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Proton scattering on the unstable%S nucleus: Isovector contribution to the 2 state
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A 39A MeV 23S radioactive beam was used with inverse kinematics to measure angular distributions for
elastic and inelastic proton scattering from aQHrget. Optical potential and folding model calculations are
compared with the elastic distribution. Using coupled channel calculationggthvalue for the Z state is
determined to be 0.350.04. This value, when compared with the corresponding result from a Coulomb
excitation measurement, leadsh, /M ,=(1.5+0.39N/Z, indicating an isovector contribution to thg Ztate
of %S, [S0556-281®7)50309-9

PACS numbses): 21.10.Re, 25.40.Ep, 25.66t, 27.30:+t

Nuclei are generally treated as having an inert closed shellibiting an interference between Coulomb and nuclear am-
core coupled to valence protons and neutrons, which primaplitudes have been used to detect deviations from the simple
rily determine the nuclear structure. However, evidence sugisoscalar picture, particularly in single closed shell nuclei,
gests that the “magic number” shell closures do not alwaysvhere the valence nucleons drive the oscillati¢fs]. In
persist in nuclei outside the valley of stability. Therefore it isthis sense, an experimental determinationMaf/M, gives
nuclear structure when moving towards the drip lines. Thedtructure effects. At energies of a few tens of MeV, inelastic
use of multiple experimental probes allows us to disentangl@0ton scattering is mostly sensitive to the neutrons in the
the effects due to protons and neutrons in the nucleus. nucleus, and is therefore a very suitable tool to determine

Great current interest is focused on neutron rich nucIeM“/MP by a comparison W'.th the_ dgformat]on.parameter
near theN =28 magic number for which theoretical calcula- obtained from electromagnetic excitation, which is only sen-

X . ) : sitive to the proton$5].
tions predict the onset of deformatida,2]. Advances in Since the advent of radioactive beam facilities, it has be-

. Fome possible to measure proton scattering on short lived
beam f_aC|I|t|es h_ave recently extended the region of nUCIehuclei in inverse kinematics, using a proton target. Reaction
accessible for direct study. In4’E‘H§=28 4geg|9n,.,8-decay kinematics are then determined either by detecting the heavy
measurements of the nucléip, S, and™Cl indicate de-  gjectile or recoiling protons. Such studies are restricted to
formation in these neutron “magic number” nucle]. The  nyclei closer to the valley of stability than half-life or Cou-
excitation energy and(E2) values of the 2 states in  |omb excitation measurements, since the prerequisite of very
38404246 [2 4] have been measured through Coulomb excithin targets, which preserve the kinematic characteristics of
tation. the outgoing particles, requires the availability of sizable
More detailed information on nuclear structure can be rebeam currents, at least severaf Jarticles per second. Pro-
vealed through elastic and inelastic proton scattering. Lovwion inelastic scattering data with unstable beams are scarce.
lying 2+ and 3~ states are generally well represented by anThe doubly magic nucleu®®Ni was studied by §,p’) scat-
isoscalar collective model with equal neutron and proton detering in inverse kinematics at 181MeV [8] and thef,
formation, yielding a ratio of the neutron and proton multi- value was extracted from cross-section measurements at only
pole transition matrix elementd,,/M,=N/Z [5]. However, one scattering angle. Very recently, the measurement of the
comparisons of transition probabilities measured with differ-inelastic scattering angular distribution of an excited state in
ent probes as well as measurements with a single probe exLi has been reportefD].
This Rapid Communication presents results of elastic and
inelastic proton scattering on the unstaB® nucleus in in-
*Present address: TUNL, Duke University, Durham, NC 27708. verse kinematics, measured over a broad angular range, us-
TPresent address: Cyclotron Institute, Texas A&M University, ing large solid-angle position sensitive detectors to measure
College Station, TX 77843. recoiling protons. The value g8, is extracted for the 2
*present address: Allegheny College, Meadville, PA 16335.  state, and from a comparison with a Coulomb excitation
Spresent address: Ludwig-Maximilian-UniversjtaMiinchen,  measurement, the first experimentdl,/M, value for the
Germany. excited state of a short lived nucleus is extracted.
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A beam of 8\ MeV “°Ar nuclei, provided by the K1200 ASaasaSaas Ataas

cyclotron at the National Superconducting Cyclotron Labo- ] ; 300
ratory, impinged on a 376 mg/¢nBe target located at the 2 r &
production target position of the A1200 fragment separator - % 200
[10]. The resulting beam was purified by using a 292 mg/cm 18 F o

. L O
aluminum wedge, and limited to a momentum spread of ~ 100
Ap/p=1%, yielding a38S beam that was more than 99% E 2
pure. ~. 14 F

=

The beam, consisting of aroundk2.0° particles per sec-
ond, was then collimated sufficientiA@peani=0.3° FWHM)
so that it was unnecessary to carry out event-by-event trajec 10
tory tracing. The final beam intensity was arouns B0* o
particles per second. A 1.9 mg/éiGH, target was rotated to g , v .
an angle of 34° with respect to the beam direction, thus pro- - ! ! ! ! s ! I
viding an effective in beam target thickness of 4.6 md/cm P E =
while limiting the energy loss and angular straggling of low- i
energy protons recoiling towards the detectors. A 0° detec- 20 F
tor, placed downstream from the target, consisted of a thin 2
and thick fast plastic. This detector covered scattering angles
up to 4.7°, largely above the kinematic limit for elastic and
inelastic scattering of*®S from protons, and provided a
AE-E separation of heavy projectile-like fragments from &~
lighter reaction products, a scaler count of tHi§ particle
flux, and a time signal.

15 F
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A group of 5 telescopes,>®b cm active area, consisting 5 F S
of a 300um thick Si strip detector followed by a second 300 _ (b) ..
pm or 500 um thick Si detector atha 1 cmthick stopping : T . : :
Csl, were positioned 29 cm from the target to measure re- 0 616 6|8 0 72 74 76 78 80 '8'2'
coiling protons. The telescopes covered laboratory angles be 0., (deg)

tween 62° and 88°. The first Si detector was segmented intc
16 vertical strips(3.125 mm spacing or 0.6° in the lab

. ) : ., FIG. 1. (a) Energy vs angle scatterplot for recoiling protons
frame. An energy signal and a time signal stopped by the 0 from 40A MeV “Ar(p,p’) in inverse kinematics. Insert: the exci-
AE plastic detector was read for each strip and

| A X ide_miﬁeqation energy spectrum for the center of mass angular range of
particles stopping in these detectors. The time resolution wagg 5o_31 5°. The solid lines correspond to Gaussiar(gite text

~900 ps FWHM for 3.2 MeV protons. Higher—ener.gy par- (p) Same aga) for 39A MeV 3S(p,p’). Inset: the excitation en-
ticles that punched through the first detector, were identifie rgy spectrum for the center of mass angu|ar range of 27°=30°. The

by their AE-E signal in Si-Si or Si-Csl. Scattered protons solid lines correspond to Gaussian fige text
were selected with a requirement that a heavy ejectile must

survive the collision and be detected in theXE-E plastic arae backaround. oresumably resulting from central colli-
stopping detector. The laboratory angle of the scattered pr(;-_ 9 9 ' P y 9

tons was determined from the strip detector and the center gf°"S of **Ar on protons and“C, and also precludes obtain-
mass(c.m) angle and the’®S excitation energies were cal- ing an ab_solute no_rmallzatlorl. The ratio of ela_stlc scattering
culated on an event by event basis. to inelastic scattering to the;2state was obtained from a
Before measuring thé®S scattering, the experimental Gaussian fit to the spectrum, after background subtraction.
method was tested with th&Ar beam degraded to 40 The deformation parametg, was extracted for the 2 state
MeV. Figure 1a) shows an energy vs laboratory angle scat-Py comparing the measured ratio to a coupled channel cal-
terplot for recoiling protons scattered by th%r beam. The  culation performed with the code ECI31] using optical
observed kinematic lines correspond to the ground state arfiodel  parameters  from  Ref.[12]. This yields
first 2+ and 3~ states of*°Ar. The insert in Fig. {a) shows /B2=0.29+0.03 for “°Ar; which is slightly larger, but con-
the excitation energy spectrum for the angular bin betweegistent with the previous measurements of 0.24—(136 in
30.5° and 31.5° in the c.m. frame. The overall angular resosPite of the large background.
lutions were on the order of 1.6° FWHM in the laboratory ~ In the case of*®S, several states, including the firsf 2
frame and 3.2° FWHM in the c.m. frame. The primary State located at 1.29 MeV, ofs are known from extensive
source of angular uncertainty came from the angular accepS(t,p) [14] and *S(t,py) [15] studies. Figure (b) dis-
tance introduced by the 3.1 mm strip size and th& mm  plays a scatterplot of laboratory energy vs angle for recoiling
FWHM beam spot size. The excitation energy resolutionprotons from the®®S scattering. Despite lower statistics than
which depends largely on the laboratory angular resolutionin the “°Ar test case, elastic scattering and inelastic scattering
varies from around 600 keV at low c.m. angles to 900 keV ato a state at 1.2 MeV, which can be identified as thieseate,
higher c.m. angles. Because of the high beam intensity availre clearly separated. Indications for the presence of higher
able for “°Ar, the 0° AE-E plastic detector was not used to lying states are also observed. The inset shows the excitation
measure coincident projectile-like fragments. This leads to &nergy spectrum for an angular bin between 27° and 30° in
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methods. First, the 2 state was selected in the excitation
energy spectrum, and the angular distribution was obtained,
Fig. 2a), in the range where the ground state afddistri-
butions are resolve(24°—399. This process may be slightly
inaccurate because of a small overlap of the ground state
with the 21+ distribution, see insert of Fig.(h); however the
shape of the inelastic scattering distribution can be compared
in Fig. 2(a) with the coupled channel ECIS calculation using
the B, value extracted below. The shape of the experimental
angular distribution is in full agreement with the calculation.
In order to extract the value ¢@,, Gaussian distributions
were fit to the ground state, thg tate, and the very low
background as shown in the insert of Figh)l for three
angular bins. Thee? of the coupled-channels prediction for
the 2/ state was minimized to obtain the measured deforma-
tion parameter. The extracted cross sections and the calcula-
tions are shown in Fig.(®). Using the Becchetti-Greenlees
d(@% parameterizatior(dashed ling [16], the cross sections ex-
tracted from the Gaussian fits yiej,=0.35+0.04, while
the “°Ar optical parameters of Ref.12] (solid line) give

20 30 40

[
o

FIG. 2. (@ Angular distributions for the ground state and the 2

state in the*®S(p,p’) reaction at 38 MeV, obtained by projecting . .
the contents of contoursee text (b) The elastic scattering data B2=0.3620.04. In the following we will adopt the valug,

and calculations are the same agdh The 2" data is obtained by =0.35. The Va“d_'ty of the use of ,a macroscopic model to_
the Gaussian fit methogee text In both (a) and (b) the calcula-  €Xtract deformatlon paramgters in the case of hadronic
tions are coded as follows; dashed line: coupled channel calculatioRfobes has been discussed in Red]. Differences between
with Becchetti-Greenlees potential; solid line: coupled channel calmacroscopic and microscopic analyses are shown to increase
culation with “°Ar(p,p’) potential; dotted line: folding model cal- With increasing transition multipolarity and the macroscopic
culation; for details see text. analysis ofL=2 transitions has been deemed reliable.

The B, value extracted here is larger than the electromag-
. 38 netic 8,=0.25+0.016 measured by Coulomb excitatipfi
the c.m. frame. Note th"flt in the case of theA3BleV S . which itself is in good agreement with the shell model pre-
beam, the background is strongly suppressed by requiringictions of Ref.[15]. This difference between electromag-

that a heavy ejectile be observed in theAE-E detector in - petic and hadronic values can be related to different proton

coincidence with scattered protons. The energy and angulaf,q neutron vibration amplitudes through the study of mul-
resolutions are similar to those obtained in far test case. tipole transition matrix elementd ,/M,. TheM /M, ratio

Th_e elasyic scattering apgular distribution &S, Fig. ~ was calculated using the formula derived in R&f:
2(a), is obtained by projecting the contents of a contour in
the_excitati_on energy v, ., plane. Coupled_—channels_pre- M, by & b, N
dictions using the ECIS codd 1] are shown in comparison — = (1+ — —) —1} ,
with the data. Note that no arbitrary normalization is in- Mp Dol dem! by Z
volved here. A calculation based on the Becchetti-Greenlees . ) ]
parameterizatiofil6], which was developed forp(p) scat- whereb, andb, are the interaction stre_ngths of protons with
tering onA=40 nuclei, is shown by the dashed line in Fig. 2. Protons and neutrons, respectivelf, is the deformation
A second calculation, shown as the solid line in Fig. 2, usesength from ©,p’) a”dfe.m.'S the electromagnetic deforma-
optical model parameters fof°Ar(p,p) [12] and gives tion Ie_ngth ©= ,82rQA 3. An rg value of 1.17 fm_ corre-
slightly better agreement with the measured ground state di§Ponding to the optical parameters of the Bechetti-Greenlees
tribution, in particular at small angles. systematics was used fop,p’) scattering, whiler,=1.20

In a microscopic approach, folding model calculations usfm was taken for electromagnetic excitation. Thyeand by,
ing the nucleon-nucleon potential proposed by Jeukenne, L&/alues were taken as 0.3 and 0.7, respectiély This
jeune, and MahautJLM) [17] have had success at describ- Yields M,/M,=2.0+0.4 for the 2 state in **S, and thus
ing nucleon nucleus scattering, provided the imaginaryMn/M,=(1.5+0.39N/Z, which is incompatible with the
potential is adjusted by a normalization factor typically value ofN/Z expected for a pure isoscalar collective excita-
around 0.8[18]. The present elastic scattering data is alsdtion.
well reproduced by a folding model calculatigdotted line It is interesting to observe the trend g5 and M /M,
in Fig. 2, which folds nuclear densities with the JLM values for the 2 state as a function of neutron number in the
nucleon-nucleon potential. The densities were calculated in aulfur isotopes, which are displayed in Table I. All t8g
shell model using the full flp spaceg19,20. The analysis values from low-energyE<50 MeV) proton scattering ex-
of the elastic scattering, using both macroscopic and microperiments displayed in the table were extracted from a mac-
scopic potentials, reveals no appreciable deviation, in theoscopic analysis similarly to this work, allowing meaningful
angular range studied, with respect to the systematics olsomparisons. Thé/,/M values were calculated from the

tained for stable nuclei. experimenta)3, values using the procedure described above.
The cross section of the2state was obtained using two One should first note the very loyg, values and high-
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TABLE I. Compilation of 2 states for sulfur isotopes. Energies 8Ni, which has again two neutrons outside a closed shell,
and B,(e.m) values are from Ref.22]. B,(p,p’) values are from  exhibits anM, /M, value consistent wittN/Z [5]. These

Refs.[23] (*?S), [24] (**9), [25] (*S) and from this work {S). discrepancies may be due to core polarization effects and call
for more theoretical developments.

E Ba(p,p")  Balem)  (M,/M)/(N/Z) We have measured extensive angular distributions for

(MeV) elastic scattering and for inelastic scattering of protons on the

unstable nucleus®s. The use of a large array of silicon-strip

32

342 gig 8'52 g'gé 2'?2 telescopes to measure recoiling protons in inverse kinematics

a6 ' ' ' : proved to be a powerful and straightforward method to mea-

385 3.29 0.18 0.16 112 sure excitation energy spectra and angular distributions for
S 1.29 0.35 0.25 15 unstable nuclei with reasonable resolution and low back-

ground. Elastic scattering data shows no appreciable devia-
tion from the systematics obtained for neighboring stable
nuclei. The measured inelastic cross section for the fifst 2
state yieldsB8,=0.35+0.04. A comparison with electromag-
éLetic excitation allows us to extrabt,/M,=(1.5+0.3N/Z,
dicating a significant isovector contribution to th¢ Rtate.
This suggests that®s can be considered as®s core and
owo valence neutrons. It would now be interesting to inves-
tigate the persistence of such a structure for larger neutron
numbers, for which the neutron skin effects may be more
ronounced. In this aim, a similar experiment has recently
een performed fof’S.

excitation energy of the 2 state in %S, as well as the
M, /M, value compatible witiN/Z. Therefore®’s exhibits
features akin to those of a well closed nucleus. When movin
away from %S, the measure@, values increase and a large
difference inM,/M, values is observed betweelkS and
%8s, showing a rapid change of the structure as a function
neutron number. The largsl,/M, value for %S can be
qualitatively understood by considering tf nucleus as a
363 core plus two valence neutrons. In this case, the tw
neutrons drive the oscillation and the core polarization is no
sufficient to restore the isoscalar character of the excitation. We thank Alex Brown for numerous discussions and
In previous studies of stable nuclei, similar behavior wasNicolas Alamanos for his help in performing the folding
observed in the case dfO which can be described as'®0  model calculations. This work was partially supported by the
core and two valence neutrofs]. In that respect our result National Science Foundation under Grant Nos. PHY-
on S is not completely unexpected. On the other hand9528844, PHY-9523974, and PHY-9403666.

[1] T. R. Werner, J. A. Sheikh, M. Misu, W. Nazarewicz, J. Rik- [14] N. J. Davis, J. A. Kuehner, A. A. Pilt, A. J. Trudel, N. C.
ovska, K. Heager, A. S. Umar, and M. R. Strayer, Nucl. Phys. Vetterli, C. Bamber, E. K. Warburton, J. W. Olness, and S.

A597, 327(1996:; T. R. Werner, J. A. Sheikh, W. Nazarewicz, Raman, Phys. Rev. B2, 713(1985.
M. R. Strayer, A. S. Umar, and M. Misu, Phys. Lett.385 [15] J. W. Olness, E. K. Warburton, J. A. Becker, D. J. Decman, E.
259(1994. A. Henry, L. G. Mann, and L. Ussery, Phys. Rev3@ 2049

[2] T. Glasmacheet al, Phys. Lett. B395, 163 (1997). (1986. _

[3] O. Sorlinet al, Nucl. Phys.A583, 763 (1995. [16] F. D. Becchetti, Jr. and G. W. Greenlees, Phys. R82, 1190

[4] H. Scheitet al, Phys. Rev. Lett77, 3967(1996. (1969.

[5] A. M. Bernstein, V. R. Brown, and V. A. Madsen, Comments [17] J. P. Jeukenne, A. Lejeune, and C. Mahaux, Phys. Rer6,C

Nucl. Part. Phys11, 203 (1983. [18] Iiiolglte?o?\)/.ich S. K. Yoon, M. J. Threapleton, R. J. Philpott, J
[6] L\l/l6 A18§?Lr(T§gg P.D. Cottle, and K. W. Kemper, Phys. Rev. C A. Carr, F. S. Dietrich, and L. F. Hansen, Nucl. Php&63,
[7] D. J. Horen, R. L. Auble, J. Gomez del Campo, G. R. Satchler 387 (1993.

R LV IR B Brian Lund. V. R. B b L 119] B. A. Brown (private communication
- L. varner, J. R. beene, brian Lund, V. R. brown, . L. [20] W. A. Richter, M. G. Van der Merwe, R. E. Julies, and B. A.

Anthony, and V. A. Madsen, Phys. Rev.4Z, 629(1993. Brown, Nucl. PhysA577, 585 (1994).
[8] G. Krauset al, Phys. Rev. Lett73, 1773(1994. [21] J. R. Beene, D. J. Horen, and G. R. Satchler, Phys. Re\8, C
[9] A. A. Korsheninnikovet al., Phys. Rev. Lett78, 2317(1997). 3128(1993; V. Hnizdo, ibid. 50, 1257 (1994).

[10] B. M. Sherrill, D. J. Morissey, J. A. Nolen, Jr., N. Orr, and J. [22] S. Raman, C. H. Malarkey, W. T. Milner, C. W. Nestor, Jr.,
A. Winger, Nucl. Instrum. Methods Phys. Res. 8, 298 and P. H. Stelson, At. Data Nucl. Data Tabg& 1 (1987).
(1992. [23] R. de Leo, G. D'Erasmo, E. M. Fiore, G. Guarino, and A.

[11] J. Raynal, Phys. Rev. €3, 2571(1981). Pantaleo, Nuovo Cimento A9, 101 (1980.

[12] E. Fabrici, S. Micheletti, M. Pignanelli, F. G. Resmini, R. De [24] R. Alarcon, J. Rapaport, R. T. Kovzes, W. H. Moore, and B.
Leo, G. D’Erasmo, A. Pantaleo, J. L. Escudimd A. Tarrats, A. Brown, Phys. Rev. 31, 697 (1985.

Phys. Rev. @1, 830(1980. [25] A. Hogenbirk, H. P. Blok, M. G. E. Brand, A. G. M. van Hees,

[13] R. De Leo, S. Micheletti, M. Pignanelli, and M. N. Harakeh, J. F. A. van Hienen, and F. A. Jensen, Nucl. PIA516, 205

Phys. Rev. C31, 362(1985. (1990.



