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A nonrelativistic distorted wave Born approximation analysis, using a phenomenological effective
proton-nucleon interaction to generate both optical and transition potentials, is made of new 500
MeV ( p, p') data for excitation of low-lying states in Ca, 'Ca, Zr, and ' 'Pb. The data, differen-
tial cross section and analyzing power angular distributions for 5'(Oc (30', are well described us-

ing this effective interaction. Calculations using the impulse approximation to generate the optical
and transition potentials do not adequately describe the data. As a further test of the 500 MeV
empirical effective interaction, model-dependent neutron transition densities are deduced for excita-
tions which are expected to be purely isoscalar, such as the first 3 states of Ca and 'Pb. These
are found to be qualitatively similar in strength and overall shape to the renormalized ( XN/Z)
model-independent proton densities determined from analysis of (e,e') data. Model-dependent neu-

tron transition densities are also deduced for other excitations and are in reasonable agreement with
results of analyses of other hadron plus nucleus scattering data. These results indicate that the 500
MeV isoscalar effective interaction is better than the free proton-nucleon scattering amplitudes (im-

pulse approximation) as a starting point for analysis of (p, p') data aimed at detailed extraction of
neutron transition densities and other nuclear structure information.

I. INTRODUCTION

High quality'electron plus nucleus scattering data have
enabled reliable determinations of model-independent
ground state charge (proton) and excited state charge (pro-
ton) transition densities. Unfortunately, the same cannot
be said of the matter transition densities (and hence the
neutron densities if the proton densities are known) that
result from analysis of hadron plus nucleus scattering
data. The reason for this uncertainty is the inability to
cleanly separate, in the predicted scattering observables,
effects due to the hadron-nucleon interaction in the nu-
clear medium from nuclear structure effects; also, invari-
ably, practical applications of theory make use of models
and approximations in the analysis of data.

Recently, however, a phenomenological 500 MeV effec-
tive interaction' (EI) was obtained for a folding model of
the optical potential for use in the Schrodinger equation.
This interaction led to good descriptions of 500 MeV p +
nucleus ( p A) elastic scattering cross section, analyzing
power, and spin-rotation data. In addition, neutron-
proton root-mean-square radius differences, Ar„~, ob-
tained in the analysis agreed with theoretical expectations
(to within the quoted uncertainties) for the nuclei studied
( ' Ca, Zr, Pb). Such was not the case when the
first order microscopic optical potential as prescribed in
the impulse-approximation (IA) by the Kerman-
McManus- Thaler (KMT) formalism was used.

In this work we test the usefulness of the effective in-
teraction of Ref. I for the case of inelastic scattering; a
distorted wave Born approximation (DWBA) analysis is
made of 500 MeV ( p, p') data for excitation of collective
states in nuclei ' Ca, Zr, and Pb. The Zr and

Pb data reported herein are new, whereas the ' Ca
data are similar to those reported in Ref. 6, but obtained
from an independent data reduction. We find that use of
the effective interaction leads to good descriptions of the
data and to deduced model-dependent neutron transition
densities whose overall strengths and general surface
geometries are reasonable (i.e., the deduced model-
dependent neutron transition densities for isoscalar transi-
tions are approximately the same as the renormalized
( &CN/Z) known proton transition densities). Calculations
made using the IA to generate the optical and transition
potentials do not adequately describe the data. These re-
sults demonstrate that the EI of Ref. 1 provides the best
isoscalar, spin-independent and spin-orbit two-body in-
teraction presently available for use in careful nonrela-
tivistic microscopic analyses of these and other elastic and
inelastic scattering data at 500 MeV. The results are also
compared with those obtained from analyses of other data
(different probes and/or bombarding energies).

II. EXPERIMENT

The 500 MeV ( p, p') data analyzed in this work were
taken using the high resolution spectrometer (HRS) at the
Los Alamos Clinton P. Anderson Meson Physics Facility
(LAMPF) during the elastic scattering experiment. Re-
sults of an independent data reduction and macroscopic
analysis for Ca and Ca can be found in the literature.
The Zr and Pb data are new.

The 500 MeV ( p, p') angle-sorted missing-mass spectra
were analyzed using the lineshape fitting program LQAF.
Angular distributions of differential cross section and
analyzing power were obtained for excitation of the 3l
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(3.74 MeV) and 2&+ (3.90 MeV) states of Ca, the 2&+ (3.83
MeV) and 3~ (4.51 MeV) states of Ca, the 2~+ (2.19
MeV), 3~ (2.75 MeV), and 2q+ (3.31 MeV) states of Zr,
and the 3, (2.61 MeV) and 5, (3.20 MeV) states of Pb.
The uncertainty in the absolute normalization of the dif-
ferential cross section data is —+S%%uo. The data, togeth-
er with the results of the analysis to be discussed, are
shown in Figs. 1, 5, 7, 8, 11, 13, 14, 16, and 18. The er-
rors shown are statistical only. The gaps in some of the
angular distributions correspond to angular regions where
contaminant peaks could not be stripped from the yields
of interest. Other details of the experiment are as stated
in Refs. 2 and 6.

III. THEORETICAL MODEL AND ANALYSIS

A. Elastic scattering and optical potentials

Spin-independent and spin-orbit proton plus nucleus
(pA) optical potentials for use in the Schrodinger equation
(with relativistic kinematics) were generated by folding
the effective, two-body interaction no. 2 of Ref. 1 with ex-
perimental point-proton densities and model' point-
neutron densities. The parameters of the neutron densities
were varied to optimize the fits to the elastic cross section
data 2

Similarly, impulse-approximation optical potentials
were generated by folding the spin-independent and spin-
orbit free proton plus nucleon (pN) amplitudes in the
Breit frame' with the experimental point-proton and
model' neutron densities. Again the neutron density pa-
rameters were varied to optimize the fits to the elastic
cross section data.

The folding model for the proton-nucleus elastic
scattering optical potential used here is explained in detail
in Ref. 1. The components of the effective isoscalar in-
teraction no. 2 from q =0—2.5 fm ' are given in Table II
of Ref. 1; comparisons between the effective and IA iso-
scalar amplitudes are shown in Fig. 5 of Ref. 1. For the
IA optical potential, Amdt nucleon-nucleon scattering
amplitudes were converted into two-body, on-shell t ma-
trices in the proton-nucleus Breit kinematic frame as ex-
plained in Ref. 10. These two-body t matrices were fold-
ed with proton and neutron densities to obtain the optical
potential as in Ref. 1. For all calculations presented here
which use the effective isoscalar interaction, the isovector
portions of the optical potential and inelastic transition

potential (see Sec. III B) were obtained using the isovector
value of the two-body IA interaction.

The results of the analysis are essentially the same as
shown in Figs. 1—3 (cross section, analyzing power, and
spin-rotation data) of Ref. 1. The IA fits to the data are
similar to those shown in Figs. 1 and 2 of Ref. 2 (cross
sections and analyzing powers) and Fig. 2 of Ref. 3
(analyzing powers and spin rotation); the IA fits are, of
course, inferior to those obtained with the EI. The result-
ing ground state neutron-proton root-mean-square radius
differences, Ar„~, are the same as given in Table III of
Ref. 1 with two exceptions: (1) the neutron density for

Ca was varied, resulting in values of Ar„'= —0. 10 fm
IAand Ar„~ = —0.37 frn for the EI and IA analysis, respec-

tively, and (2) the neutron density of Zr was reevaluated
in the EI analysis since a new point-proton density from
recent electron scattering work was available. The refit
of the Zr data resulted in Ar„~ =0.04 fm, compared to a
value of 0.05 fm obtained in Ref. 1.

B. DWBA transition potentials and method of analysis
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where +0+' is the incident distorted wave in the elastic
channel, P'„' is the final state distorted wave, and W is
the transition potential operator.

The transition matrix element contains both spin-
independent and deformed spin-orbit parts. It is given by

(&P„
I

W
I
Ng, ) =F((r)Y(~(r)+Fg (r),

where'

FI(r)=4vrrC Q f j~(qr)a;(q)p, '("(q)q dq,
I =P, n

and

(2a)

(2b)

500 MeV ( p, p') inelastic differential cross section and
analyzing power predictions were obtained in the distorted
wave Born approximation ' " (DWBA) using the comput-
er code DWBA-70. ' DWBA-70 uses relativistic kinematics
but treats the scattering dynamics nonrelativistically.
Transition potentials for the DWBA calculations were
generated using the code ALLWORLD. The optical po-
tentials discussed in Sec. III A were used to generate the
distorted waves.

The transition amplitude for excitation of the nucleus
from its ground state

I 4g, ) to the nth excited state
I
N„) is given by

Fg' (r)= —i%a. . V g 4~ j,(qr)C, (q)p,' "(q)q'dqY~~(r) X —.
0 1

E =p, n

(2c)

The latter term corresponds to the full Thomas deformed
spin-orbit potential for collective excitations. ' In Eqs.
(2b) and (2c) p and n denote proton and neutron, respec-
tively, and

(Pic) ~L g
(2') Frao.

where ~L, EL, and ~0 are the relativistic laboratory projec-
tile wave number, total relativistic laboratory energy, and
proton-nucleon center-of-momentum system wave num-
ber, respectively. The kinematic factor q is defined in
Ref. 5. The proton-nucleon scattering amplitude is as-
sumed to be of the form

fp,
——ap,.(q)+cp, (q)o.n+-
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where i = proton (p) or neutron (n) and the omitted terms
depend on target nucleon spin. The spin-orbit amplitude
appearing in Eq. (2c) is given by

in the fitting procedure. Table I gives the best fit parame-
ters obtained from the analysis discussed in the next sec-
tion. The multipole moment of the neutron transition
density,

c~;(q)
Cp, (q) =

M„ i(El)= f r + p„'"I"(r)dr, (5)

where kz (k~) is the initial (final) proton-nucleus center-
of-momentum system wave number. The transition densi-
ty form factors in momentum space are given by

p,"i'"(q)=4~ f j I(qr)p,",I'"(r)r'«,

was determined for each best fit density. The correspond-
ing moment of the proton density was also computed so
that multipole moment ratios could be obtained. Ratios
of the reduced multipole moments, defined

where p,'"t'"(r) is the proton or neutron transition density in
coordinate space as discussed below. Both the free and
the effective pN scattering amplitudes, together with the
appropriate transition densities, were used to generate the
transition potentials (the IA or EI transition potentials,
respectively).

The point-proton transition densities were unfolded
from charge transition densities obtained from (e,e') ex-
periments. Model-dependent neutron transition densities
were taken as derivatives of two parameter Fermi func-
tions:

where

f(r) =k 1

1+ exp[(r —c)/z]
(4)

The strength (gi), range (c), and diffuseness (z) of the two
parameter Fermi function were varied for each transition
to optimize thc fl ts to Ale cl oss section data. % c found
that analyzing power predictions for ( p, p') were primari-
ly sensitive to the spin-dependent effective interaction and
were not critically sensitive to p„'" (ri) (see Table I in Ref.
14); therefore the analyzing power data were not included

M „t(El) = ( I /X)M „ t(EI)

and

M
p i(El) = ( I /Z)Mp I(El),

were also computed. Table II summarizes the multipole
moments and moment ratios that resulted from the
analysis discussed in the next section.

All of the inelastic differential cross sections studied
here peak at momentum transfers well inside 2.5 fm
Therefore the effective interaction model of Ref. 1 is appl-
icable to analyses of the angular distributions and subse-
quent studies of the overall strength and qualitative
features of the surface geometry of the neutron transition
densities. Analyses aimed at determining possible struc-
ture in the nuclear interior region of the transition densi-
ties mould require, among other things, an effective in-
teraction accurate to larger momentum transfer. Also, for
the strong, collective excitations studied here, the isovec-
tor portion of the transition potentia/ is only a few percent,
relative to the isoscalar term, and cannot significantly af-
fect our conclusions regarding the utility of the isoscalar
effective interaction or the qualitative surface features of
the neutron transition densities.

TABLE I. Parameters of deduced neutron transition densities [see Eqs. (3) and (4) of text].

Nucleus

Ca 3]

(MeV)

3.74

4
(n/fm )

0.022 20
0.038 60
0.028 51

C

(fm)

3.3771
3.3689
2.9198

(fm)

0.5632
0.3928
0.6904

Comment

EI
IA
SE

2+ 3.90 0.007 94 3.3475 0.6346 EI

48C 2+

3]
3.83
4.51

0.01401
0.014 17

3.9614
3.5830

0.5423
0.5903

EI
EI

"Zr 2+
22+

31

2.19
3.31
2.75

0.011 74
0.005 58
0.016 8S

4.5708
4.6861
4.5809

0.6046
0.5937
0.6203

EI
EI
EI

208pb 3] 2.61 0.012 67
0.014 95

6.4939
6.5137

0.6962
0.5904

EI
IA

Si 3.20 0.004 29 6.5693 0.6997 EI
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TABLE II. Deduced neutron multipole moments and neutron/proton multipole moment ratios.

Nucleus

40Ca 31

2+

E (MeV)

3.74

3.90

45.6
39.2
57.8

4.44

M„/Mp

0.90
0.78
1.15
0.99

0.98
1.20

M„/Mp

0.90
0.78
1.15
0.99

0.98
1.20

Reference

this work
this work
this work

18

this work
18

Comments

EI
IA
SE
800 MeV (p, p')

EI
800 MeV (p,p')

"Ca 2+

31

3.83

4.51

10.3

40.2

2.55
2.63

1.26
1.17

1 ~ 82
1.88

0.90
0.84

this work
40

this work
40

EI
(~-+, ~-+')

EI
(~—,~—')

"Zr 2+

31

2. 19

2.75

16.8

141

1.47
1.12

1.31
1.06

1.18
0.90

1.05
0.85

this work
18

this work
18

EI
800 MeV (p,p')

EI
800 MeV (p,p')

2O8pb 31

51

2.61

3.20

568
531

519

12 348

1.88
1.76
1.72
1.72

1.94
1.81

1.22
1.14
1.12
1.12

1.26
1.18

this work
this work

18
14

this work
18

EI
IA
800 MeV (p,p')
800 MeV (p,p')

EI
800 MeV (p, p')

IV. RESULTS OF ANALYSIS

Before discussing the results of analysis, we emphasize
that it is not our intention here to extract detailed neutron
transition densities. Such analyses (I) would require a
well understood interaction and dynamical model for the
proton-nucleus system, (2) should account for effects due
to correlations, multistep processes, off-shell dependences,
exchange processes, medium modifications, etc. , and (3)
should utilize model-independent forms for the transition
densities. Instead, our intention is to explore at least a
portion of the first item in the aforementioned list by
determining if analyses using the EI of Ref. 1 can obtain
good fits to (p, p') angular distributions and deduce p'„,"'I"(r)
which have overall strengths and surface geometries
which are reasonable.

A. Ca

Since Ca is self-conjugate and its ground state is
essentially closed shell, many of the low-lying states are
expected to be isoscalar collective excitations. We there-
fore expect the deduced model-dependent neutron transi-
tion densities of these states to be similar to the proton
transition densities. Hence the Ca analysis can serve as
an important test of the model.

The structure of the 3& (3.74 MeV) state has been stud-
ied extensively via electron, ' ' proton, ' ' and pion
scattering, and also with the use of other probes and
methods. Deduced nuclear structure information from

these works' indicates that the 3
&

state is predom-
inantly isoscalar and that spin-flip contributions to its ex-
citation are small. In particular, the charge transition
density' is characteristically collective.

Two calculations were made for 500 MeV
Ca( p, p') Ca(3~ ). The first used the EI of Ref. I; the

second used free pN scattering amplitudes (IA) from a re-
cent phase shift analysis solution. For both calculations
the optical and transition potentials were constructed as
described in Sec. III, and the parameters of each model
neutron transition density were varied to obtain the best
fit ( ~X

~

optimization, see Table I) to the cross section
angular distribution data. Shown in Fig. 1 are the result-
ing fits. The corresponding predictions for the analyzing
power (A~) are also compared with the data. As seen in
Fig. 1, the cross section data are well described using ei-
ther interaction. However, the best description of the A~
data is obtained using the EI. Similar differences were
seen between IA and EI descriptions of spin-rotation
(D;~) data for this ( p, p') excitation.

The model neutron transition densities deduced from
the analysis are shown in Fig. 2 (also see Table I), where
they are compared with the point-proton transition densi-
ty' (statistical errors are quite small and are not shown).
The dashed-dotted density in Fig. 2 is discussed later.
The model neutron transition densities differ substantial-
ly, both in geometry and magnitude. That obtained from
the EI analysis (solid curve) is similar in magnitude and
shape to the empirical point-proton density (dotted curve),
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FICx. 1. 500 MeV Ca(p, p') "Ca(3i, 3.74 MeV) differential
cross section and analyzing power data are compared with re-

sults of DWBA analysis obtained using the effective interaction
(solid curve) and the impulse approximation (dashed curve) to
generate the optical and transition potentials.

although a small difference in radial peak positions is evi-
dent (-0.25 fm); this difference is similar to that ob-
served when comparing the half-density radii of proton
and deduced neutron ground state densities. ' The corre-
sponding multipole moments and neutron/proton mul-
tipole moment ratios are presented in Table II. The ratio
of 0.9 obtained from the EI analysis is in general agree-
ment with other analyses which indicate that the 3& exci-
tation is predominantly isoscalar. The ratio 0.78 from the
IA analysis, if taken literally, would suggest some isovec-
tor contribution to the excitation. Since this contradicts
results from numerous other structure studies, ' we
conclude that the effective interaction, rather than the im-
pulse approximation, should be used in analyses aimed to-
ward deducing accurate nuclear structure information.
Detailed discussions of errors associated with deduced
structure information such as radial shapes and multipole
moments may be found elsewhere' ' ' and indicate that
500 MeV (p, p') studies should give reasonably accurate
nuclear structure information for low-lying collective
states. A recent estimate' which includes statistical and
model dependence errors gave an uncertainty in the de-
duced multipole moments of —+10% for data of the
quality presented here. Model independent analyses of
intermediate energy (p, p') data for low-lying collective
states indicate that typical statistical uncertainties in the
nuclear surface region of p'„"I"(r) are much less than the
differences between the model neutron transition densities
shown in Fig. 2 by the solid and dashed curves. Statistical
uncertainty in the fit to high quality data like those
presented here is not a significant factor in choosing the
best interaction model.

An indication of the sensitivity of the (p, p') differential
cross section predictions to the model neutron transition
densities is provided in Fig. 3, which shows results of EI
calculations using (l) the best fit model neutron transition

O

O~O

O
OO

/

/

I

I I I I

(3.74 M V)
Solid Neutron (effective)
Dashed Neutron (IA)

h-D t Neutron (SE)
—Proton

Ca 3 (3.74 Mev)
N

C O
O

~~
NcI 8

O

O

0 1 2 3
I I

4 5
Radius (fm)

6 7 8 9 10

I

20
8 (deg)

30

FICx. 2. Model neutron transition densities for the 3i state of
Ca obtained from the effective interaction analysis {solid

curve), the impulse-approximation analysis (dashed curve), and
the Schrodinger equivalent analysis (dashed-dotted curve) are
compared with the point-proton transition density (dotted curve)
unfolded from (e, e') results of Ref. 16.

FICs. 3. DWBA cross section results for 500 MeV
" Ca( p, p') Ca(3i, 3.74 MeV) obtained using the neutron transi-
tion density from the effective interaction fit (solid curve, same
as the solid curve in Fig. 1) and a neutron transition density
equal to the point-proton transition density (dashed curve).
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density (solid curve of Fig. 2), and (2) a model neutron
transition density equal to the proton transition density
(dotted curve of Fig. 2). The differences between the two
results indicate the level of sensitivity to the variations in
the model neutron transition densities indicated in Fig. 2
(predominantly the differences in the surface regions).
Studies show that forward angle (p, p') angular distribu-
tion predictions are insensitive to interior structure in the
matter transition densities. The present analysis is not
relevant for detailed structure studies for radii somewhat
less than the half-density radius. Furthermore, because of
the r + factor in Eq. (5), multipole moments are general-
ly unaffected by interior structure in the transition densi-
ties.

Recent successful ' descriptions of the elastic data
obtained using the Dirac equation provide a means for in-
vestigating the effect that optical potential ambiguities
could have in determinations of neutron transition density
information. These relativistic approaches ' use Dirac
phenomenology or the relativistic impulse approximation
(RIA) and give Schrodinger equivalent (SE) optical po-
tentials (i.e., optical potentials for use in the Schrodinger
equation) which differ substantially in shape and magni-
tude from nonrelativistic KMT optical potentials in the
IA and from the EI optical potentials discussed here.

We investigated the effect of this particular optical po-
tential ambiguity on deduced transition density informa-
tion by making an analysis of the 3& data using a SE opti-
cal potential obtained from the 500 MeV p+ Ca RIA
potential of Ref. 37. This potential led to good descrip-
tions of the elastic cross section, analyzing power, and
spin-rotation data; the fits were equivalent to those ob-
tained with the effective interaction and folding model. '

A two-body effective interaction corresponding to the SE
optical potential does not exist; therefore for this calcula-
tion we cannot maintain consistency between the effective
two-body information used to describe the elastic and in-
elastic channels as we have done for the EI and IA analy-
ses. The transition potential for the initial DWBA calcu-
lation was that used to produce the solid curve of Fig. 1.
The dashed curves of Fig. 4 are the results, where the
solid curves in Fig. 4 are the same as the solid curves in
Fig. 1. The difference between the dashed and solid
curves displays directly the effects of optical potential am-
biguities. This new cross section prediction does not
quantitatively describe the shape and magnitude of the an-
gular distribution. The parameters of the model neutron
transition density were then varied to recover the fit. The
results are indicated by the dashed-dotted curves of Fig. 4;
we see that the EI fit is better than the SE fit for the en-
tire region beyond the first maximum. The model neu-
tron density so obtained is shown as the dashed-dotted
curve of Fig. 2. This model density does not compare as
well with the proton density as does the EI result. The SE
multipole moment of 57.8 fm is 27% larger than the re-
sult of the EI analysis. A consistent relativistic descrip-
tion for both the elastic and inelastic channels might re-
sult in a more reasonable fit to the data and a model neu-
tron transition density which is in better agreement with
the proton transition density. These results do indicate
however that comparable descriptions of elastic data will

(&.7& uev)

L

ci
0

O

c o
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O
I

C)

I

10

I

20
8 (deg)

30

FIG. 4. DWBA cross section and analyzing power results for
500 MeV Ca(p, p') Ca(3~, 3.74 MeV). The solid curve is the
same as the solid curve of Fig. 1. The dashed curve is the result
obtained using a Schrodinger equivalent optical potential from
Ref. 37, but the same transition potential used for generating
the solid curve. The dashed-dotted curve is the result obtained
using the Schrodinger equivalent optical potential and varying
the neutron transition density parameters to obtain the best fit
to the cross section data.

not automatically lead to comparable descriptions of
(p, p') collective state inelastic data and comparable de-
duced structure information and indicate a potential
source of error for careful analyses aimed at deducing
neutron transition densities. Extensions of studies of this
type are clearly necessary.

The 2~ (3.90 MeV) data were also analyzed using the
effective interaction model. The good fit to the cross sec-
tion is shown in Fig. 5; the predicted analyzing power also
compares well with the data. The fitted model neutron
transition density is compared with the point-proton tran-
sition density' in Fig. 6; the multipole moments and
neutron/proton multipole moment ratios are given in
Table II. The similarity between the proton and model
neutron transition density multipole moments and surface
geometries is a reasonable result since one would expect
this excitation to be isoscalar.
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transition densities for both states were generated from re-
sults of a recent model-independent analysis of (e, e')
data. Model neutron transition densities were adjusted to
obtain the optimum descriptions of the differential cross
section data. The resulting fits, as well as the predicted
analyzing powers, are shown in Figs. 7 and 8. Good
descriptions of the data are obtained for both excitations
using the effective interaction. Figures 9 and 10 compare
the fitted, model-dependent neutron transition densities
with the renormalized (XÃ/Z) proton densities. The
multipole moments of the former and neutron/proton
multipole moment ratios are given in Table II. The 2&+

model-dependent neutron transition density peaks at a
slightly larger radius, and has a larger surface contribu-
tion, than does the proton transition density. The isovec-
tor nature of this state (also note the multipole moment
ratio) is consistent with conclusions of previous stud-
ies. ' ' For the 3& state the proton and model neutron
transition densities both peak at approximately the same
radial position; however, the model neutron transition
density exhibits a larger tail contribution than does the
proton transition density, whereas the former is reduced
in the surface region. The multipole moment of the fitted
3& model neutron transition density is also in good agree-
ment with previous studies.

o
I

305 % 15 20 25 35
8 (deg)

FIG. 5. 500 MeV Ca( p, p')" Ca(2&+, 3.90 MeV) differential
cross section and analyzing power data are compared with re-
sults of DWBA analysis obtained using the effective interaction.

Ca 2+ (3.83 MeV)

Effective

B. 4'Ca

Calculations based on the effective interaction were
made for (p, p') excitation of the low-lying 2&+ (3.83
MeV) and 3& (4.51 MeV) states in Ca. Point-proton

oo
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Sol'd N utr (effective)
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FIG. 6. The model neutron transition density for the 2~+ state
of Ca obtained from the effective interaction analysis (solid
curve) is compared with the point-proton transition density
(dashed curve) unfolded from the (e,e') results of Ref. 16.

FICr. 7. Same as Fig. 5, except for the 2l (3.83 MeV) state of
"Ca.
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FIG. 10. Same as Fig. 9, except for the 3 i state of Ca and a
point-proton density unfolded from results of Ref. 39.

10

peaked at the nuclear surface. The EI fit to the differen-
tial cross section data, as well as the predicted analyzing
power angular distribution, are show g.n in Fi . 11. The
descriptions of both the cross section and analyzing power
data are satisfactory. The deduced model-dependent neu-
tron transition density is compared with the renormalized
(XN/Z) proton transition density in Fig. 12; they are
seen to be very similar in overall strength and surface
geometry. The multipole moment ratio obtained here is

FIG. 8. Same as Fig. 5, except for the 3& (4.51 MeV) state of
48C Zr 2+ (2.19 MeV)

Effective

C. "Zr

The 2~+ (2.19 MeV) state in Zr has been the subject of
The radial shapeseveral nuclear structure studies.

of the point-proton transition density, unfolded from a
model-independent analysis of (e, e') data, is characteris-
tic of a collective state: a symmetric single-lobed density

O
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FIG. 9. The model neutron transition density forfor the 2+ state
of Ca obtained from the effective interaction analysis (solid

transition density (dashed curve) unfolded from (e, e') resu ts o
Ref. 39.

O
I

20 25

FIG. 11. Same as Fig. 5, except for the 2~ (2.19 MeV) state
of "Zr.
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FIG. 12. Same as Fig. 9, except for the 2&+ state of Zr and a
point-proton density unfolded from results of Ref. 8.

somewhat larger than that found at 800 MeV. '

The 2q+ (3.31 MeV) data were also analyzed using the
effective interaction model. Electron scattering works '

give a radial shape for the charge transition density which
is substantially different from that of the 2&+ state: a con-
siderable portion of the transition density occurs in the
nuclear interior. In addition, a sizable transverse elec-

tromagnetic form factor is seen for the 22+ excitation in
electron scattering experiments. Thus, spin-flip processes
may play an important role in the (p, p') excitation of this
state. Because of these complications in the nuclear struc-
ture and reaction mechanism, our model is not well suited
for analysis of this state. We have, however, fitted the 22
cross section data as shown in Fig. 13, which also displays
the corresponding analyzing power prediction. The agree-
ment between the differential cross section and analyzing
power predictions and the data is comparable to that ob-
tained in the 2&+ case. We point out that a good descrip-
tion of the data can be obtained with the simple, surface
peaked model for p'„"I"(r).

Finally, the 3~ (2.75 MeV) cross section data were
analyzed using the effective interaction model. The cross
section fit and analyzing power prediction compare well
with the data as shown in Fig. 14. The deduced neutron
and renormalized proton transition densities are similar as
shown in Fig. 15. The rnultipole moment ratio obtained
here is also somewhat larger than that found at 800 MeV
(Ref. 18), as is the case for the 2~+ state.

208pb

The large neutron excess of Pb makes the 3, (2.61
MeV) and S, (3.20 MeV) data interesting for analysis.
Both EI and IA calculations were made for the 3~ data.

Zr 2+ (3.31 MeV)

Effective

Zr3-(2.75M V)-

cy

O

CO

O
I

I

20
e (d~)

C)

I

5 20

FICr. 13. Same as Fig. 5, except for the 22, (3.31 MeV) state
of "Zr.

FIG. 14. Same as Fig. 5, except for the 3~ (2.75 MeV) state
of "Zr.
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FIG. 15. Same as Fig. 9, except for the 3
~

state of Zr and a
point-proton density unfolded from results of Ref. 8.

The point-proton density was unfolded from the charge
density determined via analysis of electron scattering
data. The fits to the cross section data and the analyz-
ing power predictions are shown in Fig. 16, where it is
seen that the best description of the data is obtained with
the EI model. The minima in the IA cross section predic-
tions are much too deep. The two analyzing power pre-
dictions differ substantially. The EI calculation gives a
good description of the data at forward angles
(0, &20'), whereas the IA calculation provides a very
poor representation of the data at forward angles. Both
results are only in qualitative agreement with the data at
the larger angles. However, the data clearly show a
preference for the effective interaction model.

The deduced model-dependent neutron transition densi-
ties are compared with the renormalized proton transition
density in Fig. 17. Both EI and IA multipole moment ra-
tios (Table II) are consistent with a relatively small isovec-
tor component for this state. The IA result is in good
agreement with previously determined values, ' ' the EI
result suggests a slightly larger isovector contribution
than do the previous studies.

Previous works "have shown that the 5& (3.2 MeV)
state is not purely collective and that a transition current
density is required to successfully describe (e, e') data.
However, the transition current is important only at rela-
tively large momentum transfer (q & 2.5 fm '), suggesting
that the spin-dependent parts of the proton-nucleon in-
teraction (other than the spin-orbit interaction) should be
relatively unimportant for the analysis of (p, p') data for
q (2.5 fm-'.

The effective interaction fit to the 5& cross section data
is shown in Fig. 18~ Also shown is the corresponding
analyzing power prediction. The deduced model-
dependent neutron transition density is compared with the
renorrnalized proton density in Fig. 19. The scaled pro-
ton transition density and the model neutron transition
density are reasonably similar in the surface and tail re-
gions. The multipole moments and moment ratios given
in Table II are comparable to that obtained for the 3&

state and are in qualitative agreement with results of 800
MeV (p,p') work. "

co0 O
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10

I

20

8, (deg )
30

FICx. 16. Differential cross section and analyzing power data
for excitation of the 3~ (2.61 MeV) state of ' 'Pb are compared
with results of DWBA analysis obtained with the effective in-
teraction (solid curve) and the impulse approximation (dashed
curve).

o
O I I I I I I

Pb 3 (2.61 MeV)

c Solid Neutron (effective) r &

Dashed N ut (IA)
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FIG. 17. Model neutron transition densities for the 3l state
of ' 'Pb obtained from the effective interaction analysis (solid

curve) and IA analysis (dashed curve) are compared with the re-

normalized ( && N /Z) point-proton transition density (dotted
curve) unfolded from the (e, e') results of Ref. 44.
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FIG. 18. Same as Fig. 5, except for the 5~ (3.20 MeV) state
of Pb.

V. SUMMARY AND CONCLUSIONS

We have analyzed new differential cross section and
analyzing power angular distribution data for 500 MeV
(p, p') excitation of low-lying states in ' Ca, Zr, and

Pb. The analysis used a microscopic DWBA model
with effective (EI) or impulse-approximation (IA)
proton-nucleon interactions. The EI calculations led to
significantly better descriptions of the data than did cal-
culations using the IA.

Estimates of the neutron transition densities in the sur-
face and tail regions were deduced using simple, model-
dependent forms. For the effective interaction analysis
the results obtained for the low-lying Ca isoscalar exci-
tations indicate that the deduced structure information
obtained with the EI is sensible, based on a comparison
with known proton transition densities. The multipole

0 1 2 3 4 5 6 7 8 9 10 11 12

Radius (fm)

FIG. 19. Same as Fig. 9, except for the 5I state of Pb and
a point-proton density derived from results in Ref. 44.

moments deduced from the EI analysis of the other data
are in overall agreement with previous results with the ex-
ception of those for the low-lying states of Zr. The re-
sult of the analysis indicate that the 500 MeV effective in-
teraction provides very good descriptions of 500 MeV
(p, p') data and should be useful in further studies of
proton-nucleus scattering at and near this energy which
are aimed at the determination of nuclear structure infor-
mation.

Optical potential ambiguities in the calculation of the
distorted waves were investigated by means of the
Schrodinger equivalent optical potential (generated from
Lorentz scalar and timelike vector optical potentials used
in Dirac equation descriptions of the elastic observables).
The uncertainty in deduced nuclear structure information
from analysis of 500 MeV (p, p') data was shown to be
potentially large due to such ambiguities. Conversely,
knowledge of the structure for a particular excitation,
such as isoscalar excitations in self-conjugate nuclei,
should permit a simultaneous analysis of the elastic and
inelastic scattering data to resolve such ambiguities. The

Ca data should be especially useful for this purpose.
Hopefully, such a study will be made in the future.
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