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Coulomb-nuclear interference effects were investigated in the inelastic scattering of
2oNe by Ca with excitation of the first 2 state in Ne. Measurements were performed
at 54 and 60.5 MeV for the elastic and inelastic angular distributions and from 36 to S5 MeV
for the excitation functions. The elastic data were analyzed in terms of the optical model.
The inelastic results were compared with distorted-wave Born-approximation and coupled
channel calculations. The reorientation effect was investigated.

NUCLEAB BEACTIONS 40Ca( oNe, ~ Ne); E=54, 60.5 MeV measured 0(0); E=36—
95 MeV, measured 0.(9„E), /=20, '28, 36, 44, 52", for g.s., first 2' in Ne. Opti-
cal model and DWBA analysis. Coupled-channel calculations with reorientation

effects. Natural target.

I. INIOBUCTION

Coulomb-nuclear interference effects in the in-
elastic scattering of charged nuclei near the Cou-
lomb barrier can be understood in terms of semi-
classical pictures by writing the transition ampli-
tude as a coherent sum of a long-range Coulomb
excitation amplitude' and a nuclear amplitude of
opposite sign localized predominantly at the nucle-
ar surface. Earlier data could be reproduced by
using this description in semiclassical theories"'
and in the distorted-wave Born-approximation
(DWBA). Recently a different approach based on a
closed-form quantal formalism' was developed for
investigating the physical nature and origin of the
interference structures in inelastic and elastic
cross sections.

Good fits using DWBA have been obtained, par-
ticularly in the inelastic scattering of "0 and/or
"Q from the first 2' states of Ni, Mo, Sr, and Sn
isotopes. ' ' These fits were comparable in quality
to those provided by coupled-channel (CC) formal-
ism' although the. deformation length deduced from
the CC calculations are expected to be more re-
liable. However, it has been found"' that the
DWBA calculations failed to reproduce the inelas-
tic projectile-excitation for "Q: The theoretical
angular distributions for the "0 (2', 1.98 MeV)
state had to be shifted forward to fit the experi-
mental data. Such a shift could be performed' by
coupled-channel calculations taking into account
the 0' —2' coupling together with the reorientations
effects' provided by the coupling between the mag-
netic substates of the 2' level. It has been sug-
gested' that the inelastic heavy ion scattering could

then be used as a valuable tool for measuring stat-
ic quadrupole moments which are responsible for
the reorientation effects. In fact, an unreasonable
large quadrupole moment was needed to explain
the observed shift for the scattering "0(2')+ "Ni
studied by Videbaek et al.'. The theoretical quad-
rupole moment had to be taken equal to 6 times the
experimental value. Similar results were obtained
by Frahn and Rehm' using the closed-form formal-
ism. The use of a collective macroscopic model
for "Q could be questionable' and multistep
processes including higher levels might be
needed. ""

In the present work, the Coulomb-nuclear inter-
ference effects were investigated in the inelastic
scattering of "Ne from "Ca leading to the excita-
tion of the 2' 1.63 MeV level of "Ne. The excited
nucleus can fairly be described by a prolate col-
lective rotational model. "" Moreover, the elec-
tromagnetic transition probability B(E2) which
determines the Coulomb excitation amplitude has
bien well known from a great number of experi-
ments" and the static quadrupole moment of the 2'

state considered has been obtained'"" with accu-
racy from measurements involving a very large
Coulomb reorientation effect. The "Ne projectile
should then permit a relevant investigation of the
nuclear reorientation effect in the inelastic scat-
tering with excitation of its first 2' state.

Measurements were performed at 54 and 60.5
MeV for the elastic and inelastic scattering angu-
lar distributions, and from 36 to 95 MeV in steps
of about 3 MeV for the excitation functions. The
elastic data, were analyzed in terms of the optical
model using a four-parameter complex potential.
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The inelastic experimental results were compared
with DWBA and coupled channel calculations.

II. EXPERIMENTAL METHOD AND RESULTS

The experiments were performed inside an 1m
diam scattering chamber with ' Ne beams fur-
nished by the Grenoble isochronous cyclotron.
Self-supporting natural Ca targets 100 pg/cm'
thick were used. The energy spectra were ob-
tained by means of surface barrier Si detectors.
Three or five detectors were mounted at 6' or 8'
lab. intervals on an arm movable around the target.
In the opposite side of the incident beam direction
were placed a monitor detector at a forward angle
and a 4E-E counter telescope whose spectra were
two-dimensionally displayed so as to survey possi-
ble contributions of reaction products to the elastic
and inelastic peaks of interest. Silicon detectors
with thicknesses of 100-350 p,m were used except
for the telescope 4E which was 14 p,m thick. The
aperture of each detector was limited by means
of tantalum slits to an angular acceptance of about
0.5 and a solid angle of about 0.15 msr. The an-
gular uncertainty. on the detection angle was about
+0.05 . By means of a collimator the focused
beam spot at the target position was limited to
about 3 mm-in diameter. Beam intensities from a
few nA to 500 nA were collected during the experi-
ments by a Faraday cup placed downstream the
scattering chamber. The spectra of the multi-
channel analyzer were recorded for each measure-
ment on magnetic tapes by a connected PDP-9
computer which was also used for off-line data re-
ductions.

Angular distributions were measured at 54 and
60.5 MeV for the elastic scattering and the inelas-
tic scattering leading to the excitation of the first
2' 1.63 MeV level of "Ne. Five excitation func-
tions at 20', 28', 36', 44', and 52 lab were mea-
sured from 36 to 95 MeV in steps of about 3 MeV
by using "Ne beams at 51.5, 55, .60, 69.7, 80 and
94.9 MeV and a rotating set of aluminum absorbers
placed upstream before the target. The position
of the elastic scattering peak on the monitor spec-
tra was used for the relative energy calibration
with an accuracy of about +0.2%%up. The absolute en-
ergy of the incident beam were obtained with an
uncertainty of about +300 keV by measuring the
magnetic stiffness with an analyzing magnet. In
fact, the 60 and 80 MeV beams were used as ab-
solute references, the other energies were de-
duced from the monitor relative calibration. The
absorbers permitted to- save beam operating time
but deteriorated the beam energy resolution, so
that the experimental results were only considered
whenever the uncertainty due to the peak separa-
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pIG. l. Scattering of Ne by OCa: energy spectrum.
The peak at the left is due to a small contamination in
oxygen of the incident beam.

tion is less than 15%. The overall energy resolu-
tion was about 250-700 keV. In several cases, a
peak-fitting routine was run for the peak separa-
tion. Reliable results for the inelastic scattering
could be obtained whenever the excitation proba-
bility do . ,&/da„ is greater than about 0.01. Only
fragmentary results could be deduced for the 3"
3.73 MeV level of "Ca whose excitation is one
order of magnitude weaker than for the ' Ne (2') as
shown in Fig. 1. The excitation of the "Ne(4', 4.25
MeV) was not clearly observed but seem to be sev-
eral times weaker than for the "Ca(3 ) level.

The experimental results for the elastic and the
inelastic scattering are plotted in Figs. 2-4 to-
gether with theoretical calculations discussed be-
low. The error bars take into account the statis-
tical, background, and peak separation uncertain-
ties but do not include the absolute normalization
error which is about 2-5'Pp for the elastic scat-
tering and 5-10% for the inelastic scattering. The
elastic scattering cross section divided by its
Rutherford value present conventional Fresnel dif-
fraction form, whereas Coulomb-nuclear inter-
ference effects could be clearly observed on the
inelastic angular distributions as well as on the
excitation functions of da', „„/da„. Plotted vs the
Rutherford closest approach distance

D(8) = ' ' (1+ ceca 8)
2E

the elastic scattering data would cover a range of
D(8) from 8 to 22 fm and the inelastic results from
8 to 16 fm. The maximum bump of the elastic
o/as ratio and the inelastic interference minimum
occurred at about D(8)= 12 fm. In terms of the
Frahn's closed formalism, ' the Coulomb-nuclear
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FIG. 2. Angular distributions for the elastic and in-
elastic scattering. The curves are DWBA calculations
using the parameter sets 1 and 4 (solid line); 2 and 5
(dashed line) of Table I.
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III. THEORETICAL ANALYSIS

A. Elastic scattering
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FIG. 3. Excitation functions of the ratio of elastic to
, Rutherford cross section. The curves are optical model
calculations using the parameter set 7 of Table I.

The angular distributions of the elastic scatter-
ing at 54 and 60.5 MeV were analyzed in terms of
the optical model by means of the SPI code" using
a four-parameter potential

v„„, (v+tw)
V r)= 1+exp[r —rc(A t~ +A, ~ )/a] '

where Vc,~ is the Coulomb potential of an uniform-
ly charged sphere of the same radius as the com-
plex nuclear part. In fact the determination of the
real potential strength V is subject to ambigu-
ities~ i7, ~8 particularly when the bombarding ener-
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gies are not far above the Coulomb barrier, so
that V could be fixed arbitrarily. A gridding
search was then done for the imaginary depth W.
For each value of lV taken in the range 0 (8'( V,
the geometrical parameters r, and a were ad-
justed by fitting the angular distributions. The
best-fit parameter sets 1 and 4 obtained with V
= 40 MeV are reported in Table I and the corres-
ponding calculations are shown in Fig. 2.

With the same search procedure, equivalent
good fits could be obtained for practically any
reasonable value of V. The best-fit W/V ratio is
then nearly constant, whereas the radius decreases
and the diffuseness increases when V increases.

I I I I I I I s

20 40 60 80 20 40 60 80

1

FIG. 5. Angular distribution for the elastic and in-
elastic scattering. The curves are coupled-channel cal-
culations using the parameter sets 3 and 6 of Table I
together with different static quadrupole moment values.
A calculation for the 0'-2'-4' coupling with the parame-
ter set 6 is shown in dashed-and-dotted line for 60 ~ 5
MeV.

Plotted as functions of the distance r, the optimum
potentials obtained for each angular distribution
with different fixed values of V intercept near the
closest approach distance of the Rutherford orbit
corresponding to the scattering angle 6,«where
the elastic scattering cross section is equal to a
quarter of its Rutherford value. For example, the
Fig. 2 shows that the best fits obtained with V= 400
MeV are equivalent to those with V= 40 MeV.
More detailed discussions of these features have
been given in previous works. "" The fits were
not substantially improved in searches performed
with a six-parameter potential using independent
form factors for the real and imaginary parts. A
four-parameter potential, set 7, could also explain
satisfactorily as shown in Fig. 3 the elastic scat-
tering excitation curves, although no energy depen-
dence was taken into account for the parameters.

8 Inelastic scattering

Distorted-wave Born approximation

The optical model parameters obtained from the
elastic scattering analysis were used in the DWBA
calculations for the inelastic scattering with exci-
tation of the first 2' state of Ne. The calculations
were performed by means of the DWIS; code which
is a modified version of the DWUCK code. '2 The
numerical integration of the transition amplitude
was made out to 60 fm for 300 partial waves with
the form factor

where the nuclear part is chosen to be proportional
to the derivative of the elastic complex optical po-
tentiel and the Coulomb part is obtained from the
electromagnetic transition probability B(E2) by

TABLE I. Optical potential parameters.

Set (MeV) (MeV) (MeV)
rp a

(fm)

PER a

{fm) Theory

1
2

3

5
6
7
8

60.5

40
400
40
40

400
40
40
40

19
190

3.5
24

240
12
25.5
10

1.27
1.03
1.27
1.30
1.03
1.30
1.25
1.25

0 ~ 59
0.61
0.60
0.59
0.63
0.58
0.58
0.57

2.03
2.03
1.83
2.03
2.03
1.83
2.03
1.83

DWBA
DWBA
CC
DWBA
DWBA
CC
DWBA
CC

"For the 0'.-2'-4' coupled-channel calculation in Fig. 5: p2R = 1.52 fm, p4R = 0.,59 fm,
PCoulR2 7 83 fm2 and PCoulR4 ]7 8 fm4
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4', e[J3(EI.)]'"
2i+1

with Bc,„,=r, A,'~', namely A.,=Z, =20.
In fact the nuclear part is predominantly local-

ized at the nuclear surface, so that it could be
neglected for the higher partial waves having im-
pact parameters much larger than the nuclear
size. In the present work, the nuclear part was
taken into account at least for the first D,«/X+ 20
partial waves, D,«being the Rutherford closest
approach distance corresponding to the angle 8,«
at which the elastic cross section falls off to the
quarter of its Rutherford value and & being the
wave length associated to the e1.astic channel.
Typically 75 partial waves were sufficient for both

/
54 and 60.5 MeV. When the nuclear form factor is
neglected, the transition amplitude is calculated
with the Samuel-Smilansky method" which is fast-
er in computing than the conventional integra-
tion."

The deformation length 9 8, in the nuclear form
factor was varied to optimize the agreement be-
tween the data and the DWBA calculations. The
theoretical results shown in Figs. 2 and 4 were
obtained with the parameter sets of Table I togeth-
er with B(E2)=0.035 e'b' value given by Christy
and Hauser. " The oscillation pattern of the angu-
lar distributions is well reproduced; however, the
calculations have to be substantially shifted for-
ward to fit the experimental data. Very similar
results were obtained with other optical model
parameter sets which fitted the elastic scattering
data. For example, nearly identical results (Fig.
2) were obtained at 54 MeV for the parameter sets
1 and 2 and at 60.5 MeV for 4 and 5, showing that
the inelastic scattering is mostly sensitive to the
nuclear surface properties.

With the same nuclear deformation length and
&(E2) values, DWBA calculations were performed
for the inelastic excitation functions using the pa-
rameter set 7. The discrepancies between the
theoretical results and the experimental data are
similar to those obtained for the angular distribu-
tions if the cross sections are plotted in terms of
the closest approach distance: The theoretical re-
sults are to be shifted out to greater closest ap-
proach distances. Such a shift could be performed
by an ad A,o.c variation of the nuclear form factor
phase'; however, the physical meaning of this pro-
cedure is not yet quite clear. Coupled-channel
calculations should be more appropriate for inves-
tigating the second-order effects neglected in the
DWBA calculations.

2. Coupled-channel calculations

The coupled-channel (CC) calculations were per-
formed with the ECIS code2~ in the framework of
the collective rotational model. Because of the
strong coupling between the elastic and inelastic
channels, the optical model parameters used above
for the DWBA calculations have to be modified so
as to fit simultaneously the elastic and inelastic
data. In fact, acceptable fits could be obtained by
lowering the imaginary potential strength and the
deformation length together with a small change of
the diffuseness parameter.

The CC calculations for the angular distributions
obtained with the parameter sets 3 and 6 are com-
pared with the experimental data in Fig. 5. The
calculations took into account the 0'-2' coupling
with a nuclear deformation length about 10% lower
than the DWBA value and with a Coulomb deforma-
tion parameter gc'ul deduced from the reduced
transition probability

with L= 2 and B(E2) taken from Ref. 13. The nu-
clear deformation length obtained is in fair agree-
ment with the result furnished by the Hendrie pro-
cedure ' from the Coulomb excitation quadrupole
and hexadecapole deformation parameter s."

The sensitivity to the reorientation effects were
investigated in calculations using different values
for the static quadrupole moment Q of the 2+ state.
This sensitivity is strong for small Q values but
decreases quickl. y as Q increases. In Fig. 5 are
compared to the experimental data the theoretical
angular distributions obtained with Q =0, Q=Q„„
and Q = Q,„,where Q„, is the quadrupole moment
given by the rotational model and Q,„,is the mea-
sured value obtained by Nakai et al.~~ from Cou-
lomb reorientation effects,

Q,„,= -0.24+ 0.03 b = (1.33+ 0.18)Q„,.
Without the reorientation effect, @=0, the CC
curve is similar to the DWBA one shown above in

Fig. 2. The last bump of the in.elastic angular dis-
tributions, particularly at backward angles, is
more sensitive to the reorientation effects than the
first bump. In fact, the sensitivity should be at-
tenuated if the optical model parameters were re-
adjusted for each value of the Q moment so as to
fit the elastic scattering data. Nevertheless, with
the parameter sets 3 and 6 the best results were
obtained for the measured Q value. Discrepancies
still exist particularly in the vicinity of the char-
acteristic interference minimum. Attempts to
compensate these discrepancies by t'aking higher
Q moments deteriorated the agreement at back-
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FIG. 6. Excitation functions for the elastic and inelastic scattering. The curves are 0'-2' coupled-channel calcula-
tions using the parameter set 8 of Table I.

wald angles.
Effects of the 0'-2'-4' rotational band coupling

were also investigated. However, for lack of ex-
perin1ental results for the 20Ne(4') state, no in-
volved fitting of the data could actually be per-
formed. An example of calculation is shown in

Pig. 5 for the 60.5 MeV angular distribution using

the parameter set 6. The hexadecapole deforma-
tion parameters were taken from Horikawa et al.26

It is not quite clear that the fit could be substan-
tially improved by including the 4' state.

The experimental excitati. on functions are com-
pared in Fig. 6 to the CC calculations using the
0'-2' coupling together with the parameter set 8

and the measured static quadrupole moment. '~

The inelastic data are better reproduced than by
the DWBA calculations particularly at the higher
energies which correspond to the smaller closest
appl oaeh distances.

Attempts to fit the angular distribution data with
the procedure suggested by Thorn et aE.~7 was also
made. The differential cross sections of the elas-
tic and inelastic scattering were added and this
sum was fitted in a standard optical model calcu-
lation with the SPI code.l' The potential parame-
ters so obtained were used ln coupled channel cal-
culations. In fact the fits were not comparable in

quality to those obtained above.

W. (I:ONCLUSION

By measuring two angular distributions and five
excitation functions cross sections for the elastic
scattering of 20Ne by ~Ca were obtained for Ruth-
erforcl closest. approach d1stRllces D(6) ranged
from 8 to 22 fm. All the angular distributions and
the excitation functions of the elastic cross section
divided by its Rutherford value present a Fresnel
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diffraction form having a maximum bump at about
D =12 fm. The data could be reproduced satisfac-
torily by optical model calculations using a four-
parameter complex potential.

Coulomb-nuclear interference effects were ex-
perimentally investigated for the inelastic scatter-
ing leading to the first 2' state of "Ne. The data
were obtained around the elastic maximum bump,
covering D(8) =8 to 16 fm. Although the DWBA
calculations could reproduce the characteristic
interference pattern, the theoretical results had
to be shifted towards greater closest approach

- distance, i.e. , smaller angle for the angular dis-
tributions or smaller energy for the excitation
functions, to fit:the experimental data. This shift
could not be obtained by using different optical
model parameter s set. Coupled-channel calcula-

tions were then used to improve the theoretical
analysis by taking into account the strong 0'-2'
coupling and the reorientation effects due to the
static quadrupole moment Q of the 2ONe(2') state.
Kith a Q equal to the measured value'4 the experi-
mental cross sections were substantially better
reproduced, particularly at the smaller closest
approach distances. However, some discrepancies
still exist in the region of the characteristic inter-
ference minimum. Although the experimental data
were not perfectly reproduced, the inelastic scat-
tering could be useful for checking the, static quad-
rupole moments obtained from other methods.
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