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A theoretical model for electron-impact total ionization cross sections, which has been found to be
reliable for a wide range of molecules, is applied to molecules of interest to atmospheric science.
The new theory, the binary-encounter-Bethe~BEB! model, combines the binary-encounter theory
and the Bethe theory for electron-impact ionization, and uses simple theoretical data for the ground
state of the target molecule, which are readily available from molecular structure codes. Total
ionization cross sections of 11 molecules, CS, CS2, COS, CH4, H2S, NH3, NO2, N2O, O3, S2, and
SO2, are presented for incident electron energies from threshold to 1 keV with an average accuracy
of 15% or better at the cross section peak. We also found that the use of vertical ionization potentials
~IPs! rather than adiabatic IPs for the lowest IPs significantly improves BEB cross sections between
the threshold and cross section peak for molecules whose adiabatic and vertical IPs are different by
;1 eV or more~CH4 and NH3). The BEB cross sections are presented in a compact analytic form
with a small number of constants, making the cross sections suitable for modeling applications.
© 1997 American Institute of Physics.@S0021-9606~97!01703-0#
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I. INTRODUCTION

In earlier publications,1,2 we have demonstrated that
new theoretical method, the binary-encounter-Bethe~BEB!
model, provides reliable electron-impact total ionizati
cross sections for molecules using very simple input data
the ground state, all of which can be obtained from stand
molecular wave function codes. There are no adjustable
fitted parameters in the theory. The BEB model does
provide details such as resonances in the continuum, vi
tional and/or rotational excitations concomitant with ioniz
tion, multiple ionization, and dissociative ionization. It sim
ply predicts the total ionization cross section as the sum
ionization cross sections for ejecting one electron from e
of the molecular orbitals. We also have demonstrated th
is valid from the first ionization threshold to several ke
incident electron energies.

In this article, we apply the BEB model to 11 molecul
of interest to atmospheric science: CS, CS2, COS, CH4,
H2S, NH3, NO2, N2O, O3, S2, and SO2. Some of these mol-
ecules, e.g., H2S, are not only pollutants on the Earth b
have been found on comets.3 As was the case for about tw
dozen atoms and molecules reported earlier,1,2 the BEB
model provides cross sections in good agreement with av
able experimental data. To the best of our knowledge,
total ionization cross section for NO2 is the first of its kind
reported in the literature.

In earlier applications of the BEB model, we chose

a!Present address: Ultraprecision Technology Team, Samsung Electr
Co., Suwon, Kyonggi-do, Korea.

b!Present address: Dept. of Chemistry, Univ. of California, Irvine, Califor
92715.
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use experimental adiabatic ionization potentials~IPs! for the
lowest IP so that the BEB cross section will have appropri
threshold to compare to experimental data. We used a
batic IPs for this purpose, mainly because this type of IPs
easy to find for many molecules and radicals. However, a
batic IPs are not associated with a specific molecular orb
but with the appearance of specific ion products, while v
tical IPs are associated with individual molecular orbitals
the ground state of the neutral molecule. Since the B
model is based on molecular orbitals, it seems more ap
priate to use the vertical IPs, as is done in photoionizati
Although the BEB cross section is insensitive to a small s
in an IP value, we found that using vertical IPs significan
improved the agreement between theory and experim
when the adiabatic and vertical IPs are different by;1 eV or
more. Relatively large differences in adiabatic and verti
IPs are observed in molecules whose geometrical struc
changes drastically when ionized or in molecules subjec
strong Jahn–Teller effect, i.e., molecules with valence or
als of high symmetry. When we used vertical IPs, the B
cross sections for CH4 and NH3 improved considerably nea
the threshold compared to available experiments.

The main advantages of the BEB model are twofold:
theory is valid for the entire incident energy range fro
threshold to several keV, and it is in an analytic form wi
simple constants providing compact analytic expressions
the total ionization cross section suitable for applications
atmospheric modeling.

The underlying theory is briefly outlined in Sec. II, th
total ionization cross sections of individual molecules a
presented in Sec. III, and conclusions are presented in
IV.

ics
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1027Kim et al.: Ionization cross sections of atmospheric molecules
II. OUTLINE OF THEORY

The BEB model is a simpler version of the binar
encounter-Dipole~BED! model for electron-impact ioniza
tion cross sections of atoms and molecules.2 The BED model
combines the binary-encounter theory4 and the Bethe
theory.5 The connection between the binary-encounter the
and the Bethe theory is determined by requiring the asy
totic form at high incident energyT of the former to match
that of the latter both in the ionization cross section and
the stopping cross section. The stopping cross section is
to evaluate the stopping power of the target medium. T
BED model provides a formula to calculate the singly diffe
ential cross section, or the energy distribution of ejected e
trons ds/dW with the ejected electron energyW, for each
atomic or molecular orbital. To apply the BED model, o
needs for each orbital the electron binding energyB, the
average kinetic energyU5^p2/2m& with the bound electron
momentump and the electron massm, the electron occupa
tion numberN and the continuum dipole oscillator streng
d f /dW.

The value of the kinetic energyU for each orbital in the
initial state~usually the ground state! of the target is a theo
retical quantity evaluated in any atomic or molecular wa
function code that calculates the total energy. However, b
the initial- and continuum-state wave functions are neede
calculated f /dW and this is the only nontrivial data neede
to apply the BED model. Alternatively,d f /dW can be de-
duced from experimental photoionization cross sectio
though partial cross sections are needed to deduced f /dW for
each orbital.

For most molecules, however, it is difficult in practice
obtain d f /dW for each orbital. To alleviate this difficulty
d f /dW is approximated in the BEB model by choosing

d f

dW
}~B1W!22. ~1!

This form of d f /dW closely resembles the shape of t
d f /dW of the hydrogen atom in the ground state.

With this simplified d f /dW, the integrated ionization
cross section per molecular orbital,sBEB, is obtained by
integratingds/dW fromW50 to (T2B)/2. The result is

sBEB5
S

t1u11 F ln t

2 S 12
1

t2D112
1

t
2

ln t

t11G , ~2!

where t5T/B, u5U/B, S54pa0
2NR2/B2, a055.292 Å,

andR513.61 eV.
In Eq. ~2!, the term associated with the first logarithm

function on the right-hand side~rhs! represents distant colli
sions~large impact parameters! dominated by the dipole in
teraction, and the rest of the terms on the rhs represent c
collisions ~small impact parameters! as described by the
Mott cross section.6 The second logarithmic function origi
nates from the interference of the direct and exchange s
tering also described by the Mott cross section.

We present the values ofB,U andN for the 11 mol-
ecules in this article in Tables I and II. The molecular wa
function data are from the molecular structure co
J. Chem. Phys., Vol. 106,
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GAMESS.7 Since deep inner shells, such as the K shell of
contribute little to the total ionization cross sections, we ha
omitted them from the tables. One can use either theore
or experimental values ofB, whileU is a theoretical quantity
that cannot be directly measured, though the sum of allU ’s
is equal to the magnitude of the total energy of the tar
molecule according to the virial theorem. Since experimen

TABLE I. Molecular orbitals, electron binding energyB in eV, kinetic
energyU in eV, and electron occupation numberN for CS, CS2, COS, and
H2S. All B andU values are theoretical, except that those marked by
asterisk are experimental adiabatic IPs, and those marked by a dagge
experimental vertical IPs.

Molecule MO B U N

CS 2s 308.84 436.58 2
3s 245.09 509.11 2
4s 182.00 478.18 2
1p 181.94 478.41 4
5s 30.24 59.97 2
6s 18.75 58.81 2
7s 12.76 44.37 2
2p 11.33* 41.13 4

CS2 2sg 310.28 436.25 2
2su 244.77 509.19 2
3sg 244.77 509.21 2
3su 181.71 478.04 2
4sg 181.71 478.08 2
1pg 181.62 478.73 4
1pu 181.62 478.73 4
5sg 31.38 56.26 2
4su 27.97 63.47 2
6sg 18.43 63.21 2
5su 15.88 58.27 2
2pu 14.44 37.86 4

2pg ~S 3p! 10.07* 48.07/3 4

COS 2s 562.30 794.47 2
3s 311.20 436.01 2
4s 244.57 509.20 2
5s 181.52 477.84 2
1p 181.41 478.77 4
6s 41.95 77.75 2
7s 29.58 59.03 2
8s 21.53 73.79 2
2p 18.48 51.09 4
9s 17.21 60.71 2
3p 11.17* 48.83 4

CH4 1a1 290.70 436.07 2
2a1 25.73 33.05 2
1t2 14.25† 25.96 6

H2S 2a1 244.06 509.15 2
1b1 181.00 477.97 2
3a1 180.96 478.37 2
1b2 180.89 479.07 2
4a1 26.85 55.39 2
2b1 16.34 35.77 2
5a1 13.54 46.09 2

2b2 ~S 3p! 10.48† 45.68/3 2

NH3 1a1 422.61 601.69 2
2a1 31.13 48.49 2
1e 17.19 35.62 4
3a1 10.85† 43.25 2
No. 3, 15 January 1997
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1028 Kim et al.: Ionization cross sections of atmospheric molecules
TABLE II. Molecular orbitals, electron binding energyB in eV, kinetic
energyU in eV, and electron occupation numberN for NO2, N2O, O3,
S2, and SO2. All B andU values are theoretical, except that those marked
an asterisk are experimental adiabatic IPs, and those marked by a dagg
experimental vertical IPs.

Molecule MO B U N

NO2, doublet 1b1 562.48 794.45 2
average ofa andb orbital values 1a1 562.48 794.46 2

2a1 431.59 602.08 2
3a1 46.11 73.41 2
2b1 41.06 79.40 2
4a1 25.00 78.97 2
5a1 21.60 56.73 2
3b1 21.46 73.27 2
1b2 21.19 51.57 2
4b1 14.95 69.09 2
1a2 14.40 65.23 2
6a1 11.23† 76.21 1

N2O 1s 561.71 794.52 2
2s 431.00 601.81 2
3s 426.85 602.05 2
4s 44.49 72.53 2
5s 39.55 73.81 2
6s 22.41 77.25 2
1p 21.20 48.88 4
7s 18.95 60.14 2
2p 12.89* 59.95 4

O3 1a1 569.47 794.66 2
1b1 563.07 794.48 2
2a1 563.07 794.50 2
3a1 50.16 78.21 2
2b1 40.63 80.62 2
4a1 29.11 89.34 2
5a1 23.66 69.13 2
1b2 22.74 58.55 2
3b1 22.36 77.09 2
4b1 15.33 73.82 2
6a1 14.65 76.56 2
1a2 12.75† 65.12 2

S2, triplet sg2s 245.93 509.43 2
average ofa andb orbital values su2s 245.92 509.55 2

pu2p 182.72 478.98 4
pg2p 182.72 478.28 4
sg2p 182.81 478.98 2
su2p 182.80 478.55 2
sg3s 29.25 60.84/3 2
su3s 22.35 72.54/3 2
sg3p 13.42 54.39/3 2
pu3p 12.59 43.13/3 4
pg3p 9.36* 56.46/3 2

SO2 1b1 560.91 794.52 2
2a1 560.91 794.53 2
3a1 249.31 509.66 2
2b1 186.25 477.82 2
1b2 186.18 477.98 2
4a1 186.14 478.57 2
5a1 41.53 76.54 2
3b1 38.47 82.00 2
6a1 23.49 81.17 2
7a1 19.14 58.16 2
4b1 19.06 74.31 2
2b2 18.35 52.86 2
5b1 14.65 64.71 2
1a2 14.10 59.21 2

8a1 ~S 3p! 12.50† 66.21/3 2
J. Chem. Phys., Vol. 106,
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values ofB are often smaller than theoretical ones, the BE
cross sections obtained using experimentalB values are usu-
ally higher ~by 10%–15% at the cross section peak! than
those obtained using theoreticalB values. Using the experi
mental value for the lowest electron binding energy~5first
IP! will not only assure that the cross section starts at
right threshold but also we found that the shape and ma
tude of the BEB cross section near the threshold agree b
with known experimental cross sections. On the other ha
the cross sections with theoretical values ofB tend to agree
better with experiment near the peak (T;100 eV!.

For closed-shell molecules, we used the restric
Hartree–Fock~RHF! method with a Gaussian basis s
~known as the 6-311-G set! provided by theGAMESS code.
For open-shell molecules, we found that the unrestric
Hartree–Fock~UHF! method produced more realistic orbit
energies—which we took as the electron binding energie
prescribed by the Koopman theorem—for valence orbit
than the restricted open-shell Hartree–Fock~ROHF! method.
Although the UHF method has the disadvantage of prod
ing a pair of orbital and kinetic energies (a andb orbitals!
the valence orbital energies from the ROHF method w
often unrealistically small, making the corresponding cro
section too large. On the other hand, usingB andU values
from the UHF method produces cross sections almost id
tical to those produced using the average between theB and
U values from the matchinga and b orbitals. TheB and
U values presented in Table II are these average values
open-shell molecules.

In practice, the BEB model is insensitive to minor vari
tions in the values ofB andU used, except for the lowes
B. For this reason, we used the experimental values for
lowest B, which are available for many molecules,8 and
theoretical values for the remaining orbitals. For examp
the theoretical value for the lowestB of CS is 12.68 eV
compared to the experimental value of 11.33 eV.

Using all experimental values ofB is not only difficult
because often experimental data for inner shells do not e
but also it is not necessarily more useful because there i
matching ‘‘experimental’’ values ofU. Hence, we limited
the use of experimentalB values to the first IPs only. Even
then, we must decide whether to use the adiabatic IP or
vertical IP. Although photoionization and electron-impa
ionization are not equivalent, the use of vertical IPs obtain
from photoelectron analyses seems reasonable because
IPs are identified with the orbitals of the parent molecule,9 as
our B values are in the BEB model. Moreover, we foun
that, for molecules with significant differences between ad
batic and vertical IPs, the use of vertical IPs produced B
cross sections in much better agreement with available
periments as is shown in Sec. III.

III. APPLICATION TO MOLECULES

In this section, we compare the BEB cross sections
the experimental values of ten molecules. We were unabl
find experimental cross sections to be compared to the B
cross section for NO2. Some experiments measured t

y
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1029Kim et al.: Ionization cross sections of atmospheric molecules
‘‘gross’’ ionization cross section, which is determined b
measuring the total ion current rather than the number
ions. On the other hand, BEB cross sections are ‘‘countin
ionization cross sections, which account for the number
singly charged ions produced. When many multiply charg
ions are produced, a gross ionization cross section will
noticeably larger than a counting ionization cross section
high T. Hence, BEB cross sections should be considere
the lower limits to experimental gross ionization cross s
tions. In many experiments, both molecular ions as well
their fragments are collected using mass spectrometers. S
the BEB cross sections are simple sums of cross section
ejecting one electron from each molecular orbital, the the
cannot give a detailed account of dissociative ionization
fragments produced. Hence, comparisons of the theory
experiments on large molecules with diverse channels
dissociative ionization and fragmentation are not straight
ward. For simplicity, we compared our theoretical cross s
tions to the simple sum of all experimental partial cross s
tions that produced an ion. Nevertheless, the comparis
presented here will clearly demonstrate wide applicability
our theory.

A. Carbon monosulfide (CS)

Experimental data for CS by Freundet al.10 are com-
pared to the BEB cross section in Fig. 1. The experime
data are partial cross sections for the production of CS1 ions
only, and hence should be lower than our theoretical cr
section. The experimental data by Freundet al. show a gen-
eral trend of being much higher than the BEB cross sec
for T,30 eV ~see Figs. 1, 2, and 10! and then flattening for
higherT when the production of other fragmented ions b
comes significant. The reason for the disagreement with
data by Freundet al. at low T is unclear because the BE
cross sections for other molecules in this article and in Re
at lowT agree very well with experiment in shape and ma
nitude.

FIG. 1. Comparison of the BEB cross section to experiment for CS. S
curve, the present work; circles, experimental data by Freundet al. ~Ref.
10!.
J. Chem. Phys., Vol. 106,
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B. Carbon disulfide (CS 2)

Experimental data for CS2 by Freundet al.
10 and those

by Rao and Srivastava11 are compared to the BEB cross se
tion in Fig. 2. We also modified the BEB cross section in th
case to use a reduced value ofU for the outermost valence
molecular orbital, 2pg , as we did in Ref. 1. When a molecu
lar orbital is dominated by an atomic orbital—in this case
the 3p orbital of S—with high principal quantum number
its kinetic energy is high, and makes the cross section
low becauseU enters the cross section formula, Eq.~2!, in
the denominator. To correct this situation, we divideU by
the principal quantum number of the dominant atomic
bital. We used the Mulliken population analysis as our gui
when more than 90% of the population density of a mole
lar orbital comes from a valence atomic orbital, we used t
reduction of U. The BEB cross section curve marke
‘‘BEB ~U/3!’’ in the figure used the reduced value ofU, as
indicated in Table I.

As was the case for CS, the data by Freundet al.10 is a
partial cross section for the production of CS2

1 and should be
a lower limit to the BEB cross section.

C. Carbonyl sulfide (COS)

The only set of experimental data for COS is the data
Srivastava,12 which is compared with the BEB cross sectio
in Fig. 3. There is excellent agreement between theory
experiment for lowT,100 eV, but the experiment peaks
a higherT than the theory. Also, the shape of the experime
tal cross section atT.500 eV disagrees with the theoretic
shape. This trend at highT is also seen in the experiment
data on H2S by the same group~see Fig. 5!.

D. Methane (CH 4)

We have published the BEB cross section for C4
earlier1 using the adiabatic IP of 12.51 eV.8 Methane is a
typical example of a molecule affected by the Jahn–Te

dFIG. 2. Comparison of the BEB cross section to experiment for CS2. Solid
curve, BEB cross section with a reduced value ofU85U/3 for the outer-
most molecular orbital; dashed curve, BEB cross section with the orig
U values; circles, experimental data by Freundet al. ~Ref. 10!; triangles,
experimental data by Rao and Srivastava~Ref. 11!.
No. 3, 15 January 1997
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1030 Kim et al.: Ionization cross sections of atmospheric molecules
effect such that the photoionization peak of the six electr
in the 1t2 valence orbital is spread out between 12.5 and
eV.13 The center of gravity of this broad peak is appro
mately 14.25 eV, almost 2 eV higher than the adiabatic
Because of the manner in whichB enters the BEB cross
section throughS in Eq. ~2!, a higherB value results in a
smaller cross section. In Fig. 4, we compare available exp
mental data14–17with the BEB cross sections using the ad
batic and vertical IPs. It is clear that the agreement betw
theory and experiment between the threshold andT,100 eV
is significantly improved by using the vertical IP.

E. Hydrogen sulfide (H 2S)

Experimental data for H2S by Rao and Srivastava18 and
those by Belic´ and Kurepa19 are compared to the BEB cros
section in Fig. 5. The data by Rao and Srivastava agree
well with the BEB cross section which used a reduced va
of U for the outermost molecular orbital, 2b2. The experi-

FIG. 3. Comparison of the BEB cross section to experiment for COS. S
curve, the present work; triangles, experimental data by Srivastava~Ref.
12!.

FIG. 4. Comparison of the BEB cross section to experiment for CH4. Solid
curve, the present work with the vertical IP; dashed curve, BEB cross
tion with the adiabatic IP~Ref. 1!; squares, experimental data by Rapp a
Englander-Golden~Ref. 14!; triangles, experimental data by Orient an
Srivastava~Ref. 15!; diamonds, experimental data by Duric´ et al. ~Ref. 16!;
circles, experimental data by Schramet al. ~Ref. 17!.
J. Chem. Phys., Vol. 106,

Downloaded¬16¬Mar¬2003¬to¬155.101.15.253.¬Redistribution¬subjec
s
6

.

ri-

n

ry
e

mental data, however, deviates from the theory forT.300
eV in the same manner as the experimental data12 for COS
~see Fig. 3!. We found that the data by Belic´ and Kurepa
agree with our theory very well when we renormalized th
peak value to the theory. The renormalized data becam
close to those by Rao and Srivastava that it was difficult
distinguish the two sets of data.

Khare and Meath20 used a method similar to ours i
spirit, i.e., a combination of the Mott cross section and
Bethe theory. Their theory uses empirical values ofd f /dW
and provides partial ionization cross sections. However,
sum of their partial cross sections for H2S is about one-half
of the BEB cross section.

F. Ammonia (NH 3)

Similar to the case of CH4, the BEB cross section we
have published earlier1 with the adiabatic IP was too high a
T,100 eV compared to available experiments.21,22The neu-
tral NH3 molecule is pyramidal while the NH3

1 ion is planar.
This change in shape makes the vertical IP to be 10.88 e23

while the adiabatic IP is 10.16 V.8 Although this difference
is not as pronounced as the difference in CH4, we still found
the use of the vertical IP improved the agreement betw
experiments and the BEB cross section atT,100 eV as is
shown in Fig. 6.

G. Nitrogen dioxide (NO 2)

To the best of our knowledge, there is no experimen
data for the total ionization cross section of NO2 to compare
to the BEB cross section in Fig. 7. Unlike other molecules
this article, NO2 is an open-shell molecule, and we used t
UHF method to calculate the ground-state wave functi
The value ofB andU are the average of those fora and
b orbitals as was mentioned in Sec. II. Also, NO2 is an

id

c-

FIG. 5. Comparison of the BEB cross section to experiment for H2S. Solid
curve, BEB cross section with a reduced value ofU85U/3 for the outer-
most molecular orbital; dashed curve, BEB cross section with the orig
U values; diamonds, experimental data by Belic´ and Kurepa~Ref. 19!;
triangles, experimental data by Rao and Srivastava~Ref. 18!.
No. 3, 15 January 1997
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1031Kim et al.: Ionization cross sections of atmospheric molecules
unusual molecule in that more NO1 ions are produced tha
NO2

1 ions at lowT both by electron-impact ionization24 and
by photoionization.25

Similar to NH3, NO2 changes its shape upon ionizatio
The neutral NO2 is bent while the NO2

1 ion is linear. The
vertical IP is 11.23 eV9 while the adiabatic IP is 9.75 eV.8

This difference is large enough to make the BEB cross s
tion atT,100 eV to reduce visibly in Fig. 7.

H. Nitrous oxide (N 2O)

Two sets of experimental data for N2O, those by Rapp
and Englander-Golden14 and those by Igaet al.,26 are com-
pared to the BEB cross section in Fig. 8. Both sets of d
and the theory in Fig. 8 are in excellent agreement with e
other. The data by Rapp and Englander-Golden are a cla
example of a gross ionization cross section, where the
current was measured instead of counting the number of
produced. Of the many molecules we have applied the B
theory so far in Refs. 1 and 2 and the present work,
experimental data by Rapp and Englander-Golden con

FIG. 6. Comparison of the BEB cross section to experiment for NH3. Solid
curve, present work with the vertical IP; dashed curve, BEB cross sec
with the adiabatic IP~Ref. 1!; triangles, experimental data by Rao an
Srivastava~Ref. 22!; squares, experimental data by Duric´ et al. ~Ref. 21!.

FIG. 7. BEB cross section for NO2. Solid curve, present work with the
vertical IP; dashed curve, present work with the adiabatic IP.
J. Chem. Phys., Vol. 106,
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tently agree with the theory within 15% and often mu
better, making us believe that the BEB model is very relia
for total ionization cross sections.

Märk et al.27 measured partial ionization cross section
N2O for the production of N2O

1 by electron impact. Their
peak cross section is 1.49310220m2 at T5110 eV.

I. Ozone (O3)

Experimental data by Siegel28 and those by Newson
et al.29 on O3 are compared to the BEB cross section in F
9. Siegel’s data are absolute, while Newsonet al.normalized
to the Siegel data. Although Newsonet al. identifies their
data as partial cross sections, they have cross sections fo
production of O3

1 , O2
1 , and O1. Their data in Fig. 9 are the

sum of these three sets of partial cross sections, and h
can be regarded as the total ionization cross section.

When we renormalized the data by Newsonet al. to
match the theoretical peak value, their experimental data
the BEB cross section agreed very well for the entire ran

n

FIG. 8. Comparison of the BEB cross section to experiment for N2O. Solid
curve, the present work; squares, experimental data by Rapp and Engla
Golden~Ref. 14!; triangles, experimental data by Igaet al. ~Ref. 26!.

FIG. 9. Comparison of the BEB cross section to experiment for O3. Solid
curve, the present work; triangles, experimental data by Siegel~Ref. 28!;
squares, experimental data by Newsonet al. ~Ref. 29!; diamonds, renormal-
ized data by Newsonet al.
No. 3, 15 January 1997
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1032 Kim et al.: Ionization cross sections of atmospheric molecules
of T as can be seen in Fig. 9. This is an indication that
Siegel data may have been too low, perhaps by about 6
The difference between the vertical IP of 12.75 eV9 and the
adiabatic IP of 12.43 eV8 is too small to make any discern
ible difference in the BEB cross section.

J. Disulfur (S 2)

The experimental data for S2 by Freundet al.
10 are com-

pared to the BEB cross section in Fig. 10. The ground s
of S2 is an open-shell, triplet state. Hence, we used the U
method, and averaged theB andU values for thea andb
molecular orbitals. Since S2 is a homonuclear diatomic mol
ecule, the atomic orbitals from each atom equally contrib
to a matching molecular orbital.

We now face the question of whether or not to divide t
U values of the outer molecular orbitals by the princip
quantum number of the matching atomic orbital, as we did
some molecules with atoms that contain M-shell atomic
bitals. We chose to do this when a molecular orbital w
dominated by an atomic orbital with a highu5U/B value to
bring the BEB cross section into a better agreement w
experiment. Comparison with the experimental data by F
undet al. ~see Fig. 10! indicates that we should use reduc
values ofU because the experimental data are partial cr
sections corresponding to the production of S2

1 only, and
should lie below our BEB cross section at highT. The flat
shape of the experimental data in Fig. 10 aboveT520 eV is
an indication of missing ions other than the parent ion S2

1 .

K. Sulfur dioxide (SO 2)

Unlike NO2, there are many sets of experimental data
SO2.

30–33We compare them to the BEB cross section in F
11. Basneret al.32 actually report three distinct sets of cro
sections, one set measured at the Universita¨t Greifswald in
Germany, another set measured at the City University
New York, and a semiempirical cross section based on
additivity rule by one of the authors at Greifswald. W

FIG. 10. Comparison of the BEB cross section to experiment for S2. Solid
curve, BEB cross section with reduced values ofU85U/3 for the valence
molecular orbitals; dashed curve, BEB cross section with the originaU
values; circles, experimental data by Freundet al. ~Ref. 10!.
J. Chem. Phys., Vol. 106,
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present these three sets of cross sections individually in
11, and except for additivity, they are all in good agreem
with the BEB cross section with a reduced value
U85U/3. The BEB cross section withU8 also agrees with
the latest experimental data by Lindsayet al.,33 though not
by the63.5% accuracy claimed by the authors. It is cle
from Fig. 11 that the BEB cross section is reliable with
;10% from the threshold toT51 keV.

The outermost molecular orbital, 8a1, is dominated by
the 3p atomic orbital of sulfur, and hence we divided itsU
value by 3 as is shown in Table II. Again, the differen
between the vertical IP of 12.50 eV9 and the adiabatic IP o
12.32 eV8 is too small to affect the BEB cross section.

IV. CONCLUSION

We have demonstrated that BEB cross sections prov
reliable electron-impact total ionization cross sections fo
large variety of molecules, from the ionization threshold
incident energies in the keV range. The calculation of BE
cross sections requires only a minimal set of constants f
molecular orbitals for the ground state of the target molecu
which are readily available from molecular structure code

We have also shown that the use of the vertical IP rat
than the adiabatic IP significantly improves the agreem
between theory and experiment atT,100 eV when the ver-
tical IP is larger than the adiabatic IP by;1 eV or more.
Although there are references on vertical IPs of comm
molecules, we would like to see more photoelectron data
vertical IPs of radicals and molecules of interest to plas
chemistry and semiconductor fabrication. One can usu
judge if a vertical IP will be sufficiently different from the
matching adiabatic IP by comparing the geometrical shap
the parent molecule and that of the resulting molecular i

FIG. 11. Comparison of the BEB cross section to experiment for SO2. Solid
curve, BEB cross section with a reduced value ofU85U/3 for the valence
molecular orbital; medium-dashed curve, BEB cross section; long-das
curve, semiempirical additivity rule~Ref. 32!; circles, experimental data by
Čadežet al. ~Ref. 30!; triangles, experimental data by Orient and Srivasta
~Ref. 31!; squares, experimental data by the CUNY group~Ref. 32!; in-
verted triangles, experimental data by the Greifswald group~Ref. 32!; dia-
monds, experimental data by Lindsayet al. ~Ref. 33!.
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1033Kim et al.: Ionization cross sections of atmospheric molecules
Molecules with strong Jahn–Teller effect are also expec
to show significant differences between vertical and ad
batic IPs.

Moreover, the BEB equation consists of a simple a
lytic function of the incident energy for each molecular o
bital that contributes to the ionization cross section, mak
the equation ideally suited for modeling applications. M
lecular orbital constants needed to construct BEB cross
tions for the molecules in this article are presented in Tab
I and II.

Work is in progress to extend the BEB model to oth
molecules of interest to plasma chemistry modeling.
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