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The effects of inelastic excitations on the Ne(P, t) Ne reaction are investigated. Differ-
ential cross sections at a proton energy of 39.8 MeV were measured for Ne(p, t) Ne trans-
itions to the 0+, 2+, and 4+ members of the ground-state rotational band, to the 2 and 3
members of the excited K~ =2 band; and to the 0+ and 2+ members of the first excited K~
=0+ band. The cross sections to members of the ground-state band are compared with dis-
torted-wave Born-approximation (DWBA) and coupled-channel-Born-approximation (CCBA)
calculations using both pure Nilsson and pairing-mixed NQsson rotational wave functions.
Only the CCBA calculation with pairing provides a reasonable description of the experimen-'
tal data. The effects of multistep processes are found to be as large for neon as for rare-
earth nuclei. The shape and relative strength of the measured cross section to the 2 state,
a transition which is forbidden by a direct single-step process, are reproduced well by the
CCBA calculation, which allows the excitation of the 2 state by inelastic processes in the
entrance and exit channels.

I. INTRODUCTION

Recently it has been shown that multistep pro-
cesses which arise from inelastic excitations
make very significant contributions to (P, f) cross
sections. The coupled-channel-Born-approxima-
tion (CCBA) theory for explicitly calculating such
effects was first formulated by Penny and Satchler. '
They extended the usual distorted-wave Born-ap-
proximation (DWBA) formalism to include contri-
butions from indirect processes. The amplitudes
for these indirect processes add to the direct
single-step DWBA amplitude and therefore con-
tribute coherently to the cross section. Using
formulations equivalent to that of Penny and Satch-
ler, ' CCBA calculations for (P, t) reactions have
been reported for both spherical' and deformed' '
nuclei.

Even-even nuclei in the rare-earth region have
been of particular interest for the initial investi-
gation of these effects. ' ' The magnitudes of the
indirect amplitudes depend both upon the parentage
of the states of interest and the strengths of the
inelastic excitations, and both of these factors are
large for rare-earth ground-state rotational bands.
In addition, the basic simplicity of the nuclear
structure of these bands allows accurate wave
functions to be calculated. In these studies, initial
and final state rotational wave functions of the
adiabatic form have been used with intrinsic wave
funct. 'ons constructed from the mixing of a large
number of Nilsson orbits by a simple pairing
force. ' CCBA calculations using such wave func-

tions have reproduced both the experimental shapes
and relative transition strengths remarkably well
for such transitions. ' In contrast, DWBA predic-
tions have been in gross disagreement with the
measured cross sections.

Neon is in another region of strong permanent
deformation giving rise to rotational bands. In
fact, the quadrupole deformations of the ground-
state bands of "Ne and "Ne are considerably
larger than those of rare-earth nuclei. Figure
1 shows all the low-lying levels of "Ne grouped
into five rotational bands. ' The adiabatic approxi-
mation appears to be valid, at least for the low-
spin members of rotational bands in "Ne and "Ne.
The ratios of electromagnetic matrix elements for
the low-spin members of both ground-state bands
and for the K' = 2, "Ne excited band have been
shown to be consistent with these states being
generated from rigid rotations. ' In addition, shell-
model wave functions for these states overlap well
with the corresponding wave functions projected
from a single intrinsic state. ' Hence transitions
to low-spin members of the "Ne rotational bands
provide excellent examples with which to investi-
gate the effects of multistep processes on (P, t)
reactions.

In this publication we report the measurement
of "Ne(P, f)"Ne differential cross sections at 3S.8
MeV. In particular, argular distributions of tran-
sitions to the following "Ne states were obtained:
the 0', 2', and 4' members of the K'=0', ground-
state band; the 2 and 3 members of the first ex-
cited K' = 2 band; and the 0' and 2' members of
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ROTATIONAL BAND SPECTRUM OF Ne
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FIG. 1. All the low-lying energy levels of Ne grouped
into five rotational bands. Of particular interest here
are the 0+, 2+, and 4+ members of the E'"=0+, ground-
state band; the 2, 3, and 4 members of the excited,
X"=2 band; and the 0+ and 2+ members of the first
excited E'~ =0+ band.

the first excited E' =0' band. The experimental
cross sections to members of the ground-state
rotational band are compared with DWBA and
CCBA calculations. Rotational wave functions
with both pure Nilsson and pairing-mixed Nilsson
intrinsic states are considered. Although the
agreement is not perfect, only the pairing-mixed
Nilsson wave functions with a full CCBA calcula-
tion provide a reasonable description of the data.
The effects of the multistep processes are found

to be as large for neon as for rare-earth nuclei.
The CCBA calculation increases the 2' strength
relative to the 0' strength almost an order of
magnitude over that predicted by the DWBA.

The experimentally observed transition to the
2 state at 4.97 MeV of excitation is not allowed
by the selection rules resulting from the usual
DWBA treatment" of (P, t) reactions. Other tran-
sitions from 0' targets to unnatural parity states
have been observed in this region in violation of
the selection rules. " In a previous note" we re-
ported a CCBA calculation of relative (P, f} cross
sections for transitions to the 2, 3, and 4 mem-
bers of the K'=2 rotational band in "Ne. In par-
ticular both the shape of the 2 angular distribution
and its strength relative to the 3 transition were
reproduced well. In this publication we expand the
description of this work. For example the transi-
tion strengths of members of the E'=2 band rela-
tive to the ground-state band are calculated by con-
sidering the former intrinsic state to be a two-

quasiparticle excitation of the latter intrinsic state.
Section II of this publication describes the ex-

perimental apparatus, procedure, and results.
Section III gives an outline of the formalism used
to calculate the two-neutron spectroscopic ampli-
tudes and gives a brief description of our particu-
lar calculations. Finally, in Sec. IV a compari-
son of these calculations with the experimental
data is discussed.

II. EXPERIMENTAL APPARATUS,

PROCEDURE, AND RESULTS

A. Experimental Apparatus

The data were obtained by the bombardment of
8~ 4'%%uo isotopically pure "Ne gas with 39.8-MeV
protons from the University of Minnesota proton
linear accelerator. After passing through the tar-
get, the beam was collected in a small internal
Faraday cup which was connected to a beam cur-
rent integrating system and equipped with a small
permanent magnet to reduce secondary electron
scattering. Charged-particle reaction products
were momentum analyzed by a vertical 100-cm
radius, 180', n=&, magnetic spectrometer, whose
magnetic field was measured with a rotating-coil
Gaussmeter. The 42-cm-diam scattering chamber
was rigidly connected to the spectrometer and was
attached to the input beam line by a vacuum slid-
ing seal.

The momentum-analyzed reaction products
were detected in an array of 32 surface-barrier
detectors mounted in the focal plane of the magnet-
ic spectrometer. These detectors were operated
at an approximate depletion depth of 800 p. m. Each
detector had sensitive-area dimensions of 23 mm
in the axial direction of the spectrometer and 5

mm in the radial direction. This gave an energy
width along the focal plane of 0.0025E per detec-
tor, where E is the energy of the detected parti-
cle; therefore, the entire 32-detector array had
an energy width of 8% of E. A 32-channel, pulse-
height analysis was performed on the particle
pulses from each detector. This was accomplished
by biased amplification and discrimination in 32
parallel circuits and subsequent routing of the
pulses into 32 subgroups of 32 channels each in
a 1024-channel pulse-height analyzer.

The target gas w'as contained in a 5.1-cm-radi-
us, 3.8-cm-high cylindrical gas cell which was
equipped with a small extension out to a 7.6-cm
radius to serve as a beam entrance port to allow
data taking at small scattering angles. Havar foil
of 2.5-p.m thickness was used to cover the beam.

entrance port and exit window. These foils could
hold a pressure of one atmosphere. The 1.0-cm-
high exit cell windows allowed scattering angles
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from -20 to +120'- to be observed. The gas cell
was supported within the scattering chamber and

was connected to the outside by a hollow tube pas-
sing through the lid of the scattering chamber.
This hollow tube allowed the cell to be filled or
evacuated externally and the pressure to be mea-
sured by a simple Borden tube gage which was
accurate to +3 Torr. The gas-target geometry
factor G" was defined both by an aperture 42.9-
cm from the chamber center and by the walls of
the magnetic spectrometer vacuum box. Normal-

ly, a 6.03-&0.95-cm aperture was used; however,
a 3.81-&&0.64-cm aperture was used for data taken
at very forward angles.

B. Experimental Procedure

Particle types and energies of reaction products
were determined by a knowledge of the magnetic
field of the spectrometer and their energy loss
in the focal-plane detectors. At the magnetic
fields necessary to detect tritons, only tritons
and deuterons were present in the focal-plane de-
tector array, and both types of particles passed
through the sensitive regions of the detectors.
With both particle types passing, the pulse-height
resolution then attainable made it impossible to
separate tritons from an intense group of deuter-
ons. Figure 2 shows the pulse-height distribution
from a single array detector when only a weak
triton group was present. In Fig. 2, 27-MeV tri-
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FIG. 2. Pulse-height distribution in a single focal-
plane detector when only a weak triton group is incident
upon it. The rise in the number of counts at small chan-
nels is background caused by neutrons.

tons deposited about 11 MeV of energy in the de-
tector, and the rise in the number of counts in
the low channels was caused by neutron back-
ground.

Figure 3 shows "Ne(P, f)"Ne survey spectra
taken at 15 and 25'. With a "Ne gas-cell pres-
sure of 508 Torr, an energy resolution (full
width at half maximum) of 150 keV was obtained.
The gaps in the spectra are due to intense deuteron
groups which obscured the triton yield. All the
levels below 7.84 MeV of excitation and the first
T =1 state at 10.27 MeV have been previously re-
ported.

The errors shown for the differential cross sec-
tions in Figs. 4-10 are relative standard devia-
tions. They include the statistical error from
the number of counts, an estimate of the error
due to background separation both in the pulse-
height spectrum of a single detector and in sum-
ming the counts in a peak over a group of detec-
tors, and, when necessary, an estimate of the
error in separating the number of counts for two
closely spaced peaks.

In addition to the relative error there is a
standard deviation of +5% in the absolute cross-
section scale. This normalization error primari-
ly is due to the uncertainty in the gas-target geom-
etry factor G, whose numerical value was mea-
sured at several angles by the following three
methods: (1) comparing H(P, P)H yields using pure
hydrogen gas with the 40-MeV measurements of
Johnston and Swenson"; (2) comparing "C(P, 'He)-
"B (g.s.) yields using gas (CH, ) and solid (CH, )
targets; (3) comparing "C(P, t)"C (g.s.) yields,
again using gas (CH, ) and solid (CH, ) targets. The
walls of the spectrometer vacuum box proved to
be completely adequate as a collimator to define
a geometry suitable for gas targets. In addition,
the inverse sin8 dependence of the gas-target
thickness was investigated by comparing yields
from both solid and gas targets. Small correc-
tions had to be made for dqviations from this de-
pendence at 10.0, 12.5, and 15.0'. Finally, the
efficiency of the detector array as a function of
detector number was investigated. At high magnet-
ic fields a dropoff of efficiency at one end of the
array was found to occur, and this region of the
array was avoided during the measurement of an-
gular distributions. More details of the experi-
mental apparatus and procedures can be found
elsewhere. "

C. Experimental Results

Figure 4 shows cross sections for the transi-
tions to the 0', 2', and 4' members of the ground-
state rotational band. Most of the data have rela-
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tive errors of +4', which are roughly the size of
the plotted points in the figure. It is interesting
to note the relative transition intensities to mem-
bers of this band; in particular, the 4' state is
strongly excited. The 0', 2', and 4' transitions
have intensities of 606, 68, and 45 pb/sr at the
first maxima in their angular distributions which
occur at 27, 35, and 30', respectively.

Cross sections for the transitions to the 2 and
members at 4.9V and 5.63 MeV of excitation,

respectively, of the first excited K' =2 band
are shown in Fig. 5. As can be seen in the spectra
of Fig. 3, the triton peak from the 3 transition
is not clearly resolved from that from the transi-
tion to the 1 state at 5.80 MeV. However, the

energy resolution available would have been suf-
ficient to separate the two triton groups had the'

state been excited with any appreciable cro6s
section. Because of the weakness of the 1 tran-
sition, the triton peak in question reflects the
transition strength to the 3 state accurately
enough for the analysis considered here. This is
true at all angles for which data were obtained.
It can also be seen in Fig. 3 that the "forbidden"
transition to the 2 state is roughly ~ the strength
of the "allowed" transition to the 3 state and that
the 2 group is well isolated in the spectrum.
There is no clear indication in Fig. 3 of a triton
group to the 4 member of this band at 7.03 MeV.
In fact, the nearness of the triton group leading
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FIG. 3. Ne(P, t) Ne survey triton spectra at 15 and 25'. The gaps in the spectra are due to intense deuteron groups
which obscured the triton yield, and the smooth background is caused by neutrons. The states at 1.63 and 4.25 MeV are
the 2+ and 4+ members of the ground-state rotational band. The 2 and 3 states at 4.97 and 5.63 MeV of excitation are
rotational members of a well defined K~ =2 band. The states at 6.72 and 7.43 MeV of excitation are the 0+ and 2+ mem-
bers of the first excited K~ =0+ band.
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to the 3 state at 7.17 MeV prohibited us from
making any cross section measurements to the

state.
Figure 6 shows the measured cross sections

for the transitions to the 0' and 2' members at
6.72 and V.43 MeV, respectively, of the first ex-
cited K'=0' band in "Ne. These states are ex-
cited with roughly, the strength of the corre-
sponding states of the ground-state rotational band.
The shape of the angular distribution to the ex-
cited 0' state is similar to the ground-state tran-
sition, whereas the shapes of the two 2' angular
distributions deviate significantly from each other.
This sharp difference in the shapes of the 2' tran-
sitions to the two different bands is attributed to
the effects of inelastic excitations, and has re-
cently been discussed by King et a/. The strong
transition to the first T = 1 state in "Ne has been
studied in detail by Cerny, Pehl, and Garvey"
and is not considered here.
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FIG. 5. Experimental differential cross sections for
(p, t) transitions to the 2 and 3 members of the X"
=2 band in 20Ne. The solid curves are CCBA predic-
tions for these transitions, and the dotted and dashed
curves are separate contributions to the 2 transition
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FIG. 4. Experimental differential cross sections for
(p, t) transitions to the 0+, 2+, and 4+ members of the

Ne ground-state band. At most angles the error bars
are the size of the data points. The solid curves are
DWBA predictions using pure Nilsson wave functions.
The entire calculation was normalized to give the best
visual fit to the 0+ cross section. The calculated rela-
tive 4+ strength is an order of magnitude larger than
experimentally measured, and the fit to the 2+ angular
distribution is poor.
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FIG. 6. Experimental differential cross sections at
forward angles for (p, t) transitions to the 0+ and 2+

members of the first excited X~ =0+ band in Ne.
These states are excited with about ~~ the strength of
the corresponding states in the ground-state band. The
shape of the angular distribution of this 2+ transition is
considerably different from that to the ground-state band.
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III. THEORY

A. Formalism for Two-Neutron Spectroscopic Amplitudes

The fundamental nuclear structure information involved in calculating ( p, t) transition amplitudes are
two-neutron spectroscopic amplitudes B. These amplitudes measure the overlap of the initial state of the
target nucleus, C, , (A.), with a state formed by coupling the residual nuclear state, 4, (A —2), to a spin-
singlet two-neutron state of angular momentum J. If we define an operator c,, which creates a neutron in

the spherical, single-particle state a, —= (n, l,j,), then B may be written"

2z

Ig+
i

The general formalism for calculating these two-neutron spectroscopic amplitudes for (P, t) transitions
between members of rotational bands has been discussed in detail in Ref. 6. We present only the basic
assumptions and resulting equations of this formalism which are required for the specific (P, t) transi-
tions considered here.

First, one assumes initial and final rotational nuclear wave functions of the adiabatic form, "that is

2~+ ~ DI X y I+gDl
]6~2 y+g ~ 0 NE K N, -E E

where X~ and X~ are the intrinsic wave function and its time reversal, respectively. Using these wave

functions and transforming the two-neutron wave function from the laboratory to the intrinsic coordinate
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FIG. V. Experimental differential cross sections for
(P, t) transitions to the 0+, 2+, and 4+ members of the
2 Ne ground-state band. The solid curves are DWBA
predictions using pairing-mixed Nilsson wave functions.
The entire calculation was normalized to give the best
visual fit to the 0+ cross section. The calculation does
not predict correctly either the shape or relative strength
of the 2+ cross section.

FIG. 8. Experimental differential cross sections for
(P, t) transitions to the 0+, 2+, and 4+ members of the

Ne ground-state band. The solid curves are CCBA
predictions using pure Nil, sson wave functions. The
entire calculation was normalized to give the best vis-
ual fit to the 0+ cross section. Both the relative 2+ and
4+ strengths are calculated to be considerably larger
than experimentally measured.
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system, one obtains

B(I),K(=0; a„a2, J;Iy, Ky)=-, ' (I(0ZEy1I~Ky)B "(K;=0;+q, a2, eT; Ky).
1+5(ICg, 0) "' 2Ig+1

We consider only transitions from a E' = 0' initial rotational band, and hence this formalism is only appli-
applicable to such cases. The B~"(0;a„a„Z;K~) are intrinsic two-neutron spectroscopic amplitudes and
have the definition,

c8 "(0;a„a„Ple) = (-1) '
&(y, ', ' ' „,'„g ) .

[1+6~Q~, 02g j ~

These amplitudes are evaluated from the intrinsic
wave functions. They do not depend upon the spe-
cific angular momenta of the initial and final ro-
tational states and hence only one set of such
amplitudes need be evaluated for each 4 transfer
allowed between the two bands.

The pairing-mixed Nilsson model is used to de-
scribe the intrinsic motion of the neutrons in the
ground-state rotational wave functions. The pair-
ing force is treated by the usual BCS method. "
That is, the ground-state intrinsic wave functions

are determined by using a pairing force of the
form

G
Q= QC~C r CgC)

$&j

to calculate occupation probabilities of neutron
pairs in Nilsson, single-particle states. The
operators ct(c,) create (annihilate) a neutron in
the Nilsson orbit i = (Nu&r), w—here N is principle
quantum number, + is projection of the neutron
angular momentum along intrinsic symmetry axis,
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FIG. 9. Experimental differential cross sections for
(P, t) transitions to the 0+, 2+, and 4+ members of the

Ne ground-state band. The solid curves are CCBA
predictions using pairing-m|xed Nilsson wave functions.
The entire calculation was normalized to give the best
visual fit to the 0+ cross section. The calculation fits
all three angular distributions reasonably well.

FIG. 10. Experimental differential cross sections for
the (p, t) transition to the 3 member of the K"=2 band
in 2 Ne. The solid curves are CCBA calculations for
this transition and for the transitions to the 2 and 4
members of this band. The dotted and dashed curves
are separate contributions to the 4 transition via the
2Ne, 2+ state and the Ne, 3 state, respectively. The

entire calchlation was normalized to give the best visuaL
fit to the 3 cross section.
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and r orders the single-particle states by energy
(i denotes the time reversal of state i)

Under the assumption that the initial and final
intrinsic states have the same deformation, the
intrinsic two-neutron spectroscopic amplitudes
between the two ground-state bands are given by

f, ', = QU;(A -2)V((A)W,' W,
' . (7)

The quantities U; and V; are the pair probability
amplitudes for the ¹ilsson state i to be empty or
full, respectively. The amplitudes W,

' are trans-
formation coefficients between Nilsson and spheri-
cal single-particle states. That is,

(8)

We also consider transitions to an excited rota-
tional band. The intrinsic state of this excited
band is constructed by a two-quasiparticle excita-
tion of the BCS Nilsson ground-state vacuum. This
is an intrinsic state of the form d; d;. ~ 0), where
]0) is the BCS Nilsson vacuum and the operators

d'~ and d~- are Nilsson quasiparticle creation opera-
tors defined by

(&)

d-, =U c-. + V]eg.2

If the difference between initial and final corre-
lated ground states is neglected, the intrinsic two-
neutron spectroscopic amplitudes connecting the
excited band to the ground-state band are given by

))1/3. 1 1 2 2

TABLE I, Pairing and ¹lsson, intrinsic, bvo-neutron
spectroscopic amplitudes B~"of transferred angular mo-
mentum J to indicated 20Ne rotational band.

intr intrJ Sg I g 2Jg 52 l 2 2/2 Bygjzjgg +NQINDfi

To X"=0+ ground-state rotational band

1 0 1
1 1 1
1 1 3
2 0 1
1 2 3
1 2 5

-0.0410
0,1664
0.1528

-0.2336
-0,3419 -0.0426
-0.7731 -0.5425

large hexadecapole moment whereas "Ne does
not." In the construction of the BCS deformed
intrinsic ground state all Nilsson single-particle
neutron stRtes Rrising from the 18gg2, 1pg(2„1p3(2y
1d„„2s,q„and 1d„, spherical states were con-
sidered. The ¹ilsson states were generated in a
deformed oscillator potential well with a quadru-

pole deformation only and were expanded in spheri-
cal states from the same major harmonic-occilla-
tor shell. The parameters of the Nilsson single-
partlcle Hami. lton1an we 1e: Sop = 4 1A MeVy

~=0.08, p, =0.00, and 6=0.48(P=0.46). Such ¹ils-
son states with band mixing describe mell the
properties of low-lying levels of odd-even nuclei
in the neon region. "

The occupation probabilities for neutron pairs
in the ten ¹lsson orbits were calculated using a
pairing force of strength G=28.0 MeV. This
strength gives an energy gap of about 2.0 MeV,
which is equal to the odd-even neutron mass dif-
ference in this region. We consider a 0'-2' cou-
pling in the entrance channel. For transitions to
the 0, 2+, and 4+ members of the ground-state
band we allow a 0'-2'-4' coupling in the exit chan-
nel. Conservation of angular momentum then al-
lows J =0, 2, 4, and 6 for the (P, f) form factors
connecting the initial and final states. Qur basis
states do not allow J = 6 transfers. Table I gives
two-neutron spectroscopic amplitudes calculated
from Eqs. (6) and (7) for the Z = 0, 2, and 4

(10)
where V; and Vz are taken to be the average of
those from "Ne and "Ne.

B. DNBA and CCBA Calculations

2 1 1 1 1 1 3
1 1 3 1 1 3
2 0 1 1 2 3
2 0 1 1 2 5
1 2 3 1 2 3
1 2 3 1 2 5
1 2 5 1 2 5

-0.0584
0,0241
0.1574

-0.0004
0.1216 -0.0426

-0.1776 -0.3116
0.1515 0.1450

Both ' Ne and "Ne have been extensively investi-
gated and are known to be highly deformed. Quad-
rupole deformation parameters P, of 0.45 for both
ground-state rotational bands are consistent with
inelastic proton scattering data. ' In addition, the
ground-state band of "Ne is known to have a very

3 1 2 5
2 5

1 2 3

1 1 1 -0 4702
1 1 3 -0.0658
1 1 3 0.0408

4 1 2 3 1 2 5 -0.2040 -0.1272
1 2 5 1 2 5 0.3955 0.7534

To X =2 excited 1otatlonal band
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transitions between these ground-state intrinsic
wave functions. Since it is not at all obvious that
pairing is required for these light nuclei, we also
consider pure Nilsson wave functions. In this case
6=0.00, and the spectroscopic amplitudes arise
from the transfer of two neutrons from Nilsson
orbit No. f (to=-', ). These spectroscopic ampli-
tudes are also given in Table I.

We also consider Q, t) transitions to the 2, 2,
and 4 members of the excited K'= 2 band and
allow a 2 -3 -4 coupling in the exit channel in
addition to the 0'-2' coupling in the entrance chan-
nel. Whereas conservation of angular momentum
allows J=1, 3, and 5 form factors, our basis al-
lows only J= 1 and 3. The E selection rule forbids
J= 1 transfer, and hence we need calculate only
one J =3 intrinsic form factor. This form factor
is calculated by considering the 2 intrinsic wave
function to be a two-quasiparticle state. We as-
sume that the state consists of Nilsson orbits No.
4 (&@= 3) and No. f (&u= —,'), which yields the lowest-
energy 2 state in this model. Table I gives the
spectroscopic amplitudes calculated from Eq. (10)
for the J=3 transfer to this intrinsic state.

The two-neutron transfer form factors were
calculated from the spectroscopic amplitudes
using the computer code TWOpAR, "which uses a
zero-range interaction between the incoming pro-
ton and dineutron center of mass. Whereas the
deformed Nilsson states were based upon a spheri-
cal oscillator representation, the spherical single-
particle bound-state wave functions of the trans-
ferred neutrons were generated in a Woods-Saxon
potential well with a radius of 1.25(21)"' fm. The
well had a diffuseness of 0.65 fm and a spin-orbit
coupling of 30 times the Thomas term. The depth
of this well was adjusted for each single-particle
state to give a binding energy equal to one half the
two-neutron separation energy from the ground
state for the ground-state band and from the 3
state for the excited band. These form factors
were then used as input into the CCBA computer
program MARS. '

Optical-model and deformation parameters used
to generate the distorted waves are summarized
in Table II. The optical-model yarameters for
the proton channel are those of Watson, Singh,
and Segel." These contain explicit energy and

isospin terms for the potential depths and radii
and give reasonable fits to 10- to 50-MeV elastic
scattering data in the 1P shell. The proton pa-
rameters of Table II are quite similar to those
obtained from an analysis' of cross-section and
polarization data of 24.5-MeV protons on "Ne.
The triton parameters are similar to those re-
ported by Becchetti and Greenlees, "which were
also determined by fitting a large sample of elas-
tic scattering data. Similarly, the quadrupole
and hexadecapole deformation parameters were
taken from published experimental work, "with
the exception of the quadrupole deformation of
the excited Ne band. This P, was taken to be
about 20% larger than that of the "Ne ground-
state rotational band. In the next section we com-
pare these calculations with the experimental data.

IV. CALCULATED RESULTS
AND DlSCUSSION

A. E = O' Ground-State Rotational Band

Figures 4, 7, 8, and 9 show the various cal-
culated cross sections for transitions to the 0,
2', and 4' members of the ground-state rotation-
al band. The calculated curves are normalized
to the experimental data to give the best visual
fit to the 0' cross section, and the 2' and 4' cross
sections are then given uniquely. Table III gives
the experimental cross section and the absolute
calculated cross sections of the ground-state an-
gular distribution at the first maximum near 30'
using a zero-range force constant D, equal to
26.2&10 MeV'fm'. This force constant gives
agreement between experiment and the CCBA
with pairing calculation. Absolute normalization
factors of similar magnitude have been reported
by other workers for (P, t) transitions. "

Figure 4 shows the results of the DWBA calcula-
tion using the pure Nilsson model wave functions.
The shapes of the 0' and 4' angular distributions
are reproduced reasonably well by the calculation.
However, the calculated strength of the 4' transi-
tion relative to that of the 0' transition is an order
of magnitude larger than experimentally mea-
sured, and although the relative strength of the
2' transition is calculated correctly, the fit to
the shape of this angular distribution is poor. In

TABLE G. Optical-model and deformation parameters.

Channel
+B

(fm)
a&

(fm) (Mev)
fs
(fm)

aI
(fm)

S'y

(MeV)
W~

(Mev)
+c

(fm) P2 P4

1.11
1.20

0.57
0.72

52.2
160.4

1.11
1.40

0.50
0.84

6,2
25.0

8.2
0.0

1.11
. 1.30

0.45 0.05
0.45 0.25

P2 =0.55 was used for the excitedX" =2 band.
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TABLE III. Absolute differential cross sections for
the J =0 ground-state angular distribution at the first
maximum near 30' using a zero-range force constant Do
=26.2x ].0' Mey' fm'.

Experimentally measured
DWBA and Nilsson calculation
DWBA and pairing calculation
CCBA and ¹lsson calculation
CCBA and pairing calculation

606 pb/sr
70 p,b/sr

524 p,b/sr
75 pb/sr

606 pb/sr

particular, at very forward angles the calculated
cross section decreases, whereas the experimen-
tal cross section increases. In addition, the cal-
culation fails to account for the second maximum
at 65'.

Figure 7 shows the DWBA calculation using
pairing-mixed Nilsson wave functions. As shown
in Table III the pairing increases the 0' strength
by a factor of 7.5. The relative 4' strength is
now reproduced well whereas the 2' strength is
predicted to be considerably smaller than that re-
quired by the data. In addition the shape of the
2' cross section is not significantly changed by
the addition of the pairing and is still fitted poorly.
The introduction of pairing into the DWBA calcula-
tion does not markedly improve the agreement
with experiment.

The results of the CCBA calculations assuming
pure ¹ilsson and pairing-mixed ¹ilsson wave func-
tions are shown in Figs. 8 and 9, respectively.
The addition of the multistep processes has little
effect on the shapes of the 0' and 4' angular dis-
tributions and, as can be seen in Table III, does
not significantly change the 0' absolute cross sec-
tion. Although the CCBA using pure Nilsson mod-
el wave functions (Fig. 8) improves the fit to the
shape of the 2' cross section, the calculation
still fails to reproduce the second maximum. In
addition these wave functions yield both 2' and 4'
relative transitions strengths in strong disagree-
ment with the experimental data.

On the other hand, the CCBA calculation with
pairing-mixed ¹lsson wave functions (Fig. 9)
provides a reasonable description of the data.
The shapes of all three angular distributions are
reproduced, including the second maximum of
the 2' cross section. Furthermore, this calcula-
tion reproduces the relative transition strengths
better than do the other three calculations. The
relative transition strength to the 2' state is
given correctly, and the 4' relative strength i.s
calculated to be twice as large as experimentally
measured. It is interesting to note that the choice
of model wave functions changes the shape of the
2' cross section with the CCBA but not with the

DWBA. In addition, the pairing mixing provides
a larger contribution from indirect processes.

B. E =2 First Excited Rotational Band

The calculated results for the 2 and 3 transi-
tions are compared with the experimental cross
sections in Fig. 5. The full curves are CCBA re-
sults for these transitions, whereas the dotted
and dashed curves are the two most important in-
dividual components which contribute to the exci-
tation of the 2 state. These are the two-step
paths via the 'Ne, 2' state and "Ne, 3 state,
respectively. The selection rules do not allow the
2 state to be excited directly from the "Ne ground
state. The calculated curves are normalized to
these data to give the best visual fit to the 3
cross section. This required the 2 and 3 cal-
culated cross sections to be multiplied by a fac-
tor of 1.12 relative to the ground-state transition.
That is, the two-Nilsson quasiparticle model of
the intrinsic K' = 2 state accounts for 89% of the
(P, t) strength to the 3 state. The 3 angular dis-
tribution is fitted well by the calculation, and the
fit to the 2 angular distribution is satisfactory.
More important, as can be seen in Fig. 5, optical-
model and deformation parameters consistent with
elastic and inelastic scattering data reproduce
well the ratio of the 2 cross section to the 3
cross section.

This ratio in our calculation is independent of
the details of the initial and final intrinsic wave
functions because the adiabatic approximation
and our choice of basis states allow only one J = 3
intrinsic form factor to connect rotational mem-
bers of the initial and final bands. This ratio then
does not depend on the absolute magnitude of this
form factor since it contributes equally to all
possible (P, t) paths connecting the two bands.
Configuration mixing among the single-particle
orbits allows only (Id„„IP„,), (1d„„1P„,), and

(Id,~2, IP+,) orbital pairs in a J = 3 form factor.
All these orbital pairs have the same orbital an-
gular momentum and radial nodes and hence give
form factors of the same shape. Therefore, the
relative intensities of the 2, 3, and 4 transi-
tions do not depend upon our particular calcula-
tion of the above three spectroscopic amplitudes.
Only the (P, t) strength to the excited band rela-
tive to the ground-state band depends upon these
numbers.

The amplitudes for the two main paths to the 2
state of course contribute coherently. The path
via the "Ne, 2' state contributes about two thirds
of the 2 strength and the path via the '+e, 3
state contributes the remaining third. In our cal-
culation the ratio of the 2 cross section to the
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3 cross section depends mostly on the quadrupole
deformation parameters in the entrance and exit
channels since these provide the paths by which
the 2 state is excited. We use a slightly l.arger
P, for the excited band than the value for the "Ne
ground-state band determined from inelastic scat-
tering. There is no reason why the two rotational
bands need be generated from the same intrinsic
shape.

Our calculation of both the relative transition
strength and angular-distribution shape of the
2 state indicates that inelastic scattering is the
main reaction mechanism by which this state is
excited. The smooth curve in Fig. 10 shows our
prediction of the cross section for the transition
to the 4 state of this band relative to the 3 tran-
sition. The dotted and dashed curves are the in-
dividual components to this cross section from
paths via the "Ne, 2' state and "Ne, 3 state,
respectively. The strength of the maximum of
the 4 cross section is roughly equal to that of
the 2 cross section, which is also shown in the
figure. It would be of considerable interest for
an experimental test to be made of this 4 pre-
diction. The angular distributions of both these
"forbidden" transitions have shapes unlike those
of any allowed transitions in this mass and energy
region.

V. CONCLUSIONS

The CCBA calculation using the pairing-mixed
Nilsson model wave functions in general success-
fully describe both the relative magnitudes and

shapes of the "allowed" and "forbidden" "Ne(P, f)-
"Ne cross sections we have considered. The
shapes of the 0', 2', 4', and 3 "allowed" tran-
sitions are fitted reasonable well. The relative
2' transition strength is predicted correctly;
however, the calculation gives twice the 4'
strength that is required by the data. Perhaps
this discrepancy is due to the lack of a hexadeca-
pole term in the Nilsson single-particle Hamilto-
nian. ' In addition the (P, t) relative strength to
the excited E' = 2 band has been given very well

by assuming the intrinsic state to be a simple
two-quasiparticle excitation of the pairing ground

state. The CCBA with pairing has the largest ef-
fect on the shape and relative magnitude of the
2' transition. It is interesting to note that both

the simplest calculation using the DWBA with

pure Nilsson wave functions and the more sophis-

ticated CCBA calculation with pairing predict the
same relative 2' strength. However, only the
latter calculation gives a reasonable fit to the
shape of this angular distribution.

Perhaps the most interesting result obtained
from this work is the CCBA calculation of cross
sections to unnatural parity final states. The
usual zero-range DWBA formalism" for (P, t) re-
actions does not allow the excitation of such states
from 0' targets. In addition to conservation of
angular momentum and parity, this selection rule
results from the following three assumptions: (i)
The reaction mechanism is that of a direct single-
step process; (ii) the triton is described by a
wave function in which the two neutrons have unit
probability for having both zero total spin angular
momentum and zero relative orbital angular mo-
mentum; (iii) the interaction between the proton
and the picked-up neutrons depends only on the dis-
tance between the proton and the c.m. position of
the two neutrons. Bayman and Feng" have per-
formed a calculation in which assumptions (ii) and

(iii) above were relaxed. They used a central inter-
action with both spin-independent and spin-de-
pendent components. When they compare their
calculation for the present 2 transition with the
data, they find the calculated cross section is
several orders of magnitude too small, and does
not reproduce the experimental shape as well as
does the present calculation. The CCBA calcula-
tion, using realistic optical-model and deforma-
tion parameters, predicts well both the relative
transition strength and shape of the experimental
2 angular distribution. Much of this calculation
is independent of the details of the intrinsic nu-
clear wave functions involved. We conclude that
inelastic scattering is the main factor contributing
to the excitation of this 2 state. Many unnatural
parity states in other energy and mass regions
are probably also excited from 0' targets by the
same process.
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