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Elastic and inelastic angular distributions for 0.8 GeV p + '"Sm and '"Yb are reported and analyzed using the

distorted-wave Born approximation and the coupled-channels formalism where phenomenological deformed

optical potentials are used in the latter analysis. As expected, the multipole moments extracted from the optical

potentials are found to be in excellent agreement with those of the charge densities as obtained from electron

scattering and Coulomb excitation experiments. The analysis also clearly demonstrates that multistep processes
are important at 0.8 GeV and must be included for a proper description of the experimental data.

NUCLEAR REACTIONS '5 Sm@,p'), ' Yb@,p'), E= 0.8 GeV, measured (T(8);
enriched targets; resolution -50 keV, 8, ~ =4. 5' to 21', 66=0.1'; optical
model potential, DWBA analysis, coupled-channels analysis, rotational mode),

multipole moments.

I. INTRODUCTION

One of the primary reasons for conducting inter-
mediate energy (&, - 1 GeV) proton-nucleus scat-
tering experiments is that accurate microscopic
descriptions of the scattering process allow new
nuclear structure information to be deduced through
theoretical analyses of the data. ' In particular,
the connection between the underlying nuclear
densities and the resulting optical potential for
elastic and inelastic scattering, using nucleon-
nucleon phenomenology, is fairly direct. As a re-
sult, a great deal of effort has been devoted re-
cently to the determination of ground state matter
density distributions for spherical nuclei through
analyses of -1 GeV proton elastic scattering
data. ' ' Similarly, the matter transition densities
for a few spherical nuclei have been examined
through microscopic analyses. "' Generally,
these efforts have shown that the matter and charge
densities are quite similar, and the current effort
is concentrated on accurately determining the
relatively small differences between the two. ' '

In the present work we are led to the considera-
tion of permanently deformed nuclei. The work
presented here is aimed at determining whether
or not the extracted deformed ground state matter
density distribution is also similar-to the deformed
charge distribution. We report and analyze elastic
and inelastic angular distribution data for 0.8 GeV
proton scattering from "Sm and '"Yb; these being

two nuclei for which electron scattering and Cou-
lomb excitation experiments have provided infor-
mation about the deformed charge densities. ' "
Specifically, we compare the first few multipole
moments of the charge density with the approxi-
mately determined multipole moments of the mat-
ter distribution and then attempt to extract infor-
mation about higher multipole moments from the
0.8 GeV proton data. Particular attention is given
to the proper handling of multistep processes
which have been shown to be important in 0.8 GeV
proton inelastic excitation of states in "C and
"Mg.""Studies of the full deformed matter dis-
tributions and the differences between the de-
formed proton and neutron distributions will be
considered in future analyses.

In Sec. II the experimental techniques used to
obtain the data are summarized. Some theoretical
considerations and a description of the nuclear
structure and reaction models assumed in the
analysis are given in Sec. III. The results of the
calculations and a comparison of the extracted and
the charge density multipole moments are pre-
sented in Sec. IV. Finally, a summary and some
conclusions are given in Sec. V.

II. EXPERIMENTAL

The data were obtained using the high resolution
spectrometer (HRS) facility of the Los Alamos
Clinton P. Anderson Meson Physics Facility
(LAMPF). The HRS has been described else-
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where. "'" The targets consisted of a 26.8 mg/cm'
'"Yb foil, enriched to 96.43/o and a 29.2 mg/cm'
'"Sm foil enriched to 98.69%. The overall experi-
mental energy resolution was typically 45-60 keV
full width at half maximum (FWHM) for full HRS
acceptance and mas obtained by phase space control
of the 800 MeV proton beam with five beam phase
space collimators and through use of a multipole
magnet located between the two HRS dipoles. "

A typical spectrum fo'r '"Yb is shown in Fig. 1.
The data mere obtained over the center of mass
angular range 4 -20'. Angular distributions for
excitation of the (0.0 MeV, 0;), (0.082 MeV, 2;),
(0.272 MeV, 4;), (0.565 MeV, 6;), and (0.955 MeV,
8;) states in '"Yb and the (0.0 MeV, 0;), (0.082
MeV, 2;), (0.267 MeV, 4;), and (0.544 MeV, 6;)
states in '"Sm were extracted from the spectra
and are shown in Figs. 2-9 together with theoreti-
cal curves to be discussed. In addition, angular
distributions for the (0.903 MeV, 8;)-(0.922 MeV,
1,) unresolved doublet and the (1.013 MeV, 3,)
state in '"Sm were also obtained and are shown
in Fig. 7 along with theoretical predictions to be
discussed. It was not possible to extend the angu-
lar distributions shown in Figs. 2-9 to more
forward angles because of oxygen contamination
of both targets.

A limited amount of p+ 'Pb elastic angular dis-
tribution data mas obtained during the course of
the experiment and comparison with the data re-
ported in Ref. 5 enabled. absolute normalization
and absolute scattering angle determinations of
+10% and +0.1', respectively, for the data reported
here. The errors shown in Figs. 2-9 are statisti-
cal only.
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III. THEORY

The theoretical description of nucleon-nucleus
scattering at intermediate energies is generally
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FIG. 2. Experimental a@gular distributions for
(p, p~) at 8QQ MeV and the results of DWBA calculations
as discussed in the text.

given in the framework of the Kerman, McManus,
and Thaler (KMT) optical potential formalism. '
In the impulse approximation' the first order opti-
cal potential is obtained by folding the free nucle-
on-nucleon t matrix with the uncorrelated, one-
body nuclear density. In coordinate space this
lowest order optical potential is written as

V)))= fp (r )R)r —r' ~)pr', „'
FK". 1. A typical spectrum for 0.8 GeV p+ '~ Yb at e~

= 17.5'.
where p is the point matter density distribution
and t is the averaged proton-nucleon free scatter-
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FIG. 3. Experimental a~mlar distributions for 54Sm

{p,p') at 800 MeV and the results of DWBA calculations
as discussed in Se text.

ing amplitude i Many examples can be found in
the literature of applications of this folding model
to -1 GeV proton plastic and inelastic scattering
from light deformed nucleizsezg~u and spher ical
nuclei. ' ' The results indicate that folding models
in general describe these -1 GeV proton data ex-
tremely well. En fact, the lowest order KMT mi-
croscopic optical potential gives a very good
description of these data, and corrections are
rather smaB for nuclei with A ~ 12.'*' Density
dependent and nonlocal effects which are present
in principle are apparently not too important in
practice. ' '" Certainly more quantitative theo-
retical study is necessary before one can claim

IO

4 6 8 IO l2 l4 I6 I 8 20
8„(deq)

FIG. 4. Results of coupled channels calculations for
-~Yb usixg a deformed, axiaQy symmetric rotahonsl
model, couplmN, ' %e Q, g, 4q, and 6~ states with the op-
tical potential parameters of Table II.

to completely understand the "1GeV proton-nu-
cleus interaction at the microscopic level, but
the work done to date clearly demonstrates the
success of folding model descriptions of -1 GeV
proton-nucleus scattering. Therefore, in this
paper we will assume that the -1 GeV p+ heavy
deformed nucleus optical potential can also be
obtained in principle by folding a spherically sym-
metric proton-nucleon effective interaction with

the deformed nuclear ground state density as in
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Eq. (1).
By fitting the elastic and inelastic scattering

data for p+'"Sm and '"Yb with multistep pro-
cesses included, we will determine a deformed
optical potential, V($). Then from the assumed
applicability of the folding model, Eq. (1), and
Satchler's theorem, "the multipole moments of the
matter density'4 will be obtained from those of the
optical potential. Satchler's theorem states that
in units for which J td'r 1 the (EX) multipole mo-
ment of V(r) in Eq. (1) is equal to the same (EX)
moment of p„(r). The multipole moments of the
optical potential, V(r, 8 ) (axially symmetric in
the body fixed coordinate system") quoted below
are defined as '"

Ze fr "I'»(0')V(r, 8')r'drdA'

J V(r, 8')r'drd&'

J3
E.

E

~ lo I

b

(0.955,8 )

10 2

In Eq. (2), the charge of the target nucleus Ze is
included to allow direct comparison between the
optical potential quantities and the charge distri-
bution moments. Thus, we expect the M(EX) mo-
ments of the empirical 0.8 GeV proton optical po-
tential to be close to those of the matter densities
of '"Sm and '78Yb. The extraction of p„(r) itself,
not just the multipole moments, must await a bet-
ter knowledge of the free nucleon-nucleon ampli-
tudes at 800 MeV [Ref. (2)] and more exhaustive
studies of corrections to the impulse approxima-
tion '"

It is appropriate to comment on the expected
validity of similar results obtained through analy-
sis of low energy nucleon- and composite particle-
nucleus scattering data. Although microscopic
descriptions of the low energy projectile-nucleus
interaction for projectiles with A ~ 4 have im-
proved remarkably in recent years, '6~' they re-
main insufficiently accurate for careful determin-
ations of matter density distributions. The effects
of Pauli blocking, "exchange, '" and the total
momentum dependence of the proton-nucleon scat-
tering amplitude' result in significant density
dependence' " and nonlocality corrections' which
make it difficult to theoretically justify the use of
the folding model for describing low energy, .light

6 8 10 12 14 16 18 . 20

8 (deg)

FIG. 6. Coupled chazuM. ls calculations for the Q and g
transitions in Yb. The symbol $ indicates a full, two-
way coupling as in all previous figures while the symbol
e) indicates an "excitation orllly" couplimg as discussed in
the text {see Sec.. IV).
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FIG. 7. Experimental a&gular distributions and coupled
channels predictions for the (8~ —lq) doublet and the 3&

state in 5 Sm as discussed in the text. The coupling
symbols are the same as in Fig. 6. The solid curve is
the sum of the CC results for the Q and the 1~ angular
distributions.
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FIG. 8. Results of coupled channels calculations for
Ybg, p&) elastic and 2f transitions in which various

coupling channels are omitted as discussed in the text.

ion scattering. These theoretical considerations
cast doubt on the accuracy of even simple multi-
pole moments determined through analysis of low-
energy data. However, despite these theoretical
drawbacks, if it can be demonstrated that a phe-
nomenological folding model is capable of accurately
describing a particular set of low energy scatter-
ing data, then at least the multipole moments of
the matter densities can be obtained. For exam-
ple, the success of folding model descriptions of
~100 MeV alpha scattering" data implies that the
multipole moments of the underlying densities can
be obtained from the folding potential. "

As stated previously, it is known that multistep
processes must be carefully included for a proper
theoretical description of -1 GeV proton-nucleus
inelastic scattering data for deformed nuclei. In
order to gain a proper appreciation of the large
deformation and multistep effects which contribute
to the inelastic excitations reported here, in the
next section we will give the results of simplified
direct step calculations. For these calculations
we assume that the deformed optical potential

V(r) can be expanded as"

V(r) —= V,(r) —g 5,—V,(r)D"„,Y,„(e,P)
XP

-= V,(~)+ Vco.pie (r) .

The coupling term V,oppose when evaluated in the
nuclear matrix element, becomes

(IMI VmUple
I
00) = —

~&2
—Vz(r) Y&$6, Q),r d

(4)

where IOO) represents the ground state and IIM)
the excited member of the ground state rotational
band. " The above potential is used in the dis-
torted-wave Born approximation (DWBA) [Ref.
(34)] where the distorted waves are computed from
Vc(x) and only first order terms in d, contribute to
the inelastic transition. Thus important multistep
processes and second and higher order quadrupole
deformation contributions to the inelastic transi-
tions are neglected.
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in Sec. IV for the following reasons. DWBA cal-
culations for 0.8 GeV proton inelastic scattering
to low lying, natural parity collective states have
shown that equivalent predictions of inelastic angu-
lar distributions result when either spin-orbit
terms are omitted or fully included (both in the
diagonal and nondiagonal parts of the optical po-
tential), provided equivalent fits to the elastic data
are obtained. " Since the coupled-channels codes
JUPITER" and CHORE ' used in this analysis do
not include provisions for spin-orbit deformation,
and since the concern here is with angular distri-
butions only, the spin-orbit potentials are omitted
from both the diagonal and coupling potentials.
The importance of deformed spin-orbit coupling
in transitions which are dominated by multistep
mechanisms is a refinement which one should con-
sider in future analyses. "

IV. RESULTS OF THE ANALYSIS
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FIG. 9. Results of coupled channels calculations for
'"Vt&(p, p~) excitation of the + and 6, states with various
intermediate coupling channels omitted as discussed in
the text.

In order to include these effects, coupled-chan-
nels (CC) analyses of the 0;, 2,', 4;, 6;, and 8;
transitions (K'= 0") in '"Sm and '"Yb are then
made, assuming the strict rotational model, "
where the deformation of the potential shape is
treated using the Legendre polynomial expansion
method discussed by Tamura in Ref. 25, with ax-
ially symmetric deformations through P, allowed.
The geometry of the optical potential is the usual
Fermi form" where the radius parameter R(8') is
angle dependent, according to

R(8') =Ra 1+ Q p„&„,(8')
X~2teven

The 1, and 3, states of '"Sm are assumed to be
members of the E'= 0 octupole-vibrational
band"'" and are treated using the deformed-vibra-
tional model. ' '

The spin-orbit potential is omitted from both the
DWBA and coupled-channels calculations reported

A. DWBA calculations

The elastic angular distributions were fit using
the optical model with relativistic kinematics"
with a spherical Woods-Saxon potential V,(r) of
Eq. (3). The potential parameters are given in

Table I in the usua? low energy notation. 4' The fits
to the elastic angular distributions are shown in

Figs. 2 and 3 as the solid curves.
The DWBA calculations were done using a ver-

sion of the programVENUS" which was modified
to include relativistic kinematics. " The optical
potentials of Table I were used to generate the
distorted waves and the standard derivative-like
collective model form factors according to Eq. (4).
The results for the 2,', 4, , 6, , and 8, p+'"Yb
angular distributions are shown in Fig. 2 as the
solid curves, while the 2,', 4,', and 6,

' results for
"'Sm are compared (solid curves) with the data
in Fig. 3. The deformation lengths, l5, I, are
listed in Table I.

It is evident from Figs. 2 and 3 that only for the
case of the 2,' transitions does the DWBA produce
reasonable fits to the angular distributions. For
the 4,' and 6, angular distributions the fits are
poor, exhibiting incorrect angular positions of the
diffractive maxima and minima, and too rapid a
decrease between successive maxima. For the
"Yb 4,' transition the predicted diffractive struc-

ture in the angular distribution is shifted to small-
er angles as compared to the data, while the op-
posite is true for the '"Sm 4,

' case. This is due
to the sign difference in the hexadecupole deforma-
tion of these nuclei and is discussed below. Al-
though the prediction for the '"Yb 8,' angular dis-
tribution is in phase with the data, it also appears
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TABLE I. Optical potential parameters and deformation lengths used in the DWBA calcula-
tions for '8Yb and 5 Sm.

Nucleus V (Mev)
Optical potential parameters

W (MeV) x (fm) a (fm) ~~ (fm) al (fm) x, (fm)

-6.31
-5.35

61.5
59.5

1.097
1.077

0.708
0.864

1.075
1.075

0.763
0.712

1.05
1.05

Deformation lengths (fm)

"4Sm
2.42
2.41

0.55
0.90

0.19
0.63

0.11

to fall off too rapidly with increasing angle.
The failure of the DWBA to reproduce the angular

distributions for transitions to the higher lying
ground band states in both nuclei was also found
in a similar study of 0.8 GeV P+ "C,"Mg and
was attributed to the neglect of multistep process-
es.""Since multistep processes are also ex-
pected to be important for 0.8 GeVP+'"Sm, "'Yb,
a coupled-channels analysis was done as discussed
next.

B. Coupled-channels analysis, ground band rotational
states through I = 6& in "Sm and ' Yb

CC calculations for the Oy 2y 4i and 6,
' transi-

tions (X'= 0') in '"Sm and '"Yb were made using
a modified version of the program ~U&ITER."
These modifications consisted of the inclusion of
relativistic kinematics" and the incorporation of
a larger number of allowable partial waves and
mesh points for use with heavy nuclei at inter-
mediate energies. All possible couplings between
the 0,', 2,', 4,', and 6,

' channels through ~l = 8 were
assumed in the analysis. Higher angular momen-

turn couplings were not included due to code limita-
tions. The truncation of coupling potential terms
with al )I,„(I,„being the largest value of total
angular momentum of the coupled states) has been
shown to have negligible effects on the predicted
4, and 6, angular distributions. Therefore the
coupling terms with ~l &8 are not expected to con-
tribute significantly to the 6,

' or 8,
' transitions.

The optical potentials and deformation parameters
were adjusted to simultaneously optimize the fits
to the angular distributions of the x 2i i and

6,' states with priority being given to the lower
lying states.

The results of the CC calculations for '"Yb and
'"Sm are shown in Figs. 4 and 5, respectively.
The parameters of the deformed. optical potentials
for both nuclei are given in Table II. Also found
in Table II is an alternate set of-optical potential
parameters for "~Sm which give equivalent fits to
the Oy 2y, and 4,

' angular distributions, thus in-
dicating some ambiguity in the empirical deter-
mination of the optical potential. The same de-
formation parameters were used for the two sets
of optical potentials. The diagonal parts of the

TABLE II. Deformed optical potential parameters used in the coupled-channels calcula-
tions for ' Yb and Sm.

Nucleus V (MeV)
Optical potential parameters

W (MeV) r (fm) a (fm) ~~ (fm) a~ (fm) (fm)

&78Yb

~+Sm
«Sm
(alt. set)

-6.31
-5.35

-5.35

85.0
59.5

70.0

1.097
1.077

0.708
0.846

1.077 0.846

1.060
1.113

1.075

0.630
0.575

0.600

1.05
1.05

1.05

Deformation parameters
P2 p4 P6

f78Yb

"'Yb
"4Sm

0.330
0.330
0.301

-0.045
-0.045

0.110

-0.010
-0.015
-0.016

0.0
0.008
0.0
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two optical potentials for "Sm differ by 10.5 MeV
at the center of the nucleus but gradually converge
and become indistinguishable beyond about 6 fm,
the approximate half-potential radius. This pro-
vides further indication of the region of the nuclear
potential to which 0.8 GeV protons are most sensi-
tive. ' However, as discussed below, the lack of
variation in the deduced multipole moments of
these two potentials indicates the relative unim-
portance of optical model ambiguities in their
determination.

As seen in Fig. 4, the angular distributions for
transitions to the ground state rotational band of
'78Yb (through the 6; transitions) are adequately
reproduced by the CC predictions. The deviation
between the predictions and the data at forward
angles for the 4,' and 6,

' states is presently under
investigation.

The same conclusions are drawn concerning the
~'48m angular distribution (Fig. 5), except that for
the 6, case the calculation is slightly out of phase
with the data and the predicted magnitudes are
about a factor of 2 larger than the data. No rea-
sonable variation in P, or P, was able to eliminate
this discrepancy. Similar discrepancies between
data and CC calculations without the spin-orbit
potential were seen in the analysis of 35 MeV pro-
ton scattering from '~Sm reported in Ref. 41; a
CC calculation with the full spin-. orbit potential
included showed a significant change in the overall
slope and the angular positions of the maxima and
minima of the predicted 6,

' angular distribution.
The effects of including the spin-orbit potential in
the CC analyses of higher lying collective states
excited by 0.8 GeV protons will be the subject of
future investigation. Such an effort is also motiva-
ted by the fact that CC calculations describe alpha
inelastic excitation of the 6,

' state very well. 4'

It is possible that the higher spin states in '"Sm
are not adequately described using the strict rota-
tional model, and this could account for the dis-
crepancy seen in the 6,' angular distribution. How-

ever, an examination of empirical and rotational
model values of B(E2) was made, and no signifi-
cant difference was found here and in Ref. 45 be-
tween these quantities, suggesting that "~Sm is
adequately represented by the rigid rotator, at
least with respect to B(E2}values.

The extracted multipole moments, [Eq. (2)] of
the dominant imaginary (best determined) part of
the 800 MeV optical potential are given in Table
III, along with those obtained in similar analyses
of low energy proton, "'"~' alpha, "'"and elec-
tron"" inelastic scattering data and from Cou-
lomb excitation measurements. '. " Some theoret-
ical predictions are also given. "'"'

Table DI indicates that the moments determined

in this analysis agree remarkably well with those
of the charge densities and suggests that the de-
formations of the proton and neutron distributions
are nearly equal in these two nuclei. This is pre-
dicted by the density-dependent Hartree-Fock cal-
culations of Negele and Rinker. "'" Also given in
Table III are the percentage differences between
our results for M(E2) values and other reported
values. The difference between our results and
the electromagnetic values is typically 1-2%,
while the low energy proton and alpha analyses
yield values that are quite scattered and differ by
a few to 20%. Good agreement between our M(E4)
and the charge density values is also seen, es-
pecially for "Sm, whereas wide scatter is found in
the published values obtained from low energy ef-
forts as was the case with M(E2). Thus, analysis
of 800 MeV P+ nucleus inelastic scattering data
appears to be a more accurate method for studying
deformed matter distributions in nuclei than an-
alysis of low energy scattering data, even with
respect to the lowest M (E2) multipole moment.

The alternate optical potential in TaMe II for
"48m yields multipole moments M(E2), M(E4),
and M(E6) which are, respectively, 6%, 12%, and
16% smaller than the first "48m optical potential
moments given in Table III. While this does not
constitute a complete error analysis, it does
provide some indication of the uncertainty in the
extracted multipole moments due to optical model
ambiguities.

C. Higher lying states in ' Sm and ' Yb

Coupled-channels predictions for the 8,+ angular
distributions ('"Yb and "48m) were obtained using
the program gHORK, ~ which includes relativistic
kinematics. Due to code limitations a number of
simplifications were required in order to permit
coupling through the 8,' state. These simplifica-
tions included: (1) the assumption that the off-
diagonal coupling potentials were imaginary, (2)
the use of "excitation only" couplings; although

multistep flux from the 2,' channel back into the Og

channel was included, and (3}omission of all
coupling potentials with 4l & 8. The optical poten-
tial parameters used were those given in Table
II. The "excitation only" coupling means that the

coupling of states ~I) and ~I') appears as a source
term in the ~I') channel for I'&I, but no inverse
(I') coupled to ~I) "deexcitation "term appears in

the ~I) channel. " The calculations using these
various truncations reproduced the 0, , 2, , 4, and

6, angular distributions quite well, so that the 8,
predictions are considered reliable.

Results of the calculations described above are
shown for the 8, state in '"Yb in Fig. 6. Deforma-
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TABLE III. Optical potential and charge density multipole moments in eb~

Nucleus

"4Sm 2.25
1.95
2.06(3)
2.10
2.54
2.38
2.12
2.076(6)
2.063(15)
2.119(5)

12.101(2)
2.14
1.98

2.65
2.29(5)
2.94
2.76
2.31
2.31
2.325 (18)

12.801
12.881
12.481
2.47

M(E4)

0.48
0.43
0.54(2)

0.73
0.61
0.58
0.563(37)
0.58(14)
0.631(48)

I
0.4701 (11)
0.429
0.43

-0.09 (3)
-0.04
-0,17
0.036
0.029
0 28 +0+if

- {).20

10.01281
f 0.078 f

1 0.074
1

0.052

M(E6)

0.064
0.037
0.099

-0.15
-0.048
-0.053

10.08881
10.0821
10.0881

M(Z8)

-0.0009

6
-8
-3
—1
20
12

«2
«3

0
-1

1

15
—1
27
19

Beaction

(P P')
(P P')
V»P')
(P,P')
(n, n')
(n, n')
(t,P')
Coul. ex.
Coul. ex.
Coul. ex.
(e, e') d

Theory
Theory e

(P P')
V.p')
(n, n')
(n, n')

. (P,P')
(P P')
Coul. ex.
(e, e')
(e, e')
Theory
Theory '

12
16
35
51
35
50

800

35-110

16
35
35
50

800
800

50-320
50-320

Beference

46
47
41
48
50

This work
9,10'

11
12
14
11,51
41,52

49
41
50
44
This work
This work
13
15
15
15
41,52

~Multipole moments are for the imaginary part of the optical potential for the present, 800 MeU work; the real part
is used for all other hadronic scattering potentials. Volumes are normalized to Ze. For the 800 MeV ~54Sm moments
the first optical potential set of Table II was used.

4 ={[M(E2)-M(E2 at 800 MeV) 1/M(E2 at 800 MeV)) x 100%' The average of several Coulomb excitation measurements are quoted here.
Fixed set of deformation parameters for all transitions.' Proton and neutron moments are isospin averaged.
Deformation parameters allowed to vary for each transition.

tion parameters for the solid curve are the same
as those given in Table 11 with P, = 0, while the
dashed curve was obtained using the same P, and

p4 of Table II, but p, = —0.015 and p, =0.008. The
use of the small, positive P, deformation in. the
calculation reproduced the magnitude and general
shape of the 8,' angular distribution but required
the adjustment of P, in order to recover the fit to
the 6,' data. The predicted angular distributions
for transitions to the lower-lying ground band
states were unaffected by these adjustments to P,
and P,.

A similar calculation was made for the 8,' transi-
tion in "Sm, using the parameters of Table II
with P, = 0, in order to estimate the contribution
of the 8; transition to the (8;—1,) doublet angular
distribution. The result is shown in Fig. 7 as the
dash-dot curve. A value of P, large enough to
reproduce the magnitude of the summed (8;—1,)
experimental cross section results in an angular
distribution which is similar to the DWBA pre-
diction of Fig. 2, and is therefore. inconsistent

with the data.
A CC calculation using JUPITER was also made

for the '~Sm 1, and 3, angular distributions.
For these calculations the states were as-
sumed to be members of the &'=0 octupole-
vibrational band. The 0, , 2,', 1,, and 3, states
were coupled using the same potential and defor-
mation parameters as given in Table II, (P, was
omitted, however, due to code restrictions for
this deformed-vibrational case). The Y» coupling
length"'" of the ground band and the K'=0 vibra-
tional band was found to be 0.38 fm by fitting the
magnitude of the 3, experimental cross section.
The K'=0 vibrational strength was determined by
normalizing to the 3, cross section, since the con-
tribution of the 1, state to the (8;—1,) experimental
doublet is uncertain. The results of the calcula-
tions are indicated by the dashed curves in Fig. 7.
The predicted 1, angular distribution is correct in
magnitude but slightly out-of-phase with the data
at the back angles. The 3, angular distribution,
which was normalized to yield the correct magni-
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tude, displays incorrect angular positions of the
maxima and minima even at the first minimum. A

calculation in which the 0y 2y 4y 1,, and 3,
states were coupled produced no improvement in
the predicted 3, angular distribution. The omis-
sion of couplings to higher lying states in the E'
= 0 vibrational band or to other vibrational bands"
might account for the angular shift between the
calculated and exper imental angular distr ibutions
for the 3, transition. Other E'=0 vibrational
multipoles might also be needed to resolve this
d iscrepancy. "

Finally, the sum of the 8,' and 1, calculations is
shown as the solid curve in Fig. 7. Good agree-
ment with the data is now seen at the larger angles
where phase differences occurred between the
data and the CC calculation for the 1, state. Ap-
parently the 1, transition provides the dominant
strength, while the 8,

' angular distribution seems
to provide sufficient strength at back angles to
cause a correct shift in the position of the last
minimum of the calculated angular distribution.

D. Importance of multistep processes

In order to demonstrate the effects of multistep
processes in populating the higher lying states of
the ground state rotational band in deformed rare
earth nuclei, CC calculations were performed in

which various couplings were selectively omitted
for the 4,

' and 6,
' angular distributions for Yb.

Some of the results are shown in Figs. 8 and 9.
Figure 8 shows that a good description of the
elastic angular distribution can be obtained when

either the 2,
' (solid curve) or the 4; (dashed curve)

state is omitted from the coupling scheme. This
figure also shows that omission of the 4,' transition
does not result in a poorer fit to the 2,' angular
distribution (see Fig. 4). It was necessary, how-

ever, to adjust -the optical potential when the 2,'
state was removed from the coupling scheme in

order to recover the fit to the elastic angular dis-
tr ibution. The resulting potential was varied
relative to the initial parameter values listed in

Table II in the following manner: R' was decreased
3.6%, r„was decreased 3.8%, and a„was in-
creased 12.7%. Thus, omitting the 2; channel re-
sulted in a 1V% decrease in the magnitude of the
diagonal part of the imaginary optical potential at
the half-potential radius 5.9 fm. Such effects are
generally seen at intermediate energies where the
optical potential is primarily imaginary. '"""
Omitting the 4; and/or the 6; channels from the
coupling scheme does not require a change of the
optical potential parameters of Table II.

The calculated angular distribution for the 4,'
transition when the 2,' channel was omitted, after
recovery of the fit to the elastic angular distribu-

tion, is shown as the solid curve at the top of Fig.
9. The further omission of the 6,' channel leads
to the dashed curve in the upper portion of Fig. 9.
These calculations indicate that the 4,

' state in
'"Yb is populated predominantly via a multistep
process through the 2,

' channel. The direct step
population of the 4,' state and multistep population
through the higher 6,' state are less important.
Figure 9 also demonstrates (lower half) the effects
of omitting the intermediate 2; channel (solid
curve), 4; channel (dashed curve), and both the 2;
and 4,' channels (dash-dot curve) on the predicted
angular distribution for the 6, transition. It is
clear that multistep processes play a significant
role in the population of the 6, state and become
increasingly important as momentum transfer in-
creases. The calculations show that the most
prominent intermediate channel in the population
of the 6,' state is the 2y as was the case for the
4,' state, but that the 4,' intermediate channel is
also significant

The main difference between the DWBA pre-
dictions made here according to Sec. III (Fig. 2)
and the CC predictions shown in Fig. 9, which do
not include intermediate state coupling, is that in

the latter the Legendre polynomial expansion of
the deformed optical potential is used, while in
the former only the "direct" 0, Y, coupling term of
the expansion is used [see Eq. (4)]. Thus, for ex-
ample, in the CC calculation indicated by the
dashed curve in Fig. 9 the 4, channel is
reached directly via the 6,Y4 term, the (6,Y,)'
term, etc. Although the "coupling-omitted" curves
shown in Fig. 9 are qualitatively more similar to
the data than are the corresponding DWBA curves
of Fig. 2, it is clearly evident (see Fig. 4) that
multistep processes must be included in order to
correctly predict the magnitude and angular struc-
ture of the experimental data.

As seen from the results shown in Fig. 9, the
800 MeV proton inelastic excitation of the 4~ and

6, states in '"Yb is almost entirely due to multi-
step processes. Multistep effects are also ex-
pected to be important in "1 GeV proton inelastic
excitation of the higher ground band states in
other, similarly deformed rare earth nuclei.

V. SUMMARY AND CONCLUSIONS

New elastic and inelastic data for 0.8 GeV p
+ '"Yb, '"Sm have been presented and analyzed
using the DWBA and CC formalisms. The DWBA
calculations in general did not reproduce the ex-
perimental results, while transitions to members
of the ground state rotational bands in both nuclei
(except the 6; '"Sm angular distribution) were
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adequately described using the CC approach and
the axially symmetric rotational model. Angular
distributions for transitions to the 1, and 3, mem-
bers of the E'=0 octupole-vibrational band in
'"Sm were analyzed using the deformed-vibration-
al model and CC techniques. The failure of the
CC calculations for the 6, transition in" Sm, and
the results of a study of deformed spin-orbit ef-
fects for the excitation of this state with 35 MeV
protons, suggest that a similar study is warranted
at 800 MeV.

The applicability of the folding model to -1 GeV
proton-nucleus scattering, together with Satchler's
theorem, suggest that the multipole moments of the
-1 GeV proton-nucleus optical potential and those
of the underlying matter density are nearly equal;
excellent agreement between the multipole mo-
ments of the optical potential and the moments of
the charge distributions in '"Sm and '"Yb was
obtained. Considerable scatter in the multipole
moments of the real parts of the low energy pro-
ton and alpha particle optical potentials is ob-
served for these nuclei, where the simple folding
model is certainly suspect from theoretical con-
siderations. "~

An investigation of the importance of multistep
processes for 800 MeV proton excitation of the
4,' and 6, states in '"Yb was also carried out. The
multistep mechanism was found to dominate the

population of these higher spin states, with the 2,
'

being the predominant intermediate channel. The
4,' intermediate channel was also found to be im-
portant in the excitation of the 6, state.

Finally, the excellent fits obtained to the 800
MeV angular distributions, as well as the excellent
agreement between the multipole moments obtained
here and those of the charge densities, indicate
that similar studies using other heavy deformed
nuclei may provide more accurate determinations
of the ground state matter deformations than can
be obtained from lower energy work. Continued
comparison of the multipole moments of -1 GeV
proton-nucleus optical potentials with charge
density moments is clearly called for in order to
further test the utility of intermediate energy pro-
tons as accurate probes of deformed ground state
and transition matter densities. The present study
also suggests that intermediate energy proton in-
elastic scattering may provide the best measure-
ments of high multipoles (X& 4) of the nucleus.
These data should also prove useful in future stud-
ies of deformed nuclear matter distributions and
in tests of microscopic descriptions of collective
states.
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