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Measurement of absolute differential excitation cross sections of molecular oxygen
by electron impact: Decomposition of the Herzberg pseudocontinuum

Tong W. Shyn and Christopher J. Sweeney*
Space Physics Research Laboratory, University of Michigan, Ann Arbor, Michigan 48109-2143

~Received 24 January 2000; published 19 July 2000!

Using a crossed-beam method, we have measured electron energy-loss spectra for excitation of the Herzberg
pseudocontinuum of molecular oxygen. The scattering angle and electron-impact energy ranges covered were
from 12° to 156° and from 10 to 30 eV, respectively. We decomposed the spectra into contributions from three
superposed Gaussian line shapes by means of computerized least-squares analysis. The three line shapes were
identified as representing excitation of theA 3Su

1 , A8 3Du , andc 1Su
2 states. Absolute differential and inte-

grated cross sections for all three states’ excitations were obtained, along with linear electronic potential-
energy curves for the Franck-Condon region.

PACS number~s!: 34.80.Gs
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I. INTRODUCTION

On account of its abundance in the Earth’s atmosph
and its importance in a variety of biological, chemical, a
physical processes, one would expect substantial resear
have been done on the oxygen molecule. This is gener
true for optical measurements and theoretical calculati
@1,2#, but relatively little research has been done on the lo
energy electron-impact excitation of O2. As shown in the
reviews by Trajmar, Register, and Chutjian@3#, by Trajmar
and Cartwright@4#, by Itikawaet al. @5#, and by Zecca, Kar-
wasz, and Brusa@6#, the data here can been characterized
fragmentary at best. Assignment of the observed transit
is incomplete and there are gaps in the impact energy
angular ranges for the measured cross sections. This is
ticularly true for the Herzberg pseudocontinuum, which
composed of theA 3Su

1 , A8 3Du , andc 1Su
2 states, and lies

between about 4 and 7 eV excitation energy@7–9#.
Konishi et al. made integral-excitation cross-section me

surements for the pseudocontinuum@10#. Differential-
excitation cross-section measurements of the pseudo
tinuum were later done by Wakiya@11,12#. He used an
energy resolution of about 200 meV and an angular rang
5°–130° to obtain cross sections summed over all th
states in the pseudocontinuum region. Based on the tren
angle and impact energy exhibited by his results, he pos
the c 1Su

2 state to be the dominant one excited by elect
impact below about 100 eV incident energy, in agreem
with the previous assignment of Trajmar, Williams, a
Kuppermann@13#. Teillet-Billy, Malegat, and Gauyacq stud
ied the electron-impact excitation of the pseudocontinu
both experimentally and theoretically, and concerned the
selves with the role of the O2

2(2Pg) resonance in the exci
tation process@14#. They treated only the scattering angle
90°, and used the impact energy range from 10 to 20
Unfortunately, none of these researchers tried to decomp
their spectra into contributions from the underlying stat
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Such a decomposition would be interesting from the poin
view of pure physics and chemistry because the excitati
here are all forbidden, and electron impact is well known
its ability to excite forbidden transitions. It would also b
useful in atmospheric science, as thec 1Su

2 state has been
postulated to be important in the series of reactions lead
to the red atomic oxygen emissions observed in the Ear
atmosphere@15–19#.

In this article, we present the results of decomposition
low-energy electron-impact spectra of the pseudocontinu
A total of more than 650 energy-loss spectra were measu
covering the scattering angle and impact energy range
12°–156° and 10–30 eV, respectively. The data was a
lyzed by means of a computerized least-squares techni
This analysis yielded absolute differential-excitation cro
sections for each state, along with an approximation for e
state’s potential-energy curve in the Franck-Condon reg
Absolute integrated cross sections were obtained from
differential ones. Our results are compared with those
others.

II. EXPERIMENT

The apparatus and procedures used for our measurem
of the pseudocontinuum region were essentially the sam

FIG. 1. A typical electron energy-loss spectrum for excitation
the pseudocontinuum by electron impact. The scattering angle
72°, while the impact energy was 10 eV. Note the contribution
the right-hand side from the Schumann-Runge continuum.
©2000 The American Physical Society11-1
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FIG. 2. The same electron energy-loss spectrum as in Fig. 1
with the low-energy tail of the Schumann-Runge continuum
moved. Fits to each state’s excitation are shown. The unlab
curve is the sum of their excitations.

FIG. 3. Absolute differential cross sections for excitation of t
A 3Su

1 state of molecular oxygen by electron impact.

FIG. 4. Absolute differential cross sections for excitation of t
A8 3Du

2 state of molecular oxygen by electron impact.
02271
those utilized for our previous electron2O2 scattering ex-
periments@20–25#, and are given detailed accounts els
where in the physics literature@26–28#. We thus provide
only a terse account of them here. Comprising our appar
are three principal subsystems: a neutral-molecular-oxyg
beam source, a monoenergetic electron-beam source, a
scattered-electron detector. All three subsystems are ho
in a high-vacuum enclosure that is divided into differentia
pumped upper and lower chambers. Three orthogonal se
Helmholtz coils surround the vacuum enclosure to red
stray magnetic fields—including the Earth’s—to less than
mG in all directions in the interaction region. The ener
scale of our measuring apparatus was calibrated via
19.35-eV resonance of helium.

The neutral-molecular-oxygen-beam source resides in
upper chamber. Research grade O2 is piped into this chambe
from a commercial storage cylinder. The piping terminates
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-
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FIG. 5. Absolute differential cross sections for excitation of t
c 1Su

2 state of molecular oxygen by electron impact.

FIG. 6. Absolute integrated cross sections for excitation of
A 3Su

1 , A8 3Du , andc 1Su
2 states of molecular oxygen by electro

impact.
1-2



tw
u
u

th

le
al
ea

ro

d
ic
tr
a

10
em

ne

th
n

fix

ra
ro

c
te

r t
sy
t

re

ribed
tron

inal

y

ri-
-

les
gy
the
od

rly
d
the
nts

with
y
ion.
-

s of
ince
, we

s of
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a capillary array positioned at the interface between the
chambers. A vertically collimated molecular beam is th
provided in the lower chamber, where the electron-molec
collisions occur.

The electron-beam source is mounted on a turntable in
lower chamber, and can be rotated from290° to1160° in a
continuous fashion. Comprising the beam source are an e
tron gun with a thoriated-iridium filament, a 127° cylindric
energy selector, two electron lens systems, and two b
deflectors. Currents in excess of 1028 A are produced by this
subsystem, while the angular divergence of the elect
beam is approximately63°.

Also residing in the lower chamber is our scattere
electron detector. The detector is made of a 127° cylindr
and a hemispherical energy analyzer in series, two elec
lens systems, and a Channeltron electron multiplier. This
rangement provides a signal-to-noise ratio more than
times better than the single-analyzer system we have
ployed in the past.

We know from our previous experiments that the li
shape that characterizes our overall machine response~i.e.,
the energy profile of the electron beam convolved with
detector’s response function! is well represented as Gaussia
in energy, and for the present set of measurements, was
at about 90 meV full width at half maximum~FWHM!. Note
that such an energy resolution allows us to resolve vib
tional and nonoverlapping electronic excitations, but not
tational excitations.

During actual measurements, the impact energy and s
tering angle were fixed, while a dedicated microcompu
swept the energy-acceptance window of the detector ove
region of interest and also accumulated the data. The
tem’s electronics are stable to within a few meV per day
accommodate the often long data collection times requi

TABLE I. Uncertainty percentages in our measurements.

State c 1Su
2 A8 3Du A 3Su

1

Source of uncertainty
Raw data~statistics! 5 5 7
Line shape 10 10 15
Detector efficiency 10 10 10
Elastic cross
sections

14 14 14

Total 21 21 24
02271
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We repeated our measurement process over the presc
impact energy and angular ranges. The results are elec
energy-loss spectra like the one shown in Fig. 1.

III. DATA ANALYSIS

Our data-analysis technique was based on the orig
molecular line shape arguments of Franck@29# and Condon
@30,31# for the vertical excitation of repulsive states. The
showed that if the transition momentm were constant with
respect to the internuclear separationr, then the repulsive-
excitation line shape’s form is obtained from changing va
ables fromr in the internuclear probability density to excita
tion energyE. The relationship between these two variab
is given by the form of the internuclear potential-ener
curve for the involved excited state. In position space,
internuclear ground-state probability density is to very go
approximation a Gaussian—with a FWHM of quite nea
0.086 Å for O2. To good approximation, the involve
repulsive-state potential-energy curves are linear in
Franck-Condon region for O and their transition mome
vary by only a few percent@32–35#. The excitation line
shapes are therefore well approximated by Gaussians,
mean energiesV0 giving the value of their potential-energ
curves at ground-state internuclear equilibrium separat
The ratiosg of their FWHM’s to the ground-state internu
clear density’s give the slopes of these curves.

The analysis of our pseudocontinuum data thus consist
fitting three Gaussians to each energy-loss spectrum, s
there are three superposed states involved. To do this
chose model spectra of the form

s~r,S0 ,u,Ei ,El !5rS0G~u!e~Ei2El !

3(
j 51

N

F j~Ei2El !I j~u,Ei !1B~Ei2El !,

~1!

TABLE II. Mean excitation energiesV0 and slopesg for the
states comprising the pseudocontinuum, along with the result
Klotz and Peyerimhoff.

State
V0 ~present

result!
V0 ~Klotz and
Peyerimhoff!

g
~present result!

g ~Klotz and
Peyerimhoff!

A 3Su
1 6.27 6.28 210.14 215

A8 3Du 6.06 6.12 29.06 215
c 1Su

2 5.72 5.75 27.94 215
he
ed
TABLE III. Absolute cross sections for the excitation of theA 3Su
1 state of molecular oxygen by electron impact. Units for t

differential cross sections are 10220 cm2/sr, while those for the integrated cross sections are 10218 cm2. Parentheses enclose extrapolat
values.

u ~deg!
E ~eV!

12 24 36 48 60 72 84 96 108 120 132 144 156 168 s

10 ~4.5! 6.0 9.2 15.7 17.6 17.9 19.3 14.2 22.8 20.6 20.8 16.0 11.4~8.0! 2.34
15 ~2.5! 3.3 4.8 6.2 5.7 9.4 7.9 10.7 10.7 13.7 14.3 14.7 11.7~10! 1.31
20 ~4.0! 6.0 8.5 7.2 6.0 6.2 5.7 6.3 10.7 12.0 14.1 13.8 12.0~10! 1.11
30 ~1.2! 1.4 1.4 1.0 0.7 0.8 1.2 1.5 2.0 3.1 3.9 3.6 2.8~2.0! 0.25
1-3
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TABLE IV. Absolute cross sections for the excitation of theA8 3Du state of molecular oxygen by electron impact. Units for t
differential cross sections are 10220 cm2/sr, while those for the integrated cross sections are 10218 cm2. Parentheses enclose extrapolat
values.

u ~deg!
E ~eV!

12 24 36 48 60 72 84 96 108 120 132 144 156 168 s

10 ~20! 26.2 38.2 38.8 45.5 50.8 51.7 48.9 42.7 44.1 35.6 43.9 52.8~55! 5.55
15 ~11! 13.6 15.3 22.7 26.9 32.5 30.8 31.3 33.4 37.7 35.1 35.7 34.3~33! 3.75
20 ~6.5! 7.6 8.3 8.8 8.4 7.6 7.8 7.8 8.0 10.0 12.4 14.9 16.0~17! 1.19
30 ~3.5! 2.9 3.8 3.4 2.9 2.6 3.3 3.7 5.5 5.7 6.1 7.9 6.5~7.5! 0.56
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where s is the scattered-electron signal,r the molecular-
beam density, andS0 the incident electron current.G(u) is a
factor describing the scattering geometry,Ei the impact en-
ergy, andEl the electron energy loss. For theN53 states the
F j ’s are the Gaussians, and have fixed values of one at
maxima. Differences in excitation intensity among the sta
are accounted for in the values of theI js . B is a term rep-
resenting the background, and included contributions fr
the nearby strong excitation of the Schumann-Runge c
tinuum@25#. Before any fitting was done, our measured sp
tra were corrected for the effects of nonconstant detec
efficiencye with respect to energy. We note that the mag
tudes of the cross sections for the individual states’ exc
tions are strongly dependent on the least-squares data re
tion and background removal technique, as the excitati
are not resolvable in the spectra.

The fitting was performed numerically by the tradition
least-squares minimization approach, and the algorithm
employed for this purpose was the method of simulated
nealing implemented through the use of downhill simplex
TheFORTRAN90program we used for this purpose was bas
heavily on the original source code of Press and Teukol
@36#. We chose the simulated-annealing algorithm beca
though it is generally less efficient than the tradition
steepest-descents approaches, it has the advantage over
that it does not get ‘‘stuck’’ in local minima in paramete
space, and therefore can locate the true global minim
among the many local minima often present@37#.

The fitting is complicated a little by the fact that th
measured-excitation spectra are broadened from the nat
excitation spectra by the machine response of our sys
Since this machine response is Gaussian, we can analyti
perform the convolution integral of it with the natural Gaus
ian line shape to obtained measured-excitation line sha
also Gaussian in form@38#. With Dmeas., Dnatl. , and Dm.r.
02271
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denoting the FWHM’s of the measured, natural, a
machine-response line shapes, respectively, we get a co
nient ‘‘triangle’’ equality of the form

Dmeas.
2 5Dnatl.

2 1Dm.r.
2 ~2!

to hold. This allows us to remove the effects of the mach
response from the fits to our data. A typical fit is shown
Fig. 2. Initial choices for the parameters describing the Ga
sians in our analysis were obtained by consideration of
results of Klotz and Peyerimhoff@35#. All parameters were
allowed to vary independently.

Once we obtained the fits, we generated cross section
noting that the latter scale as the scattered-electron cur
or area under the excitation line shape. Other factors com
here—such as the scattering geometry, the incident-elec
current, and the molecular-beam density of Eq.~1!—but we
were able to dispense with them by normalizing to our p
vious elastic cross section measurements where these e
were already accounted for@20#. The normalization relation-
ship was

S ds

dV D
inel.

5
I inel.D inel.

I elas.Delas.
S ds

dV D
elas.

~3!

where (ds/dV)elas. and (ds/dV) inel. are the elastic and in
elastic cross sections, respectively, andI elas.Delas. and
I inel.D inel. scale as the areas under their respective line sha

Once we obtained absolute differential cross sections,
were able to generate absolute integrated cross sectionss via
the relationship

s5E dw du sinuS ds

dV D . ~4!
tial
TABLE V. Absolute cross sections for the excitation of thec 1Su
2 state of molecular oxygen by electron impact. Units for the differen

cross sections are 10220 cm2/sr, while those for the integrated cross sections are 10218 cm2. Parentheses enclose extrapolated values.

u ~deg!
E ~eV!

12 24 36 48 60 72 84 96 108 120 132 144 156 168 s

10 ~30! 38.6 41.0 40.4 38.2 33.3 40.3 31.9 43.2 41.5 53.1 57.7 51.9~45! 5.16
15 ~15! 15.7 15.8 15.9 23.1 17.8 15.5 11.9 21.5 23.2 27.9 39.6 36.1~36! 2.44
20 ~9.0! 10.4 11.7 9.3 8.3 7.5 8.8 8.3 13.1 13.3 19.0 23.8 26.8~30! 1.60
30 ~3.0! 3.1 2.6 2.5 2.2 2.1 2.4 3.2 3.2 4.7 6.0 7.6 9.9~10! 0.49
1-4
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To perform the integrals, we employed the trapezoid al
rithm. The integrals required that we extrapolate our diff
ential cross sections to both 0° and 180°, which we
semiexponentially. This introduced uncertainty into our
sults, but it was minuscule, as the value of sinu in Eq. ~4! is
very small in the vicinity of these angles.

There were several sources of uncertainty that affec
our analysis of the differential cross sections~DCSs!, as
listed in Table I. Since they were independent of each ot
they could be added in quadrature to provide net uncert
ties. As the extrapolation to large and small angle introdu
negligible uncertainty into the integral cross sections~ICSs!,
net DCS and ICS uncertainty was about the same.

IV. DISCUSSION OF RESULTS

The pseudocontinuum region of the oxygen molecul
spectrum is especially attractive for electron-collision stud
since this molecule’s groundX state has unusual3Sg

2 sym-
metry, and also because all three transitions to it are elec
dipole forbidden. Excitation ofA 3Su

1 is not allowed by the
S2↔” S1 rule, excitation ofA8 3Du by theDL50,61 only
rule, and excitation ofc 1Su

2 by the rule forbidding electron
spin changes. All three also result from the prom
tion of a pu2p electron in the ground-stat
(sg1s)2(su1s)2 (sg2s)2(su2s)2(sg2p)2 (pu2p)4(pg2p)2

configuration to an orbital ofpg2p symmetry.
Our values for the mean excitation energies and slopes

linear approximations to the potential-energy curves in
Franck-Condon region are presented in Table II, where t
are compared with the results of Klotz and Peyerimhoff. T
form of the potential-energy curves is

V5g~r 2r 0!1V0 , ~5!

wherer 0 is the equilibrium internuclear distance for O2 ~i.e.,
the bond length! and has a value of about 1.207 Å. Agre
ment of the mean excitation energies is encouraging. But
slopes we arrive at give somewhat shallower curves t
theirs.

Table III lists the excitation cross sections for theA 3Su
1

state. Figure 3 shows the angular distributions at impact
ergies of 10, 15, 20, and 30 eV that have a tendency
convergence to zero at extreme angles as predicted by
S2-S1 rule for electron-impact excitation@39,40#. ~In this
and other figures, we show error bars for only selected d
points, because providing all error bars would give ove
cluttered figures.! The cross sections decrease as the incid
energy increases. A minimum appears near 90° at 20
impact and near 75° at 30-eV impact.

The cross sections for the excitation of theA8 3Du state
are provided in Table IV. Figure 4 shows the different
excitation cross sections at impact energies of 10, 15, 20,
30 eV. The angular distributions exhibit strong backwa
scattering. Overall, the cross sections increase toward 15
and then decrease at higher energies. There is a broad m
mum near 15 eV.

Table V provides thec 1Su
2-state excitation cross section

by electron impact. Figure 5 shows the angular distributio
02271
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at impact energies of 10, 15, 20, and 30 eV. These are typ
for forbidden-state excitation—isotropic angular charac
with slightly enhanced backward scattering. As the incid
energy increases, the overall cross sections become sm
The forward scattering reduces more than the backw
does.

Figure 6 shows the excitation ICS’s for the three stat
For theA 3Su

1 andc 1Su
2 states they decrease exponentia

as the incident energy increases. The cross sections ofA 3Du

state have a broad maximum near 15 eV. Thec 1Su
2 state is

the largest and theA 3Su
1 state the smallest contributor to th

pseudocontinuum’s excitation.
Finally, Fig. 7 shows the summed integrated cross s

tions of three states along with those of Trajmar, William
and Kuppermann, of Wakiya, and of Teillet-Billy, Malega
and Gauyacq. The values of Trajmar, Williams, and Kupp
mann, and those of Wakiya are larger than the present re
by more than a factor of 2. Those of Teillet-Billy, Malega
and Gauyacq are in good agreement with the present res
We note, though, that their integral cross sections were
tained as 4p times the measured differential cross sections
90°.

V. CONCLUSION

We have measured spectra for excitation of O2’s Herzberg
pseudocontinuum by electron impact. The spectra were
composed numerically into contributions from theA 3Su

1 ,
A8 3Du, and c 1Su

2 states, resulting in absolute differenti
cross sections for these states’ excitations, along w
potential-energy curves in the Franck-Condon region. In
grated cross sections were also obtained.

FIG. 7. Absolute integrated cross sections for excitation of
sum of theA 3Su

1 , A8 3Du , andc 1Su
2 states of molecular oxygen

by electron impact. The results of others are also shown. ‘‘Pres
Total’’ indicates our results, ‘‘Trajmar’’ the cross sections of Tra
mar, Williams, and Kuppermann, ‘‘Wakiya’’ those of Wakiya, an
‘‘Teillet-Billy’’ the values of Teillett-Billy, Malegat, and Gauyacq.
1-5
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