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Study of Ne(p, t)"Ne transitions with the coupled-channel Born approximation*
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Differential cross sections have been measured at a proton bombarding energy of 39.8 MeV for' Ne(p, t) transitions to the 0+, , 2+, , and 4,+ states of "Ne at 0.0, 1.89, and 3.38 MeV, respectively,
and to the (02+, 22+) doublet in "Ne at (3.58, 3.62) MeV. These cross sections are compared with
zero-range coupled-channel Born-approximation calculations in which the coexistence-model wave
functions of Benson and Flowers have been used. The inclusion of inelastic effects improves the
agreement between experiment and theory; however, the calculated (p, t) cross sections are quite
sensitive to the nature of the inelastic processes in the t + "Ne channel, and, until these processes are
better understood, it is not possible for the calculation to provide a sensitive test of the mass-18
nuclear wave functions used.

NUCLEAR REACTIONS Ne(P, t), E = 39.8 MeV; measured a'(&) and calculated
o'(0) with CCBA and DWBA.

I. INTRODUCTION

The mass-18 isobars are of particular interest
because they are only two nucleons removed from
the "0 doubly closed shell and are also only two
nucleons removed from "Ne, whose low-lying
states are understood as being members of rota-
tional bands. Because of this, they have been
extensively investigated both experimentally and
theoretically. ' The numerous low-lying positive-
parity levels and large B(E2) enhancements for
these nuclei indicate that the simple shell-model
picture of two nucleons moving in the 2~, ~„1d,y„
and 1d,~, orbits is not adequate. Therefore,
calculations for mass 18 have been reported in
which deformed four -particle-two-hole compo-
nents have been mixed with the usual two-particle
states. ' ' In particular, Benson and Flowers"
have constructed such deformed components by
coupling two holes moving in the 1P,~, and 1P3/2
orbits to the members of the "Ne ground-state
rotational band. These coexistence-model cal-
culations' provide additional energy levels and
fit the electromagnetic matrix elements of "0 and
x8F remarkably well

In addition, two-particle-transfer cross sec-
tions depend coherently on the configurations of
the initial and final states and might provide good
tests of the mass-18 wave functions. For example,
(t, p) transit ions connect T, = 1, T = 1, mass -18
states to a spherical "0 target, whereas (P, t )
transitions connect T, = —1, T =1, mass-18 states
to a deformed ' Ne target. Distorted-wave-Born-

approximation (DWBA) calculations using coexis-
tence-model wave functions reproduce both the
shape and magnitude of "0(t,P)"0 cross sections
reasonably well. ' For the "Ne(P, t)"Ne reaction,
however, this is not the case.'' In particular,
the shape of the cross section to the first 2' state
cannot be reproduced with reasonable optical-
model parameters, and the calculated relative
strength of the first 4' state is much smaller than

is measured experimentally.
In this paper we report the measurement of "Ne-

(p, t )"Ne differential cross sections at 39.8 MeV
for transitions leading to the 0', ground state, the

2,
' state at 1.89 MeV, the 4,' state at 3.38 MeV,

and the (0,', 2,') doublet at (3.68, 3.62) MeV. These
cross-section measurements verify those reported
by others' ' and are compared here with coupled-
channel-Born-approximation (CCBA) calculations.

The CCBA'0 takes into account explicitly inelas-
tic excitations in the entrance and exit channels
and allows (P, t ) transitions to take place from
excited state to excited state in parallel with the
normal DWBA-like transition. Effects of the
inelastic excitations are expected to be strong
where highly collective nuclear states are in-
volved. In particular, it has been shown that
CCBA, rather than DWBA, calculations are re-
quired to explain experimental (P, t) cross sec-
tions for transitions to rotational bands in rare-
earth nuclei" and for both allowed and forbidden
transitions to members of Ne rotational bands. '
These calculations have primarily served to clari-
fy the reaction mechanisms involved in the transi-
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tions. In addition, the CCBA has explained" many
features of (P, t) cross sections connecting vibra-
tional states.

The CCBA calculations for ' Ne(P, t)"Ne transi-
tions reported" in this paper require microscopic
wave functions for "Ne and "Ne and a macroscopic
coupled-channel description of the inelastic scat-
tering in both the entrance and exit channel. The
microscopic coexistence-model wave functions of
Benson and Flowers are used. " These assume
the ' Ne ground-state rotational band to be four
particles moving in deformed orbits which are
determined by minimizing the total energy of the
rotational states. Furthermore, data for proton
inelastic scattering from ' Ne leading to the first
0+, 2', and 4' states are well reproduced with
macroscopic coupled-channel calculations using
a rotational coupling scheme. "'" However, for
"Ne pure rotational coupling to the low-lying
states may not be valid. The "Ne microscopic
wave functions contain both spherical and deformed
components, thereby allowing nonzero quadrupole
moments smaller than the rotational value. In

addition, the available inelastic scattering data
are ambiguous about the macroscopic description
of the low-lying states of the T =1, mass-18 nu-
clei."'" Because of this, CCBA calculations are
reported here for both rotational and vibrational
coupling schemes for the inelastic scattering in

the t+ "Ne channel. In these calculations the de-
formations describing the coupling between "Ne
states were obtained from an analysis of cross
sections" for inelastic scattering of 24.5-MeV
protons by "O.

We find that the inclusion of inelastic effects
greatly improves the agreement between calculated
and experimental (P, t) cross sections; unfortu-
nately however, the calculated results depend very
strongly on the coupling scheme and deformation
parameters used to describe triton scattering by
"Ne. These parameters are not well known; there-
fore, at the present time a comparison of these
calculations with experimental cross sections
does not provide a very rigorous test of mass-18
coexistence-model wave functions.

II. EXPERIMENTAL APPARATUS, PROCEDURE,

AND RESULTS

A 39.8-MeV proton beam from the University of
Minnesota proton linear accelerator was focussed
onto 99.9% isotopically pure "Ne gas contained at
a pressure of —', atmosphere in a 10.2-cm-diam gas
cell covered with 25.4-Ij, m Havar foil. The
charged-particle reaction products were momen-
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FIG. 1. Triton spectrum at 15 produced by 39.8-MeV
proton bombardment of Ne. The energy resolution is
about 100 keV. The measured cross sections to the 0&

ground state and to the 2+& and 4& states are shown in
Fig. 2, and the measured cross section to the 0&-2&
doublet is shown in Fig, 3.

turn analyzed by a double-focussing 1.0-m radius
magnetic spectrometer and were detected by a
focal-plane array of 32 surface-barrier 1000-p.m
detectors. Additional experimental details can be
found in Refs. 12 and 19.

Figure 1 shows a triton spectrum obtained at
15' with an energy resolution of about 100 keV.
The "Ne 0,' ground state and the 2,

' first excited
state are populated strongly. At about twice the
energy of the 2,

' state a 0,'-2,'-4, vibrational-like
triplet is excited. The 0,' and 2,' members of this
triplet are separated by only 40 keV and have yet
to be resolved in (P, t) work. ' ' The 5.14-MeV
group is a doublet above which only a few other
states are found to be populated from (P, t ) reac-
tions. ' ' In this work we will only be concerned
with the cross sections to the Oy 2y 4y 02 and

2,' states.
Figure 2 shows differential cross sections to

the 0,' ground state and 2,
'

and 4,' excited states;
the curves represent DWBA calculations to be
discussed later. Much of the data have relative
errors of +4%, which are about the size of the
plotted points. At very small cross sections the
relative errors are much larger than this. In
addition the absolute cross-section scale has a
standard deviation of +5%. Our measured cross
section to the "Ne 0,' ground state at the first
maximum near 30' is 747 pb/sr. Others have
measured this (P, t) cross section to be between
650 and 750 gb/sr at the following proton beam
energies: 42.6 MeV, ' 45.0 MeV, '' and 50.0 MeV. '

Figure 3 shows the cross section to the unre-
solved 0,' and 2,

' states; the curves will be dis-
cussed later. The Rutherford-Laboratory group'
has estimated the separate 0,' and 2,' contributions
to their 50-MeV cross section to this doublet by
fitting it using the 0,' ground-state and 2y+ excited-
state cross sections as standard shapes. They
estimate the 0,' strength to be about 0.11 of the 0,'
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strength and the 2,' strength to be roughly 0.12 of
the 2,

' strength. A similar analysis of our 40-MeV
doublet cross section gives the 0' ratio to be 0.05
and the 2' ratio to be 0.35, but at neither energy
is the shape of the doublet cross section repro-
duced well by such an analysis. In any case, the
measured doublet cross section provides an upper
limit to the sum of the 0,' and 2,' strengths, and
the above analyses indicate that both states pro-

vide significant contributions to the measured
doublet cross section.

III. ANALYSIS

A. Microscopic form factors

Two-neutron-transfer form factors were cal-
culated from the mass-18 coexistence-model wave
functions of Benson and Flowers'' using the com-
puter code TWOPAR. ' This requires evaluation
of two-neutron-transfer spectroscopic amplitudes
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FIG. 2. Measured (P, t) cross sections (points) to the
0& ground state and to the 2+I and 4+& states in Ne from
39.8-MeV proton bombardment of Ne. The curves
show the results of DWBA calculations with the optical-
model potentials of Tabl. e III and with two-neutron
spectroscopic amplitudes calculated from the wave
functions of Refs. 3 and 4 using Eqs. (5) and (6). The
calculated curves are normalized to the experimental.
data at the 30 maximum of the ground-state cross
section.
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FIG. 3. Measured (P, t) cross section (points) to the
(02, 2&) doublet in Ne from 39.8-MeV proton bombard-
ment of Ne. The curves having pronounced maxima
near 35 show the results of CCBA calculations for
(P, t) transitions to the 0& state, and the flatter curves
show the 2+& calculated cross sections. The solid
curves illustrate DWBA calculations, and the short-
dashed and long-dashed curves show, respectively,
CCBA cross sections in which the inelastic triton
scattering has been described with two-quadrupole-
phonon vibrational coupling schemes without (POI = 0.00)
one-phonon admixtures for these states and with

(P()()
= 0.08 and Po&

=- 0.28) one-phonon admixtures .
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B defined by the matrix elements"

-2g. +1
—»2

B(J ;j.,j,J; J~) =(-1)~'~~ '~ ' (+'~ ("Ne)~[D(1, 2)[at (n)at (n)J ~+~i ("Ne)}~~)
f+

where the operator a. (n) creates a neutron in the spherical single-particle state (n, l,j,), and~l

(2)

The "Ne wave functions' are of the form

4'~& ("Ne) = p X(j,j,J& )D(1, 2)[a& (p)a". (p) J ~s~ "0)

+ g X(j,j,J,J,Z~ )D(3, 4)[[a,. (n)a,. (n)J ~& @~2("Ne)}~~,

23 24

where the configuration amplitudes I were deter-
mined by diagonalizing such states with a Kallio-
Kolltveit interaction. " The first terms in Eq. (3)
represent two protons moving in the 2s, /„1d3/2,
and 1d, /, orbits around a closed "0core, and the
last terms represent two neutron holes moving in
the 1p, /, and 1p, /, orbits coupled to +l in turn
coupled to a four-particle state of angular momen-
tum ~„where these four-particle states are the
members of the ' Ne ground-state rotational band.
The normalized wave functions for the ' Ne ground-
state K' =0' band were taken as"
4'~~ (' Ne) =N(J, )P~~.

N hf

with Nilsson transformation coefficients C, , where
j =&, ~2, and~. Benson and Flowers" deter-
mined these amplitudes to be C, /, = —0.40, C3/2
= —0.45, and C, /, =0.80 by varying them to mini-
mize the energy of the ground-state rotational
band.

The matrix elements of Eq. (1) for transferring
angular momentum J with two neutrons from orbits
j, and j, were evaluated using the wave functions
of Eqs. (3) and (4). The "Ne wave functions have
both two-particle and four -particle-two-hole
terms, and the resulting two-neutron-transfer
spectroscopic amplitudes for the 2sl/2p ld3/2p and
1d, /, orbits have a different form from those for
the 1pl/2 and 1p, /2 orbits. For the 1p, /, and 1p3/2
orbits these amplitudes are simply given by

(4)

where I'„& is an angular momentum projection
operator" and N(J; ) is a normalization factor. "
The operators +pl/2 create neutrons and protons
in Nilsson orbit'4 No. 6 (0 = —,') and are expanded
in terms of 2s, /„1d, /„and 1d, /, spherical states

B(J, ;j,j,J; J~ ) =X(j,j,JJ( J~ ),
where the configuration amplitudes X(j,j,JJ, J& )
can be obtained directly from Table II of Ref. 4.

For the 2+, /„1d3/„and 1d, /, orbits, the ma-
trix elements are more complicated and are given

by the expression
2J 1 l/2B(J;j,j,J;J, ) =D(1, 2)C,. C, (-1)'2 '~'(j,~j, -&~ J0) 4N(J )(-1)"' 'i ' (JO J 0~ J 0)

f +

C,. C,. (-1)~~ '~'(j„-,'j, —-',
~
JO)X( j„&,J&)D(x, p)

The matrix elements of Eq. (6) conveniently occur
as the product of two factors, one of which is inde-
pendent of the angular momenta J, and ~f of the two
states between which the two-neutron transfer
occurs, and the other of which is independent of
the angular momenta j, and j, of the particular
&-d orbits from which the two neutrons are picked
up. Therefore Eq. (6) can be written in the form

B(J;;j,j,J;&q) =B(0;j,j,J J)P(J.Jq J),

which fact greatly simplifies the tabulation of the
spectroscopic amplitudes. An index to distinguish
between different states having the same && (e.g.
the states 0,' and 0,') has been suppressed in our
notation. The factor B(0;j,j,J;J) of Eq. (7) has a
simple physical interpretation; it is just the &-d

two-neutron-transfer spectroscopic amplitude con-
necting the J,. =O' ' Ne ground state to the states
J& (=J) =0,', 2,', and 4,', of "Ne. These ampli-
tudes are listed in Table I and, following Benson
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TABLE I. Two-neutron spectroscopic amplitudes
B(0.j ij 2J; J) for 2si~ 2, 1d3~, , and 1d,~ &

orbits for trans i-
tions from the J;=0+ Ne ground state to the J~(=+=0i,
2+i, and 4i states of ' Ne.

J ni li 2ji n, I, 2j, B(0jij2J J)

TABLE II. Factors P(&;Jfg which, together with
Table I and Eq. (7), determine the two-neutron spectro-
scopic amplitudes for all transitions for 2siy&, 1d3~&,
and 1d~y2 orbits.

J, Jf J P(J;Jfd) J; Jy J P(J; Jfd)

0+

2+i

4+i

2 0
2 0
1 2
1 2

1 2

1 2

1 2

0.0795
0.1413
0.0447

—0.0601
0.1233

0.0560
-0.0406

2 0 1 2 0 1 -0.1655
1 2 3 1 2 3 -0.1481
1 2 5 1 2 5 -0.3823

02

22

Oi

2i
2i
2i

4i
02

2f
22

-0.330
-0.168

3.796
0.773

-1.396
3.603
0.699

-1.306
-1.252
-0.129

0.235

22

Oi

2i
2i

4i

02

22

22

—0.603
13.51
2.486

—4.640
0.534

-0.902
1.867

-4.450
-0.416

0.777

and Flowers, "the tabulated values contain a
factor 0.80 to allow for distortion of the "0 core
for the 'ONe states. The factors P(J, J& J) are
listed in Table II, and, together with Table I and
Eq. (7), allow construction of all the &-d spectro-
scopic amplitudes needed in the present calcula-
tion.

With these two-neutron spectroscopic amplitudes,
form factors were calculated using the computer
code TWOPAR, ' which employ a zero-range inter-
action between the incoming proton and the di-
neutron center of mass position. An rms matter
radius of 1.67 fm was used for the triton. " The
spherical single-particle bound-state wave func-
tions of the transferred neutrons were generated
in a Woods-Saxon potential with a radius of 1.25
(20)' ' fm, a diffuseness of 0.65 fm, and a spin-
orbit potential of 30 times the Thomas term. The
potential depth was adjusted for each single-par-
ticle state to give a binding energy equal to 2 the
two-neutron separation energy between the ap-
propriate initial and final state. These form
factors connect the coupled-channel waves in the
entrance and exit channels.

B. Macroscopic coupled-channel waves

The present CCBA calculations use deformed
optical potentials to generate coupled-channel
distorted waves to describe the elastic and inelas-
tic scattering in both the entrance and exit chan-

nels. These waves are calculated with the com-
puter code ZUPITOR-1. This code requires opti-
cal potentials and deformation parameters, where
the deformations usually describe either rotational
or vibrational coupling.

The deformation parameters necessary for the
P + "Ne channel present no problem. The low-
lying levels of "Ne can be accurately classified as
members of well defined rotational bands. " In par-
ticular, the intrinsic quadrupole and hexadecapole
deformations for the ground-state band have been
determined to be P, = 0.45 and P, =0.25, respective-
ly, from coupled-channel analyses of proton elas-
tic and inelastic scattering. "'" In addition, opti-
cal-model potentials for proton scattering are well
understood. The parameters for the proton poten-
tial we use are listed in Table III and were ob-
tained from a global analysis of proton scattering
from 1P-shell nuclei. " Although this charge,
mass, and energy dependent potential was ob-
tained from 1P-shell nuclei, it is very similar to
potentials obtained from coupled-channel analyses
of cross section and polarization data for proton
elastic and inelastic scattering near 25 MeV from
target nuclei in the lower half of the 2s -1d

The optical potential and deformation parameters
necessary for the t+ "Ne channel present a prob-
lem, however. In principle we require coupled-
channel parameters for 20.9-MeV triton elastic

TABLE III. Optical-model parameters.

Channel
R

(fm)
a&

(fm) (MeV)
Vg

(fm)
Qg

(fm)
v

(Me V)
WD

(MeV)
c

(fm)

1,11
1.08

0.57
0.73

51.1
177.1

1.11
1 ~ 73

0.50
0.80

6.0
17.4

7.3
0,0

1,11
1.40
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and inelastic scattering from "Ne, which of course
are unavailable. Hence, we use the optical poten-
tial of Oh ef, al. ,

"which was obtained from 22.4-
MeV 'He scattering on "F. The parameters of
this potential are given in Table III and give slight-
ly better fits to the present (P, t ) data than do the
global triton parameters of Becchetti and Green-
lees, "which were used in a previous" CCBA
analysis of the 22Ne(P, & )"Ne reaction.

There has been considerable speculation on the
nature of the low-lying levels of "0 (or, equivalent-
ly, the mirror nucleus "Ne). The wave functions
used here'' allow both two-particle (spherical)
and four-particle-two-hole (deformed) components.
The deformed components correspond'4 to per-
manent deformations of P, =0.39 and P, =0.17,
and, although the two-particle components are
generated in a spherical potential, they neverthe-
less contribute to the mass moments. We attempt
to obtain some information on the "Ne states in-
volved in our (P, t ) calculations by considering
the 24.5-MeVP +"0 inelastic scattering data of
the Saclay group. " They measured cross sec-
tions and polarizations for proton scattering to
many low-lying levels of "0 and reported a good
fit to the elastic, 2; (1.98-MeV), and 4,' (7.11-
MeV) data treated as a rotational band in a
coupled-channel analysis. Although they empha-
sized the polarization data, we here ignore the
polarization data, because we do not include spin-
orbit forces in our CCBA calculations. Employing
their" optical potential, we have used JUPITOR-1
to fit their cross sections in order to estimate de-
formation parameters in a manner consistent with
their use in our CCBA calculation. Our fits to
their" data are not shown here, but the deforma-
tions resulting from this analysis are listed in

Table IV and require some explanation.
Because it is not at all obvious which coupling

scheme is appropriate, calculations were per-
formed to fit the Saclay" cross sections with both
rotational and vibrational coupling for the "0
states. With either coupling scheme, almost
identically good fits were obtained to the elastic,
2,', and 4, cross sections. When we used only a
0,'-2,' coupling, the resulting quadrupoledeforma-
tion for a rotation (P, =0.40) was slightly smaller
than that for a vibration (P02 =0.42). Moreover,
when the 4,

' state was added to the "0 coupling,
the resulting quadrupole and hexadecapole defor-
mations for a rotation (P, =0.36 and P, =0.29)
were smaller than the corresponding quantities
for a vibration (P02 =0.42, P~ =0.31). The deforma-
tion P„ is a measure of the one-phonon admixture
in the "two-phonon" state. " In all the above cases
the fits to the experimental angular distributions
were good, and one could not distinguish whether

Coupling P2 or PO2
N

P4 or PoI

Rot.
Rot.
Vib.
Vib.
Vib.
Vib.

Of -2+)

0+) -2+( -4+)

0+, -2+,

0) -2g -4+)

0+) -2'f -0+)' of-2i-22

0,40
0.36
0.42
0.42
0.42
0.42

0.29

0.31
-0.08

0.28

I
~OI ~2I ~02'

the 0,'-2,'-4,' sequence was rotational or vibra-
tional. Hence we consider both types of coupling
in our (P, t) analysis.

The inelastic cross sections to the 0,' and 2,'
states could not be reproduced well either by in-
terpreting them as two-quadrupole-phonon vibra-
tions with one-phonon admixtures (as with the 4,'
state) or as a P band. However, the fits were
best when these states were treated as "two-
phonon" vibrations, and the corresponding de-
formations (Po'o = —0.08 and P02 =0.28) were used
in our CCBA (P, t) calculations. Most of the in-
elastic strength to all three of the "two-phonon"
states comes mainly from their one-phonon ad-
mixtures.

C. Comparison with experiment

With the form factors, optical potentials, and
deformations described in the previous two sub-
sections, DWBA and CCBA cross sections were
calculated with the computer code MARS." DWBA
results for the 0,', 2,', and 4,' cross sections are
represented by the curves in Fig. 2, and these
calculations are normalized to the experimental
data at the 30' maximum of the 0,' ground-state
transition. The shape of the DWBA calculation
for the ground-state transition is similar to the
data; however the calculation is nearly 5' out of
phase with the data and it markedly underestimates
the strength of the second maximum. The calcu-
lated relative cross section for the 2,' state is too
large and is completely out of phase with the ex-
perimental results, and the calculated relative
cross section for the 4,

' state has approximately
the correct shape, but its strength is five times
smaller than required by the data.

Figures 3-6 show how the calculated CCBA
cross sections with various "Ne rotational and
vibrational coupling schemes compare with the
experimental data. In these calculations we al-
ways employ a 0'-2'-4' rotational coupling for

TABLE IV. Coupled-channel de formation parameters
to excited states of T=1 mass-18 states. The parameters
were determined from an analysis of 24.5-MeV proton
scatter ing by O.
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'Ne with P, =0.45 and P, =0.25. Specifically,
Fig. 4 shows CCBA results for a 0,'-2,' coupling
in "Ne with the deformations given in Table IV.
The solid curve is for P„=0.42 with a "Ne 2,'
mass-quadrupole moment Q of zero, which cor-
responds to vibrational coupling; the short-dashed
curve is for rotational coupling (P, =0.40), where
of course the "Ne mass quadrupole moment is
equal to the rotational value Qs, and the long-
dashed curve is for an intermediate case (Po,
=0.41) where the mass quadrupole moment was
set equal to 2 the rotational value. It is seen that
the inclusion of inelastic excitations dramatically
improves both the shape and relative strength of
the 2,

' cross section. Furthermore, the fit to the

Q=O

Q =0.5Q R

=QR

1000—

I I I

O+

2oNe

4.+
I

2'
I

O+
1'Ne

shape of the 0,' cross section is definitely im-
proved. Unfortunately, however, the magnitude
of the 2,' cross section depends on the "Ne 2,'
mass quadrupole moment, which is unknown. In
particular, the (P, t) cross sections are more
sensitive to the type of coupling than are the 24.5-
MeV proton inelastic scattering cross sections;
all three values of the mass quadrupole moment
Q used in Fig. 4 give equally good fits to the p+ "0
inelastic scattering data. Of course this need not
be the case for t+ "Ne scattering.

When the 4,' state is included in the coupling
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FIG. 4. Measured (P, t) cross sections (points) to
the 0+~ ground state and to the 2&+ state in ' Ne from
39.8-MeV bombardment of Ne. The coupling scheme is
il.lustrated in the figure. Tbe solid, long-dashed, and
short-dashed curves show, respectively, the results
of CCBA calculations using a mass quadrupol. e moment
of zero with P02= 0.42, a mass quadrupole moment of
one-half the rotational value with p02

= 0.41, and a mass
quadrupole moment of the ful. l rotational value with
@=0.40.

20
I I I
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e,.~ (deg)

FIG. 5. Measured (P, t) cross sections (points) to the
0+, ground state and to the 2+& and 4+& states in ' Ne from
39.8-MeV proton bombardment of Ne. With vibrational
coupling for Ne, the short-dashed, solid, and long-
dashed curves show the results of CCBA calculations
with P04=0.31, 0.13, and 0.00, respectively. The
strength of the (p, t) transition to the 4+& state is very
sensitive to p04 and is fit best with p04 = 0.13.
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scheme for t+"Ne inelastic scattering, the (P, t)
calculations are even more sensitive to the de-
scription of this scattering. Figures 5 and 6 show
CCBA cross sections for 0,'-2,'-4,' vibrational and
rotational couplings, respectively. The short-
dashed curves in Fig. 5 represent calculations
using the deformations of Table IV, and it is seen
that they give too much 4,' strength. The solid
and long-dashed curves in Fig. 5 represent cal-
culations with P~ =0.13 and 0.00, respectively,
and illustrate that the relative (P, t) cross sec-
tion to the 4,

' state increases very strongly with
the inelastic strength to the "Ne 4,' state. In par-

ticular, the experimental (P, t ) relative 4,' strength
is reproduced with P-" =0.13~ whereas the proton
data" require P-" =0.31. Perhaps this is not too
surprising because it is known" that heavier pro-
jectiles give smaller deformations for a given
state than do lighter projectiles, particularly for
high-multipole excitations of light nuclei. In addi-
tion, the smaller t'-" value gives a better fit to
the 2,

' cross section. Figure 6 shows similar cal-
culations with rotational coupling for the "Ne scat-
tering. Again the relative (P, t ) strength to the 4,'
state requires a reduction of the value of the hexa-
dec apole deformation determined from proton
inelastic scattering; however, the rotational
coupling scheme for "Ne appears to provide too
much destructive interference for the 2,

' transi-
tion, thereby reducing its strength to ~ of the ex-
perimental value. Clearly, vibrational coupling
with I'o'4 =0.13 gives the most reasonable reproduc-
tion of the experimental data.

Although we did not experimentally resolve the
cross sections to the 0,' and 2,' states, calculations
of these cross sections are also of interest and
are illustrated in Fig. 3. There are shown three
calculated cross sections for (P, t) transitions to
both the 0,' and 2,' state. The 0,' calculated cross
sections are represented by the curves having
pronounced maxima near 35', and the flatter
curves show the 2,' calculated cross sections. The
solid curves show the DWBA results, the long-
dashed curves show the CCBA results using the
' Ne couplings given in the bottom two entries of
Table IV, and the short-dashed curves show CCBA
results assuming the 0,' and 2,' states are pure
two-phonon vibrations with no one-phonon com-
ponents (I'z ——0). The sum of the cross sections
to the 0,' and 2,' states is what is to be compared
with the experimental points in Fig. 3. Curves
representing these calculated sums are not shown
in this figure; however, it is clear that the cal-
culations yield too much (P, t) strength to the 0,'
state. Because the shape and the relative strength
of the calculated cross section to the 0,' state are
not drastically altered by changes in the coupling
scheme (see Fig. 3) we tentatively ascribe this
discrepancy to deficiencies in the wave functions
used. ' '

I I
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FIG. 6. Measured (p, t) cross sections (points) to the
0+( ground state and to the 2&+ and 4& states in Ne from
3g.S-MeV proton bombardment of Ne. With rotational
coupling for Ne, the short-dashed, solid, and long-
dashed curves show results of CCBA calculations for
P4=0.29, 0.13, and 0.00, respectively.

IV. CONCLUSIONS

Differential cross sections for (P, t) transitions
produced by 39.8-MeV proton bombardment of "Ne
have been measured for transitions to the ground,
2,', and 4,' states and (0,', 2,') doublet in "Ne.
These cross sections are in reasonable agreement
with those reported by others. " ' We have com-
pared our cross sections with zero-range CCBA
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calculations employing the coexistence-model
wave functions of Benson and Flowers. " In
general, the effects of the inelastic excitations
are very large. This fact makes the comparison
difficult, because the proper description of triton
inelastic scattering by "Ne is not known. Never-
theless, by considering a variety of "Ne coupling
schemes with deformation parameters determined
from 24.5-MeV proton inelastic scattering" by
"0, the following conclusions can be made.

The inclusion of inelastic effects causes a
drastic improvement over the DWBA in the shape
of the calculated 2,

' cross section. Such an im-
provement in 2,' cross sections has always beeri
observed to occur in CCBA calculations. In addi-
tion, the inclusion of inelastic effects greatly in-
creases the calculated relative 4,' strength over
that given by the DWBA, thereby bringing the cal-
culation into much better agreement with experi-
ment. Both the shape and magnitude of the CCBA
cross section to the 0,' state is rather stable
against changes in the description of t+ "Ne in-
elastic scattering. This fact has led us to sug-
gest that the reason the CCBA calculation gives

too large a (P, &) cross section to the 0,' state is
that the wave function" used for this state is
somehow deficient. It would certainly be of in-
terest to resolve experimentally the (P, t) cross
sections to the 0,' and 2,' states in order to allow
a more definitive comparison. Finally, a coupled-
channel analysis of &-particle, 'He, or t inelas-
tic scattering cross sections to the appropriate
states in "0would remove many of the ambiguities
in the present calculations.
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