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ABSTRACT

A theoretical model for electron-impact total ionization cross sections, which hasbeen found to
be reliable for awide 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 usessimple 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, CS,, COS, CHa, H2S, NH3,
NO,, N2O, O3, S, and SO,, 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 (1Ps) rather than adiabatic |Ps for the lowest | Ps significantly
improves BEB cross sections between the threshold and cross section peak for molecules whose
adiabatic and vertical |Psare different by ~1 eV or more (CH,4 and NH3). The BEB cross sections
are presented in a compact analyticform with a small number of constants, making the cross
sections suitable for modeling applications.
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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-BetB&EB) 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, d30S, CH, H,S, NH;, NO,, N,O, G;, S,, and

SO, 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
(IP9) 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(CH, and NH;). 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 Physids$0021-96007)01703-0

I. INTRODUCTION use experimental adiabatic ionization potentidi®s) for the
lowest IP so that the BEB cross section will have appropriate
In earlier publications;” we have demonstrated that a threshold to compare to experimental data. We used adia-
new theoretical method, the binary-encounter-BeBEB)  patic IPs for this purpose, mainly because this type of IPs are
model, provides reliable electron-impact total ionizationeau:,y to find for many molecules and radicals. However, adia-
cross sections for molecules using very simple input data fopatic |Ps are not associated with a specific molecular orbital
the ground state, all o_f which can be obtained from standarg)t with the appearance of specific ion products, while ver-
molecular wave function codes. There are no adjustable Qfc4| |ps are associated with individual molecular orbitals in
fitted parameters in the theory. The BEB model does nofhe ground state of the neutral molecule. Since the BEB
provide details such as resonances in the continuum, vibray,  4e| is based on molecular orbitals, it seems more appro-
tional and/or rotational excitations concomitant with ioniza‘priate to use the vertical IPs, as is done in photoionization.

tion, multiple ionization, and dissociative ionization. It sim- Although the BEB cross section is insensitive to a small shift

ply predicts the total ionization cross section as the sum Ofn an IP value, we found that using vertical IPs significantly

ionization cross sect_lons for ejecting one electron from eacﬂnproved the agreement between theory and experiment
of the molecular orbitals. We also have demonstrated that \then the adiabatic and vertical IPs are differentby eV or
:flc\i/c?(lelgt Z%Ttrgf;r: |i<()ars1|zat|on threshold to several keV more. Relatively large differences in adiabatic and vertical

In this article weg I. the BEB model to 11 moleculesIPs are observed in molecules whose geometrical structure
of interest to at,mos rf)e?ri)(/: science: CS, ,C€0S, CH changes drastically when ionized or in molecules subject to
H,S, NH;, NO,, N,O p03 S, and SQ. Sor;ﬁa of the,se mE)I- strong Jahn—Teller effect, i.e., molecules with valence orbit-
eéul,es o ;5 ;re, ot onlv bollutants on the Earth but &1 ©f high symmetry. When we used vertical IPs, the BEB

» €8 55, yp cross sections for CHand NH; improved considerably near
have been found on comeét#\s was the case for about two . .
the threshold compared to available experiments.

dozen atoms and molecules reported eatlfethe BEB _ _
model provides cross sections in good agreement with avail- The main advantages of the BEB model are twofold: the

able experimental data. To the best of our knowledge, Oupweory is valid for the entire incident energy range from

total ionization cross section for NOs the first of its kind threslhold to several k%\_/’ and it is in anlar_1alytlc f°"T1 Wlt?
reported in the literature. simple constants providing compact analytic expressions for

In earlier applications of the BEB model, we chose tothe total |o!’1|zat|on cross section suitable for applications in
atmospheric modeling.

— _ The underlying theory is briefly outlined in Sec. Il, the

dpresent address: Ultraprecision Technology Team, Samsung Electronl%ta| ionization cross sections of individual molecules are

Co., Suwon, Kyonggi-do, Korea. . . .

Ypresent address: Dept. of Chemistry, Univ. of California, Irvine, Californiapresemed in Sec. lll, and conclusions are presented in Sec.

92715.
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II. OUTLINE OF THEORY TABLE I. Molecular orbitals, electron binding enerd¥ in eV, kinetic
energyU in eV, and electron occupation numk¥érfor CS, CS, COS, and

The BEB model is a simpler version of the binary- H,S. All B and U values are theoretical, except that those marked by an
encounter-DipoIe(BED) model for electron-impact ioniza- asterisk are experimental adiabatic IPs, and those marked by a dagger are
. . experimental vertical IPs.
tion cross sections of atoms and molecifl@he BED model

combines the binary-encounter the‘bryand the Bethe Molecule MO B U N
theory® The connection between the binary-encounter theory

and the Bethe theory is determined by requiring the asymp- 2 308.84 436.58 2
) R 30 245.09 509.11 2
totic form at high incident energy of the former to match 4o 182.00 478.18 2
that of the latter both in the ionization cross section and in 1w 181.94 478.41 4
the stopping cross section. The stopping cross section is used 5o 30.24 59.97 2
to evaluate the stopping power of the target medium. The 6o 18.75 58.81 2
; : ; 7o 12.76 44.37 2

BED model provides a formula to calculate the singly differ- o 11.33 4113 4

ential cross section, or the energy distribution of ejected elec-

trons do/dW with the ejected electron energy, for each Cs, 204 310.28 436.25 2
atomic or molecular orbital. To apply the BED model, one ggu ;ijx ggg';i ;
needs for each orbital the electron binding eneByythe 30 181.71 478.04 5
average kinetic energy =(p?/2m) with the bound electron 4(,: 181.71 478.08 2
momentump and the electron mass, the electron occupa- 1 181.62 478.73 4
tion numberN and the continuum dipole oscillator strength 1m, 181.62 478.73 4
df/dW. 507 31.38 56.26 2
The value of the kinetic energy for each orbital in the ;‘g: i;:i; 23;‘2‘1 ;
initial state(usually the ground stat®f the target is a theo- 50, 15.88 58.27 2
retical quantity evaluated in any atomic or molecular wave 2m, 14.44 37.86 4
function code that calculates the total energy. However, both 2my (S 3p 10.07 48.07/3 4
the initial- and continuum-state wave functions are needed to  cos . 562.30 794.47 2
calculated f/dW and this is the only nontrivial data needed 30 311.20 436.01 2
to apply the BED model. Alternativelyd f/dW can be de- 4o 244.57 509.20 2
duced from experimental photoionization cross sections, i“’ 121'?& j;;g‘?‘ i
though partial cross sections are needed to ded @b for 6: 41.95 77.75 5
each orbital. 7o 20.58 59.03 2
For most molecules, however, it is difficult in practice to 8o 21.53 73.79 2
obtain df/dW for each orbital. To alleviate this difficulty, 2m 18.48 51.09 4
df/dW is approximated in the BEB model by choosing g;'r ﬂi; fé’g; 42
df -2 CH 1 290.70 436.07 2

dw *(B+W)"* @ ) 22 25.73 33.05 2
This form of df/dW closely resembles the shape of the i 1429 259 °
df/dW of the hydrogen atom in the ground state. H,S 28 244.06 509.15 2
With this simplified df/dW, the integrated ionization 10, 181.00 47797 2

) P e ar ; 3a, 180.96 478.37 2

cross section per molecular orbitatgeg, iS obtained by 1b, 180.89 479.07 2
integratingdo/dW from W=0 to (T—B)/2. The result is 43 26.85 55.39 2
2 16.34 35.77 2

S Int 1 1 Int 52 13.54 46.09 2

e~ or1l 2 e T T ol (2) 2b, (S 3p 10.48 45.68/3 2
where t=T/B, u=U/B, S=47aNR?/B?, a,=5.292 A, NH, 1 422.61 601.69 2
andR=13.61 eV. e 2 s deds 2
In Eq. (2), the term associated with the first logarithmic 34, 10.89 43.25 2

function on the right-hand sidehs) represents distant colli-
sions(large impact parametersominated by the dipole in-
teraction, and the rest of the terms on the rhs represent close

collisions (small impact parametersas described by the GamMEss’ Since deep inner shells, such as the K shell of S,
Mott cross sectiofi.The second logarithmic function origi- contribute little to the total ionization cross sections, we have
nates from the interference of the direct and exchange scapmitted them from the tables. One can use either theoretical
tering also described by the Mott cross section. or experimental values @&, while U is a theoretical quantity

We present the values d&,U and N for the 11 mol- that cannot be directly measured, though the sum ofjall

ecules in this article in Tables | and Il. The molecular waveis equal to the magnitude of the total energy of the target
function data are from the molecular structure codemolecule according to the virial theorem. Since experimental

J. Chem. Phys., Vol. 106, No. 3, 15 January 1997
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TABLE Il. Molecular orbitals, electron binding enerdy in eV, kinetic values ofB are often smaller than theoretical ones, the BEB

energyU in eV, and electron occupation numbhir for NO,, N;O, 05, ¢ross sections obtained using experimeBtaialues are usu-

S,, and SQ. All B andU values are theoretical, except that those marked by . 0150 .

an asterisk are experimental adiabatic IPs, and those marked by a dagger %:elzy hlgher_(by 10_/0 15% at. the cross segtlon phakan.

experimental vertical IPs. those obtained using theoreUd&IvaIues_. Using the experi-
mental value for the lowest electron binding enefgfirst

Molecule MO B u N IP) will not only assure that the cross section starts at the
NO,, doublet 1p 56248 79445 2  nghtthreshold but also we found that the shape and magni-
average ofx and 8 orbital values la  562.48 794.46 2  tude of the BEB cross section near the threshold agree better
23 431.59 602.08 2 with known experimental cross sections. On the other hand,
g; 3‘15-3(15 ;g-jé g the cross sections with theoretical valuesBofend to agree
4, 2500 7897 2 better with experiment near the peak-{100 e\).
5, 2160 5673 2 For closed-shell molecules, we used the restricted
3b, 2146  73.27 2 Hartree—Fock(RHF) method with a Gaussian basis set
1b, 2119 5157 2 (known as the 6-311-G geprovided by theGAMESS code.
‘1‘b1 ﬂig gg-gg g For open-shell molecules, we found that the unrestricted
GZ 1123 761 1 Hartree—FocKUHF) method produced more realistic orbital
energies—which we took as the electron binding energies as
N20 lo 56171 79452 2 prescribed by the Koopman theorem—for valence orbitals
gg 222:23 gg;:gé 3 than the restricted open-shell Hartree—F@RIOHF method.
4o 44.49 7253 2 Although the UHF method has the disadvantage of produc-
50 3955  73.81 2 ing a pair of orbital and kinetic energies (@and 3 orbital9
6o 2241 7725 2 the valence orbital energies from the ROHF method were
Lo 2120 4888 4 often ynrealistically small, making the corresponding cross
7o 1895 60.14 2 .
o 128F 59.95 4 section too large. On the other hand, usBi@ndU values
from the UHF method produces cross sections almost iden-
Oy iai ggg-g; ;gj-ig ; tical to those produced using the average betweerBthad
22} 56307 79450 o Y values from the matching and g orbitals. TheB and
3a, 50.16  78.21 2 U values presented in Table Il are these average values for
2b, 40.63  80.62 2 open-shell molecules.
43 29.11  89.34 2 In practice, the BEB model is insensitive to minor varia-
53 2366 69.13 2 tions in the values oB andU used, except for the lowest
1b, 2274 5855 2 ) )
3b, 2236 77.09 5 B. For this reason, we us_ed the experimental values for the
ab, 1533  73.82 2 lowest B, which are available for many molecul®sand
63 14.65  76.56 2 theoretical values for the remaining orbitals. For example,
1a 1279 6512 2 the theoretical value for the lowe& of CS is 12.68 eV
S, triplet o425 24593 509.43 compared to the experimental value of 11.33 eV.

Using all experimental values & is not only difficult
because often experimental data for inner shells do not exist,
but also it is not necessarily more useful because there is no
matching “experimental” values ofJ. Hence, we limited
the use of experimentd values to the first IPs only. Even
then, we must decide whether to use the adiabatic IP or the
vertical IP. Although photoionization and electron-impact
ionization are not equivalent, the use of vertical IPs obtained
from photoelectron analyses seems reasonable because such
IPs are identified with the orbitals of the parent molecuds,
our B values are in the BEB model. Moreover, we found
that, for molecules with significant differences between adia-
batic and vertical IPs, the use of vertical IPs produced BEB
cross sections in much better agreement with available ex-

average ofw and B orbital values  o2s 245,92 509.55
7.2p 182.72 478.98
my2P 182.72 478.28
a42p 182.81 478.98
o2p  182.80 478.55
043s 29.25 60.84/3
o,3s 22.35 72.54/3
a43p 13.42 54.39/3
7,3p 12.59 43.13/3
43P 9.36 56.46/3

SO, 1b,  560.91 794.52
23 560.91 794.53
33 249.31 509.66
2b, 186.25 477.82
1b, 186.18 477.98
43 186.14 478.57

58 4153 76.54 periments as is shown in Sec. Il

3b, 38.47  82.00

6a, 2349 8117

3 19.14 5816 Ill. APPLICATION TO MOLECULE

4, 19.06 7431 ' CATION TO MOLECULES

ggzl 12-22 22-?‘13 In this section, we compare the BEB cross sections to
1a 1410 5921 the experimental values of ten molecules. We were unable to

NROROROMNRNRONNOMNMNORONRONNORNTINanoooNn s SN

find experimental cross sections to be compared to the BEB

8a (S3p 1250 66.21/3 ' :
cross section for N@ Some experiments measured the

J. Chem. Phys., Vol. 106, No. 3, 15 January 1997
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FIG. 1. Comparison of the BEB cross section to experiment for CS. SolidFIG. 2. Comparison of the BEB cross section to experiment foy. G8lid
curve, the present work; circles, experimental data by Freatral. (Ref. curve, BEB cross section with a reduced valueUdf=U/3 for the outer-
10). most molecular orbital; dashed curve, BEB cross section with the original

U values; circles, experimental data by Frewstdal. (Ref. 10; triangles,
experimental data by Rao and Srivast&Raf. 11).

“gross” ionization cross section, which is determined by B- Carbon disulfide (CS )
measuring the total ion current rather than the number of Experimental data for GSby Freundet all° and those
ions. On the other hand, BEB cross sections are “counting’by Rao and Srivastavaare compared to the BEB cross sec-
ionization cross sections, which account for the number ofion in Fig. 2. We also modified the BEB cross section in this
singly charged ions produced. When many multiply chargectase to use a reduced valueWffor the outermost valence
ions are produced, a gross ionization cross section will benolecular orbital, Zy, as we did in Ref. 1. When a molecu-
noticeably larger than a counting ionization cross section alar orbital is dominated by an atomic orbital—in this case by
high T. Hence, BEB cross sections should be considered ate 3p orbital of S—with high principal quantum numbers,
the lower limits to experimental gross ionization cross secits kinetic energy is high, and makes the cross section too
tions. In many experiments, both molecular ions as well asow becausdJ enters the cross section formula, Eg), in
their fragments are collected using mass spectrometers. Sintge denominator. To correct this situation, we divideby
the BEB cross sections are simple sums of cross sections féhe principal quantum number of the dominant atomic or-
ejecting one electron from each molecular orbital, the theoryital. We used the Mulliken population analysis as our guide:
cannot give a detailed account of dissociative ionization owwhen more than 90% of the population density of a molecu-
fragments produced. Hence, comparisons of the theory wittar orbital comes from a valence atomic orbital, we used this
experiments on large molecules with diverse channels foreduction of U. The BEB cross section curve marked
dissociative ionization and fragmentation are not straightfor-'BEB (U/3)” in the figure used the reduced value bf, as
ward. For simplicity, we compared our theoretical cross secindicated in Table I.
tions to the simple sum of all experimental partial cross sec- As was the case for CS, the data by Freetal™is a
tions that produced an ion. Nevertheless, the comparisorartial cross section for the production of £&nd should be
presented here will clearly demonstrate wide applicability ofa lower limit to the BEB cross section.
our theory.
A. Carbon monosulfide (CS) C. Carbonyl sulfide (COS)
The onlzy set of experimental data for COS is the data by
pared to the BEB cross section in Fig. 1. The experimenta?r'VaStava}’ whm_h is compared with the BEB cross section
in Fig. 3. There is excellent agreement between theory and

data are partial cross sections for the production of .@ﬁs experiment for lowT <100 eV, but the experiment peaks at
only, and hence should be lower than our theoretical CrOSg . herT than the theorv. Also. the shape of the experimen-
section. The experimental data by Frewetdal. show a gen- 9 y: ' P P

eral trend of being much higher than the BEB cross sect|ortlal cross section aIl>500 eV disagrees with the theoretical

for T<30 eV (see Figs. 1, 2, and 1@nd then flattening for Zgﬁgi.n-rl—z“ss g;?ﬁea;ahr:]g:;;lé%segg I; the experimental
higher T when the production of other fragmented ions be- e

comes significant. The reason for the disagreement with the
data by Freunckt al. at low T is unclear because the BEB D. Methane (CH.,)

cross sections for other molecules in this article and in Ref. 1 We have published the BEB cross section for ,CH
at low T agree very well with experiment in shape and mag-earliett using the adiabatic IP of 12.51 é/Methane is a
nitude. typical example of a molecule affected by the Jahn—Teller

Experimental data for CS by Freuret all® are com-

J. Chem. Phys., Vol. 106, No. 3, 15 January 1997
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51— 2 o ¢ Belic
o BEB
L 5 * -
- — BEB(U/3)
&4 <
£ | €
§ 8
o 3l \
s 8 lc‘), 3
& | A -}
2 g
i A Srivastava
1= —— BEB - L
1 1 1 L | 1 1 1 Ll 11 g 1 1 1 1 | S | ] 1 1 L]t
010‘ 102 10° €0 2 3
10 10 10

T(eV) T(eV)

FIG. 3. Comparison of the BEB cross section to experiment for COS. Solids|. 5. Comparison of the BEB cross section to experiment f.5olid
curve, the present work; triangles, experimental data by Srivas®e& e BEB cross section with a reduced valueUsf=U/3 for the outer-

12. most molecular orbital; dashed curve, BEB cross section with the original
U values; diamonds, experimental data by Bedicd Kurepa(Ref. 19;
triangles, experimental data by Rao and Srivast®Ret. 19.

effect such that the photoionization peak of the six electrons

in the 1, valence orbital is spread out between 12.5 and 16
V.2 Th ter of ity of this broad peak i i- ,
© e center of gravity of this broad peak Is approx mental data, however, deviates from the theoryTor300

mately 14.25 eV, almost 2 eV higher than the adiabatic IP. vV in th h . tal Qdta COS
Because of the manner in whidB enters the BEB cross ¢V 'N (N€ Same manner as iné experimenta

section throughsS in Eq. (2), a higherB value results in a (see Fig. 3 We found that the data by Beliand Kurepa

smaller cross section. In Fig. 4, we compare available experf-igree with our theory very well when we renormalized their

mental dat¥~17with the BEB cross sections using the adia- peak value to the theory. The renormalized data became so

batic and vertical IPs. It is clear that the agreement betweef]Iose o those by Rao and Srivastava that it was difficult to

theory and experiment between the threshold Brd.00 eV |st||r<1?]wsh thi tvao sl%ts of Sata. thod similar t .
is significantly improved by using the vertical IP. are an callt used a method similar to ours in

spirit, i.e., a combination of the Mott cross section and the

Bethe theory. Their theory uses empirical valuesd&fdW

and provides partial ionization cross sections. However, the
Experimental data for 58 by Rao and Srivastatfand  sum of their partial cross sections fop$lis about one-half

those by Belicand Kurep& are compared to the BEB cross of the BEB cross section.

section in Fig. 5. The data by Rao and Srivastava agree very

well with the BEB cross section which used a reduced value

of U for the outermost molecular orbital, 2bThe experi- F. Ammonia (NH ;)

E. Hydrogen sulfide (H ,S)

Similar to the case of CH the BEB cross section we
have published earlitwith the adiabatic IP was too high at

5 I||I|H| T \\IIIII| T T T T TTTT

I B Repp ] T<100 eV compared to available experimefitd? The neu-
. e onCH, a orient N tral NH; molecule is pyramidal while the NHion is planar.
/ +  Duric | This change in shape makes the vertical IP to be 10.88 eV
- N ¢ Scham while the adiabatic IP is 10.16 ¥Although this difference
E °r . EEEECZ':;") B is not as pronounced as the difference in,CWe still found
[ ' the use of the vertical IP improved the agreement between
e 2 experiments and the BEB cross sectionTat 100 eV as is
I shown in Fig. 6.
b
0 Lol Ll \ 4 G. Nitrogen dioxide (NO )
10! 102 10° 10

Tev) To the best of our knowledge, there is no experimental

data for the total ionization cross section of Nt© compare
FIG. 4. Comparison of the BEB cross section to experiment foy.Glid  t0 the BEB cross section in Fig. 7. Unlike other molecules in
curve, the present work with the vertical IP; dashed curve, BEB cross secthis article, NQ is an open-shell molecule, and we used the
tion with the adiabatic IRRgf. :D squares, experlmental data by Rapp and UHF method to calculate the ground-state wave function.
Englander-Golden(Ref. 14; triangles, experimental data by Orient and
SrivastavaRef. 15; diamonds, experimental data by Dudtal. (Ref. 16; The value ofB andU are the average of those far and

circles, experimental data by Schranal. (Ref. 17. B orbitals as was mentioned in Sec. Il. Also, N@& an

J. Chem. Phys., Vol. 106, No. 3, 15 January 1997
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T T T T T 1T
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B Djuric 3

5, (102 m?)

FIG. 6. Comparison of the BEB cross section to experiment fog.Ngdlid

102
T(eV)

0
10° 10°

102
T(eV)

10°

FIG. 8. Comparison of the BEB cross section to experiment f@® .Nsolid

curve, present work with the vertical IP; dashed curve, BEB cross sectioffurve. the present work; squares, experimental data by Rapp and Englander-

with the adiabatic IP(Ref. 1); triangles, experimental data by Rao an

Srivastava(Ref. 22; squares, experimental data by Dueical. (Ref. 21).

NO, ions at lowT both by electron-impact ionizatiéhand
by photoionizatiorf®

4 Golden(Ref. 14; triangles, experimental data by Iga al. (Ref. 26.

tently agree with the theory within 15% and often much
unusual molecule in that more NOons are produced than better, making us believe that the BEB model is very reliable

Mark et al?’

for total ionization cross sections.
measured partial ionization cross section of

Similar to NH;, NO, changes its shape upon ionization: N,O for the production of BO™ by electron impact. Their

The neutral NQ is bent while the N@ ion is linear. The

vertical IP is 11.23 e¥while the adiabatic IP is 9.75 e¥/.
This difference is large enough to make the BEB cross seq- gzgne (03)
tion at T<100 eV to reduce visibly in Fig. 7.

H. Nitrous oxide (N ,0)

Two sets of experimental data for,®, those by Rapp
and Englander-Goldéhand those by Igat a

peak cross section is 1.490 °m? at T=110 eV.

Experimental data by Siedéland those by Newson
et al?° on O, are compared to the BEB cross section in Fig.
9. Siegel’s data are absolute, while Newsdral. normalized

1,6 are com-

to the Siegel data. Although Newsast al. identifies their
data as partial cross sections, they have cross sections for the

pared to the BEB cross section in Fig. 8. Both sets of datgroduction of @, Of , and O". Their data in Fig. 9 are the

and the theory in Fig. 8 are in excellent agreement with ea

CBum of these three sets of partial cross sections, and hence

other. The data by Rapp and Englander-Golden are a classign be regarded as the total ionization cross section.

example of a gross ionization cross section, where the ion

When we renormalized the data by Newsenal. to

current was measured instead of counting the number of iongatch the theoretical peak value, their experimental data and

produced. Of the many molecules we have applied the BEBhe BEB cross section agreed very well for the entire range
theory so far in Refs. 1 and 2 and the present work, the

experimental data by Rapp and Englander-Golden consis-
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FIG. 7. BEB cross section for NO Solid curve, present work with the
vertical IP; dashed curve, present work with the adiabatic IP.

102

TEeV)

10%

102
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FIG. 9. Comparison of the BEB cross section to experiment farSolid
curve, the present work; triangles, experimental data by Sigeef. 28;
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squares, experimental data by Newsdral. (Ref. 29; diamonds, renormal-
ized data by Newsoet al.
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FIG. 10. Comparison of the BEB cross section to experiment §01S8lid . ) . )
curve, BEB cross section with reduced valuesusf=U/3 for the valence ~ FIG. 11. Comparison of the BEB cross section to experiment for. SOlid
molecular orbitals; dashed curve, BEB cross section with the origihal Curve, BEB cross section with a reduced valudJdf= U/3 for the valence

values; circles, experimental data by Frewidl. (Ref. 10. molecular orbital; medium-dashed curve, BEB cross section; long-dashed
curve, semiempirical additivity ruléRef. 32; circles, experimental data by
Cadezet al. (Ref. 30; triangles, experimental data by Orient and Srivastava

. . . s (Ref. 31); squares, experimental data by the CUNY grd&ef. 32; in-

Of T as can be seen in Fig. 9. This is an indication that thQ/erted triangles, experimental data by the Greifswald grdrgf. 32; dia-
Siegel data may have been too low, perhaps by about 60%monds, experimental data by Lindsayal. (Ref. 33.

The difference between the vertical IP of 12.75°ad the

adiabatic IP of 12.43 e¥/is too small to make any discern-

ible difference in the BEB cross section. present these three sets of cross sections individually in Fig.
11, and except for additivity, they are all in good agreement
J. Disulfur (S ;) with the BEB cross section with a reduced value of
(10 U’=U/3. The BEB cross section with’ also agrees with

The experimental data for,®y Freundet al.™ are com-
pared to the BEB cross section in Fig. 10. The ground stat
of S, is an open-shell, triplet state. Hence, we used the UH
method, and averaged tiiBeand U values for thew and 8
molecular orbitals. Since,3s a homonuclear diatomic mol-

ecule, the atomic orbitals from each atom equally contribut%he 3p atomic orbital of sulfur, and hence we dividedts

to a matching molecular orbital. value by 3 as is shown in Table II. Again, the difference

U V\Ile nowff?rc]: N thetquestllon olf Whetbhterlorbnottrtlo dlv!de. th(Iebetween the vertical IP of 12.50 8dnd the adiabatic IP of
values of the outer molectiar orbitais by Me PriCiPal, 5 35 eV is too small to affect the BEB cross section.
guantum number of the matching atomic orbital, as we did in

some molecules with atoms that contain M-shell atomic or-

bitals. We chose to do this when a molecular orbital wagy., CONCLUSION

dominated by an atomic orbital with a higl=U/B value to ) i
bring the BEB cross section into a better agreement with _ W€ have demonstrated that BEB cross sections provide
experiment. Comparison with the experimental data by Fref€liable e_Iectron-|mpact total |0n|zat|qn cross sections for a
undet al. (see Fig. 1Dindicates that we should use reduced !arge variety of molecules, from the ionization threshold to

values ofU because the experimental data are partial cros1¢ident energies in the keV range. The calculation of BEB
sections corresponding to the production 6f 8nly, and cross sections requires only a minimal set of constants from

should lie below our BEB cross section at high The flat molecular orbitals for the ground state of the target molecule,

shape of the experimental data in Fig. 10 ab®ve20 eV is which are readily available from molecular structure codes.
an indication of missing ions other than the parent ign S We have also shown that the use of the vertical IP rather

than the adiabatic IP significantly improves the agreement
between theory and experimentTa 100 eV when the ver-
tical IP is larger than the adiabatic IP byl eV or more.
Unlike NO,, there are many sets of experimental data forAlthough there are references on vertical IPs of common
S0,.29-3We compare them to the BEB cross section in Fig.molecules, we would like to see more photoelectron data on
11. Basneet al3? actually report three distinct sets of cross vertical IPs of radicals and molecules of interest to plasma
sections, one set measured at the Univarsiieifswald in  chemistry and semiconductor fabrication. One can usually
Germany, another set measured at the City University ofudge if a vertical IP will be sufficiently different from the
New York, and a semiempirical cross section based on amatching adiabatic IP by comparing the geometrical shape of
additivity rule by one of the authors at Greifswald. We the parent molecule and that of the resulting molecular ion.

the latest experimental data by Lindsetal,*® though not

y the =3.5% accuracy claimed by the authors. It is clear
from Fig. 11 that the BEB cross section is reliable within
~10% from the threshold td =1 keV.
The outermost molecular orbital, 8ais dominated by

K. Sulfur dioxide (SO )
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Molecules with strong Jahn—Teller effect are also expected lon Energetics Database, Version 2.0,” Standard Reference Database

to show significant differences between vertical and adia- 19A, National Institute of Standards and Technology, Oct. 1993. This
batic IPs database lists adiabatic IPs.

M he BEB . . f . | 9K. Kimura, S. Katsumata, Y. Achiba, T. Yamazaki, and S. Iw&tand-
oreover, the equation consists of a simple ana- book of He | Photoelectron Spectra of Fundamental Organic Molecules

lytic function of the incident energy for each molecular or- (Japan Scientific Soc., Tokyo, 198K. Kimura, Photoelectron Spectra of
bital that contributes to the ionization cross section, making Unstable Moleculesinst. for Molecular Science, 19g4These publica-
the equation ideally suited for modeling applications. Mo-lotF':’”SS "FSt Veg'csl 'gs\'N tzel, and R. J. Shul, Phys. Red1,6861(1990
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