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High-Accuracy Comparison of Electron and Positron Scattering from Nuclei
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We compare the elastic-scattering cross sections for electrons and positrons from 'Pb and ' C. The
results demonstrate that the electron-nucleus interaction can be described to good accuracy as a single
hard-photon exchange process, and validate the theoretical framework used to interpret electron-
scattering data in terms of ground-state charge densities of nuclei.

PACS numbers: 25.30.8f, 25.30.Hm, 27.20.+n, 27.80.+w

Modern electron-scattering experiments determine the
ground-state charge distribution and the transition
charge densities to the low-lying excited states of nuclei
with statistical and systematic uncertainties as low as
1%. At this level of precision it becomes important to
understand the limits of validity of our description of the
electron-nucleus interaction. In analyzing spectra from
an electron-scattering experiment, one begins by correct-
ing for a variety of radiative effects. The accuracy of
these corrections is not well known, but is generally be-
lieved to be better than 1%. The "standard" interpreta-
tion of the resulting cross sections in terms of the nuclear
charge and current densities describes the scattering pro-
cess using the approximation of a single hard-virtual-
photon exchange with a static density, and uses partial-
wave analysis (for elastic scattering) and the distorted-
wave Born approximation (for inelastic scattering) to ac-
count for Coulomb distortion of the electron wave func-
tion during the scattering process. Dispersive effects,
which correspond to intermediate excitations of the nu-
cleus involving the exchange of two or more hard pho-
tons, are neglected.

The contributions of radiative corrections, Coulomb
distortion, and dispersive effects to the experimental
cross sections varies, in general, with the beam energy E,
the scattering angle 0, the nuclear charge Ze, and the
charge ze of the incident lepton. The present work pro-
vides a careful check on the accuracy of the traditional
analysis of electron-nucleus scattering through a high-
accuracy comparison of elastic electron and positron
scattering from ' C and Pb; to the extent that the
same static charge density can describe both electron
and positron scattering from each of these nuclei we have
evidence that effects whose magnitude and sign depend
on the sign of the charge of the incident. lepton are treat-
ed properly in that analysis.

The radiative corrections to the experimental spectra

include Landau straggling, thick-target (external)
bremsstrahlung, and the Schwinger radiative correction.
Most modern electron-scattering experiments are carried
out using high beam energies and thin (-100 mg/cm )
targets. Under these conditions the correction for Lan-
dau straggling is small ( —0.5%), and the diA'erences in
Landau straggling for electrons and positrons are calcu-
lated' to be about an order of magnitude smaller. The
bremsstrahlung correction is typically a few percent, but
the Coulomb corrections to it contain only even powers
of Zze, and are therefore identical for electrons and
positrons. The Schwinger correction is the largest of the
radiative corrections (-20%-30%), and our improved
formulation, described below, predicts electron-positron
differences as large as 1%; this is the radiative correction
tested with the greatest sensitivity by an electron-
positron comparison.

While the analysis of elastic-scattering data is carried
out using an "exact" phase-shift calculation, the Born
approximation provides a useful framework for under-
standing the sensitivities of an electron-positron scatter-
ing comparison to different aspects of the electron-
nucleus interaction. The electron-nucleus scattering am-
plitude can be written as an expansion in powers of
Zze . The leading term in this expansion, which corre-
sponds to the plane-wave Born approximation (PWBA),
is proportional to Zze, and will have opposite signs for
electrons and positrons. Assuming a static charge densi-
ty (i.e., no dispersive corrections) the largest correction
to PWBA is that due to the Coulomb distortion of the
electron wave function by the scattering potential. This
leads to correction terms in the amplitude proportional
to (Zze ), (Zze ), . . . ; the odd terms in this expan-
sion have opposite signs for electrons and positrons. The
part of the Coulomb effect associated with the accelera-
tion of the lepton by the Coulomb potential of the nu-
cleus corresponds to the effective momentum (q, tr)
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transferred between the lepton and the nucleus depend-
ing on the sign of the lepton's charge; this shifts the ap-
parent location of the diffraction minima. The Coulomb
effects predict electron-to-positron cross-section ratios as
large as 2:1 for Pb at 450 MeV, so our experiment,
which is accurate to a few percent, provides a sensitive
test of the theory.

The comparison between electron and positron elastic
scattering can also provide information on the impor-
tance of dispersive effects. These effects require the ex-
change of at least two hard virtual photons. They are ex-
pected to be largest in the region of the diffraction mini-
ma, where the contribution of the PWBA one-photon-
exchange diagram goes to zero. In the minima, the lead-
ing terms in both the dispersive and Coulomb-distortion
contributions to the scattering amplitude are proportion-
al to (Zze ), so the interference between them will not
change with the sign of the lepton charge. In contrast, in
the region outside the diffraction minima the leading
term in the static-scattering amplitude is proportional to
Zze while the dispersive amplitude is expected to be
roughly proportional to (Zze ), so the interference term
changes sign as the lepton charge changes sign. It has
been suggested that this behavior will provide an experi-
mental signature for the presence of dispersive effects.

The first comparisons of electron- and positron-
nucleus scattering were performed in the 1960s on Co
and Bi. Ratios of e + to e cross sections were found
to be compatible with the predictions of a phase-shift
calculation to within 10% over the momentum-transfer
range studied (q & I fm '). These data were obtained
with an energy resolution of 20 MeV, which was not
sufficient to resolve elastic from inelastic scattering. A
related p+/p comparison had similar resolution and
conclusions. Our experiment used a high-energy posi-
tron beam with an energy resolution suScient to resolve
the elastic scattering in order to improve on these earlier
results.

The energy dependence of dispersive effects has been
studied in the case of elastic electron scattering on ' C.
The relative importance of the dispersive effects is ex-
pected to be largest in the minima of light nuclei, since
Coulomb corrections are much larger in this region for
high-Z nuclei. It was found that the experimental cross
sections in the region of the diffraction minimum were
larger by approximately 10% at 430 MeV and 20% at
690 MeV than the values predicted by a phase-shift cal-
culation assuming a static charge density. The magni-
tude of the measured effect is larger than theoretical pre-
dictions by an order of magnitude. The present experi-
ment provides complementary information due to the in-
terference between the dispersive and static-scattering
amplitudes, as discussed above.

The present experiment was performed using the Ac-
celerateur Lineaire de Saclay (ALS), which can provide
a 20-nA beam of 450-MeV positrons with a 2x10 en-

ergy resolution. Scattering data were obtained with the
high-resolution magnetic spectrometer SP900 (8E/F.
=10 ") and its associated detector, which consists of
four multiwire proportional chambers, two layers of plas-
tic scintillators, and a gas Cerenkov counter. The spec-
trometer SP600 was used as a luminosity monitor. The
data were collected using a 100-mg/cm target for Pb
and a 95-mg/cm target for ' C. The absolute efficiency
of the detector was determined by measuring the cross
coincidence rates between diff'erent elements of the
detector.

In order to compare electron- and positron-scattering
cross sections with overall uncertainties of the order of a
few percent, the physical properties of the beams had to
be as identical as possible. The emittance of the ALS
positron beam is 6 times larger than that of the normal
electron beam. To minimize errors in the electron-
positron comparison, the emittance of the electron beam
was degraded by installing a 17-pm Al foil after the last
section of the accelerator, and the emittance of both
beams was defined by the same mechanical slit system.
We monitored the beam emittance during the experi-
ment by measuring the beam profiles using a pair of
high-sensitivity scanning wire systems.

Special precautions were required to measure the
small beam currents (10-20 nA) reliably. The water
usually used to cool the Faraday cup induced a leakage
current similar in magnitude to the positron current. By
draining and drying the Faraday cup its leakage current
was reduced to a negligible value. Two ferrite-core in-
duction monitors located upstream of the target and
low-noise integrators were also used for a redundant
charge determination. The ratio of the charge measure-
ments of the Faraday cup to the induction monitors was
stable to (0.5%.

The elastic-cross-section angular distribution for Pb
was measured at an incident energy of 450 MeV in 1' or
2' steps for angles between 26' and 53', corresponding
to momentum transfers ranging from 1 to 2 fm '. The
elastic cross sections for ' C were measured at the same
energy for five angles: 26', 29, 33, 35, and 37, cor-
responding to momentum transfers between 1 and 1.5
fm

The experimental elastic cross sections were deter-
mined by integrating the measured spectra to an excita-
tion energy just below the first excited state and then ap-
plying corrections for Landau straggling, thick-target
bremsstrahlung, and the Schwinger radiative correction.
For Landau straggling the standard analysis has been
modified following Heddle and Maximon ' to incorporate
the correct M@ller and Bhabba cross sections for
electron-electron and positron-electron scattering into
the Landau formulation. The standard thick-target
bremsstrahlung correction' has been modified slightly to
correct numerical errors in the original expressions. The
Schwinger radiative correction formula of Mo and Tsai'
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has been modified by separating the terms involving the
emission of real soft photons and exponentiating them,
thereby including Coulomb corrections to these terms to
all orders of aZ. Additional corrections were made to
make the formula consistent with Schwinger s original
expression in the limit of a static potential. The annihi-
lation of positrons in the target and in the spectrometer
has been estimated to be negligible ((0.05%). Geome-
trical corrections due to the spectrometer acceptance and
the emittance of the beam were taken into account.

The statistical distribution of the measured cross sec-
tions repeated at the same scattering angles shows that
there was an unidentified common random error in the
determination of the experimental cross sections of 0.5%
for ' C and 0.7% for Pb for both positrons and elec-
trons; these errors were folded in quadrature with the
identified statistical uncertainties.

The measured Pb cross sections are shown in Fig. 1,
where they are compared with the results of a phase-shift
calculation, '' which provides an exact solution for elastic
scattering from a spherically symmetric, static charge
distribution; the charge distribution used was deter-
mined' from a model-independent analysis using several
sets of electron-scattering data collected for momen-
tum-transfer values up to 3.8 fm '. The eAects of
Coulomb distortion and diAering q,& for electrons and
positrons are clearly visible; the locations of the
diAraction minima are shifted between electrons and
positrons due to the change in q,p, and the magnitudes
of the cross sections at the same q,& differ due to
diAerences in the Coulomb distortion. Clearly, an

'

electron-positron comparison is highly sensitive to
Coulomb-distortion eAects, and the calculation is in gen-
eral agreement with the data.

For each incident energy and scattering angle we
determined the ratio R =a+(E,O)/rr (F. , 0) for both
the data and the theoretical calculation; many possible
experimental errors cancel in these ratios. In the PWBA
this ratio would be unity. The lower half of Fig. 1

displays the experimental and theoretical values of R for
Pb; the measured ratios are generally in good agree-

ment with those obtained from the phase-shift calcula-
tion.

Figure 2 displays the experimental cross sections and
their ratios for the ' C data compared to the predictions
of a phase-shift calculation using the static charge densi. -

ty of Ref. 13. The agreement between experiment and
theory for the ' C data is excellent.

To provide increased sensitivity to small discrepancies
between experiment and theory, Fig. 3 displays the
differences between the calculated and measured ratios
of positron and electron cross sections for both ' C and

Pb. The ' C ratios agree with the theoretical predic-
tions to within the experimental error bars, indicating
that dispersive effects in ' C are smaller than 2% for
momentum transfers from 1 to 1.5 fm '. This result
suggests that the change in the dispersive eAect with
beam energy measured in previous electron-scattering ex-
periments is close to the absolute size of this effect.

The Pb ratios display a tendency to differ systemat-
ically from the theoretical predictions, although the mag-
nitude of the discrepancies is near the limit of our experi-
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FIG. l. (a) Measured electron and positron elastic-scat-
tering cross sections and (b) their ratios for ' 'Pb compared
with phase-shift calculations of the cross sections aIid ratios us-
ing a static charge density (Ref. 12).
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FlG. 2. (a) Measured electron and positron elastic-scat-
tering cross sections and (b) their ratios for 'C compared with
phase-shift calculations of the cross sections and ratios using a
static charge density (Ref. 13).
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FIG. 3. Deviations of the measured electron/positron ratios
from the predictions of phase-shift calculations using static
charge densities.

mental accuracy of a few percent. The discrepancies are
most significant in the 1ow-q region where the experi-
mental accuracy is highest. Renormalization of the cross
sections, which corresponds to a vertical translation of
the x axis in this figure, will not remove these discrepan-
cies, nor will a change in the energy calibration of the
spectrometer. The diA'erences observed could be due to
errors in the radiative corrections, the Coulomb correc-
tions, or the omission of dispersive eff'ects in the analysis
of the data; our experiment cannot distinguish between
these possibilities. We note, however, that the discrepan-
cies are at the level of a few percent, where their contri-
bution to the uncertainty in the charge density inferred
from a typical electron-scattering experiment wou1d be
comparable to or smaller than other sources of uncer-
tainty.

The validity of the treatment of radiative corrections,
Coulomb corrections, and dispersive eA'ects had never
been tested at the level of precision needed to verify the

theoretical treatment used for the extraction of nuclear
charge-density distributions from the present generation
of electron data. The present experiment provides clear
evidence that errors in this treatment are no larger than
a few percent in ' C and ~Pb for the momentum-trans-
fer range we have investigated, and provides a firmer
foundation for confidence in the charge-density distribu-
tions of spherical nuclei deduced from high-energy elec-
tron elastic-scattering data.
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