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Elastic and inelastic proton scattering has been measured in inverse kinematics on the unstablé%ucleus
A phenomenological distorted wave Born approximation analysis yields a quadrupole deformation parameter
B,=0.35+0.05 for the Z state. Consistent phenomenological and microscopic proton scattering analyses
have been applied to all even-even sulfur isotopes #eAB2 to A=40. The second analysis used microscopic
collective model densities and a modified Jeukenne-Lejeune-Mahaux nucleon-nucleon effective interaction.
This microscopic analysis suggests the presence of a neutron skin in the heavy sulfur isotopes. The analysis is
consistent with normalization values far, and A, of 0.95 for both the real and imaginary parts of the
Jeukenne-Lejeune-Mahaux potent{&®0556-28189)04309-3

PACS numbegps): 21.10.Re, 25.40.Cm, 25.40.Ep, 25.60.Bx

I. INTRODUCTION proton scattering at energies around 30 MeV is mainly sen-
sitive to the neutrons. By combining the two measurements,
Proton scattering continues to provide a wealth of infor-it should be possible to probe the neutron and proton densi-
mation on nuclear structure and interaction potentials whichies and deformations. Such studies are particularly appeal-
are fundamental to nuclear physics. Such reactions have beéy for nuclei far from stability, where isospin effects are
extensively performed with stable nuclei and form an impor-expected to be important.
tant part of the foundation of our current understanding of The Coulomb force is known exactly, so analyses of Cou-
nuclear systems. However, the valley®ftability is only a  lomb excitation experiments are model independent. On the
very limited area of the nuclear chart and several theoreticadther hand, extracting nuclear properties from proton scatter-
calculations predict drastic modifications in the structure ofing relies on interaction models, the parameters of which
nuclei outside the valley of stability. In particular, great cur- must be adjusted to reproduce experimental results. Gener-
rent interest is focused on neutron rich nuclei near khe ally, proton scattering data are analyzed by using phenom-
=28 magic number for which shell closure is expected toenological optical potentials and standard collective form
vanish, yielding a new deformation regih—3]. Excitation  factors. Summaries of many studies on stable nuclei have
energies andB(E2) values of the first 2 states in neutron yielded optical model parametrizations such as that by Bec-
rich sulfur and argon isotopes have been previously meachetti and Greenleefs], which give good predictions for
sured by intermediate energy Coulomb excitafidrb]. The  scattering cross sections. However, such approaches may en-
present proton scattering results are complementary to thoseunter difficulties far from stability due to the assumption
obtained by Coulomb excitation because the electromagnetiof similar interaction potentials for neutrons and protons.
excitation mainly probes the protons in the nucleus, whileMoreover, the extracted parameters do not give direct access
to the nuclear densities. An alternative method is to use a
microscopic approach where nuclear densities are folded
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ing heavy nucleus or by measuring the energy and angle o CH, target
the recoiling light particle. At present, such studies are re- (2 mg/cm?)
stricted to nuclei that lie closer to stability than for half-life

or Coulomb excitation measurements, since the prerequisits

of very thin targets, which preserve the kinematic character- PPAC 1 PPAC2
istics of the recoiling protons, requires beam intensities of at40

least several T0particles per second. Therefore, proton in- > beam _
elastic scattering data with unstable beams are still scarc _—

[10-12.

We have undertaken a study of neutron rich sulfur iso-
topes through proton scattering in inverse kinematics. The
first experiment was performed using a secondary fragmen
tation beam of*®S delivered by the National Superconduct-
ing Cyclotron Laboratory at Michigan State University
(NS,CL/MSU)' Exc?tation energy spectra and angular distri- FIG. 1. Schematic diagram of the experimental setup. Four
butions were obtained through the measurement of the enegyicon._strip telescopes that detected recoailing protons from a CH
gies and angles of recoiling protons with a silicon-strip de-arget were placed on each side of the beam direction. A plastic
tector array. A large deformation parametgh=0.35  phoswich detector was placed at 0° and measured both incident
+0.04 was extracted for the first'2state in %S from cal-  beam and scattered fragments. Two PPACs placed before the target
culations using standard Woods-Saxon phenomenologicalere used to track the beam event by event.
optical potentials. Comparison with the results of the Cou-

lomb excitation experimerj#] indicated an isovector contri- 0 o . ,
bution to the 2 state of®S. These results have already beenAlZOO. The®*S beam had a final intensity of 2000 particles

published in Refs[13,14. per second and an energy of 30 MeV/nucleon.

Here, we present the results of elastic and inelastic proton 1he maximum 3% momentum acceptance of the A1200
scattering experiment on the unstable nucléi&performed ~ fragment separator was used, yielding a large energy spread
at the NSCL/MSU with an experimental setup similar to thatAE/E=6% and a beam purity not higher than 15%, the
used in theS experiment. The data were collected over abeéam being mainly contaminated ByAr. The beam par-
broad angular range and the value ®f was extracted for ticles were identified event by event by a time-of-flight mea-
the 2/ state in“%S. In addition to the standard phenomeno-surement combined with a total energy measurement. The
logical analysis, a complete analysis using microscopic colenergy was measured bysE—E phoswich detector con-
lective model densities folded with a modified JeukennesSisting of thin and thick fast plastic scintillators placed at 0°
Lejeune-Mahaux (JLM)  nucleon-nucleon effective and a distance of 40.6 cm behind the secondary target cov-

interaction is presented. The availability of proton scatteringEfing angles up t®,,,=5.4° (see Fig. 1 The time of flight
data for the stable nuclef?S [15], %S [16] and 3¢S [17]  Was measured between the 0° detector and a plastic scintil-

allowed us to app|y this ana|y5i5 to a |0ng isotopic Chain'&tor placed at the exit of the A1200 separator over a ﬂlght
Crossing the majoN:ZO shell closure. path of 36 m. This allowed the data f6fS and **Ar to be

The paper is organized as follows. Section Il is devoted teparated off line. Results offAr scattering will be pre-
the experimental procedure used for & experiment and sented in a forthcoming papgt9]. Moreover, the time-of-
Sec. IIl to the extraction of the experimental angular distri-flight measurement allowed the energy of the secondary
butions. Section IV presents the phenomenological analysigeam to be determined on an event-by-event basis with a
and compares the deformation parameters obtained for difesolution of about 1%. Because of the large emittance of the
ferent even-even sulfur isotopes. The microscopic analysis igecondary*’S beam,~100r mmmrad, two parallel plate
presented in Sec. V and the presence of a possible neutr@yalanche countef®PACS [20], placed 82 cm and 183 cm
skin in the unstable neutron rich isotopes is discussed. Outpstream from the target, were used to measure event by

findings are summarized and conclusions are drawn in Se€vent the incident beam angle and beam position on the tar-
VI, get. The position resolution given by the PPACs was about 2

mm, corresponding to a resolution of about 0.18° for the
incident angle on target.
II. EXPERIMENTAL PROCEDURE It is important to note that the experimental conditions are
much more challenging than those encountered in the case of
the former®8S experimenf13]. In the former case a primary
The secondary’®S beam was produced by fragmentation “°Ar beam yielded arf®s rate of 2<10° pps. The beam was
of a primary 60 MeV/nucleorfCa beam, provided by the then collimated sufficiently so that it was unnecessary to
K1200 cyclotron at the National Superconducting Cyclotroncarry out event-by-event ray tracing, retaining an intensity of
Laboratory, on a 285 mg/chBe target. The fragments were 3x 10" pps, an order of magnitude larger than in the present
analyzed using the A1200 fragment separdfi8], and the case of*°S. Moreover, the energy of the; 2state of %S
resulting beam was purified by using a 70 mgfatuminum  (1.29 Me\) is higher than that of°S (0.89 Me\), making its
wedge placed in the second dispersive image point of th&inematical separation from elastic scattering much easier.

A. Beam parameters
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FIG. 2. Calculated energy-angle correlations in the laboratory FIG. 3. Energy vs angle scatterplot measured for recoiling pro-
frame for recoiling protons for elastic scatterigplid curvé and  tons in coincidence witH°S ejectiles. Calculated kinematic lines
inelastic scattering to the ;2 state located at 860 keVdashed ~for the ground statésolid curve, and the 2 state at 860 keV and
curve in %S, The vertical dashed lines indicate the angular ranged hypothetical state at 2.9 MeMashed curvesare shown.
covered by the different telescopes.

obtained. For higher energy particles that punched through
the first detector, the particle identification was obtained by a
The sulfur projectiles were scattered by a very thin 2AE—E measurement in Si-Si or Si-Csl. The poor energy
mg/cn? (CH;,), target rotated to an angle of about 30° with resolution of the Csl was sufficient to identify the particles
respect to the beam direction, thus providing an effective irbut the residual energy was deduced from the energy losses
beam target thickness of 2.3 mg/gmvhile limiting the en-  in the two first silicon detectors. This setup allowed us to
ergy loss and angular straggling of low energy recoiling pro-measure protons from about 1 MeV up to 50 MeV corre-
tons. An array of eight telescopesx® cn? active area sponding to an excitation energy range of about 5 MeV and
each, was used to measure the energies and the angles of thecenter-of-mass angular range betwe®p,,=15° and
recoiling protons. The telescopes, four on either side of the ., =45°.
beam, were positioned 29 cm from the target and covered The proton events in the silicon strip telescopes were se-
laboratory angles between 56° and 89°. A schematic diatected with the requirement that a heavy projectile must have
gram of the experimental setup is shown in Fig. 1. Figure Zurvived the collision and have been detected in the 0° de-
shows the calculated energy-angle correlation for the kinetector. Note that the opening angle of this detector was large
matics of recoiling protons. The angular range covered bynough to detect scattered projectiles with unit efficiency.
each telescope is indicated by the areas between the verticBhe coincidence requirement between protons and ejectiles
lines in Fig. 2. very effectively reduced the background due to reactions
Each telescope was composed of a 301 thick silicon  with the carbon in the CHtarget.
strip detector with 16 vertical strip8 mm wide backed by
a 500 um thick silicon detector atha 1 cmthick Stopping . EXPERIMENTAL RESULTS
cesium-iodide detector which was read out by four photo-
diodes. The silicon detectors were calibrated by using a Figure 3 displays the data in an energy vs angle scatter-
228Th alpha source. The response of the Csl detectorBlot obtained for protons recoiling into the telescopes cen-
strongly depends on the detected particle and therefore thdgred at 70° in coincidence witfS ejectiles. The scattering
were calibrated by using elastic scattering of protons on &ngle has been corrected for the incident beam angle as well
gold target at the two incident energies of 22 MeV and 30as for the impact position on the target. The resolution for
MeV. The energy resolution obtained with the silicon detec-the recoil angle is estimated to be 0.95°, the main contribu-
tors was about 50 keV compared to about 7% with the Csition coming from the width of the strips. The solid and
The 3 mm strip pitch corresponds to an angular resolution oflashed lines in Fig. 3 show the expected energy-angle cor-
0.6°. It should be noted that the large uncertaifty corre-  relation for the ground statég.s) and the Z state, which
sponding to the detector size in the absence of horizontawas previously determined to have an excitation energy of
strips has only a minor influence on the resolution becaus891 keV by Coulomb excitatiof#]. Events corresponding to
the detectors are placed rather close to 90°. the 2/ state are clearly observed, but this state cannot be
For particles that stopped in the Si-strip detector, the proseparated from the elastic scattering line over the whole an-
ton identification was achieved by time-of-flight and energygular range. Some indication for a higher lying state is also
measurements. The time of flight was measured betweepresent. It should be noted that the background is very low.
each individual strip and the 0° plastic detector. A relatively The recoil data were transformed to the center-of-mass
good timing resolution of about 1 ns for 3 MeV protons wasframe using relativistic kinematics. An event-by-event mea-

B. Setup for the measurement of recoiling protons
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E (MGV) tion. The two points for the inelastic angular distribution
o _ were obtained by fitting the elastic and inelastic peaks for

FIG. 4. Excitation energy spectrum féfS scattering on protons . different angular bingsee Fig. 4 with two Gaussians

gtoff(aMei/Téfleon 'ngegrateﬂhovggothgstftal C'rln' ingulf;rhrang%nd then integrating the number of counts. Unfortunately, the

o em= (@ an over the —20 " anguiar (.)' € very low statistics do not allow us to clearly identify the
dashed lines are Gaussian fits to the elastic and inelastic peaks. Tlhneelastic contribution for other angles where the elastic scat-
solid fine is the sum of the two contributions. tering dominates the count rate. The center-of-mass angular

I . ._resolution was estimated to be 1.93°. The error bars on Fig.
surement of the projectile energy was carried out, thus takin " . .

. e are purely statistical. In the case of elastic scattering a
into account the incident energy spread of 6%. The data were

: complete angular distribution betweén. ,,=15° and®.
corrected for the geometrical acceptance of the telescope:s450 was obtained and the first diffraction minimum was
and an absolute normalization was obtained by using theI | d out

number of incident particles observed in the 0° detector ang'cary mapped out.

the target thickness.

Figure 4 displays the excitation energy spectrums, IV. PHENOMENOLOGICAL ANALYSIS
integrated over the center-of-mass angular range 20°
<0.,<46° (a) and that restricted to the 28°—36° angular
bin where the elastic scattering cross section exhibits a mini- Proton scattering data are generally analyzed with the dis-
mum (b). We clearly identify the first 2 state located at torted wave born approximatidibWBA) using phenomeno-
86090 keV, in good agreement with the value obtained inlogical optical potentials to extract deformation parameters
the Coulomb excitation experiment, 8913 keV [4]. The for the low lying collective states. Here we have performed
excitation energy resolution, which strongly depends on théWBA calculations with the codecis[21] using a standard
recoil angle resolution, is about 750 keV for center-of-maswibrational form factor for the calculation of the inelastic
angles around 30°. This resolution, obtained with an unstableross section. The optical potential parameters were taken
beam, is on the same order of magnitude as the resolutioitom the Becchetti-Greenlees parametrizafiéh which was
measured in a test experiment of the apparéti® which  developed for p,p) scattering orA=40 nuclei. The results
was proton scattering with a stabf8Ar beam at 40 MeV/ of the calculations are shown by the solid lines in Fig. 5. In
nucleon that had a small emittance and no beam trackinghe case of elastic scattering, no arbitrary normalization of
This result shows that the incident trajectory reconstructiorihe data was required; the calculated cross section is directly
and the beam energy measurement, event by event, allows aempared to the absolute experimental cross section in Fig.
to recover the intrinsic qualities of the detection system. 5. Excellent agreement is observed, indicating that the pa-

Figure 5 shows the angular distributions for the groundrametrization proposed by Becchetti and Greenlees for stable
state and the first 2 excited state of*°S. Since it is very nuclei works well for elastic scattering of sulfur isotopes far
difficult to separate the elastic scattering from the inelastidrom stability.
scattering over the whole angular range in the center-of-mass In order to extract the value of th®, deformation param-
frame, we have first extracted the so-called quasielastic scagter, the inelastic scattering calculation was normalized to
tering angular distribution. This distribution, which corre- the 2] cross section. This procedure yields a valueggf
sponds to the sum of the elastic scattering and inelastic scat=0.35+0.05 for the nucleug®S. The error corresponds to
tering to the state located at 860 keV, was obtained byhe minimum and maximung, values for which the calcu-
projecting the contents of a contour surrounding both statesation still coincides with the data points within experimental
in the excitation energy v®.,, plane. The elastic cross error.
section, shown by the open circles on Fig. 5, was then ob- The combined measurements of inelastic hadron scatter-
tained by subtracting the calculated inelastic cross sectioing and electromagnetic excitatigsuch as Coulomb excita-

A. Nucleus %°s
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tion) of the same nuclei are interesting since they can pro-
vide a way to disentangle proton and neutron contributions to
the studied transition. In the case of inelastic proton scatter-
ing at a few tens of MeV incident energy, the neutron inter-
action strength is 3 times larger than the proton {22 0!
Therefore, proton scattering mainly probes the distribution of 103
neutrons in the nucleus. In contrast, Coulomb excitation
measures the electromagnetic matrix elemBgE2; 0

—27) which is directly related to the proton multlpole tran-
sition matrix elemenM,, by B(EN,Jj—J¢) = M%/(ZJ +1).
Thus, measurements of the deformation parameters with the
two different probes allows us to determine the ratio between
the neutron and proton multipole transition matrix elements,
M, /M, . In the phenomenological approach, this ratio is cal-
culated using the formula derived in RE23]:
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where b, and b, are the interaction strengths of incident
protons with target protons and neutrons, respectivélis
the deformation length fromp(p’) scattering, and,, is the
electromagnetic deformation lengts< B,r,A*%). An r, 10 B
value of 1.17 fm which corresponds to the radius parameter r|||||||
of the Becchetti-Greenlees systematics was usedd@’{ 15750 25 30 35 40 45 50 55

scattering, whilery=1.20 fm was taken for electromagnetic 0,,, (deg)

excitation. Theb, andb, values were taken as 0.3 and 0.7,

respectlvely[24] This yieldsM,,/M,=1.88+0.38 for the FIG. 6. Angular distributions for the ground stdtsen circles

27 state in %S, and thusM, /|v| (1 25+0.25N/Z. An  and the 2 state(solid circle$ in the *S(p,p’) reaction at 29.6
isoscalar excitation should have &, /M o ratio equal to the  MeV, the *S(p,p’) reaction at 29.8 MeV, thé*S(p,p") reaction
neutron to proton ratioN/Z in the framework of the collec- &t 28.0 MeV, the™S(p,p’) reaction at 39.0 MeV/nucleon, and the
tive model, meaning that protons and neutrons participate 405(p,p’) reaction at 30.0 MeV/nucleon. The experimental data are

equally in the excitation of the nucleus. The value obtained™™ Refs.[15-17,13 and the present work, respectively. DWBA
for %95 therefore suggests a small isovector contribution tcalculatlons using the Becchetti-Greenlees optical potential and a

the 2° tati standard collective form factor are shown for the ground $satid
€2 excitation. line) and the Z state(dashed ling (see text
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B. Sulfur isotopic chain distributions over the whole isotopic chain was obtained and

the deformation parameters agree within the error bars with

An exciting aspect of radioactive beam studies is thethe values extracted in the original analyses of REFS—
search for the onset of major structural changes that ma

occur in nuclei far from stability. The sulfur isotopic chain Xﬂ’ except for the case oF'S where the present reanalysis

ves a slightly lower value oB8,=0.24+0.02 compared to
presents an interesting opportunity for such a study since th%e original value of 0.280.01[16].

2, states of the even-even isotopes have been measured with
both hadronic and electromagnetic probes. TheB(E2) values and related electromagnesit” values

Proton scattering data have been measured for the eveff? [0 2 Stce: froun B 110 Seenades o Atones
([?/Ge]n :;%bslgsls;t%%efs,\ﬂztvz[i'?? g/lse\v/\%IS]és“fsof Ihzegfngﬂtgz)/le excitation measurements fofS and“°S [4], are also given
nucleuss at 39.0 MeV[13]. The elastic and inelastic an- in Table I. TheM /M, values, listed in Table I, were cal-
gular distributions taken from these studies, as well as thoseulated using Eq(1) Wlth the 857" (BG) values taken from
from the present study of°S are displayed in Fig. 6. The the present reanalysis using the Becchetti-Greenlees poten-
reported[g’gp/ values are presented in Table I. In order tot'al' . .
check the consistency of the values obtained with differen Erom a3generlal standpomt, we flrst.no.te the unusual be-
prescriptions for the optical potential, we have reanalyzeé"av'Or of S, with a very high 2 excitation energy and
the published data for the stable sulfur isotopes using theery low 85" and 85" values, which is similar to the behav-
Becchetti-Greenlee$BG) optical potential, following the ior generally observed for doubly magic nuclei. Moving to
same procedure used fS. The results are compared to the %8S and“°S by adding neutrons to tHe,, shell one observes
data in Fig. 6 and thﬁgp values extracted from this analy- & sudden decrease of thg 2xcitation energy and increase
sis are given in Table I. A good description of the angularof both 8, values. A remarkable feature is that LB@'J and
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TABLE |. Compilation of the properties of the ground anfl &tates in sulfur isotopes. Energies g8l
values are from Ref25] (32 36S) and Ref[4] (3345%5). 8P values are from Refg15] (32S), [16] (3*S),

[17] (3%S), [13] (33S), and from this work °S). g5 (BG) are from our reanalysis of the data of Refs.
[15-17 using the Becchetti-Greenlees optical potentia},/M, ratios were calculated using El) and

B5"" (BG) values. The rms charge radf, for 3 35S are from Ref[38].

E;. (MeV) ré.e (fm) Bem Ber B2 (BG) (M, /M )/ (N/Z)
825 2.23 3.248 0.310.01 0.28-0.02 0.28-0.02 0.84-0.17
343 2.12 3.281 0.250.01 0.28-0.01 0.24-0.02 0.9%0.11
365 3.29 3.278 0.160.02 0.18 0.180.02 1.13-0.27
38g 1.29 0.230.02 0.35-0.04  0.35-0.04 1.56-0.30
405 0.89 0.280.02 0.35-0.05  0.35-0.05 1.25-0.25

BSMfor 32345 are comparable whereas for the neutron rich ssities are calculated through a microscopic collective model

isotopesﬁgp' is significantly larger thagS™. For these two for quadrupole motion. This model has proved successful in

' . .analyses of charge and transition densities measured in elec-
heaviest nuclei, we expect the neutron excess to play a major . . . i .
ron scattering experimenf&7]. Briefly, a collective Hamil-

trﬁlet n thel'tt% Str‘?te excﬁﬂona I:, 'S alf'o |nterest|ntg o 'noc;.e tonianH ., expressed in terms of the five quadrupole collec-
at very fittie change ol the deformation parameters 1S disy, degrees of freedom is built from constrained Hartree-

i 8 40 i imi ioti
cernible betweerf®s and*®S, within our limited statistics for Fock-Bogoliubov calculations based on the finite range,

40
S. . ) :
. density-dependent D1S forf28]. SolvingH ., provides en-
As mer:jtlotned a_bove, Ia valude an/'\é'.pheqUE:' to N/Zd ergies €;) and wave functions|(;)) of ground and excited
corresponds to an 1soscajar modet In Which protons and Ne ;a5 Radial densities for protons and neutrons in a nucleus

trons participate equally in the excit.ation Of.th? nucleus. re then deduced from the matrix elements of the operators
However, a marked departure from this behavior is observeg

for single closed shell nuclei. For instance, we expect mainly Z(N)

neutrons to participate in the excitation of a nucleus with a f;p(n)(F)= 2 S(r— rT), (2
proton shell closure, yielding akl,/M ratio greater than =1
N/Z. A typical example of such behavior is observed in the
Sn isotopic chairi24] where isotopes betweekh=116 and
124 exhibit anM /M, ratio around 1.XN/Z. TheM /M,

values extracted for®S and *°S are similarly greater than

whereZ andN are the proton and neutron numbers, respec-
tively. Only theA =0 and 2 multipoles of the density distri-
butions are actually considered in the f’) analyses. Their

ST . mponents are writtefwith 7=p or n, r=(r,r), andr;
N/Z and no significant change is observed between these tw%O ponents are efwith ~=p orn, (r,r), andr;

isotopes. = (i)l
The phenomenological analysis of the proton scattering N(Z) . -
data indicates a sudden change in the collective properties of (N = 2 o+ o(r—rp) v o(F') o+ &)
the sulfur isotopes when moving frofS (which resembles Pr 0:=0) =1\ 9% p2 0011 Fss.
a doubly closed shell nucleuso 38S. Very little change in
the extracted parameters is observed when adding two mofer the ground state,
neutrons forming®®S. To investigate if the observed evolu-
tion can be related to properties of the matter and transition T SR U R I () -
densities of nuclei under study, and in particular the eventual ~ P,%;—2 (1) = Z 27| ——— Yaolri)|0gs) (4
appearance of a neutron skin, a microscopic analysis of the - r
data will be presented next. for the 05_3_—>2I transition, and
V. MICROSCOPIC ANALYSIS - N(2) 6(?— r—:) A
A. Description of calculations pfl(x=%)(r): igl <2Ir r2 Yaolri) 21+> ®

In a microscopic approach to scattering processes, one
can view the nucleon-nucleus optical model poter@1P)  for the 2] —2 reorientation transition. For more details,
as the result of the folding of a complex, energy- andsee Ref[27]. In these calculations, no effective charges and
density-dependent effective interaction with the nuclear denfree parameters are introduced.
sity. In the present study, we will be extending the spherical The nuclear densities calculated as shown above were
OMP work published in Ref[26] to treat proton scattering then folded with a nucleon-nucleon effective interaction
by deformed nuclei. U™ which we refer to as the JLM interaction. This interac-
The (p,p’) scattering analysis shown below uses de-tion is a hybrid in which the energy- and density-dependent,
formed OMPs in which point proton and neutron radial den-spin-independent interaction in nuclear matter comes from
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32S E 34S

388

36S 4OS

. FIG. 7. Microscopic collective model predic-
LN tions for the ground state and transition densities
to the 2 state for even-even sulfur isotopes
ranging from3S to %°S. The solid lines are for

L L L L R
LU AL LA AL

=3
(=%
U WLy L

1.0

po(® (107 fm®) p(x) (10" fm'®)

0.5 — — — the proton densities whereas the dashed lines are
00 5 5 = = for the neutron densities.
05 F 3 3 3 2
g0 B vt Bl B v B i e B i 10
o 5 0 5 0 5 0 5 0 5
radius (fm)
the original work of Jeukenne, Lejeune, and MahaR8—  experimental scattering measurements, we allow for small

32] with a new parametrization defined in Rg26]. As in phenomenological normalizations of the real and imaginary
Ref.[26], the imaginary part of the effective interaction was potential depths, which are multiplied y, and\,,, respec-
multiplied by an effective mass as pointed out in R&88]. tively.
Although the JLM interaction has been established for Since no spin-orbit interaction is provided by the nuclear
nuclear matter, it can be applied to finite nucleus potentialsnatter based approach of JLM, we rely on the Scheerbaum
by using the local density approximatighDA) or the im-  prescription36] extended to deformed nuclei, along with the
proved LDA as shown in Ref32]. This improved LDA is  energy-dependent potential depths shown in R, to cal-
extended to deformed nuclei in Ref47,34. The improved culate the deformed complex spin-orbit potential in the full
LDA for the diagonal potential is given by Thomas form[37].

Once the diagonal and transition potentials were obtained,

LM they were inserted into thecises code [21] to solve the
Udiad 1, E)= (tym)~ f ) UTp(ri).E) coupled equations for elastic and inelastic proton scattering
s i2rm by the 0" ground states and;2excited states of the even-
Xexp(—|r—r'[2/t?)dr’, (6)  even sulfur isotopes. A reorientatior; 225 potential is

included in the coupling scheme, and is calculated using Eq.

while the Qj;—2; transition(or 2; —2; reorientatio po- (7) along with the Z —2; transition density calculated

tential is above. Finally, Coulomb excitation is accounted for.
Uy(r,E)=(ty/m)~* f pulr") U (p(17),E) B. Results
o The point neutron and proton ground state densities as
Xexp(—|r—r'|*/t5)dr". (1) well as the ¢ ;—2; transition densities calculated with the

M M . microscopic collective model are displayed in Fig. 7. In the
Herel/™"(p,E)=U""(p,E)/p, tis the range of the effec- 550 of theN=2Z nucleus®S, the proton and neutron densi-

tive interaction, p(r) is the matter radial densityp=pn tjes are very similar. FoS and3®S, the calculation predicts
+pp; see Eq(3)], py(r) is the transition(or reorientatioh  that the differences due to the additional neutrons show up
density[see Eq(4) or Eq.(5)], andr; is the point where the mainly in the interior of the nucleus, and both transition den-
effective interaction is evaluated. The transition interactionsities peak at the same radius. Moving to the more neutron
UM (p,E)=(1+p dlap) U™M(p,E) is enhanced by the ad- rich isotopes®S and“?S, a clear indication of a neutron skin
ditional density dependence defined in R&5]. The posi- is observed in the ground state densities. Moreover, for these
tion r; at which the interaction is evaluated can be chosenwo isotopes, the neutron transition densities are peaked at
according to several prescriptiofi®6,34], thus defining dif- larger radii than for protons. The scattering process is mainly
ferent improved LDAs. In this study, the effective interaction sensitive to the surface properties of the target nucleus at the
is taken to be the arithmetic mean of the interactions evaluproton energy of a few tens of MeV considered in this study.
ated at the projectile positiofr) and at the target position Model-dependent quadrupole deformation parameters
(r"). As suggested in Ref26], the range of the effective were calculated using
interaction has been taken to be equal to 1.2 fm. The Cou-
lomb correction was included by evaluating the central inter- n(p) _ \/_Q”(p)
action atE—V.(r) whereV,(r) is the Coulomb potential 2 3N(Z) Rz ®)
andE the incident energy. The complex central proton OMP

(U) defined above is composed of an isoscaldg)(and an whereQ! (M) is the neutror(proton quadrupole momenR is

isovector (U;) part; it is written U=Uy—a U4, where the nucleus radius defined BsA® (ro=1.2 fm), andN(Z)
a(r) (Pn=pp)/(pnt pp) is the asymmetry parameter, and js the neutron(proton number. These deformation param-
pn(r) andpp(r) are the point neutron and proton radial den-eters for the neutron, proton, and matter distributions are
sities, respectively. Finally, in order to better account forlisted in Table Il along with the calculated excitation ener-
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TABLE II. Energies of the 2 state, rms charge radii, matter, the microscopic calculations underpredict the density in the
proton and neutron deformations, akt},/M, ratios from the mi-  inside of the nucleus, and very slightly overpredict it at the
croscopic collective model calculations described in the text. surface, consistent with the 1.5—-2.5 % overestimation of the

experimental charge rms radgee Table)l by the collective

EJ. (MeV) s (fm) B3 B85 B3 (My/Mp)/(N/Z)  Hamiltonian calculationgsee Table . Comparisons be-
22 tween calculated and measured charge transition densities for
34§ ;'gzg gggi 8'2; g'g;g g'ggg 8'22? 325 [7,39] and **sS [40] show that the amplitudes of the cal-
%S 2408 3353 0290 0.283 0.296 1.043 culated qs,—>21+ transition densities are Iarger than .the mea-
BS 2166 3372 0286 0.272 0.296 1.085 sured_ ones by abo_ut_lO%. This difference is conss;ent with
05 1713 3308 0.303 0.983 0.317 1.120 the slight overprediction of the quadrupole deformations ex-

hibited by the®’S and®*S calculations. Nevertheless, fS
and %S, the overall shape and amplitude of the predicted

gies of the %L state and the rms charge radii. The quadrupoIeCharge and transition distributions closely match those of the

deformation calculated fof°S is dramatically overestimated experimental distributions. The neutron and proton transition

) ; . _matrix elementdM, andM , can be calculated from the tran-

compared with those coming from the Coulomb ex0|tat|onSition densities by P
and proton scattering results shown in Table I. For the other
sulfur isotopes, the predicted quadrupole deformations ex-
hibit somewhat better agreement with the phenomenological
ones. Yet, excluding®s, the calculated quadrupole deforma-
tions become smaller near tiN= 20 closed shell. This be-
havior is comparable to that exhibited by the phenomenowherepgff) is the neutronproton transition density to the
logically derived deformation parameters, and can beexcited state anil is the transition multipolarity, in this case
understood using the sanié=20 shell closure arguments. =2, TheM, /M, ratio values, listed in Table Il, roughly
The case of*°S is not thoroughly understood, but collective follow the same trend as those extracted from the phenom-
models such as the one used in this study are known to be fahological analysis.
from ideal when applied to nuclei whose potential wells are  As described in the previous subsection, it is necessary to
very steep, like in the case of closed shells, and particularlyietermine the renormalization parametgsand \,, of the
for N=20. Note that in Table I, consistent with our discus- strength of the optical model potential in order to calculate
sion of Fig. 7, the neutron deformations fS and“°s are  angular distributions. Different studies op,f) charge ex-
predicted to be slightly larger than the proton ones. Simichange reactions have shown that the original isovector part
larly, phenomenological analyses yield a higher deformatiorof the JLM interaction is too weak by almost a factor of 2
value for (p,p’) scattering which is preferentially probing [41,42]. This weakness was usually compensatechthyhoc
neutron densities than for Coulomb excitation, which is onlynormalizations of both the isoscalar and isovector terms of
sensitive to charge distributions. the potential. However, in our case this procedure leads to

Direct comparison between experimental and calculatedmaller\ values for %S than for the other sulfur isotopes.
charge densities for the ground state and tgi_g—GZl* tran-  On the other hand, an excellent representation of the elastic
sition are shown in Fig. 8 fof?S, 34S, and®s. Comparison scattering data over the entire sulfur isotopic chain was ob-
with the experimental ground state densifi88] shows that tained by multiplying the JLM isovector term by a factor of

Mhop=| e (r)r**2dr, 9)
0

SSS
O+

FIG. 8. Comparison between experimental
(solid ling), predicted (dashed ling monopole
(upper panels and @ —2; transition (lower
panel$ charge densities foF%S, %S, and %°S.
Experimental data is extracted frop38,7,44.
Charge densities are obtained by convoluting the
calculated proton densities with the proton charge
smearing form factor.

po(r) (107" fm™)

Pes(r) (107 fm™)

|
bt
tn
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TABLE lll. Potential depth normalization factors for the real agreement is observed both in shape and magnitude. First,
and imaginary parts of the central,(, A,) potential. These values (jffraction minima and maxima for elastic and inelastic scat-
give the best fit to the proton scattering data. tering are very well reproduced. However, small discrepan-
cies are observed at scattering angles larger than 60°. Note

A M that the small overestimation of the charge rms radii dis-
32g 0.95 0.95 cussed above does not seem to adversely affect either the
34g 0.93 0.98 position or the depth of the predicted diffraction minima.
36g 0.95 0.93 Similarly, the differences between phenomenological quad-
38g 0.95 0.92 rupole deformations and those of the microscopic collective
a0g 0.94 0.93 model are not evident from inspection of the calculated in-

elastic scattering differential cross sections shown in Fig. 9.
Yet the slight underestimation of thg Zross section notice-
able in the case of®S may be hinting that its deformation
that these values are now nearly constant and moreover cloégou.k.j be Iarger_. Howev_er, the observed dn‘fere_nce _between
to 1.0. The remaining small variations ®f and\,, are no empirical and microscopic qqaplrupole deforr_nahons is prab-
v gbly overemphasized, since it is related to different method-

longer significant considering the experimental errors. Thes . .
results show the importance of correctly treating the isovecplog'es and treatments of the scattering processes. In the case

tor part of the JLM interaction for nuclei far from stability. A Og 3?]?_,Ma rerorlnlglizz:)tion ?f tthe trfagssi)tion glensities zf_“te.””g
reasonable prescription for future calculations in this mas&"® caiculation by a tactor of 9.5 produces predictions

region would be to use the renormalized isovector JLM po_whlch are in good agreement with experimental differential

tential with \.. and .. values of the order of 0.95 cross sectionsdot-dashed line in Fig.)9 This further con-
\% w . "

The microscopic calculations can be compared in Fig S{irms the fact that the microscopic collective model dramati-

with experimental elastic and inelastic angular distributionscaIIy overestimatesby about a factor of Pthe deformation

for several sulfur isotopes. Except fofS, a remarkable of the single closed shell nucleﬁés. The good agreement
' between calculated and experimental angular distributions

shows that the JLM interaction, folded with our microscopic
2 densities, is a reliable tool for analyzing proton scattering of
stable and unstable nuclei in the sulfur region away from the
N=20 shell closure.
N s A major goal in the study of neutron rich nuclei is to find
10 ...|.‘.|‘..|...|‘..|...|r3:2—|7 observables sensitive to the presence of neutron skins. As
mentioned above, the microscopic collective model densities
exhibit a neutron skin for the nuclefS and“°S. To inves-
tigate the influence of these unusual densities on the elastic
and inelastic angular distributions, we have performed calcu-
lations similar to those described above where the neutron
S densities were taken to be equaldg=p, < N/Z, which ex-
cludes any neutron skin. Figure (AD compares the resulting
—— TR angular distributiongdashed lingwith those calculated us-
N T AT ing the microscopic collective model densitisslid line). In
20 40 60 80 100 120 140 both elastic and inelastic scattering the effects of the neutron
33 skin show up more prominently at the larger scattering
S angles, where no data are presently available. Similar, but
weaker effects are observed fé¥S, for which the neutron
- skin predicted by microscopic collective model calculations
1 VIRTRII i, TR T o is less pronounced.

To assess the influence of a neutron skin at small scatter-
ing angles where data are available, the same calculations are
shown on an expanded scale in Fig(ogether with the

g . experimental data fof°S. In the case of elastic scattering a

1 S s L slight shift of the first diffraction minimum is observed be-
0. (deg) tween thg two c_alculanons. The collectlvg Hamiltonian cal-
e culation gives slightly better agreement with the data, but the

FIG. 9. Data are the same as in Fig. 6. Microscopic coupledf00r statistics do not allow any definite conclusion to be
channel calculations using microscopic collective model densitie§lrawn at present. The best hope to observe a neutron skin
and the JLM nucleon-nucleon interaction for the ground said ~ through proton scattering may be to obtain very precise elas-
line) and the Z state(dashed ling (see text For S, the dot- tic scattering data in the region of the first diffraction mini-
dashed line corresponds to calculations with renormalized transitiomum where all the ingredients of the microscopic folding
densities as described in the text. model calculations are fully under control.

2.0. The best fik,, and\, values are listed in Table Ill. Note
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104 and %°S. A sudden change in the properties of the<ate is
103 observed betweer®S and %S due to the first two neutrons
102 %aing in thef,, orbi;al, while the additional two neutrons of
S seem to have little effect on these properties.
10 Coupled-channel calculations using microscopic collec-
1 - - tive model densities and a modified Jeukenne-Lejeune-
o Bl TSRS Mahaux effective nucleon-nucleon interaction were also per-
20 40 60 80 100 120 140 160 180 formed for the sulfur isotopes. Through a suitable
Q,,, (deg) renorma_lization of the JLM isove(_:tor term, a consis’gent rep-
- resentation of the elastic scattering data was obtained with
values of thex, and\,, renormalization parameters close to
1.0 and with little variation along the isotopic chain. The
inelastic data are very well accounted for and the deforma-
tion parameters predicted by the microscopic collective
model are near those extracted from the phenomenological
o Bl analysis, with the exception of°S, for which the micro-
15 20 25 30 35 40 45 50 scopic collective model does not produce reasonable predic-
0,  (deg) tions. The microscopic collective model densities exhibit a
o significant neutron skin for®S, which is even more pro-
FIG. 10. (a) Solid line: same calculation as in Fig. 9 f6?S.  nounced in the case dfS, and the neutron transition densi-
Dashed line: microscopic coupled-channel calculations using mities are peaked at slightly larger radii than those for the pro-
croscopic collective model proton densities and neutron densitietons. A comparison with calculations using neutron densities
scaled byN/Z from the proton densitiesb) Same calculations  simply scaled from the proton densities IfyZ indicates that
shown in comparison with th&’S data using an expanded scale. the neutron skin effects are greater at larger scattering angles
but have a significant influence on the position of the first
diffraction minimum. The angular range and statistics of the
Elastic and inelastic cross sections for proton scatteringpresent elastic scattering data on the unstable sulfur isotopes
on the unstable nucleu®S have been measured in inverse do not allow a firm conclusion about the presence of a neu-
kinematics at 30 MeV. The use of a large array of striptron skin to be established.
detectors in coincidence with PPAC beam tracking detectors This work shows that the availability of data over a long
allowed us to obtain significant data despite a very low beanisotopic chain is crucial to carry out a reliable microscopic
intensity (2000 pp$ and a large incident beam emittance. analysis with consistent interaction parameters. The JLM in-
This measurement extends the systematics of proton scattdgraction and the analysis procedure presented here will be a
ing on even-even sulfur isotopes frodd=16 andN=24. powerful tool in the future to test densities calculated by
The combination of these results with electromagnetic studother theoretical calculations performed in the framework of
ies including Coulomb excitation measurements provides #he shell modef43], the quasiparticle random phase approxi-
unique database to understand the evolution of the collectiv@ation, or the relativistic mean-field theory. The combina-
properties along the sulfur isotopic chain moving through thetion of Coulomb excitation and proton inelastic scattering is
N= 20 shell closure towards the neutron rich side of the valan attractive approach to assess the respective roles of pro-
ley of stability. tons and neutrons in deformations and excitations of nuclei.
The available proton scattering data on sulfur isotoped he availability of more extensive proton detection systems
was first analyzed in the framework of a phenomenological44] and a new generation radioactive beam fac[itg] will
optical model using the Becchetti-Greenlees parametrizatiodllow us to extend these studies further from stability and
and standard collective transition form factors. These calcu@lso to higher energies where the interaction potentials are
lations were in excellent agreement with the elastic scatterin§etter known. Other excitations, such as 8r second 2
angular distributions over the whole isotopic chain. In thestates, for which larger proton-neutron differences are to be
case of*°S a3, value of 0.35-0.05 is extracted for the;2 expected, could also become accessible, which will make the
state found at an excitation energy of 8680 keV. Thisg,  Study of neutron skins much more reliable.
value is somewhat larger than tjg deformation measured
by Coulomb excitation, whereas both electromagnetic and
(p,p") measurements yield similar deformation parameters \We would like to warmly thank N. Alamanos, J.A. Carr,
for the stable sulfur isotopes . This difference was previously.S. Dietrich, and F. Petrovich for numerous valuable discus-
observed for®*s. This behavior translates inld,/M, val-  sions. We are indebted to R. Alarcon and H.P. Blok for pro-
ues which are larger thaw/Z for the neutron rich isotopes in  viding us with the3*S and®®S data in a tabulated form. This
contrast to the values compatible witfVZ measured be- work was partly supported by the National Science Founda-
tween A=32 and 36. Overall the results indicate a strongtion under Contracts No. PHY-9528844, PHY-9602927,
neutron contribution to the excitation of thg Ztates of*®S ~ PHY-9523974, and PHY-9605207.
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