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2 Ne nuclear moments from Ne(131 MeV) + 0 Pb scattering
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We have measured differential cross sections for elastic and inelastic scattering of 'o Ne + Pb at a lab

energy of 131 MeV. Inelastic data for exciting the Ne 2+ (1.63 MeV) state and a group of states near 4.2
MeV are presented. The data are analyzed by a rotational-model coupled-channels calculation including

the ground state, 2+, and 4+ states of Ne. We obtain the values: transition moment B(F2t) = (0.0330+
0.0015) e b, intrinsic hexadecapole moment Q = (0.022+ 0.003) e b, and static quadrupole moment

for the Ne 2+ state Q, = (—0.27+ 0.03) e b. The result for Q emphasizes a discrepancy with the rota-

tional model and with various shell model calculations.

NUCLEAR REACTIONS BPb( Ne Ne) Pb(2 Ne, 2 Ne'), E= 131 ]geP, mea-
sured o(8); deduced optical potential, quadrupole deformation parameter, hexa-
decapole deformation parameter, and static quadrupole moment of Ne by a

coupled-channels analysis. Enr iched target.

I. INTRODUCTION

Heavy-ion inelastic scattering at energies below
the Coulomb barrier (i.e. , Coulomb excitation) has
long been a useful technique for obtaining informa-
tion on the shapes of nuclear charge distributions.
Since nuclear moments are sensitive to the details
of the nuclear wave function, these data have been
an important testing ground for the collective mod-
el and the nuclear shell model theories. Analyses
of heavy-ion inelastic scattering experiments have
also stimulated the development of nuclear reaction
theories, especially the quantum-mechanical cou-
pled-channels (CC) theory. Extending this approach
to energies above the Coulomb barrier has usually
been avoided because of the nonanalytic nature of
the ion-ion nuclear potential. However, in a re-
cent study' of 70 MeV "C inelastic scattering from
the even Nd isotopes, it was shown that this ob-
stacle could be overcome by a careful CC analysis
of the data. In addition, it was found that above-
the-barrier inelastic scattering with heavy ions
involved a strong nuclear reorientation effect for
2' rotational states. ' '

The present work is an attempt to apply this tech-
nique to the nuclear moments of "Ne about which
there are experimental disagreements regarding
B(E24) values' ' and for which the available ex-
perimental information on the quadrupole moment
of "Ne in its.2' state"" suggests a problem in un-
derstanding this quantity within the shell model. '
To this end, we measured the elastic scattering
angular distribution of 131 MeV Ne from a Pb
target as well as the differential cross section for
exciting ' Ne to its lowest 2' state (1.63 MeV}. We
then analyzed the data with the CC rotational-mod-

el formalism and obtained the quadrupole charge
deformation parameter, P, , the hexadecapole
charge deformation parameter, P4, and the static
quadrupole moment of "Ne in its 2' state, Q, .
Finally, we compare our results to other deter-
minations.

II. EXPERIMENTAL DETAILS AND RESULTS

The 131.0 + 0.1 MeV ' Ne
' beam was provided

by the Oak Ridge isochronous cyclotron. The tar-
get consisted of 100 p, g/cm' '"Pb evaporated onto
a 50 p, g/cm' carbon foil, and the mean energy in
the target was estimated to be 130.9 + 0.2 MeV.
Most of the data were obtained with a position-sen-
sitive solid-state detector (PSD) located on a move-
able arm within a 76 cm diameter scattering cham-
ber. A 15-element slit before the PSD defined 0.5'
angular apertures centered at 1 intervals. The
elastic scattering angular distribution was mea-
sured with this device over the angular range of
14' & 8, -87' by overlapping neighboring angular
ranges of the slit system by at least two angles.
These data were normalized by assuming the elas-
tic scattering cross section to have its Rutherford
value for angles less than 20' c.m. The elastic
scattering data as a ratio to Rutherford scattering
are shownin Fig. 1 for the angles greater than 20
c.m. Further experimental details as well as the
method of data acquisition and data reduction may
be found in Ref. 15.

The same device provided the "Ne 2' state (1.63
MeV) data, between 8, = 33 and 8, = 68" shown as
open circles in Figs. 2-4. Error bars are mainly
statistical but also contain a contribution from un-
folding the 2 yield from the elastic tail. The val-
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FIG. 2. Differential eros s section for exc iting the
Ne 2' state |'1.63 IVIeV) by 131 MeU Ne scattering

from Pb. The open circles are solid state detector
measurements and the closed triangles are spectro-
graph measurements. The dotted curve is our best
0' 2' calculation corresponding to the elastic scatter-
ing fit in Fig. 1 and the solid curve is our best 0' —2'—4' fit. The calculations are unreliable for g~~ ~ 30'.

III. ANALYSIS
FIG. 1. Ne {131MeV)+ Pb elastic scattering rela-

tive to rutherford scattering. The dotted curve is our
best 0' 2' CC calculation. The solid curve is our
best 0' 2' 4 CC calculation involving all the tran-
sitions in Fig. 6. The dot-dash curve is an optical mod-
el fit where Coulomb excitation is approximated by an
additional long-range absorption (Ref. 20). All three
calculations use the same B(E2))= 0.033e b to account
for excitation of the Ne 2' state.

ues of the absolute cross sections depend on the
above-mentioned normalization of the elastic cross
section and are believed to be reliable to 3%. The
2' data shown as solid triangles in Figs. 2-4 as
well as the data on a group of states near 4.2 MeV
shown in Fig. 5 were obtained using a spectrograph
with a position-sensitive gas proportional detector
at the focal plane. The overall resolution obtained
in the spectrograph was 0.20 MeV —not enough to
resolve the "Ne 4' state (4.25 MeV) from a" Pb
2' state (4.09 MeV) and a '"Pb 4' state (4.32 MeV).
Excitation of '"Pb 3 (2.63 MeV) was also observed
with an average cross section of 6 mb/sr. Further
details concerning the spectrograph methods used
here may be found in Ref. 1.

The analysis of our Ne data was carried out
within the framework of the collective rotational
model incorporated into the CC method. " The
computer program ECIS,"which was used for the
analysis, is formulated in terms of a radius vec-
tor directed from the center of the target to the
center of the projectile. The "nuclear surface"
described by this vector is the surface generated
by the center of one nucleus, which we will assume
to be spherical, as it is rolled over the surface of
a second deformed nucleus. The charge surface
of the deformed nucleus is assumed to be described
by the radius parameter

Pc(g) = xeg ' &3 [l + Pcy (6) + PcF(8) + ] (1)

whereas the "nuclear surface" is assumed to be
described by

(2)

On the basis of the rolling model, Hendrie" has
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FIG. 3. Three 0' 2' 4' calculations with differ-
ent values of p4 are compared by their 2' cross section
predictions. All calculations have the same B(E2 t) val-
ue, 0.033e h and the same value for Qz

——1.5~qn, t~ (not
the best fit value). The values of p2 are then fixed by
Eq. (3) in the text. The level of the 2' cross section
near 0~m = 65 then picks out the magnitude of p4 and the
shape of the 2' cross section between 50' and 70 deter-
mines the sign of p4. The calculations are unreliable
for O, m

~ 30'.

shown how to relate deformations measured on the
"nuclear surface" (Pas, P~», etc.) to deformations of
the target surface (Pao, P~o, etc.). Although Hendrie"
provides this relation to second order in P, it is»
easy matter to extend the derivation to higher
orders. The procedure should be valid for strongly
absorbed projectiles and appears to provide a sat-
isfactory description for 50 MeV cx scattering from
rare earth nuclei'"" and for 70 MeV "C scatter-
ing from Nd nuclei. "' Neither of these experi-
ments depends on the higher order terms of the
rolling model as much as does the present work
with the nucleus "Ne which appears to be a very
deformed object with p, =+0.45 and p, =+0.2.

Most of the CC calculations reported here em-
ployed the transitions shown in Fig. 6 and included
all orders in the reorientation transition. Coup-
lings of states in '"Pb with states in "Ne are as-
sumed to be unimportant and are not included. The
effects of exciting states in ' 'Pb, as well as all
other absorption processes, are presumably ac-
counted for by adjustment of the optical potential
(primarily the imaginary part) to give a simultan-
eous fit to elastic scattering and inelastic excitation
of Ne to its 2' state. In addition to the six para-

FIG. 4. Three 0' 2' 4' calculations are compared
for sensitivity to the reorientation effect on the predicted
2' cross section. All calculations have the same B(E2 t)
value and therefore they have the same magnitude for
the forward angle 2' cross section. For a given shape
(i.e., prolate or oblate), the magnitude of g& affects the
magnitude of the 2' cross section for angles greater
than 70'c.m. Sensitivity to the sign of p2 may be judged
by comparing the dot-dash curve to either the solid or
dashed curves. The calculations are unreliable for
angles less than 30'.

meters of the optical potential (V,r„a, for the real
potential and 8', r', a' for the absorptive volume
potential), there are three nuclear moment para-
meters, P, , P4, and Q, describing ' Ne. Although
the 4'-2' transition strength appears to be about
15% lower than the rotational- model expectation, '
we use the rotational-model value in the results
reported here. One calculation with the 2' 4'
matrix elements reduced by 15% made a negligible
effect on the calculated 0' and 2' cross sections
but made a noticeable effect on the predicted 4'
cross section. As explained above, the nuclear
deformations P,

"and P4 are not independent pa.ra-
meters but are derived from P, and P4 using the
rolling model. " The rolling model applied to "Ne
+'"Pb also generates a small J3,"=—0.02 term
which is included in our calculations. Since heavy-
ion scattering at energies slightly above the Cou-
lomb barrier is not sensitive to the nuclear inter-
ior, the optical model well depths and radius para-
meters are related by the usual ambiguities, and
there are actually only four independent optical
model parameters. These optical model parame-
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is most sensitive to the 2' cross section near the
grazing angle. It is this partial separation of sen-
sitivities together with high quality data covering
a large angular range that makes it possible to
determine a, fairly unique set of parameters.

Initial optical model parameters were obtained
by fitting the elastic scattering and 2 data with
only the 0' = = 2 coupling included. Most calcula-
tions employed 300 partial waves and the radial
integrals were carried out to 50 fm in 0.05 fm
steps. This number of partial waves is adequate
for representation of the 2' cross section for an-
gles greater than about 30'. We began with a po-
tential found to fit ' Ne+' 'Pb elastic scattering
at 160 Me V, "P, =+ 0.54 and Q, = 1.65

~ Q~, ~. The
value of P, accounts for the magnitude of our 2'
cross section data for 0„~50' and implies a
value of B(E20)=0.032e'b' from the relation

FIG. 5. Differential cross section for exciting a group
of states near 4.25 Me& which include the Ne 4' {4.25
Me&), Pb 2' {4.09 MeV), and Pb 4' {4.3 MeV) states
by 131 MeV Ne scattering from Pb. The short
dashed curve is a D%BA estimate of the contribution
from the two Pb states and the long dashed curve is
the Ne 4' cross section prediction resulting from our
best 0' —2' 4' CC calculation. The solid curve is
the sum of the dashed curves.

ters are most sensitive to the elastic scattering
angular distribution, whereas the quadrupole de-
formation, P, , is most sensitive to the magnitude
of the forward angle 2' cross section. The quadru-
pole moment of the 2' state, Q„ is most sensitive
to the 2' cross section at back angles' ' and, as
we will see below, the hexadecapole moment, Pc,

4.25 MeV

Qp
2 ~.63 MeV

O+

Ne TRANSITIONS
FIG. 6. Rotational-model transitions included in the

0' 2' 4' calculations. In a DNBA calculation, the
strength of the 0' —2' transition is proportional to p22

and the strength of the 0+ —4' transition is proportional
to p4. In the rotational-model CC calculations all tran-
sitions depend on p2 and p4. In our calculations p2, p4,
and Q2 are treated as adjustable parameters.

[B(E2i)]'~'= fp(r, 8)r'Y, (8)dr,

where we assume a homogeneous charge distribu-
tion out to the radius R2c(8) of Eq. (1) and zero
charge for r&R, (8) The v. alue Q, =1.65 ~Q„„~ was
suggested from previous Coulomb reorientation
mea. surements"" and is nea. r the value required
to fit our large angle 2' data. In Fig. 1 we show
as a dashed curve the best 0' —2' fit to elastic
scattering with these nuclear moment parameters
and with the optical potential V = 21.5 MeV, r, = 1.34
fm, a0=0.49 fm, 5'=7.0 MeV, r'=1.43 fm, and
a'=0.3 fm. The corresponding fit to the 2' data is
shown as the dashed curve in Fig. 2. Also shown
in Fig. 1 is a fit to elastic scattering using the
"polarization potential" method'0 (dot-dash curve).
In this method, Coulomb excitation to the 2' state
is accounted for by an additional long-range ab-
sorptive potential. Finally, the best 0' 2' 4'
calculation is shown as the solid curves in Figs.
1 and 2. In this calculation, the optical potential
is identical to that for the 0' 2' calculation ex-
cept that 8' has been reduced from 7.0 to 5.0 MeV
to account for effects of including the 4' state in
the CC calculation. All three fits to the elastic
scattering are quite satisfa, ctory since they have
g values per point of about 1.1 to 1.3. The elastic
scattering as a ratio- to- Rutherford scattering
(Fig. 1) has been plotted on a linear scale to em-
phasize the behavior before the exponential falloff.
Nevertheless, the slight disagreement near 55' be-
tween the best calculation and the data is an indica-
tion that there is still something missing from the
calculation.

Comparison of the 2' fits in Fig. 2 reveals that
the 0' 2' —4' calculation represents a signifi-
cant improvement over the 0' 2' calculation for
50' ~ 6, & 60'. It is curious that the magnitude
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of the 2' cross section in the range 60' & 8, & 70
plays a central role in fixing the magnitude of the
hexadecapole deformation parameter, P4. This is
illustrated in Fig. 3 where calculations for three
values of P, are compared. The three calculations
use the same B(E24) and the values of P2c are then
determined by Eq. (3). The magnitude of the 2'
cross section near 65' then favors the value P4
=+0.225. The shape of the 2' data between 50' and
'l0' rules out the negative sign for P, (dot-dash
curve in Fig. 3). Again, the slight deviation of the
best 2' calculation from the data near 63' is a pos-
sible indication of something lacking in the calcu-
lation. Sensitivity to the value of Q, is illustrated
in Fig. 4. The three calculations shown are for the
same B(E24) value but differing values of Q, . The
dot-dash curve is a calculation for an oblate shape
(Pc = —0.78, Pc = 0) with Q, = 0. For values of ~Q, ~

&0, the oblate calculation predicts even larger
magnitude yields for 8, & 70' and an oblate shape
can be ruled out.

Presumably, data for the "Ne 4' state would be
most helpful in establishing the value of I34f-", but
this level could not be resolved from levels pop-
ulated in '"Pb. The data for levels near 4.2 MeV
are. displayed in Fig. 5 along with our calculated
cross section for the 4.25 MeV state in "Ne
(dashed curve). The contributions from the 2

(4.09 MeV) and 4' (4.32 MeV) levels in '08Pb were
estimated (dotted curve) with distorted-wave Born
approximation (DWBA) calculations using defor-
mation parameters reported previously" and the
optical potential V=22. 5 MeV, rp 1 33 fm ap
=0.44 fm, 8'= 15.2 MeV, r'=1.29 fm, a'= 0.67 fm,
r~=1.25 fm. The solid curve in Fig. 5 is the sum
of the dotted and dashed curves and is to be com-
pared with the data. Owing to the uncertainties
involved in estimating the contributions from the' 'Pb levels, all that one can say is that the ' Ne
4' cross section has about the correct magnitude
and angular behavior.

A calculation including the "Ne 6' (8.79 MeV)
state" was performed with 200 partial waves to
assess the effects of triple E2 excitation. Inclusion
of the 6' state, with P, =0, increased the 4' cross
section peak near 75' by about 30% but had no no-
ticeable effect on the predicted 0' and 2' cross
sections.

IV. DISCUSSION

From a least squares fit to the 2' cross section
in the Coulomb dominated region (32' ~ 8, ~ 51 ),
we obtain B(E24) =(0.0330+0.0015)e' b' where the
error includes a contribution from the uncertainty
in the absolute cross section. As described above,
we obtain P4 =+0.225+0.030 from a fit to the 2'
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FIG. 7. Comparison of 2"Ne shape parameters ob-
tained by different methods. (a) compares the present
B(E2 t) measurement (Pb) with (1) Coulomb excitation
from Au and Pt targets (Ref. 8), (2) Coulomb excitation
from a Sn target (Ref. 5), (3) electron {e) scattering
(Ref. 7), and (4) with a Doppler shift attenuation (DSA)
measurement of the Ne 2' state lifetime. (b) compares
our Pb measurement of the hexadecapole deformation
parameter, P4~, with that from electron scattering (Ref.
7) and with the value obtained from 104 MeV e-particle
scattering (Ref. 23). The charge radius was taken to be
R&=1.25(20) ~ fm. (c) compares the present (Pb) de-
termination of the spectroscopic quadrupole moment,
Q2, with (1) Coulomb reorientation from Au and Pt tar-
gets (Bef. 8), (2) Coulomb reorientation from a Sn tar-
get (Ref. 5), and (3) Coulomb reorientation using S and
Cl beams (Bef. 9). The (Pb) measurement is properly
characterized as a nuclear reorientation measurement.
The bar labeled RM is calculated from the rotational
model [Eq. (4)] using the average B{E2t) of (a). The bar
labeled SM represents the results from a variety of shell
model calculations (Refs. 10—14).
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TABLE I. Experimental results for multipole moments and deformation parameters for
20Ne.

"Projectile"
or reaction

a(Z2 t)
(e2b2)

&40

(e b2)
Q2

(eb) pC pc Reference

12 C(i2 C (y ~)20

i20sn

32S 34S 37Cl

Au, Pt

208pb

0.029
~0.003

0.048
+0.007

0.037
+0.003

0.0335
*0.0035

0.043
&0.005

0.0330
~0.0015

0.021
+0.002

0.026
+0.004

0.022
~0.003

-0.24
+0.03

-0.23
~0.08

-0.20
*0.06

-0.27
~0.03

+0.40
+0.01

+0.48
+0.02

+0.44
~0.01

+0.23
+0.03

+0.24
+0.04

+0.225
~0.03

23

This
experiment

' Calculated from the reported (Ref. 7) Q20=(58 +3)e fm by the relation Q20=(16&/5)'
& fB(E2 & ) ]~ ~2.

Calculated from the rePorted (Ref. 7) Hp=(249 +27)e2fm4 by the relation Q40=(9/47))~ Hp.' Calculated from simultaneous solution of Eqs. (4) and (5) for p2 and p4.
Calculated from the rolling model (Ref. 18). With a nuclear radius parameter (Ref. 23)

of 1.37 fm, rolling a spherical n particle over a deformed Ne(p2 =+0.4 and p4 =+0.2) mould

generate p2 =+0.35, p4 =+0.11 on the "nuclear surface. " These nuclear values are the ones
reported in Ref. 23.

Calculated from Eqs. (4) and (5) from the values of p2 and p4 in columns 5 and 6.

cross section near 65' c.m. and Q, = (-1.65 +0.15)
~Q, ~„„from a fit to the 2' cross section for 8
&70'. These errors are subjective judgments as
to the limits of an aeeeptable fit. We then deter-
mine P2c from Pc, B(E20), and Eq. (3) to be P2c

=0.44y0. 01. The rotational model relates the
spectroscopic quadrupole moment, ~Q, ~R„ for the
K=O band tothe B(E2t) by

~q, (...=( '
x —x [SW2&Ii"*

(4)

We then obtain a spectroscopic quadrupole moment
for "Ne which is Q, = (-0.2 f y 0.02) eb. Contribu-
tions to Q, from giant dipole transitions are ex-
pected~ to be less than 0.01e b. Our values for the
"Ne shape parameters are compared to other de-
terminations in Fig. 7 aod in Table I. With the ex-
ception of the value obtained from the Coulomb
excitation of a Sn target, ' the various B(E2t) mea-
surements [Fig. 7(a)] agree. These measurements
include Coulomb excitation from Au and Pt targets, '
high energy electron scattering, ' and a life-time
measurement by the D5ppler- shift attenuation
method. ' Hexadecapole deformation parameters,
shown in Fig. 7(b}, as well as intrinsic hexadeca-

pole moments, column 4 of Table I, are also in
agreement. Our value Q~=(0.022+ 0.003)e'b' was
calculated from the above P, and P4 values and the
relation

16m'i '&'
Q« =

~ p(r, 8)r'Y„(8)dr40 9 )
(5)

The electron scattering value' for P, has been
slightly adjusted to account for the second order
approximation used' in evaluating the integral in
Eq. (3) as well as in evaluating the corresponding
integral for the intrinsic hexadecapole moment
[Eq. (5) ]. The P~c value obtained from 104 MeV
inelastic n particle scattering" has been adjusted
by the rolling model procedure" to represent a.

deformation on the target surface. This is a rather
large adjustment from the reported value" of P~
=+ 0.11+ 0.01. However, a folding model analysis"
of the n-scattering experiment" also yielded P4
values (+0.27 to +0.29) similar to the value shown
in Fig. 7(b). The determination of the hexadecapole
deformation parameter from the analysis of 104
MeV o.-particle scattering" or from 250 MeV elec-
tron scattering' appears to depend critically on the
observed "Ne 4' cross section. It is therefore
worth emphasizing that the present measurement,
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using, heavy-ion inelastic scattering at an energy
slightly over the Coulomb barrier, arrives at a
similar hexadecapole deformation parameter by an
analysis of only the elastic scattering and 2' cross
sections. Also note that, of all the experiments
summarized in Table I, heavy-ion inelastic scat-
tering above the Coulomb barrier is the only tech-
nique which provides simultaneous values for
B{E24), Q„, and (g, . Results from 30 MeV proton
inelastic sca.ttering" from "Ne have not been in-
cluded in Fig. 7 or in Table I because the partial
transparency of 30 MeV protons to nuclear matter"
makes the rolling model inapplicable.

In Fig. I(c), the present determina, tion of Q, for
"Ne is compared to measurements"' by the Coul-
omb reorientation method. Our value is primarily
a nuclear matter quadrupole moment in contrast
to the charge quadrupole moment determined by
Coulomb reorientation. All the results are in
agreement within error limits, but the new deter-
mination emphasizes the theoretical problem of
understanding the large magnitude of the static

quadrupole moment of 'ONe. The rotational-model
prediction for Q,„, [Eq. (4) ] shown in Fig. I(c) is
based on the average B(E20) of Fig. 7(a). Although
the shell model predictions come from calcula-
tions" "which employ a variety of wave functions,
nucleon-nucleon interactions, and configuration
spaces, they all predict very similar quadrupole
moments. The shell model predictions as well as
the rotational-model expectation appear to be -50%
lower than experimental values.
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program to calculate intrinsic multipole moments
and rolling model deformation parameters. To
G. R. Satchler we owe the results of the calculation
of elastic scattering by the polarization potential
method. This research was supported by Union
Carbide Corporation under contract with the U. S.
E. R. D. A.
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