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Differential cross sections for the elastic scattering’e from *He have been measured at 280 and 620
MeV. The data exhibit systematic energy dependence when compared with measurements at lower energies.
Optical model analysis indicates that the Woods-Saxon potential fails to reproduce the large angle data.
Satisfactory fits are obtained by adding a Woods-Saxon squared form factor to the real central potential.

PACS numbegs): 25.10+s, 25.55.Ci

I. INTRODUCTION tering. Since more than one nucleon in the projectile can
collide with each target nucleon, additional multiple scatter-
For several decades there has been considerable interestiiy amplitudes are generated. These theoretical predictions
the interaction between twa particles. First, such a rela- are applicable at very high energies. Therefore data at ener-
tively simple system provides the opportunity for carrying gies beyond 1 GeV may be needed to test the Glauber model.
out fundamental calculations of the reaction. Second, the third approach has been suggested by Sjtah In elastic
zero spin-isospin nature and the large binding energy of thgcattering of complex systems, certain states are forbidden
a particle make it an important constituent in the clusterby the Pauli exclusion principle. Swan argued that the for-
model[1]. It is well known that light cluster nuclei such as bidden states should be included in Levinson's theorem.
61.i, °Be, 1C, and*O containa-particle substructures, as Then the phase shifts at zero energy0) will be deter-
evidenced bya-transfer anda-knockout reactiong2—6]. mined by both the number of observed bound states and the
Further, o decay of heavy nuclei provides evidence that number of forbidden states. As a consequence Neudatchin
clusters may preexist in the surface of these nuclei. Calculd9] employed a deepdependent attractive local potential of
tions for such models rely heavily on accurate knowledge othe Woods-Saxon form which contains the, s, and 1d
the a-nucleus interaction, the simplest of which is thew  forbidden states. Then at zero energy the phase shifts are
interaction. 00(0)=2m, 8,(0)=m, and §-,(0)=0. The &, and &,
There have been several theoreticat9] and experimen- phase shifts continue to decrease with energy but always
tal studieg10—14 of the a-a system. At least three differ- remain positive, thus removing the necessity for a repulsive
ent approaches have been taken to interpret elastic scat- core. The phase shifts extrapolate smoothly to zero at high
tering. Darriulat et al. [12] analyzed the phase shifts energies.
extracted from data ranging from 50 to 120 MeV using an There are abundant+ « elastic scattering data below 200
energy-independent, but strongiydependent, potential to- MeV for testing of the different approaches which have been
gether with a repulsive core. This calculation ignores pospostulated. The repulsive-core potenfiaR] has been sup-
sible bound states which are forbidden by the Pauli principleported by data up to 120 MeV. However, the energy depen-
Then the phase shifts, , are all zero at zero energy, causing dence of the potential without a repulsive cd8d and its
thel=0 andl=2 phase shifts to become negative at higherdevelopment towards the Glauber approximatiaf] have
energies. This behavior of the partial waves naturally resultsiot been verified experimentally for sufficiently high ener-
in a repulsive core which arises from nonlocal terms due tgjies because very few-« elastic scattering data exist be-
the Pauli exclusion principle. In a second approach, Czyxond 200 MeV. Measurements with large uncertainties over
and Maximon[15] have calculatedv-a elastic scattering in limited angular ranges are available at 650 and 850 MeV
the Glauber approximatiohl6]. The test of the Glauber [18]. The data at 900 MeV19] have poor statistical accu-
model can be much more effective fera elastic scattering racy and large angular acceptances. Therefore we have mea-
than for nucleon-nucleus scattering because of multiple scasured, and report in this paper;+ « elastic scattering at 280
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and 620 MeV covering the full angular range up to 90° cen- FV ' ' ' '
ter of mass. Our goal is to provide high quality data over the ?*gx X 100 Mev
full angular range for energies beyond 200 MeV so that the 2 | %wsﬂixxxxx v oo ey
various theoretical postulates can be evaluated. Our data wil POCAEET o 260 Mey
also provide energy dependence for ther interaction fora .'o."xx oo s
range of energies extending to three times that of previouss y T, %
investigations. Bt te X

In Sec. Il, we describe the experimental procedure. Wei * ".o...x - X
discuss the data reduction and results of our measurements 3§ . "."'*.fxxxx .
Sec. lll. The optical-model analyses of the data are presente -2 |- " .‘~;‘.’" "
in Sec. IV. Finally, concluding remarks are made in Sec. V. ° . Zﬁi .-

i‘fﬂ? . sk
Il. EXPERIMENTAL PROCEDURE wt s = - = anT v o
Ocm. (deg)

The measurements were made wittparticle beams pro-
duced by the K1200 cyclotron of the National Superconduct- FIG. 1. Differential cross sections far-o elastic scattering at
ing Cyclotron Laboratory at Michigan State University. The 280 MeV (solid squaregsand 620 MeV(solid circle3. Also in-
beams were momentum analyzed with the double dipole anaiuded are available data from 100 to 650 MeV.
lyzing system of the A1200. The uncertainty in the beam
energy was estimated to be less than 0.2% from the cyclotrogas cell, resulting in improved statistics at the sacrifice of
and A1200 parameters. The energy resolution of the beasome angular resolution.
was estimated to be better than 0.1%. The beam was directed The detector signals were processed using conventional
to the center of a cylindrical scattering chamber 2.3 m infast-slow electronics. The data were written event by event
diameter and 3.0 m long. The beam line elements were adn magnetic tapes for subsequent detailed analysis. During
justed for minimal steering of the beam as observed on #e experiment one- and two-dimensional arrays were cre-
scintillator at the center of the chamber. The beam spot at theted online to monitor deadtime, pile-up effects, gain shifts,
center of the target was 2 mm wide and 4 mm high. Theand general problems associated with the operation of the
beam currents ranged from a fraction of a nA+®20 nA  detection system.
depending on the angle of measurement and were controlled
in order to minimize pile-up effects and dead time in the IIl. DATA REDUCTION
detection system.

The target for the 620 MeV measurements was high pu- The event tapes were replayed offline, and one- and two-
rity “He gas contained in a 12 cm diameter gas cell locatedimensional histograms were created for each angle of mea-
at the center of the evacuated scattering chamber. The gasrement. A two-dimensional contour plot &fE vs E
was maintained at a slightly higher press(866 Torp than  showed clean separation betweenparticles and®He. A
one atmosphere and allowed to flow slowly through the cellwindow around thex particles was used to gate the one-
to ensure that the target did not become contaminated. Th@dimensional total energy spectrum, thus selecting the energy
scattered particles were detected with three detector telalistribution of a particles. This spectrum displayed a single
scopes separated by 5°. Each telescope consisted of a doupleak. At each angle the position of this peak was at the
slit system which defined the target length and solid angleenergy predicted by the two-body kinematics &ot « elas-
followed by a 1 mmsurface barrier silicon detector and a 10 tic scattering at 280 and 620 MeV. The area under ¢he
cm deep Nal(T). The silicon detectors were calibrated using peak was extracted and the differential cross section was
a 228Th « source and the Nal detectors were calibrated withcalculated using the equation
forward anglea-a elastic scattering. This system had an
overall energy resolution better than 2%. A similar set of do/dQ=[(22.INZ,T)/(QQZxP)],
three telescopes was used as monitors. The measurements
were made by moving the telescopes in 5° steps. MeasurevhereN= number of counts under the pedk, (=2) is the
ments with the most forward telescofEEL1) ranged from atomic number of the projectild; is the Kelvin temperature
10° to 45°, while those with TEL3 ranged from 20° to 55°. of the target, an® is its pressure in TorQ is the total beam
This provided sufficient overlap between the two telescopesharge(in nC) collected in the Faraday cuf) (in msn and
for cross checking their measurements. The Si detector iy (in m) are the solid angle and effective target length,
TEL2 failed and no data were extracted from it. respectively, defined by the double-slit system.

For the 280 MeV experiment, a technique of filling the  The cross sections were calculated using the above for-
entire chamber witifHe gas was used, thus eliminating the mula and converted into the center of mass frame using rela-
traditional gas cell. Detector telescopes consisting of two potivistic kinematics. Figure 1 shows the cross sections plotted
sition sensitive silicon strip detectors were used to define thas a function of center-of-mass angle. Also shown are cross
target length and the detection solid angle. This system prasections for 100, 160, 198, and 650 MeV. The 280 MeV data
duced higher yields because longer target lengths could bsolid squaresfollow the trend of the lower-energy data. The
selected which would otherwise be limited by the size of thecross sections peak at the very forward angles, decrease
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steadily until a minimum is reached near 80°, followed by a T ' '
backward rise to a maximum at 90°. The magnitudes of the o + o AT 280 MeV
cross sections also follow the trend set by the lower-energy
data. Overall the 280 MeV cross sections are slightly smaller
than those at 198 MeV. The 620 MeV cross sectigwid 102 |
circleg are much lower at the forward angles, being about
two orders of magnitude lower than the 280 MeV data. How-
ever, this discrepancy is less apparent at the larger angles and
they are in excellent agreement over the limited angular
range of the 650 MeV data. The larger decrease in cross
section beyond 280 MeV may be attributed to loss of flux in
the elastic scattering channel resulting from the onset of pion
production.

100 -

do/dQ (mb/sr)

IV. OPTICAL-MODEL ANALYSIS

The data were analyzed using the optical model code N
sNoopyswhich properly antisymmetrizes the two identical 10-2 L ]
bosons, resulting in only even partial waves in the partial \
wave decomposition of the scattering amplitudes. The con- \

-

ventional nonrelativistic Schedinger formulation of elastic L L L AN

potential scattering was employed, with the inclusion of rela- 0 2 40 60 B0 100 120

tivistic kinematics. Initially, six-parameter real and imagi- Oem. (deg)

nary volume central potentials together with a Coulomb po- g, 2. Differential cross sections for the « elastic scattering

tential were included in the analysis. The potential used wagt 280 MeV. The nine-parameter optical model fit is shown by the

. solid line. The dashed line represents the six-parameter fit.

U(r)=Uc(r,ro) —VI(r,rqg,a.) —iW,f(r,ry,ay),

where f(r,r,a,) is the Woods-Saxon form factofl parameters. No additional minimum yf was found. Varia-
+exr[(r—r’ X1’/3))}a D~ and U(r,r.) is the Coulomb po- tion of the normalization, combined with grid searches, also
X X cC\'s' C

. . . ailed to improve the fit to the data.
tential due to a uniform sphere with charge equal to that of At lower energied14,20] a combination of two Woods-

H 1/3
the target nuclgus and ra.‘"“@.‘\r - The mass numbeAt, . Saxon potentials were used for the real part of the interaction
was 4, and this convention is referred to as the light-ion

convention. Use of the heavy-ion conventi®=r(A%* 0
+Al3), changes the value of the parametgr, but retains 10° pr—— T
the total central potential in its entire form. r

The program facilitated searches on any combination of
parameters in order to minimiz¢?, defined by

a + o AT 620 MeV

N

-1 L
X2=(1/N)21[0(i)ca'c—cf(i)exp’J/[A(r((@i)]z, e

whereN is the number of degrees of freedom an@d ;)¢
is theith calculated cross sectioa(®;)®**'andA o (0;) are
the corresponding experimental cross section and its relative
uncertainty, respectively. Starting parameters were taken
from the results of the 160 and 200 Md¥4,2Q analyses.
Initial searches were carried out with various combinations
of two parameters, while keeping the others fixed. After
minimizing x2, three-parameter searches were made. The 103
number of parameters in the searches was continually in- E
creased until final searches were made on all six parameters.
The fits to the data were unsatisfactory. The calculations
significantly underestimated the large angle cross sections

do/dQ (mb/sr)
T

for both energies, as shown by the dashed lines in Figs. 2 and T . S PP NP IV I I

3. In order to verify that the potentials obtained did not be- 0 20 40 60 B0 100 120
long to a wrong ambiguous family, grid searches were made. 6., (deg)

The strength of the real potentisl was gridded in 5 MeV o

steps from 5 to 600 MeV, while searching on the other five FIG. 3. Same as Fig. 2 except for 620 MeV.
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TABLE |. Optical model potential parameters for fits shown by solid lines in Figs. 1 and 2.

Energy Vv o ag W, Iy ay V' ro ag
(MeV) (MeV) (fm.) (fm.) (MeV) (fm.) (fm.) (MeV) (fm.) (fm.)

280 95.0 0.949 0.840 5.44 2.368 0.411 18.9 0.779 0.117
620 1.08 1.400 6.212 1.82 2.353 0.108 17.4 1.279 0.546

to provide more flexibility to the shape of the potential. A sive beyond 1 GeV, or 250 MeV/nucleon. This is much
similar technique was adopted here. However, our code ditbwer than the potentials for heavier nuclei, which have been
not have the capability of employing two Woods-Saxon po-estimated to change sign in the 600—800 MeV/nucleon re-
tentials. We therefore used the sum of a Woods-Saxon andgion.

Woods-Saxon-squared potential. For the imaginary potential This rapid decrease in the volume integral of ther real

a three-parameter Woods-Saxon form was retained. The nirgotential may be attributed to the tightly bound nature of the
parameter search resulted in a significant improvement in the particle as well as the limited number of reaction channels
fit, as shown by the solid lines in Figs. 2 and 3. The derivedavailable for this system, both of which result in decreased
parameters are given in Table I. The shape of the real potemeaction events. This explanation is supported by the imagi-
tial, shown in Fig. 4, for both the 280 and 620 MeV data, isnary volume integrals, which increase to a maximum value
very similar to those obtained at lower energies. A deep poat an energy of about 150 MeV and then show a slow de-
tential is observed in the interior, decreasing to near zero atrease(open circles in Fig. b In the framework of the op-
about 3 fm, followed by a weak component that has a longetical model potential, a reduction in the imaginary potential
range. For 280 MeV the total potential decreases to zero atauses a quenching of the real potential.

about 7 fm, whereas for 620 MeV the weak potential seems An attempt was also made to analyze the data in terms of

to have a longer range. the formalism of Darriulagt al.[12]. In this regard, a short-
The volume integral per nucleon pair of the real potential
has values of 367 and 180 MeV fnior the 280 and 620 500 —————————
MeV data, respectively. These volume integrals are plotted,
together with those derived at lower energies, in Figs@id I « + o VOL INT
dotg as a function of beam energy, which shows an interest-
ing energy dependence of the potentials. The volume inte-
grals of the real potential show a linear dependence on the 400 -
incident energy of the form a
£
Jr(E)=Jgr(0)—BE :
[
with Jg(0)=480 MeV fn? and 8=0.48 fn?. This implies &
that the volume integral of the real potential becomes repul- g 300 -
T T T T :
a + a REAL POTENTIAL =z
0 === _— 5
7 o
I 5 200
-20 &
]
&
=
= — —— — 620 MeV 100 = O
£ P ©
O
—60 - 280 MeV
O
I O
-B80| ol . . . 1]
0 200 400 600
E (MeV)
_1000 é ‘; é El, FIG. 5. Thea+ « real(solid dot3 and imaginaryopen circley
r (fm) potential volume integrals per nucleon péir MeV fm?3) plotted as

a function of beam energy. 5% error bars have been assigned to the
FIG. 4. Thea+« real potential at 280 and 620 MeV plotted as data points. The straight line is a least squares fit to the real poten-
a function of radius. tial volume integrals.
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range hard-core repulsive potential was added to the Woodsomplicated to be represented by a simple Woods-Saxon po-
Saxon real potential. Searches with several different startintgntial. The shape of the total real potential suggests that
parameters did not produce any acceptable fit to the datéhere may be two components to thea interaction which
Searches on the range of the repulsive potential resulted icould be due to the interplay between a long range and a
the range going to zero, with the resulting parameters beinghort-range interaction. Because of the tight binding and
similar to those of the six parameter fit obtained in the initialsmall size of these nuclei, as the impact parameter decreases,
calculations. there is a sudden onset of the short-range component of the
nuclear interaction leading to a kink in the potential. Similar
V. CONCLUSION effects were observed at lower energies. The origin of the
) . two-component potential is not clear. It warrants more theo-
We have made measurements of the elastic scattering @ftica] investigation of ther-a interaction.

a particles from*He at bombarding energies of 280 and 620 The volume integrals of the real potential decrease lin-
MeV. The angular distribution of the 280 MeV differential gayly with increasing energy. This is in contrast to elastic
cross sections exhibits behavior similar to those at lower eNscattering from heavier nuclei, where the real potential vol-
ergies showing a smooth falloff with angle to a minimum atyme integrals have a logarithmic dependence on the beam
about 80°, followed by a backward rise peaking at 90°. Thesnergy. This difference is attributed to the fact that the
620 MeV cross sections show similar fall-off at the forward paticle is very tightly bound and there are very few reaction
angles, but have no discerible structure beyond 80°. AlS@hannels available. Finally, the data show no preference for a
the forward angle cross sections are somewhat lower than thgyrgcore repulsive potential.
trend set by the lower-energy data. Nevertheless the magni-
tude of the large angle cross sections are in agreement with
previous measurements at 650 MeV. ACKNOWLEDGMENTS
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