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Differential cross sections and analyzing powers for scattering of 180 MeV protons by ' 0 have
been measured for all narrow states below 12.1 MeV of excitation. Medium modifications to the
effective interaction for normal-parity isoscalar transitions were studied using transition densities
determined by electron scattering to minimize nuclear structure uncertainties. An empirical
effective interaction, guided by nuclear matter theory, was fitted to inelastic scattering data for six

states simultaneously. Distorted waves were generated from self-consistent optical potentials com-

puted from the same effective interaction. The isoscalar effective interaction determined by this

procedure provides a good global fit to the inelastic scattering data and is consistent with elastic
scattering data that were not included in the fit. The results are consistent with earlier results for
135 MeV and show that the effective interaction is suppressed at low density but is less density
dependent than predicted by nuclear matter theory and the local density approximation. These
comparisons suggest effects in finite nuclei beyond the local density approximation. Finally, we

compare data for 0 and 2 states at both 135 and 180 MeV with representative calculations.

I. INTRODUCTION

The complementary aspects of electron scattering and
proton scattering can be exploited to considerable advan-

tage in a combined analysis of data for the same set of nu-
clear transitions excited by either probe. For isoscalar
normal-parity transitions in self-conjugate targets, elec-
troexcitation measurements of transition charge densities
almost completely determine the nuclear structure infor-
mation required to interpret complementary proton
scattering data. The two-nucleon effective interaction is
then isolated for study with little residual uncertainty due
to nuclear structure. Empirical medium modifications
can be fitted to inelastic scattering data and compared
with nuclear matter theory. Then, armed with an accu-
rate effective interaction, neutron transition densities can
be extracted from proton scattering data for nearby iso-
topes provided that the corresponding proton transition
densities are available from electron scattering data.
Therefore, combined analyses of electron and proton
scattering data promise to yield considerable insight into
effective interactions and nuclear structure.

In this the first in a series of three papers discussing
proton scattering data at 180 MeV, we present new data
for ' 0 and study the effective interaction using the

methods of Refs. I and 2. In particular, we fit an empiri-
cal effective interaction to inelastic scattering data for six
states simultaneously and compare the results to the nu-
clear matter predictions of Refs. 3-5. The essential
characteristics of the empirical effective interaction are
the same as previously found at 135 MeV, ' namely, that
the low-density interaction is suppressed and the density
dependence reduced with respect to expectations based
upon the local density approximation (LDA) and nuclear
matter theory. In the second paper we use new data for

Si to study the possible dependence of the effective in-
teraction upon target. We find that a unique effective in-
teraction describes both data sets consistently. Finally, in
the third paper we use existing (e, e') data and new

Si(p,p') data to study neutron transition densities.
The experiment is described in Sec. II and the reaction

model in Sec. III. Our results for normal-parity transi-
tions are presented in Secs. IV A and IV 8 and for abnor-
mal parity in Sec. IV C. Finally, our conclusions are dis-
cussed in Sec. V.

II. EXPERIMENT

The experiment was performed using 179.9 MeV pro-
tons at the Indiana University Cyclotron Facility. Scat-
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FIG. 1. Sample spectrum for the 5.5 —12.5-MeV excitation
region of ' 0 obtained by scattering 180 MeV protons through
34 using a BeO target.

tered protons were analyzed by the dispersion matched
QDDM spectrometer and detected with a standard focal
plane array consisting of a helical wire chamber and two
plastic scintillators. The relative efficiency was found
constant within 0.4%, which was added in quadrature to
cross-section uncertainties. The beam current was mea-
sured with an external Faraday cup, believed accurate to
about 1%, for angles 8~24'. A smaller Faraday cup
within the scattering chamber was used for 0~24'. The
relative normalization between internal and external cups
was found to be 0.919+0.015.

Several beryllium oxide (BeO) wafers, with thicknesses
between 22 and 290 mg/cm, were used as targets. A
26.76 mg/cm pure Be target was used to obtain data for
broad states in Be and to constrain the background.
Cross sections measured with several targets agreed
within +5%, which we estimate to be the systematic un-

certainty in normalization.
The beam polarization was measured approximately

every eight hours using the low-energy He polarimeter
located after the injector cyclotron. The polarization was
typically 0.80 for spin-up and 0.75 for spin-down and
varied little between measurements. Additional uncer-
tainties of +0.008 for spin-up and +0.020 for spin-down
were added in quadrature to the measured beam polariza-
tions to account for fluctuations between measurements.

The offset in scattering angle was determined by com-
paring elastic scattering measurements performed on ei-
ther side of the beam. From the cross-section measure-
ments we found 58=0.013'%0.005' needed to be added
to the spectrometer angle. The offset resulting from the
analyzing power measurements turned out to be some-
what larger, namely, b,8=0.09'+0.03'. However, the
latter measurement is vulnerable to false asymmetries due
to alignment errors or to sideways polarization com-
ponents. Therefore, we omit 68 from the data tables and
claim knowledge of the scattering angle better than 0.1'.

A typical spectrum, with about 100 keV resolution
FWHM, is shown in Fig. 1. The spectrum was fitted us-

ing the ALLFIT program described in Refs. 2 and 8. In-
trinsic widths of 25 keV for the 4,+ state at 10.353 MeV

and 70 keV for the 23+ state at 11.521 MeV were included
by convoluting Lorentzian line shapes with the intrinsic
line shape fitted to narrow peaks. The broad states in Be
constitute a complicated background under the ' 0 peaks
of current interest. These were also treated as Lorentzi-
ans convoluted with the shape appropriate to narrow
states of Be. We found it necessary to vary the position
and width of the strong broad state listed in the compila-
tion of Ref. 9 as 6.76 MeV with a nominal width of 1.54
MeV. Further details of the analysis of the Be spectrum
can be found in Ref. 10.

Data tables are on deposit with the Physics Auxiliary
Publication Service (PAPS)."Normal-parity data include
elastic scattering and the Oz+ (6.049 MeV), 03+ (12.049
MeV), 1, (7.117 MeV), 2,+ (6.917 MeV), 22+ (9.847 MeV),
23+ (11.521 MeV), 3& (6.130 MeV), and 4,+ (10.353 MeV)
states. In addition, data for the 0, (10.952 MeV) and 2,
(8.872 MeV) abnormal-parity transitions and for an un-
resolved (4&+, 3&+) doublet at 11.09 MeV are also tabulat-
ed. The data for most states extend to momentum
transfers of about 3.2 fm '. Data for elastic scattering
and for a few of the isolated peaks were extended to near-
ly 4.0 fm ' using the thickest target.

III. REACTION MODEL

Calculations were performed using the procedures de-
scribed in detail in Refs. 1 and 2. For the present pur-
poses it suffices to surnrnarize the salient features.

Proton transition densities extracted from the elec-
troexcitation measurements of Buti et al., corrected for
the nucleon form factor, were used to specify the nuclear
structure. The ground-state density was obtained from
Ref. 12. Charge symmetry is invoked to equate neutron
and proton transition densities. We assume that all spin
and current densities are negligible because the transverse
electromagnetic form factors were found to be very small
for all normal-parity transitions considered herein.
Therefore, proton scattering data can be used to study
the two-nucleon effective interaction with little uncertain-
ty due to nuclear structure.

Scattering calculations were performed using a form of
the local density approximation (LDA) in which the den-
sity dependence of the effective interaction is evaluated at
the site of the projectile. Exchange is included in zero-
range approximation. Optical potentials were computed
from the same effective interactions assumed to drive the
inelastic transitions. Rearrangement contributions to in-
elastic scattering are included by applying the Cheon fac-
tor (1+pB/Bp) to the elastic interaction. '

Three nuclear matter calculations have been performed
for the effective interaction in this energy regime. First,
Brieva, Rook, and von Geramb (BRG) constructed a
positive-energy 6 matrix using the Hamada-Johnston po-
tential. Later, von Geramb and his Hamburg collabora-
tors used the Paris potential to produce a more refined in-
teraction designated as PH. Finally, Nakayama and
Love (NL) constructed an effective interaction based
upon the Bonn potential. However, these three calcula-
tions used different approximations and different
prescriptions for distilling local pseudopotentials from
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TABLE I. Reparametrization of 180 MeV G matrices.

Component

Retoo

Imt~~

Rex

1mr('&'

CoefBcient

a&(MeV fm )

a2(MeV fm )

ao
a, (MeV fm )

a, (MeV fm )

a2(MeV fm )

ao
a&(MeV fm')

0
3.0 fm

0
3.0 frn '

6.0 fm

30 fm '

PH

—74.33
157.32

0.326
—10.27
—8.73

7.21
0.586

—5.64

0.34
24.93
0.568

—4.96
—14.14

9.18
0.663

—1.30

BRG

15.00
161.43

0.608
—21.82
—7.96

5.96
0.677

—4.45

'An entry of 0 is to be interpreted as a delta function with p ' =0.

their nuclear matter results. Therefore, the rather large
difFerences between their effective interactions probably
reflect difFerences in strategy rather than difFerences in
basic nucleon-nucleon potentials.

Medium modifications to the effective interaction are
most conveniently represented by the pararnetrization'

t, (q, a~)=(S —apKF )t;(q, O)

Ret pp(q, a~) =S, Retpp(q, O)+a~b, 1+
Pi

'2' —1

(2a)

Data analysis is performed using the somewhat simpler
parametrization'

Imtpp(q, a'F ) = (Sz b2xF )—Imtpp(q, 0), (2b)

+aF'q g a„1+
n=1 Pn

Rerp (q, a~)=S3 Rex~ (q, O)+a~pb3 1+
P3

2 —2

where aF =kz/1. 33 describes the local Fermi momentum
relative to saturation and where the index i distinguishes
various components of the t matrix. The exponent P as-
sumes the values 1 for central, 2 for spin-orbit, and 3 for
tensor interactions. Similarly, we use 5=2 for tensor in-
teractions and 5=0 otherwise. These functions can be
used to reparametrize theoretical interactions by requir-
ing the scale factor S to be unity, so that the free interac-
tion is recovered at zero density; this restriction can be
relaxed for phenomenological analyses. Good fits to any
of the 6 matrices available from nuclear matter calcula-
tions are obtained using yp=y&=3 for real parts and

pp f~ 2 for imaginary parts of both central and spin-
orbit interactions. The free interactions t, (q, O) are ob-
tained by extrapolating the appropriate 6 matrix to zero
density. Parameters fitted to the PH, NL, and BRG in-
teractions are compared in Table I. The accuracy with
which these parametrizations reproduce the original cal-
culations is comparable to the corresponding figures
shown in Ref. 1 for 135 MeV.

(2c)

designed to minimize correlations among parameters
fitted to scattering data. The choices p, =1.5 fm ' and

@3=6.0 fm provide fits to theoretical interactions that
are almost as good as those based upon Eq. (1). Esti-
mates for the b; parameters, obtained by fitting the PH
interaction for 0~ q ~ 3 fm ' subject to S;=1, are listed
in Table II. The b, parameter, describing a repulsive
core in Retpp that is proportional to density, is predicted
to be almost constant between 135 and 180 MeV. The b2
parameter, describing Pauli blocking of Imtpp that is
linear in a~, is predicted to show an energy dependence
similar to the E ' behavior of the Clementel and Villi
model. ' The b3 parameter, describing the density depen-
dence of Rex s, is predicted to be small and nearly in-
dependent of energy. The contributions of Imr are so
small that this term was taken from the PH theory and
held fixed.

TABLE II. Effective interactions at 135 and 180 MeV.

Ep

135

180

Interaction

PH
Empirical

PH
Empirical

a

0.839
[1 o]
0.749

bl

90.0
56.8
89.4
62.9

[1.0]
0.812
[1.0]
0.764

b2

0.415
0.435
0.272
0.228

S3

[1.0]
0.840

[1 o]
0.883

b3

2.57
3.14
2.11
0.51

'Square brackets indicate fixed parameter.
bReference 1.
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rameters. Equally impressive are the elastic scattering
predictions, shown in Fig. 4, obtained without including
these data in the analysis. Both elastic and inelastic cal-
culations benefit from self-consistent iteration of the dis-
torting potential. Similar results have also been obtained
for Si. ' Therefore, we conclude that the effective in-
teraction for 180 MeV nucleons depends strongly upon
local density but is independent of final state. This result
also supports the accuracy of the rearrangement factor'
(1+pB/Bp) which relates the density dependence of elas-
tic and inelastic interactions.

Except for cross section in the range 1&q (2 fm
the empirical interaction fits the 03+ data very well,
whether or not these data are included in the search pro-
cedure. The analyzing power for q (1.5 fm ' is particu-
larly impressive. However, the calculations substantially
underestimate the cross section in the vicinity of 1.5
fm ', near this state's form factor minimum. This effect
is somewhat smaller at 180 MeV than at 135 MeV and is
probably due to a spin-convection density that is not in-
cluded in these calculations. This density would have
only small effects upon electron scattering, but may con-
tribute to the ' O(p, p')03+ cross section near 1.5 fm

Medium modifications cause larger effects at 135 MeV,
but remain quite important at 180 MeV also. Similarly,
the differences between calculations based upon the PH
and empirical interactions are somewhat smaller at 180
MeV. However, although the PH interaction provides

the best theoretical description of these data available,
systematic deficiencies in the LDA description of surface
states are observed. The differences between IA and
LDA calculations for 3, , 2,+, and 4&+ states are too large
to correct without invoking modifications of the interac-
tion at zero density. Of the three scale factors, only S2
can be constrained to unity without seriously compromis-
ing the quality of the fit. For the best results we find that
both the real and imaginary parts of the central interac-
tion require scale factors of about 0.75 at zero density,
which can be compared to about 0.82 for 135 MeV. The
inelastic data cannot be fitted, nor can self-consistency
between elastic and inelastic scattering be achieved, with
unit scale factors.

We have also performed fits using several variations of
the fitting function. For example, the Franey-Love in-
teraction' can be used to describe t (q, O) in place of the
PH interaction at zero-density. Although the fitted pa-
rameters change slightly, the interaction itself hardly
changes. Similarly, the essential characteristics of the
empirical effective interaction are insensitive to the set of
states analyzed or to the relative weights assigned to the
data. Finally, essentially the same results have been ob-
tained for Si. Therefore, we consider the basic charac-
teristics of the effective interaction to be unambiguously
determined by this analysis.

The parameters of the empirical effective interaction
for 180 MeV protons are compared in Table II with the
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corresponding results for 135 MeV. The repulsive core in

Ret0O seems to be slightly stronger at 180 than at 135
MeV. On the other hand, the Pauli blocking factor b2
seems to be roughly consistent with the E ' behavior
predicted by the phase-space model of Clementel and Vil-
li. ' The scale factors that must be applied to the central
interaction are even smaller at 180 than at 135 MeV. Fi-
nally, the density dependence of Ret is small at both
energies.

These results should also be compared with the
theoretical parameters listed in Tables I and II. The
fitted interaction is compared in Fig. 5 with the PH
theory for k~=0.0, 0.6, 1.0, and 1.4 fm ', corresponding
to zero density and about a tenth, a half, and full satura-
tion density. Although similar in form to the PH interac-
tion, substantial changes in the interaction are required
to fit inelastic and elastic scattering data self-consistently.
Pauli blocking in finite nuclei appears to be more effective

at low density than predicted for infinite nuclear matter.
The suppression of the spin-orbit interaction is also quite
significant.

B. Other normal-parity transitions

Similar calculations for the Oz+, 22+, and 4z+ states,
which were omitted from the fitting procedure, are com-
pared with data in Fig. 6. Density dependent corrections
to the Oz+ transition appear to be quite important, but the
data are rather sparse because this state is separated from
the much stronger 3 state by only 80 keV. However, al-

though the analyzing power is described very well when
density dependence is included, both the PH and the
empirical effective interaction substantially underestimate
the cross section for this state.

The calculations for the 22+ state, on the other hand,
are somewhat less successful than for most other states.
However, we have previously argued that the 135-MeV
data for the 22+ state show evidence for multistep excita-
tion. This argument is based on the fact that the
2&+ ~22+ branch possesses an electromagnetic matrix ele-

ment that is much stronger than the direct matrix ele-
ment and hence may make an important contribution to
proton scattering. At 135 MeV, the 22+ cross section ob-
served near the peak of the 2&+ form factor is substantial-

ly larger than predicted for direct excitation by the PH
interaction. More importantly, the analyzing power ob-
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served in this region is also much smaller than predicted
and has a shape uncharacteristic of strong normal-parity
excitations. These effects suggest an indirect contribution
for q &2 fm '. Although the direct calculations for the
180-MeV cross section, shown in Fig. 6, are more suc-
cessful, the analyzing power data still exhibit the same
signature of multistep excitation. Therefore, it appears
that the relative importance of multistep processes de-
creases slowly between 135 and 180 MeV.

Finally, we observe that at large momentum transfer
the 42+ cross section is substantially larger than we pre-
dict and that its analyzing power is anomalously small.
However, this state cannot be resolved from an adjacent
3+ state. Because abnormal-parity transitions generally
have small analyzing powers, an unresolved contribution
of this type can be expected to enhance the cross section
and reduce the analyzing power attributed to the dom-
inant normal-parity state. Therefore, we can probably at-
tribute the large-q deviation between data and calcula-
tions to an unresolved state.

Given that LDA calculations based upon electroexcita-
tion form factors and the empirical effective interaction
accurately describe most normal-parity transitions,
unusual deviations require unusual explanations. In the
present case we attribute the bulge in the 03+ cross section
to a spin-convection density, and the enhanced cross sec-
tions and uncharacteristic analyzing powers of the 22+

and 42+ states to multistep or unresolved contributions,
respectively. Inferences of this kind should now be taken
more seriously than could be justified for earlier models.

C. Abnormal-parity transitions

Calculations for abnormal-parity transitions require
considerably more nuclear structure information than
can be extracted directly from electroexcitation measure-
ments. Moreover, proton scattering proceeds through
three interaction components: spin-dependent central,
spin-orbit, and tensor. Therefore, it does not seem possi-
ble to extend our analysis of the effective interaction to
abnormal-parity transitions without considerable ambi-
guity. Nevertheless, in this section we compare data for
the isoscalar 0, and 2, states with representative calcu-
lations.

The calculations shown in this section employ oscilla-
tor wave functions with b =1.77 fm ', including a
center-of-mass form factor. The PH interaction is used
for both distorting and transition potentials. Although
not necessarily well justified for abnormal-parity transi-
tions, the (1+pBIBp) rearrangement factor is included in
the transition potential. Calculations are compared for
the present 180-MeV data and for the 135-MeV data of
Ref. 2.

In Fig. 7 we compare data for the 0I state of ' 0
with calculations based upon the simplest possible
configuration, namely, (2s, &2, lp, zz). Except for a deep
minimum calculated for momentum transfers near 1.2
fm ', the cross-section data are well described by a spec-
troscopic amplitude of 0.7. The data for both energies
seem to require an additional contribution to fill the deep
minimum in the calculated cross section. Small but non-
vanishing analyzing powers are also observed; direct exci-
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FIG. 8. Data for the excitation of the 2& state of ' 0 by 135
and 180 MeV protons are compared with calculations based
upon a 1%co wave function. The PH interaction was used with
the rearrangement factor included.

tation via a purely local interaction would produce van-

ishing analyzing power for 0 ~0 transitions. '

A lfico wave function provided by Millener' was used

to produce the calculations shown in Fig. 8 for the 2,
state. The spectroscopic amplitudes are listed in Table
III. In addition, we compare the calculated transverse
form factor with the electron scattering data of Ref. 20 in

Fig. 9. We find that this wave function describes the
(e, e') data fairly well, but the (p,p') cross section calculat-
ed for q (1.5 fm ' is about an order of magnitude too
large. Use of the NL interaction or elimination of the
rearrangement factor do not improve this situation
significantly. Nor do modest variations of the 1A'co wave

function help. Although two-step excitation via the giant
octupole resonance has been studied for E =23-46
MeV, ' this contribution decreases with higher energy
and is never large enough to account for the differences
shown in Fig. 8. We do not expect this mechanism to be-

come crucial for E =135-180MeV.
Apparently, the electron and proton scattering data are

sensitive to different aspects of the wave function. The
calculated transverse form factor is about a factor of 2
too small for q & 1.5 fm '. Perhaps an additional com-
ponent in the wave function could produce mild con-
structive interference for (e, e') and strong destructive in-
terfereace for (p,p') for similar momentum transfers. If
we had confidence in the accuracy of the relevant com-
ponents of the two-nucleon effective interaction, a com-
bined analysis of electron and proton scattering data
could reveal much about the wave function. The

significant energy dependence shown by the (p,p') cross
section should also help. However, a thorough analysis
of this kind is beyond the scope of the present work.

V. CONCLUSIONS

The two-nucleon effective interaction for E = 100-200
P

MeV is strongly affected by the local density in the in-
teraction region. Pauli blocking is an important source
of density dependence that is amenable to nuclear matter
theory. However, substantial ambiguities plague ab initio
calculations of the effective interaction. Although the
density dependencies that emerge from the three avail-

1O-4

O(e, e)2,

1 2
q,n ('~ ')

FIG. 9. The transverse magnetic form factor is compared
with electron scattering data for the 21 state of ' O.
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TABLE III. Spectroscopic amplitudes for 01 and 2, states of ' O.

State

0—b

C

1ds/2 Ip

—0.8704

1ds/2 1p 3/2

—0.3217

Amplitudes'

2s1/2 1p 1/2

0.7
0

2s 1 /2 1p 3/2

—0.0540

1d3/2 1P 1/2

—0.3673

1d 3/2 1P 3/'2

0.0316

'Amplitudes Zj'(a P) = (f ~~
[a+8a&]J ~(i ) using Brink-Satchler (Ref. 22) reduced matrix elements and real orbitals.

Adjusted to describe (p,p') data.
'Supplied by Millener (Ref. 19).

able calculations are similar in form, the quantitative
differences are quite large. Faced with these diSculties,
it is almost impossible to assess the applicability of the lo-
cal density approximation using the theoretical calcula-
tions that are presently feasible.

Therefore, it is necessary to develop a phenomenology
guided by the essential characteristics of the nuclear
matter results. Transition densities determined from
electron scattering measurements are used to minimize
uncertainties due to nuclear structure. The parameters of
an empirical effective interaction are then fitted to inelas-
tic scattering data for many states simultaneoulsy, using
self-consistent distorting potentials. For the LDA to be
considered sound, we ask that the empirical effective in-
teraction satisfy three primary criteria. First, a unique
interaction should be able to fit all relevant data for a
given target and energy simultaneously. Second, the in-
teraction should also be independent of target. Third, the
parameters should depend smoothly upon energy in a
manner consistent with theoretical expectations. In this
paper we have tested the first and third criteria.

We have shown that a unique empirical efFective in-
teraction provides an excellent simultaneous fit to data
for many states of ' 0 excited by 180 MeV protons. The
same effective interaction also describes elastic scattering
and distortion self-consistently. Therefore, the effective
interaction depends strongly upon density but appears to
be independent of state. Furthermore, the parameters are
similar to those found at 135 MeV. The energy depen-

dence of the Pauli blocking parameter is consistent with
E behavior predicted by the simple Clementel-Villi
phase-space model and by more sophisticated nuclear
matter calculations.

Although qualitatively similar to theoretical interac-
tions, the empirical interaction differs in two important
respects. First, the low-density limit is suppressed with
respect to the free interaction —the efFective interaction
for finite nuc1ei never heals to the free interaction because
target nucleons are nowhere free. Second, the subsequent
density dependence of the empirical interaction is sub-
stantially smaller than predicted by nuclear matter calcu-
lations. These properties of the empirical interaction are
essentially independent of the details of the parametriza-
tion and the analysis and agree with earlier observations
at 135 MeV. These results suggest nonlocal density
dependence in finite nuclei. Evidently, Pauli blocking in
finite nuclei is more effective in the tail regions and less
effective in the interior than expected for infinite nuclear
matter of corresponding density. Nevertheless, the con-
sistency of the empirical interaction suggests that a local
approximation to the 6 matrix for finite nuclei is still
possible.
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