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ABSTRACT

A theoretical model for electron-impact ionization cross sections, which has been devel oped
primarily for atoms and atomic ions, is applied to neutral molecules. The new model combines
the binary-encounter theory and the Bethe theory for electron-impact ionization, and uses
minimal theoretical data for the ground state of the target molecule, whichare readily available
from public-domain molecular structure codes such asGAMESS. The theory is called the binary-
encounter Bethe (BEB) model, and does not, in principle, involve any adjustable parameters.
Applicationsto 19 molecules, including H,, NO, CH,, CgHg, and Sk, are presented,
demonstrating that the BEB model provides total ionization cross sections by electron impact
from threshold to several keV with an average accuracy of 15% or better at the cross section
peak, except for SiF;. The BEB model can be applied to stable molecules as well asto transient
radicals.
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A theoretical model for electron-impact ionization cross sections, which has been developed
primarily for atoms and atomic ions, is applied to neutral molecules. The new model combines the
binary-encounter theory and the Bethe theory for electron-impact ionization, and uses minimal
theoretical data for the ground state of the target molecule, which are readily available from
public-domain molecular structure codes sucltagess The theory is called the binary-encounter
Bethe(BEB) model, and does not, in principle, involve any adjustable parameters. Applications to
19 molecules, including 5 NO, CH,, C¢Hg, and Sk, are presented, demonstrating that the BEB
model provides total ionization cross sections by electron impact from threshold to several keV with
an average accuracy of 15% or better at the cross section peak, exceptforf&BEB model can

be applied to stable molecules as well as to transient radicals199% American Institute of
Physics[S0021-960806)01708-X

I. INTRODUCTION be obtained from standard molecular wave function codes
) for the ground state of a molecule. There are no adjustable or
_ Although there are several useful theories for electrongieq parameters in our theory. Our method does not provide
impact ionization cross sections for atoms and atomic I0NSyetails of resonances in the continuum, vibrational and/or
few of them are extendable to neutral molecules and mOIeCUr'otational excitations concomitant with ionization, multiple

:Z: Icoonnst,ianLTnawgvbee?S:;?olrtlsls Sﬁfﬁl:ntgs(;ag?l#]aetseen:ﬁgwé ionization, dissociative ionization, etc. It simply predicts the
! Sotal ionization cross section as the sum of ionization cross

require. In addltloq, the collision of slow incident eleptrgns ections for ejecting one electron from each of the atomic or
with a target requires an approach that treats the inciden : . o . .
. molecular orbital. We will show that it is valid over the entire
electron and the bound electrons in the tarfgetat least the L
) . : energy range, from the first ionization threshold up to several
electron being ejectedn equal footing as a compound sys- KeV in incident electron eneraies
tem, for instance, by introducing strong coupling and ex- gles.

change interaction between them. This is one of the major As s qutllned.|.n sec. I, our theory combines the Mott
cross sectiohmodified by the binary-encounter thedrpr

reasons for the failure of most theories, particularly thosep incid ) th th he th for hiah
based on the perturbation approach, at low incident electro w incident energied with the Bethe theofyfor high T. ,
any models have been proposed to use this

energies. At high incident electron energies, the plane—wavyI

. . -8 . . ..
Born approximation provides accurate ionization cross seccombinatior™® but they all require either some empirical

tions when used with reliable initial- and final-state waveParameters or explicit knowledge of the continuum dipole
functions. oscillator strengths of the target molecule or its constituent
Strong coupling theories which treat the colliding systematoms- Some of these models require empirical parameters
as a compound system, such as the close-coupling or tphich are difficult to obtain, or use a large number of such
R-matrix method, require a large basis set to describe thgarameters. Our model uses a new way to determine the ratio
system, making it very difficult to treat ionizing collisions. between the lowr and highT cross sections without using
Moreover, strong coupling theories tend to produce a larg@ny empirical parameters, and ionization cross sections are
number of resonances, both real and virtual, which may havéerived from analytic expressions for the entire rangd’ of
to be averaged over for practical applications, such as in thith three molecular constants per molecular orbital, which
modeling of plasma chemistry and radiation effects. Excepare available from molecular structure codes. Deep inner
for a very recent theoretical method called the convergenshells do not contribute appreciably to total ionization cross
close-coupling methotithese strong coupling theories are sections; hence they can be omitted in most theories for total
mostly limited to discrete excitations and difficult to extend ionization cross sections including ours.
to ionization. Because of its simplicity, our theory can predict cross
In this article, we describe a new theoretical method thasections for complex molecules such agHg and Sk as
provides reliable electron-impact ionization cross sectiongasily as for simple ones such as.HMoreover, our theory
for molecules using very simple input data, all of which cancan be applied not only to stable molecules but also to tran-
sient radicals. The applicability of our theory is limited only

dpresent address: Ultraprecision Technology Team, Samsung Electronid the ava'lf"‘b"“ty of a molecular structure (':Ode that can
Co., Suwon, Korea. provide basic information on molecular orbitals. Judging
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Hwang, Kim, and Rudd: Electron-impact ionization cross sections 2957

from the examples presented in this article and our experielectron momenturp and its massn, the orbital occupation
ence with other atoms and molecules, our theory can provideumber N and the continuum dipole oscillator strength
total ionization cross sections accurate enough to be used ohf/dW.
modeling of plasma chemistry, magnetic fusion plasmas, and The value of the kinetic energy for each orbital in the
radiation effects. initial state(usually the ground statef the target is a theo-

Two other theoretical methods to estimate ionizationretical quantity evaluated in any atomic or molecular wave
cross sections with comparable flexibility are the “DM ap- function code that calculates the total energy. However, both
proach” based on an additivity rule developed by Deutschthe initial- and continuum-state wave functions are needed to
etal® and the Weizazker—Wiliams method (“WW calculated f/dW and this is the only nontrivial data needed
method”) as modified by SeltzérThe DM approach con- to apply the BED model. Alternativelydf/dW can be de-
structs a molecular ionization cross section by adding ionizaduced from experimental photoionzation cross sections,
tion cross sections for the constituent atoms. The basic shapleough partial cross sections are needed to dedfuW for
of these atomic cross sections is given by the classical theoach orbital. The total ionization cross section is then
of Gryzinski,9 while their absolute values are given in terms obtained by integratindo/dW over the allowed range a¥,
of (a) atomic orbital radii, which can be obtained from i.e., from 0 to T—B)/2
atomic wave function codegb) atomic orbital occupation

. . . . N;\/t—1 Int

numbers, which are derived from the Mulliken population g (t)= D(t)In t+(2——)(——— (1)
analysis of the target molecule, arid) atomic weighting N/l t i+l
factors, which have been fitted to known atomic ionizationwhere t=T/B, u=U/B, S=47a3NR?/B?, a,=0.5292 A,
cross sections. Our theory uses far fevadr,nitio molecular R=13.61 eV,
parameters which are also standard output of molecular
structure codes. Although the BEB model does not require D(t)ENflf“il)/Z L df(w) W, @
any experimental data since theoretical values of binding en- 0 w+1 dw
ergy B and kinetic energyJ are available, we prefer to use
the experimental value for the ionization potential of the out-
ermost electron to obtain the correct threshold for compari- df(w)
son to experiments. The threshold behavior of ionization '=fo de )
cross sections is sensitive to the value of the lovedsttron
binding energy(not the dissociation energy! The WW The BED model was found to be very effective in repro-
method is very similar to our BED model described in the ducing known values ofic/dW ando; for small atoms and
next section in that it requires explicit data on continuummolecules, demonstrating an agreementtd0% or better
dipole oscillator strengths of the target. However, the wwfor the entire range of incident electron energies in most
method is primarily designed for high-energy incident elec-cases’
trons, and may lead to unrealistic results for slow incident Although one can in principle calculatef/dW for each
electrons of hundreds of eV or lower. orbital, it is available only for a limited number of atoms and

The underlying theory of our model is outlined in Sec. very few molecules. Hence, we also proposed a simplified
I, application examples are described in Sec. lll, and conversion of the BED theory when no information dfVdW is

t+u+1

with w=W/B, and

clusions are presented in Sec. IV. available. In this case, which we refer to as the binary-
encounter-BethéBEB) model® we assume a simple form
for df/dW,
Il. OUTLINE OF THEORY g
Recently, we proposed the binary-encounter-dipole g, =N/(W+ 1)? (4)

(BED) model for electron-impact ionization cross sections of

atoms and moleculdd. This BED model combines the such that the integrated cross sectiogeg per orbital is
binary-encounter theofyand the Bethe theofyThe ratio  given by
between the binary-encounter theory and the Bethe theory is S
set by requiring the asymptotic form at high incident energy
T of the former to match that of the latter both in the ioniza-
tion cross section and in the stopping cross section. The stop- Equation(4) approximates the shape df/dW for the
ping cross section, which is the integral of the product of théonization of the ground state of H and generates reliable
energy-loss cross section and the energy loss of the incidedifferential ionization cross sections only for the targets with
electron, is used to evaluate the stopping power of the targasimple shell structure®, such as H, He, and H

medium. The BED model provides a formula to calculate the In Egs. (1) and (5), the term associated with the first
singly differential cross section, or the energy distribution oflogarithmic function on the right-hand sidRHS) represents
ejected electronda/dW with the ejected electron eneryy, distant collisionglarge impact parameterdominated by the
for each atomic or molecular orbital. To apply the BED dipole interaction, and the rest of the terms on the RHS rep-
model, one needs for each orbital the electron binding energsesent close collisiongsmall impact parametersas de-

B, the average kinetic enerdy =(p%2m) with the bound scribed by the Mott cross section. The second logarithmic

2 et e ©

TBEBT {111 t t+1|

Int( 1) 1 Int
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2958 Hwang, Kim, and Rudd: Electron-impact ionization cross sections

TABLE I. Molecular orbitals, electron binding enerdyin eV, kinetic en- TABLE Il. Molecular orbitals, electron binding enerdy in eV, kinetic

ergy U in eV, and electron occupation numkerfor H,, N,, O,, CO, NO, energyU in eV, and electron occupation numkerfor hydrocarbons. AIB
H,O, CO,, and NH;. All B andU values are theoretical, except for those andU values are theoretical, except for those marked by an asterisk, which
marked by an asterisk, which are experimental. are experimental.
Molecule MO B U N Molecule MO B U N
H, lo, 1543 15.98 2 CH,, triplet 2a, 2359 3520 2
Average ofa and g orbital values b, 16.43 26.70 2
20, 2100 6318 = 2 1b, 1040 31.80 1
1m, 17.07 44.30 4
30y 1558 54.91 2 CHj, doublet - 2457  34.18 2
Average ofa and g orbital values e 15.64 26.46 4
Average ofa and g orbital values . 29.82 90.92 2
1m, 19.64 59.89 4 CH, 2a; 25.73 33.05 2
30q 19.79 7184 2 1t, 125 25.96 6
1my 12.07% 84.88 2
C,H, 2a, 2823 4097 2
CcOo o 41.92 79.63 2 2by, 21.56 33.49 2
4o 2192 73.18 2 1bg, 1755  25.33 2
1w 17.66 54.30 4 3ay4 16.08 35.00 2
50 14.0r 42.26 2 1byq 13.74  28.56 2
ib,, 10.5% 2651 2
NO, doublet ¥ 43.70 76.55 2
Average ofa and g orbital values & 25.32 77.04 2 C,Hg 2a,4 27.75 34.37 2
1w 18.49 5537 4 2a,, 2299  33.60 2
50 15.87 62.25 2 le, 16.31 24.42 4
27 9.268 65.27 1 3ay, 1390 32.78 2
ley 115 28.17 4
H,O 2a, 36.88 70.71 2
1b,  19.83  48.36 2 CyHg 3a, 28.69 34.45 2
3a; 15,57  59.52 2 2b, 2525  34.96 2
1b, 12.6 6191 2 4a, 21.86 33.32 2
1b, 17.04  23.46 2
Co, 30y 4204 7572 2 5a, 1630 2580 2
20,, 40.60 78.38 2 3b, 15.03  28.08 2
4oyg 2162 7466 2 la, 1453 2709 2
1m, 1970 4997 4 4b, 1297 3409 2
lmg 1377 6443 4 2b, 1095 2853 2
NH3 Zal 31.13 48.49 2 CGHG Zalg 31.38 39.32 2
le 1719 3562 4 2e,, 2764 4243 4
3ay, 19.38  25.38 2
2by, 17.50 34.21 2
1by, 16.86  40.02 2
function originates from the interference of the direct and fz“’ 12'23 gg'gg g
exchange scattering also described by the Mott cross section. 3ez” 1345 37.96 4
We present the values @&, U, andN for small mol- 1e12 9.25 28.27 4

ecules in Table I, those for hydrocarbons in Table I, and the

data for Sif, x=1-3, and SEin Table Ill. The data for H

are from the correlated wavefunction of Kotos and

Roothaart! while the rest of the data in Tables I-IIl are from cross section peakhan those obtained using theoreti@al

the molecular structure codeamess'? Since deep inner values. Using the experimental value for the lowest electron

shells, such as th shells of N, and G, contribute little to  binding energy(=first ionization potentiglwill not only as-

total ionization cross sections, we have omitted them fronsure that the cross section starts at the right threshold but also

the tables, though we included them to calculate BEB crosgve found that the shape and magnitude of the BEB cross

sections for small molecules. section near the threshold agree better with known experi-
One can use either theoretical or experimental values aiental cross sections. On the other hand, the cross sections

B, while U is a theoretical quantity that cannot be directly with theoretical values 0B tend to agree better with experi-

measured, though the sum of &ll's is equal to the total ment near the peall ~100 e\).

energy of the target molecule according to the virial theorem.  For closed-shell molecules, we used the restricted

Since experimental values & are often smaller than theo- Hartree—FockKRHF) method with the default Gaussian basis

retical ones, the BEB cross sections obtained using experset (known as the 6-311-G seprovided by theGAMESS

mental B values are usually higheiby 10%—-15% at the code. For open-shell molecules, we found that the unre-

J. Chem. Phys., Vol. 104, No. 8, 22 February 1996
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TABLE Ill. Molecular orbitals, electron binding enerdy in eV, kinetic hand, using® andU values from the UHF method produces
energyU in eV, and electron occupation numtérfor Sif, x=1-3, and = 455 sactions almost identical to those produced using the

SF;. All B and U values are theoretical, except for those marked by an .
asterisk, which are experimental. Atomic orbitals which contribuge of ~ average between thg and U values from the matching

molecular charge density are identified in parentheses. and B orbitals. TheB andU values presented in Tables Il
are these average values for open-shell molecules.
Molecule MO B U N ; ; ; ; ;
Deducing experimentd values for inner orbitals is not
SiF, quartet 3 (Si2s) 168.63 359.53 2  straightforward for molecules, particularly when the outer-
average ofx and g orbital values ¥ (Si2p) 117.15 33244 4 most orbital is only partially occupied, in addition to the
40 (Si2p) 117.18 33155 2 gmpiguity of whether to use the “vertical” or “relaxed”
50 42.84 10441 2 L . . o "
6 10.99 7482 5 binding energies. In practice, the BEB model is insensitive to
2 17.84 8134 4 minor variations in the values @& andU used, except for
70(Si3s) 1630 55093 1  the lowestB. For these reasons, we have used the experi-
3m(Si3p)  7.288 34393 2 mental values for the lowe&, which are available for many

molecules and radical$,and theoretical values for the re-

SiF, 3a, (Si2s) 169.13 360.19 2 e _

2b, (Si2p) 117.52 33176 2  Mmaining orbitals.

4a, (Si2p) 117.47 332.52 2 Most B values listed in Tables I-Ill are slightly different

1b, (Si2p) 117.47 33138 2  from those quoted in Rudet all* because the experimental

gzl EIE ;3 ig'gg igéég ; B values were quoted in the latter, while we used mostly
1 . . . .
6a, 2156 80.10 2 j[heoretlcal values in the present work. Al'so, sothealues
4b, 1953 84.66 2 in Ref. 14—e.g., for NH, H,O—are too high because they
7a, 18.97 7767 2  were not divided by the electron occupation numbers, or in
2b, 18.60 7719 2 gome cases—e.g., for $Fand Telk—too low because

222 EE gg; 1;;2 gg'ig 2 pseudopotentials were used. The inner-shell molecular orbit-
3 . . . - .

8a, (Si3s) 1078 46.19/3 2 als from pseudopotentials lack nodes in the core region, lead-

ing to unrealistically lonmJ values. Minor differences in the

verae OSJ;] goﬁug'r?ital _ 21 g’: 35)) ﬂggg ggg;g g U values resulted also from the use of different molecular
g 2e1(Si pr) 11885 33183 4 Wave function codes m_the present work and Ref. 14. We

5a, 44.75 101.00 2 recommend the values in Tables I-lIl.

3e 4395 10628 4

6a, 2257 8111 2

de 20.47 82.42 4 I1l. APPLICATIONS TO MOLECULES

7a, 19.71 7576 2 ) i _

Se 19.03 8266 4 In this section, we compare our theoretical cross sec-
6e (F) 18.29 85.84 4 tions, mostly BEB but some BED cross sections, to a large
la, (F) 17.86 88.76 2 number of molecules. Most older experiments measured the

8a, (Si3s) 93 5238)3 1  «gross” jonization cross section, which is determined by
Sk, 3a,, (S25) 25618 51035 2  Measuring the total ion current rather than the number of
2t, (S2p) 193.27 479.25 6 ions. On the other hand, most theoretical values are the
4ay, 50.93 8562 2 “counting” ionization cross section, which accounts for the
itéu i;:gg 1(1%:2 2 number of ions produced.. W'hen' many multiply charged iops
5algg 3032 9855 2 are produced, the gross |on|zat_|on cross _sectlon will be_3|g-
at,, 2561 83.20 6 nificantly larger than the counting ionization cross section.
1ty 23.03 75.55 6 The cross sections based on the BEB and BED models are
3¢y 2035 8684 4 counting ionization cross sections, and therefore should be
1t§¥ ® ig'gg 22;‘3‘ 2 considered as the lower limits to experimental gross ioniza-
1tlgl(“,:) 1533 98.29 6 tion cross sections. In modern experiments, both molecular

ions as well as their fragments are often collected using mass
spectrometers. Since the BEB and BED cross sections are
simple sums of cross sections for ejecting one electron from
stricted Hartree—FockUHF) method produced more realis- each molecular orbital, the theory cannot give a detailed ac-
tic orbital energies—which we took as the electron bindingcount of dissociative ionization or fragments produced.
energies as prescribed by the Koopman theorem—for va-lence, comparisons of the theory with experiments on large
lence orbitals than the restricted open-shell Hartree—Fockiolecules with diverse channels for dissociative ionization
(ROHP method. Although the UHF method has the disad-and fragmentation are not straightforward. For simplicity, we
vantage of producing “too many” orbital and kinetic compared our theoretical cross sections to the simple sum of
energies—e and B orbitals—the valence orbital energies all experimental partial cross sections that produced an ion.
from the ROHF method were often unrealistically small, Nevertheless, the comparisons presented here will clearly
making the corresponding cross section too large, sometimatemonstrate the utility of our theory, which is applicable to a
by as much as 50% at the cross section peak. On the othwaide range of molecules.

J. Chem. Phys., Vol. 104, No. 8, 22 February 1996
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FIG. 1. Comparison of the BED and BEB cross sections to other theory anIG. 2. Comparison of the BED and BEB cross sections to experiment for
experiment for H. Solid curve, the BEB cross section; long-dashed curve,N,. Solid curve, the BEB cross section; dashed curve, the BED cross sec-
the BED cross sectiofRef. 10; short-dashed curve, classical thedRef. tion; circles, experimental data by Rapp and Englander-Gol&f. 15;

9); squares, CTMC theorRef. 19; circles, experimental data by Rapp and triangles, data by Schraet al. (Ref. 17; inverted triangles, data by Schram
Englander-GolderiRef. 15; triangles, data by Schraet al. (Ref. 17; in- et al. (Ref. 18; diamonds, Krishnakumar and SrivastaRef. 21); squares,
verted triangles, Schramet al. (Ref. 18; diamonds, data by Krishnakumar data by Strauket al. (Ref. 22.

and SrivastavdRef. 16.

tainty of the data by Straubt al, =3.5%, is the smallest
among the data cited in this article, while the uncertainty of
the data by Rapp and Englander-Goldertig%, and that of

In Fig. 1, we compare our BEB cross section foytd  the data by Krishnakumar and Srivastava-is5%. As in the
the experimental data by Rapp and Englander-Goldéne  case of H, the BEB cross section agrees with the experi-
data by Krishnakumar and SrivastaVathose by Schram ments better than the BED cross section in the vicinity of the
et al,'"*®the BED cross section in which accurate experi-threshold. However, since the BED model uses the actual
mental df/dW was used’ classical cross section by continuum dipole oscillator strengths, its highbehavior
Gryzinskiy and the classical trajectory Monte CafloTMC)  and the energy distribution of ejected electrons should be
cross section by Schultet al”® The BED cross section i more reliable than those of the BEB model. Note that the
Fig. 1 is slightly higher than that shown in Fig. 7 of Ref. 10 data by Straulet al.are in excellent agreement with the BED
because th&) value used there was wrong. The correct valuecross section folf=300 eV, while the data by Rapp and
is given in Table I. The classical theory of Gryzinskénds Englander-Golden fol >500 eV are slightly higher, a gen-
to overestimate the peak value not only of but also of eral trend also seen in their cross sections for other targets.
other targets, such as H ang K In Fig. 3, the BEB cross section for,s compared to

Although the BEB model seems to agree slightly betterthe experimental data by Rapp and Englander-Golaeine
with the cross section by Rapp and Englander-Golden than

the BED model at the peak, the latter will definitely provide
better differential cross sections, particularly for more com-
plex targets where electron correlation strongly affects the

A. Diatomic molecules

df/dW of valence shells. The high accurady-4.5% 3| ¢ Rapp oo
claimed by Rapp and Englander-Golden implies that the ex- ’ v Schrom 219553
* Krishnakumar

cellent agreement between the BED cross section and the&_
data by Krishnakumar and Srivastava near the cross sectionoE 2t
peak is accidental. The CTMC cross section at higfalls
short of experimental values because the CTMC theory lacks
the dipole contribution, which dominates at hihThe ex-
perimental data by Schrast al. are too low despite the high
accuracy(*=6.7% claimed by the authors.

Existing experimental photoionization data of MWere 0 e
analyzed earliéf and thed f/d W for outer molecular orbitals 10
are available. These data were used to derive the BED cross
section, Eq(1), for N,. The BED and BEB cross sections for
N, are compared in Fig. 2 to the experimental data by Rapp'G- 3. Comparison of the BEB cross section to experiment far $dlid
and Englander—GoIde’ﬁ, the data by Schramet al.,17'18 the curve, the BEB cross S(_ection; circles, experimental data by Rgpp and

. . Englander-GolderiRef. 19; triangles, data by Schraet al. (Ref. 17; in-
data by Krishnakumar and Srivastafaand very recent ex-

‘ o) ; verted triangles, data by Schragh al. (Ref. 18; diamonds, data by Krish-
perimental data by Straubt al== The experimental uncer- nakumar and Srivastau®ef. 23.

-2

o
~
5

10°

T(eV)
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FIG. 4. Comparison of the BEB cross section to experiment for CO. SolidFIG. 6. Comparison of the BEB cross section to experiment {.tSolid

curve, the BEB cross section; circles, experimental data by Rapp an@urve, the BEB cross section; open circles, semiempirical theory by Khare

Englander-GolderiRef. 15; triangles, data by Asundit al. (Ref. 24; dia-  and Meath(Ref. 9 filled circles, experimental data by Durét al. (Ref.

monds, data by Orient and SrivastaiRef. 25. 29); triangles, data by Schuttest al. (Ref. 31); squares, data by Boloriza-
deh and RuddRef. 30; diamonds, data by Raet al. (Ref. 32.

17,18 H
dSa_ta bty ?ﬁ["arﬁ(t a!['h and tfhose Sy K”tihng'é'émar and sponding to many ionic states generated by the ionization of
rivastava.” Unlike the case of bland N, the CrOSS 4 55 or 1 electron. Among these ionic states, tHé state

section is lower near the peak than the experimental Valu.e(,sreated by the ionization of ac5electron dominates the

by_Rapp and Englander-Golden. This is the first case IrE)hotoionization cross section measured using a photon of
which we used the UHF method for the wave function and~21 eV in energy’ Although we do not expect the electron-

took the average of tha and § orbital \_/alues_. The theoreti- impact ionization cross sections to have the same ratios as
cal B values for the outer valence orbitals did not agree We"those by photoionization, we assumed that the threshold be-

W'th krjown experimental values, .Wh'Ch we interpret as a%avior would be similar, and used the experimental values of
indication that a better wave function may be needed. B for the 5 orbital and the 2 orbital in the BEB cross

In Flg.' 4, the BEB cross section for CO is compared ©section shown in Fig. 5. The average value of the theoretical
the expenmenFaI daz'aa by Rapp and E.nglander—G_o’rae!?r‘;e orbital energies for the & orbital is 18.55 eV. The “kink”
data by Asundat aI.,. and those by Of'e”t and Srlvast 4 nearT=20 eV is the artifact of the BEB model because the
The data by Asundet al. seem to be in clear disagreement model cannot account for autoionizing states between the

not only with other measurements but also with our BEBIowestB andT~ 20 eV that must have been included in the

cross section. . . )
i . . experimental cross sections. Indeed, the experimental data by
In Fig. 5, the BEB cross section for NO is compared Oim et al28 (not shown in the figureagree very well with

the experimental data by Rapp and Englander-Gofdend those by Rapp and Englander-Golden Te£40 eV, indicat-

those. by Igaet al*® The B values .Of _NQ require s_pecial ing that the experimental data by Igaal. at 10<T<30 eV
attention because there are many ionization potentials COMEre 100 low

B. H,0, CO,, and NH;

In Fig. 6, the BEB cross section for,B is compared to
the experimental data by Duriet al,?° the data by Bolori-
zadeh and Rud®f the data by Schutteet al,>! and the data
by Raoet al3? The performance of the BEB cross sections
observed in closed-shell diatomic molecules indicates that
the peak values of the data by Rebal. are likely to be too
high, and those by Schuttest al. too low. The theoretical
cross section by Khare and Meatlhich uses experimental
df/dW and other fitted parameters, is lower than our cross
section, but the difference is within the uncertainty of our
1o — = T model, about-15%, at the cross section peak.

T(eV) The BEB cross section for Ghown in Fig. 7 agrees
better with the experimental data by Rapp and
FIG. 5. Comparison of the BEB cross section to experiment for NO. SolidEngIander‘GOIdeﬁ than the data by Orient and S,”V,aStgva
curve, the BEB cross section; circles, experimental data by Rapp anfi€ar the peak, though the BEB peak value is within the un-
Englander-GolderiRef. 19; diamonds, data by Iget al. (Ref. 26. certainty of the data by Orient and Srivastava. The shape of

4F e onNO T e Rapp

0:(107°m?)
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FIG. 7. Comparison of the BEB cross section to experiment foy.C30lid

curve, the BEB cross section; long-dashed curve, semiempirical additivityrlG. 9. Comparison of the BEB cross section for £bl experimental data
rule with 32 constantéRef. 20; short-dashed curve, semiempirical additiv- for CD,. Solid curve, the BEB cross section; circles, experimental data by
ity rule with 60 constant$Ref. 20; circles, experimental data by Rapp and Baiocchiet al. (Ref. 36.

Englander-GolderiRef. 15; triangles, data by Orient and SrivastaiRef.

25).

H,O, the peak value of the semiempirical cross section by
Khare and Meathis lower than ours, but the difference is
the cross section by Orient and SrivastavaTat200 eV  within the uncertainty of our model.
suggests that their values are decreasing too slowly, indicat-
ing a systematic trend. One of the two semiclassical cros
sections by Margreiteet al?° (marked A in Fig. 7 based on
the DM approach, which is an additivity rule discussed in ~ We found that the BEB model is particularly successful
Sec. |, agrees well with experiments except at the very highin reproducing known cross sections of hydrocarbons. The
est incident energies. DM approach also works well for hydrocarboitsThe BEB
As can be seen from Table |, the BEB cross section use@ross sections for CjHand Ch are compared to the experi-
18 constants for CQ while the DM approach cross sections Mmental data by Baiocchet al* for CD, (Fig. 9 and CD,
required 32 constants for curve A and 60 constants for curv€Fig. 10, respectively. The BEB model is not refined enough
B, inc|uding 8 and 15 empirica| We|ght|ng factors, respec-to account for the isotope substitution. AIthough the BEB
tively. cross sections for these molecules are in good agreement
As is shown in Fig. 8, the BEB cross section for \NH With the experimental data, Fig. 9 indicates that the experi-
agrees within 10% with the experimental data by Djuricmental data for Care not decreasing as fast as the BEB
et al*3 and those by Rao and Srivastidtfor T=40 eV. No  Cross section fol >150 eV. The data by Baiocclt al. is a
error limits were quoted by Djutiet al. As in the case of lower bound to the total ionization cross section because
their experiment did not include the cross sections for the
production of atomic ions, €and D".

e Hydrocarbons

4 T T T T
3 -
e~ on CH;
[ Baiocchi
& 3l BEB
& &
S 2F E
| S
o | 9l
e} 1F ~
o) L
0 a e e . R
10’ 102 10° . PR ; vy
0101 10? 10°
T(eV)

T(eV)

FIG. 8. Comparison of the BEB cross section to experiment fog Ngolid

curve, the BEB cross section; circles, semiempirical theory by Khare andrIG. 10. Comparison of the BEB cross section forblexperimental data
Meath (Ref. 5); squares, experimental data by Djugt al. (Ref. 33; dia- for CD;. Solid curve, the BEB cross section; circles, experimental data by
monds, data by Rao and SrivastadRef. 39. Baiocchiet al. (Ref. 36.
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FIG. 12. Comparison of the BEB cross section to experiment fg,C
olid curve, the BEB cross section; circles, experimental data by Rapp and
nglander-GolderiRef. 15; triangles, data by Schraet al. (Ref. 37.

FIG. 11. Comparison of the BEB cross section to experiment foy.&dlid
curve, the BEB cross section; long-dashed curve, semiempirical additiving
rule with 12 constantg§Ref. 20; short-dashed curve, semiempirical additiv-

ity rule with 24 constant¢éRef. 20; circles, experimental data by Rapp and
Englander-GolderiRef. 19; diamonds, data by Orient and SrivastdiRef.

25); squares, data by Duriet al. (Ref. 38; triangles, data by Schraet al. . . .
(Ref. 37, higher than the BEB cross section. The experimental data by

Grill et al. agree very well with the BEB cross section at
high T, making it likely that the data by Schraat al. are too

: S high.
In Fig. 11, the BEB cross section is compared to the The BEB cross section for 8 in Fig. 14 is in good

experimental data for Ctby Rapp and Englander-Goldén, agreement with the experimental data by Dwetcal *® and

the data by Schrametal,®” the data by Orient and . o
Srivastav&® and the data by Duriet al*® The BEB cross b%/a%r;” etal.™ but somewhat lower than those by Schram

section is too large between the threshold and the peak. Weé In Fig. 15, the BEB cross section is compared to the

also included the cross sections generated from the additivit . 37
0 xperimental data for &g by Schramet al,>’ which are
rule?® of the DM approach as was done for @ or meth- )
I vailable only forT=600 eV. Although we expect the BEB
ane, the additivity rule uses 12 constants for curve A and 2 . - SN
cross section to be the lower limit to the gross ionization

constants for curve B. The experimental data by Chatham . .
et al® (not shown in the figuneare very close to those by cross section measured by Schranal, the discrepancy be

Duric et al. tween theory and experiment seems to be too large. Experi-

. . mental data at lowel are desirable to determine the reli-
The methane molecule has a simple electronic structure

. ; ability of the BEB cross section for large molecules. Unlike
(see Table I, and most of its cross section comes from the . . .
. i ) the case of methane, there is no single molecular orbital that
1t, valence orbital which has six electrons. The BEB model ; Co .
; L . .~ dominates the ionization cross section of benzene, and hence
is vulnerable in this case because any theoretical uncertainty
is amplified by the large occupation number of the valence

orbital. It may be necessary to use the BED model with

reliable continuum dipole oscillator strengths and data from 7 -
a better molecular wave function to improve the BEB cross
section at lowT. 61

In Fig. 12, the BEB cross section is compared to the o~ st
experimental data for £, by Rapp and c
Englander-Goldef and those by Schrarmet al3’ The BEB S
cross section and the experimental data by Rapp and© 3|
Englander-Golden seem to disagree near the peak, but the’r
data by Schranet al. are in good agreement with the theory.
(Unfortunately, the data by Rapp and Englander-Golden for 1k
this molecule stops al =145 eV unlike their data on other
targets) G0 102 10° 10°

In Fig. 13, the BEB cross section is compared to the T(eV)
experimental data for {Eg by Duric et al,*® the data by
Chathamet al.* the data by Schraret al,®’ and the data by _ _ ,

Grill et al%° Again, the BEB cross section is in good a‘gr(_:‘e_FIG. 13. Comparison of the BEB cross section to experiment fpﬂep

. T . Solid curve, the BEB cross section; circles, experimental data by Duric
ment with the.eXpe”mentS- Uﬁllke the case of smaller MOlt al. (Ref. 38: squares, data by Chathahal. (Ref. 39; triangles, data by
ecules, the higf- cross section by Schraret al. is now  Schramet al. (Ref. 37; diamonds, data by Grikt al. (Ref. 40.
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FIG. 14. Comparison of the BEB cross section to experiment ##;C G, 16. Comparison of the BEB cross section to experiment for SiF. Solid
Solid curve, the BEB cross section; circles, experimental data by Duriceyrye, BEB cross section using modified valuesJofor the two outermost
et al.(Ref. 38 triangles, data by Schraet al. (Ref. 37; diamonds, data by  qrpitals; long dashed curve, BEB cross section using unmodifiedlues;
Grill et al. (Ref. 43. short dashed curve, additivity cross section based on the DM approach by
Deutschet al. (Ref. 6); circles, experimental data for SiF by Hayesal.
(Ref. 42.
we expect the BEB model cross section at [dwo be reli-

able.

from Si is transferred to F, and the effective ionization cross
section comes from the remaining three valence electrons of
As was pointed out earlier by Deutseh al.® fluorine  Si. For Sik, only two valence electrons of Si remains, and
compounds, such as SiFx=1-3, exhibit a peculiar behav- hence the total ionization cross section is smaller than that of
ior: The ionization cross section for a molecule with more SiF. The same logic explains why Sifas smaller ionization
fluorine atoms is smaller than the cross section for a moleross section than the other two radicals.
ecule with fewer fluorine atonf$#4This is contrary to the So far, we have applied the BEB model to molecules
“logic” used in an additivity rule, which expects higher made of light atoms that consisted of orfyy and L-shell
cross sections for molecules with more atoms of the samelectrons. However, in our experience in applying the BED
kind.® model to Ar, Kr, and Xe, we found that thd values of
The explanation for this “abnormal” behavior is simple; M-shell and outer shell electrons had to be divided by their
it results from a strong ionic bonding of the F atoms. Theprincipal quantum numbers to obtain reliable ionization cross
four valence electrons in thes3and 3 orbitals of Si have sections. Otherwise, BED cross sections were too low at the
much larger orbital radii than those of tha 2nd 2 elec- peak. These outer shell electrons have radial nodes
trons in F. Hence, the dominant part of the ionization crossatomic orbitaly which make theU values very high. Note
section comes from the valence electrons of Si. When one fhat theU values of the molecular orbitals identified with the
atom is combined to form SiF, only one valence electronM electrons of Si in Table Il are more than five times the
corresponding values d8. These largdJ values decrease
the contributions from the valence electrons, which are usu-
e T ally the dominant ones.

D. Fluorine compounds

4T 1 We have applied the same remedy to the BEB cross
12L . sections for SiF, Sif; and Sik by reducing thdJ values of
ol ] the valence molecular orbitals clearly identified with the 3

and/or 3 electrons of Si through the Mulliken population
] analysis. Such orbitals are identified in Table Ill, and their
values were divided by three as indicated in the table. As
expected, the charge density of the two outermost orbitals of
SiF and one valence orbital each in sé#nd Sik are domi-
. nantly (=90% from Si. For instance, we uset(70)
o L 2 =55.09/3=18.36 eV, andU(37)=34.39/3=11.46 eV for
10' 10? 10° 10* SiF.

T(eV) The BEB cross sections with these modifigdvalues

are compared to experimental data for SiF by Hagteal,*

FIG. 15. Comparison of the BEB cross section to experiment fglsC SiF, by Shulet al"43 and for Sif by Hayeset al*in Figs.

Solid curve, the BEB cross section; triangles, experimental data by Schram6—18, reSpeCti_VeW- The curves mé_ll'ked “BEB/3” r_epresent
et al. (Ref. 37. BEB cross sections with the modifidd values, while the

0:(107%°m?)
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FIG. 17. Comparison of the BEB cross section to experiment foy. 86lid FIG. 19. Comparison of the BEB cross section to experiment fgr Sblid
curve, BEB cross section using modified valuelbffor the outermost or-  curve, the BEB cross section; circles, experimental data by Rapp and
bitals; dashed curve, BEB cross section using unmodifiechlue; circles,  Englander-GolderiRef. 15.

experimental data for Sjfby Shulet al. (Ref. 43.

Since no valence electron of SFetained theM-shell char-
acteristics of S, we used unmodifiedvalues for all orbitals.
lonization cross sections of fluorine compounds such as
BF,, CFK,, and Sif and similar chlorine compounds will
serve as the “acid test” not only for the BEB model but also
gor any scheme that provides theoretical ionization cross sec-

curves marked “BEB” used the unmodifidd values as we
did for other molecules in this article.

Even with this modification, the BEB model grossly
overestimates the cross section for Sifrthe peak region. A
detailed analysis of the BEB cross section reveals that th
contributions from the extra electrons in $iffade its peak
cross section comparable to that of Sdentrary to the ex-
periment. Since the UHF method tends to produce unreliabley. CONCLUSIONS

B values for outer valence electrons, $iffay be a candidate
for using data from a more sophisticated wave function. As is We have demonstrated that the BEB and BED cross sec-

shown in Fig. 16, the DM approaChlso has difficulty as we tions provide reliable electron-impact total ionization cross
do in reprodtljcin;g the experimental data well sections for a large variety of molecules, except for;SiF

On the other hand, we find in Fig. 19 that the BEB Crossfrom ionization threshold to high incident energids;- 10

section for Sk is in reasonable agreement with the experi—kev' The BEB cross section requires only a minimal set of
ment by Rapp and Englander-Gold€mrobably because all molecular constants for the initial state of the target mol-
valence electrons on S are strongly bound to F atoms, Iosin%cme’ which are readily available from public-domain mo-

: . . - . lar structure codes.
their atomic character according to the population analysis< ! . . . .
9 pop y Moreover, the BEB equation consists of simple analytic

expressions as functions of the incident energy for each mo-
lecular orbital that contributes to the ionization cross section,
making the cross sections ideally suited for applications in
modeling low-energy plasmas in plasma processing and fu-
sion devices. When appropriate continuum oscillator
strengths are available, the BED model provides better en-
ergy distribution of ejected electrongingly differential
cross sectionsas well as total ionization cross sections. The
BEB model uses far fewer constants than the additivity rules
known as the DM approach. The latter also requires empiri-
cally fitted parameters, while our model has adjustable
parameters Molecular orbital constants needed to construct
< BEB cross sections for 19 common molecules have been
oMo — T presented in Tables I-IIl.
T(eV) The success of the BEB mo.del on such a wide range of
molecules is somewhat surprising, because our experience
on atomic ionization cross sections clearly indicated that the
FIG. 18. Comparison of the BEB cross section to experiment for SBlid - gy model with appropriate continuum oscillator strengths
curve, BEB cross section using modified valuelbffor the outermost or- . .
bitals; dashed curve, BEB cross section using unmodlfiedalue: circles, ~Was needed for good agreement with experiment. We specu-
experimental data for Sifby Hayeset al. (Ref. 44. late that the break-up of atomic orbitals to many molecular

0:(1072°m2)
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