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Coupled-channels analysis of proton inelastic scattering to the y-vibrational band in Mg
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Results are presented of coupled-channels analyses of proton inelastic scattering data for the nucleus '"Mg,
in which the 22+, 4.24 MeV, 3.+, 5.2 MeV, 4,+, 6.01 MeV, and 5+(?), 7.8 MeV states of the y-vibrational
band are excited, at incident proton energies of 20.3, 40, and 800 MeV. Previous coupled-channels analyses
of proton and a particle inelastic scattering data for these states in "Mg have completely failed to account
for the shapes and magnitudes of the 3+, 42+, and 5+ inelastic cross sections. In the present analysis, the
inclusion of an additional nuclear vibrational multipole which permits a direct transition from the ground
state to the 42, 6.01 MeV state is shown to provide a tremendous improvement' in the theoretical description
of the inelastic cross sections of all the members of the y-vibrational band, at each of the three incident
proton energies considered. The same nuclear structure parameters are used at all three incident energies,
along with phenomenological optical potentials specific to each energy. The new results for the 3+, 5.2 MeV
state also shed light on the energy dependence of the direct spin-flip mechanism in proton inelastic scattering.

NUCLEAR REACTIONS Mg (p, p'), E&
——20.3, 40, and 800 MeV; coupled-chan-

nels analysis; deformed-vibrational model; coupling parameters.

I. INTRODUCTION

Vibrational states in deformed nuclei have at-
tracted considerable attention from nuclear physi-
cists for many years, with a nu~ber of studies
of various kinds having been made in the s-d shell
and in the rare earth and actinide regions. ' " In
the even-even deformed nuclei, for instance, the
first several excited states. can be classified as
belonging either to the ground state rotational
band, or to the P- and y-vibrational band se-
quences. '" Genera11y, these excited states have
been investigated through the inelastic scattering
of either protons' 'or o. particles' " from the
nuclei of interest. In the majority of these investi-
gations, an effort was made to describe the inelast-
ic scattering data in terms of macroscopic collec-
tive models of deformed nuclei'4 and a coupled-
channels reaction theory formalism, as developed,
for example, by Tamura. "

For the specific case of '4Mg, a number of anal-
yses have been made of inelastic scattering data,
employing the collective rotational model and the
coupled-channels formalism. ' "' While these
analyses have met with considerable success,
there have also been significant failures. Cal-
culated angular distributions for the 2', 1.37 MeV
and the 4', 4.12 MeV members of the ground state

rotational band, as well as the 2, , 4.24 MeV "band-
head" of the y-vibrational band in '4Mg, agree quite
well in shape and magnitude with the measured
cross sections and confirm the applicability of the
simple rotational model to this nucleus. On the
other hand, very drastic disagreement between
predictions and data is found for the 8.12 MeV 6
state, assumed a member of the ground state
rotational band, as well as for the 5.2 MeV 3', the
6.01 MeV 4, , and the 7.8 MeV 5' states, assumed
to be members of the y-vibrational band. ' ' " In
this paper we will be particularly concerned With
these latter discrepancies and their extirpation.
The V.8 MeV state is not definitely known to be
R 6' (Ref. 16}but, following Blanpied et al. ,

' it
will be assumed to be in what follows.

The nature of the failure of previous coupled-
channels predictions ' for the angular distribu-
tions of the 3', 4, , and 5' members of the y-vibra-
tional band of '4Mg can be summarized as follows:
Magnitude predictions are too sma11 by one or two
orders of magnitude, and the predicted shapes
bear little resemblance to the data, often having
slopes of the wrong algebraic sign. The drastic
failure to predict the observed strength of the in-
elastic cross sections is common to both proton

. and 0. particle inelastic scattering'" and is not
affected by inclusion or exclusion of spin-flip

20 1236 1979The American Physical Society



COUP LED-CHANNELS ANALYSIS OF PROTON INELASTIC. . . 1287

processes for the protons. ' Coupling to other vi-
brational bands' also has no significant effect on
the overall discrepancy.

However, if one has recourse to a spherically
symmetric description of '4Mg and the ordinary
one-step distorted wave Born approximation
(DWBA)" one can obtain a good fit to the inelastic
scattering data for the 6.01 MeV 4, state. ' ' 'p"
At 800 MeV, for instance, the DWBA fit to the
4, state is good at forward angles, although it be-
comes out of phase with the data at the back ang-
les. ' This fact supplies the clue to what may be
wrong with the coupled-channels calculations.
Previous descriptions of the intrinsic nuclear vi-
brations about a deformed equilibrium shape have
been restricted in such a way as to rule out a di-
rect transition from the ground state to the 4,
state, by allowing (in the notation of Bohr'~) only

(Y,'2+ Y,',) vibrations. Naqib and Blair" have pre-'
viously argued that there exists a large &l =4 as
well as &l =2 transition strength in '4Mg, based
on a particle-hole description of the 4, state. The
simplest way to take into account direct &l =4
paths is to include in the coupling potential such
terms as (Y4, + Y,',) (see Sec. II).

In the present work, we present new results of
coupled-channels calculations for the ground and
y-vibrational bands in '4Mg, excited by inelastic
scattering of protons at 20.3,' 40,' and 800 (Ref. 2)
MeV, paying particular attention to the effect of a
direct transition from the ground state to the 4,
state on all of the coupled-channels predictions at
these three energies, where rather complete data
are available, particularly at 800 MeV.

The necessary extension of the deformed-vibra-
tional nuclear collective model and the coupled-
channels formalism is given in Sec. IL The re-
sults of the calculations and some conclusions are
presented in Secs. III and IV, respectively.

II. EXTENSION OF THE DEFORMED-VIBRATIONAL MODEL

In this section the coupled-channels formalism
of Tamura' "is extended to allow a direct coupling
of the ground state and the 4, state in the y-vibra-
tional band. The formulation given here assumes
an even-even target nucleus. The deformed optic-
al potentia, l is taken to be of the form's, zs

+ „(Y,', +Y,',)j, (3)

with i= V, W, and WSF. The primes refer to the
body-fixed coordinate system in which the Z' axis
lies along the symmetry axis of the deformed in-
trinsic potential, and V„(r) and Vc,„,(r) are the
usual spin-orbit and Coulomb potentials given ex-
plicitly in Hefs. 15 and 18, taken here to be spher-
ically symmetric. Hence, deformed spin-orbit"
and Coulomb excitation effects are neglected in
our calculations. In addition, spin-flip processes
which proceed via the spin-spin and tensor terms
in the general proton-nucleus interaction potential
will also be neglected. As in the work of Bohr, '4

one can replace the quantities +20 and a» with
S cosy and (p/W2) siny, respectively No. such
change of variables will be performed for the Q40

and a~, parameters. An +4~ term is omitted in
Eq. (3) since no K' =4' vibrational band is con-
sidered here. '

In general the nuclear radius parameter can be
expanded as'4

R,(8', y'.)=a, I++. n,.Y„.(e', y') .
'Au

The specific truncation of this expansion given in
Eq. (3) is justified by the decreasing effect which
the larger multipoles in the series in Eq. (4) have
on the low-lying states and the limitation of our
analysis to the ground (K' =0') and the y bands
(K' =2'). The new feature of the multipole expan-
sion included here is the addition of the
n„(Y4, + 1'» ~) term in Eq. (3). Rush and Gangulys
assumed Eq. (3) with n„=0, and varied the n«Y4,
term in order to fit the 6.01 MeV 4, state, thus
grossly overestimating the 4.12 MeV 4, state.
Clearly Eq. (3) is a more satisfactory generaliza-
tion than that adopted in Ref. 3. Equation (3) al-
lows the 4' states at 4.12 and 6.01 MeV to be in-
cluded simultaneously in a consistent way.

Expanding the potential to first order in a„and
n„yields""
V(r, 8', Q') = V, (r, e')+n„V, (r, 8')(Y,', + Y,',)

+n V (r, e')(Y' +Y' )

+ v..(r)+ v,.„,(r),

where

e, =exp' [r —R~(e', P') J/a, )
and

(2)

V(r, e', y') =-V(1+e„)-' ~W(1+e,)-'

—4IWspewsp(1+ew8p) + Vso(r) + Vco„i(r),

where V, (r, 8') is obtained from the first three
terms of Eq. (1), using Eqs. (2) and (3) with

a» = a4, =0. The potential V,(r, 8') is given by

V2(r) 8') =[-V(R„/ar)e„(1 +e„)
-iW(R /a )e (1+e ) '
+4& IVBp (Rw8 p/awp p) ~wpp

x (1 —ew8p)(1+ewsp) ~la =e~~. (6)
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Following Tamura, "the potentials are expanded
in Legendre polynomials so that

Equation (11) can finally be written as

v(r, e, y) =v„+v (12)
8' &') =~uI (")Y)' +~ ~+ui (r)Y)''( 22+ '-~)

+ V„(r) + Vc,„,(r),

where Vdiag is the A. =p. =0 part of the first term
in Eq. (11) plus V„(r) and Vc (r) while V
is the remainder of V(r, 8, y) in Eq. (11)

The wave function of the whole proton-nucleus
system is written as"

where

1,(n(r) =4m d(cose') Y„(e')V,(r, e')
0

1
u'„"(r) =4m (f(cose') Y„,(8') V,(r, 8') ~

0

(8a)

(8b)

)1=r' Q R, , (r)
Jnl„fz

x Q,(jam jIn~nl~~)&i j„~@i~r„j
mph/tf

Reducing the products of spherical harmonics in
Eq. (7) yields'

V(r, e, (t) ) =gu(„"(r)Y;, +g[o.„u(,"(r) +o.„G(„"ii(r)]

x (Y,', + Y,', ) + V..(r) + V,„,(r),

u~2 &(r) =Qu e(r) ( (20k.'0
i
AO)(22K. 'Oi X2),

where

&(s~, = Z (Im(sm. lj mj)i'Yi~ X.m ~ (13b)

The projectile spin state function is X, andStag
4I~„Jj', represents the target nucleus eigenfunction
for the nth excited nuclear state. The target state
functions in the rotational model are'"

(10a)
4i„o =(t)0(g)[(2I+1)j8v']'j2D„D (14a)

u&»i(r) =Qu(s(r)
i i

(40K.'Oi XO)(42K'0
i
X2) .

(10b)

and

@hajj,
= (j)2(g)[(21+ 1)/16m']'i' [D~~2+ (-1)iD~~ 2] (14b)

1

In Eqs. (10a) and (10b) (Lim, l,m, if,m, ) denotes a
Clebsch-Gordan coefficient. To express this po-
tential in the space-fixed coordinate system, Y~ „
is replaced by Z„D"„„Y„„(8,p), where 8 and Q are
polar angles in the space-fixed coordinate system
and D"„„are the appropriate rotation matrices. "
This yields

V(r, 8, $) =Qu'i"(r)Di Y~ (8, $)

for the K'= 0' ground band and the K'= 2' y-vibra-
tional band, respectively. The intrinsic wave
functions are denoted in Eqs. (14a) and (14b) by
g, and g, where & denotes the internal nuclear co-
ordinates.

Solving the Schrodinger equation with the poten-
tial grouped as in Eq. (12) and the wave function
expansion of Eq. (13), yields a set of coupled equa-
tions for the functions Rz„,& (r) [see Eq. (25) in
Ref. 15]. Evaluating the matrix element for the
coupling potential results in (for K'=0' or 2'»,.(8, e)

+ V„(r)+Vc,„,(r). (11) only),
I

((')iij 4'zr)g„i V „„„i(')I,.j,(3@zz)~„)= g u'i"(r)6zz(2I'+ 1)'i'(I'KAO HAIK)(1- 6»)

where

rllrr, Pr-(r) QA&(1,1';11))A((jl 1'j'1 her)
)=1,2

(I,I', &~)=
2~ 1 ) (X(0)(.Oij(.0)(X(2XOij).2)(2I'+1)'j2(I'2A —2iIO)ii

2X, +1 2K+1 & &i'

(16)
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The angular momentum factor called A(ljI, 1'j 'I',
his) is given explicitly by Tamura, "and X, = 2 and

~, = 4, corresponding to the original deformations
allowed in Eq. (3). The quantities q, are given by

& = ~2&&.(~) I&22 lt.(~)&

(17b)

The expression in Eq. (17a) becomes, following
Bohr" and Tamura,

&.= ~2&~.(~) l(~i~2)s y lC.(&)&

=&0,(&)
l
P1' l0,(&)&,

n, =™Pro~

In fitting the inelastic angular distribution data
corresponding to the excitation of states in the y-
vibrational band, the matrix elements g, and g,
are varied to produce the best overall agreement
in magnitude of the calculations with the data for
both the 2;, 4.24 MeV and the 4;, 6.01 MeV states.

The coupled-channels code gUpITER was modi-
fied to include this additional o(4Y2,', Y+,

'
2) vibra-

tional multipole term as in Eq. (15), as well as
relativistic kinematics" needed in the calculations
for the 800 MeV proton scattering data.

III. CALCULATIONS AND RESULTS

In an investigation of the effect of the additional
n„(Y4,+ Y,', ) vibrational mode, the values of the
parameters 0'.

2p +gp Qg and q, were varied freely
to obtain the best description of the 800 MeV

(p, p') cross sections for the states of the ground
state rotational band and of the y-vibrational band.
These same intrinsic deformations and vibrational
mode strengths were then used in corresponding
coupled-channels calculations for the 20.3 and
40 MeV(p, P') data. Appropriate phenomenologi-
cal"'" optical potential parameters were selected
from the literature, specifically Refs. 2, 6, and 7
for 800, 40, and 20.3 MeV incident proton ener-
gies, respectively. For quick reference, these
parameters are also given in Table I.

At 800 MeV it has previously been shown, for the
low lying natural parity states in a variety of nuc-
lei, that essentially equivalent predictions of the
inelastic angular distributions result whether spin-
orbit terms are fully omitted or fully included,
provided equivalent fits to the elastic angular dis-
tributions have been obtained. " By full inclusion
of the spin-orbit term, we mean inclusion of spin-
orbit effects in both the diagonal and off-diagonal
parts of Eq. (12), or in other words, a deformed
spin-orbit potential is to be used. " Such deformed
spin-orbit potentials are required in order to get
a satisfactory description of inelastic analyzing
power data at 800 MeV.""Thus, when only ang-
ular distributions are to be described, omission of
the spin-orbit effects altogether is desirable,
since the coupled-channels calculations are tre-
mendously speeded up and numerically simplified.
At lower energies, . say 25 to 50 MeV, the effect of
a deformed spin-orbit potential on the inelastic
angular distributions is, however, less important,
so that it becomes permissible to omit spin de-
pendence in the off-diagonal portion of the poten-
tial while retaining it in the diagonal portion.
Since good fits cannot be obtained to the 20.3 and
40 MeV elastic data of the quality shown in Refs.
6 and 7, if spherical spin-orbit potentials are not
included, these diagonal terms will be taken into
account in the lower energy calculations. At
800 MeV, however, all spin effects will be entire-
ly omitted.

At each of the three energies, two distinct types
of calculations were performed. The first had g,
= 0, while Ag, was adjusted to produce the best
overall agreement with the magnitude of the cross
section for population of the 4.24 MeV 2', state at
800 MeV, and the same value of Bg, was then used
for the 20.3 and 40 MeV calculations. The results
of these coupled-channels calculations are indica-
ted by the dashed curves in Figs. 1-3. As no di-
rect path is allowed between the ground state of
"Mg and the 4; member of the y-vibrational band,
one sees the usual' ""discrepancies in magnitude
and shape between the predictions and data for the
y-band members.

TABLE I. The optical potential parameters of Hefs. 2, 6, and 7 used in the coupled-channels calculations as reported
here in the notation of Eqs. (1)-(3) of the text and of Ref. 15. The radii r~ are equal to 8;A where i=V, W, or WSF.
All potential strengths are in MeV and each radius and diffuseness is in ferns.

Energy
(MeVj rv av ~F %SF WSF

'c

20.3
40.0

800.0

48.62 1.15 0.67 0.0
38.61 1.22 0 ~ 65 10.62
-5.3 0.929 0.45 100.0

1.26
0.929

~ ~,~

0.67
0.545

7.76
0.02

16.0

1.37 0.28 4.56 0.94 0.40 1.20
1.26 0.67 6.2 1.01 0.75 1.20
0 446 0 397 0 0 ''' ''' 1 05
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FIG. 1. Proton inelastic scattering from Mg at 800
MeV incident energy. The data are from Ref. 2. Cou-
pled-channels calculations, in which each of the six
states for which data are shown are included in the cou-
pling scheme, are represented by the dashed curves
(g2= 0) and the solid curves (g2 & 0). The significant im-
provement for nonzero g2 is an indication of the impor-
tance of a direct transition from the ground state to the
42 member of the y-vibrational band, as discussed in
detail in the text.

In the second series of calculations, Rg, and

Rg, were adjusted freely to produce the best over-
all description of the 800 MeV data for the 4.24
MeV 2; and 6.01 MeV 4; states of the y band.

FIG. 2. Same as Fig. 1, except for an incident energy
of 20.3 MeV. The data are from Ref. 7. Since no data
are available for the 5' state at this incident proton ener-
gy, it is omitted from the coupling scheme. For the 3'
state, in this figure only, scale factors (X30 for g2

—-0,
& 3 for q2 & 0) have been used to position the predictions
relative to the data.

Once again, these same values were used for the
20.3 and 40 MeV calculations; the results are dis-
played as the solid curves in Figs. 1-3. It should
be appreciated that in each calculation all states
for which data are displayed are coupled to one
another.
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The coupled-channels analysis of Blanpied et
al. ,' which did not include 4/= 4 transitions to the
y band, obtained deformation lengths which repro-
duced the 800 MeV data for the 0; ground state,
and the 2;, 1.37 MeV and 4;, 4.12 MeV members
of the ground state rotational band. These lengths,
in our notation, are Ro', »= 1.61 fm and R&4,
= -0.05 fm. As Figs. 1-3 indicate, these defor-
mation lengths, which were used in all our calcu-

I p 3 ) I I I I I I I I I I I I

20 40 60 80 100 120

ec.m (deg j

FIG. 3. Same as Fig. 1, except for an incident proton
energy of 40 MeV. The data are from Ref. 6.

lations, provide excellent descriptions of the
ground and 2'„1.37 MeV states' angular distribu-
tions, independent of the assumed value for q, and

g, (compare the dashed and solid curves).
Turning to the analysis of the 800 MeV data with

q, = 0, we find that the value of Rg, which best
describes the 2'„4.24 MeV state's angular distri-
bution is Rg, =0.56 fm, but the "best" is not very
good, and for the other members of the band, the
results are completely inadequate. It is seen that
the prediction for the 2', angular distribution is out
of phase with the data by from 1 to 2 degrees, al-
though agreeing in magnitude, while for the 5.2
MeV 3', the 4', at 6.01 MeV, and the 7.8 MeV 5',
the predicted magnitudes are too low by factors of
10 to 100, and the predicted shapes are quite
wrong.

On the other hand, the analysis with Rg, = 0.43
fm and Rg2= 0.72 fm, with results indicated by the
solid curves in Figs. 1-3, gives a reproduction of
the 800 MeV data that is overall excellent, com-
paratively speaking. Of course, the inclusion of
the n„(Y,',+ Y,', ) term in Eq. (3) would be expected
to improve the fit to the 4'„6.01 MeV state's ang-
ular distribution. But as an impressive by-pro-
duct, we find that the predicted angular distribu-
tion for the 2„4.24 MeV state is shifted nicely
into phase with the data, and the prediction for the
angular distribution of the 3', 5.2 MeV state is
also dramatically altered in shape and magnitude,
bringing it too into good agreement with experi-
ment. Even for the 5', 7.8 MeV state there is
considerable improvement in the discrepancy be-
tween data and the coupled-channels prediction.

It should be mentioned that simple DWBA calcu-
lations for the 4', inelastic cross section' become
gradually out of phase with the data at angles
greater than 25', whereas the present coupled-
channels calculations with q, 4 0 remain in phase
with the data over the full experimental angular
range (8'-29'). In this comparison one can see
that the effect of the multistep paths to the 4;
state are somewhat more subtle than one might
naively expect in '4Mg.

The description of the y-vibrational band, while
vastly improved, is not perfect. The 800 MeV
calculations with g, nonzero slightly overestimate
the magnitudes of the 2; and 4; states at the lar-
ger angles, predict too deep a minimum near 24'
for the 3' state, and continue to fail to reproduce
the angular distribution of the 5' state. As these
discrepancies are rather small compared to the
original discrepancy removed by the inclusion of
the n42(Y,', + Y,',) terms, they could well result
from a complex interplay between several less
important processes omitted in the present calcu-
lations. These include additional terms of the
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n»(Y~, + Y~,) form, spin-flip processes, couplings
to other bands, or even inadequacies of the simple
macroscopic. collective rotational model.

Calculations were also performed at 800 MeV

with the relative algebraic sign of Rg, and Rg,
reversed, so that Rg, = -0.'72 fm while Rq, = 0.43
fm as before. The prediction for the 4', state is
not affected too seriously; however, the prediction
for the 2+, state at 4.24 MeV is shifted completely
out of phase with the experimental data, producing
far worse agreement than that shown for the dashed
curve in Fig. 1. A calculation coupling in the 4;
state at 4.12 MeV was also performed, using the
values of Rn„, R+40 RQ„and Rp, which produced
the solid curves in Fig. 1. 'This gives a descrip-
tion of the 4; state which reproduces the experi-
mental data and the g, = 0, coupled-channels cal-
culation (both shown in Ref. 2) quite well and does
not change the predictions for the y-vibrational
band in any significant way. 'The 4; state is thus
omitted from the figures.

Using these established values of Ro.'», Ro.4„
Rg„and Rg„we then repeated coupled-channels
calculations for "Mg(p, p') at 20.3 and 40 MeV,
with the results shown by the solid lines in Figs.
2 and 3. The results are very similar to those
found at 800 MeV; the fit to the 2;, 4,24 MeV
state is improved at larger angles, the fit to the
4'„6.01 MeV state is excellent as expected, and

there is a dramatic improvement in the predicted
shape and magnitude of the angular distribution
for the 3'state at 5.2 MeV. Since at least a major
part of the remaining discrepancy for the 3' angu-
lar distribution at each of the three energies can
be ascribed to spin-flip processes, the reduced
importance of spin flip in the population of this
state in "Mg with increasing proton energy is
qualitatively demonstrated by a study of Figs.
1-3. The overall factor of 3 discrepancy in mag-
nitude at 20.3 MeV is essentially eliminated by
40 MeV, at least at the forward angles, while the
fit to the angular distribution at 800 MeV is rea-
sonably acceptable.

IV. CPNCLUSIPNS

The principal results of our analysis may be
summarized a.s follows:

(1) The o.„(Y,', + Y,',) vibrations are of extreme
importance in accounting for the strength and de-
tails of the inelastic proton scattering to the y-
vibrational band of '4Mg. A rather large value of
Rg, =0.72 fm was obtained as a quantitative mea-
sure of the strength of this type of transition.

. (2) The value of Rq, inferred from previous
analyses' is found to be significantly reduced from
0.56 to 0.43 fm, a decrease of 23%.

(3) The same intrinsic deformation and vibration
lengths, Ra„, Rn4„Rg„and Rg„provide a
relatively satisfactory description of the (p, P')
data for the 2, , 1.37 MeV, the 2, , 4.24 MeV, and
the 4, , 6.01 MeV states in '4Mg at incident energies
varying from 20 to 800 MeV. Tolerably good fits
are also obtained at all energies for the 3', 5.2
MeV state, from which one can qualitatively esti-
mate the importance of spin-Qip contributions to
the inela, stic cross section for that state to be a
diminishing function of incident proton energy, and
quite small at 800 MeV.

It is clear that the n~, (Y~, + Y~ ~) vibrational mode
should always be included in coupled-channels
analyses of inelastic scattering data for the y-vi-
brational bands of deformed nuclei. This addition-
al vibrational mode should be included in the de-
scription of the inelastic scattering of n particles
as well as other projectiles to states in the y-vi-
brational bands of deformed nuclei. A worthwhile
application of this type of calculation wouM be to
the recent 1.3V GeV o. inelastic scattering data
from '4Mg. 25

No&e added in proof: After completing this worg
an unpublished thesis by M. Reed was found in
which a coupling scheme similar to that used here
was successfully applied to e inelastic scattering.
The reference is M. Reed, UCRL 18414 (1968).

This research was supported in part by the
United States Department of Energy.

'J. D. Rogers, Annu. Bev. Nucl. Sci. 15, 24K (1965);
R. K. Sheline, Rev. Mod. Phys. 32, 1 (1960); J. P.
Davidson, ibid. 37, 105 (1965).

~G. Blanpied et ar. , Phys. Qev. C 20, 1490.(1979), this

3
issue

A. A. Rush and N. K. Ganguly, Nucl. Phys. A117, 101
(1968).

4J. Kenmaa, R. K. Cole, C. N. Waddell, H. S. Sandhu,
and B.R. Dittman, Nucl. Phys. A218, 125 (1974).

5I. Lovas, M. Rogge, U. Schwinn, P. Turek, and D. Ing-
ham, Nucl. Phys. A286, 12 (1977).

6B. Zwieglinski, G. M. Crawley, H. Nann, and J. A. No-

len, Jr., Phys. Rev. C 17, 872 (1978); B. Zwieglinski,
G. M. Crawley, W. Chug, H. Nann, and J. A. Nolen,
Jr. , ibid. 18, 1228 (1978).

YR. M. Lombard, J. L. Escudie, and M. Soyez, Phys.
'Rev. C 18, 42 (1978).
T. Tamura, Nucl. Phys. 73,. 241 (1965).
J.Kokame, K. Fukunaga, N. Inoue, and H. Nakamura,
Phys. Lett. 8, 342 (1964).' J.S. Vincent, E. T. Boschitz, and J.R. Priest, Phys.
Lett. 25B, 81 (1967).
I. M. Naqib and J.S. Blair, Phys. Rev. 165, 1250
(1968).



20 COUPLED-CHANNELS ANAI YSIS OF PROTON INK LASTIC. . .

M. K. Pal and A. P. Stamp, Phys. Rev. 158, 924 (1967}.
~3H. P. Morsch, D. Dehnhard, and T. K. Li, Phys. Bev.

Lett. 34, 1527 (1975).
~4A. Bohr, Mat. Fys. Medd. Dan, Vid. Selsk, 26, No. 14

(1952); A. Bohr and B.R. Mottelson, Nuclea~ Structure
(Benjamin, Reading, Mass. , 1975), Vol. II.

' T. Tamura, Rev. Mod. Phys. 37, 679 (1965); Annu.
Rev. Nucl. Sci. 19, 99 (1969).
P. M. Endt and C. Van der Leun, Nucl. Phys. A310, 1
(1978).

'7Q. H. Satchler, Nucl. Phys. 55, 1 (1964).
' C. M. Percy and F. G. Percy, At. Data Nucl. Data Ta-

ares 13, 293 (1974).

B.J.Verhaar, in Lecture Notes in PA@st,cs, PolaÃga-
tion Nuclear Physics, edited by J. Ehlers (Springer,
Berlin, 1974), p. 268 and references therein.
D. M. Brink and 6, B.Satchler, Awgnlgr Momentum
(Oxford University, London, 1962).
T. Taznura, Oak Ridge National Laboratory Report No. .

GRNL-4152, 196V,
2%'. B. Coker, L. Bay, and G. W. Hoffmann, Phys. Lett.
64B, 403 (1976).

~SL. Bay and %'. B.Coker, Phys. Lett. 798, 182 (1978).
R. P. Liljestrand et al. , Phys. Rev. Lett. 42, 363
(1979).

25T. S. Bauer et al. , Phys. Rev. C le, 1438 (1979).


