measurements
depending on the resonance strength and the detector-t
distance.g rays were detected using a 25% efficient Or
HPGe detector. The energy resolution of the spectrom
system was 2.20 keV atEg51.46 MeV and 3.01 keV a
Eg52.61 MeV. The detector was shielded from the labo
tory background radiation by 6 cm of lead. Theg-ray spectra
were stored in an 8192-channel memory with dispersion
0.7–1.0 keV/channel.

The g decay of the 1557- and 1583-keV proton res
nances — most promising for a study of several lifetimes
one measurement — were studied using an escape sup
sion arrangement wherein the HPGe detector was surrou
with a conical BGO veto detector provided by the Groning
Cyclotron Laboratory. An escape suppression factor of 6 w
achieved.

The intensities ofg-rays were derived from spectra re
corded with the detector at 55° with respect to the beam a
as
e
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The 1057-, 1557-, and 1583-keV resonances@31# were se-
lected for the lifetime measurements during which theg-ray
detector was set at 0° and 90° relative to the beam direct

D. Analysis of line shapes

The mean lifetimes of the levels in32S produced in the
different reactions were deduced from the analysis
Doppler-broadenedg-ray line shapes. This analysis is bas
on computer simulations by the Monte Carlo~MC! method,
where different factors affecting the line shape are reali
cally taken into account. In many cases, and especially w
the g-ray peaks overlap, the line shape analysis gives m
detailed and more reliable information than theF(t) analysis
based only ong-ray peak centroid shifts. Selected portio
of g-ray spectra along with the simulated best-fit line sha
are shown in Fig. 2. The inferred lifetime values are c
lected in Table III.

In the case of high-energy transitions (Eg>2.7 MeV!,
contents of adjacent channels in the spectra were summ
Line shapes recorded at 0° were fitted for all three reactio
but the 90° data were also used in the case of the31P(p,g)
reaction. Data from measurements with the silicon- and go
backed targets in the2H(31P,ng)32S reaction were both
used, except in the cases of the 4.282- and 5.549-MeV
els. Their quoted lifetime values are based only on analy
of the silicon data.

In general, the simulated line shape is a sum of the sha
corresponding to the direct prompt and delayed feedings
state. The sum is weighted by the experimental fractions
the feedings. These fractions were obtained from the m
sured populations of the32S states~at different bombarding
energies! and from theg-ray branching ratios reported in th
literature @10–12# and in the current31P(p,g) experiment.
Delayed feeding was significant only in the31P(p,g) reac-
tion.

To extract a reliable value for a short lifetime~t ,100 fs!
especially when the kinematic broadening of a correspond
g-ray line shape is comparable to or larger than the dete
resolution and the full Doppler shift, it is important to have
realistic description for the distribution of initial recoil ve
locities. In the case of the2H(31P,ng) reaction, an iterative
procedure, described in Ref.@65#, was used. In this method
an initial velocity distribution and a level lifetime were de
termined by combiningg-ray line shape data measured wi
two stopping materials with differing stopping powers. T
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FIG. 2. Selected portions of background
corrected g-ray spectra recorded in th
31P(p,g)32S reaction measurements at th
Ep51557 keV resonance@~a!–~c!#, in the
2H(31P,ng)32S reaction measurements at 24
MeV beam energy ~d!, and in the
28Si(6Li, png)32S reaction measurements at bea
energies of 12.0 MeV~e! and 8.0 MeV~f!. The
g-ray transitions are denoted in the figures~SE
5single-escape peak, B5background peak!. The
solid lines illustrate the simulated best-fit lin
shapes corresponding to the lifetimes shown
Table III. In ~a! the dashed line shows separate
the contribution of the primaryr→7190 keV
transition and in~c! the single-escape peak of th
primary r→5413 keV transition. For further de
tails, see Sec. II F. The dotted lines in~a!–~c!
correspond to the lifetime values of the leve
adopted previously in the compilation of Re
@11#.
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energy loss of the bombarding31P ion before the reaction
was also taken into account in the determination of the ini
recoil velocity. For each slowing-down simulation, the rea
tion depth was selected randomly within the implanted2H
concentration distribution, the selection probability bei
proportional to the concentration of target atoms. The ene
loss was calculated from the reaction depth using the s
ping power values of Refs.@69# and@70# for 31P in gold and
in silicon, respectively.

When using the6Li projectiles, levels in32S can be pro-
duced via the competing28Si(6Li, png) and 28Si(6Li, dg)
reaction channels. At our incident energies, both reacti
proceed primarily through the compound-nuclear chan
@71#. This observation is supported by the large yield of t
unnatural-parity 5.413-MeV,Jp531 state in the current ex
periment. When the reaction is of the compound-nucl
type, it has also been shown@72# that the 28Si(6Li, png)
channel dominates over the28Si(6Li, dg) channel. In the MC
simulations, the line shapes were assumed to be produce
the two competing contributions that were weighted w
fractions calculated using the empirical model described
Ref. @72#. The initial velocity distribution was calculated b
assuming an isotropic angular distribution in the center-
mass frame for each emitted particle~proton and neutron or a
deuteron!. This approach was found to be sufficiently acc
l
-

y
p-

s
el
e

r

via

n

f-

-

rate such as to reproduce the experimental shapes in
simulations.

In the DSA analysis of (p,g) data, it is usually assume
that the effect of the emission of the primaryg ray on the
broadening of a secondaryg-ray peak can be neglected. Th
assumption can result, however, in a systematic error in
deduced lifetime as is reported in our recent study@6#. In the
current analysis, the primary-g-ray-induced broadening wa
included in the simulations.

Except for the slowing-down process described in the f
lowing, most other aspects of the MC simulation can be ve
fied by analyzing the line shape of an extremely fast tran
tion. These include, for example, the effects caused by
finite size of theg-ray detector and the instrumental resol
tion. The ground-state transition from the 8.126-MeV lev
in 32S ~t50.23060.035 fs, see Table I! provided a built-in
cross-check of our analysis for the2H(31P,ng)32S reaction.
In the 31P(p,g)32S reaction, fast primary transitions from th
resonance states were used for these checks.

E. Stopping power

The stopping powers of the slowing-down media~silicon,
gold, or tantalum! for 32S ions were described in the lin
shape analysis according to the following equation:
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ZBL

. ~1!

Experimental values of the electronic stopping pow
(dE/dx)e of gold for 32S ions at velocitiesv>2.45v0 ~Bohr
velocity v05c/137, wherec is the velocity of light! were
taken from Ref.@69#. For lower velocities, the electronic
stopping power was extended linearly to zero atv50. An
uncertainty of64% in the stopping power values was as
sumed. Because experimentally confirmed values are
available, the semiempirical electronic stopping power
silicon @70# was adopted, with an assigned610% uncer-
tainty.

Experimental data on electronic stopping power of tan
lum for 32S ions at velocities relevant to the current analys
of the 28Si(6Li, png) reaction data are also lacking. There
fore, semiempirical values from Ref.@70# were used. They
were compared with the values obtained from the effect
charge parametrization (Z1 scaling!:
r

n-
f

-
s

e

S dE

dxD
b

5
~gZ!a

2

~gZ!b
2S dE

dxD
a

, ~2!

where the numerical values of effective charges (gZ)a,b
were taken from Ref.@69#. The electronic stopping powe
values of tantalum for32S ions were deduced using this fo
mula and the experimental data of Ref.@73# for 29Si ions. At
velocitiesv52v0–4v0, the values were observed to diffe
from the semiempirical stopping powers by 3% at most. T
correctness of theZ1 scaling was further tested in the case
32S ions slowing down in gold. The experimental data f
29Si ions in gold, taken from Ref.@73# and scaled to32S
ions, were compared to experimental values of Ref.@69# and
the semiempirical values@70#. Again the differences in the
velocity region of 2v0–4v0 were less than 4%, and no sy
tematic variations between the three stopping powers w
observed. Therefore, the semiempirical values with an
signed69% total uncertainty were used in the analysis. T
quoted uncertainty includes the contributions of~i! a 66%
uncertainty of the experimental stopping data@73#, ~ii ! an
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assumed65% uncertainty of the scaling procedure, and~iii !
the 64% differences between the semiempirical values
the values based on theZ1 scaling.

Although the velocities of the recoiling32S ions produced
in the 31P(p,g) reaction at the current bombarding energ
are so small (v,0.3v0) that the nuclear stopping powe
dominates, the effect of the electronic stopping power can
be neglected. Because experimental data on the electr
stopping power of tantalum for32S ions are not available a
these low velocities, the semiempirical values from Ref.@70#
were corrected by a factor obtained from analysis of exp
mental range data for chlorine ions in tantalum@74#. The MC
simulation of the experimental stopping data with the inc
sion of the polycrystalline structure of tantalum has resul
in a correction factor off e51.3560.16 for the semiempir-
ical electronic stopping power in the case of36Cl ions slow-
d

s

ot
nic

i-

-
d

ing down in tantalum@74#. Because abrupt changes in th
stopping power are not expected between adjacent ato
numbers, the same correction for32S ions in tantalum is used
in the current analysis at low velocities. If the correctio
factor f e were 1.0 instead of 1.35, the analysis would yie
slightly longer lifetimes~for example 10, 51.5, and 540 f
instead of 10, 50, and 500 fs, respectively!. Compared to the
use of amorphous target structure in the simulations, the
clusion of the polycrystalline structure resulted in negligib
change in the lifetime value, but the improved fit in the e
perimental line shape reduced its statistical uncertainty.

At moderate and high recoil velocities, as in the curre
experiment with the28Si(6Li, png) and 2H(31P,ng) reac-
tions, the inclusion of the crystalline structure of th
slowing-down material in the simulations would make t
simulations very time-consuming. In test simulations w
the 28Si(6Li, png) reaction, for a mean lifetime of about 40
fs, it was found that the corresponding line shape can
simulated equally well~less than 1% difference betwee
amorphous vs polycrystalline background! and much faster
by a code in which the slowing-down material is assumed
be amorphous. Therefore, the polycrystalline structure of
backing was taken into account only in the analysis of
low-velocity 31P(p,g) data.

The nuclear stopping power (dE/dx)n was calculated by
the MC method, in which the scattering angles of the rec
ing ions were derived directly from the classical scatter
integral@75# and the interatomic interaction described by t
universal Ziegler-Biersack-Littmark~ZBL! potential @70#.
According to Ref.@73#, the exact choice of potential is rela
tively unimportant when the recoil velocities are high, as
the case of the2H(31P,ng) and 28Si(6Li, png) reactions. To
account for possible effects of the uncertainty of the cho
potential, especially at low velocities produced in the (p,g)
capture reaction, a66% uncertainty was assigned fo
(dE/dx)n . The uncertainties in electronic and nuclear sto
ping powers are reflected in the uncertainties quoted for
deduced lifetime values.

F. Results

1. Lifetimes

The lifetime results obtained in this work are summariz
in Table III. Lifetimes obtained with different reactions use
in the current work are in good mutual agreement in
cases. This fact supports our belief that~i! the current experi-
mental conditions are well controlled in each case and~ii !
the effects that are relevant at different velocities are
scribed realistically in the line shape analysis. Our results
compared with previously reported values in Fig. 1 a
Table I. As can be seen from Fig. 1 and Table I, lifetim
results from the previous DSA measurements in32S show
wide variations. In order to understand these variations
ther, the experimental conditions and analysis procedure
the DSA measurements are shown in Table II. To empha
the superiority of the current results, some important poi
are discussed below.

The previous DSA experiments suffer mainly from th
inconsistent target structures, stopping powers without
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perimental confirmation, and analysis methods prone to
tematical errors. Targets consisting of relatively thick lay
evaporated on metal backings limit the accuracy of sh
lifetimes ~t ,100 fs!. The limitations emerge from:~i! the
unknown composition of the evaporated layer~because of
the use of compound materials, for example Zn3P2 , SiO2,
and PbS!, ~ii ! the reduced density of the target layer~up to
30%! from that of bulk material, and~iii ! uncertain thickness
and homogeneity of the target. In the current work, i
planted targets with stable and well-known structure w
used. The low recoil velocities and LSS stopping powers
combination with the Blaugrund approximation can cau
systematical errors, which are not properly taken into
count in the previous works. The error analysis of the st
ping power is totally lacking in many cases, while som
authors take an unfounded and large error value that is ad
quadratically to the statistical errors. In the current work,
uncertainties arising from the uncertainties in the nuclear
electronic stopping powers are realistically included in
MC simulations. The electronic stopping power was eith
experimentally known or semiempirical approximation ve
fied by comparing with scaled stopping powers, and
nuclear stopping power was calculated from a realistic in
atomic potential. From the previously reported 92 lifetim
values, only 5 were deduced from line shape analysis,
remaining 87 are fromF(t) analysis. ReliableF(t) analysis
is possible only ifg-ray peaks are well separated; otherw
line shape analysis must be used. Most of the previous w
utilize also only one type of nuclear reaction, while thr
different reactions with a total of 7 different bombardin
energies were used here. An important source of erro
some of the previous works is the failure to take into acco
the delayed feedings and detector geometry, all of wh
were taken into account in the current work.

Although reanalysis of the earlier DSA data might redu
the variations in the previous lifetime values, as we obser
in the case of32P @65#, for many instances there are n
enough details on the experimental conditions available~see
Table II! to enable any meaningful reanalysis.

Our lifetime value for the 2.230-MeV level~252640 fs!,
although not as accurate as in some studies, is in a g
agreement with the weighted average~245611 fs! of the
three most accurate Coulomb excitation results@23–25#. For
some other levels, the current lifetime results disag
strongly with previous lifetime data. For example, in the ca
of the 5.413-MeV level, the previous (p,g) measurements
suggest a lifetime of;115 fs @31,36,43#, while the (p,p8)
and (a,n) measurements suggest;195 fs@37,38#. The life-
time value adopted in Endt’s compilation@11# is 150630 fs.
The current 31P(p,g) measurement@see Fig. 2~a!# yields
t5237640 fs when the correction for the contaminating p
maryg transition (r→7.19 MeV! is taken into account while
analyzing the line shape of the 5.413→2.230-MeV transi-
tion. Without this correction, analysis of the current da
would yield a lifetime value of about 150 fs. The long
lifetime value is supported by the result of 241635 fs ob-
tained in the28Si(6Li, png) measurement.

Because of the large variations in the previous lifetim
data and current improvements in the data analysis and
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perimental arrangements, the current lifetimes, when av
able, are suggested for the adopted lifetimes. For those le
whose lifetime was not obtained in the current work, w
have adopted the weighted averages of the literature val
A notable exception is the 4.459-MeV level, for which
reliable lifetime value has been determined in an inver
kinematics~high recoil velocity! ag-coincidence experimen
by Simonis et al. @34#. We have adopted their value an
rejected the values reported in Refs.@28,29,32,40,41# be-
cause the latter experiments had serious difficulties relate
the overlappingg rays from the 4.459→2.230-MeV and
2.230→0-MeV transitions.

2. Gamma-ray branchings

(a) Decays of the Ep51557- and 1583-keV resonances
In this paper, we present the results obtained only from
Ep51557- and 1583-keV resonances. TheEp51583-keV
resonance, by itsg decay, is strongly connected to th
negative-parity bound states. Even though this decay
been measured several times@31,43,45#, some discrepancie
remain. Theg-ray branching ratios derived from the on
resonance 55° spectra are given in Table IV. The second
decays of the 6.762-, 6.852-, 7.350-, and 7.950-MeV lev
were also studied because their branchings differ strongl
previous works@31,43,45#. Some results from Table IV are
discussed below.

Ex510.372 MeV:Our branching ratios are in good agre
ment with earlier determinations@31,76# except for a new
transition~0.2%! to the 7.002-MeV level and a possible tra
sition ~0.3%! to the 7.350-MeV level. The 7.350
→4.695-MeV secondary transition, if present, could not
separated from the single-escape peak of the 5.
→2.230-MeV transition.

Ex510.398 MeV:Altogether 18 primary transitions wer
identified from this resonance. For nine of these, our bran
ing ratios are in reasonable agreement with previous de
minations@31,76#. Six weak previously unreported primar
transitions were identified~see Table IV!. Two of these are
E3 isoscalar transitions to the levels at 7.002 and 8.1
MeV, and the third is anM3 isovector transition to the leve
at 5.798 MeV. Three more transitions were observed to
levels at 5.413, 7.350, and 7.567 MeV. Only upper intens
limits are given for the three weak transitions to the levels
6.224, 6.411, and 7.975 MeV. The 3.987- and 4.181-M
peaks in our spectrum can represent either a primary tra
tion to the 6.411-MeV level and a secondary transition to
2.230-MeV level~a choice preferred by Vernotteet al. @43#!
or a primary transition to the 6.224-MeV level and a secon
ary transition to the 2.230-MeV level. The placement of
primary transition to the 7.975-MeV level is uncertain b
cause the secondary transitions from this level~given in Ref.
@12#! were not observed.

(b) Decays of bound levels.The spectrum taken with goo
statistics at theEp51583-keV resonance provided branchin
ratios for several bound levels in32S. In general, the agree
ment with the values given in Table 32.13 of Ref.@10# was
reasonable with the following exceptions.

Ex56.762 MeV:This level decays 2966% to the 4.459-
MeV level. In our g-ray spectrum, the other strong 71%
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transition @10#, 6.762→5.006 MeV, overlaps other trans
tions. No peak corresponding to the decay of 6.762→0 MeV
is present in our spectrum, contrary to the report in Ref.@31#.

Ex56.852 MeV: This level decays to the 4.282- an
4.459-MeV levels with 7367 and 2764% branchings, re-
spectively. This is in reasonable ageement with Ref.@10#.
The 6.852→5.413-MeV transition previously reported i
Refs.@77–79# was not observed. We give an upper limit
2% for its intensity.

Ex57.350 MeV:According to Refs.@12,77,78# this level
decays 100% to the 4.695-MeV level. In our spectrum,
7.350→4.695 MeV transition accounts for only 59615% of
the intensity of the primary transition. Therefore, the 7.35
MeV level may decay by other unknown branches as we

Ex57.950 MeV:The three observed transitions from th
level to the 4.459-, 5.006-, and 5.413-MeV levels bear

FIG. 3. Comparison of calculated and experimental le
schemes for positive- and negative-parityT50 states in32S. For
the T51 states and for additionalT50 states, see Sec. II F an
Table VI. The calculated negative-parity spectrum is shifted do
by 1160 keV so that the calculated and experimental energies o
first 32 states match. Experimental energies and spin-parity ass
ments are from Ref. @12#. The uncertain assignmen
Jp5024;p5normal, given in Ref.@12# for the 6581-keV level, is
here shown in parentheses as (01).
e

-

n

intensity ratio 1:20:10. Brenneisenet al. @12# list only the
transition to the 5.006-MeV level. These three transitio
with intensities of 361%, 60610%, and 30610%, respec-
tively, together account for 93% of the intensity of the p
mary transition. Taking into account the uncertainties in
g-ray intensities, this imbalance is acceptable.

III. CALCULATIONS

A. Procedure

Shell-model calculations of excitation energies for bo
positive- and negative-parity states in32S andg-decay prop-
erties for positive-parity states were performed using
shell-model programOXBASH @80#. The wave functions for
all positive-parity states were obtained by constructing
possible configurations within the major oscillator shell d
fined by the 0d5/2, 0d3/2, and 1s1/2 orbitals (sd shell! and
diagonalizing the effective Hamiltonian of Wildenthal@3#.
The g-decay properties for the positive-parity states we
computed using harmonic oscillator radial wave functio
with \v5(45A21/3225A22/3) MeV and effectiveM1 @81#
andE2 @82# operators.

To account for negative-parity states, the model sp
must be extended beyond thesd shell to include 1\v @one-
particle, one-hole (1p–1h)# excitations into the next majo
shell — in particular, the 0f 7/2, 0f 5/2, 1p3/2, and 1p1/2 or-
bitals. The effective Hamiltonian was chosen to be t
Warburton-Becker-Millener-Brown~WBMB! sd- f p shell
Hamiltonian described in Ref.@83#. The WBMB Hamil-
tonian consists of the Wildenthal matrix elements for thesd
shell, McGrory’s f p-shell Hamiltonian for thef p-shell ma-
trix elements@84#, and a modification of the Millener-Kurath
interaction for the cross-shell components@85#. Conse-
quently, when no truncations are applied to thesd- f p model
space, the 0\v positive-parity states are the same as those
the sd-shell calculations described above.

In addition to thesd→ f p shell excitations, negative
parity states can also arise from 1p–1h excitations of the
closed16O core~i.e., the 0p3/2 and 0p1/2 orbitals! into thesd
shell. However, because the 0d5/2 orbital is essentially filled,
it is likely that excitations of this type will lie at a highe
excitation energy than theirsd→ f p counterparts. This con
jecture is supported in part by the fact that in theTz5
61/2, A529233 nuclei, the lowest experimenta
negative-parity state hasJp57/22 @86#. Hence, the excita-
tion energies of the negative-parity states are based on
culations with only 1p–1h, sd→ f p excitations. In addition,
it was found that because of computational difficulties, ad
tional limitations on the configuration space were requir
To keep the number of states with a definite angular mom
tum and isospin manageable, the model space was trunc
so that no more than three holes in the 0d5/2 orbital were
allowed. Also, as a result of difficulties encountered wh
projecting angular momentum with the shell-model progr
OXBASH, those configurations with three 0d5/2 holes and four
0d3/2 particles were excluded from the calculation. The
limitations are based on the earlier shell-model study for32P
@65#, where it was noted that the overlap between the w
functions for the positive-parity states obtained with a sim
lar truncation on the 0\v space with those obtained from th
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full sd-shell calculation was approximately 90%. Finally, t
excitation energies for the negative-parity states were ta
relative to 0\v states obtained with the same model-spa
truncations. As in Ref.@65#, the effect of the model-spac
truncations makes it difficult to predict the excitation en
gies of the negative-parity states relative to the positi
parity states with an accuracy much better than;0.5 MeV.

At this point, theg-decay properties of the lowestT50,
negative-parity states are difficult to describe theoretica
with reasonable accuracy. First of all, after correcting for
recoil of the center of mass, the isoscalarE1 charge is iden-
tically zero@87#. In addition, negative-parity states may al
decay via M2 transitions. Currently, little information is
available regarding the effectiveE1 and M2 operators.
Therefore, this work primarily focuses on electromagne
transitions between the positive-parity,sd-shell states. In the
future, when the computational restrictions imposed in t
work are no longer necessary, a more comprehensive s
of the decay properties of the negative-parity states may
come feasible. Meanwhile, the experimentalB(E1) values
are summarized in Table V.

B. Results

Shown in Fig. 3 and Table VI is a comparison betwe
the experimental and theoretical spectra for both posit
and negative-parity states. With the exception of the leve
en
e

-
-

y
e

c

s
dy
e-

n
-

at

6.581 MeV, the experimental and calculated positive-pa
states match almost perfectly up to the excitation energy
MeV. The average deviation~absolute value! between theory
and experiment is 85 keV and the root mean square~rms!
deviation 261 keV~17 keV and 102 keV, respectively, if th
6581-MeV level is excluded!. One-to-one correspondenc
between experimental and calculated levels can be fur
established up to 8.2 MeV and with slightly less confiden
up to 9.1 MeV. At excitation energies above 7.0 MeV,T
51 states are also present, and for those states that ca
identified with some confidence, the calculated excitation
ergies agree well with the experiment even up to 10 Me
~See Ref.@65# for further discussion on theT51 analog
states in32P.! Despite the severe truncation applied in t
calculations, a one-to-one correspondence for negative-p
states is found up to 8.2 MeV~and up to 9.1 MeV at a lower
level of confidence!. The calculated negative-parityT50
states, shown in Fig. 3, have been shifted by21160 keV
relative to the positive-parity states~see Table VI for the
unshifted energies! to match the energy of the lowest expe
mental Jp532 state, which is the lowest negative-pari
state. The chosen energy shift is almost equal to the en
shift needed to minimize the rms deviation between the
perimental and calculated level energies.

To test the calculations further and to identify matches
those states that have no obvious counterpart in the pred
spectrum, electromagnetic decay properties were also ex
ined. The branching and mixing ratios calculated from t
theoreticalM1- andE2-transition matrix elements are com
pared with the corresponding experimental values in Ta
VII. Because only a limited number ofE2/M1 mixing ratios
for positive-parity states andM2/E1 mixing ratios for
negative-parity states are experimentally known, we h
chosen also to compare the calculated lifetimes with exp
ment. This comparison is shown in Table VI and Fig.
Overall, the agreement is good. Indeed, only three cases

FIG. 4. Calculated mean lifetimes compared to those exp
mentally determined. Experimental upper limits are shown by o
triangles. Calculated lifetimes agree with experiment to within
factor of 5 inside the shaded region.
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hibit a deviation between experiment and theory that is lar
than a factor of 5.

In the cases where the mixing ratio is known experim
tally or the transition is a pure multipole, we have in Tab
VIII compared the experimentalM1 andE2 reduced transi-
tion probabilities with the calculated values. In the calcu
tion of predicted lifetimes~see last column of Table VI!,
experimental energies were used. From these lifetimes
the calculated branching and mixing ratios given in Ta
VII, the individual transition strengths or matrix elemen
can be deduced as more experimental mixing ratios bec
available.

Referring to Table VI, the first experimental level missin
an obvious corresponding model state is at 6.581 MeV. T
level is excited strongly in (a,a8) and is observed to deca
only to the 2.230-MeV level@88#; therefore,Jp501, 12,
21, 32, or 41. In the calculated spectrum of positive-pari
states, the first predicted state without a corresponding
perimental level is the thirdJp501,T50 state at 7.388
MeV to which the 6.581-MeV level is identified here. Th
Jp501,T50 assignment is also favored in Ref.@92# on the
basis of (p,p8) angular distribution. On the other han
Brenneisenet al. @12# assign negative parity to the 6.581
MeV level @leading toJp512 or 32 when combined with
the (a,a8) results# on the basis of calculations using a we
~quadrupole-octupole phonon! coupling model. However
our calculated negative-parity spectrum does not easily a
association of the 6.581-MeV level to any negative-par
state below 8.5 MeV.

A systematic study ofJp501 and 11 states~with pos-
sible T identification! in sd-shell nuclei was attempted b
Crawleyet al. @92# by measuring the angular distributions
high-energy~201-MeV! (p,p8) reactions. In32S, these au-
thors have identified five 11 states between 6.9 and 8
MeV. In our shell-model calculations, there are only thr
er

-

-

nd
e

e

is

x-

w
y

11 states@at 7.058, 7.125, and 8.099 MeV~see Table VI!#
that we have identified with the experimental levels at 7.0
7.190, and 8.126 MeV, respectively. If the levels at 7.6
and 7.921 MeV indeed areJp511, T51 states as suggeste
in Ref. @92#, they have no theoretical counterparts. Mor
over, these two levels would then correspond to excitati
in 32P at 0.634 and 0.918 MeV, respectively. Such lev
have neither been observed nor predicted. Brenneisenet al.
@12# have also noticed this discrepancy and have changed
Jp assignments of the 7.637- and 7.921-MeV levels fro
definite 11 to Jp501,11. We favor this change. We the
proceed to identify these levels with the theoretically calc
lated 04

1 ,T50 and 05
1 ,T50 states at 8.019 and 8.691 MeV

respectively~see Table VI! even though the energy agre
ment is poor.

As can be seen from Tables VI and VII, the calculat
level energies, branching ratios, and lifetimes for theJp

551 and 61 high-spin states in32S are in good agreemen
with experiment. This behavior is contrary to the comm
thinking that the high-spin, high-energy states suffer fro
mixing with the components outside thesd model space
more than the low-spin states.

The experimental and predicted reduced transition pr
abilities are listed in Table VIII and illustrated in Fig. 5
They are in reasonable agreement. Only 4 out of the 21
ducedE2 transition probabilities compared herein are dr
tically underestimated, while all others are predicted
within a factor of 5. As in the case of32P @65#, good agree-
ment between theory and experiment~within a factor of 2! is
achieved for the cases where the predicted reducedE2 tran-
sition probabilities are in the range;0.2210 W.u. On the
other hand, the smaller theoretical reducedE2 transition
probabilities tend to underestimate the experimental d
Two out of the four discrepantE2 transitions are from the
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9.065-MeV level~see next paragraph!. The remaining two
E2 transitions are from 21 states at about 7.5 MeV, and ma
suffer from mixing of intruder configurations as is sugges
in the case of28Si @93#. In the case of the reducedM1
transition probabilities, the agreement between experim
and theory is not quite as good, although half of the tran
tions are reproduced to within a factor of 5. The remain
M1 transitions are systematically underestimated in the
culations which may indicate isospin mixing in the expe
mental wave functions. The overall agreement for theM1
transitions in32S is about the same as in the case of32P @65#.

The comparison of the measured and calculated redu
E2 transition probabilities suggests that the 45

1 and 46
1

states, identified with the experimental states at 8.182
9.065 MeV, appear inverted in the predicted spectrum~see
Table VIII!. The inversion would bring the predictions fo
the two grossly underestimatedE2 transitions from the
9.065-MeV state into an excellent agreement with exp
ment, while the accuracy of the predictions for otherM1 and
E2 transitions would remain roughly equal. The disagr
ment between the experimental and predicted branching
d

nt
i-
g
l-

ed

d

i-

-
nd

mixing ratios remains in the inversion. The experimen
lifetime of the 9.065-MeV state does not, however, supp
the inversion~see Table VI!. The lifetime value of the 8.182
MeV state is unknown.

Because of the success of the spherical shell mode
reproducing the experimental data, we have not pursued
alternate description of32S levels in terms of the deforme
Nilsson-Strutinski model. However, there is some eviden
for the latter. The 2.230-, 3.778-, 4.282-, 5.006-, 5.413-, a
6.411-MeV levels are excited in the current experiment w
6Li projectiles. Of these, the 3.778-, 4.282-, and 6.411-M
levels belong to the proposed superdeformed band, predi
by the Nilsson-Strutinski calculations@9#. It has been ob-
served that the direct alpha transfer (6Li, dg) reaction chan-
nel excites strongly levels ofn-particle–four-hole (np-4h)
character. For instance, 4p-4h states in the doubly magic
16O and 40Ca nuclei are strongly excited by direct alph
transfer@94,95#. The 4p-4h states have been interpreted
belonging to superdeformed bands (16O) or deformed bands
(40Ca) @96#. In the case of32S, the observed strong trans
tions are interband and not intraband. Therefore the desc
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FIG. 5. Comparison of calculated and experimental redu
transition probabilities:B(M1) ~upper!; B(E2) ~lower!. Experi-
mental upper limits are shown by open triangles. Calculated va
agree with experiment to within a factor of 5 inside the shad
region.
C

-

.

tion of these states in terms of a superdeformed band ca
be strongly supported.

IV. SUMMARY

Lifetime values have been measured for 20 bound lev
out of ;31 known levels below the excitation energy of 8
MeV in 32S. The results based on reliable stopping power
the DSA analysis and realistic MC simulations of the expe
mental conditions remove the large uncertainty of the li
time values of excited32S levels reported in the literature
Shell-model calculations are able to reproduce the meas
lifetimes to a reasonable degree. Also, the electromagn
transition strengths are in most cases predicted correctly
more detailed comparison requires additional informat
such as unambiguousJp and T assignments and data o
E2/M1 mixing ratios.
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Röpke, J. Schma¨lzlin, P. Siedle, and B. H. Wildenthal, Z
Phys. A357, 157 ~1997!; 357, 377 ~1997!.

@13# R. H. Helm, Phys. Rev.104, 1466~1956!.
@14# R. Lombard, P. Kossanyi-Demay, and G. R. Bishop, Nu

Phys.59, 398 ~1964!.
@15# P. Strehl, Z. Phys.234, 416 ~1970!.
@16# E. C. Booth and K. A. Wright, Nucl. Phys.35, 472 ~1962!.



.

-

nd

.

.

ys

ec

A.

, A

ys

.

.
.

.

r.,

ev

F

te

.

.

n

W

e,

on

an.

F.

e

.
n,

J.
.

.

k.

. J.

rt-

Z.

v.

r-

-

ec-

d

n,

ta,

PRC 58 719LIFETIMES OF 32S LEVELS
@17# E. C. Booth, B. Chasan, and K. A. Wright, Nucl. Phys.57, 403
~1964!.

@18# D. L. Malaker, L. Schaller, and W. C. Miller, Bull. Am. Phys
Soc.9, 9 ~1964!.

@19# O. F. Afonin, A. P. Grinberg, I. K. Lemberg, and I. N. Chu
gunov, Yad. Fiz.6, 219 ~1967! @Sov. J. Nucl. Phys.6, 160
~1968!#.

@20# K. Nakai, J. L. Quebert, F. S. Stephens, and R. M. Diamo
Phys. Rev. Lett.24, 903 ~1970!.
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@23# A. Olin, O. Häusser, T. K. Alexander, A. J. Ferguson, and W
Witthuhn, Nucl. Phys.A221, 555 ~1974!.

@24# D. Schwalm, E. K. Warburton, and J. W. Olness, Nucl. Ph
A293, 425 ~1977!.

@25# W. J. Vermeer, M. T. Esat, and R. H. Spear, Nucl. Phys.A389,
185 ~1982!.

@26# H. Grawe and K. P. Lieb, Nucl. Phys.A127, 13 ~1969!.
@27# J. P. Thibaud, M. M. Aleonard, D. Castera, P. Hubert, F. L

cia, and P. Mennrath, Nucl. Phys.A135, 281 ~1969!.
@28# G. T. Garvey, K. W. Jones, L. E. Carlson, D. A. Hutcheon,

G. Robertson, and D. F. H. Start, Nucl. Phys.A160, 25 ~1971!.
@29# F. Ingebretsen, B. W. Sargent, A. J. Ferguson, J. R. Leslie

Henrikson, and J. H. Montague, Nucl. Phys.A161, 433~1971!.
@30# M. J. Renan and R. J. Keddy, Nuovo Cimento A3, 347~1971!.
@31# W. F. Coetzee, M. A. Meyer, and D. Reitmann, Nucl. Ph

A185, 644 ~1972!.
@32# Y. T. Cheng, A. Goswami, M. J. Throop, and D. K

McDaniels, Phys. Rev. C9, 1192~1974!.
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