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Proton scattering from the unstable neutron-rich nucleus 43Ar
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The neutron-rich argon isotope43Ar has been studied by quasielastic and inelastic proton scattering per-
formed in inverse kinematics. The measured inelastic angular distribution for the second excited state is in
good agreement with anL52 transition. Assuming this transition to beE2, yields ab2 value for this state of
0.2560.03 when compared with distorted-wave Born approximation calculations. This value is comparable to
the one reported for the stable isotope40Ar. Moreover it is similar to those measured by Coulomb excitation
for the neighboring even-even isotopes42Ar and 44Ar indicating that the structure of the argon isotopes is
stable as a function of neutron number.@S0556-2813~99!03012-5#

PACS number~s!: 21.10.Re, 25.40.Cm, 25.40.Ep, 27.40.1z
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I. INTRODUCTION

The availability of radioactive beams with sizeable inte
sities and good optical qualities makes possible the stud
direct reactions induced by unstable nuclei. The study
nuclear matter distributions, deformation, and the modifi
tion of shell structure far from stability can be address
through inverse kinematics reactions on light targets. C
siderable interest is currently being focused on neutron-
nuclei near theN528 magic number for which shell closur
is expected to vanish, yielding a new region of deformat
@1,2#. The 0gs

1 →21
1 transition in even-even neutron rich su

fur and argon isotopes was recently studied by intermed
energy Coulomb excitation@3,4#. The measurement of th
excitation energies and theB(E2) reduced transition prob
abilities showed a weakening of theN528 shell closure tha
was more pronounced for44S than for 46Ar. Additional in-
formation on the structure of nuclei in this mass region c
be obtained from proton scattering experiments. Elastic s
tering will give insight into nuclear densities and interacti
potentials, while the comparison of Coulomb excitation w
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proton inelastic scattering should allow neutron and pro
deformations to be separated.

We have undertaken a study of the neutron-rich su
isotopes through elastic and inelastic scattering of proton
inverse kinematics. We performed experiments on38S and
40S by using secondary fragmentation beams of38,40S deliv-
ered by the National Superconducting Cyclotron Laborat
at Michigan State University@5,6#. During the second ex-
periment, data were also collected for the neutron-rich i
tope 43Ar which was present as a byproduct in the second
beam. Few of the properties of43Ar are known, even though
several excited states were identified in a previous ex
transfer reaction study@7#. For instance, no spin assignmen
exist for either the ground or excited states. Here, we pre
the results of quasielastic and inelastic proton scattering
the unstable nucleus43Ar performed in inverse kinematics
The low-lying level structure of43Ar is discussed. The in-
elastic scattering data are shown to be best described b
L52 transition when compared with distorted-wave Bo
approximation~DWBA! calculations. Theb2 value extracted
from these data, assuming anE2 inelastic transition, is com-
pared to the values obtained for the nearby argon isotop

II. EXPERIMENT

The secondary43Ar beam was produced by fragmentatio
of a primary 48Ca beam at 60 MeV/nucleon, provided by th
K1200 cyclotron at the National Superconducting Cyclotr
Laboratory, on a 285 mg/cm2 Be production target. The
fragments were analyzed using the A1200 fragment sep
tor @8# and the resulting beam was purified by using a
mg/cm2 aluminum wedge. While the beam optics and A12
parameters were both optimized for the production of40S at
30 MeV/nucleon, a final intensity of about 16 000 particl
per second~pps! for 43Ar at 33 MeV/nucleon was obtained
The 40S intensity was only 2000 pps. The incident bea
nuclei were identified event by event by the combination o
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time-of-flight measurement over a 36 meter long flight p
and a total energy measurement using a phoswich dete
placed behind the secondary hydrocarbon scattering targ

The experimental setup is described in detail in Ref.@6#
and only the most important features will be repeated h
The 43Ar beam was scattered by a thin 2 mg/cm2 (CH2)n
target which allowed accurate angle definition to be o
tained, even for low-energy protons. A group of eight te
scopes, 535 cm2 active area each, was used to measure
energies and angles of the recoiling protons. Each telesc
was composed of a 300mm thick silicon strip detector with
16 vertical strips~3 mm wide! followed by a second 500mm
thick silicon detector and a 1 cm thick stopping cesium-
iodide detector read out by four photodiodes. The silico
strip array was positioned 29 cm from the scattering tar
and covered the laboratory angles between 56° and 89°
lowing us to measure elastic and inelastic angular distri
tions over the center-of-mass angular rangeQcm515° to
Qcm545°. This setup has a dynamic range for protons fr
about 1 up to 50 MeV. The particle identification in th
telescopes was performed either by a time-of-flight meas
ment for low-energy particles stopped in the silicon st
detector, or by aDE-E measurement for higher energy pa
ticles that punched through the first detector.

The data in the silicon strip telescopes were taken in
incidence with a zero degreeDE-E plastic detector which
identified the outgoing fragments and allowed the elastic
inelastic reaction channels to be selected, thus very ef
tively reducing the background in the proton detectors. T
plastic detector also yielded a start signal for the proton tim
of-flight measurements. Due to the poor emittance of
secondary43Ar beam (;100p mm mrad!, two parallel plate
avalanche counters, placed 82 cm and 183 cm upstream
the target, were used to measure event by event the inci
beam angle and beam position on the target. This be
tracking allowed us to improve the reconstruction of the
action kinematics.

The left panel of Fig. 1 displays the data obtained
recoiling protons, in coincidence with the43Ar ejectiles, in
an energy vs laboratory angle scatterplot. The data were
transformed to the center-of-mass frame using relativistic
nematics and the correlations between the excitation en

FIG. 1. Energy vs laboratory angle scatterplot~left panel! and
excitation energy vs center-of-mass angle scatterplot~right panel!
for recoiling protons in coincidence with the43Ar ejectiles. Solid
and dashed lines are the calculated energy-angle correlations fo
elastic scattering and the inelastic scattering to the second ex
state located at 1.61 MeV.
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E* and the center-of-mass angleQcm are shown on the righ
panel of Fig. 1. The scattering angle has been corrected
the incident beam angle as well as for its impact position
the target. Despite the low statistics, the elastic scatte
~solid line! and inelastic scattering to the second excited s
~dashed line! are clearly separated in both spectra.

Figure 2 shows the excitation energy spectrum for43Ar
where, in addition to the elastic peak, a peak centered
1.6160.04 MeV is observed. The excitation energy reso
tion is of the order of 850 keV which is very similar to tha
measured for a stable40Ar beam with the same detectio
system@5#. Significant cross section above 2.2 MeV is al
observed but the low statistics and the energy resolution
not allow us to resolve these peaks.

Figure 3 shows the angular distributions for the elas
peak and the excited-state peak of43Ar located at 1.61 MeV.
These distributions were obtained by projecting the conte
of two different excitation energy cuts in the excitation e
ergy vsQcm plane. The absolute normalization of the da
was obtained using the incident beam intensity given by
0° detector and the target thickness. The error bars on
cross section are purely statistical and the error inQcm is
equal to the bin size and is shown on the figure.

the
ed

FIG. 2. Excitation energy spectrum measured for43Ar. The
dashed lines are Gaussian fits to the quasielastic and second e
state peaks. The solid line is the sum of the two contributions.

FIG. 3. Angular distributions for the quasielastic scattering a
inelastic scattering to the second excited state measured for
43Ar( p,p8) reaction at 33 MeV/nucleon. The solid and the dash
lines are DWBA calculations with the Becchetti-Greenlees opti
potential@14#. The dotted line is the calculated quasielastic angu
distribution assuming ab2 value of 0.25 for the7

2
2 first excited

state. The vertical dotted region corresponds to the crossing
tween the 500mm silicon detector and the CsI detector.
3-2
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III. ANALYSIS

Little is known about the structure of43Ar. Some insight
regarding the low-lying structure of43Ar can be obtained
from an examination of neighboring nuclei. The ground st
of the closed proton shellN525 isotone 45Ca has Jp

57/22 ~the lowest lyingn f 7/2
23 state!, but an f 7/2

23 Jp55/22

state lies at an excitation energy of only 174 keV@9#. The
isotope 41Ar bears some similarity to43Ar because it has
three f 7/2 neutronparticles instead of the threef 7/2 neutron
holes in 43Ar ~of course, both nuclei have twosd proton
holes—predominantlyd3/2—in their lowest lying states!.
Once again,Jp for the ground state is 7/22 @deduced by Endt
@9# on the basis of data from a40Ar(d,p)41Ar measurement#
with a Jp55/22 state at 178 keV. Endt@9# cited ab-decay
result which limited the ground-state spin of43Ar to either
3/2 or 5/2; however, no independent report of this result w
ever published. In a shell-model analysis of43Ar, Warburton
@10# predicts that theJp55/22 andJp57/22 states reverse
their order but remain close in energy, with aJp55/22

ground state and aJp57/22 state at an excitation energy o
22 keV. It would not be reasonable to assume a unique
assignment for the ground state based on this result; h
ever, it seems quite likely that the ground state of43Ar is
dominated by thepd3/2

22n f 7/2
23 configuration and hasJp

55/22 or 7/22.
In the neighboring even-even nuclei42,44Ar, the 21

1 states
~which occur at 1.21 and 1.14 MeV, respectively@11,3#! are
connected to the ground states with collectiveE2 transitions
corresponding tob2'0.25. Therefore, we would expect
low-lying concentration ofE2 strength—resulting from the
coupling of a collective quadrupole excitation to the grou
state—in 43Ar as well. The 1.61 MeV peak observed in th
present (p,p8) reaction is quite likely to correspond to th
expected concentration ofE2 strength. The systematic stud
of octupole states in this mass region in Ref.@12# implies
that strong octupole states do not occur below 3.5 MeV
neutron-rich Ar isotopes.

For the present analysis of our data on43Ar, we will
assume that the ground state of43Ar hasJp55/22, and that
a first excited state ofJp57/22 occurs at 200 keV~and
cannot be separated from the ground state in the presen
periment!. Explicit inclusion of theJp57/22 excited state
may be important because it is likely that a strongE2 matrix
element connects the two members of the ground-state
blet in 43Ar as is the case in41Ar @9#. Since the members o
the ground-state doublet cannot be experimentally separa
we must regard the ‘‘ground-state angular distribution’’ a
quasielastic scattering angular distribution.

Distorted-wave Born approximation calculations we
performed using the codeECIS @13# and the results are com
pared to the data in Fig. 3. The optical potential parame
were taken from the Becchetti-Greenlees parametriza
@14#, which was developed for elastic proton scattering
A>40 nuclei. A good reproduction of the elastic-scatteri
data for the even-even sulfur isotopes betweenA532 and
A540 was previously obtained with the same optical mo
parametrization@6#. The solid line in Fig. 3 shows the resul
of a calculation of elastic scattering only—that is, excitati
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of the possible 7/22 member of the ground-state doublet w
neglected. The calculation reproduces the data quite wel
second calculation was performed in which the differen
cross section for inelastic scattering to an assumed 7/22 state
at 200 keV isaddedto the elastic scattering differential cros
section, assuming a coupling constantb250.25. This value
was chosen because it is approximately equal to theb2 val-
ues found in the neighboring Ar isotopes for low-lying qua
rupole excitations. The result of this ‘‘quasielastic scatt
ing’’ calculation is shown as the dotted line in Fig. 3. It
clear from the figure that the inelastic contribution to t
quasielastic peak is quite small and has little effect on h
well the data are reproduced.

Figure 4 displays the results of DWBA cross-section c
culations for the inelastic scattering to the second exc
state in 43Ar, assuming different possibleL transitions in
order to determine theL transfer for the observed inelastic
scattering data. The solid line corresponds to a calcula
which assumes anL52 transition between the ground sta
and the second excited state. The dashed and dotted
correspond to calculations assumingL51 andL53 transi-
tions, respectively. The comparison of the calculations w
the experimental data clearly shows that the inelas
scattering process does not proceed through anL51 transi-
tion. Ruling out a possibleL53 transition is not so simple
since the calculated angular distribution is relatively flat
this case. However, no normalization of the calculation to
data could describe simultaneously the data at 10° and 4
The best overall normalization to the data is shown in Fig
where the forward angles are underestimated by a factor o
Therefore, theL53 transition is also found to be not sui
able. The best overall description of the experimental ine
tic angular distribution is obtained when anL52 transition
is assumed between the ground state and the second ex
state of 43Ar. This last calculation was performed using
standard vibrational form factor and a coupling constantb2
50.25 to which we assign an experimental uncertai
Db250.03. This calculation is also shown by the dash
line in Fig. 3, along with the calculated elastic angular d
tribution.

Since the parities of the states are not known, conse
tion rules allow both electric and magnetic transitions to o
cur. But, in the low-energy range, the spin-independent i
vector central part of the interaction potential is the stro

FIG. 4. DWBA cross-section calculations, using the Becche
Greenlees optical potential@14#, for the transition to the second
excited state in43Ar. The solid line is for anL52 transition. The
dashed and dotted lines are forL51 andL53, respectively.
3-3
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gest, favoring mass excitations such as electric quadru
excitations@15#. At higher proton energies~150–200 MeV!,
the spin-dependent coupling has its maximum strength r
tive to the mass coupling, making the unnatural parity tr
sitions, or spin excitations, to be seen with the greatest c
ity in this energy region. However, in the energy region
the present experiment, theM2 excitation is insignificant
and only theE2 excitation must be considered. This sta
ment implies that the ground state and the second exc
state must have the same parity. As previously mentione
is very likely that the ground state of43Ar is dominated by
the pd3/2

22n f 7/2
23 configuration, and therefore has a negat

parity, though no definite spin can be assigned to that s
This means that the second excited state has also a neg
parity and must be dominated by a configuration where
valence neutrons occupy thef p shell. Unusual configura
tions, for instancend3/2

21f 7/2
22 particle-hole excitations, seem t

be less likely. This result is consistent with an assignmen
Jp53/22 for the second excited state which one would ma
based on the known spin value in44Ca.

The E2 deformation parameter extracted here is appro
mately equal to those determined for42Ar and 44Ar via elec-
tromagnetic probes@b250.27(2) for 42Ar @11# and b2
50.24(2) for 42Ar @3##. Of course, low-energy proton sca
tering and electromagnetic probes measure different qua
ties. Electromagnetic probes measure the proton multip
matrix element while low-energy proton scattering is mu
more sensitive to the neutron matrix element@16#. However,
it is not expected that large differences would occur betw
k-
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proton and neutron deformation parameters in open-shell
clei like the midneutron shell argon isotopes being discus
here.

IV. CONCLUSIONS

In summary, we have measured angular distributions
quasielastic and inelastic scattering of protons on the
stable nucleus43Ar. The measured inelastic angular distrib
tion for the second excited state, located at 1.6160.04 MeV,
is in good agreement with anL52 transition. AssumingE2
for this transition yieldsb250.2560.03 when compared
with DWBA calculations. This deformation is comparable
magnitude with those measured for the neighboring ar
nuclei. Though no absolute spin assignment was possibl
is very likely that both the ground state and the second
cited state of43Ar have negative parity. Systematics in th
region would suggestJp53/22 for this second excited state
Theb2 value extracted for43Ar suggests that the structure o
the argon isotopes evolves smoothly when the numbe
neutrons is increased.
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