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Differential cross sections for elastic electron scattering in neon have been measured in the angular range of
backward scattering from 110°–180° at incident energies of 7, 10, and 15 eV. These measurements combined
the use of a magnetic angle changer and an electrostatic electron spectrometer. The differential cross sections
measured in the above scattering angle range, together with results obtained previously in the range below
110°, have been integrated to obtain integral elastic and momentum transfer cross sections. Detailed compari-
son is presented of the measured differential and integral cross sections with the results of various theoretical
calculations.
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I. INTRODUCTION

The ability to calculate accurate elastic scattering cross
sections in the noble gases represents a fundamental test of
our understanding of the dynamics of electron-atom interac-
tions. It provides the basis upon which we can proceed to
open-shell atoms and to molecular systems. The large
amount of theoretical effort applied to these calculations at-
tests to their importance. Producing sufficiently accurate ex-
perimental data to test the various theories also presents chal-
lenges to the experimentalist. For detailed comparison with
theory, measurements over the full range of angular scatter-
ing 0°–180° are required. Until recently, however, the major-
ity of the experimental measurements were confined to the
angular range below about 130° and none could be made in
the backward hemisphere over a continuous angular range up
to 180°. This scattering angle region became accessible with
the recent development of the magnetic angle changing tech-
nique �1–3�. So far, in the noble gases this technique has
been used to measure differential cross sections for elastic
scattering in argon �4� and krypton �5,6�.

In this work we present the first measurements of the
differential cross sections for elastic scattering in neon over
the backward hemisphere from 110° to 180° and for incident
energies of 7, 10, and 15 eV, that is below the first excitation
threshold. The magnetic angle-changing technique �3� has
been applied and the absolute values of the cross sections
have been obtained using the relative flow technique. Scat-
tering of electrons by neon atoms has particular importance
because neon is the simplest noble gas atom after helium.
Experimentally the need for accurate absolute differential
cross sections in neon has been emphasized by the sugges-
tions �15,16� that it can be used as a secondary standard,
after helium, in the determination of the differential cross
sections of other gases.

The first measurements of the elastic differential cross
sections for neon atoms in the low-energy region ��20 eV�
were carried out in the 1930s �7–9�. There was then a gap of
more than thirty yrs before the next measurements in this
energy range were performed �10,11�. More recent measure-
ments of the absolute differential cross sections have been
made by Williams �12� �who presented derived phase shifts

in the range from 0.58 eV to 20 eV�, Brewer et al. �13�,
Register and Trajmar �14�, Shi and Burrow �15�, and Gulley
et al. �16�. None of these studies, however, measured these
cross sections in the scattering angle range above 145°.

Theoretical studies of elastic electron scattering by neon
atoms below 20 eV has been more extensive than the experi-
mental studies. The general aim of these theoretical works
was to develop a description of the polarization and ex-
change interactions between the target atom and the incident
electron. Saha used a multiconfiguration self-consistent-field
method �17� that included dynamic polarization and electron
correlation effects. The polarized-orbital method has been
used by Thompson �18� and Dasgupta and Bhatia �19� to
calculate differential, total, and momentum transfer cross
sections and by Garbaty and Labahn �20� to obtain the total
cross section. McEachran and Stauffer �21,22� have also
made polarized-orbital calculations to obtain the differential
and integral cross sections. These latter calculations involved
an adiabatic exchange approximation that included the dipole
polarization potential and treated exchange exactly. Fon and
Berrington �23� performed R-matrix calculations for elastic
scattering that took into account static dipole polarizability
of the ground state by coupling the Hartree-Fock wave func-
tion of neon with a 1P pseudostate. Most recently Zatsarinny
and Bartschat �24� used the B-spline R-matrix �BSR� ap-
proach to calculate elastic scattering from the ground state,
taking into account the relativistic effects by including terms
of the Breit-Pauli Hamiltonian in the inner region. However,
by using term dependent, nonorthogonal sets of one-electron
orbitals for each state, the emphasis in this approach was put
on obtaining highly accurate results for near-threshold exci-
tation of the lowest few excited states �25�. Reid and Wade-
hra �26� proposed a new correlation-polarization model that
was parameter free and calculated differential cross sections
in the energy range below 15 eV. Model polarization inter-
action potentials had been exploited previously in the calcu-
lations of Thirumalai and Truhlar �27� and Nakanishi and
Schrader �28�. O’Connell and Lane �29� have proposed a
nonadjustable model potential based on free-electron gas
theory that includes both electron exchange and correlation.
These authors and also Yuan �30� used this model to calcu-
late the total cross section in neon. A new procedure for
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including the local exchange-correlation potential has been
introduced by Fritsche et al. �31� who used it in relativistic
calculations. Gianturco and Rodriguez-Ruiz �32� have given
an extended account of polarization-correlation forces. They
used density-functional theory to describe the short-range in-
teraction and a polarization adiabatic approach for the long-
range interaction. Among other theoretical studies of electron
scattering by neon atoms have been the works of Berg �33�,
Kemper et al. �34�, Haberland et al. �35�. Berg used a rela-
tivistic approach to investigate the differential cross sections
using the exchange-correlation X� potential. Kemper et al.
used a relativistic Hartree-Fock two-channel approach that
incorporated dynamic polarization, nonlocal exchange and
inelastic scattering. Haberland et al. applied Kohn-Sham
density functional theory, together with an exchange-
correlation potential, derived from the defined correlation
factors, to obtain differential cross sections.

II. EXPERIMENT

The apparatus consists of an electrostatic electron spec-
trometer and a magnetic angle changer. This device provides
a localized magnetic field at the interaction region that de-
flects the incident and scattered electrons. This allows the
elastic differential cross section of the target gas to be mea-
sured over the full backward scattering hemisphere. The ap-
paratus and the experimental procedures used in the present
work have been described in detail previously �3�.

The electron spectrometer consists of an electron mono-
chromator which is fixed in position and an electron energy
analyzer that can be rotated through the angular range −10°
to +120° with respect to the incident electron beam direction.
The electron monochromator employs a hemispherical elec-
trostatic deflector of 50 mm mean radius. Electrons leaving
the deflector are focused onto the target region by two triple-
aperture lenses. The monochromator delivers typically 3 nA
of incident electron beam current at the interaction region
with an energy spread �FWHM� of typically 70 meV over
the energy range of interest �7 to 15 eV�. The incident elec-
tron current is measured using a deep Faraday cup placed
beyond the interaction region. The gas beam is formed by a
single capillary of 0.3 mm internal diameter and length
10 mm. Scattered electrons from the target region are fo-
cused by a single three-cylinder lens onto the entrance aper-
ture of a hemispherical electrostatic deflector of 20 mm
mean radius. Electrons transmitted by the analyzer are de-
tected by a channel electron multiplier. The incident electron
energy was calibrated by comparing the observed position of
the 2S resonance in helium with the accepted value of
19.366 eV �36� �see also �37� for a recent measurement of
the energy of the helium 2S resonance�. The uncertainty in
the incident energy scale is estimated to be ±30 meV.

The magnetic angle changer has been described in detail
by Linert et al. �3,38�. Briefly, it consists of two pairs of
conical solenoids of cylindrical symmetry. These produce the
localized and shaped magnetic field that is perpendicular to
the scattering plane at the interaction region. There is a gap
between the solenoids to allow passage of the electrons and
the scattering plane lies at the midpoint of this gap. The

operation of the magnetic angle changer is illustrated in Fig.
1. The incident electrons are deflected by the magnetic field
but still pass through the center of the interaction region. The
magnetic field also deflects the elastically scattered electrons
by the same angle. The total angular deflection of the elec-
trons of 70° combined with the angular range of the me-
chanical rotation of the analyzer �−10° to +120° � gives an
accessible scattering angle range of +60° to +190°. This
gives access to the whole backward scattering hemisphere.
The angular scale in the present measurements was cali-
brated by observing the minimum in the elastic differential
cross section of argon that occurs in the region of 120° and
the uncertainty in the measurements is estimated to be ±2°.
The angular resolution of the spectrometer is estimated to be
4°.

Absolute values of the differential cross sections have
been determined at scattering angles from 110° to 180° in
steps of 10° using the relative flow technique. This technique
has been described in detail by Khakoo and Trajmar �39� and
Nickel et al. �40�. To obtain the cross section at a given
scattering angle, the yields of elastically scattered electrons
were measured in neon and helium and the helium elastic
differential cross section of Nesbet �41� was then used to
normalize the neon cross sections. The pressure of neon be-
hind the capillary was maintained within the range
5.8–6.7 Pa and the ratio of the helium to neon driving pres-
sures was 1:0.72 to fulfill the requirement of equal mean free
path lengths for both gases in the beam-forming capillary
�40�. The gas flow rates were measured at each angle by
recording the pressure increase, with a baratron, in a volume
behind the leak valve when the gas flow into the collision
region was cut off. In order to maintain highly stable perfor-
mance of the spectrometer, both the neon and helium gases

0

180

incident electron beam

gas beam
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scattered electrons

deflection angle

unscattered beam in the absence
of magnetic field

FIG. 1. �Color online� Cross section through the magnetic angle
changer with inner and outer solenoids, shown by rings surrounding
the scattering region. The electron trajectories computed for the
incident electron beam and scattered electrons of 10 eV and the
inner coil’s current of 0.83 A are shown in the figure.
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were always present in the vacuum chamber. This was
achieved by admitting one of the gases to the interaction
region via the capillary and the other directly to the vacuum
chamber via a side valve. Any background contributions to
the measured electron yields were accounted for by bypass-
ing the capillary and admitting both the neon and helium
gases directly into the vacuum chamber through the side
valve. These contributions are of special significance for
measurements in neon where the elastic cross sections are
relatively small.

The uncertainties in the presented values of the elastic
cross sections arise from the statistical uncertainties in the
determination of the scattered electron intensities, the rela-
tive flow rates of neon and helium, the incident electron
beam current, and the uncertainty in the elastic cross section
for helium. From the statistical distribution of the measure-
ments it is estimated that the overall uncertainty in the pre-
sented differential cross sections is 15%.

III. RESULTS AND DISCUSSION

A. Differential cross sections

The absolute differential cross sections obtained in the
present work in neon at energies of 7, 10, and 15 eV are
presented in Figs. 2–4, respectively. These cover the angular
scattering range 110°–180°. The numerical values of the
cross sections are listed in Table I. The figures also show
previous experimental cross sections and results from several
theoretical calculations. The previous experimental work re-
lates to the angular range below 140°, although the much
earlier work of Ramsauer and Kollath �7� employed a tech-
nique that could reach angles up to 167.5°. The theoretical
calculations cover the complete angular range, 0°–180°.

There is some overlap in the angular range 110°–130°
between the present and the more recent experimental studies
of Shi and Burrow �15� and Gulley et al. �16� at 7 eV, and

Brewer et al. �13� and Register and Trajmar �14� at 10 and
15 eV. In this region of overlap, there is good agreement
between all the recent experimental data including those of
the present work. The earlier results of Ramsauer and Kol-
lath �7� tend to be higher. Over the angular range 110°–130°,
the theoretical calculations are also in very good agreement
with each other and also in agreement with the experimental
data.

In the angular range below 110° the calculated differential
cross sections tend to deviate from each other by a small
amount �=10% �. The available experimental cross sections
are in very good mutual agreement at 7 and 15 eV �Figs. 2
and 4�. However, at 10 eV �Fig. 3� the results of Brewer et
al. �13� and Register and Trajmar �14� show differences

FIG. 2. �Color online� Differential cross sections for electron
elastic scattering in neon at the energy of 7 eV: �—present results.
In the figure are shown experimental results of Ramsauer and Kol-
lath �7�, Shi and Burrow �15�, and Gulley et al. �16� and theoretical
results of Saha �17�, McEachran and Stauffer �21�, Fon and Ber-
rington �23�, and Zatsarinny and Bartschat �24�.

FIG. 3. �Color online� Differential cross sections for electron
elastic scattering in neon at the energy of 10 eV: �—present re-
sults. In the figure are shown experimental results of Ramsauer and
Kollath �7�, Brewer et al. �13�, and Register and Trajmar �14� and
theoretical results of Saha �17�, McEachran and Stauffer �21�, Fon
and Berrington �23�, and Zatsarinny and Bartschat �24�.

FIG. 4. �Color online� Differential cross sections for electron
elastic scattering in neon at the energy of 15 eV: �—present re-
sults. In the figure are shown experimental results of Ramsauer and
Kollath �7�, Brewer et al. �13�, and Register and Trajmar �14� and
theoretical results of Saha �17�, McEachran and Stauffer �21�, and
Zatsarinny and Bartschat �24�.
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which at the angle of 50° increase to 10%. To resolve this
discrepancy we measured the differential cross section at 50°
and obtained a value which is in excellent agreement with
that of Brewer et al. �13� �see Table I�.

For the angular range above 130° our measured differen-
tial cross sections rise to a maximum at 180° at all three
energies. Over this angular range, at an incident electron en-
ergy of 7 eV, the three theoretical calculations of Saha �17�,
McEachran and Stauffer �21�, and Fon and Berrington �23�
are in very good agreement with each other and with the
present results while those of Zatsarinny and Bartschat �24�
are higher than our results by about 20%. The much earlier
measurements of Ramsauer and Kollath �7� lie much higher.
The situation above 130° is very different at 10 eV. There
are significant differences between the results of calculations
as can be seen in Fig. 3. The best agreement with the present
measurements comes from the calculations of McEachran
and Stauffer �21� �and Dasgupta and Bhatia �19� which co-
incide with each other�. The results of Saha �17� and in par-
ticular of Fon and Berrington �23� are considerably lower
than the present cross section while the results of Zatsarinny
and Bartschat �24� are again about 20% higher than the ex-
perimental cross section. At the energy of 15 eV there is
again good agreement between the theoretical calculations
and the present results. The best agreement is with the theo-
retical calculations of McEachran and Stauffer �21�. How-
ever the calculations of Saha �17� and Zatsarinny and Bar-
tschat �24� also agree with the present results within the
quoted uncertainty. Interestingly, the calculations of Saha
�17� are in better agreement with the experimental results
below about 80°.

B. Integral and momentum transfer cross sections

The integral elastic cross section �t and the momentum
transfer cross section �m have been deduced at energies of 7,
10, and 15 eV from integration of the differential cross sec-
tions over the total angular range 0°–180°. For the integra-
tion in the angular range 110°–180° the present cross sec-

tions were used. For the angular range 20°–110° the cross
sections of Gulley et al. �16� at 7 eV and that of Brewer et
al. �13� at 10 and 15 eV were used. For the angular range
0°–20° the results of Gulley et al. and Brewer et al. were
extrapolated down to 0°. The deduced integral cross sections
and their uncertainties are listed in Table II. These uncertain-
ties arise from the uncertainties in the present measurements
and those in the cross sections in the angular range 20°–110°.
The uncertainty in the present measurements is 15% while
the uncertainties in the measurements in �16,13� are 7% and
5%, respectively. The uncertainties arising from the extrapo-
lated cross sections in the 0°–20° range contribute less than
1% to the total uncertainty. The deduced integral cross sec-
tions are compared with recent measurements of the total
cross sections �42–49� and determination from differential
cross sections �16� in Fig. 5 and with the experimental mo-
mentum transfer cross section �50� in Fig. 6. �For earlier
works on total cross sections see references in �48�.�

As can be seen from Fig. 5 the present integral cross
sections at the three values of electron energy 7, 10, and
15 eV, respectively are in very good agreement with all the
previous experimental results. This in particular applies to
our 10 eV value which again supports the results of the dif-
ferential cross sections of Brewer et al. �13� in favor of those

TABLE I. Differential cross sections, in units of 10−20 m2 sr−1,
for elastic electron scattering in neon at incident energies of 7, 10,
and 15 eV.

Electron energy

Scattering angle �deg� 7 eV 10 eV 15 eV

50 0.501

100 0.159

110 0.154 0.137 0.0996

120 0.118 0.0915 0.0772

130 0.0878 0.0808 0.107

140 0.0674 0.0847 0.151

150 0.0631 0.112 0.248

160 0.0646 0.131 0.293

170 0.0702 0.160 0.323

180 0.0736 0.157 0.347

TABLE II. Integral cross section �t and momentum transfer
cross section �m, in units of 10−20 m2, for elastic electron scattering
in neon at incident energies of 7, 10, and 15 eV.

Energy
�eV� �t �m

7 3.03±0.25 2.21±0.22

10 3.51±0.22 2.49±0.21

15 3.55±0.24 2.74±0.26

FIG. 5. �Color online� Integral cross sections for elastic electron
scattering in neon: �—present results. In the figure are shown ex-
perimental results of Gulley et al. �16�, Salop and Nakano �42�,
Stein et al. �43�, Sinapius et al. �44�, Charlton et al. �45�, Nickel et
al. �46�, Kumar et al. �47�, Szmytkowski et al. �48�, and Beak and
Grosswendt �49� and theoretical results of Saha �17�, McEachran
and Stauffer �21�, Fon and Berrington �23�, and Zatsarinny and
Bartschat �24�.
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of Register and Trajmar �14�. The theoretical calculations
presented in Fig. 5 are generally in good agreement with the
experimental total cross sections. However the results of
Saha �17� are 3–5 % lower than most of the experimental
results while the results of Zatsarinny and Bartschat �24� are
higher by the same amount. The results of Fon and Ber-
rington �23� are lower by about 7% at lower energies.

Figure 6 shows the comparison of the present values of
the momentum transfer cross sections with the experimental
results of Robertson �50�. As far as the authors are aware this
is the only available experimental measurement of the mo-
mentum transfer cross section of neon in this energy range.
The value of our cross section at 7 eV is within 3% of the
value reported by Robertson. Figure 6 also shows the results
of various theoretical calculations �17,21,23,24�. The best
agreement with theory is obtained with the calculations of
McEachran and Stauffer �21� �and Dasgupta and Bhatia
�19��.

IV. CONCLUSIONS

The present work has considerably extended the range of
measurement of the elastic differential cross section of neon
in the backward scattering hemisphere. This cross section
has been measured over the continuous range of scattering
angle from 110°–180°. This has been done for the incident
electron energies of 7, 10, and 15 eV, respectively. These
differential cross sections are observed to reach a maximum
at 180°. The present work overlaps previous experimental
works in the angular range 110°–130° and in this range there
is very good agreement with all the recent experimental and
theoretical values of the differential cross section. At 7 and
15 eV the present differential cross sections are also in
agreement with the recent theoretical calculations above
130°. This is not the case, however, at 10 eV. At this energy
only the calculations of McEachran and Stauffer �21� are in
agreement with the present results. The calculations of Saha
�17� are lower by about 15% and those of Fon and Ber-
rington �23� are lower still, by about 35%.

The cross sections integrated over the total angular range
0°–180° have been deduced from the present results and
those of Gulley et al. �16� and Brewer et al. �13�. These
differential cross sections have been integrated to obtain val-
ues giving the integral and the momentum transfer cross sec-
tions at energies of 7, 10, and 15 eV. The deduced integral
cross sections are in very good agreement with existing val-
ues of this cross section. The deduced value of the momen-
tum transfer cross section at 7 eV is in very good agreement
with the only known measurement of this cross section.
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