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The authors report new differential cross section measurements for electron impact excitation of the
A 1��v�� states of carbon monoxide. The energy range is 20–200 eV. They also reanalyze the
A 1��v�� manifold cross sections of Middleton et al. �J. Phys. B 26, 1743 �1993�� in order to
provide a basis for comparison with our new vibrationally resolved differential cross sections.
Excellent agreement is found between the two sets of measurements at all common energies. From
20 to 200 eV the present differential cross sections are extrapolated and integrated, and the
corresponding integral excitation cross sections determined. New scaled Born integral cross
sections, calculated as a part of the present study, are compared against these experimental integral
cross sections, with excellent agreement being found for all the A 1��v�=0–7�←X 1�g

+�v�=0�
transitions. In addition our scaled Born integral cross sections are found to be in excellent agreement
between 300 and 1500 eV with those derived from the previous experiments of Lassettre and
Skerbele �J. Chem. Phys. 54, 1597 �1971�� and of Zhong et al. �Phys. Rev. A 55, 1799 �1997�� and
from near threshold to 15 eV with those derived from Zobel et al. �J. Phys. B 29, 813 �1996�� and
Zetner et al. �J. Phys. B 31, 2395 �1998��. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2434169�

I. INTRODUCTION

Cross sections for the interaction of electrons with car-
bon monoxide are needed in areas such as the modeling of
various plasmas for which CO is an important component,
the studies of CO absorbed on surfaces, and the atmospheric
reentry physics. Specific examples of applications for the
importance of cross section measurements for CO are the
dominance of the fourth positive �A 1�→X 1�+� band emis-
sion in the upper atmosphere of Mars and the significance of
CO in atmospheric convection on Jupiter.1 In general, there
is a definite need for a detailed study of electron impact
excitation of CO in order to obtain a broader understanding
of our own atmosphere and the astrophysics of the interstel-
lar medium.2

In this study we concentrate on the measurement and
calculation of vibrationally resolved differential and integral
cross sections for electron impact excitation of the A 1�
electronic state �threshold=8.028 eV�. We do so because
there currently exists a large gap in the literature for these
cross sections in the energy range T�20–1500 eV. Also,
because of all the CO electronic-state cross sections, the
A 1� appears to be the most dominant.2 Previous studies of
this scattering process have also largely concentrated on de-
scribing the A 1� manifold cross section,1 whereas here, we
report cross sections for excitation to the individual vibra-
tional sublevels of the A 1� electronic state. Earlier measure-

ments for excitation of the A 1� state include the near-
threshold �T�8.5–11.5 eV� differential and integral cross
sections of Zobel et al.,3 the T=10, 12.5, and 15 eV differ-
ential and integral cross section data of Zetner et al.,4 the
differential cross section results from Middleton et al.5 for
energies in the range of 20–50 eV, and emission-based inte-
gral cross section measurements from Ajello,6 Mumma et
al.,7 and Aarts and de Heer.8 For completeness we also note
reports of generalized oscillator strengths �GOSs� from Las-
settre and Skerbele,9 at T=300, 400, and 500 eV, and the
recent 1500 eV GOS determination from the Heifei group.10

From a theoretical perspective the available studies are per-
haps even more restricted. To the best of our knowledge
these include the Born-Ochkur-Rudge approximation inte-
gral cross sections from Chung and Lin,11 the R-matrix re-
sults from Morgan and Tennyson,12 the distorted wave study
of Lee et al.,13 and the Schwinger multichannel formulation
from Sun et al.14

Here, we report new differential cross section data for
vibrationally resolved sublevels of the A 1� electronic state.
The energies of these measurements are 20, 30, 40, 50, 100,
and 200 eV. These differential cross sections are then ex-
trapolated, using the procedure of Vriens,15 and integrated,
and the corresponding integral cross sections derived. A simi-
lar procedure is also applied to the data from Zobel et al.,3

Zetner et al.,4 Lassettre and Skerbele,9 and Zhong et al.,10 so
that integral cross sections from threshold to 15 eV and at
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300, 400, 500, and 1500 eV are also determined in this work.
All these experimental integral cross sections are then com-
prehensively compared to the theoretical results from our
BEf-scaling process, recently extended to diatomic mol-
ecules by Kim,16 which has been applied here for the
A 1��v� integral cross sections from threshold to 5000 eV.
Note that the A 1� electronic state represents an excellent
choice to test the BEf-scaling approach because it has a
strong optically allowed transition from the ground elec-
tronic state and because it is largely isolated from other ex-
cited electronic states in the spectrum of CO. This latter
point greatly simplifies the experimental analysis �see be-
low�. Full details of the BEf-scaling approach can be found
later in Sec. III. In Sec. II details of the present measure-
ments are given, while in Sec. IV our experimental and the-
oretical results and a discussion of these results are pre-
sented. Finally, in Sec. V conclusions from the present study
are drawn.

II. EXPERIMENTAL DETAILS

The present spectrometer17 consists of an electron gun
with a hemispherical monochromator, a molecular beam, and
a rotatable detector ��=−10° –130° � with a second hemi-
spherical analyzer system. All these elements are used in a

crossed-beam configuration, with the electron beam crossing
the effusive carbon monoxide beam at right angles. A num-
ber of electron optic elements �tube symmetry� image and
energy-control the electron beam, with their performance
having been rigorously checked by electron trajectory calcu-
lations. Both the monochromator and the analyzer are en-
closed in differentially pumped boxes to reduce the effect of
any background gases and to minimize stray electron back-
ground. The target molecular beam is produced by effusing
CO through a simple nozzle with an internal diameter of
0.3 mm and a length of 5 mm. The spectrometer and nozzle
are heated to a temperature of about 50 °C in order to reduce
contamination during the measurements. The current energy
range is T=20–200 eV and the scattered electron angular
range is 3.46°–39.4°. The incident electron energy was cali-
brated with respect to the 19.367 eV resonance of He.

In this study several approaches were used to obtain ab-
solute vibrationally resolved differential cross sections
�DCSs� for the v=0–8 sublevels of the A 1� electronic state
in CO. Note that henceforth these DCSs will be denoted as
A 1��v�. In the first method the ratios of the scattered inten-
sities for the A 1� vibrational sublevels of interest to that for
elastic scattering were derived. Our previously measured ab-
solute elastic DCSs,18 using the relative flow technique, were

TABLE I. Vibrationally resolved DCSs for the A 1� vibrational sublevels in CO. The energy is T=20 eV. F denotes Flinders University data derived from
Middleton et al. �Ref. 5�. S denotes the present Sophia University data. �See text for a discussion of the uncertainties.�

�e
°

DCS �10−18 cm2/sr�

v�=0 v�=1 v�=2 v�=3 v�=4 v�=5 v�=6 v�=7 v�=8

F S F S F S F S F S F S F S F S F S

10 4.166 6.56 8.017 11.85 8.534 12.18 6.637 9.12 4.227 5.69 2.349 3.09 1.189 1.54 0.564 0.69 0.257 0.40
20 2.469 ¯ 4.733 ¯ 5.038 ¯ 3.918 ¯ 2.496 ¯ 1.387 ¯ 0.702 ¯ 0.333 ¯ 0.151 ¯

30 1.259 ¯ 2.423 ¯ 2.579 ¯ 2.006 ¯ 1.278 ¯ 0.710 ¯ 0.359 ¯ 0.170 ¯ 0.078 ¯

40 0.691 ¯ 1.329 ¯ 1.415 ¯ 1.100 ¯ 0.701 ¯ 0.389 ¯ 0.197 ¯ 0.093 ¯ 0.043 ¯

50 0.389 ¯ 0.748 ¯ 0.796 ¯ 0.619 ¯ 0.394 ¯ 0.219 ¯ 0.111 ¯ 0.053 ¯ 0.024 ¯

60 0.314 ¯ 0.604 ¯ 0.642 ¯ 0.500 ¯ 0.318 ¯ 0.177 ¯ 0.089 ¯ 0.042 ¯ 0.019 ¯

70 0.257 ¯ 0.495 ¯ 0.527 ¯ 0.410 ¯ 0.261 ¯ 0.145 ¯ 0.073 ¯ 0.035 ¯ 0.016 ¯

80 0.204 ¯ 0.393 ¯ 0.418 ¯ 0.325 ¯ 0.207 ¯ 0.115 ¯ 0.058 ¯ 0.028 ¯ 0.013 ¯

90 0.191 ¯ 0.368 ¯ 0.392 ¯ 0.305 ¯ 0.194 ¯ 0.108 ¯ 0.055 ¯ 0.026 ¯ 0.012 ¯

FIG. 1. Typical energy loss spectrum at T=100 eV and �=4.3°. FIG. 2. Same as Fig. 1 except T=50 eV and �=8.5°.
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then used to determine the absolute inelastic DCS. Note that
the accuracy of our earlier elastic measurements was sup-
ported by their reasonable agreement with the independent
results from Nickel et al.19 and Gibson et al.20 Further, note
that this first normalization method was used for scattering
angles greater than 10°. For angles less than 10° relative
inelastic, vibrationally resolved intensities were measured as
a function of �, at fixed T, and these were placed on an
absolute scale by normalization to the corresponding abso-
lute inelastic value at �=10°. The second normalization tech-
nique was used to measure intensity ratios for A 1��v� in CO
related to that for excitation of the 2 1P state in He. The 2 1P
DCSs �Ref. 21� could then be employed to fix the corre-
sponding absolute scale of the A 1��v� levels.

For the incident energies of interest �T=20, 30, 40, 50,
100, and 200 eV� and the energy loss range of interest ��E
�8–9.4 eV�, the ratio of the energy loss to the incident en-
ergy varies roughly in the range of 0.04��E /T�0.47.
Thus, it is important to establish the transmission of the ana-
lyzer over this energy loss range. One way to estimate this is
to make a comparison with the energy dependence of other
measured cross sections for inelastic scattering. Unfortu-
nately, there are few cases where the accuracy of such inelas-

tic cross sections is sufficient so that they can be considered
a “standard.” One possible example is the excitation of the
2 1P level in He, where a substantial body of experimental21

and theoretical22 work exists.23 As a test case we measured
the energy dependence �at each T of interest� of 2 1P to the
elastic intensity ratio in He at 20°, and compared it with the
accepted21–23 values. After consideration of other energy- de-
pendent experimental parameters �such as the incident elec-
tron beam current�, the difference between the measured and
standard ratios was considered to be a reasonable indicator of
the apparatus transmission function. This transmission func-
tion was then used, as appropriate, to correct the measured
A 1��v� inelastic to elastic intensity ratios, and the appropri-
ate DCSs were then derived.

In all of the above, the energy resolution was
30–35 meV �full width at half maximum �FWHM�� and the
angular resolution was about ±1.5° �FWHM�. The primary
electron beam current was in the range of 3–9 nA. Further-
more, the voltages for both the input and output lenses of the
hemispheres were carefully adjusted to ensure that the base
resolution of the energy loss spectra remained as symmetric
as possible. With these precautions it was always possible to
resolve each of the A 1� vibrational sublevels from one an-

TABLE II. Vibrationally resolved DCSs for the A 1� vibrational sublevels in CO. The energy is T=30 eV. F denotes Flinders University data derived from
Middleton et al. �Ref. 5�. S denotes the present Sophia University data. �See text for a discussion of the uncertainties.�

�e
°

DCS �10−18 cm2/sr�

v�=0 v�=1 v�=2 v�=3 v�=4 v�=5 v�=6 v�=7 v�=8

F S F S F S F S F S F S F S F S F S

6 ¯ 21.75 ¯ 40.29 ¯ 43.48 ¯ 33.78 ¯ 21.49 ¯ 13.26 ¯ 7.11 ¯ 4.32 ¯ 2.99
10 9.294 14.53 17.887 26.94 19.040 29.27 14.808 22.86 9.431 14.69 5.240 8.49 2.652 4.48 1.258 2.25 0.572 1.06
20 3.594 ¯ 6.917 ¯ 7.362 ¯ 5.726 ¯ 3.647 ¯ 2.026 ¯ 1.026 ¯ 0.486 ¯ 0.221 ¯

30 1.369 ¯ 2.634 ¯ 2.804 ¯ 2.181 ¯ 1.389 ¯ 0.772 ¯ 0.391 ¯ 0.185 ¯ 0.084 ¯

40 0.754 ¯ 1.451 ¯ 1.545 ¯ 1.201 ¯ 0.765 ¯ 0.425 ¯ 0.215 ¯ 0.102 ¯ 0.046 ¯

50 0.459 ¯ 0.883 ¯ 0.940 ¯ 0.731 ¯ 0.466 ¯ 0.259 ¯ 0.131 ¯ 0.062 ¯ 0.028 ¯

60 0.266 ¯ 0.513 ¯ 0.546 ¯ 0.424 ¯ 0.270 ¯ 0.150 ¯ 0.076 ¯ 0.036 ¯ 0.016 ¯

70 0.208 ¯ 0.399 ¯ 0.425 ¯ 0.331 ¯ 0.211 ¯ 0.117 ¯ 0.059 ¯ 0.028 ¯ 0.013 ¯

80 0.197 ¯ 0.379 ¯ 0.404 ¯ 0.314 ¯ 0.200 ¯ 0.111 ¯ 0.056 ¯ 0.027 ¯ 0.012 ¯

90 0.199 ¯ 0.384 ¯ 0.409 ¯ 0.318 ¯ 0.202 ¯ 0.113 ¯ 0.057 ¯ 0.027 ¯ 0.012 ¯

TABLE III. Vibrationally resolved DCSs for the A 1� vibrational sublevels in CO. The energy is T=40 eV. F denotes Flinders University data derived from
Middleton et al. �Ref. 5�. S denotes the present Sophia University data. �See text for a discussion of the uncertainties.�

�e
°

DCS �10−18 cm2/sr�

v�=0 v�=1 v�=2 v�=3 v�=4 v�=5 v�=6 v�=7 v�=8

F S F S F S F S F S F S F S F S F S

6 ¯ 34.22 ¯ 63.75 ¯ 68.89 ¯ 52.34 ¯ 34.77 ¯ 19.40 ¯ 10.11 ¯ 5.03 ¯ 2.57
10 18.61 18.11 35.81 34.71 38.12 37.88 29.65 30.29 18.88 19.64 10.49 11.48 5.310 5.89 2.518 3.27 1.146 1.40
20 4.496 ¯ 8.652 ¯ 9.209 ¯ 7.162 ¯ 4.562 ¯ 2.534 ¯ 1.283 ¯ 0.608 ¯ 0.277 ¯

30 1.474 ¯ 2.836 ¯ 3.019 ¯ 2.348 ¯ 1.495 ¯ 0.831 ¯ 0.420 ¯ 0.199 ¯ 0.091 ¯

40 0.589 ¯ 1.134 ¯ 1.207 ¯ 0.939 ¯ 0.598 ¯ 0.332 ¯ 0.168 ¯ 0.080 ¯ 0.036 ¯

50 0.300 ¯ 0.577 ¯ 0.614 ¯ 0.478 ¯ 0.304 ¯ 0.169 ¯ 0.086 ¯ 0.041 ¯ 0.019 ¯

60 0.193 ¯ 0.371 ¯ 0.394 ¯ 0.307 ¯ 0.195 ¯ 0.109 ¯ 0.055 ¯ 0.026 ¯ 0.012 ¯

70 0.146 ¯ 0.282 ¯ 0.300 ¯ 0.233 ¯ 0.149 ¯ 0.083 ¯ 0.042 ¯ 0.020 ¯ 0.009 ¯

80 0.112 ¯ 0.215 ¯ 0.229 ¯ 0.178 ¯ 0.113 ¯ 0.063 ¯ 0.032 ¯ 0.015 ¯ 0.007 ¯

90 0.092 ¯ 0.178 ¯ 0.189 ¯ 0.147 ¯ 0.094 ¯ 0.052 ¯ 0.026 ¯ 0.0125 ¯ 0.0057 ¯
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TABLE IV. Vibrationally resolved DCSs for the A 1� vibrational sublevel in CO. The energy is T=50 eV. S denotes Sophia University data, while F denotes that derived from Middleton et al. �Ref. 5�. �See text for a
discussion of the uncertainties.�

�e
°

DCS �10−18 cm2/sr�

v�=0 v�=1 v�=2 v�=3 v�=4 v�=5 v�=6 v�=7 v�=8

S F S F S F S F S F S F S F S F S F

3.46 45.76 ¯ 86.69 ¯ 95.67 ¯ 74.59 ¯ 50.26 ¯ 30.59 ¯ 16.02 ¯ 8.32 ¯ 5.45 ¯

6.46 22.55 ¯ 44.04 ¯ 48.18 ¯ 38.19 ¯ 24.72 ¯ 15.80 ¯ 8.59 ¯ 4.37 ¯ 2.012 ¯

8.46 15.07 ¯ 29.50 ¯ 32.00 ¯ 25.50 ¯ 17.14 ¯ 10.25 ¯ 5.54 ¯ 2.71 ¯ 1.330 ¯

10 ¯ 10.85 ¯ 20.89 ¯ 22.24 ¯ 17.29 ¯ 11.01 ¯ 6.12 ¯ 3.11 ¯ 1.47 ¯ 0.688
13.46 5.704 ¯ 11.66 ¯ 12.80 ¯ 10.39 ¯ 7.29 ¯ 3.973 ¯ 2.046 ¯ 1.076 ¯ 0.523 ¯

18.46 2.892 ¯ 6.049 ¯ 5.951 ¯ 4.834 ¯ 3.116 ¯ 1.775 ¯ 1.072 ¯ 0.568 ¯ 0.351 ¯

20 ¯ 3.51 ¯ 6.76 ¯ 7.19 ¯ 5.60 ¯ 3.56 ¯ 1.98 ¯ 1.01 ¯ 0.475 ¯ 0.216
29.4 0.725 ¯ 1.397 ¯ 1.560 ¯ 1.283 ¯ 0.815 ¯ 0.460 ¯ 0.238 ¯ 0.119 ¯ 0.0649 ¯

30 ¯ 1.08 ¯ 2.08 ¯ 2.21 ¯ 1.72 ¯ 1.095 ¯ 0.608 ¯ 0.309 ¯ 0.146 ¯ 0.0665
39.4 0.254 ¯ 0.511 ¯ 0.590 ¯ 0.503 ¯ 0.314 ¯ 0.173 ¯ 0.122 ¯ 0.0653 ¯ 0.0412 ¯

40 ¯ 0.464 ¯ 0.892 ¯ 0.950 ¯ 0.739 ¯ 0.470 ¯ 0.261 ¯ 0.133 ¯ 0.0627 ¯ 0.0285
50 ¯ 0.247 ¯ 0.475 ¯ 0.505 ¯ 0.393 ¯ 0.250 ¯ 0.139 ¯ 0.071 ¯ 0.0334 ¯ 0.0152
60 ¯ 0.152 ¯ 0.293 ¯ 0.312 ¯ 0.242 ¯ 0.1544 ¯ 0.086 ¯ 0.044 ¯ 0.0206 ¯ 0.0094
70 ¯ 0.106 ¯ 0.204 ¯ 0.217 ¯ 0.169 ¯ 0.108 ¯ 0.060 ¯ 0.0304 ¯ 0.0144 ¯ 0.00653
80 ¯ 0.078 ¯ 0.151 ¯ 0.161 ¯ 0.125 ¯ 0.0796 ¯ 0.0442 ¯ 0.0225 ¯ 0.0106 ¯ 0.00483
90 ¯ 0.067 ¯ 0.129 ¯ 0.137 ¯ 0.107 ¯ 0.0679 ¯ 0.0377 ¯ 0.0191 ¯ 0.0091 ¯ 0.00412
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other, as shown in our typical energy loss spectrum in Fig. 1.
In principle, contributions from vibrational sublevels of the
D 1�, I 1�−, e 3�−, d 3�i, and a 3�+ electronic states could
contaminate our A 1��v� intensities.5 However, the work of
Middleton et al.5 clearly showed that at higher impact ener-
gies and more forward scattering angles, such contributions
become minimal. We therefore believe that they are not a
problem in the present study, and indeed no evidence for
their existence was found in any of our energy loss spectra.
Under these circumstances no spectral deconvolution of the
energy loss data was needed.

All our energy loss spectra were measured carefully in
order to obtain sufficient intensity for the A 1��v� peaks.
Typical examples of our present energy loss data are given in
Figs. 1 and 2. Experimental uncertainties are estimated to be
in the range of 20%–30% for the A 1��v� cross sections,
including a component from the elastic normalization DCSs
�Ref. 18� of �10% –20%.

Finally, we note that the manifold A 1� DCS of Middle-
ton et al.5 at 20, 30, 40, and 50 eV has been separated into its
vibrational sublevel components as a part of the present
work. This was achieved by employing the Franck-Condon
factors they used.5 The errors on the so determined A 1��v�
DCS in this case range from 20% to 40%, depending on the
vibrational sublevel in question. These data and those from
the original measurements of this study are summarized in
Tables I–VI.

III. THEORY

Scaled �plane-wave� Born cross sections for integral
cross sections of dipole-allowed excitations—f scaling and
BE scaling—are described in detail in our companion Papers
I and II,16,24 so only the more important points are mentioned

here. Note that the Born cross sections are not only subject to
the approximations in the collision theory part, but also de-
pend on the accuracy of the wave functions used for the
initial and final states of the target molecule.

The f-scaled Born cross section � f is given by

� f�T� =
faccur

fBorn
�Born�T� , �1�

where T is the incident electron energy, faccur is an accurate
dipole f value from accurate wave functions or experiments,
and fBorn is the dipole f value from the same wave functions
used to calculate the unscaled Born cross section �Born. The
f-scaling process has the effect of replacing the wave func-
tions used for �Born with accurate wave functions.

The BE-scaled Born cross section �BE is given by

�BE�T� =
T

T + B + E
�Born�T� , �2�

where B is the binding energy of the electron being excited
and E is the excitation energy. The BE scaling corrects the
deficiency of the Born approximation at low T, without los-
ing its well-known validity at high T.

If an unscaled �Born is obtained from poor wave func-
tions while an accurate f value is known, then both f scaling
and BE scaling can be applied to obtain a BEf-scaled Born
cross section �BEf,

�BEf�T� =
faccurT

fBorn�T + B + E�
�Born�T� . �3�

We note that it is the �BEf�T� integral cross sections that we
later compare against corresponding experimental values de-
rived from our DCS measurements and the earlier measure-

TABLE V. Vibrationally resolved DCSs for the A 1� vibrational sublevels in CO. The energy is E0=100 eV. See text for a discussion of the uncertainties.
Measurments were made at Sophia University.

�e
°

DCS �10−18 cm2/sr�

v�=0 v�=1 v�=2 v�=3 v�=4 v�=5 v�=6 v�=7 v�=8

4.34 49.69 100.13 108.73 88.75 58.87 33.46 18.83 9.070 4.064
5.34 36.94 72.27 80.24 66.89 44.10 25.16 13.73 6.494 2.571
6.34 25.30 50.81 57.13 45.68 31.05 18.29 9.731 4.738 2.257
7.34 18.37 38.41 42.57 33.78 24.30 14.57 7.517 3.721 2.183
9.34 10.26 20.25 22.75 18.72 12.43 7.175 3.818 1.922 1.044

11.34 6.04 11.74 12.998 10.57 7.076 4.233 2.457 1.136 0.564
16.34 1.626 3.331 3.737 2.774 1.983 1.016 0.613 0.306 0.141

TABLE VI. Vibrationally resolved DCSs for the A 1� vibrational sublevels in CO. The energy is E0=200 eV. See text for a discussion of the uncertainties.
Measurements were made at Sophia University.

�e
°

DCS �10−18 cm2/sr�

v�=0 v�=1 v�=2 v�=3 v�=4 v�=5 v�=6 v�=7 v�=8

4.38 29.28 58.23 65.31 53.46 35.82 20.32 11.65 5.828 3.102
5.38 16.86 34.18 37.70 31.35 20.02 12.31 6.886 3.057 1.681
7.38 7.454 15.16 16.54 13.50 9.279 5.337 2.809 1.416 0.632
9.38 3.837 7.848 8.340 6.748 4.587 2.589 1.479 0.6997 0.379
11.38 2.323 4.567 4.905 3.996 2.538 1.575 0.806 0.339 0.209

064307-5 Excitation of the A 1� state of CO J. Chem. Phys. 126, 064307 �2007�
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ments from Zobel et al.,3 Zetner et al.,4 Lassettre and
Skerbele,9 and Zhong et al.10

Articles that report unscaled Born cross sections for mol-
ecules usually present the theoretical data in the form of
dimensionless GOSs, or G�Q�, tabulated as functions of the
momentum transfer squared, Q, defined by

Q = �kia0�2 + �kfa0�2 − 2�kia0��kfa0�cos � , �4�

where ki and kf are the initial and final momenta of the inci-
dent electron, a0 is the Bohr radius �0.529 Å�, and � is the
scattered electron angle. The GOS is then used to derive the
DCS. As the scaling methods described above are valid only
for integral cross sections, it is convenient to have a GOS in
an analytic form. In an analytic form the GOS can be inte-
grated over the momentum transfer to produce integral cross
sections for arbitrary incident energy T. To this end Vriens15

proposed the following formula to represent a GOS for a
dipole-allowed excitation based on the analytic properties
identified by Lassettre25 and Rau and Fano:26

G�x� =
1

�1 + x�6��
m=0

�
fmxm

�1 + x�m� , �5�

where

x = Q/�2 �6�

and

� = 	B/R + 	�B − E�/R . �7�

In Eq. �5�, fm are fitting constants while in Eq. �7� R is the
Rydberg energy �13.6 eV�. Although Lassettre25 identified �
�Eq. �7�� from the analytic properties of the GOS, the bind-
ing energy B of an electron in a many-electron molecule can
be defined only in the context of a simple independent par-
ticle model. Hence, for a GOS calculated from multiconfigu-
ration wave functions, it is better to simply take �2 as a
fitting parameter along with fm. To fit a theoretical GOS, the
optical oscillator strength �OOS� �f0 in Eq. �5�� should be the
one obtained with the same wave functions as those used to
calculate the GOS. A GOS for a dipole-allowed excitation
usually peaks at the optical limit, i.e., Q=0. Sometimes,
however, a theoretical GOS has a second peak at a large Q
value, when the wave functions have radial nodes. When the
GOS with such an extra peak is tabulated with enough data
points, Eq. �5� with several terms can reproduce it well, in-
cluding the secondary peak.

The same analytic formula can also be used to fit and
extrapolate experimental DCS to the forward and backward
angles not observed in the experiment, and then to integrate
the DCS. Note that here even f0 should be treated as a fitting
parameter. “Experimental” GOS can be obtained by substi-
tuting experimental DCS, d�exp�T ,�� /d	, into the general
relationship between the GOS and DCS, that is,

Gexp�Q� =
�E/R�kia0

4a0
2kfa0

Q
d�exp�T,��

d	
. �8�

At low T experimental GOSs often have secondary peaks, as
seen in Fig. 3. These secondary peaks have a very different
origin than those seen in the theoretical GOS; the former

come from interactions not represented in the Born
approximation—such as the interference between the direct
and exchange scattering amplitudes—while the latter come
from the radial nodes in wave functions. Hence, secondary
peaks in the experimental GOS at low T cannot be well fitted
by the extra terms in Eq. �5�. Instead, the following function
with two fitting parameters b and c, in addition to the leading
fraction in Eq. �5�, was found to well represent the experi-
mental GOS at low T:

g�x� = bx exp�− cx� . �9�

Integral cross sections are now obtained by integrating
the GOS over the limits of Q corresponding to �=0° and
180°,

�Born�T� =
4
a0

2

T/R



Qmin

Qmax G�Q�
E/R

d��nQ� , �10�

with

Qmin = 2
T

R
�1 −

E

2T
−	1 −

E

T
� ,

�11�

Qmax = 2
T

R
�1 −

E

2T
+	1 −

E

T
� .

In the case of the experimental integral cross sections, Eqs.
�10� and �11� remain valid, although it is the analytical form
of Gexp�Q� that is explicitly used in Eq. �10�, with the result
now being �exp�T�.

Finally, we note that in the present study we chose the
theoretical GOS by Chantranupong et al.27 to generate the
unscaled Born cross sections. While their vibrational wave
functions for higher v� are inaccurate and their OOS values
do not agree with experiment,28 the f-scaled Born cross sec-
tions ��BEf�T�� in principle correct for this.

FIG. 3. Representative GOS vs Q plot at T=50 eV, in this case for the
specific A 1��v�=2�←X 1�g

+�v�=0� excitation. The Sophia data ���,
Flinders data ���, and Flinders data scaled by a factor of 0.8 ��� are shown.
The fit to the “composite” data �see text for details� using Eqs. �5�–�7� and
�9� �—�, as well as the limits Qmin and Qmax �---� of Eqs. �11� and �10�, are
also depicted.
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IV. RESULTS AND DISCUSSION

A. Differential cross sections

In Tables I–VI we present our new DCS data for electron
impact excitation of the A 1��v�� vibrationally resolved lev-
els, as well as the corresponding reanalyzed results from

Middleton et al.5 A selection of these data is also plotted in

Figs. 4–7. It is clear from these figures that for all v�=0–8

the two sets of A 1� data �denoted as Sophia data and

Flinders data� are in very good agreement to within their

stated uncertainties at all the common energies. It is also

FIG. 4. Differential cross sections for electron impact excitation of A 1��v�� at T=20 eV. Data from Sophia University ��� and Flinders University �Ref. 5�
��� are shown.
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apparent that as T increases from 20 to 200 eV, the degree of
forward peaking in each of the A 1��v�� differential cross
sections increases significantly. This is a classic behavior14

for an electric dipole-allowed transition.
The differential cross sections in Tables I–VI can now, in

principle, using Eqs. �4� and �8�, be converted into general-

ized oscillator strengths as a function of Q. A specific illus-
tration of this procedure at T=50 eV and of the A 1�

�v�=2�←X 1�g
+�v�=0� excitation process is given in Fig. 3.

While Fig. 7 suggests very good agreement between the
Sophia and Flinders DCS data at 50 eV, Fig. 3 indicates that
there is something of a disagreement between the two data

FIG. 5. Same as Fig. 4 except that T=30 eV.
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sets at the GOS level. Note that even though we only spe-
cifically illustrate this situation for v�=2, it actually holds for
all v� at 50 eV. To overcome this difficulty and to ensure a
good analytic fit from Eqs. �5�–�7� and �9�, we have scaled
the Flinders data by 0.8 and spliced it onto the first five data

points from Sophia University �see Fig. 3�. We believe that
such a process is valid here because the degree of scaling is
within the uncertainty of the Flinders data, and the Sophia
data have a better angular resolution so that we would expect
them to be the more accurate at smaller Q. We now fit this

FIG. 6. Same as Fig. 4 except that T=40 eV.
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“composite” GOS data set with Eqs. �5�–�7� and �9�, and as
Fig. 3 shows, a good analytic fit to the composite GOS data
is obtained. Note that Fig. 3 is typical of all the composite
GOSs for all v� at 50 eV. At 20, 30, and 40 eV a less rigor-

ous procedure was used to construct the composite GOS
data. At these energies the Flinders data were simply renor-
malized to the Sophia data, for all v�, at 10° and the analysis
was performed.

FIG. 7. Same as Fig. 4 except that T=50 eV.
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B. Integral cross sections

Analytic forms, G�Q�, were determined for the present
20, 30, 40, 50, 100, and 200 eV measurements at each v�
=0–7 of A 1�, the 1500 eV measurements of Zhong et al.,10

again for v�=0–7 of A 1�, and the 300, 400, and 500 eV
measurements of Lassettre and Skerbele9 for v�=2 of A 1�.
The same procedure was also applied to the data of Zobel et
al.3 for v�=0 and 2 of A 1� and the work of Zetner et al.4 for
each v�=0–4 of A 1�. In these cases the energies ranged
from near threshold to 15 eV. Equations �10� and �11�were
then used to derive the respective experimental A 1� integral
cross sections �exp�T� for each v�, with the results from this
process being plotted in Fig. 8. Note also that the present ICS
results are listed in Table VII, along with some selected re-
sults from our BEf-scaled calculation. As a consequence of
our analysis, the �exp�T� we have in the range of near thresh-
old to 1500 eV allows us to make a comprehensive test of
our unscaled-Born ��Born�T��, f-scaled Born �� f�T��, and
BEf-scaled Born ��BEf�T�� integral cross sections, which
were also calculated as part of this study �see Sec. III�. These
vibrationally resolved A 1��v�� integral cross sections, cal-
culated from threshold to 5000 eV, are also plotted in Fig. 8
for �Born and �BEf.

Considering Fig. 8 in more detail, it is apparent that only
our BEf-scaled Born cross section calculation accurately re-
produces all the A 1��v�� experimental data over the com-
mon T=near threshold to 1500 eV energy range. Indeed, we
would claim that the level of agreement between them is
excellent. This is a remarkable result, given the relative sim-
plicity of the BEf-scaled approach. It is also an important
result because, as Liu and Victor2 noted, the A 1� state is the
predominant excited electronic state in CO. As a conse-

quence, it plays a major role in understanding some of the
important atmospheric, industrial, and interstellar applica-
tions mentioned earlier.

V. CONCLUSIONS

New A 1��v�� experimental differential and integral
cross sections have been reported for electron energies be-
tween 20 and 200 eV. We believe that this is the first time
that non-near-threshold integral cross sections have been re-
ported in the literature for this excitation process. Corre-
sponding BEf-scaled Born integral cross sections were also
calculated from threshold to 5000 eV. Excellent agreement
was found between the present experimental and BEf-scaled
theoretical integral cross sections and between our
BEf-scaled ICS and those derived from previous
measurements.3,4,9,10 This was found for each vibrationally
resolved state v�=0–7 of the A 1� electronic state.

This paper is the third and final in a series16,24 which has
examined the validity of the BEf-scaling approach in calcu-
lating integral cross sections for dipole-allowed excitations
in diatomic16 and polyatomic molecules,24 now including vi-
brationally resolved states. While the BEf-scaling approach
does not particularly enlighten us as to the fundamental dy-
namics behind the scattering mechanism in a given system, it
does nonetheless appear to predict accurate integral cross
sections. Given that the BEf-scaling approach is relatively
simple compared to state-of-the-art ab initio theories, it will
be valuable for modelers in the academia and industry. These
modelers require a means of generating reliable cross sec-
tions, in order to study the phenomena they are interested in,
and we believe that the BEf-scaling approach provides pre-
cisely that.

FIG. 8. Integral cross sections for the electron impact A 1��v�=0–7�←X 1�+�v�=0� excitation in CO. The curves are based on theoretical GOS values from
Ref. 26, while the experimental points are based on experimental GOS values from Eq. �8� �see text�.
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