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Multi- \v shell model analyses of elastic and inelastic proton scattering from14N and 16O

S. Karataglidis, P. J. Dortmans, K. Amos, and R. de Swiniarski*
School of Physics, University of Melbourne, Parkville, Victoria, Australia, 3052

~Received 16 August 1995!

Elastic and inelastic scattering data from the scattering of 160 MeV protons from14N, and of 200 MeV
protons from16O have been analyzed using a fully microscopic distorted wave approximation. The analyses
involve large space~multi-\v) shell model wave functions, an effective nucleon-nucleon interaction that is
energy and medium dependent, and fully microscopic~nonlocal! optical potentials built with that same effec-
tive interaction. The results for14N and 16O correlate with analyses of elastic and inelastic electron scattering
form factors indicating that improvements are needed in the shell model interactions used to obtain the nuclear
wave functions.

PACS number~s!: 21.60.Cs, 25.40.Cm, 25.40.Ep, 27.20.1n
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I. INTRODUCTION

Recently@1#, analyses of elastic and inelastic intermedi
energy proton scattering data from12C were presented in
which no core polarization corrections or renormalizatio
were required to reproduce the magnitudes and shape
both the differential cross sections and analyzing pow
This was achieved by using a density dependent~DD!
nucleon-nucleon (NN) effective interaction, not only to
specify the interaction between the probe and each and e
nucleon in the target, but also, when folded with the s
shell occupancies, to give the complex, nonlocal optical
tentials that were used with~microscopic! shell model de-
scriptions of the nuclear states in distorted wave approxi
tion ~DWA! calculations. The results of these calculatio
were correlated with those of elastic and inelastic elec
scattering form factors as both studies use the same one-
density matrix elements~OBDME! obtained from multi-\v
shell model wave functions. Equally good fits were obtain
for those form factors, as for the proton scattering cross
tions and analyzing powers.

So far only proton scattering data from12C have been
analyzed using this~new! DD interaction, given the exten
sive data sets of many incident energies of elastic and ine
tic scattering of protons. These include transitions to m
positive and negative parity states in12C. There also exists
complementary set of elastic and inelastic electron scatte
data exciting the same states. Also, the shell model that
the OBDME to be used in those analyses predicted part
to every state in the experimental spectrum of12C up to an
excitation energy of 20 MeV@1# and to better than 2 MeV in
excitation for most states. The extensive data sets ga
quite stringent test of the DD interaction for various high
incident proton energies to 800 MeV@1,2#, and favorable
comparisons were found at various energies with fully
croscopic DWA calculations made using the Love-Fran
~LF! interaction@3,4#. From these comparisons, density e
fects were shown to be very important for both the ela
and inelastic scattering processes, especially for the des
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tions of the analyzing powers.
The present paper reports analyses of data of elastic

inelastic proton scattering exciting states in14N and 16O, at
160 and 200 MeV, respectively. For16O, the same DD inter-
action used to analyze the 200 MeV proton scattering data
12C is used again, while at 160 MeV the same prescriptio
has been used to give a tabulation of the appropriate~DD!
force. The DD force has now been defined, and values ta
lated, for energies from 122 to 800 MeV@5#. These effective
interactions have been built from mappings tog matrix ele-
ments ~solutions of the Brueckner-Bethe-Goldstone equ
tions! @6,7# and are designed for use in the DWA program
DWBA91, of Raynal @8#. The g matrix elements have been
evaluated with the Paris interaction@9# as the starting poten-
tial.

The premise on which this study is undertaken is twofol
Assuming realistic wave functions describing the states
volved in these scatterings, a further accurate evaluation
the DD interaction with other nuclei would result. Con
versely, if the DD interaction is deemed appropriate, su
analyses would test quite sensitively the wave functions o
tained from the structure model, especially when they can
correlated with complementary analyses of electron scatt
ing form factors. Both these points are addressed wh
analyses of both the differential cross sections and of t
analyzing powers are made, as the cross sections are se
tive both to the details of the nuclear structure and to t
effective interaction, while analyzing powers are especia
sensitive to details of the effective interaction.

II. CALCULATION DETAILS

The shell model interaction used to obtain the states
14N and 16O was that of Haxton and Johnson~HJ! @10#. This
interaction consists of the Cohen and Kurat
(8216)2BME 0p-shell interaction@11#, the Brown and Wil-
denthal 1s0d-shell interaction@12#, the Millener-Kurath in-
teraction@13# for the cross-shell elements, and the bare Ku
g matrix for the 2\v interaction. It was constructed for a
complete (01214)\v shell model space by setting the
two-body matrix elements involving all the other majo
shells, from the 0s to the 0h1 f2p shells to zero. Thereby
there is complete removal of spurious center-of-mass motio
838 © 1996 The American Physical Society
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TABLE I. States in14N and 16O considered in the present study. The energies obtained from the 0\v,
(012)\v, and (01214)\v shell models are compared to those from experiment@16,17#.

Nucleus State Excitation energy~MeV!

Experiment 0\v (012)\v (01214)\v

14Na 11;0 0.00 0.00 0.00 0.00
(11;0) ~0.99!
01;1 2.31 2.47 1.51 2.17

16Ob 01;0 0.00 0.00
01;0 6.05 6.33
32;0 6.13 8.38
21;0 6.91 7.67
12;0 7.12 9.12

aExperimental values from Ref.@16#.
bExperimental values from Ref.@17#.
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and, by not permitting radial one-particle–one-hole~1p-1h!
2\v single-particle excitations, the Hartree-Fock conditio
is satisfied. The Hamiltonian then was diagonalized in
(01214)\v space, for the positive parity states of14N and
16O, using the Dubach-Haxton version of theGLASGOW
shell model code@14#. The negative parity states of16O were
obtained in a restricted (11315)\v space, where the re-
striction was the exclusion of single-particle transitions from
the 0p up to the 0i1g2d3s shell. This restriction did not
create any serious problem with spuriosity~due to center-of-
mass motion! in the wave functions of the states of interes
listed in Table I. All center-of-mass energy eigenvalues fo
those~positive and negative parity! states in16O were 19.19
MeV, indicating that such spuriosity was completely re
moved as well for the negative parity states in the calculat
spectrum. In the case of14N, a complete (012)\v calcula-
tion was also performed using the MK3W interaction@1,15#
and theOXBASH program @15#. As well, 0\v shell model
wave functions were calculated using the Cohen and Kura
(8216)2BME interaction@11#.

While the results of the (01214)\v shell model calcu-
lation accurately reproduce the low-lying states of14N and
16O ~the HJ interaction was designed to do so for16O @10#!,
a state is predicted in14N at 0.99 MeV excitation for which
the corresponding observed state is at 6.20 MeV@16#. The
wave function for this state is

u0.99 MeV&525.10%u0\v&164.77%u2\v&

110.13%u4\v&.

Such a highly deformed state at this low excitation energ
cannot be considered realistic, and may be due to the cho
of the 2\v interaction and/or to the fact that the specifi
~shell model! interactions we have used in the extende
model space calculation were optimized for use in calcul
tions with much smaller bases.

The isoscalar excitation of the 11
2 ;0 ~7.12 MeV! state in

16O, from the ground state, is particularly interesting as
relates to the expectation value for the position of the cen
of mass, which must tend to zero@18#. The value of the
constraint integral for such a transition@Eqs.~15! and~16! of
Ref. @1##, using the OBDME obtained from the
(01214)\v shell model calculation, was 0.058 fm.
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We have used the nuclear structure results in analyses
elastic and inelastic electron scattering form factors and
analyses of proton elastic and inelastic scattering data~cross
sections and analyzing powers!. The analyses of such
complementary data, electron scattering form factors, a
proton cross sections, etc., provide stringent tests of the sp
troscopic model wave functions, but only when a fully mi-
croscopic theory of proton scattering from nuclei~in a DWA
for inelastic scattering! is used. A fully microscopic prescrip-
tion of elastic and inelastic proton scattering is implemente
in coordinate space by the programDWBA91, and the theo-
retical development of that model, including discussion o
the effective interaction, is given in Refs.@1,6,7#. Sufficient
details are given again herein to specify those elemen
which are important in the description of the nucleon
nucleus (NA) scattering process. Specifically, the attribute
of the many-fermion nuclear structure required in analyse
are the shell occupancies for each state as well as t
OBDME for each inelastic transition. The single-particle
~bound state! wave functions are also needed as is a densi
profile of the nucleus to specify the DD interaction for eac
point in the nuclear medium.

The nuclear wave functions were obtained from the she
model calculations described previously, from which th
OBDME,

Sj 1 j 2I5^Jf i@aj 2
† 3ã j 1#

I iJi&, ~1!

are a result. The OBDME are the weights for each allowe
single-particle transition matrix element in which the particl
from orbital j 1 is excited to orbitalj 2 , with an angular mo-
mentum transfer ofI . Also, the nuclear wave functions pro-
vide the shell occupancies required to specify the comple
fully nonlocal, microscopic optical potentials, involved in
these DWA calculations. For the elastic scattering proces
the OBDME reduce to the shell occupancies. These sh
occupancies and OBDME for the inelastic transitions consi
ered herein have been tabulated@19#.

Often in DWA calculations, the single-particle bound stat
wave functions are specified as harmonic oscillator wav
functions. It is more appropriate, though, to use Wood
Saxon bound state wave functions determined by analysis
the elastic electron scattering form factor@1#. The latter are
eigenfunctions of the single-particle Hamiltonian in which
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TABLE II. Density profile defining the DD (NN) effective interaction for12C, 14N ~at 160 MeV! and
16O ~at 200 MeV! @32#. The kinematic factor to convert to theNA interaction is also given.

Nucleus r0 ~nucleons/fm3) c ~fm! z ~fm! w Kinematic factor

12C 0.182 2.355 0.522 20.149 0.94792
14N 0.179 2.570 0.505 20.180 0.94536
16O 0.165 2.608 0.513 20.051 0.89430
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V5V0F112l@ l •s#S \

mpc
D 2 1r d

drG f ~r ,R,a!, ~2!

where, withR5r 0A
1/3,

f ~r ,R,a!5F11expS r2R

a D G21

. ~3!

The values appropriate for12C are listed in Table II of Ref.
@1#. Those we have used for14N are identical, except for
simplicity we have setl50.

The density profile assumed for the DD interaction is t
three-parameter Fermi distribution@1#

r~r !5
r0~11wr2/c2!

11e~r2c!/z , ~4!

for which the parameter values appropriate for12C, 14N, and
16O are listed in Table II. The kinematic correction require
to convert the effectiveNN interaction to an effectiveNA
interaction, as given by Eq.~19! of Ref. @3#, is also listed
therein.

III. ANALYSES OF ELECTRON SCATTERING FORM
FACTORS

Herein we report on analyses of the elastic electron s
tering form factors for14N and 16O. The one-body charge
operator of deForest and Walecka@20# was used in calcula-
tions of the electron scattering longitudinal form factors. T
calculated form factors also included corrections for rec
and the single-nucleon form factor. The inelastic longitudin

FIG. 1. Longitudinal elastic electron scattering form factor f
14N. The data of Dallyet al. @21# are compared to the results of th
calculations of theC0 form factor using harmonic oscillator~solid
line! and Woods-Saxon~dashed line! single-particle wave functions
e
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electron scattering form factor for the 01→11
2 ;0 ~7.12

MeV! transition in 16O was also studied as complementary
to the inelastic proton scattering data. The other transition o
special interest is the magnetic dipole excitation of the
01;1 ~2.313 MeV! state in14N. The electron scattering form
factor for this magnetic dipole transition we expect to be
strongly affected by meson exchange currents~MEC!. The
associated amplitudes of those MEC involve the two-bod
density matrix elements of structure; values that are unava
able to us at present. Thus we report only the analyses
proton inelastic scattering to this state since hadronic excit
tion is not so influenced by the MEC.

The longitudinal elastic scattering form factor for14N is
displayed in Fig. 1, wherein the data of Dallyet al. @21# are
compared to the results of the calculations of theC0 longi-
tudinal form factor. There is excellent agreement with the
data when using both the harmonic oscillator~solid curve!
and Woods-Saxon~dashed curve! single-particle wave func-
tions, indicating that either of these sets are suitable for us
in analyses of inelastic scattering data. The harmonic osc
lator length used was 1.64 fm.

The elastic scattering form factor for16O is displayed in
Fig. 2, wherein the data of Sick and McCarthy@22# are com-
pared to the results of the calculation made using the groun
state shell occupancies from the (01214)\v shell model
calculation. Harmonic oscillator single-particle wave func-
tions were used in this calculation and the oscillator lengt
was 1.7 fm. The calculated result reproduces the data reaso
ably well, except for the third maximum (q.3 fm21). How-
ever, in this region of high momentum transfer, a modifica
tion in the one-body charge density is required to fit the dat
@22#. Construction of an orthogonal set of bound state

r FIG. 2. Elastic electron scattering form factor for16O. The data
of Sick and McCarthy@22# are compared to the result found using
the (01214)\v shell model structure and with harmonic oscilla-
tor single-particle wave functions.
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Woods-Saxon wave functions is difficult given the size of t
single-particle basis spanned by the chosen shell m
space.

The longitudinal electron scattering form factor for th
01→11

2 ;0 ~7.12 MeV! transition in 16O is displayed in Fig.
3. Herein, the data of Torizukaet al. @23# are compared to the
result of the calculation we have made using t
(11315)\v shell model wave functions. The result unde
estimates the data by a factor of 2.6, and places the pea
1.4 fm21; a value larger than that indicated by the data. T
disagreement could be due to the neglect of the 1p-1h 3\v
and 5\v matrix elements in the shell model interaction a
which may be necessary to describe this negative parity t
sition. While there is evidence of weak isospin mixin
(;1%) in this 12;0 state, as evidenced by the observ
nonzeroB(E1) value for the ground state decay@18#, the
dominantT50 character of the state overwhelms theT51
component in the electron scattering form factor with
creasingq @18#, suggesting that isospin mixing does not a
fect these form factors. In a previous calculation of the lo
gitudinal electron scattering form factor@18#, using OBDME
satisfying the constraint associated with isoscalar electric
pole transitions@Eq. ~15! of Ref. @1## and as obtained from
the 1\v wave functions of Millener and Kurath@13#, core
polarization corrections were sufficient~and necessary! to
obtain agreement with data.

IV. ANALYSES OF ELASTIC AND INELASTIC PROTON
SCATTERING DATA

The differential cross section and analyzing power d
for the elastic and inelastic scattering of 160 MeV proto
from 14N have been analyzed, as have the data for the ela
and inelastic scattering of 200 MeV protons from16O. But
we first report on an analysis of 160 MeV proton scatter
from 12C as a control upon the effective~DD! interaction
required in the other analyses.

The data for the differential cross sections and analyz
powers for elastic scattering of protons from12C, for ener-
gies from 200 to 800 MeV have been analysed previou
using the DD interaction@1,2#, where the importance of den
sity effects was demonstrated. The inelastic scattering of
tons in the same energy range was also studied@1,2# using

FIG. 3. Longitudinal form factor for the 01→11
2 ;0 ~7.12 MeV!

transition in 16O. The data of Torizukaet al. @23# are compared to
the results of the (11315)\v calculation.
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the DWA with OBDME obtained from the (012)\v and
(113)\v model spectroscopies@19#, for the positive and
negative parity states, respectively. For those inelastic sc
tering transitions, density effects were again important, a
the techniques developed allowed conjecture about the~hith-
erto ambiguous! spin-isospin assignments of several negativ
parity states@24#.

We stress that we analyse the scattering data using a fu
microscopic theory. Both the elastic scattering optical mod
potentials and the inelastic scattering amplitudes~in the
DWA! are evaluated using an effectiveNN interaction that
has been developed from an accurate mapping of theNN g
matrices of the Paris potential for diverse infinite nucle
matter densities@7#. The optical model potentials that resul
from folding the effective interaction with the target densit
matrix elements are nonlocal and the associated nonlo
Schrödinger equations have been solved to give the scatt
ing phase shifts from which the elastic scattering cross s
tion and analyzing powers have been calculated. They ha
been used also to specify the distorted waves required
DWA calculations of the inelastic scattering quantities. Th
inelastic scattering amplitudes arising from a fully antisym
metrized theory predicated upon the same effectiveNN g
matrices used to specify the nonlocal optical potentia
Therefore higher-order~many-body! corrections to theNA G
matrices, such as the Cheon rearrangement terms in the
elastic amplitudes@25#, are not included. Such terms hav
been applied in studies involving local density approxim
tions leading to local interactions@25,26#, but it is not clear
what form these many-body corrections would take in ana
ses that include both direct and exchange diagrams in b
the elastic and inelastic channels.

In our studies we have compared the results so fou
using the new~DD! effective interaction with those obtained
using the LF interactions@3,4# which are based upon a fit to
the freeNN scattering amplitudes by a sum of Yukawa
terms.

In Fig. 4 the cross sections and analyzing powers from t
scattering of 160 MeV protons from12C, both elastically and
inelastically to the 21;0 ~4.44 MeV! state are displayed.

FIG. 4. Differential cross sections and analyzing powers for th
elastic scattering~labeled gs! and inelastic scattering~labeled 21),
exciting the 21;0 ~4.44 MeV! state, of 160 MeV protons from
12C. The elastic scattering data of Meyeret al. @27# and inelastic
scattering data of Hugiet al. @29# are compared to the results of the
calculations made using the DD~solid line! and LF ~dashed line!
forces.
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Therein, the data of Meyeret al. @27# to 80° in the center of
mass@28# are compared to the results of our fully micr
scopic model calculations that were made using the DD
teraction ~solid line! and the LF interaction~dashed line!.
The elastic and inelastic data are displayed in the left-h
~gs! and right-hand (21) panels, respectively. The OBDM
were obtained from the (012)\v shell model calculation
described in Refs.@1,19#. While both the DD and LF result
for the elastic scattering cross section are in general ag
ment with the chosen data, the result using the DD forc
the better one. The density effects are illustrated far m
clearly in the results for the analyzing power, where the
result is a significant improvement over that obtained us
the LF force. This is typically the case when density effe
are introduced. The same effects are demonstrated in th
sults for the scattering to the 21;0 ~4.44 MeV! state, where
the data of Hugiet al. @29#, again just to 80° in the center o
mass@28#, are compared to the results of our calculatio
The result obtained using the DD force agrees with the d
to 60°, while the LF result fails to reproduce the data beyo
30°. Again, the differences, due to the inclusion of dens
effects, are more pronounced in the results for the analy
power, with the DD result being in far better agreement w
the data. Thus we are confident that the DD interaction
160 and 200 MeV are appropriate for use in analyses
scattering data from14N and 16O.

In Fig. 5 we compare the results of our calculations of
elastic scattering of 160 MeV protons from14N with the data
of Taddeucciet al. @30#. Herein the ratio to the Rutherfor
cross section data are compared to the results of the cal
tions made using the DD force~solid line! and the LF force
~dashed line!. The results in the left-hand panel~HO! used
harmonic oscillator wave functions, while those in the rig
hand panel~WS! used those of Woods-Saxon form. Wi
either choice of single-particle wave functions, the DD cro
section result better reproduces the shape of the data an
result found using the Woods-Saxon wave functions
slightly better so far as the magnitude is concerned, part
larly at large scattering angles. As for12C, the g matrix

FIG. 5. Differential cross section and analyzing power for
elastic scattering of 160 MeV protons from14N. The results in the
left-hand panel~HO! were obtained using harmonic oscillator wa
functions, while those in the right-hand panel~WS! were obtained
using Woods-Saxon wave functions. The data of Taddeucciet al.
@30# are compared to the results obtained using the DD~solid line!
and LF ~dashed line! forces.
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density effects are dramatically illustrated in the results f
the analyzing power. The calculations made using the
force do not match the observed minimum in the data
30°, but the DD result does so very well. All three models
structure give essentially the same results.

The differences between the three models of structu
@0\v, (012)\v, and (01214)\v# are realized clearly in
the results for the cross section and analyzing power for
inelastic scattering of 160 MeV protons to the 01;1 ~2.313
MeV! state in 14N. The results of the three model calcula
tions are compared to the data of Taddeucciet al. @30# in Fig.
6. Therein, the results of the (01214)\v calculation are
displayed by the solid line while those of the 0\v and
(012)\v calculations are displayed by the dashed and d
dashed lines, respectively. Best agreement with the cro
section data, and particularly above the minimum at 20°,
achieved using the (01214)\v spectroscopy. The effect of
increasing the shell model space from 0\v to
(01214)\v is to reduce the magnitude of the predicte
cross section to be in better agreement with the data. The
result obtained using the (01214)\v spectroscopy does
best of all, giving a better representation of the shape of
cross section at large angles when compared to the equ
lent LF result. The results using the (012)\v shell model
OBDME are particularly poor. This cross section has a pe
near 12°, which is not observed in the data, and the posit
of the minimum is moved then beyond 20°. The analyzin
power data suggest that there is a peak at 20°. Such is o
reproduced by both (01214)\v calculations, as well the
0\v calculation made using the DD force. This feature
more pronounced in the results using the DD force. The a
lyzing power results for the other model spectroscopies a
very small and unstructured. We surmise that th
(012)\v shell model calculation obtained using th
MK3W interaction@1,15# does not give realistic wave func-
tions for 14N, indicating the need for inclusion of 4\v com-
ponents in the wave functions of14N.

The results of the elastic scattering~labeled gs! and of
select inelastic scatterings of 200 MeV protons from16O are

e FIG. 6. Differential cross section and analyzing power for th
inelastic scattering of 160 MeV protons from14N, exciting the
01;1 ~2.313 MeV! state. The data of Taddeucciet al. @30# are com-
pared to the results obtained using the (01214)\v, 0\v, and
(012)\v spectroscopies and given by the solid, dashed, and d
dashed lines, respectively. The effective interactions used in
calculations are as indicated.



a

e
a
t

h
s

r-

s-

e
de
,
e
ng
ed

g.

ns

e
ce
ss-
la-
r

nt
n

ta
f

on
s

n
n

h
o

l

53 843MULTI-\v SHELL MODEL ANALYSES OF ELASTIC AND . . .
shown in Fig. 7. The excitations of the 02
1 ;0 ~6.05 MeV! and

21
1 ;0 ~6.91 MeV! states~labeled by 01 and 21, respec-
tively! are shown specifically. Herein, the data of Seife
et al. @31# are compared to the results of the calculatio
made using the (01214)\v spectroscopy with the DD
force ~solid lines! and with the LF force~dashed lines!. The
elastic scattering cross-section data are well reproduced
both the DD and LF calculations, with slightly better agre
ment between the DD results and the data, reflecting
importance ofg matrix medium effects. That is more clearl
illustrated in the analyzing power results. The result of t
DD calculation shown therein reproduces all the features
the data and is in far better agreement with them than is
LF result.

Both the DD and the LF calculations reproduce the sha
of the inelastic scattering data to the 02

1 ;0 ~6.05 MeV! state.
However, both calculations underestimate the observed m
nitude by a factor of 10. As the cross section is weak, a
small changes in the OBDME for this weak transition m
result in large changes to the calculated magnitudes. With
analyzing power, however, the result of the calculation ma
using the DD force reproduces the shape and magnitud
the data, while the LF calculation does not match the dat
small scattering angles. There is clearly a deficiency in
specification of the spectroscopy. Specifically, the HJ int
action, in setting to zero all the matrix elements involving t
orbits outside of the 0p1s0d shells, has lost strength in thi

FIG. 7. Differential cross section and analyzing power for t
elastic scattering and inelastic scattering of 200 MeV protons fr
16O. The elastic scattering results are displayed in the top pa
~gs!, while the inelastic scattering results to the 02

1 ;0 ~6.05 MeV!
and 21

1 ;0 ~6.91 MeV! states are in the middle and bottom pane
respectively. The data of Seifertet al. @31# are compared to the
results of the DD calculation~solid line! and the LF calculation
~dashed line!.
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transition coming from interactions involving these other o
bits.

This problem is reflected also in the results for the inela
tic scattering to the 21

1 ;0 ~6.91 MeV! state that are displayed
in Fig. 7, but to a lesser extent. For this transition, both th
DD and LF force calculations underestimate the magnitu
of the cross section by a factor of 2.5. Allowing this scaling
the result of the DD calculation is better in reproducing th
shape of the data. This is also the case in the analyzi
power, in which the DD result alone reproduces the observ
large negative values at 30° and 60°.

In Fig. 8, the results of DWA calculations of the inelastic
scattering of 200 MeV protons to the 31

2 ;0 ~6.13 MeV! and
11

2 ;0 ~7.12 MeV! states in16O are shown. These transitions
are identified by the labels 32 and 12, respectively. The
identification of the results of the calculations are as for Fi
7. The results for the scattering to the 31

2 ;0 state best repro-
duce the magnitude of any of the inelastic cross sectio
from 16O investigated in this study. An enhancement of 50%
brings the calculations into excellent agreement with th
data. Of the calculations, those made using the DD for
give results that better reproduce the shape of the cro
section and analyzing power data. However, neither calcu
tion ~DD or LF! is able to match the cross-section data fo
the scattering to the 11

2 ;0 ~7.12 MeV! state. The differences
~compared with the data! in shape and magnitude of the
cross sections found with both calculations are consiste
with the results found for the longitudinal inelastic electro
scattering form factor~Fig. 3!.

V. CONCLUSIONS

Analyses of elastic and inelastic proton scattering da
from 12C, 14N, and 16O have been made using two classes o
effectiveNN interactions within a fully microscopic theory
of elastic and~DWA! inelastic scattering. The first of these
was a set of energy and density-dependent forces based
the ParisNN interaction and the second was the set of force
of Love and Franey. In the scattering analyses, 0\v and
multi-\v shell model descriptions of the nuclei have bee
used to obtain the relevant structure informatio

e
m
nel

s,

FIG. 8. As for Fig. 7, but for the inelastic scattering to the
31

2 ;0 ~6.13 MeV! and 11
2 ;0 ~7.12 MeV! states, labeled by 32 and

12, respectively.
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~OBDME!. The results obtained for the elastic scatteri
cross sections and analyzing powers for12C, 14N, and 16O
highlight the importance of density effects in the descript
of theNA scattering process. When considered with the
sults previously published for12C, the present ones confirm
the applicability of the specified DD force~at 160 and 200
MeV! for a number ofp-shell nuclei. In the case of th
inelastic scattering of protons from14N and 16O, the results
for the analyzing powers also confirm the importance og
matrix density effects in analyses of scattering data and d
onstrate further the applicability of the DD force in the d
scription of inelasticNA scattering processes.

Given the propriety of the effectiveNN interactions our
other results indicate a problem with the nuclear struct
models. The results of the calculations are not perfe
matched with the cross-section data. Of the three model
structure used, the (01214)\v model is the best for use in
a description of the 160 MeV proton scattering to the 01;1
~2.313 MeV! state in 14N. Even so, the data suggest that
more complete description of the nuclear states is requi
as none of the model wave functions considered for t
process when used in DWA calculations give results t
i

i

ng

on
re-

em-
e-

ure
tly
s of

a
red,
hat
hat

have the correct behavior at low momentum transfer. Thi
more evident for the inelastic scattering of 200 MeV proto
from 16O. Therein, while the shapes of the cross sections
all but the 12;0 state are consistent with observations,
calculated DWA magnitudes must be enhanced to ma
data. Such core polarization reflects limitations with the ch
sen spectroscopy and in this case a first need is for a s
model interaction that accounts for all possible interactio
between all of the particles in the active orbits.
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