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Abstract

Much emphasis has been devoted recently to the experimental determination of absolute electron-impact ionization cro:
sections of molecules and radicals because of the importance of these cross sections in many applications (e.g. as inj
parameters to modeling codes for various purposes). Supporting theoretical calculations have been lagging behind to sor
extent. Because of the inherent complexity of such calculations, simplistic additivity rules and semiempirical methods have
often been used in place of more rigorous calculation schemes, particularly in applications where a larger number of cros
section data were needed with reasonable precision. Although these methods have often proved to be quite successful
descriptive tools (i.e. reproducing existing experimental ionization cross sections reasonably well), their ability to calculate
cross sections for species for which no experimental data are available (predictive capabilities) tend to be limited ol
questionable. This topical review describes recent progress in the development of more rigorous approaches for the calculati
of absolute electron-impact molecular ionization cross sections. The main emphasis will be on the application of the
semiclassical Deutsch-Ma(DM) formalism, which was originally developed for the calculation of atomic ionization cross
sections, to molecular targets, and on the binary—encounter—Bethe (BEB) method of Kim and Rudd. The latter is a simple
version of the more rigorous binary—encounter—dipole (BED) theory, which was also first developed for the calculation of
atomic ionization cross sections, and based on the methods developed by Khare and co-workers. Extensive comparisac
between available experimental cross sections and the predictions of these theoretical models will be made for 31 molecul
and free radicals (5l N,, O,, S,, C,, C;, O3, H,O, NH;, CO,, CH,, CH;, CH,, CH, CF,, CF;, CF,, CF, NF;, NF,, NF, SiF;,

SiF,, SiF, TiCl,, C,H,, C;Hg, CgHg, SiFs, C,Fs, CH;OH). (Int J Mass Spectrom 197 (2000) 37-69) © 2000 Elsevier Science
B.V.
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1. Introduction cases. In addition to these additivity approaches, there
have been other conceptually simplistic (geometric)
Electron interaction with matter leading to ioniza- methods such as (1) the geometric approach of Kis-
tion is one of the most fundamental processes in temaker and co-workers [17] that considers different
collision physics. Cross sections for electron-impact electron—molecule approach geometries and calcu-
ionization have been measured and calculated sincelates the ionization cross section by averaging over all
the early days of collision physics [1] because of their possible orientations, and (2) a theory based on the
basic importance to the kinetics and dynamics of calculation of the maximum in the electron-impact
collisions and because of their relevance in many ionization cross section as a function of the electron—
practical applications. Considerable progress in the molecule approach geometry and subsequent averag-
experimental determination of cross sections for ing over the different orientations [18—20].
atomic and molecular targets [2—6] has been achieved In contrast there now exist more rigorous methods
in the past decade. Electron-impact ionization cross [21-28] including (1) the Deutsch-Ma (DM) for-
sections of molecules are important quantities in a malism that combines a Gryzinski-type energy depen-
variety of applications as diverse as low-temperature dence of the cross section with quantum mechanically
processing plasmas, fusion edge plasmas, gas dis-calculated molecular structure information based on
charges, planetary, stellar, and cometary atmospheresan additivity concept [21-23], (2) the method of
radiation chemistry, mass spectrometry, and chemical Khare and co-workers [24,25], that combines two
analysis [2]. Rigorous quantum mechanical calcula- cross section expressions (the Mott and Bethe cross
tions of ionization cross sections for molecular targets section) describing ionizing collisions that occur at
are beyond the capability of current quantum-mechan- large impact parameters and at small impact parame-
ical electron collision theory for essentially all mole- ters, respectively, and (3) the binary—encounter—
cules [7-9]. The need to incorporate molecular ion- Bethe (BEB) theory of Kim, Rudd, and co-workers
ization cross sections in modeling codes for various [26—28], which in addition to combining two cross
applications (e.g. in fusion edge plasmas [10] and in section expressions (the binary encounter and Bethe
plasma processing [11]) has stimulated the use of cross section), also introduces an additivity concept
simplistic additivity rules to estimate molecular ion- with quantum mechanically calculated molecular
ization cross sections. Many variants of the additivity quantities.
rule, a concept that was first introduced biw@s and This article presents a topical review of the status
Stevenson [12] can be found in literature [13,14]. of calculations of absolute electron-impact ionization
They all rely on the concept that the molecular cross sections for molecules and radicals with special
ionization cross section is derived by adding in some emphasis on the DM formalism and the BEB formal-
fashion the ionization cross sections of the atomic ism, which are the most widely used calculation
constituents of the molecule with or without account- schemes among those methods that may be labeled
ing for molecular bonding and/or weighting factors “more rigorous” theoretical approaches. Both meth-
for the atomic cross sections. ods incorporate quantum mechanically calculated mo-
The most recent variant of the additivity rule is the lecular structure information—a fact that sets them
so-called modified additivity rule (MAR) of Deutsch  apart from the more simplistic additivity rules and the
and co-workers [15,16] that includes appropriately purely geometric methods. It is noteworthy to point
chosen weighting factors to account for molecular outin this context that both the DM formalism and the
bonding. Predictions of the MAR have been com- BEB formalism also make use of an additivitpn-
pared to available experimental cross section data for ceptin the sense that the ionization cross section of a
many molecules with sum formulas of the form AB  molecule is obtained by summing up the contributions
[15] and AB,, AB,C,, and AB.CD, [16] and arising from the ejection of an electron from the
reasonable agreement was found in essentially all different molecular orbitals [29]. This has sometimes
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led people to erroneously refer to the DM and BEB
calculations as variants of the additivityle. We

would like to make a clear distinction between sim-
plistic additivity rules (like the ones mentioned above
[12-20]) and more rigorous methods like the DM
formalism and the BEB formalism that include quan-
tum mechanically calculated molecular structure in-

39

describes the collision of two free electrons, thus
accounting well for hard collisions. Conversely, using
the first Born approximation [32], Bethe [33] derived

a cross section formula for the dipole interaction
involving fast incident electrons and thus accounting
well for soft collisions. Attempts have been made by
various authors (see Miller et al. [34] and references

formation, even though these approaches also incor-therein) to combine the dipole interaction with free
porate an additivity concept in some fashion. The electron collisions in order to arrive at a “correct”
method of Khare and co-workers can also be classi- ionization cross section formula that is essentially free
fied as a more rigorous theoretical approach, but it has of adjustable or fit parameters. All early attempts had
only been applied to a limited number of target only limited success because they failed to find the
molecules. Extensive comparisons will be made be- “correct” mixing ratio between the soft and hard
tween calculated ionization cross sections using the collision terms. Two groups recently revisited this
DM formalism and the BEB formalism and experi- problem again with more success. The group of S.P.
mentally determined cross sections for more than 31 Khare and co-workers at the Meerut University in
molecules and radicals. We included ionization cross India and a collaboration between M.E. Rudd at the
section predictions obtained by Khare and co-workers University of Nebraska and Y.-K. Kim at NIST. As
for those molecules for which such calculations were will be shown in the following sections where we will
available. describe in detail these developments, both ap-
proaches involve approximations in deriving the cor-
responding expressions (cross sections) and, in addi-
tion, both approaches require certain input parameters
that are not always readily available, e.g. (differential)
In this section we describe briefly the concepts and dipole oscillator strengths.
the historical development of the DM formalism, the
method of Khare and co-workers, and the BEB
formalism of Kim and Rudd. We will begin with a  2.1.1. The formalism of Khare and co-workers
brief discussion of the formalisms developed by The first successful attempt to calculate total
Khare and co-workers and by Kim and Rudd, that in (counting) [29] ionization cross sections for mole-
some sense have a common origin. We will subse- cules using a combination of theories describing the
quently review the development of the DM formalism two different types of collisions mentioned above was
that was developed from a different point of view. made by Khare and co-workers in 1976 [24,35] (see
also the earlier work of Khare and co-workers on total
ionization cross sections for the rare gases [36]). This

2. Theoretical background

2.1. Formalisms combining cross section
expressions

Inelastic collisions between electrons and atoms
may be divided into two broad categories: soft (or
distant) collisions that occur at large impact parame-
ters and hard (or close) collisions that occur at small
impact parameters. The Mott cross section formalism
[30], which is a generalized Rutherford cross section
[31] taking into account electron exchange effects,

work was based on earlier work to (1) calculate [37]
energy-loss cross sectiods(E, w)/dw, whereE is
the energy of the incident electron awds the energy
loss suffered by the incident electron in the ionizing
collision and (2) to calculate [38,39] the single differ-
ential ionization cross sectiodo(E, ¢)/de for the
production of a secondary electron of eneegywith

w = ¢ + E;, whereE, refers to the ionization en-
ergy. The total ionization cross sectio{E) is then
obtained by integration over all possible valuescsof
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from O to (E — E;)/2. Moreover, Khare and co-
workers [25,40—-44] recently extended their formal-
ism to the calculation of partial ionization cross

sections of molecules (that is, the cross section for the

production of a specific parent or fragment ion, see

[2]).

As summarized by these authors [24,40], accord-

ing to Inokuti [32] the single differential ionization
cross sectiordo(E, €)/de is given in the first Born
approximation by

do(E, €)/ds = (4maiR%Ew)

X J (8f(w, K%a3)/éw)d[In(Kag)?]

(1)

where a, denotes the Bohr radiu®R the Rydberg
energy (ionization energl; of the hydrogen atom),
8f(w, K?a3)/éw is the density of the generalized
oscillator strength per unit energy range, atal, is

the change in the momentum vector of the incident
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cross section is given by the Mott term that describes
the collision of two free electrons

do(E, &)/de|y = 4madR®s X (1/e®> — 1/(E — &)e

(3)

wheres is the number of electrons that participate in
these hard collisions. The first term in the bracket
corresponds to the direct collision term (as used in the
Rutherford cross section), the second term represents
the interference between the direct and exchange
term, and the third term accounts for the exchange
effects. As expected, the Mott cross section is sym-
metric in terms of the kinetic energies of the outgoing
electrons, i.e. in terms of and E — &) for the
“secondary” (or ejected) electron and the “scattered”
electron, respectively.

Both Egs. (2) and (3) are valid in the limit of high
incident electron energies. To extend the range of
their validity to low incident energies, Khare and
co-workers added the two cross sections after multi-
plying each cross section by an arbitrary factoand

+ 1/(E — &)?)/E

electron due to scattering. The generalized oscillator f,, which were chosen by the authors [24] to obtain

strength may be given in a complete fashion by
plotting &8f/8w versus In[Kay)?] and w/R (Bethe

satisfactory agreement with experimental data

surface). Depending on the nature of the energy do(E, &)/de = f,do(E, €)/de|g + f,da(E, £)/dely,

transfer—"hard” collisions are associated with a large
energy transfer and “soft” (glancing) collisions with a
small energy transfer—ionizing collisions can be
divided into two regimes on this Bethe surface. Eq.
(1) is reduced to the Bethe term for soft collisions
where the collisions take place primarily through the
dipole interaction between the incident electron and
the target electron (see Miller and Platzmann [45])

do(E, &)/de|g = (4wa3R%Ew)
X (8f(w, 0)/6w) In[CE] (2)

Here &f(w, 0)/éw is the differential optical oscillator
strength for the ionization of the molecule by a photon
of energyw andC(w) is the collisional parameter as

4)
with
f,(E, &) = [1/(1 — E/E)] X (1 — &(E — E)) In[1
— C(E — E)J/In[CE] (5)
and

foE, &) = [¢%(e° + £9)1(1 — E/E) (6)

thereby extrapolating the Bethe and Mott cross sec-
tions to low incident electron energies and controlling
the mixing of soft and hard collisions. Hetgdenotes

a “mixing parameter” (see below for a definition of
go). Thus, f,do(E, €)/de|g dominates the single

defined in [45]. One can see that the Bethe cross differential cross section for small values sfand
section exhibits the characteristic asymptotic energy f,do(E, &)/de|,, dominates the single differential

dependence E/E that arises from the dipole interac-
tion. In the case of hard collisions, the differential

cross section for large values of
As we will see later, the total cross sectionE)
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obtained by Khare and co-workers using this formal- cross section in the BED and BEB formulations (see
ism after proper integrationr(E) = [ (do(E, &)/ below) that are close to the results from Kim and
de)de was found to agree reasonably well with Rudd [26]. See the results given here for the case of
experimental results in many cases. It should be CH, in Sec. 3 (see also Figs. 1 and 2 in [51]).
mentioned, however, that in order to apply the method

of Khare and co-workers, which involves an “educat-

ed guess” of the ratio of the Mott cross section to the 21.2. The formalism of Kim and Rudd

Bethe cross section, several prerequisites are neces- In 1994, Kim and Rudd [26] extended the previous
sary that preclude the application of this formalism to approach i’n several ways. First, they used the binary

wider ran f target molecules. In ition t L .
a d.e ange ot & ge. olecules an .0 . ° encounter approximation (BEA) (see Vriens [52] for
experimental or theoretical values for the ionization . . .
its symmetric form), where a velocity or momentum
energyE; of the target molecule, one needs for each = 7 . .

. . . distribution is ascribed to the target particle to replace
molecule information on the mixing parametgt on he M ion. Such distributi
the dipole oscillator strengtf(w, 0)/6w, and on the t e Mott cross sgctlon. ucha momentum' Istribution

is frequently derived from the wave function of the

collision parametelC(w). The value of the mixing . .
parameter has been chosen [24] in such a way as totarget particle. Thus, the symmetric form of the BEA

obtain the best agreement with experimental differen- Cross section differs from the Mott cross section by an
tial ionization cross section datar(E, &)/de atE = extra term incorporating the average kinetic energy
500 eV (as, for instance, reported in [46]). Informa- KE of the target electron. Kim and Rudd then com-
tion about the dipole oscillator strength (problems that bined this modified form of the Mott cross section and
may arise in the integration necessary for the deter- the Bethe cross section by requiring the ionization
mination of the total cross sections [24] are discussed cross section and the corresponding stopping cross

in [47]) and about the collision parameter are obtained
from experimental photon ionization and electron
ionization data, respectively. In the case ©fw),
Khare and co-workers assumé&dto be independent
of w and to be equal to the experimentally determined
high energy limit (as, for instance, deduced from the
counting cross section data of [48]).

By extending the approach of Khare and co-

workers, Saksena et al. [49] demonstrated recently

that based on an approach by Mayol and Salvat [50],
no a priori knowledge of the mixing parametgrand
the collision parametelC is necessary and thus,
calculations can be carried out for all molecules for
which total photoionization cross section data are
available. In Sec. 3 we will compare (when available)
experimental data with both the results of the formal-
ism of Khare and co-workers [24,25] and the results
of the calculations of Saksena et al. [49].

Moreover, it is interesting to note that Khare and
co-workers [51] recently combined the features of the
approach of Saksena et al. [49] and that of Kim and
Rudd [26] (see below). According to these authors
[51] they arrived at expressions for the total ionization

section to satisfy the high energy asymptotic behavior
of the Bethe theory. After some further approxima-

tions that are described in detail in [26] the single

differential ionization cross section for a particular

subshell is given in what Kim and Rudd refer to as the
BED model by

do(E, &)/de = 4mad(RIE)?&/Ej(t + u + 1)
XANSE) — 2/t + 1) [(LNw
+1) + 1/t — w)] +[2 = (N/&)]
L(w + 12+ 1t — w)?]
+ [In()/&(w + 1)][df(w)/dw]}
()

whereE; is the binding energy of the ejected electron,
¢ is the number of bound electrons in that particular
subshellj, t = E/E;, w = &/E;, u = KE/E, N; =

J [df(w)/dw]dw, and [df(w)/dw] denotes the differ-
ential oscillator strength. The total ionization cross
section, which is obtained by integrating the differen-
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tial cross section, is then given by the simple expres- oo(E) = 47ra(2,(R/Ej)2§/(t + u+ D{[(QIn(t))/ 2]
son X (1— 1% +[2 - QJ[(t — D)/t
o(E) = 4mad(RIE)?&/(t + u + 1){D(t) In(t) + [2

= (N/OILt = D/t = In(®)/t + D] (8)

— In®/(t + D]} (11)

in terms of the integrated dipole quantify
with
Q = (2E/ER)M,, (12)

D(t) = glf [1/(1 + w)][df(w)/dw] dw (9) with

integrated from O tot(— 1) according to [51] [and m2, = (RIE) J [1/(1 + w)](df(w)/dw) dw  (13)
notto ( — 1)/2 as given in the original reference].

The above given cross sections are for a specific
subshell and the cross sectiorfor the entire tgrget simplified whenQ (and thusm2, and dfidw) is
must be summed over all subshells that contribute to . . :

L . : : - unknown by simply assumin@ = 1 (which means
the ionization yield. It is clear that in addition to 5 L .
. . . . . Mion = 2E;/¢R for individual orbitals). The corre-
information onE; and §, the differential oscillator R .
sponding ionization cross section is then callegg.
strengths are needed for each subshell of the target.”” ) o _
L . Kim and Rudd, however, warn in their original article
The average kinetic energy KE needed in the BED 261 that “th liabil ; ki :
model is a theoretical quantity that can be obtained [26] that t_ e rg 1a ||ty” or resu tmg_cross_secﬂons
from quantum chemistry codes (and thus from an may suffer in this case.” In a later article, Klm', Rudd,
explicit knowledge of molecular wave functions). fmd co.-workers [54] come to the conclusion that
Average kinetic energies for subshells of some atoms aSSUmingQ = 1 ... has been shown to be an excel-
and molecules are listed in [53] (see also the various /€Nt @pproximation for many molecules.
articles by Kim, Rudd, and co-workers [26—28,54,55]). N S?C- 3 we will m_clude t_’Oth BED_ and BEB
Differential oscillator strengths for specific subshells Calculations for comparison with experimental data
rized in [56,57] and in articles by Kim, Rudd, and those molecules where these calculations are avail-
co-workers. able.

Because it is often difficult to obtain the above
guantities for all subshells and, in particular, for the
various subshells of molecules, Kim and Rudd de- 2.2. The DM formalism
vised a simpler version of the BED approach that is
referred to as the BEB model [26,27]. As argued by ~ The formalism introduced by Deutsch and'ida
Kim and Rudd, the quantitgf(w)/dw is not known [58] has a different origin from the previously dis-
for most molecules for the individual orbitals. In these cussed formalisms of Khare and co-workers and Kim
cases, Kim and Rudd replacdf{w)/dw by a simple and Rudd. The original concept of Deutsch antrivia
analytical expression describing the ground state hy- [58], which was developed for the calculation of
drogen case atomic ionization cross sections, has been modified
and extended several times. We begin with a brief
outline of the original DM approach and the subse-
whereb is a constant equal ;. With this simplifi- quent modifications that resulted in a very general
cation, the authors arrive at the BEB cross section formula now applicable to the single ionization of
oo(E) per molecular orbital ground-state [58,59] and excited-state (metastable)

integrated from O tee. This equation has been further

df(w)/dw = b/(w + 1)2 (10)
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atoms [60,61], the removal of a specific single outer-
shell [62] and innershell electron [63] of atoms as well
as to the single ionization of molecules [21], radicals
[22,23], small Ag, H, and CQ clusters, and &,

[64—66] and atomic ions [67,68] as well as to the
multiple ionization of atoms [69-72]. In all cases,
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guantum numbers andl) on the basis of a compar-
ison between the classical binary encounter formula
and the quantum mechanical Born—Bethe formula
[33]. Support for this substitution comes from (1) the
application of the Bethe formalism to the ionization
cross section of an atomic electron with quantum

only direct ionization processes are considered in the numbers £, |) giving results approximately propor-

original DM formalism (i.e. the prompt removal of a

single electron from the electron shell by the incom-
ing electron—therefore it is not possible to distinguish
between single and multiple ionization when inner-
shell electron ejection occurs). Two-step ionization

tional to the mean square radigs?) of the (n, 1)

subshell [76,77] and (2) from the experimental obser-
vation of the existence of a correlation between the
maximum of the atomic ionization cross section and
the sum of the mean square radii of all outer electrons

mechanisms such as autoionization after innershell [78]. Subsequently, Margreiter et al. [59,60] success-

excitation cannot be described by the DM formalism
(nor by any of the other methods described above).

Thomson [73] was the first to derive a formula for
the electron-impact ionization cross section of an
atom using a classical binary encounter approxima-
tion. This classical treatment was modified by several
authors using different initial conditions. Gryzinski
[74] introduced the concept of a continuous velocity
distribution for atomic electrons, which resulted in an
expression for the ionization cross sectiorof the
form

o= % 4(ag) *,(RIE,) *(U) (14)

with

f(U) = d(/U)[(U — 1)/(U + 1)]2x {b + c[1
—(1/2U)]In[2.7+ (U — 1)°9]} (15)

and

a=3/2,b=1,c=2/3,andd=1 (16)

Here &, is the number of electrons in threh atomic
subshell, andk,, refers to the ionization energy in the
nth subshell, andJ is the reduced energy given by
U = E/E,, whereE is the energy of the incident
electron. However, even this improved cross section
formula fails for some rather simple atoms such as
neon, nitrogen, and fluorine [58,75].

Deutsch and M [58] suggested replacing the
Bohr radiusa, in Eq. (14) with the radius,, of the
corresponding electronic subshell (labeled by the

fully applied the following semiclassical formula to
the calculation of the absolute electron-impact ioniza-
tion cross sectiowr of a large number of ground-state
and excited-state atoms

o= 2 gom() *6nf(U) (17)
wherer2, is the mean square radius of the, ()
subshell andg,, are weighting factors that were
originally introduced by Bethe [33]. Bethe [33] cal-
culated these “lonisierungsfaktoren” as a function of
the quantum numbersandl using hydrogenic wave
functions. By contrast, the generalized weighting
factors g,,, introduced by Margreiter et al. [59,60]
were obtained from a fitting procedure using reliable
experimental ionization cross section data for the rare
gases and uranium [2]. In a first approximation, these
weighting factors were taken to be three ®elec-
trons and 0.5 for all other electrons [58]. Subse-
guently, a more detailed analysis revealed thatthe
are not constants, but depend on the quantum numbers
n andl, and on the ionization enerdy,, in such a
way that the producg,, X E,, (referred to as the
“reduced weighting factor”) is independent of the
nuclear charge& for completely filled subshells [60].
Furthermore, the results of recent calculationskof
shell ionization cross sections [removal of as)1
electron] for 11 atoms [79] using the DM formalism
suggested a revision of the low-energy dependence of
the calculated DM ionization cross sections for atoms
whose ionization cross section at low energies is
dominated by the removal of aelectron (e.g. H and
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Table 1

Values of the reduced weighting factayg, X E,, for electrons
in the various £, |) atomic subshells

H. Deutsch et al./International Journal of Mass Spectrometry 197 (2000) 37—69

Table 2
Parameters, b, ¢, andd for the energy dependent function in
Eqg. (17) fors, p, d, andf electrons

Valence electronr |),
number in subshell

Reduced weighting

factorsg,,, X E,,

(1s), 1

(1s), 2

(29), 1

(29), 2

(2p), 1

(2p), 2-6

(39), 1

(3s), 2

(3p), 1

(3p), 2-4

(3p), 5-6

(3d), 1-10

(4s), 1

(4s), 2

(4p), 1

(4p), 2-4

(4p), 5

(4p), 6

(4d), all electrons
(4f), all electrons
(5s), 1

(5s), 2

(5p), 1

(5p), 2-4

(5p). 5

(5p), 6

(5d), all electrons
(5f), all electrons
(6s), 1

(6s), 2

(6p), 1

(6p), 2-4

(6p), 5

(6p), 6

(6d), all electrons

38.20
70.00
12.00
20.00
32.50
30.00
9.80
14.00
31.50
25.00
22.00
13.60
7.40
10.00
31.00
22.40
18.50
17.50
11.20
20.00
6.35
7.5
30.50
20.00
16.00
13.00
8.85
1.00
5.40
6.00
30.00
18.00
14.50
7.50
6.50

the alkalis Li, Na, K, and Cs). Along this line a

s electrons p electrons d electrons f electrons
a=1.06 a=2 a=3/2 a=3/2
b =0.23 b=1 b=3 b=1
c=1 c=1 c=2/3 c=2/3
d=1.1 d=1 d=1 d=1

basis of the different angular shapes of atogsjig, d,
and f orbitals. In the course of revising the alkali
ionization cross sections [80], it was also found
necessary to revise the values of the parametebs
¢, andd for thes electrons slightly as compared to the
values reported earlier [59]. Table 2 summarizes the
values for the parametees b, ¢, andd for s, p, d,
andf electrons.

The straightforward extension of the DM formula
of Eg. (17) to molecular targets [21] results in an
equation of the form

o= E gjﬂ'(rj)zgjf*(u) (18)
j

where the summation is now carried out over the
molecular orbitals labeled . Several problems with
the application of this formula to molecules are
immediately obvious: (1) a new set of weighting
factorsg; would have to be determined either empir-
ically or by ab initio calculations which is impractical,

if not impossible, because each molecular symmetry
group would probably require a separate set of
weighting factors, (2) it is not clear how one could
determine (or even define) a mean square radi,-t)% (
for different molecular orbitals, and (3) a new energy-
dependent functiori*(U) would have to be deter-

detailed comparison between calculated alkali atom mined, perhaps depending on the character of the
ionization cross sections using the DM formalism and molecular electronso( , 8, etc.), because the exact
experimental data [80] further substantiated this slight form of the previously introduced functiofi(U)

revision in the weighting factorg,¢ for the s elec-

depends on the orbital angular momentum quantum

trons. Table 1 summarizes the final set of the reduced number of the atomic electrons.

weighting factorsy,,, X E,, for electrons in the var-
ious (n, 1) subshells. Moreover, the parametard,
¢, andd were also found to have different values for

It was found much more advantageous [21-23] to
reduce the case of a molecular ionization cross section
calculation using the DM formalism to the previously

s, p, d, andf electrons as one might expect on the derived atomic ionization cross section formula of Eq.
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Table 3
Mulliken population of the water molecule (B) from [85]

Molecular levelj Atomic subshell

and occupancy E (eV) (nl), &, value
(1b,), 2 electrons 12.6 0(®,2.00
(3a,), 2 electrons 14.7 O(®,1.46
0(2s),0.20
H(1s),0.34
(1b,), 2 electrons 18.5 0(@®,1.18
H(1s),0.82
(2a,), 2 electrons 32.2 0(®,1.50
H(1s),0.50
(1a,), 2 electrons 539.7 0€),2.00

(17). This requires a Mulliken population analysis

[81,82] (or an equivalent method) that expresses the 6-311G**

molecular orbitals in terms of the atomic orbitals of

the constituent atoms. As a result, each term in the

above sum overj” in Eq. (18) is expressed in terms
of the appropriate atomic weighting factogégv(m),
effective occupation numberg)y (,,), mean square
atomic radiir )y 1y, and functionsf, (,;,(U) where
“A” labels the various constituent atoms of the mol-
ecule under study. A Mulliken population analysis
can be obtained routinely for most molecules and
radicals for which molecular structure information is
available (see e.g. [83]) using standard quantum
chemistry codes, many of which are available in the
public domain. One of the most widely used and most
versatile quantum chemistry codes in the public do-
main is the “NWChem” code [84]. It is noteworthy to
point out that a Mulliken population analysis does not
result in a unique representation of the molecular
orbitals in terms of the atomic orbitals of the constit-
uent atoms. Any Mulliken representation requires the
optimization of a macroscopic parameter of the mol-
ecule (e.g. molecular geometry, dipole moment, po-
larizability, ionization energy, etc.) and depends on
the atomic wave functions used to represent the
constituent atoms. The “NWChem” code, for in-

45

Table 4
Mulliken representations of the three outermost shells of th@ H
molecule using different atomic basis sets

Atomic basis Molecular levelj Atomic subshell
seft and occupancy E; (eV) (nl), &, value
[85] (1by), 2 12.6 O(2), 2.00
electrons
[85] (3ay), 2 147 O(d), 1.46
electrons 0(2s), 0.20
H(1s), 0.34
[85] (1by), 2 18.5 O(d), 1.18
electrons H(1s), 0.82
6-311G** (1by), 2 13.3 O(), 2.00
electrons
6-311G** (3a,), 2 15.2 O(), 1.36
electrons 0(2s), 0.64
H(1s), 0.00
(1b,), 2 19.0 O(d), 1.41
electrons H(1s), 0.59
STO-6G (by), 2 10.9 O(%), 2.00
electrons
STO-6G (Ry), 2 12.7 O(d), 1.18
electrons 0(2s), 0.52
H(1s), 0.30
STO-6G (by), 2 16.7 O(), 0.97
electrons H(1s), 1.03
cc-pvVTZ (1by), 2 135 O(d), 2.00
electrons
cc-pvVTZ (3ay), 2 154 O(d), 1.48
electrons 0(2s), 0.52
H(1s), 0.00
cc-pvVTZ (1b,), 2 18.8 O(d), 1.52
electrons H(1s), 0.48

®The names of the basis sets are the same as those in the ECCE
(extensible computational chemistry environment) basis set data-
base as developed and distributed by the Molecular Science
Computing Facility, Environmental and Molecular Science Labo-
ratory at the Pacific Northwest National Laboratory, P.O. Box 999,
Richland, WA 99352.

the compilation of Descleaux [86], and the weighting
factorsg,, that can be obtained from the ionization
energiest; listed in Table 3 in conjunction with the
reduced weighting factors listed in Table 1. We note
that this particular Mulliken representation reproduces
the well-known lowest ionization energy of the,®l

stance, gives the user the option to choose from more molecule of 12.61 eV [87] very well.

than 50 different atomic basis sets for the most
common atoms [84]. A Mulliken representation of the
water (H,O) molecule taken from [85] is shown in

It is important in the context of the application of
the DM formalism to molecular targets to realize the
sensitivity of the calculations to the Mulliken repre-

Table 3. Not included in Table 3 are the mean square sentation of the molecular orbitals in terms of atomic

radii of the atomic subshells that can be taken from

orbitals of the constituent atoms. Table 4 summarizes
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one can see, there are differences in the maximum
cross section value of about 25% as well as a 15 eV
difference in the energetic position of the maximum
depending on the particular choice of the Mulliken
representation.
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3. Results and discussion
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3.1. Selected hydrocarbon compounds [GQM = 1—
4), GHe, CH,, CeHel

Hydrocarbon molecules are abundant constituents
of planetary and cometary atmospheres and they also
play an important role in combustion processes. More
recently, hydrocarbons have also been used as feed
gas constituents of low-temperature plasmas em-
ployed in the plasma-assisted deposition of diamond

0,5
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Fig. 1. Calculated KO ionization cross sections using the DM

formalism with four different atomic basis sets employed in the
Mulliken population analysis (see Table 4 for details). The four
calculated curves correspond to the following basis sets: thick solid
line ([85]), thin solid line (6-311G**), dash-dot line (STO-6G), and
dashed line (cc-pVTZ2).

the result of four different Mulliken representations of
the three outermost molecular shells of theCOH

films and carbon films.

CH,: Methane, CH, is one of the most abundant
and important hydrocarbon compounds. The ioniza-
tion of CH, has been studied by several experimental
groups over a period of many years. Fig. 2 shows six
experimental data sets of measured dbhization
cross sections [88—-93] in comparison with the present
calculation, a calculation using the method of Khare
and co-workers [24], a BEB calculation reported by

molecule (whose contributions essentially determine im et al. [28], a BEB and BED calculation as

the H,O ionization cross section) using four different

reported by Khare et al. [51], and a calculation [51]

atomic basis sets. It is apparent that there are signif- using the method of Saksena et al. [49]. We note that
icant differences in the ionization energies of the three here are other available experimental data in the
shells and in their atomic representations depending jiterature, but these were either in very good agree-
on the particular choice for the atomic basis set. ment with those data sets shown in Fig. 2 (and omitted
Although all four representations agree that the out- for reasons of clarity of presentation) or they were

ermost HO orbital is purely of O(p) character, there

considered less reliable and/or obtained by experi-

are already significant differences in the representa- mental techniques that are now known to be suscep-

tion of the second orbital, with two of the four basis
sets ascribing pure O character, @J2and O(3) to

tible to systematic uncertainties (see e.g. Basner et al.
[6], Becker and Tarnovsky [11], Tarnovsky and

it, whereas the other two basis sets also show &H(1 Becker [94], and references therein to earlier work).
contribution in the representation of this shell. In The experimental data sets shown here are all in
addition, there are significant differences in the ion- mutual agreement within their stated margins of error
ization energies of the three orbitals. Fig. 1 shows the and they are all also in good agreement with the
calculated HO DM ionization cross sections resulting  various calculated cross section curves. Overall, the
from the four different Mulliken representations. As CH, ionization cross section can thus be classified as
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Fig. 2. Electron impact ionization cross section of {44 a function of electron energy. (a) The experimental data points are from [89] (filled
triangles), [88] (open circles), [90] (open triangles), [91] (crosses), [92] (inverted open triangles), and [93] (open squares). The thiek solid i
represents the present DM calculation, the fine dotted line represents the calculation of Jain and Khare [24], the dash-dotted line combine
with open circles denotes calculated values as given in [51] using the method of Saksena et al. [49], and the dashed line represents the rec
BEB results from [28] using a vertical ionization energy. (b) The thin solid line and the dash-dotted line denote respectively the BED and BEB
calculation as reported in [51], the thick solid line represents the present DM calculation, and the dashed line represents the recent BEB resu
from [28] using a vertical ionization energy.
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being well known from both experiment and calcula-
tion.
CHg, CH,, CH: The free radicals CH(x = 1-3)

those energetic fragment ions that might not have
been detected with 100% efficiency in their experi-
ment. The present calculations lie somewhat above

are readily produced by dissociation of methane in
collisions with charged particles and photons. Be-
cause of the difficulty of producing well-characterized

the BEB calculations and the experimental data of
Tarnovsky et al. [6], but are consistent with the
experimental data within the quoted experimental

beams or static gas targets of these radicals for error of 20%. A similar situation is found for CH
collision experiments, ionization cross section data (Fig. 3, bottom), where (1) the experimental data of
for CH, (x = 1-3) arescarce. The ionization cross Tarnovsky et al. [96] lie slightly above the data of
section measurements by Baiocchi et al. [95] in,CD Baiocchi et al. [95] and (2) the data of Tarnovsky et
and CD, were the first ever reported ionization cross al. [96] are in excellent agreement with the BEB
section measurements of free radicals. These authorscalculations and in very good agreement with the
employed the fast-neutral-beam technique that is par- present calculation that lies slightly above the BEB
ticularly suited for ionization studies involving free calculations.

radicals. Tarnovsky et al. [96] subsequently carried  C,Hg: In C,Hg (Fig. 4), there are four experimen-
out a more comprehensive series of ionization cross tal data sets [90,101-103] that are in very good
section measurements for all four COx = 1-4) agreement with one another. The BEB calculation of
targets using the same experimental technique in aKim and co-workers [27] represents the experimental
somewhat improved apparatus (in terms of its ability data quite well over the entire range of impact
to detect energetic fragment ions with 100% effi- energies. The present calculation and the calculation
ciency for all but the lightest fragment ions [96,97]). by Jain and Khare [35], which agree well with one
We note that both experimental studies were carried another over the entire energy range, overestimate the
out using the deuterated (GPrather than the proto-  cross section in the region of maximum by about
nated (CH) targets that made it easier to separate the 10—-15%, but agree well with all other data at low and
various fragment ions resulting from a particular high energies.

parent molecule [96,97]. lonization cross sections are  C,H,: Fig. 5 shows three sets of experimentally
insensitive to isotope effects to a very high degree of determined GH, ionization cross section curves
approximation [98—-100]. Fig. 3 shows the experimen- [104-106] in comparison with a BEB calculation and
tally determined ionization cross sections for OH with the present DM calculation. Both calculations
comparison with the present calculations and the BEB are in good agreement with the experimental data of
calculation of Kim and co-workers [27]. In the case of Gaudin and Hagemann [106] that lie somewhat below
the CH radical (Fig. 3, top), the only experimental the cross section of Tate and Smith [105] and the very
data of Tarnovsky et al. [96] are described quite well recent data reported by Zheng and Srivastava [104].
by both calculations for energies below about 30 eV, We note in particular the excellent agreement between
whereas the experimental data at higher impact ener-the measured cross sections of Tate and Smith [105]
gies lie below both calculations (which agree very and Zheng and Srivastava [104] that resulted from
well with one another over the entire range of impact very different experimental techniques and were re-
energies). A possible explanation for this discrepancy ported more than 60 years apart.

could be the fact that the Hfragment ions that are C¢He: Fig. 6 shows the experimental data set of

formed with a significant amount of kinetic energy are
not detected efficiently in the experiment of Tar-
novsky et al. [96]. In the case of GHFig. 3, center),
the early data of Baiocchi et al. [95] lie systematically
below both calculations and below the data reported
by Tarnovsky et al. [96], which include estimates for

Schram et al. [101] for gHg that are limited to high
impact energies above 500 eV in comparison with the
BEB calculation [27] and the present DM calculation.
The single data point at 75 eV is from Lampe et al.
[107]. The DM calculation lies systematically above
the BEB calculation, particularly in the region of the
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Fig. 3. Electron impact ionization of the GH{x = 1-3) free radicals as a function of electron energy. The thick solid line represents the
present DM calculation and the thin solid line denotes the BEB calculation [27]. The experimental data points (taken for fully deuterated
species) are from Baiocchi et al. [95] (full dots) and from Tarnovsky et al. [96] (full squares). Top diagram: CH. Center diagyaBattokh

diagram: CH.
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Fig. 4. Electron impact ionization cross section gHg as a function of electron energy. The experimental data points are from [90] (filled
circles), [103] (filled diamonds), [101] (filled triangles), and [102] (filled squares). The thick solid line represents the present DM calculation,
the thin solid line denotes the BEB calculation [27], and the dotted line represents the calculation of Jain and Khare [35].

cross section maximum and is close to the single datain the determination of dissociative ionization cross
point of Lampe et al. [107] at 75 eV. The experimen- sections [108,109] in earlier experiments. In the past
tal data of Schram et al. [101] appear to lie above the 10 years, there have been several experimental studies
calculated cross sections except at very high energiesof the electron-impact ionization cross sections of, CF
close to 10 keV. and there is now excellent agreement between the
experimental data obtained by various groups using
3.2. Selected fluorine-containing compounds (CF  different experimental techniques [55,108-111] as
(x = 1-4), NE,, SiF, (x = 1-3), GF,, SF) shown in Fig. 7. Also shown in Fig. 7 are the results
of the present calculations and three versions of the
Many ﬂuorine_containing molecules have gained BEB calculations USing different wave functions with
prominence in a variety of technological applications, and without estimates for multiple ionization pro-
most notab|y in the p|a5ma-assisted processing of Cesses as discussed in detail in [55] The various BEB
materials (fluorocarbons, nitrogen fluorides, and sili- calculations and the present calculations are in very
con fluorides) and gaseous dielectrics {SF good agreement with each another and with the
CF,: The carbon-tetrafluoride (GFmolecule isa  experimental data over the entire energy range from
frequently used compound in fluorocarbon plasmas threshold to more than 1000 eV.
that are widely used in the semiconductor industry, CF;, CF,, CF: The CK, radicals are important
primarily for the etching of Si-based microelectronic secondary reaction products in fluorocarbon plasmas.
devices. CF also emerged as a “benchmark test” for These radicals are chemically very active and they are
experimental ionization studies in the sense that it was largely responsible for the plasma chemical gas phase
the first molecule where discrimination effects in the and surface reactions in fluorocarbon plasmas. Fig. 8
detection of energetic fragment ions were recognized shows the measured total single ionization cross
as a possible source of major systematic uncertaintiessections for the CF (x = 1-3) free radicals of
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Fig. 5. Electron impact ionization cross section gHg as a function of electron energy. The experimental data points are from [106] (filled

diamonds), [104] (filled circles), and [105] (filled triangles). The thick solid line represents the present DM calculation and the thin solid line
denotes the BEB calculation [27].
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Fig. 6. Electron impact ionization cross section gHg as a function of electron energy. The experimental data points are from [101] (filled

triangles) and the single data point at 75 eV is from [107]. The thick solid line represents the present DM calculation and the thin solid line
denotes the BEB calculation [27].
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Fig. 7. Electron impact ionization cross section of,Gs a function of electron energy. The experimental data points are from [55] (filled
circles), [108] (filled diamonds), [110] (filled triangles), [109] (filled inverted triangles), and [111] (filled squares). The thick solid line
represents the present DM calculation, the thin solid line and the two dashed lines denote different variants of the BEB calculation [55] (i.e
thin solid line: CAS wave functions with estimate for multiple ionization; long dashed line: CAS wave functions without estimate for multiple
ionization; short dashed line: RHF wave functions without estimate for multiple ionization).

Tarnovsky and Becker [112] and Tarnovsky et al. SiF;, SiF,, SiF: The SiF, (x = 1-3)free radicals
[113] in comparison with the present calculations. represent a group of species for which the measured
Even though the present calculations represent a slighttotal single ionization cross section shows an “inver-
improvement compared to the previous calculations sion” in the sense that the cross section declines in
for these targets of Deutsch et al. [17] that used an magnitude as the target gets bigger from SiF to, &F
earlier variant of the DM formalism, there are still SiF; as first observed by Freund and co-workers
serious discrepancies between the measured and calf116-118]. As pointed out earlier [22] this behavior is
culated cross sections. For all three targets, the calcu-due to the strong ionic bonding of the F atoms and the
lations lie significantly (40-50%) above the measured very small atomic radius of the fluorine valence
data. There is no simple explanation for this level of electrons. As a consequence, the dominant part of the
disagreement, particularly in view of the excellent molecular ionization cross section comes from the
agreement between experiment and calculation in the valence electrons of the Si atom that has a much larger
case of CR and CH, (see above). ionization cross section than atomic fluorine (“shield-
NF;, NF,, NF: Nitrogen trifluoride is widely used  ing effect”). When Si and F combine to form SiF, one
in the semiconductor industry for the cleaning of of the four valence electrons of Si is transferred to F
plasma reactors. The ionization and decomposition of and the SiF ionization cross section is determined
the NF; molecule and the NFand NF radicals have largely by the remaining three Si valence electrons. In
been investigated experimentally by two groups SiF,, two Si valence electrons remain, causing the
[114,115]. As shown in Fig. 9, the experimental cross ionization cross section to decline. Likewise, the SiF
sections from Tarnovsky et al. [114,115] lie below the cross section declines further because there is only a
calculated cross sections by as much as 50%. Thissingle Si valence electron left. Fig. 10 shows the
finding is very similar to what was observed in the measured SifFionization cross sections in compari-
case of the CFradicals. son with the present calculations and with two vari-
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Fig. 8. Electron impact ionization of the ClEx = 1-3) free radicals as a function of electron energy. The thick solid line represents the
present DM calculation. The experimental data points are from Tarnovsky et al. [112,113] (filled squares). Top diagram: CF. Center diagrarr
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ants of the BEB calculations [27]. For all three targets,
the present calculations agree best with the so-called
“BEB/3” calculation [27], whereas the “BEB” calcu-
lation [27] lies somewhat below the other two calcu-
lated cross section curves. We observe a systematic
trend as far as the agreement between measured and
calculated cross sections is concerned from (1) a
measured cross section that exceeds the calculated
cross section for SiF, to (2) satisfactory agreement
between experiment and calculation for Siko (3)
calculated cross sections that exceed the measured
cross section for SiF However, the discrepancies
between measured and calculated cross sections in the
case of SiF and SiFare not nearly as severe as what
was observed for CFand NF, (x = 1-3).

C,Fg Next to CF, C,F4 is the most frequently
used fluorocarbon compound in plasma processing
applications. Fig. 11 shows the measuregrLCion-
ization cross sections of Nishimura et al. [55], Poll
and Meichsner [119], Beran and Kevan [111], and
Kurepa [120] in comparison with the same three
variants of the BEB calculation [55] that were em-
ployed for CF, and with the present DM calculation.
The BEB calculation using CAS wave functions with
estimates for multiple ionization processes shows the
best overall agreement with the experimental data,
except perhaps with the data of Poll and Meichsner at
energies above-60 eV, where the data reported by
these authors lie systematically below all other exper-
iments (very likely due to discrimination effects
inherent to this experiments, see [108]). The present
DM calculation lies consistently below all experimen-
tal data and the deviation increases with increasing
impact energy. Above-100 eV, the DM calculation
underestimates the experimental data by as much as
25%.

SF;: SF; is another important fluorine-containing
molecule because of its use in gaseous dielectrics. Fig.
12 shows the experimentally determined;$éniza-
tion cross sections of Rapp and Englander-Golden
[91] and Margreiter et al. [121] in comparison with
the BEB calculation of Kim and co-workers [27] and
the present DM calculation. The two experimental
data sets, which are in excellent mutual agreement
agree well with both calculations up to about 30 eV,
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Fig. 10. Electron impact ionization of the SiEx = 1-3) free radicals as a function of electron energy. The thick solid line represents the
present DM calculation, the thin solid line and the dashed line denote two variants of the BEB calculation [27] (see text for details). The
experimental data points (filled circles) are from Freund and co-workers [116—118] (full dots). Top diagram: SiF. Center diagram: SiF
Bottom diagram: Sik
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Fig. 11. Electron impact ionization cross section gFgas a function of electron energy. The experimental data points are from [120] (open

inverted triangles), [55] (filled circles), [111] (open squares), [119] (open diamonds). The thick solid line represents the present DM
calculation, the thin solid line and the two dashed lines denote different variants of the BEB calculation [55] (see caption of Fig. 7 for details).
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Fig. 12. Electron impact ionization cross section of, 86 a function of electron energy. The experimental data points are from [91] (filled
squares) and [121] (filled circles). The thick solid line represents the present DM calculation and the thin solid line denotes the BEB calculatior

[271.
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Fig. 13. Electron impact ionization cross section gfa$ a function of electron energy. The experimental data points are from [126] (filled
squares), [91] (filled circles), [125] (filled diamonds), [123] (filled triangles), and [124] (filled inverted triangles). The open squares denote
CTMC calculations of [128]. The thick solid line represents the present DM calculation, the thin solid line and the dashed line denote the BEB

and BED calculation, respectively [27], the dash-dot line is the calculation of Saksena et al. [49], and the dotted line denotes results obtaine
with the method of Khare and co-workers [127].

but fall below both calculated curves between 30 and targets and most of them have been studied exten-
~100 eV. Both experimental cross sections reach sively because of their basic relevance in electron—
their maximum at impact energies that are somewhat molecule collision physics and because of their rele-
higher than the peak in the two calculated cross vance in applications ranging from planetary and

section curves. At higher impact energies, the DM cometary atmospheres to gas discharges, plasmas, and
cross section appears to decline faster than the twocombustion processes.

measured cross sections and the BEB cross section. H.,: The electron-impact ionization of JAwhich is
Recently, the BEB results have been revised [122] to the simplest neutral molecule, has been studied ex-

include multiple ionization. The multiple ionization  perimentally by several groups. Fig. 13 shows the
shifts the peak position to higher incident energy and measured H ionization cross sections of Rapp and
that leads to a very good agreement with the shape of epglander-Golden [91], Schram et al. [123,124],
the cross section curve reported by Rapp and En- yishnakumar and Srivastava [125], and Straub et al.
glander-Golden [91]; nevertheless the new BEB cross [126] in comparison with the calculated BEB cross

i 0 1 . . .
section values are about 17% above the experimentalgactions as well as with the more rigorous BED cross

values [91]. sections of Kim and co-workers [27], the cross section

of Saksena et al. [49], the cross section of Khare and
3.3. Diatomic molecules (5IN,, O,, S,, C,), Cs, co-workers [127], and the present DM cross section.
and ozone (Q There is excellent agreement among the various

experimental data sets as well as between the mea-
The homonuclear diatomic and triatomic mole- sured cross sections and the calculated DM, BEB, and
cules listed above represent the simplest molecular BED cross sections from threshold to 10 keV. The
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Fig. 14. Electron impact ionization cross section gf&é a function of electron energy. The experimental data points are from [126] (filled
squares), [91] (filled circles), [125] (filled diamonds), [123] (filled triangles), and [124] (filled inverted triangles). The thick solid linenépres

the present DM calculation, the thin solid line and the dashed line denote the BEB and BED calculations, respectively [27], the dash-dot line
represents the calculation of Saksena et al. [49], and the dotted line denotes results obtained with the method of Khare and co-workers [12

open squares denote the classical trajectory Monte O, The situation is somewhat less satisfactory for
Carlo (CTMC) calculation of Schultz et al. [128] that molecular oxygen, @(see Fig. 15). The agreement
agrees well with the experimental data up~+d.00 among the various measured cross section data is
eV. The cross section calculated by Saksena et al. [49]good, but not nearly as good as for, Fnd N,,
on the basis of the extended method of Khare and particularly in the region of the cross section maxi-
co-workers disagrees with all other cross sections in mum. The calculated BEB cross section [27] is in
the regime of lower impact energies up+at00 eV. excellent agreement with the experimental data of
The cross section of Khare and co-workers [127], on Straub et al. [126] and Schram et al. [123,124]. The
the other hand, overestimates all other cross sectionscalculated cross section of Saksena et al. [49] does not
for energies from 20 to 300 eV and, in particular, in describe the region of the maximum in the cross
the region of the cross section maximum. section curve very well, whereas the cross section
N,: Molecular nitrogen, B, is another example calculated on the basis of the method of Khare and
where various measured cross sections reported byco-workers [127] lies consistently below the experi-
different authors over a period of more than 20 years mental data. The DM calculation represents the mea-
are in excellent agreement with one another as well as sured data quite well up to energies of about 50 eV,
with calculated cross sections on the basis of the BEB, but underestimates the measured data at higher impact
BED [27], and DM formalism (see Fig. 14). In energies by as much as 25%. In fact, above 100 eV,
contrast to the case of Hthe calculated B cross the DM cross section lies even below the cross section
sections of Saksena et al. [49] and Khare and co- of [127]. We have no simple explanation for this level
workers [127] are in excellent agreement with all of disagreement in the case 0f,.0
other cross sections over the entire range of impact S,: Fig. 16 shows the experimentally determined
energies. ionization cross section of Freund et al. [129] fgriis
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Fig. 15. Electron impact ionization cross section gf&3 a function of electron energy. The experimental data points are from [126] (filled
squares), [91] (filled circles), [125] (filled diamonds), [123] (filled triangles), and [124] (filled inverted triangles). The thick solid linenépres

the present DM calculation, the thin solid line denotes the BEB calculation [27], the dash-dot line shows the calculation of Saksena et al. [49]
and the dotted line denotes the results obtained with the method of Khare and co-workers [127].
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Fig. 16. Electron impact ionization cross section gfaS a function of electron energy. The experimental data points are from [129] (filled

circles). The thick solid line represents the present DM calculation. The thin solid line and the dashed line denote two variants of the BEE
calculation [28].
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comparison with two variants of the BEB method, a essentially of the same magnitude as theeRQperi-
“U/3” calculation and a standard “U” calculation (see mental cross section data.
[28] for details) and the present DM calculation. None
of the calculated cross sections describes the experi-
mental data that exhibit a peculiar double-maximum 3.4. Other molecules (4, NH,;, CO,, CH;0H,
structure with one maximum at very low impact TiCl,)
energies around 20 eV and a second maximum at
around 70 eV that is more typical for molecular The molecules KO, NH;, and CQ are abundant
jonization cross section curves. The “standard” BEB constituents of many environments. The ionization
calculation appears to provide a reasonable descrip-properties of these molecules play an important role in
tion of the experimental data at higher energies, above many diverse applications ranging from planetary
~70 eV. We note that the experimental 8ross atmospheres to radiation chemistry. lonization cross
section data are in the region of the maximum only sections for these abundant and important molecules
~20% above that of the atomic S cross section data have been measured over the past 60 years by many
measured by the same authors [129]. groups using various experimental techniques. The
C,, C3 Fig. 17 shows calculated DM ionization  reliability and quality of the many published data sets
cross sections for the carbon dimer,CGand the ranges from poor to very high. Similar to what was
carbon trimer (@) for which there are no experimen- done earlier in the case of GKsee earlier discussion)
tal data at this time. The calculations utilized three we limited the number of data sets shown for these
[C,, Fig. 17(a)] or two [G, Fig. 17(b)] different three molecules in Figs. 19-21 to a few data sets
atomic basis sets (6-311G, cc-pVDZ, and, in the case using selection criteria similar to those applied earlier
of C,, also STO-6G). It is obvious from the ,C to CH,.
calculations that the ionization cross sections based on  H,O: Fig. 19 shows four selected sets of measured
the cc-pvdz and 6-311G basis sets yield essentially ionization cross sections for @ [133-136] in com-
identical results, whereas the calculation using the parison with the present DM calculation, a BEB
simpler STO-6G basis sets results in a cross sectioncalculation [27], a calculation by Khare and co-
that has an unrealistically low threshold, a larger peak workers [24], and a more recent calculation by Sak-
cross section value at a lower impact energy, but a sena et al. [49] using a variant of the formalism of
similar high-energy dependence. In the case g Khare and collaborators [24]. There is good agree-
limited the calculations to the cc-pVDZ and 6-311G ment among the four experimental data sets within
atomic basis sets that lead to essentially identical their combined margins of uncertainty. All four cal-
cross section curves with the expected spectroscopicculated cross section curves are in good agreement
ionization threshold [130]. with one another and also in good agreement with the
O,: Fig. 18 shows two experimental data sets for experimental data from threshold to 1000 eV.
Os: the absolute cross sections measured by Siegel NHj: Fig. 20 shows the experimental Nkbniza-
[131] and the relative cross section measurement of tion cross section data sets of Rao and Srivastava
Newson et al. [132] that these authors normalized to [137], Djuric et al. [47], Bederski et al. [138], and
the absolute cross section of Siegel. Also shown in Crowe and McConkey [139] in comparison with four
Fig. 18 are the calculated BEB [28] and DM cross calculated cross sections that use the same methods as
sections that both overestimate the experimental data,before in the case of JO (Fig. 19). The experimental
particularly in the region of the cross section maxi- data of [47, 137, 138] are in excellent agreement with
mum. Overall, the DM cross section is closer to the one another and in reasonably good agreement with
experimental data than the BEB cross section. We the data of Crowe and McConkey [139] whose cross
note that the @ experimental cross section data are section appears to rise somewhat faster than the cross
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Fig. 17. Electron impact ionization cross section gfa®d G, as a function of electron energy. (a):€he three different curves represent DM
calculations using three different atomic basis sets—6-311G (thick solid line), dashed line (cc-pVDZ), thin solid line (STO-6@)th@®) C
two different curves represent DM calculations using two different atomic basis sets—6-311G (thick solid line), dashed line (cc-pVDZ).
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Fig. 18. Electron impact ionization cross section gfa® a function of electron energy. The experimental data points from [132] (filled squares)
are normalized to the absolute measurements of [131] (filled inverted triangles). The thick solid line represents the present DM calculation an
the thin solid line denotes the BEB calculation [28].
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Fig. 19. Electron impact ionization cross section gfdHas a function of electron energy. The experimental data points are from [136] (filled
squares), [133] (open diamonds), [134] (open inverted triangles), and [135] (open squares). The thick solid line represents the present D
calculation, the thin solid line denotes the BEB calculation [27], the dashed line refers to the calculation of Khare and co-workers [24], and
the open circles connected by a solid line denote the calculation of Saksena et al. [49].
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Fig. 20. Electron impact ionization cross section of \t$ a function of electron energy. The experimental data points are from [139] (open
squares), [47] (filled circles), [137] (open circles), and [138] (crosses). The thick solid line represents the present DM calculation, tide thin soli
line denotes the BEB calculation [27], the dotted line refers to the calculation of Khare and co-workers [24], and the open circles connecte
by a dashed line denote the calculation of Saksena et al. [49].

section functions reported by the other groups. The racy and all four calculations describe the measured
calculated BEB cross section [27] and the calculation cross sections quite well over the entire range of
of Jain and Khare [24] show the best agreement with electron energies, except that the DM cross section
the data of [137,138,47], whereas the DM cross again appears to decline faster than the other cross
section is in better agreement with the data of Crowe section curves in the high-energy region.
and McConkey [139] in the energy regime from CH;OH: Fig. 22 shows the measured ¢bH
threshold to~50 eV. Above 50 eV, the DM cross cross section of Djuric et al. [142] in comparison with
section declines faster than all experimental data andthe present DM calculation. Although there is reason-
the other two calculated cross sections. The cross able agreement between the measured and the calcu-
section calculated by Saksena et al. [49] lies system- lated cross section in terms of the magnitude of the
atically below all other calculated and measured data cross section, there is a serious disagreement as far as
except perhaps at very low impact energies. An the cross section shape as a function of impact energy
improved variant of the Khare et al. calculation (not is concerned. The calculated cross section reaches its
shown in Fig. 20) carried out by Djuric et al. [47] maximum at a much lower energy and declines faster
gives a better agreement with the data of [47]. toward higher impact energies compared to the mea-
CO,: Fig. 21 shows four selected data sets for,CO sured cross section.
[51, 88, 140, 141] in comparison with four calculated TiCl ,: Fig. 23 shows the recent measurement of
cross sections that use the same methods as before irthe ionization cross section of the molecule titanium
the case of HO (Fig. 19). All four experimental data  tetrachloride (TiCJ)) that is the precursor in the
sets agree with one another within their stated accu- plasma-assisted deposition of technologically impor-
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Fig. 21. Electron impact ionization cross section of 3 a function of electron energy. The experimental data points are from [140] (filled
circles), [91] (open circles), [141] (stars), and [88] (open triangles). The thick solid line represents the present DM calculation, the thin solid
line denotes the BEB calculation [27], the dotted line represents the calculation of Jain and Khare [24], and the dashed line denotes tt
calculation of Saksena et al. [49].

tant TiN films. The total TiCJ ionization cross section  as well as indirect ionization processes are not in-
is obtained from a complete set of partial ionization cluded in the DM formalism, which is restricted to
cross section measurements [143] and is compared toprocesses in which a single target electron is ejected
the present DM calculation, which represents the into a direct ionization process.

experimental data quite well, except in the region of

the cross section maximum. The structure in the

measured data around 50 eV could be the result of 4. Conclusion

unusually prominent ion-pair formation processes

contributing to one or more of the measured partial Progress in the experimental determination of
ionization cross sections. lon-pair formation pro- cross sections for the electron-impact ionization of
cesses generally have very small cross sections formolecules in the past decade served as a stimulus to
most molecules. Evidence for the presence of ion-pair revisit the state of theoretical calculations of molecu-
formation channels has been found in molecules such lar electron-impact ionization cross sections. In addi-
as O, CO, CH,, and in particular in halogen- tion to the advancement of simplistic additivity rules
containing molecules [144]. However, even in CF  and other simple calculational schemes, more rigor-
which is known to have some of the largest cross ous methods have also gained prominence recently.
sections for molecular ion-pair formation processes More rigorous approaches in this context refer to
[145], the cross sections for ion-pair formation chan- methods that incorporate quantum mechanically cal-
nels do not exceed a few percent of the direct culated molecular structure information. This topical
ionization cross section. lon-pair formation processes review summarizes recent developments in the appli-
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Fig. 22. Electron impact ionization cross section of O as a function of electron energy. The experimental data points are from [142] (filled
dots) and the thick solid line represents the present DM calculation.
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Fig. 23. Electron impact ionization cross section of Ti@ a function of electron energy. The experimental data points are from [143] (filled
dots) and the thick solid line represents the present DM calculation.
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cation of three more rigorous approaches to the
calculation of molecular ionization cross sections, viz.
the method of Khare and co-workers, the approach of
Kim and Rudd, and the DM formalism. All these
approaches have been refined several times over the
past few years. In this review, we compare the
predictions of the most recent variants of these meth-
ods with available (and in certain cases critically
evaluated) experimentally determined ionization cross
section data. In most cases, there is very good to at
least satisfactory agreement between the experimental
data and the calculated data and among the calculated
data. The most notable exceptions include the fluo-
rine-containing species GFand NF (x = 1-3)
where the DM calculation as well as preliminary
results from the BEB approach [146] overestimate the
measured data by as much as 50%.

Both the DM formalism and the BEB approach are
comparatively straightforward calculation schemes
that rely on information and data that are for the most
either readily available in published literature or
easily obtainable from standard quantum chemistry
codes. This will help facilitate the incorporation of
calculated ionization cross sections into cross section
data sets of molecules for modeling codes and other
applications and will enable comparisons with the
rapidly increasing number of experimentally deter-
mined molecular ionization cross sections.
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