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Ne have measured the excitation function at ~»=175' for the excitation of the first 2+

state in +Sr*by inelastic scattering of +Ne. At the same time me obtained similar data for
the excitation of the first 2+ state of the beam particle itself. The measurements span the
energy range 49-65 MeV containing the region of the Coulomb-nuclear interference. In
terms of Rutherford trajectories, the +Ne* interference minimum is located at a separation

0.2 fm -greater than for ISr*. An optical potential was obtained by a fit to elastic scatter-
ing data consisting of an excitation function at eh,b=175' andanangular distribution at 65.4 MeV
l.ab. A collective model distorted-wave Born-approximation calculation with this potential
can account for the I Sr~ data but faQs to describe the shape of the +Ne* excitation function.

NUCLEAR REACTIONS +Sr( tNe, tNe), E = 49-65 MeV; tneaeured de(E) at
ef = 175' for g.s., first 2' state in 888r and 22Ne, da (e) at 65.4 MeV for g.s.;

I deduced optical model potential, deformation parameters. Enriched target.

I. INTRODUCTION

The interference between Coulomb and nuclear
excitation in inelastic scattering with heavy-ion
beams' possesses several interesting aspects.
The pronounced interference structure appearing
in the inelastic cross section (as compared with

the somewhat featureless structure of elastic
scattering) offers the hope that such structure will
be useful in resolving ambiguities in the heavy-
ion optical potential. Furthermore, the interfer-
ence minimum is localized far out on the nuclear
surface, approximately 2.5 fm beyond the conven-
tional nuclear touching distance = 1.25(A, "'+A,"')
fm, where A. , is the target mass and A, is the
projectile mass. " It is in the region of the in-
terference that the real part of the ion-ion optical
potential seems most sensitively determined by
the measurements, ' As probed by "0 ions inci-
dent on ~Ni, "Sr, and '"Nd targets the interfer-
ence minimum is of the order of 1 fm full width. '
lt is therefore of interest to examine this structure
with an even heavier projectile (i.e. smaller de
Broglie wave length).

We have explored this interference phenomenon
with "Ne ions incident on a "Sr target. We have
also observed the Coulomb-nuclear interference
in the inelastic excitation of the beam projectile
itself. The measurements consist of elastic and
inelastic excitation functions at 175 lab from 49
to 65 MeV lab. To facilitate a distorted-wave
Born-approximation (DWBA) analysis of the in-
elastic data, we have measured the el.astic scat-
tering angular distribution at 65.4 MeV lab. A

global analysis of the elastic data provided the
optical model parameters needed to describe the
distorted waves in the incident and exit channels.

II. EXPERIMENTAL METHOD

The excitation function data and the 65.4-MeV
angular distribution were obtained in two separate
runs with the same scattering chamber. All of the
detectors were Si surface-barrier counters. A
calibrated a source placed at the target position
was used to determine the solid angles of all de-
tectors.

The excitation function at 175 lab was obtained
with a 300-mm' annular detector subtending a
solid angle of 34 msr. The average angle, weight-
ed according to sine, was actually 175.5' (176.6'
c.m. ). The angular distribution was obtained with
two movable counters which could be positioned to
within 0.2'. One counter covered the angles from
65 to 110 with a polar-angle acceptance of +0.57'.
The other counter, with a polar angle of +1.14
was used for lab angles from 71 to 150 . A moni-
tor counter was fixed at 45' lab, where "Ne+ "Sr
elastic scattering should follow the Rutherford law
over the energy range of interest here.

The Oak Ridge Isochronous Cyclotron (ORIC)
accelerated the "Ne in either its 4' or 5' charge
state. The ion source, of the Penning cold-cathode
type, ' was operated with natural neon (9.2% "Ne).
Beam currents extracted from the cyclotron were
on the order of several. hundred nA. The beam was
transmitted nondispersively to the scattering
chamber by a focus halfway through a bending
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magnet. ' A phosphorescent screen was placed in
the magnet to check the position and focus of the
beam spot, after which it was replaced by a small
circular aperture to discard stray particles. The
annular detector was protected by a tantalum tube
of inside diameter 3.5 mm through which the beam
passed on its way to the target. With this arrange-
ment, the beam intensity at the chamber entrance
was often as high as 40% of that extracted from
the cyclotron, and 90% of this passed through the
Ta tube. The maximum "Ne intensity measured
in the Faraday cup (after stripping by the target)
was about 200 nA.

The beam energies were measured in a cali-
brated bending magnet. However, we found evi-

dence that the energy on target could drift by 0.1
to 0.4 MeV, due to tune-up of the cyclotron. Cor-
rections determined from the pulse height of the
elastic peak were applied to the data. The final
energy assignments are accurate to about +0.1

MeV. The energy spread of the beam as deter-
mined by the calibrated magnet is typically about
0.4% full width at half-maximum (FWHM} (200-300
keV). This spread eliminated "Ne (1st excited
state at 1.63 MeV) from consideration as the beam
particle but permitted adequate separation of the
1st excited states of "Ne and "Sr.

Four targets (20-60 pg/cm') were prepared by
vacuum evaporation of "Sr onto 20 pg/cm' carbon
backings. The starting material was the carbon-
ate, isotopically enriched to 99.84k in "Sr, mixed
with Ta powder. The targets were transferred in
vacuum to the scattering chamber by means of a
portable chamber and vacuum lock.

In heavy-ion bombardments large numbers of
low-energy electrons are liberated from the tar-
get. These must be suppressed for proper opera-
tion of surface-barrier detectors. Biasing the
target at +350 V (or -350 V} seemed to have no
effect. A large permanent magnet was placed out-
side the chamber and proved adequate except for
the annular detector. A thin gold foil stretched in
front of the annular counter eliminated this prob-
lem. The magnetic deflection of the particles
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FIG. l. Elastic scattering excitation function at 175'
lab for 22Ne+ +Sr. The data are represented by points
with typical error bars. The dashed curve is an optical
model calculation using the parameters NB 5 in Table I.
The solid curve is an optical model calcuation using the
parameter set OB1 of Table I.

FIG. 2. Elastic angular distribution for +we+ SSr
scattering at 65.4 MeV. The data are shown as points
with typical error bars. The dashed curve is an optical
model prediction for the parameter set NB5 of Table I
and the sol, id curve is the prediction for parameter set
081of Table I.
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under study was estimated to be -0.1' and was not

considered further,

III. EXPERIMENTAL RESULTS
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The spectra were analyzed with a least-squares
peak fitting program. The absolute cross sections
were calculated from the known Rutherford cross
sections for scattering into the monitor and the
measured solid-angle ratios. The elastic data are
shown in Figs. 1 and 2 and the inelastic data are
shown in Fig. 3.

In comparing these data to the data on inelastic
excitation of "Sr* (1.84 MeV) by "0beams, ' sev-
eral comments may be made. The shape of the
inelastic excitation function at 175' lab appears to
be the same for "Ne and "0beams. Referring to
the distance of closest approach scale at the top
of Fig. 3, the interference minimum is located at

11.6 fm. This is 2.5 fm greater than the nuclear
touching distance 1.25(A, "'+A,"') fm. The same
value of 2.5 fm can be extracted from the 175'
1eO+ Sr data. In comparing elastic scattering
angular distributions, it is evident that the rise
above Rutherford is much less pronounced for
"Ne on "Sr (Fig. 1) than for "0 on "Sr (Ref. 3,
Figs. 15 and 16). Finally, it should be pointed out
that the interference minimum for excitation of
the beam projectile (upper part of Fig. 3) is shifted
to a larger distance of closest approach by about
0.2 fm relative to the minimum for "Sr. A simi-
lar effect has been reported for the excitation of
'Li and "0beam projectiles. '

W. ANALYSIS AND DISCUSSION

We analyze these data in terms of the collective-
model generalization of the D%'BA method. ' The
main attraction of this method is that the form
factor is simply related to the derivative of the
optical potential used to generate the distorted
waves. If the method is applicable, then structure
in the inelastic process may provide useful infor-
mation on the optical parameters.

As we wish to compare our results on Ne+ Sr
inelastic scattering with those for ' 0+"Sr inelas-
tic scattering, ' we use the same Woods-Saxon
shape prescription as used in the analysis of the
"9+"Srdata. ' Briefly summarized, the optical
potential V,~, (r) is assumed to consist of a Cou-
lomb part, Ve(r), a real nuclear potential, Vf(r),
and an imaginary volume absorptive potential
Wg(r):

V,„(x)= Ve(r) —Vf(r) —iWg(r),

where

0.5 r-R,
f(r) = 1+exp 0, Ra=ra(A, ' '+A, "'), (2)

0.2

r-Ro
g(r) = 1+exp ', R,'=r,'(A "'+A "') (3)
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FIG. 3. Inelastic scattering excitation functions at
175 lab for the first 2+ states in 88r {lower figure) and

Ne (upper figure). The data are shown a,s points with
error bars. The curves are DWBA collective model
predictions. The dashed curve is a calculation based on

the parameter set N& 5 of Table E whereas the solid curve
is based on the parameter set OR1 of Table I. The scale
at the top represents distance of closest approach calcu-
lated assuming Rutherford trajectories.

M — P R V 'P' R'WM = ~++oV d
+i~'0!R()W'

(eR c)"

(5)

and +y +o are the charges of the projectile and

target, respectively.
For quadrupole excitation we use the following

matrix element'.
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where a=A, "'/(A, "'+A,"') and P, P', and Pc are
deformation parameters for the real nuclear po-
tential, the absorptive nuclear potential, and the
Coulomb potential, respectively. The transition
amplitude for inelastic scattering from an initial
state i to a final state f is then given by':

dry-~*, r My(') k„r, 6

where the Q's are distorted waves describing the
relative motion of the "Ne+~Sr system for rel-
ative momentum k. In the spirit of the DWBA
method, Q is the solution of the Schr5dinger equa-
tion for the potential given by Eg. (I) where the
parameters V, S', r~ r~ a, and c' are deter-
mined from a least-squares fit to the elastic scat-
tering data.

To obtain optical model parameters which de-
scribe the measured "Ne+ "Sr elastic scattering
(Figs. I and 2) we started with a set of parameters
which accounted for "0+"Sr elastic scattering. '
The predictions of this parameter set, labeled
NBS in Ta'ble I, are shown as the dotted curves in
Figs. I and 2. In all the calculations discussed
herein, we have used 75 partial waves and radial
integration steps of 0.2 fm out to 100 fm. These
conditions wex'e shown to be adequate by subsidiary
calculations. Alterations were made to the optical
model search program GENOA' and the DWBA pro-
gram D%UCK" to accomodate this many partial
waves and radial integration steps. Keeping r,
fixed at 1.3 fm, we searched on V, W, r~ a, and
a '. With relatively minor changes, except in S;
we obtained the improved fit to elastic scattering
shown as the solid curves in Figs. 1 and 2. The
parameters are shown in Table I as parameter
set 081.

The collective-model results for the inelastic
scattering with these potentials are shown in Fig.
3. The Coulomb and nuclear deformation parame-
ters were adjusted to obtain the best fits to the
data. The deformation lengths used to fit our "Sr
data were P~r~A, "'=0.69 fm for the Coulomb am-
plitude, Pr,A, "'=0.46 fm for the real nuclear am-
plitude, and Pr'A, "'=0.50 fm for the imaginary
nuclear amplitudes. These can be compared with
the values fou„d in an analysis3 of &60 inelastic
scattering from "Sr where corresponding values
of 0.70, 0.64, and 0.64 fm were obtained. Defor-
mation parameters for "Sr obtained by "0and

TABLE G. Comparison of Sr deformation parame-
ters obtained by '80 inelastic scattering (Ref. 3}and by

Ne inelastic scattering.

Projectile

0.124
0.126

0.11
0.08

0.10
0.08

"Ne inelastic scattering are also compared in
Table II, The Coulomb deformation amplitudes
are in excel.lent agreement as are the locations of
the interference minima relative to the nuclear
touching distance. However, the nuclear deforma-
tion amplitude for "Sr extracted from "Ne inelas-
tic scattering data appears to be significantly
smaller than that obtained by an analysis of "0
inelastic scattering. %e also note that, in both
experiments, the nuclear deformation parameters
required to fit the data are definitely smaller than
the Coulomb deformation parameters even though
a consistent analysis method has been used for the
entire excitation function. Although the two pa-
rameter sets in Table I give very different pre-
dictions for elastic scattering (Figs. I and 2), they
both give a reasonable account of the inelastic
scattering (lower part of Fig. 3). This success of
the DWBA collective model in accounting for in-
elastic excitation of "Sr*by "Ne beams confirms
the applicability of the method to heavy-ion in-
ela, stic scattering previously established for "Q
beams' "and "8beams. "

In contrast, the excitation function for the first
2' state in "Ne (the upper part of Fig. 3) cannot
be adequately accounted for by the direct-reaction
collective model used here. Deformation param-
eters P~=0.40 and P =0.28 were used to match the
relative magnitudes of the two bumps in the in-
elastic excitation function but then the general
shape is not well reproduced. If changes in the
deformation parameters are ma, de to improve the
shape and location of the interference minimum,
then the relative magnitudes of the two bumps are
no longer well accounted for. The fits to these
data represent a clear failure of the collective
model DWBA method and a coupled-channels or
other multi-step approach is apparently needed.

TABLE I. Optical model parameters.

NB 5 23.73
Og 1 21.54

1.3 0„568 3.30
1.3 0.56 9.54

1.4
1.4

0.323
0.36

V (NeV) ro (fm) a (fm) 8'(MeV) ~' (fm) a' (fm)
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