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Proton scattering from the unstable neutron-rich nucleus *3Ar
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The neutron-rich argon isotop®Ar 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 an=2 transition. Assuming this transition to 2, yields aB, value for this state of
0.25+0.03 when compared with distorted-wave Born approximation calculations. This value is comparable to
the one reported for the stable isotoffdr. Moreover it is similar to those measured by Coulomb excitation
for the neighboring even-even isotop&Ar and **Ar indicating that the structure of the argon isotopes is
stable as a function of neutron numbg80556-28139)03012-3

PACS numbgs): 21.10.Re, 25.40.Cm, 25.40.Ep, 27 4@.

[. INTRODUCTION proton inelastic scattering should allow neutron and proton
deformations to be separated.
- . . L _ We have undertaken a study of the neutron-rich sulfur
_ The availability of radioactive beams with sizeable inten-jsq,ne through elastic and inelastic scattering of protons in
sities and good optical qualities makes possible the study g erse kinematics. We performed experiments 88 and
direct reactions llnd_uce_d by unstable_ nuclei. The study ofog by using secondary fragmentation beams%S deliv-
nuclear matter distributions, deformation, and the modificag g by the National Superconducting Cyclotron Laboratory
tion of shell structure far from stability can be addressedy; Michigan State University5,6]. During the second ex-
through inverse kinematics reactions on light targets. Conperiment, data were also collected for the neutron-rich iso-
siderable interest is Currently being focused on neutron-riclﬁope 43Ar which was present as a byproduct in the Secondary
nuclei near théN =28 magic number for which shell closure beam. Few of the properties 6%Ar are known, even though
is expected to vanish, yielding a new region of deformationseveral excited states were identified in a previous exotic
[1,2]. The 0$5—>21+ transition in even-even neutron rich sul- transfer reaction study7]. For instance, no spin assignments
fur and argon isotopes was recently studied by intermediatexist for either the ground or excited states. Here, we present
energy Coulomb excitatiop3,4]. The measurement of the the results of quasielastic and inelastic proton scattering on
excitation energies and tH&(E2) reduced transition prob- the unstable nucleu&’Ar performed in inverse kinematics.
abilities showed a weakening of thé=28 shell closure that The low-lying level structure of**Ar is discussed. The in-
was more pronounced fdt*S than for“®Ar. Additional in-  elastic scattering data are shown to be best described by an
formation on the structure of nuclei in this mass region carl.=2 transition when compared with distorted-wave Born
be obtained from proton scattering experiments. Elastic scagpproximationf DWBA) calculations. Thes, value extracted
tering will give insight into nuclear densities and interactionfrom these data, assuming B2 inelastic transition, is com-
potentials, while the comparison of Coulomb excitation with pared to the values obtained for the nearby argon isotopes.

IIl. EXPERIMENT
*Present address: Department of Physics, Florida State Univer-
sity, Tallahassee, FL 32306. The secondary®Ar beam was produced by fragmentation
Present address: Cyclotron Institute, Texas A&M University, of a primary “*Ca beam at 60 MeV/nucleon, provided by the
College Station, TX 77843. K1200 cyclotron at the National Superconducting Cyclotron
*Present address: Department of Physics, Millikin University, De-Laboratory, on a 285 mg/cmBe production target. The
catur, IL 62522. fragments were analyzed using the A1200 fragment separa-
$present address: Idaho National Engineering Laboratory, Idahtor [8] and the resulting beam was purified by using a 70
Falls, ID 83415. mg/cn? aluminum wedge. While the beam optics and A1200

IPresent address: TUNL, Duke University, Durham, NC 27708. parameters were both optimized for the productiorf % at
TPresent address: Department of Physics and Astronomy, EarlhaB0 MeV/nucleon, a final intensity of about 16 000 particles

College, Richmond, IN 47374. per secondpps for “3Ar at 33 MeV/nucleon was obtained.
** Present address: Max Plank Instititr fikernphysik, 69029 The 4°S intensity was only 2000 pps. The incident beam
Heidelberg, Germany. nuclei were identified event by event by the combination of a
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FIG. 1. Energy vs laboratory angle scatterplieft pane) and
excitation energy vs center-of-mass angle scatterpight pane)
for recoiling protons in coincidence with th&Ar ejectiles. Solid FIG. 2. Excitation energy spectrum measured f3Ar. The
and dashed lines are the calculated energy-angle correlations for @ she lines are Gaussian fits to the quasielastic and second excited

elastic scattering and the inelastic scattering to the second excitegie peaks. The solid line is the sum of the two contributions.
state located at 1.61 MeV.

time-of-flight measurement over a 36 meter long flight pathE* and the center-of-mass andle,,, are shown on the right
and a total energy measurement using a phoswich detectganel of Fig. 1. The scattering angle has been corrected for
placed behind the secondary hydrocarbon scattering targetthe incident beam angle as well as for its impact position on
The experimental setup is described in detail in R6f.  {he target. Despite the low statistics, the elastic scattering
and gsnly the most important features will be repeated hergsg|id ling) and inelastic scattering to the second excited state
The ™Ar beam was scattered by a thin 2 _”!SJFCWCHz)n (dashed lingare clearly separated in both spectra.
target which allowed accurate angle definition to be ob- Figure 2 shows the excitation energy spectrum fAr
tained, even for low-energy protons. A group of eight tele~are “in addition to the elastic peak, a peak centered at

SCOpEs, 55 cnt active area eaqh, was used to measure thﬁ.Glt 0.04 MeV is observed. The excitation energy resolu-
energies and angles of the r(lac0|l|.r?g proto_ns. Each telgscoqﬁ)n is of the order of 850 keV which is very similar to that
was co_mpose_d of a 309_m thick silicon strip detector with 054 req for a stabl&®Ar beam with the same detection
15 vert!c_al strips3 mm widg followec_l by a sec_ond 509”‘ system[5]. Significant cross section above 2.2 MeV is also
thick silicon detector ah a 1 cmthick stopping Cesium-  qheened put the low statistics and the energy resolution do

iodide detector read out by four photodiodes. The S'“Con'not allow us to resolve these peaks.

strip array was positioned 29 cm from the scattering target Figure 3 shows the angular distributions for the elastic

and covered the laboratory angles between 56° and 89°, glio41 and the excited-state peak’®r located at 1.61 MeV.
".’W'”g us to measure elastic and inelastic angular od'smbuThese distributions were obtained by projecting the contents
tions over the center-of-mass angular rar@g,=15° 10 4t g different excitation energy cuts in the excitation en-
©cn=45°. This setup has a dynamlc range fqr protons frOmargy vs O, plane. The absolute normalization of the data
about 1 up to 50 MeV. Thg particle ,'dent'f'c‘f"t'on in the \yas obtained using the incident beam intensity given by the
telescopes was performed either by a time-of-flight measurgye yetector and the target thickness. The error bars on the
ment for low-energy particles stopped in the silicon Strilocross section are purely statistical and the erro®ig, is

detector, or by a\E-E measurement for higher energy par- equal to the bin size and is shown on the figure.
ticles that punched through the first detector.

The data in the silicon strip telescopes were taken in co-
incidence with a zero degrekE-E plastic detector which
identified the outgoing fragments and allowed the elastic and
inelastic reaction channels to be selected, thus very effec-
tively reducing the background in the proton detectors. This
plastic detector also yielded a start signal for the proton time-
of-flight measurements. Due to the poor emittance of the
secondary*3Ar beam (~ 1007 mm mrad, two parallel plate
avalanche counters, placed 82 cm and 183 cm upstream from
the target, were used to measure event by event the incident

beam angle and beam position on the target. This beam g, 3. Angular distributions for the quasielastic scattering and
tragkmg_allowgd us to improve the reconstruction of the re-nejastic scattering to the second excited state measured for the
action kinematics. “3Ar(p,p’) reaction at 33 MeV/nucleon. The solid and the dashed

The left panel of Fig. 1 displays the data obtained forjines are DWBA calculations with the Becchetti-Greenlees optical
recoiling protons, in coincidence with tHEAr ejectiles, in  potential[14]. The dotted line is the calculated quasielastic angular
an energy vs laboratory angle scatterplot. The data were thefistribution assuming #, value of 0.25 for thel ~ first excited
transformed to the center-of-mass frame using relativistic kistate. The vertical dotted region corresponds to the crossing be-
nematics and the correlations between the excitation energween the 50Qwm silicon detector and the Csl detector.
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IIl. ANALYSIS
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Little is known about the structure dfAr. Some insight
regarding the low-lying structure of°Ar can be obtained
from an examination of neighboring nuclei. The ground state
of the closed proton shelN=25 isotone “*Ca hasJ” i
=7/2" (the lowest lyingvf;3 state, but avf,5 J™=5/2" 0 'l ]
;tate lies at an excitation energy of only 174 KE3/. .The 10T S S e e e e
isotope “!Ar bears some similarity td**Ar because it has 0, (deg)
three f;, neutronparticlesinstead of the threé;, neutron o
holesin **Ar (of course, both nuclei have twed proton FIG. 4. DWBA cross-section calculations, using the Becchetti-
holes—predominantlyds—in their lowest lying statgs  Greenlees optical potenti&ll4], for the transition to the second
Once again]™ for the ground state is 7/2[deduced by Endt excited state irfAr. The solid line is for arL=2 transition. The
[9] on the basis of data from ¥Ar(d, p)*'Ar measuremert dashed and dotted lines are for-1 andL =3, respectively.
with aJ7=5/2" state at 178 keV. End®9] cited aB-decay

result which limited the ground-state spin &#Ar to either  of the possible 7/2 member of the ground-state doublet was
3/2 or 5/2; however, no independent report of this result wag,eglected. The calculation reproduces the data quite well. A
ever published. In a shell-model analysisdr, Warburton  second calculation was performed in which the differential
[10] predicts that thed"=5/2" andJ"=7/2" states reverse ¢ross section for inelastic scattering to an assumed Jidte
their order but remain close in energy, withJd=5/2"  at 200 keV isaddedto the elastic scattering differential cross
ground state and &"=7/2" state at an excitation energy of section, assuming a coupling constght=0.25. This value
22 I_<eV. It would not be reasonable to assume a unique spifyas chosen because it is approximately equal togheal-
assignment for the ground state based on this result; howses found in the neighboring Ar isotopes for low-lying quad-
ever, it seems quite likely that the ground state*®r is  rypole excitations. The result of this “quasielastic scatter-
dominated by thewdg5vf;3 configuration and hasl™  ing” calculation is shown as the dotted line in Fig. 3. It is
=5/2" or 7/2". clear from the figure that the inelastic contribution to the
In the neighboring even-even nucf&*Ar, the 2| states  quasielastic peak is quite small and has little effect on how
(which occur at 1.21 and 1.14 MeV, respectivEl,3]) are  well the data are reproduced.
connected to the ground states with collecty2 transitions Figure 4 displays the results of DWBA cross-section cal-
corresponding tg8,~0.25. Therefore, we would expect a culations for the inelastic scattering to the second excited
low-lying concentration ofE2 strength—resulting from the state in “3Ar, assuming different possible transitions in
coupling of a collective quadrupole excitation to the groundorder to determine the transfer for the observed inelastic-
state—in**Ar as well. The 1.61 MeV peak observed in the scattering data. The solid line corresponds to a calculation
present p,p’) reaction is quite likely to correspond to this which assumes ah=2 transition between the ground state
expected concentration &2 strength. The systematic study and the second excited state. The dashed and dotted lines
of octupole states in this mass region in Relf2] implies  correspond to calculations assumibg-1 andL =3 transi-
that strong octupole states do not occur below 3.5 MeV irtions, respectively. The comparison of the calculations with
neutron-rich Ar isotopes. the experimental data clearly shows that the inelastic-
For the present analysis of our data 6fAr, we will scattering process does not proceed through an transi-
assume that the ground state’3Ar hasJ™=5/2", and that tion. Ruling out a possiblé =3 transition is not so simple
a first excited state 0§"=7/2" occurs at 200 keMand since the calculated angular distribution is relatively flat for
cannot be separated from the ground state in the present ethis case. However, no normalization of the calculation to the
perimenj. Explicit inclusion of theJ”=7/2" excited state data could describe simultaneously the data at 10° and 40°.
may be important because it is likely that a stré®) matrix ~ The best overall normalization to the data is shown in Fig. 4,
element connects the two members of the ground-state dowhere the forward angles are underestimated by a factor of 3.
blet in “3Ar as is the case iff*Ar [9]. Since the members of Therefore, thel =3 transition is also found to be not suit-
the ground-state doublet cannot be experimentally separateable. The best overall description of the experimental inelas-
we must regard the “ground-state angular distribution” as atic angular distribution is obtained when &an=2 transition
guasielastic scattering angular distribution. is assumed between the ground state and the second excited
Distorted-wave Born approximation calculations werestate of **Ar. This last calculation was performed using a
performed using the codecis[13] and the results are com- standard vibrational form factor and a coupling consigt
pared to the data in Fig. 3. The optical potential parameters-0.25 to which we assign an experimental uncertainty
were taken from the Becchetti-Greenlees parametrization 8,=0.03. This calculation is also shown by the dashed
[14], which was developed for elastic proton scattering online in Fig. 3, along with the calculated elastic angular dis-
A=40 nuclei. A good reproduction of the elastic-scatteringtribution.
data for the even-even sulfur isotopes betwéen32 and Since the parities of the states are not known, conserva-
A=40 was previously obtained with the same optical modetion rules allow both electric and magnetic transitions to oc-
parametrizatiofi6]. The solid line in Fig. 3 shows the results cur. But, in the low-energy range, the spin-independent iso-
of a calculation of elastic scattering only—that is, excitationvector central part of the interaction potential is the stron-

do/dQ (mb/sr)
=
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gest, favoring mass excitations such as electric quadrupolgroton and neutron deformation parameters in open-shell nu-

excitations[15]. At higher proton energie€l50—200 MeV, clei like the midneutron shell argon isotopes being discussed

the spin-dependent coupling has its maximum strength reldiere.

tive to the mass coupling, making the unnatural parity tran-

sitions, or spin excitations, to be seen with the greatest clar-

ity in this energy region. However, in the energy region of

the present experiment, tHd2 excitation is insignificant In summary, we have measured angular distributions for

and only theE2 excitation must be considered. This state-quasielastic and inelastic scattering of protons on the un-

ment implies that the ground state and the second excitestable nucleug®Ar. The measured inelastic angular distribu-

state must have the same parity. As previously mentioned, tion for the second excited state, located at 6104 MeV,

is very likely that the ground state dfAr is dominated by s in good agreement with dn=2 transition. Assumindg2

the 7d55vf;3 configuration, and therefore has a negativefor this transition yieldsg,=0.25+0.03 when compared

parity, though no definite spin can be assigned to that statevith DWBA calculations. This deformation is comparable in

This means that the second excited state has also a negatimagnitude with those measured for the neighboring argon

parity and must be dominated by a configuration where theuclei. Though no absolute spin assignment was possible, it

valence neutrons occupy thigo shell. Unusual configura- is very likely that both the ground state and the second ex-

tions, for instance/dg,éf;,% particle-hole excitations, seem to cited state of**Ar have negative parity. Systematics in this

be less likely. This result is consistent with an assignment ofegion would suggest”™=3/2" for this second excited state.

J7™=3/2" for the second excited state which one would makeThe B, value extracted fof*Ar suggests that the structure of

based on the known spin value fiCa. the argon isotopes evolves smoothly when the number of
The E2 deformation parameter extracted here is approxineutrons is increased.

mately equal to those determined f&Ar and *“Ar via elec-

tromagnetic probeg 8,=0.27(2) for “?Ar [11] and B, ACKNOWLEDGMENTS

=0.24(2) for *?Ar [3]]. Of course, low-energy proton scat-

tering and electromagnetic probes measure different quanti- We would like to warmly thank N. Alamanos for numer-

ties. Electromagnetic probes measure the proton multipoleus valuable discussions. This work was partially supported

matrix element while low-energy proton scattering is muchby the National Science Foundation under Contract Nos.
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IV. CONCLUSIONS
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