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Abstract. Absolute differential cross sections for elastic electron scattering and vibrational
(v = 0 → 1) excitation in nitrogen have been measured in the range of scattering angle from
120◦ to 180◦ at an incident electron energy of 5 eV. The measurements have been carried out
using the magnetic angle-changing technique that allows observation of scattering in the backward
direction. These results, together with the existing experimental data for lower scattering angles,
give differential cross sections over a wide angular range from close to zero to 180◦. The importance
of short- and long-range correlation (polarization) interactions for elastic electron scattering at
forward and backward directions is discussed.

The scattering of low-energy electrons by nitrogen is an accepted test ground in studies
to develop an accurate description of electron–molecule interactions. In these studies
an important role is played by a detailed comparison of the results of these theoretical
investigations, e.g. integral and differential cross sections, with the results of experimental
measurements. Such a comparison is especially important in the studies of elastic electron
scattering to adequately account for the short- and long-range correlation (polarization) and
exchange interactions. These correlation effects in nitrogen as observed in the integral elastic
cross sections have been studied for several scattering symmetries using different theoretical
approaches by Schneider and Collins (1984) and Huo et al (1987a, b). It has been found, for
example, that in the low-energy region (� 5 eV) the long-range correlation is more important
than the short-range correlation for the non-resonant 2�+

g , 2�+
u , 2�u, 2�g and 2�u symmetries

with the 2�+
g symmetry dominating in the scattering. Also it has been shown, as expected,

that for the resonant 2�g symmetry the short-range correlation is the most effective. However,
little work has been carried out on the role these interactions play in differential scattering.
This is especially the case in the low (forward) and high (backward) scattering angle regions.
Such studies have been hampered by the fact that the experimental differential cross sections
were not available until recently for scattering at high angles up to 180◦.

In this letter we present absolute differential cross sections for elastic electron scattering
and vibrational (v = 0 → 1) excitation in nitrogen at an energy of 5 eV, measured in the
range of scattering angle from 120◦ to 180◦. In the past, several measurements of the elastic
(Srivastava et al 1976, Shyn and Carignan 1980, Brennan et al 1992, Sun et al 1995) and
vibrational (Tanaka et al 1981, Brennan et al 1992) differential cross sections at 5 eV have
been performed. However, these were done for scattering angles below the above region and
it is now important to extend these measurements to scattering angles up to 180◦. Also, the
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incident energy of 5 eV lies close to the higher limit of the energy region that is dominated by the
2�g resonance state and measurements at this energy are important to estimate the resonance
contribution to the electron scattering. The elastic cross section at 5 eV has been calculated by
several authors. Chandra and Temkin (1976) used hybrid theory combining vibrational close-
coupling with the adiabatic nuclei approximation. Siegel et al (1980) employed the continuum
multiple-scattering method. Huo et al (1987b) used the Schwinger multichannel formulation
while Gillan et al (1987) used the R-matrix method. Recently, Sun et al (1995) presented
the most elaborate calculations using converged vibrational close-coupling together with a
detailed discussion of the electron–nitrogen molecule interaction potential. The differential
cross section for vibrational (v = 0 → 1) excitation has been obtained by Truhlar et al
(1976) who used a truncated vibrational–rotational close-coupling approximation with a model
interaction potential, and also by Chandra and Temkin (1976) and Gillian et al (1987).

The present measurements have been performed using the magnetic angle-changing
technique (Zubek et al 1996, Read and Channing 1996) which allows observation of elastic and
inelastic electron scattering in the region of high scattering angles up to 180◦. The apparatus
used in the measurements has been described in detail previously (Zubek et al 1999). Briefly, it
is a conventional electron spectrometer consisting of a hemispherical electron monochromator
and a hemispherical electron analyser for the selection of the incident and scattered electrons
respectively. It is equipped with three pairs of solenoids to produce a localized magnetic field
in the scattering region. The magnetic field deflects the electron beam incident on the scattering
region and also the scattered electrons leaving the scattering region. The combined deflection
is 70◦ with respect to scattering without the presence of the magnetic field. Thus it enables
detection of electrons scattered at 180◦ by the electron analyser placed at an angle of 110◦ with
respect to the initial direction of the incident electron beam leaving the monochromator.

The differential cross section for elastic scattering has been obtained by the relative flow
technique (Srivastava et al 1976, Nickel et al 1988) taking helium as the reference gas and
using the calculated cross section of Nesbet (1979). Absolute values of the cross section have
been measured at two values of scattering angle, namely 130◦ and 180◦. At the remaining
scattering angles, in the region from 120◦ to 180◦, relative elastic cross sections were obtained
and then normalized to the values at 130◦ and 180◦. The relative flow rates of the nitrogen
and helium gases were determined from the rate of pressure increase in the gas handling
system recorded by baratron at a given flow setting of the needle valve. This is similar to the
method used by Khakoo and Trajmar (1986). The molecular beam was produced by a single
capillary of internal diameter 1.0 mm and length 12 mm. The pressure of nitrogen behind the
capillary was maintained within the range 5.8–6.7 Pa. The pressure of the helium reference
gas was adjusted to fulfil the requirement of equal mean free path lengths for both gases in the
beam-forming capillary. The ratio of helium to nitrogen pressures behind the capillary was
3.0. Also, in order to achieve high stability of the spectrometer performance, both gases were
always present simultaneously in the vacuum chamber. This was done by admitting one gas
to the scattering region through the capillary and the other directly to the vacuum chamber
through a side valve.

The absolute differential cross section for vibrational (v = 0 → 1) excitation of nitrogen
has been obtained from measurements of energy loss spectra performed at fixed scattering
angles in the range from 120◦ to 180◦. This allowed the determination of the ratios of the
vibrational to elastic cross sections. These were then multiplied by the elastic differential cross
sections measured in the present work. No corrections have been applied for any variation in
the transmission function of the electron analyser with energy. Previous measurements of this
function (Zubek and King 1994) would indicate that the difference in transmission for electron
energies corresponding to elastic scattering and vibrational excitation is less than 5%.
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Table 1. Differential cross sections in units of 10−20 m2 sr−1 for electron scattering in nitrogen at
an incident energy of 5 eV.

Scattering angle Elastic/vibrational
(degrees) Elastic scattering Vibrational excitation ratio (×10−3)

120 0.492 0.002 69 5.46
130 0.500 0.003 53 7.05
140 0.531 0.005 49 10.33
150 0.576 0.008 02 13.92
160 0.607 0.009 65 15.89
170 0.626 0.010 46 16.71
180 0.634 0.010 81 17.05

The error in the measured elastic cross section is due to the statistical uncertainties in the
determination of the relative flow rates of nitrogen and helium, the scattered electron intensities
in nitrogen and helium, the incident electron beam current and the uncertainty in the elastic
cross section for helium. It is estimated to be equal to 10%. The error in the measured
vibrational cross section is equal to 15% and additionally includes the uncertainty in the ratio
of the elastic to vibrational cross sections.

The scattering angle scale has been calibrated to within ±1◦. This was achieved by
observing the deflection angle of the incident electron beam using a Faraday cup that could be
rotated in the scattering plane about the interaction centre.

The differential cross section obtained for elastic electron scattering in the angular range
from 120◦ to 180◦ is shown in figure 1. Also shown are the existing experimental data that
were obtained for lower scattering angles and the available theoretical cross sections. The
numerical values of our cross section are given in table 1. The present results agree within
10% with the results of Brennan et al (1992) and Sun et al (1995) in the overlap region
120◦–130◦. The observed difference lies within the combined stated errors of the present
results and those of, for example, Sun et al (1995) which are 6–10%. Our cross section
increases slowly with increasing scattering angle and does not confirm the larger values of
the cross section obtained previously by Shyn and Carignan (1980) at scattering angles close
to 150◦ using a conventional spectrometer. In figure 1 the calculations of Huo et al (1987b)
deviate from the angular dependence shown by the present cross section while the results of
Siegel et al (1980) show a much faster increase of the cross section than is born out by our
measurements. Otherwise the cross sections given by the remaining theoretical works are in
fairly good agreement with the angular behaviour of our cross section.

Interesting conclusions can be drawn from a comparison of the experimental elastic cross
sections obtained over the wider angular range, 10◦–180◦, with the results of the theoretical
calculations shown in figure 1. These calculations include the static, exchange and polarization
correlation components of the electron–molecule interaction. The short- and long-range
correlations (polarization) have been accounted for by either using a model spherical (Siegel
et al 1980) or non-spherical (Chandra and Temkin 1976) polarization potential with a cut-off
parameter, or by including closed channel configurations in the expansion of the wavefunction
of the electron–molecule system (Huo et al 1987a, b, Gillan et al 1987). In the work of
Sun et al (1995) the polarization potential has been treated in the most detailed way in the
regions both outside and inside the charge cloud of the target and it has been calculated as a
difference between the mean energies of the polarized and unpolarized systems. The exchange
interaction in the above theoretical calculations has been accounted for either exactly (Chandra
and Temkin, Huo et al, Gillan et al) or by using a free-electron-gas potential (Siegel et al,
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Figure 1. Absolute differential cross sections for elastic electron scattering in nitrogen at an incident
electron energy of 5 eV. Experimental results: ◦, Brennan et al (1992); �, Shyn and Carignan
(1980); �, Srivastava et al (1976) as renormalized by Trajmar et al (1983); �, Sun et al (1995);
�, present. Theoretical results: ——, Chandra and Temkin (1976); · · · · ·, Gillan et al (1987);
–··–··, Huo et al (1987b); –·–·–·, Siegel et al (1980); – – –, Sun et al (1995).

Sun et al). It can be seen from figure 1 that the results of Chandra and Temkin show the
best agreement in shape with the experimental cross sections although they are about 20–30%
higher in magnitude. The calculations of Gillan et al overestimate the differential cross section
in the forward direction below 50◦ and this has been attributed to inadequate representation of
the long-range correlation by the closed channel states in their wavefunctions. This fact may
indicate that the long-range correlation plays an important role for forward scattering. From a
classical consideration of the scattering process it can be concluded on the other hand that the
short-range correlation would contribute significantly to backward scattering (i.e. to collisions
with small impact parameters). The short-range correlation has been included in all of the cited
theoretical works. It is possible that in the calculations of Huo et al, which do not follow the
experimentally determined dependence of the cross section in the 120◦–180◦ range, the short-
range correlation accounted for by a set of selected closed-channel configurations does not
give a complete description of that interaction. It is interesting to note that the exact treatment
and also the free-electron-gas approach for the exchange used in the above calculations give
cross sections which have very similar angular behaviours. However, Siegel et al (1980) in
their studies of different exchange approximations in electron scattering by nitrogen showed
that the free electron gas and the Slater Xα exchange calculations produce cross sections which
differ by about 20% at low scattering angles.

The differential cross section for vibrational (v = 0 → 1) excitation obtained at 5 eV in
the 120◦–180◦ angular range is shown in figure 2. The data are also given in table 1, together
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Figure 2. Absolute differential cross section for vibrational (v = 0 → 1) excitation in nitrogen
at an incident electron energy of 5 eV. Experimental results: •, Brennan et al (1992); �, Tanaka
et al (1981); �, present. Theoretical results: ——, Chandra and Temkin (1976); – – –, Truhlar
et al (1976); · · · · ·, Gillan et al (1987).

with the measured ratios of vibrational to elastic cross sections. At 120◦ and 130◦ our results
are in very good agreement with both the previous measurements of Tanaka et al (1981) and
Brennan et al (1992) carried out in the scattering range between 5◦ and 130◦. The present
cross section together with the lower angle results of Brennan et al (1992) combine to give
the vibrational cross section over the angular range from 5◦ to 180◦. Its angular dependence is
asymmetric with respect to 90◦ with two minima at 60◦ and 120◦. This indicates that the main
contribution to the excitation comes from the 2�g resonance, despite the fact that the incident
electron energy is far from the resonance centre. We have extrapolated the results of Brennan
et al (1992) down to 0◦. Then by integration over the complete scattering angle range from 0◦

to 180◦ we have obtained a value for the integral cross section for the v = 1 vibrational level
equal to 0.077 × 10−20 m2 at 5 eV.

In figure 2 we also compare the experimental cross sections with those obtained by
calculations. The calculations include the short-range correlation which has been found to
be more important than the long-range correlation for the 2�g scattering symmetry (Schneider
and Collins 1984). The theoretical cross sections reproduce the general angular behaviour of
the experimental results but fail to give the low–high angle asymmetry. The vibrational cross
section of Chandra and Temkin (1976), whose elastic scattering results (figure 1) reproduce the
experimental measurements well, is symmetric with respect to 90◦. Their angular dependence
reflects the fact that the 2�g resonant symmetry is the only one contributing to the excitation
in their calculations.
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In conclusion, we have presented the first absolute cross sections for elastic electron
scattering and vibrational excitation in nitrogen for backward scattering in the angular range
from 120◦ to 180◦. More data on both scattering processes in nitrogen, obtained for backward
scattering, are being prepared for publication.

We are grateful to the KBN, Poland for financial assistance and to the EPSRC, UK for funding
this work.
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