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(Received 1 November 2010; accepted 13 December 2010; published online 10 February 2011)

We report measurements of differential and integral cross sections for electron excitation of the
Schumann–Runge continuum, longest band, and second band electronic states in molecular oxygen.
The energy range of the present study is 15–200 eV, with the angular range of the differential cross
section (DCS) measurements from 2 to 130◦. A generalized oscillator strength analysis is then em-
ployed in order to derive integral cross sections (ICSs) from the corresponding DCSs, and these ICSs
are compared with relevant energy and oscillator strength scaled Born cross section (BEf-scaling
[Y.-K. Kim, J. Chem. Phys. 126, 064305 (2007)]) results determined as a part of this investigation.
Interestingly, while the present Schumann–Runge continuum and second band ICSs were in rea-
sonable agreement with the respective BEf-scaling results, agreement for the longest band was poor
below 100 eV with a possible reason for this apparently anomalous behavior being canvassed here.
Finally, where possible all present data are compared with the results from earlier measurements and
calculations with the level of agreement found being very good in some cases and marginal in others.
© 2011 American Institute of Physics. [doi:10.1063/1.3533442]

I. INTRODUCTION

Through the observation of Schumann–Runge (SR) and
Tanaka’s progression I band systems, as well as its cascade
contributions to the populations of its lowest three excited
electronic states, it is well known that O2 plays a vital role in
many atmospheric processes. While there have been extensive
studies, both measurement and modeling, into the behavior of
atoms, molecules, and ions under auroral conditions,1 only
a small subset of these have been devoted to the role of O2

(Ref. 1). Of these studies, a smaller fraction has concentrated
on the effect of electron-driven processes in the electronic-
vibrational behavior of O2 under auroral conditions.2, 3 At
least part of the reason for this apparent neglect is that accu-
rate and reliable values for the integral cross sections (ICSs)
for the respective relevant excitation processes, over a reason-
able electron energy range, have simply not been available.
Thus one of the rationales for the present investigation is to
provide such data for the important SR continuum, longest
band (LB), and second band (SB) transitions.

Another emerging field where cross sections such as
these have an important role, if we are to fundamentally
understand their behavior, is the realm of low-temperature
atmospheric pressure microplasmas.4 Research in this area
includes using microplasmas for material processing, dis-
plays, radiation sources, microsatellite propellers, and envi-
ronmental sensing.5, 6 More recently, they have been shown to
have biomedical applications in terms of sterilization, blood

a)Electronic mail: michael.brunger@flinders.edu.au.

coagulation, treatment of ulcers, and fighting against
cancer.4, 7 Yet, despite these impressive technological ad-
vances, the physics of low-temperature high-pressure dis-
charges is still not fully understood. For instance, in a biomed-
ical application, what is it about these microplasmas that
make them so useful in wound treatment? One school of
thought suggests that it is the production of O2(1�g), NO, O3,
and OH in the plasmas that give them their useful therapeutic
properties. However, without detailed kinetic modeling8 such
an explanation cannot be considered definitive at this time.
Such kinetic models, as just one of their inputs, need precisely
the type of O2 cross sections that we present in this paper.

From a more fundamental perspective, it is well known
that the SR continuum, LB, and SB states in O2 all suffer from
the effects of extensive Rydberg–valence interactions in vary-
ing degrees.9 In particular, it is generally considered10–12 that
these Rydberg–valence perturbations lead to an anomalous
(non-Franck–Condon) behavior in the vibrational intensity
distribution of the E 3�−

u state. This point is also considered
further here. Note that the SR continuum transition refers to
the X 3�−

g (ν ′′ = 0) → B 3�−
u electronic-state excitation, the

LB transition refers to the X 3�−
g (ν ′′ = 0) → E 3�−

u (ν ′ = 0)
electronic-state excitation and the SB transition refers to the
X 3�−

g (ν ′′ = 0) → E 3�−
u (ν ′ = 1) electronic-state excita-

tion. Hence the LB and SB transitions actually arise as excita-
tions from the ground molecular state of O2 to the lowest two
members of the vibrational progression in the excited E 3�−

u
electronic state. In addition, we have previously found for a
number of molecules, including H2O (Ref. 13), CO (Refs. 14
and 15), CO2 (Ref. 16), H2 (Ref. 17), and N2O (Ref. 18),

0021-9606/2011/134(6)/064311/8/$30.00 © 2011 American Institute of Physics134, 064311-1
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that application of the energy and oscillator strength scaled
Born cross section (BEf-scaling19) approach, for calculat-
ing ICSs for dipole-allowed electronic-state transitions, can
lead to a very accurate description of the various scattering
processes20 from threshold to 5000 eV. Exceptions to this gen-
eral statement have only been found in those cases where res-
onance effects due to the temporary capture of the incident
electron by the target and contamination from an acciden-
tally degenerate or near-degenerate triplet state have arisen.
Note this latter statement implicitly assumes a singlet ground
electronic-state which was usually the case in the molecules
we have previously studied.13–18 In this study we, therefore,
also explore the efficacy of the BEf-scaling approach in pro-
viding accurate ICSs for the SR, LB, and SB states in O2,
which might be used in atmospheric and technological mod-
eling investigations. Note that as the ground electronic-state
of O2 is a triplet state, the dipole-allowed transitions we probe
here are those of a triplet to triplet nature.

Previous differential cross section (DCS) experiments in
the SR continuum include those from Wakiya,21 Johnson and
Kanik,22 Shyn et al.,23 Trajmar et al.24 and Xu et al.25 Some of
these data were also used to determine corresponding ICSs. In
addition, ICSs for this excitation process have been reported
by Lassettre et al.,26 Newell et al.,27, and from an electron-
swarm analysis by Hake and Phelps.28 Impact parameter ICS
calculations due to Laricchiuta et al.29 and Garrett et al.,30

as well as a Born–Ochkur level computation from Chung and
Lin31 and a BEf-scaling result from Xu et al., for excitation
of the SR continuum are also available in the literature. With
respect to the LB and SB transitions, the situation in terms of
existing data is even more limited. For these states we only
know of experimental DCS results from Johnson and Kanik,
Trajmar et al., Xu et al., and Shyn et al.32 We note that no the-
oretical DCS results currently appear to exist for excitation of
both the LB and SB transitions, as well as for the SR con-
tinuum. With regard to the ICSs, we only have experimental
results from Trajmar et al., Newell et al., and Shyn et al.32 and
a BEf-scaling theoretical result from Xu et al. As we shall see
later, agreement between these various data and the data and
theory, for each of the SR, LB, and SB excitation processes,
is often quite marginal. Hence another rationale for this study
is to try and resolve these discrepancies and also extend the
energy range of the available data.

In Sec. II of this paper we describe our measurement and
analysis techniques and procedures. Thereafter, a brief outline
of the BEf-scaling theory is provided. In Sec. IV we provide
results and a discussion, followed by some conclusions from
the present study.

II. EXPERIMENTAL DETAILS AND ANALYSIS
TECHNIQUES

The present spectrometer33 consists of an electron gun
with a hemispherical monochromator, a molecular beam
crossed at right angles to the incident electrons, and a ro-
tatable detector (θ = −10◦ to 130◦) with a second hemi-
spherical analyzer system. A number of electron optic el-
ements image and energy control the electron beam, with
their performance having been checked by detailed electron
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FIG. 1. Typical energy loss spectrum for electron impact excitation of the
relevant electronic states in O2, at an impact energy of 100 eV and at a scat-
tering angle of 5.1◦.

trajectory calculations. Both the monochromator and analyzer
are housed in differentially pumped boxes, in order to reduce
the effect of any background gases and to minimize the stray
electron background. The target molecular beam is produced
by effusing O2 through a simple nozzle with an internal diam-
eter of 0.3 mm and a length of 5 mm.

The incident electron energies (E0) of the present study
were 15, 20, 30, 50, 100, and 200 eV, and the scattered elec-
tron angle (θ ) range was ∼ 2◦ to 130◦. In all of these cases
the energy resolution was in the range of 40−60 meV [full
width at half maximum (FWHM)] and the angular resolution
was ∼ ±1.5◦ (FWHM). The primary electron beam current
was typically in the range of 3−15 nA. The incident electron
energy was calibrated with respect to the 19.37 eV resonance
of He (Ref. 34).

Electron energy loss spectroscopy (EELS) spectra were
measured, at each incident electron energy and each scattered
electron angle, over the energy-loss range encompassing the
elastic peak and from 4.9 eV to 14.4 eV. A typical example
of these data at E0 = 100 eV and θ = 5.1◦ is shown in Fig. 1,
where we note that the elastic peak has been omitted for the
sake of clarity. The absolute scales were set using the relative
flow technique35 with helium elastic DCSs as the standard.36

Note that for each of the SR continuum, LB, and SB that this
approach sets their respective manifold DCSs, for the incident
electron energy and electron scattering angle in question. For
the incident energies of interest (E0 = 15–200 eV) and the
energy-loss range of interest (�E ∼= 0–10.4 eV), the ratio of
the energy loss to the incident energy varies roughly in the
range of 0 ≤ �E/E0 � 0.69. Thus it is crucial to establish
the transmission of the analyzer over this energy-loss range,
with our procedure for doing so being found in Kato et al.15

We also note the approach of Allan37 in this regard.
Experimental errors on the present DCSs are estimated

at about 18%−25%, including components due to the uncer-
tainty in our analyzer transmission response, an uncertainty
due to errors associated with the elastic normalization cross
sections, uncertainties due to any fluctuations in target
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FIG. 2. Differential cross sections (10−18 cm2/sr) for electron impact exci-
tation of the SR continuum in O2 at the incident electron energies (a) 15 eV,
(b) 20 eV, (c) 30 eV, and (d) 50 eV. Present data are compared to the earlier
results of Shyn et al.,23 Wakiya,21 Johnson and Kanik,22 and Trajmar et al.24

(see legend on figure for further details). The fits to the present data using
Eqs. (3)−(5) are also shown at each energy. Note that the highest energy data
from Trajmar et al. was actually measured at 45 eV.

density and/or the incident electron beam current during the
measurements. The present 15, 20, 30, and 50 eV experimen-
tal DCSs for the SR continuum, LB, and SB are plotted in
Figs. 2–4 and tabulated in Tables I–III with a full discussion
of them being given later in Sec. IV of this paper.

The so-determined values of θ and DCS(θ ), for each
electronic state, are then transformed to K 2 and Gexpt using
the standard formula38

Gexpt(K 2) = (E/R)kia0

4a2
0kfa0

K 2DCS(E0, θ ), (1)

where ki and kf are the initial and final momenta of the
incident electron, a0 is the Bohr radius (0.529 Å), R is the
Rydberg energy (13.6 eV), E is the excitation energy for each
electronic state, Gexpt(K 2) is the experimental generalized
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FIG. 3. Differential cross sections (10−18 cm2/sr) for electron impact exci-
tation of the LB in O2 at the incident electron energies (a) 15 eV, (b) 20 eV,
(c) 30 eV, and (d) 50 eV. Present data are compared to the earlier results of
Shyn et al.,30 Johnson and Kanik,22 and Trajmar et al.24 (see legend on fig-
ure for further details). The fits to the present data using Eqs. (3)−(5) are also
shown at each energy. Note that the highest energy data from Trajmar et al.
was actually measured at 45 eV.
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FIG. 4. Differential cross sections (10−18 cm2/sr) for electron impact exci-
tation of the SB in O2 at the incident electron energies (a) 15 eV, (b) 20 eV,
(c) 30 eV, and (d) 50 eV. Present data are compared to the earlier results of
Shyn et al.,32 Johnson and Kanik,22 and Trajmar et al.24 (see legend on fig-
ure for further details). The fits to the present data using Eqs. (3)−(5) are also
shown at each energy. Note that the highest energy data from Trajmar et al.
was actually measured at 45 eV.

TABLE I. Electron impact excitation DCSs (×10−18 cm2/sr) for the
Schumann–Runge continuum in O2. The estimated uncertainty in the DCS
data is typically 18%.

Scattering Impact energy (eV)
angle
(degrees) 15 20 30 50 100 200
2.14 981.0
3.1 804.5
3.14 522.0
4.1 551.7
4.14 308.7
5.0 314.6
5.1 388.6
5.14 181.8
6.1 269.1
7.14 83.01
8.1 136.1
9.14 37.00
10 53.82 86.80
10.1 70.15
14.14 5.205
15 27.26 38.80 45.14 31.57
15.1 17.04
20 21.57 30.69 23.17 12.06
30 13.14 10.13 5.757 3.561
40 7.234 4.556 3.010 2.113
50 3.313 3.033 1.980 1.928
60 3.217 3.346 2.432 1.465
70 3.133 3.299 2.287 0.931
80 2.858 3.153 2.143 0.755
90 2.879 3.036 1.584 0.654
100 2.879 2.397 1.310 0.663
110 2.430 2.108 1.350 0.751
120 2.269 2.081 1.753 0.889
130 2.281 2.639 1.922 1.291
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TABLE II. Electron impact excitation DCSs (×10−19 cm2/sr) for the
longest band in O2. The estimated uncertainty in the DCS data is typically
19%.

Scattering Impact energy (eV)
angle
(degrees) 15 20 30 50 100 200
2.14 383.2
3.1 273.8
3.14 223.0
4.1 216.1
4.14 135.0
5.0 99.82
5.1 160.3
5.14 103.8
6.1 126.4
7.14 60.27
8.1 77.70
9.14 35.38
10 32.27 51.38
10.1 46.96
14.14 5.799
15 17.19 25.19 35.55 21.65
15.1 17.00
20 15.45 17.71 21.94 10.87
30 13.28 9.472 6.598 2.791
40 9.430 4.470 2.425 1.091
50 5.275 2.696 1.768 1.972
60 3.949 2.918 2.860 1.798
70 3.680 3.198 3.062 1.349
80 3.065 3.004 3.016 0.961
90 2.870 2.699 2.131 0.569
100 2.780 2.833 1.681 0.491
110 2.819 2.272 1.652 0.777
120 2.826 1.917 2.101 0.980
130 3.096 1.963 2.714 1.608

oscillator strength (GOS), and K 2 is the momentum transfer
squared defined by

K 2 = (kia0)2 + (kfa0)2 − 2(kia0)(kfa0) cos θ. (2)

Vriens39 proposed the following formula to represent the
GOS for a dipole-allowed excitation, based on the analytic
properties as identified by Lassettre40 and Rau and Fano:41

G(x) = 1

(1 + x)6

[ ∞∑
m=0

fm xm

(1 + x)m

]
, (3)

where

x = K 2

α2
, (4)

α =
√

B/R +
√

(B − E)/R. (5)

Here B is the binding energy of the target electron being ex-
cited. In Eq. (3) the fm are fitting constants to be determined
in a least-squares fit analysis of the experimental GOSs. The
results from this analysis, for each electronic state and each
incident electron energy, after being converted back into
DCS, are shown in Figs. 2–4. Clearly from these figures we

see that the fits to the data are very good, a necessary prereq-
uisite in order to derive accurate values for the corresponding
ICSs.

Finally, estimates of the ICS at each energy can
be obtained from Eqs. (3) to (5) using the standard
formulas42

ICS(E0) = 4πa2
0

E0/R

∫ K 2
max

K 2
min

G(K 2)

E/R
d ln(K 2), (6)

with

K 2
min = 2

E0

R

[
1 − E

2E0
−

√
1 − E

E0

]
, (7)

K 2
max = 2

E0

R

[
1 − E

2E0
+

√
1 − E

E0

]
. (8)

The results for each electronic state, from this latter process,
are listed in Table IV and plotted in Figs. 5–7. They are dis-
cussed in more detail in Sec. IV.

TABLE III. Electron impact excitation DCSs (×10−19 cm2/sr) for the sec-
ond band in O2. The estimated uncertainty in the DCS data is typically 25%.

Scattering Impact energy (eV)
angle
(degrees) 15 20 30 50 100 200
2.14 265.5
3.1 196.8
3.14 150.0
4.1 134.8
4.14 91.31
5.0 72.38
5.1 88.59
5.14 50.98
6.1 65.17
7.14 19.09
8.1 33.28
9.14 8.954
10 12.62 25.13
10.1 20.59
14.14 0.833
15 3.640 8.156 13.59 7.541
15.1 4.046
20 3.077 5.713 5.458 2.835
30 1.919 1.821 1.152 0.782
40 1.203 0.463 0.274 0.491
50 0.700 0.246 0.196 0.293
60 0.281 0.377 0.357 0.237
70 0.232 0.405 0.384 0.144
80 0.222 0.442 0.248 0.109
90 0.213 0.279 0.168 0.073
100 0.226 0.223 0.143 0.105
110 0.245 0.189 0.135 0.138
120 0.283 0.179 0.143 0.182
130 0.323 0.171 0.170 0.278
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TABLE IV. Present ICSs (10−18 cm2) for the Schumann-Runge contin-
uum, longest band, and second band in O2. The estimated uncertainty in the
ICS data are 25%, 25%, and 30%, respectively.

Integral cross section
Impact
energy BEf Present BEf Present BEf Present
(eV) (SR) (SR) (LB) (LB) (SB) (SB)
8.44 0.000
9.5 21.46
9.97 25.40 0.000
10.28 27.57 1.056 0.000
10.5 28.96 1.348 0.131
11 31.72 1.792 0.243
11.5 34.07 2.092 0.323
12 36.10 2.314 0.390
13 39.42 2.623 0.502
14 42.00 2.828 0.593
15 44.04 57.37 2.971 6.243 0.670 0.728
16 45.68 3.072 0.736
17 47.00 3.146 0.793
18 48.06 3.198 0.842
19 48.92 3.236 0.885
20 49.60 64.23 3.261 5.180 0.922 0.926
25 51.28 3.282 1.048
30 51.31 56.81 3.215 5.545 1.111 1.123
35 50.55 3.115 1.139
40 49.42 3.004 1.146
45 48.11 2.892 1.141
50 46.73 50.08 2.782 3.646 1.129 1.133
60 43.98 2.579 1.092
70 41.41 2.399 1.050
80 39.07 2.242 1.006
90 36.96 2.103 0.964
100 35.05 38.48 1.981 1.917 0.924 0.925
200 23.31 23.30 1.266 1.191 0.649 0.600
300 17.70 0.943 0.504
400 14.39 0.758 0.415
500 12.18 0.636 0.355
600 10.61 0.550 0.311
700 9.413 0.485 0.277
800 8.479 0.435 0.251
900 7.725 0.395 0.229
1000 7.103 0.362 0.212
2000 4.035 0.202 0.122
3000 2.874 0.142 0.088
4000 2.253 0.111 0.069
5000 1.862 0.091 0.057

III. BEf-SCALING DETAILS

A full description of the BEf-scaling approach that we
have employed here, to calculate ICSs for the SR continuum,
LB, and SB, can be found in Kim.38 Hence only a brief dis-
cussion of the more important details need to be given here.
Note that the scaled (plane-wave) Born cross sections that we
used in conjunction with this technique 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.
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FIG. 5. Integral cross sections (10−18 cm2) for electron impact excitation of
the SR continuum in O2. See legend on the figure for further details.

The f-scaled Born cross sections (ICS f ) are given by38

ICS f (E0) = faccur

fBorn
ICSBorn(E0), (9)

where faccur is an accurate optical oscillator strength
(OOS) value from either accurate target wave functions or
experiments and fBorn is the OOS from the same wave func-
tions used to calculate the unscaled Born cross sections
ICSBorn(E0). The f-scaling process has the effect of replac-
ing the wave functions used for ICSBorn with accurate wave
functions. We note that the ICSBornfor the SR continuum were
calculated from the experimental GOS of Xu et al.,25 and
accurate OOS were used from the work of Chan et al.43 On
the other hand, the ICSBorn for the LB, and SB were calculated
from the theoretical work of Li et al.,10 while the required ac-
curate OOSs were used from Ogawa and Ogawa44 and Lewis
et al.,45 respectively.

In addition the BE-scaled Born cross sections (ICSBE) are
given by

ICSBE(E0) = E0

(E0 + B + E)
ICSBorn(E0). (10)
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FIG. 6. Integral cross sections (10−18 cm2) for electron impact excitation of
the LB in O2. See legend on the figure for further details.
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This scaling corrects the well known deficiency of the Born
approximation at low E0without losing its established validity
at high E0 (Ref. 38).

If an unscaled ICSBE(E0) is obtained from poor or
marginal wave functions while an accurate OOS is known,
then both f-scaling and BE-scaling can be applied to obtain a
BEf-scaled Born cross section [ICSBEf (E0)]:

ICSBEf (E0) = faccur

fBorn

E0

E0 + B + E
ICSBorn(E0). (11)

The current calculated ICSBEf (E0) are listed for the SR con-
tinuum, LB, and SB in Table IV. While we note that Xu et al.
have also reported BEf-scaling results for the LB and SB,
which are consistent with the present, the current ICSBEf (E0)
are given on a much finer energy grid than provided by Xu
et al. The present BEf-scaling results for the SR continuum
have not been previously reported. A detailed comparison be-
tween our BEf-scaling results, for each transition, and the cor-
responding ICS measurements is given in Sec. IV. A com-
parison of both the present theory and measured ICSs with
previous data and computations is also given in Sec. IV.

IV. RESULTS AND DISCUSSION

In Tables I–III, we respectively present our electron scat-
tering differential cross sections for excitation of the SR con-
tinuum, LB, and SB states in O2. A selection of those data,
along with the results from some previous studies,21–24, 32

for incident electron energies in the range of 15–50 eV are
also respectively given in Figs. 2–4. Note that in all these
plots the present error bars are at the one standard devia-
tion level. Before considering each of these figures in more
detail, there are some general trends which we can collec-
tively note from them. Firstly, all the present DCSs are for-
ward peaked in magnitude as you go to smaller scattered elec-
tron angles, with this degree of forward peak increasing as the
incident electron energy increases. This result is consistent
with all the previous21–24, 32 experimental investigations. As
molecular oxygen is a homonuclear diatomic with no perma-
nent dipole moment, we believe these observations are con-
sistent with the important role that the long-range polariza-
tion potential must be playing in the scattering dynamics46
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FIG. 7. Integral cross sections (10−18 cm2) for electron impact excitation of
the SB in O2. See legend on the figure for further details.

of these processes. In support of this we also note the rel-
atively large value of the dipole polarizability [α = 1.5812
×10−24 cm3 (Ref. 47)] that O2 possesses, confirming the
rather diffuse nature of the electron density of the target. Sec-
ondly, at 20 and 30 eV (see Figs. 2–4) all three states have
structures in their angular distributions, that is, reminiscent
of the decay of a d-wave shape resonance into each state.
However, there is no supporting evidence for this explana-
tion in any of the ICS plots (see Figs. 5–7). As a conse-
quence, we believe that this oscillatory structure, at middle
angles in the SR continuum, LB, and SB angular distributions,
is more likely to be due to constructive/destructive interfer-
ence effects between the dominant partial waves describing
their scattering dynamics. Finally, it is clear from Figs. 2–4
that under some kinematic conditions some of the previous
measurements agree well with those of the present, but under
other kinematic conditions agreement between the earlier and
present DCSs is rather marginal. Notwithstanding this obser-
vation, we now believe that a body of DCS data for the SR
continuum, LB, and SB states exists against which theoreti-
cal calculations, such as from the R-matrix theory,48 could be
benchmarked. Note that in viewing Figs. 2–4 recall that the
y-axis scales are over a four or five decade log-scale.

Considering Fig. 2 in more detail we find that at 15, 20,
and 30 eV, the present SR continuum DCSs and those of
Shyn et al.23 are in quite good accord, except at the most for-
ward and more backward scattered electron angles. This ob-
servation is probably not too surprising as it has been well
documented,46 particularly in the elastic channel, that data
from the group of Shyn and colleagues often overestimates
the magnitude of DCSs at small and large scattering angles.
At 50 eV, however, for scattering angles > 25◦, the agree-
ment between the present DCS and Shyn et al. is very poor,
with Shyn et al. significantly underestimating the magnitude
of the SR continuum DCS. This is a somewhat surprising re-
sult, as any instrumental energy-dependent analyzer transmis-
sion effect would be expected to be more significant at ener-
gies closer to threshold. Although a comparison with the data
of Johnson and Kanik22 can only be made over a more lim-
ited energy and angular range, agreement between our mea-
surements and their results is generally very good. A reason-
able level of accord is also typically found between us and the
SR continuum DCS of Wakiya, at 20, 30, and 50 eV. Finally,
we note that when we compare our work with that of Traj-
mar et al., we see satisfactory agreement at 20 eV, in terms
of the shape and magnitude of the DCS, but only a marginal
level of agreement at 50 eV. A similar story to that just de-
scribed above for the SR continuum is also found for the LB
(see Fig. 3) and SB (see Fig. 4) states. The only exceptions
to this general statement are that there are now no data from
Wakiya to compare against, the 45 eV DCS data of Trajmar
et al. for both the LB and SB is now in good agreement with
the present while the 20 eV DCS data of Trajmar et al., again
for both the LB and SB transitions, are in very poor agree-
ment (see Figs. 3 and 4) with our data, particularly in regard
to the magnitude of these DCSs. In this latter case, the most
likely reason for this discrepancy is an analyzer transmission
problem with their spectrometer24 in measuring DCS for the
E 3�−

u (ν ′ = 0, 1) states.
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Using the techniques described in Sec. II, the above
DCSs were extrapolated to 0◦ and 180◦ (see Figs. 2–4 for the
results of these fits) and then integrated to determine the cor-
responding ICSs. Tabulated values of those ICSs are given
in Table IV for the SR continuum, the LB and also for the
SB. Also provided in Table IV are the relevant BEf-scaling
results (see Sec. III) for each of those states. In Fig. 5 we
now compare our theoretical and experimental ICS results
for the SR continuum against the earlier crossed-beam data
of Wakiya, Shyn et al.23, Trajmar et al., Lassettre et al., and
Newell et al. and results from a swarm-based analysis from
Hake and Phelps.28 Also plotted are some impact parameter
theoretical results from Laricchiuta et al.29 and Garrett et al.30

and a Born–Ochkur level computation from Chung and Lin.31

It is clear from Fig. 5 that the trend in our 15–200 eV SR-
continuum ICSs is in very good agreement with the higher
energy data of Lassettre et al. and Newell et al. The present
ICS data is also largely consistent, within our stated uncertain-
ties, with the Born–Ochkur calculation of Chung and Lin and
our own BEf-scaling computation. Both the impact parameter
calculations29, 30 are, at 15 eV and 20 eV, higher in magnitude
than the present measurements, even when we allow for the
errors on those experimental ICSs. In addition, they both pre-
dict a near-threshold structure in the SR-continuum ICS. As
these types of calculations are quite simplistic, we are skepti-
cal as to whether that feature is in fact physical. Note that the
work of Garrett et al. and Laricchiuta et al. predict incorrect
thresholds for the SR continuum, suggesting some problems
with their target description of the SR continuum. With regard
to the level of accord between the present ICSs and some of
the other lower (<100 eV) energy measurements, we find that
the observed trend is consistent with what we found earlier
in our discussion of the DCSs. Namely, at some energies the
present data is in good agreement with that from Shyn et al.23

or Wakiya, but at others this agreement is more marginal.
Agreement with the measurements of Trajmar et al., on the
other hand, except at 20 eV where it is fair, is quite poor.
While the absolute values of our experimental SR-continuum
ICSs are somewhat systematically higher in magnitude (see
Fig. 5) than our corresponding BEf-scaling results for ener-
gies less than about 100 eV, they are still consistent with one
another. Nonetheless, as indicated in Fig. 1, there are at least
two further electronic states of O2 that overlap with the B 3�−

u
state of the SR continuum. These states could well be mak-
ing a contribution to our measured flux (cross section) in the
energy-loss range of interest, which would explain why our
measured ICSs are somewhat higher in magnitude than the
BEf-scaling result in Fig. 6 which is for the B 3�−

u state only.
As a consequence, we recommend that the present SR contin-
uum BEf-scaling results would be appropriate cross sections
to incorporate in any atmospheric3 or air plasma4 modeling
studies.

The first significant feature we notice in Fig. 6, ICSs
for the electron impact excitation of the LB, is that there is
significantly less measured data and no other theory against
which we can compare the present results. For this excitation
process we see, within their respective uncertainties, the
results of Shyn et al.32 are largely consistent with the present
work and both sets are typically, for energies less then 50 eV,

much stronger in magnitude than the current BEf-scaling
calculation. While for energies greater than 50 eV our
BEf-scaling result is in very good agreement with the present
experimental ICSs and those of Newell et al., this discrepancy
at lower energies precludes the use of our BEf-scaling results
for the LB in any modeling studies. Rather an interpolation
and extrapolation (to threshold) process using the measured
ICSs would be needed here to determine a valid set for
modeling purposes. We believe that the origin of this break-
down, in the applicability of the BEf-scaling method, is due
to the well known12 strong Rydberg-valence perturbations
that affect the E 3�−

u (ν ′ = 0) state in O2. In addition, we
also believe that this could be a general limitation in the
BEf-scaling approach. Namely that any vibrational sublevel
of an electronic state in any molecule, where avoided level
crossings and other perturbation effects are important, might
not have their cross sections reliably calculated within the
BEf-scaling approach. This stands in total contrast to our pre-
vious experience in CO (Ref. 14), where the BEf-scaling ICS
results for all of the A 1�(ν ′ = 0 − 8) vibrational sublevels
were in excellent agreement with the measured data.

Finally, in Fig. 7, we examine our results for the SB. In
this case agreement at the lower energies with the results from
Trajmar et al. is quite poor, while agreement (or at least the
trend in agreement) at the higher energies with Newell et al.
is also now quite marginal (unlike what we found for both
the SR continuum and the LB). For energies less than 30 eV,
the present SB integral cross sections and those from Shyn
et al.32 are in fair agreement. Perhaps the most stunning as-
pect of Fig. 7 is the remarkable level of agreement between
the present measured cross sections and those calculated us-
ing the BEf-scaling approach. Hence, contrary to what we just
concluded for the LB transition, in the case of the SB exci-
tation our BEf-scaling results will be totally appropriate for
use in any modeling studies in which O2 is an important con-
stituent. This is an interesting observation as it suggests that
the SB transition, compared to that for the LB state, is rela-
tively unperturbed by the Rydberg-valence interactions. This
is in spite of them being separated by only ∼0.32 eV (see
Fig. 1). However, such an observation is entirely consistent
with the results in Lewis et al.12 and so we believe it is valid.
We again highlight the lack of any available ab initio theoret-
ical results, for this and the other states, against which we can
compare our results.

V. CONCLUSIONS

We have reported new measurements of differential and
integral cross sections for the electron impact excitation of the
SR continuum, LB, and SB in molecular oxygen. Agreement
between the present data and the earlier available measure-
ments was “patchy,” and strongly depended on the kinemat-
ical conditions being considered. Nonetheless, we now be-
lieve there is in totality a body of reliable cross section data
against which ab initio level theories might test their various
formalisms. We have also reported BEf-scaling ICS results
for each of these transitions, which for the SR continuum
and SB were found to be in good agreement with our mea-
surements. This led us to conclude that these BEf-scaling re-
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sults will be very useful for scientists attempting to model the
behavior of phenomena (e.g., atmospheric pressure plasmas
and the Earth’s atmosphere) in which O2 plays a role. Un-
fortunately, our BEf-scaling results for excitation of the LB
severely underestimated the magnitude of the experimental
cross sections, at energies less than ∼50 eV, and so cannot
be employed in such modeling studies. This failure of the
BEf-scaling approach, in this case, we believe is due to the
strong Rydberg-valence interactions which significantly per-
turb the E 3�−

u (ν ′ = 0) state in O2. We note that the present
BEf-scaling results for both the LB and SB are consistent with
the values reported by Xu et al.25 in an earlier study.

The ICSs we have determined in this investigation are
rather different from those employed by Jones et al.,3 in their
original study of the electronic-vibrational role played by O2

in our atmosphere. As a consequence we foreshadow here a
new study into the role of electron-driven processes in the
electronic-vibrational behavior of O2 in our atmosphere, in
which the present O2 ICS are incorporated. Such a study will
also, compared to the results in Jones et al.3, enable us to in-
vestigate the sensitivity of atmospheric macroscopic behavior
(e.g., atmospheric radiative emissions) to the underlying mi-
croscopic (e.g., cross sections) inputs.

Finally, we have noticed previously13, 14, 16 that the BEf-
scaling method is effective with respect to describing single
channels for optically allowed transitions. This was the case
of the A 1� state in CO, which is well isolated from the other
electronic states in that molecule. However, as indicated for
the unresolved (experimentally) overlapping bands for the op-
tically allowed (C 1� and D 1�+) and optically forbidden
(d 3� and 2 3�, respectively) states in N2O (Ref. 18), by
assuming the BEf-scaling ICSs are correct and by using the
measured data one might deduce the cross sections for the
relevant optically forbidden states. For the optically forbidden
case, the ICSs show, in general, a maximum near the excita-
tion threshold which decays rapidly as you go to higher en-
ergies. Thus, the deviation of the lower energy experimental
ICSs from those of the BEf-scaling results should in principle
serve to provide the unknown cross sections for the optically
forbidden states. This represents a potential new utility for the
BEf-scaling method that we have not canvassed before.
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