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Proton scattering on the unstable38S nucleus: Isovector contribution to the 21
1 state
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A 39A MeV 38S radioactive beam was used with inverse kinematics to measure angular distributions for
elastic and inelastic proton scattering from a CH2 target. Optical potential and folding model calculations are
compared with the elastic distribution. Using coupled channel calculations, theb2 value for the 21

1 state is
determined to be 0.3560.04. This value, when compared with the corresponding result from a Coulomb
excitation measurement, leads toMn /M p5~1.560.3!N/Z, indicating an isovector contribution to the 21

1 state
of 38S. @S0556-2813~97!50309-8#

PACS number~s!: 21.10.Re, 25.40.Ep, 25.60.2t, 27.30.1t
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Nuclei are generally treated as having an inert closed s
core coupled to valence protons and neutrons, which pri
rily determine the nuclear structure. However, evidence s
gests that the ‘‘magic number’’ shell closures do not alwa
persist in nuclei outside the valley of stability. Therefore it
of paramount importance to investigate the evolution
nuclear structure when moving towards the drip lines. T
use of multiple experimental probes allows us to disentan
the effects due to protons and neutrons in the nucleus.

Great current interest is focused on neutron rich nu
near theN528 magic number for which theoretical calcul
tions predict the onset of deformation@1,2#. Advances in
beam currents available at a number of radioactive nuc
beam facilities have recently extended the region of nu
accessible for direct study. In theN528 region,b-decay
measurements of the nuclei43P, 44S, and 45Cl indicate de-
formation in these neutron ‘‘magic number’’ nuclei@3#. The
excitation energy andB(E2) values of the 21

1 states in
38,40,42,44S @2,4# have been measured through Coulomb ex
tation.

More detailed information on nuclear structure can be
vealed through elastic and inelastic proton scattering. L
lying 21 and 32 states are generally well represented by
isoscalar collective model with equal neutron and proton
formation, yielding a ratio of the neutron and proton mul
pole transition matrix elementsMn /M p5N/Z @5#. However,
comparisons of transition probabilities measured with diff
ent probes as well as measurements with a single probe
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hibiting an interference between Coulomb and nuclear a
plitudes have been used to detect deviations from the sim
isoscalar picture, particularly in single closed shell nuc
where the valence nucleons drive the oscillations@6,7#. In
this sense, an experimental determination ofMn /M p gives
indications about the nature of the excitation and about s
structure effects. At energies of a few tens of MeV, inelas
proton scattering is mostly sensitive to the neutrons in
nucleus, and is therefore a very suitable tool to determ
Mn /M p by a comparison with the deformation parame
obtained from electromagnetic excitation, which is only se
sitive to the protons@5#.

Since the advent of radioactive beam facilities, it has
come possible to measure proton scattering on short li
nuclei in inverse kinematics, using a proton target. Reac
kinematics are then determined either by detecting the he
ejectile or recoiling protons. Such studies are restricted
nuclei closer to the valley of stability than half-life or Cou
lomb excitation measurements, since the prerequisite of v
thin targets, which preserve the kinematic characteristics
the outgoing particles, requires the availability of sizab
beam currents, at least several 103 particles per second. Pro
ton inelastic scattering data with unstable beams are sca
The doubly magic nucleus56Ni was studied by (p,p8) scat-
tering in inverse kinematics at 101A MeV @8# and theb2
value was extracted from cross-section measurements at
one scattering angle. Very recently, the measurement of
inelastic scattering angular distribution of an excited state
11Li has been reported@9#.

This Rapid Communication presents results of elastic
inelastic proton scattering on the unstable38S nucleus in in-
verse kinematics, measured over a broad angular range
ing large solid-angle position sensitive detectors to meas
recoiling protons. The value ofb2 is extracted for the 21

1

state, and from a comparison with a Coulomb excitat
measurement, the first experimentalMn /M p value for the
excited state of a short lived nucleus is extracted.

,

R1206 © 1997 The American Physical Society



o

to
m
o

%

je

ro

w-
te
th
gl
nd
a
m

g
0

r
b

in
b
0
e
w
r-

fie
s
u

pr
r

l-

l

at

a

ee
so
ry
ry
e

on
io

a
a

to
to

lli-
-
ing
a
ion.

cal-

ing
n

ring

her
tion
° in

s
i-
e of

The

RAPID COMMUNICATIONS

56 R1207PROTON SCATTERING ON THE UNSTABLE38S . . .
A beam of 85A MeV 40Ar nuclei, provided by the K1200
cyclotron at the National Superconducting Cyclotron Lab
ratory, impinged on a 376 mg/cm2 Be target located at the
production target position of the A1200 fragment separa
@10#. The resulting beam was purified by using a 292 mg/c2

aluminum wedge, and limited to a momentum spread
Dp/p51%, yielding a 38S beam that was more than 99
pure.

The beam, consisting of around 23105 particles per sec-
ond, was then collimated sufficiently (Dubeam<0.3° FWHM!
so that it was unnecessary to carry out event-by-event tra
tory tracing. The final beam intensity was around 33104

particles per second. A 1.9 mg/cm2 CH2 target was rotated to
an angle of 34° with respect to the beam direction, thus p
viding an effective in beam target thickness of 4.6 mg/cm2,
while limiting the energy loss and angular straggling of lo
energy protons recoiling towards the detectors. A 0° de
tor, placed downstream from the target, consisted of a
and thick fast plastic. This detector covered scattering an
up to 4.7°, largely above the kinematic limit for elastic a
inelastic scattering of38S from protons, and provided
DE-E separation of heavy projectile-like fragments fro
lighter reaction products, a scaler count of the38S particle
flux, and a time signal.

A group of 5 telescopes, 535 cm active area, consistin
of a 300mm thick Si strip detector followed by a second 30
mm or 500mm thick Si detector and a 1 cmthick stopping
CsI, were positioned 29 cm from the target to measure
coiling protons. The telescopes covered laboratory angles
tween 62° and 88°. The first Si detector was segmented
16 vertical strips~3.125 mm spacing or 0.6° in the la
frame!. An energy signal and a time signal stopped by the
DE plastic detector was read for each strip and identifi
particles stopping in these detectors. The time resolution
;900 ps FWHM for 3.2 MeV protons. Higher-energy pa
ticles that punched through the first detector, were identi
by their DE-E signal in Si-Si or Si-CsI. Scattered proton
were selected with a requirement that a heavy ejectile m
survive the collision and be detected in the 0°DE-E plastic
stopping detector. The laboratory angle of the scattered
tons was determined from the strip detector and the cente
mass~c.m.! angle and the38S excitation energies were ca
culated on an event by event basis.

Before measuring the38S scattering, the experimenta
method was tested with the40Ar beam degraded to 40A
MeV. Figure 1~a! shows an energy vs laboratory angle sc
terplot for recoiling protons scattered by the40Ar beam. The
observed kinematic lines correspond to the ground state
first 21 and 32 states of40Ar. The insert in Fig. 1~a! shows
the excitation energy spectrum for the angular bin betw
30.5° and 31.5° in the c.m. frame. The overall angular re
lutions were on the order of 1.6° FWHM in the laborato
frame and 3.2° FWHM in the c.m. frame. The prima
source of angular uncertainty came from the angular acc
tance introduced by the 3.1 mm strip size and the;4 mm
FWHM beam spot size. The excitation energy resoluti
which depends largely on the laboratory angular resolut
varies from around 600 keV at low c.m. angles to 900 keV
higher c.m. angles. Because of the high beam intensity av
able for 40Ar, the 0°DE-E plastic detector was not used
measure coincident projectile-like fragments. This leads
-
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large background, presumably resulting from central co
sions of 40Ar on protons and12C, and also precludes obtain
ing an absolute normalization. The ratio of elastic scatter
to inelastic scattering to the 21

1 state was obtained from
Gaussian fit to the spectrum, after background subtract
The deformation parameterb2 was extracted for the 21

1 state
by comparing the measured ratio to a coupled channel
culation performed with the code ECIS@11# using optical
model parameters from Ref. @12#. This yields
b250.2960.03 for 40Ar; which is slightly larger, but con-
sistent with the previous measurements of 0.24–0.26@13#, in
spite of the large background.

In the case of38S, several states, including the first 21
1

state located at 1.29 MeV, of38S are known from extensive
36S(t,p) @14# and 36S(t,pg) @15# studies. Figure 1~b! dis-
plays a scatterplot of laboratory energy vs angle for recoil
protons from the38S scattering. Despite lower statistics tha
in the 40Ar test case, elastic scattering and inelastic scatte
to a state at 1.2 MeV, which can be identified as the 21

1 state,
are clearly separated. Indications for the presence of hig
lying states are also observed. The inset shows the excita
energy spectrum for an angular bin between 27° and 30

FIG. 1. ~a! Energy vs angle scatterplot for recoiling proton
from 40A MeV 40Ar( p,p8) in inverse kinematics. Insert: the exc
tation energy spectrum for the center of mass angular rang
30.5°–31.5°. The solid lines correspond to Gaussian fits~see text!.
~b! Same as~a! for 39A MeV 38S(p,p8). Inset: the excitation en-
ergy spectrum for the center of mass angular range of 27°–30°.
solid lines correspond to Gaussian fits~see text!.
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the c.m. frame. Note that in the case of the 39A MeV 38S
beam, the background is strongly suppressed by requi
that a heavy ejectile be observed in the 0°DE-E detector in
coincidence with scattered protons. The energy and ang
resolutions are similar to those obtained in the40Ar test case.

The elastic scattering angular distribution of38S, Fig.
2~a!, is obtained by projecting the contents of a contour
the excitation energy vsuc.m. plane. Coupled-channels pre
dictions using the ECIS code@11# are shown in comparison
with the data. Note that no arbitrary normalization is i
volved here. A calculation based on the Becchetti-Green
parameterization@16#, which was developed for (p,p) scat-
tering onA>40 nuclei, is shown by the dashed line in Fig.
A second calculation, shown as the solid line in Fig. 2, u
optical model parameters for40Ar( p,p) @12# and gives
slightly better agreement with the measured ground state
tribution, in particular at small angles.

In a microscopic approach, folding model calculations
ing the nucleon-nucleon potential proposed by Jeukenne,
jeune, and Mahaux~JLM! @17# have had success at descri
ing nucleon nucleus scattering, provided the imagin
potential is adjusted by a normalization factor typica
around 0.8@18#. The present elastic scattering data is a
well reproduced by a folding model calculation~dotted line
in Fig. 2!, which folds nuclear densities with the JLM
nucleon-nucleon potential. The densities were calculated
shell model using the full 0f 1p space@19,20#. The analysis
of the elastic scattering, using both macroscopic and mic
scopic potentials, reveals no appreciable deviation, in
angular range studied, with respect to the systematics
tained for stable nuclei.

The cross section of the 21
1 state was obtained using tw

FIG. 2. ~a! Angular distributions for the ground state and the 21
1

state in the38S(p,p8) reaction at 39A MeV, obtained by projecting
the contents of contours~see text!. ~b! The elastic scattering dat
and calculations are the same as in~a!. The 21 data is obtained by
the Gaussian fit method~see text!. In both ~a! and ~b! the calcula-
tions are coded as follows; dashed line: coupled channel calcula
with Becchetti-Greenlees potential; solid line: coupled channel
culation with 40Ar( p,p8) potential; dotted line: folding model cal
culation; for details see text.
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methods. First, the 21
1 state was selected in the excitatio

energy spectrum, and the angular distribution was obtain
Fig. 2~a!, in the range where the ground state and 21

1 distri-
butions are resolved~24°–39°!. This process may be slightly
inaccurate because of a small overlap of the ground s
with the 21

1 distribution, see insert of Fig. 1~b!; however the
shape of the inelastic scattering distribution can be compa
in Fig. 2~a! with the coupled channel ECIS calculation usin
theb2 value extracted below. The shape of the experimen
angular distribution is in full agreement with the calculatio

In order to extract the value ofb2 , Gaussian distributions
were fit to the ground state, the 21

1 state, and the very low
background as shown in the insert of Fig. 1~b!, for three
angular bins. Thex2 of the coupled-channels prediction fo
the 21

1 state was minimized to obtain the measured deform
tion parameter. The extracted cross sections and the calc
tions are shown in Fig. 2~b!. Using the Becchetti-Greenlee
parameterization~dashed line! @16#, the cross sections ex
tracted from the Gaussian fits yieldb250.3560.04, while
the 40Ar optical parameters of Ref.@12# ~solid line! give
b250.3660.04. In the following we will adopt the valueb2
50.35. The validity of the use of a macroscopic model
extract deformation parameters in the case of hadro
probes has been discussed in Ref.@21#. Differences between
macroscopic and microscopic analyses are shown to incr
with increasing transition multipolarity and the macroscop
analysis ofL52 transitions has been deemed reliable.

Theb2 value extracted here is larger than the electrom
netic b250.2560.016 measured by Coulomb excitation@4#
which itself is in good agreement with the shell model p
dictions of Ref.@15#. This difference between electromag
netic and hadronic values can be related to different pro
and neutron vibration amplitudes through the study of m
tipole transition matrix elementsMn /M p . TheMn /M p ratio
was calculated using the formula derived in Ref.@5#:

Mn

M p
5

bp

bn
F d

de.m.
S 11

bn

bp

N

Z D21G ,

wherebp andbn are the interaction strengths of protons wi
protons and neutrons, respectively,d is the deformation
length from (p,p8) andde.m. is the electromagnetic deforma
tion length (d5b2r 0A1/3). An r 0 value of 1.17 fm corre-
sponding to the optical parameters of the Bechetti-Green
systematics was used for (p,p8) scattering, whiler 051.20
fm was taken for electromagnetic excitation. Thebp andbn
values were taken as 0.3 and 0.7, respectively@6#. This
yields Mn /M p52.060.4 for the 21

1 state in 38S, and thus
Mn /M p5~1.560.3!N/Z, which is incompatible with the
value ofN/Z expected for a pure isoscalar collective exci
tion.

It is interesting to observe the trend ofb2 and Mn /M p

values for the 21
1 state as a function of neutron number in t

sulfur isotopes, which are displayed in Table I. All theb2
values from low-energy~E,50 MeV! proton scattering ex-
periments displayed in the table were extracted from a m
roscopic analysis similarly to this work, allowing meaningf
comparisons. TheMn /M p values were calculated from th
experimentalb2 values using the procedure described abo
One should first note the very lowb2 values and high-

on
l-
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excitation energy of the 21
1 state in 36S, as well as the

Mn /M p value compatible withN/Z. Therefore36S exhibits
features akin to those of a well closed nucleus. When mov
away from 36S, the measuredb2 values increase and a larg
difference inMn /M p values is observed between32S and
38S, showing a rapid change of the structure as a functio
neutron number. The largeMn /M p value for 38S can be
qualitatively understood by considering the38S nucleus as a
36S core plus two valence neutrons. In this case, the
neutrons drive the oscillation and the core polarization is
sufficient to restore the isoscalar character of the excitat
In previous studies of stable nuclei, similar behavior w
observed in the case of18O which can be described as a16O
core and two valence neutrons@5#. In that respect our resul
on 38S is not completely unexpected. On the other ha

TABLE I. Compilation of 21
1 states for sulfur isotopes. Energie

andb2~e.m.! values are from Ref.@22#. b2(p,p8) values are from
Refs.@23# (32S!, @24# (34S!, @25# (36S! and from this work (38S!.

E b2(p,p8) b2~e.m.! (Mn /M p)/(N/Z)
~MeV!

32S 2.23 0.28 0.31 0.84
34S 2.12 0.28 0.25 1.12
36S 3.29 0.18 0.16 1.12
38S 1.29 0.35 0.25 1.5
k-
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z,
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le
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58Ni, which has again two neutrons outside a closed sh
exhibits anMn /M p value consistent withN/Z @5#. These
discrepancies may be due to core polarization effects and
for more theoretical developments.

We have measured extensive angular distributions
elastic scattering and for inelastic scattering of protons on
unstable nucleus38S. The use of a large array of silicon-str
telescopes to measure recoiling protons in inverse kinema
proved to be a powerful and straightforward method to m
sure excitation energy spectra and angular distributions
unstable nuclei with reasonable resolution and low ba
ground. Elastic scattering data shows no appreciable de
tion from the systematics obtained for neighboring sta
nuclei. The measured inelastic cross section for the first1

1

state yieldsb250.3560.04. A comparison with electromag
netic excitation allows us to extractMn /M p5~1.560.3!N/Z,
indicating a significant isovector contribution to the 21

1 state.
This suggests that38S can be considered as a36S core and
two valence neutrons. It would now be interesting to inve
tigate the persistence of such a structure for larger neu
numbers, for which the neutron skin effects may be m
pronounced. In this aim, a similar experiment has recen
been performed for40S.
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