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Results are presented for the scattering of electrons through 180' from the —, ground state and1

the 2 excited state at 6.32 MeV in "N. The range of the momentum transfer q is from 0.70 to
3.25 fm '. Comparisons are made with the predictions of the Op-shell proton-hole model, a large
basis 2fico shell model calculation, and core polarization models. In general, it was found that the
theoretical description of the data improved markedly as the model space was expanded, but the
predicted cross sections were consistently below the data for q & 2, 4 fm '. The present data rule out
the low value of the Migdal parameter g' needed to describe the (e,e') data for ' C and "C, and do
not support the previous suggestion that pion-condensation effects are important in finite nuclear
systems.

NUCLEAR REACTIONS "N(e,e'), E =70—327 MeV, 0= 180, measured
a(E, O) for ground, 6.32 MeV levels. ' C deduced transverse form factors. Corn-

parisons with models.

I. INTRODUCTION

In the past few years the availability of good quality
electron scattering M1 form factors has generated sus-
tained theoretical interest. The experimental results gen-
erally show prominent deviations from the predictions of
conventional nuclear structure calculations for momentum
transfers q )2 fm '. Conventional descriptions of the nu-
cleus only in terms of nucleonic degrees of freedom are
questionable at such high momentum transfers, and other
processes, such as meson exchange currents (MEC), need
to be considered. Even then serious discrepancies remain.
Subsequent attempts to explain the new data have led to
the infusion of new and sometimes exotic effects into the
realm of conventional nuclear structure physics. For ex-
ample, pion-condensation effects have been predicted to
have a strong influence on magnetic dipole transitions at
momentum transfers around 2 fm '. However, this idea
and others have met with controversy.

In this paper, we present results of a measurement of
180' electron scattering from the nucleus ' N. In the
zeroth order the ground state of ' N may be thought of as
a Op»z proton hole in a doubly-closed Op shell. For in-

stance, the experimental value of the magnetic dipole mo-
ment of the ' N ground state is —0.283 pz, and compares
well with —0.263 pN, the value for a Op&i2 proton hole.
The —, state at 6.32 MeV is then formed by the substitu-
tion of a Op3i2 proton hole for the Op»2 proton hole. Any
discrepancies between the experimental electron-scattering
form factors and the single proton-hole description of
these two states should be interpreted in terms of a contri-
bution from multi-Am configurations and/or the effects of
non-nucleonic degrees of freedom, e.g., MEC. There is al-
ready some evidence that additional configurations signi-
ficantly dilute the single-hole nature of these states, and as

we shall see, calculations assuming single-proton holes fail
to explain the data reported here.

The effects of multi-%co configurations may be studied
by performing shell-model calculations in an extended
basis space. For ' N we have considered the role of 2Acu

configurations with two particles in the 1sOd shell. Exci-
tations from the Os shell and to the lpOf shell were also
considered. Other techniques for evaluating these core-
polarization effects are performed by the use of perturba-
tion theory. For example, the calculations of Suzuki
et al. consider up to 12%co excitations and predict impor-
tant modifications of the strength and shape of the elec-
tron scattering form factors. Delorme et al. include core
polarization to all orders by constructing an effective spin
operator which can be used in the restricted model space
of the Op shell. The particle-hole and the 6-hole interac-
tions responsible for the polarization effects are described
by the exchange of a and p mesons. An additional short-
range repulsion whose strength is defined by the Migdal
parameter g' is also included. From an analysis of the M 1

form factors of ' C and ' C, Delorme et al. obtain
g'=0.44 which opens the possibility of observing the pre-
cursor of pion condensation, sometimes called precritical
opalescence, in nuclei. Suzuki et al. have questioned
some of the assumptions in the work of Delorme et aI.,
but both groups have stressed the need for studying ' N
elastic magnetic cross sections.

In the following, we first discuss the experimental de-
tails and then compare the various theoretical predictions
with the data.

II. EXPERIMENTAL DETAILS

The experiment was performed at the MIT-Bates Elec-
tron Linear Accelerator Laboratory using the 180' scatter-
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ing facility. Gaseous ' N of 99.2% isotopic purity was
used in a target cell at room temperature. Incident and
scattered electrons traveled parallel to the axis of the tar-
get cell, a stainless steel cylinder of radius 3.81 cm and
length 11.43 cm. The entrance and exit windows were
made of stainless steel of thickness 25 pm and were sealed
to the target cylinder by rubber 0 rings. The target tem-
perature was stabilized by a flow of compressed air
through copper tubing in good thermal contact with the
target exterior. During data collection, the target was
sealed and the target temperature and pressure were moni-
tored continuously by means of a platinum resistance ther-
mometer and a pressure transducer. During four separate
sessions of data collection, the computed leak rate was less
than 0.1% per day. After each data collection session, ' N
gas was recovered by absorption over charcoal cooled by
liquid Nz. Proton elastic cross sections for absolute nor-
malization were measured by using an identical second
target filled with hydrogen. Typical target thicknesses
varied from 19 to 113 mgcm for ' N and from 2 to 4
mg cm for 'H.

The momentum-dispersed beam spot was approximately
2X30 mm in the form of a vertical line. This diffuse
beam spot reduced the severity of beam heating effects on
gas target density. Such effects were studied for the case
of ' N by varying the average current from 5 to 25 pA in
5 pA steps at an incident electron energy of 90 MeV. The
count rate in the elastic peak of ' N decreased linearly
with increasing beam currents, resulting in a 1% loss of
target thickness for energy 5 IMA increase in beam current.
The maximum beam current used in the present measure-
ments was 32 pA.

The solid angle was defined by a rectangular aperture
whose horizontal and vertical dimensions could be adjust-
ed. For most measurements the aperture was fixed at 5.08
(horizontal) &&25.4 (vertical) cm2, corresponding to a solid
angle of 3.51&10 sr. Only below 100 MeV, where the
contribution of the Coulomb scattering is significantly in-
creased, did we reduce the aperture to 5.08 &7.62 cm .

For 180' scattering the stainless steel windows of the gas
target also contributed to the observed count rate. In the
case of hydrogen, the recoil energy for the proton is very
large, and the elastic peak sits on a continuum spectrum
which is due to the various elements in the window ma-
terial. However, for ' N the recoil energy is not so large,
and the underlying background may have some structure.
Therefore, the contribution of the stainless steel foils
under the ' N elastic peak was measured by using the hy-
drogen gas cell at spectrometer field settings for the ' N
elastic peak. For energies greater than 100 MeV, the win-

dow contribution was insignificantly small for the ' N
elastic peak because most elements in stainless steel have
0+ ground states and do not contribute to the magnetic
scattering. The background contribution was only notice-
able at lower energies where the Coulomb scattering cross
sections increase rapidly.

At energies below about 100 MeV the contribution of
the Coulomb scattering from ' N itself is more important
than the foil background. Due to the finite angle of ac-
ceptance and multiple scattering in the target, electrons
scattered at angles other than 180 are counted by the
spectrometer detection system. In our measurements the
effective scattering angle varied from 177.8 to 179.0.

The Coulomb contribution to the elastic scattering was
calculated from the published charge distribution parame-
ters for ' N by using a phase-shift code. This method
was followed for incident electron energies Eo above 95
MeV. For Eo ——80 MeV, the effective scattering angle was
calibrated by Ineasuring elastic Coulomb scattering from

Ne, and for Eo ——90 MeV, cross sections for ' N were
used.

The reduction of the data to obtain experimental cross
sections followed a standard technique. ' The cross sec-
tions for the ground state and 6.32 MeV state are listed in
Table I. For most runs the maximum excitation energy
studied was approximately 30 MeU. The data on other
states will form the subject of future publications.

III. INTERPRETATION OF THE DATA

A. General

In order to account for Coulomb distortion effects, the
data have been plotted as a function of an effective
momentum transfer

q,fr=q 1+f,(E) Zakc
ER~

TABLE I. Form factors deduced from the experimental cross
sections.

Incident
electron energy

(MeV)

70.4
80.2
89.6
94.9
99.3

109.4
119.5
129.5
149.6
169.4
189.2
208.9
224.2
239.1

273.4
297.8
326.7

i Fr i
2=o/oo'

E„=O.OO MeV1—J11
2

41. (9)
58. (11)
89. (8)
90. (10)

125. (6)
143. (4)
174. (5)
159. (4)
134. (5)
88. (4)
49. (7)
30. (9)
20. (7)

6.8(12)
3.0(21)
1.1(25)

(X10')
E„=6.32 MeV

3J1F
2

125. (5)
134. (5)
135. (5)
120. (6)
117. (6)
141. (5)
144. (6)
176. (5)
168. (6)
150. (5)
98. (7)
66. (6)
34. (10)
22. (7)
4.4 (13)
1.6 (21)
0.34(46)

2

oo(0= 180')= Zafi
2kl

1+ 2k'
AMc

kl is the incident electron momentum and M is the nucleon
mass. The numbers in parentheses are percentage errors.

By comparing plane-wave Born-approximation form fac-
tors with those calculated in the distorted-wave Born ap-
proximation, it was found that

f, (E)=0.920+0.001E MeV

for R =2.705 fm.
In Figs. 1 and 2 we present the comparison of the exper-
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FIG. 1. The transverse form factor for elastic M1 scattering
from ' N is shown as a function of q,ff in fm '. The data are
from Table I and the continuous (dashed) curves are predictions
for a Op&zq proton hole with (without) meson-exchange-current
effects for b =1.70 fm. The dotted-dashed curve shows the re-
sults of a 2Acu shell model calculation including MEC effects.
The MEC contributions are about equal for the Op-proton hole
and the shell model calculations.

imental data with the single-proton-hole form factors cal-
culated with harmonic oscillator wave functions using a
size parameter b =1.70 fm. This value reproduces the
charge radius of ' N. The nucleon finite size and the shell
model center-of-mass corrections were made in the stand-
ard fashion. " In both cases, the calculated form factars
appreciabIy exceed the experimental values except at high
q, where the predictions decrease rapidly. This is similar
to the high-q discrepancies observed for other M1 transi-
tions in the Op shell nuclei. ' A renormalization of the
calculated form factors could improve agreement with the
data at medium momentum transfers but will exacerbate
the high-q discrepancy. The photon point (q =E„/Rc)
values wi11 also be 1ess mell predicted. Thus there seems ta
be no advantage to be gained by a straightforward renor-
malization of the nucleon magnetic moments. This is
similar to the case of the longitudinal form factor' in the
excitation of the 6.32 MeV state of ' N, where a constant
effective charge fails to reproduce the q dependence of the
experimental form factor.

%'e have calculated the effects of one-pion exchange
currents following the procedure of Ref. 1. The contribu-
tions of the pair, pionic, and the nucleon-resonance terms

I l l I

&.6 3.2
qett (tm")

FIG. 2. The transverse form factor for the excitation of the
6.32 MeV, ~ state in "N. Results of the present measure-

ments are represented by circles. The square shows a lower-q
point measured by Beer et al. (Ref. 14). The continuous
(dashed) curves are predictions for a Op&q&-Op3/p proton hole
transition with (without) MEC effects for b =1.70 fm. The con-
tributions of the M1 (dotted line) and the E2 (dotted-dashed
line) multipoles are also shown.

I

2.4

were evaluated. The results are also presented in Figs. 1

and 2. These MEC terms increase the calculated form
factor for the ground state by 20% over a large range of
momentum transfers, but do little to improve the agree-
ment with the shape of the experimental form factors.
The effect of MEC on the form factor for the 6.32 MeV
state is small and cannat account for the discrepancy be-
tween the data and the one-body calculations. It is noted
that at q-2. 8 fm ', the MEC contribution goes to zero
because of a cancellation between the nucleon resonance
and the pion and the pair contributions.

The position of the maximum in both form factors ap-
pears to be calculated correctly, and this indicates that the
choice of the radial scale parameter, b = 1.70 fm, is realis-
tic. In fact, we shall see later that even by removing all
constraints on radial dimensions, nucleon magnetic mo-
ments, etc., it is not possible to obtain a good description
of the M1 elastic farm factor within the restrictions of the
Op shell.
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Recent measurements of (e,e'p) cross sections for ' 0
indicated about 60%%uo occupancy for the Op, ~q (Op3~z) pro-
.ton hole in the ground (6.32 MeV) state of ' N. Thus, sig-
nificant deviations of the measured form factors of these
states from the predictions of the single proton hole model
may be expected. In order to investigate the role of con-
figurations outside the Op shell, we discuss the results of
several theoretical calculations.

10

B. The shell model

After the Op proton holes, the contribution of the 2fico

configurations may be expected to provide the next most
important component in the description of the ' N ground
and 6.32 MeV states. The effects of such configurations
were evaluated by means of a shell model calculation
which included 2%co excitations within the basis space of
Os to Of lp shells. This allows the following configura-
tions: Op ', Os 'Op '( ls Od)'; Op (Of lp)';
Op (lsOd) . Following the procedure of Dubach and
Haxton, ' the effective interactions used were those of
Cohen-Kurath' for the Op shell, of Millener-Kurath' for
the Op to 1sOd cross-section transition, and of Kuo' for
the IsOd shell. The relative energy of the Op and 1sOd
shells was adjusted to obtain a good description of the lev-
el structure in ' N. The calculational technique was simi-
lar to that described in the work of Whitehead et al. '

The shell-model calculation predicts a significant de-
pletion, approximately 40%%uo, of the single-hole configura-
tion in the —, and —,

' states. This is consistent with the
results of the (e,e'p) experiment, although in light-ion
transfer reactions we often find somewhat less depletion.
It is possible to change the admixture of the 2~ configu-
rations by adjusting the relative energy of the Op and 1sOd
shells, but this will diminish the quality of the predicted
energy level scheme.

The shell-model wave functions predict a ground state
magnetic dipole moment equal to —0.363 pN, which is
significantly larger than the experimental value of —0.283
pN. The inclusion of the MEC effects improves the pre-
diction by 3.4%, giving —0.351 pN. Similarly, the calcu-
lated B(M1&) value for the excitation of the 6.32 MeV
state is 0.0384 e fm, to be compared with 0.0229+0.0023
e fm measured in a resonance fluorescence experiment. '

Although a 20/o reduction in the nucleon magnetic mo-
ments would give agreement for the photon point proper-
ties, comparison is made with form factor calculations
which employ bare nucleon magnetic moments. The shell
model calculations do not specify the radial shape of the
single particle wave functions, and again we have used
harmonic oscillator orbitals with the oscillator parameter
b = 1.70 fm. The results are presented in Figs. 1 and 3.

For the M1 elastic form factor, the shell model results,
which include the MEC corrections, give improved agree-
ment with the data around the second maximum, but still
underestimate the data at higher q. As shown in Fig. 3,
the calculated form factor for the 6.32 MeV excitation is
generally too large, with both the M1 and E2 rnultipoles
being overestimated. Nevertheless, the shell model result
represents a clear improvement over the pure single-hole
calculation shown in Fig. 2. The discrepancy at high q, al-
though smaller than in the case of the ground state, is
again present.
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FIG. 3. Same as Fig. 2 but the curves are obtained from the
2@co shell model calculations described in the text. The continu-
ous (dashed) lines show the results with (without) MEC.

C. Core-polarization calculations

While the shell model emphasizes the role of 2%co con-
figurations, higher-lying configurations might also contri-
bute significantly to the magnetic transitions in the Op

shell nuclei. This has been suggested by several core-
polarization calculations ' ' that have been performed
for M1 transitions in selected Op shell nuclei. These cal-
culations, which begin with unperturbed wave functions
derived from the Cohen-Kurath interaction, ' have fol-
lowed a wide variety of approaches to the problem. For
example, in addition to the particle-hole and 6-hole in-
teractions, Delorme et al. have considered a short range
repulsion fixed by the Migdal parameter g'. Also included
were one pion exchange currents generated by the pair
term and the pionic term. The predicted M 1 form factors
in ' C and ' C improve considerably, but the required
value of g', 0.44, is considered to be too small. Figure 4
shows the results of a similar core polarization calcula-
tion for the magnetic M1 form factor in ' N. It is obvi-
ous that the experimental data exclude values of g'(0. 5
and the preferred value of g'=0. 6 is consistent with the
accepted value. The ' N magnetic elastic form factor is
considered to be the appropriate candidate ' for a defini-
tive study of the care-polarization effects by the tech-
niques used by the Lyon group, and the present results do
not support the low values of g' obtained in Ref. 2 for ' C
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FIG. 4. Results of a core-polarization calculation (Ref. 24) by

the Lyon group are compared with the magnetic elastic data for
"N. The dashed curve is the single Op&~2 proton-hole result.
The effects of various choices of the Migdal parameter g' are
shown by the other curves for which contributions of the pair
and pionic exchange currents are also included
(—"—"—g'=0. 5, g'=0. 6 . g'=0. 7).
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FIG. 5. The magnetic elastic form factor for ' N is compared
with the results of core-polarization calculations (Ref. 5) that in-
clude central and tensor interactions. The dashed curve is for a
Op&~2 proton hole with b =1.75 fm. The effect of core polariza-
tion due to the tensor interaction is to reduce the height of the
calculated form factor over a large range of q as shown by the
dashed-dotted-dotted curve. The continuous line represents the
results of the full calculation with the central and tensor interac-
tions and includes the contributions of the pair and pionic ex-
change currents.

and ' C magnetic dipole transitions.
Fo11owing a different approach, Suzuki et aL. employed

first-order perturbation theory with phenomenological in-
teractions consisting of central and tensor parts. In the
cases of the ' C ground state, this procedure led to an im-
proved description of the data for magnetic dipole scatter-
ing. The results of similar calculations for the ' N elastic
M1 form factor are shown in Fig. 5. The second max-
imum at q —1.4 fm is reduced by core polarization main-
ly due to the tensor force. The form factor at large q is
enhanced by both core polarization and exchange currents.
Although exact agreement is not obtained, these calcula-
tions do modify the single-hole form factor in the correct
sense.

Suzuki's calculations for the 6.32 MeV, —', transition
are shown in Fig. 6. In these calculations, 2%co excitations
were computed in the random phase approximation (RPA)
with an effective interaction calculated from the Reid
soft-core potential. The contributions of 4—12 Ace excita-
tions were estimated in perturbation theory, and pionic
and pair exchange currents were included. Second-order
effects due to the tensor interactions resulted in a substan-
tial reduction from the single-hole predictions for both the

M1 and E2 form factors. From Fig. 6, we observe that
this core-polarization calculation describes the experimen-
tal data well, at least up to 2.4 fm

Finally, we note that lowest-order perturbation theory
has also been utilized to evaluate the core polarization
contributions to the longitudina1 C2 component of the
6.32 MeV form factor. ' By the inclusion of 2Acu and 4fico
excitations, Horikawa et al. found that the C2 form fac-
tor could be increased by 35—55%%uo at low momentum
transfers. Core polarization effects on longitudinal form
factors are primarily of isoscalar character. Since it is the
isovector operator which provides the dominant contribu-
tion to most transverse form factors, transverse measure-
ments are sensitive to an aspect of core polarization not
strongly manifested in the longitudinal form factors.

D. Analysis of the
magnetic elastic scattering

using a phenomenological model

In this subsection we use a phenomenological model in
which the form factor is expanded in powers of q to
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FIG. 6. The transverse form factor for the 6.32 MeV transi-
tion is compared with the predictions of core-polarization calcu-
lations (Ref. 4). The experimental data are from the present
work (circles) and from Ref. 14 (square). For the solid curve the
effects of 2fuu configurations were treated in RPA and 4—12 Ace

configurations were treated in perturbation theory. The dashed
line is for an identical calculation except that the 2Acu configura-
tions are also treated in perturbation theory.

FIG. 7. Phenomenological description of the magnetic elastic
form factor in "N. The q~O limit was required to reproduce
the ground state dipole moment. The dashed line is for a Op

shell harmonic oscillator orbital with parameters 3
~

and b
varied. The dotted-dashed line is for a Op-shell %oods-Saxon
wave function. The solid curve is obtained when terms up to x
are retained.

describe the elastic M1 scattering. Since the 6.32 MeV
transition contains both M1 and E2 multipoles, we shall
not attempt such an analysis of this transition because of
the uncertainties in separating the various multipole con-
tributions.

The M 1 form factor may be expanded as follows:

X I 1+A )x +A 2x + . .
I FsNF,

where x is proportional to q and FsN and F, are the
nucleon finite size and shell model center of mass correc-
tions. " For harmonic oscillator orbitals, x =q b /4. The
magnetic moment, p, and the coefficients A„contain all
the relevant nuclear structure information. Only terms up
to order x' are present when consideration is limited to
one-body currents within the harmonic oscillator p-shell
space.

A Op»2 proton-hole description with bare nucleon g
factors gives p= —0.263 pN and A~ ———7.055 but does
not provide an acceptable description of the form factor as

has been demonstrated in Fig. 1. Figure 7 shows the best
fit that could be obtained by varying 3 ~ and b when p is
fixed at the experimental value. This is equivalent to al-
lowing the Op&~2 proton to have q-independent effective
moments as well as an orbital size different from the value
derived from the charge radius. The best parameters are
A~ ———5.89 and b =1.67 fm. This fit describes the data
well up to about 2.4 fm ', beyond which the fitted
strength is insufficient to reproduce the observed magni-
tude. This is the best one can hope to do using harmonic
oscillator wave functions within the restrictions of the Op
shell. The use of a Woods-Saxon wave function for the Op
orbital improves the best-fit g per degree of freedom
from 5.5 to 3.5, but still leaves a deficiency with respect to
the high-q data, as shown in Fig. 7.

Some insight into the high-q problem can be developed
by increasing the order n of the polynomial expression for
FM, (q). For example, in the harmonic oscillator model,
the inclusion of an n =2 term introduces 2Am single-
particle matrix elements within the 1s-Od shell, and cross-
shell Op to lp-Of contributions. Such a fit yields little im-
provement in the X value. The further extension of the
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polynomial to include an n =3 term brings into considera-
tion 4%co excitations and single-particle matrix elements
within the 1p Of -shell. In this case an essentially perfect
fit is obtained, corresponding to the values A& ———8.130,
A2 ——2.489, A3 ———0.380, and b =1.S1 fm.

One of the simplest configurations that will contribute
to A3 has a single nucleon in the 1p Of she-ll. For example,
one might expect the dominant contribution to be

1 Op 1 /2 ) lJ=0, T = 1 ]X

lpga�/2

In this case, an occupancy (amplitude squared) of 0.33
would be required to obtain the above A3. A similarly
large admixture of the 1@i&2 orbital would also be needed
to explain the large elastic M 1 form factor observed in ' C
at high q. ' '

VI. SUMMARY AND CONCLUSIONS

Measurements of the transverse form factors for the
' N ground state and 6.32 MeV state excitation have been
compared to the predictions of the Op-shell proton-hole
model, a 2fico shell model calculation, and core-
polarization models. It was found that the theoretical
description of the data improved markedly as the model
space was expanded. For example, the restricted Op-shell
model overestimated the maxima of the elastic and 6.32
MeV form factors by factors of 2 and 3, respectively.
Core polarization calculations that include 12fuu and
higher excitations provided a much more satisfactory ac-
count of the observed maxima. In common with other re-
cently reported work, ' the feature that is most difficult
for the models to explain is the unexpectedly large cross
sections measured above q=2. 4 fm '. The Op-shell model
and 2%co calculations seem unable to account for these
enhancements. In the case of the elastic M 1 form factor,
the evaluation of MEC effects uniformly increased the
predicted form factor by about 20%%u~ over a large range of
momentum transfer, but did little to remove the high-q
discrepancy.

The data were compared to two different evaluations of

core-polarization contributions. The approach of the
Lyon group, which includes core-polarization effects to
all orders, is considered to be more appropriate for ' N
than for other p-shell nuclei. As has been shown, these
calculations can produce the required high-q enhancement
provided that the Migdal parameter g' is chosen appropri-
ately. The resultant g'=0. 6 is consistent with currently
accepted estimates derived from nuclear magnetic mo-
ments and other experimental evidence. On the other
hand, similar calculations by the Lyon group demanded a
value of g'=0. 44 to explain M1 transitions in ' C and
' C. This casts doubt on the general applicability of their
method.

Perturbation theory calculations of core polarization ef-
fects have also been examined. Although these calcula-
tions seem to improve upon the Op-shell description, they
still do not predict enough strength at high q. Similar cal-
culations with a different interaction provide a good
description of the high-q elastic data for ' C, but fail in
the case of the 15.1 MeV transition in ' C. At present
there appears to be no definite method for choosing an in-
teraction which provides universal agreement with the
transverse form factors measured for light nuclei.

By means of a phenomenological power series analysis,
we have shown how core polarization effects could ac-
count for the large cross sections observed at high q. Such
an explanation would require an occupancy of higher-
lying orbits that is much greater than that given by cus-
tomary shell model assumptions. A clear signature for the
origins of the high-q discrepancy should be sought by
measuring the ' N and other form factors to higher
momentum transfers.
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