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This paper describes the application of the modified additivity rule (MAR) to the calculation of total (counting)
electron-impact ionization cross sections of complex molecules with sum formulas of the fBynAB,C,,

and ABCDy. The MAR incorporates weighting factors for the contributions to the molecular ionization
cross section from the ionization cross sections of the constituent atoms, which depend explicitly on the
atomic radii and the effective number of atomic electrons except for a few special cases (hydrides where the
other constituent atom has a radius smaller than the radius of the H atom and species where both constituent
atoms have radii smaller than the radius of the H atom), where the weighting factors depend only on the
atomic radii, i.e., on geometric effects. A comprehensive comparison of the predictions of the modified
additivity rule with available experimental data and with other theoretical predictions is presented.

I. Introduction available experimental data and, where available, with other
calculations using the DM formalisi;!the method of Khare

Electron-impact ionization cross sections of molecules are and co-workeré? the approach of Bobeldijk et #8.or the BEB

important quantities in a variety of applications as diverse as X
low-temperature processing plasmas, fusion edge plasmas, ga: ﬁthodﬁv”for molecules with sam formulgs of tfher:orm Ag’.f. d
discharges, planetary, stellar, and cometary atmospheres, radia- e present paper reports the extension of the modifie
tion chemistry, mass spectrometry, and chemical analysis. additivity rule to more complex molecules with sum formulas
Rigorous quantum-mechanical calculations of ionization cross .Of the form ABy, AB,C,, and AB.CGD.. As was done before

sectons o OG- targets e beyond the capaliy of 1" 252 f e maeces of e o conprenersne
current quantum-mechanical electron collision theory for es- P P

sentially all moleculed® The need to incorporate molecular with other available theoretical results is presented. Our
ionization cross sections in modeling codes for various applica- approach is motivated by the need to provide a simple and easy-

fon (see .. fuson edge s plsma proces- 5,054 MEDOX for e cacuaton of s rge number
ing®) has stimulated the use of simplistic additivity rules to ’ y

estimate molecular ionization cross sections. Many variants of ?\éggzgile tlgfc?e:;?agzi]alIr;rthee-slclgeltraattiaentﬁxnszzEaf\li\(/:(;;jcsaltchuela-
the additivity rule, whose concept was first introduced liyds ty Y Y q

and Stevensofican be found in the literatureé® They all rely ;[/Iv%ne:(: (;aIC;r rgofﬁumleb'erTZ'fs 'Csr(f’;mggﬁfolfe;:'tgoi)?pgf:;f:;e
on the concept that the molecular ionization cross section is 9

derived by adding in some fashion the ionization cross sections @ceuracy are needed for modeling purposes.
of the qtomic constituents of.the moleculg WiFh or without Il. Concept of the Modified Additivity Rule
accounting for molecular bonding and/or weighting factors for B
the atomic cross sections. In addition to these rather simple The conventional additivity rule as introduced bjv@s and
approaches, there have been semiempirical and semiclassicabtevensohand refined by Fitch and Sauteand Deutsch and
approachés!? including the DM formalisni?*! geometric Schmid® uses the concept that the molecular ionization cross
approache&4and the more rigorous BinanEncounter Bethe  sectiono can be expressed in the form
(BEB) theory of Kim and collaborato¥s 17 which combines
the additivity concept with quantum mechanically calculated o=b+ Znigi (@)
molecular guantities. T

In a previous paper, Deutsch et'&presented a comprehen-
sive comparison of predicted molecular ionization cross sectionswhereb is a constantn; is the number of atomsi™in the
using a modified additivity rule, which includes appropriately molecule, and; is the constant contribution of each atoif
chosen weighting factors to account for molecular bonding, with to the molecular ionization cross section. The additivity concept
as represented by eq 1 is in principle not capable of reproducing

I Ernst-Moritz-Arndt fUnivirsitla the “inversion” of the molecular ionization cross sections which
Stevens Institute of Technology. i i = 1—

§ Institut fir Niedertemperatur Plasmaphysik. Wa?' flrch;li)serveq experimentally for the S(R 1. 3,), free

O Leopold-Franzens Universita radicald® 2! and discussed by Deutsch efalfInversion” here

* To whom correspondence should be addressed. refers to the fact that the total single ionization cross section
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For the previously mentioned case of the ,Sfk = 1—-3)

10°L radicals, for which an “inversion” of the ionization cross section
had been observed experimentdfly?! the calculation of the
ionization cross sections using the modified additivity rule yields
L the following result (we also included a calculation for the stable
SiF, molecule and measured cross sections for S and F, see ref
18)

> o™ (Si) = 1.005"(Si) + 0.005" (F)
< (6" (Si)at 70 eV: 5.9 10 *°cnr)

107} BYS o' (F)= 0.0 (Si) + 1.000" (F)
(6" (F)at 70 eV: 0.9x 10 **cn?)

o (SiF)= 0.88"(Si) + 0.465" (F)

107 . L (0" (SiF) at 70 eV: 5.6x 10 **cnr)
107 0t o, 10’

L. BET o' (SiF,) = 0.545"(Si) + 1.24"(F)

Figure 1. Functional dependence of the exponemt®, y, andd on +rai . —16

o*, B* y* and o* (see text for further details). (0" (SiF) at 70 eV: 4.3x 10 sz)

decreases with increasing number of atomic constituents in theo™ (SiFy) = 0.3% (Si) + 2.1 (F)

molecule, i.e.g"(SiF) > 07 (SiF) > o™ (SiFs). The reason for /o . —16

this inversion comes from the fact that the contribution of the (07 (SiFg) at70 ev: 4.2 10 )
large Si ionization cross section to the molecular ionization cross

) — +/c; +
section is increasingly screened by the surrounding F atoms,? (SiFy) = 0.3l (Si) + 3.10 (F)

whose ionization cross section is much smaller, when going (O'+(Si[:4) at70 eV: 4.6x 10 *°cn)
from SiF to Sik to SiF; (see detailed discussion below).
The modified additivity rule introduced by Deutsch ef@l.  In these calculations we used the tabulated values for the atomic

attempted to account for the effects of molecular bonding by radii,18233.81 x 10711 m for fluorine and 11.53< 10~ m for
introducing empirically determined weighting factors that silicon, and values for the effective numbers of electrons of 7
depend on the atomic orbital radii and the electron occupation (F) and 4 (Si). These numbers, in turn, determine the arguments
numbers of the various atomic orbitals. A detailed comparison o* and 8*, and Figure 1 is then used to extract the exponents
with existing molecular ionization cross section data for o andp for each target. It is apparent that the contribution to
molecules of the form ABsuggested the following explicit form  the molecular ionization cross section from Si is decreasing as
of the total single ionization cross sectiofi(AB,) of such a one goes from SiF to SgFdue to the screening of Si by the

molecule increasing number of F atoms, whereas the contribution due to

F is increasing as the number of constituent F atoms increases.

0 (AB,) = fa(raleénép) 0 (A) + fa(rarsénép)n o (B) However, since the absolute atomic ionization cross section of
(2) Si is much larger than that of F, the decreasing Si contribution

to the molecular ionization cross section when going from SiF
to SiFs is not fully compensated by the increasing contribution
from the F cross section. As a result, the molecular ionization
cross section decreases from SiF tosSikhich is what was
observed experimentally by Freund and co-workérs! It is
only for the Sik molecule that the inversion in the ionization
_ 2 2y70 cross sections is partially reversed, i@’ (SiF) > o™ (SiF),
fa(Tarebass) = (A V(g )] [SA/(54 +1Ep)] (30) o™ (SiR). Thisis dFl),Ie to tﬁe fact that the gddit)ion of g\ fou)rth F

fo(F ol nrEp) = [(ntz)/(mAz)]ﬁ[ngB/@A +n&,)] (3b) gtgm.to Sifz contributes little to the further screening of the Si
A special case arises for hydrides where the second atom
has a mean radius of the valence electron that is smaller than

the radius of the H atom, e.g.,8, OH, and HF, and in cases
a=g,(a*) and B=g,s* (4) where the radii of both atoms are smaller than the radius of the

H atom (NO, NO, and NQ). The ionization cross section for
where the functiong; and g, are shown in Figure 1 and the these molecules is determined by geometric effects alone which
arguments are given by is accomplished by setting the factors containing the ratios of

the electron numbers equal to one, which leads to

Herera, rg and&a, &g refer to respectively the radii and the
effective number of electrons of the atoms “A” and “B”, and
ot(X) denotes the total single electron-impact ionization cross
section of the atoms X. The weighting factdgsand fg are
given by

The exponentst andf are explicitly dependent oy, rg, &a,
and&g. Specifically, we have

o = [(ralrg)éal(éa + &)1 and
B* = [(rg/ra)&e/(Ea + &p)] (5)
The two curves in Figure 1 were obtained empirically from a

fitting procedure using a few benchmark cross sections (seewhere the exponents and are now also determined solely
Deutsch et al8 for further details). by the ratios of the atomic radii; i.e., the factors containing the

0" (AB,) = [(awr A/(narg?)] "o (A) +
[(nerg))l(zer ,9)1Pno ™ (B) (6)
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effective electron numbers is set equal to unity. This is shown
in the following example of NK(x = 1—3):

7 —

T T T T

o~

o (NH) = 0.9%(N) + 1.0 (H)
0" (NH,) = 0.7 (N) + 2.00" (F)

o (NHy) = 0.57%"(N) + 3.000" (F)

oc(10™cm?)

The H atom contributes with its full atomic ionization cross
section to the molecular ionization cross section, whereas the
contribution of the N atom is reduced by a factonqt/

The above-described modified additivity rule can be extended
to the calculation of electron-impact ionization cross sections o5

for molecules with a sum formula of the form®,, AB,C,,
and ABCiDy. The corresponding expressions are in their
simplest form (factors af which cancel have been omitted for
simplicity):
ot (AB,) = [ re A [XEA (X5 + yER)IXa (A) +

[(yra Va2 y&el (xEn + YERIYT'(B) (72)

o (AB,C) = [(y + 2IX*[(ra/(rg? + r A [XEnl(YER +
ZEJIxa" (A) + [(x + I [(red)(r a2 + r A Ty&al (xEx +
ZEJlyo " (B) + [(x + WWAI(rA(ra” + g [25/ (xEn +

y&p)lzo"(C) (7b)

0" (A,BLD,) = [(s+ t+ u)/p]*[(ra/(rg” + 1 +

o )]“[pEal(SEg + téc + uEp)lpo (A) + [(p+t+

WS T(rgI(r a2 + r2 + rpd [sEg/(PEA + té +

UE)so*(B) + [(p+ s+ WA I(rA(ra? + rg” +

(o)) It/ (PéA + SEg + UER)]ta ™ (C) + [(p + 5+

UL a2 + g2 + 1A [UED/(PE, + SEg +

t&)Jus (D) (7c)

The exponents. andf for the molecules By are determined
in a fashion similar to the case of the molecules,ABVe also
note that eq 7a becomes identical to eq 2 for the sasel

(andy = n). The exponents, 3, andy for the molecules
A,B,C; are obtained from Figure 1 using the functions

a=g(a), =), v =0 (8)
where the exponents*, 5*, and y* are given by
o = [(ral(rg + rol[Ea/(Ss + &0 (9a)
p* =[(re/(ra + roll&e/(Ea + S0 (9b)
y* = rcd(ra + rellEc/(Ea + So)] (9¢)

The exponents, 3, y, ando for the molecules pBsC:D, are
obtained from Figure 1 using the functions

ﬁ = gz(ﬁ*)y
where the arguments are given by
oF =r1,/(rg +rc+rp)5al(Eg + &+ &p)

B* =rgl(rp +rc +r1p)Ep/(Ea + Ec + &p)

o= gy (), Y =0y, 0=0,(0%) (10)
(11a)

(11b)

10°
Electron energy (eV)

Figure 2. Electron impact ionization cross section gHg as a function
of electron energy. The data points are from refs 25 (trian@ls26

(squaresH), 27 (circles,®), and 28 (diamonds#); the solid line
represents the BEB calculation of Kim and co-workérthe dashed

line represents the DM calculati@and the dash-dot line is the present
MAR result.

T T T T TTTY T T T T T

o (10™%m?)

Ly vl L
10°
Electron energy (eV)

o
o
°
°
°
[
D
[)
1
10

Figure 3. Electron impact ionization cross section aHg as a function
of electron energy. The data points are from refs 25 (trian@l$s27
(circles,®), and 29 (diamonds®); the solid line represents the BEB
calculation of Kim and co-worker$,and the dash-dot line is the present
MAR result.

y*=rddty +rg+rp)éd(En + &+ Ep)

O* =rpl(ry +rg+ro)ép/(Ea+ 85+ 50 (11d)

We note that the factors containing the effective electron
numbers in the expression faf and g* are set equal to unity

for the molecules By similar to the case of the molecules AB

if one or both atoms have mean radii of their valence electrons
that are smaller than the radius of the H atom. In the case of
the molecules #B,C, and A,BCD, the same applies, if the
radii of the atoms are smaller than or equal to the radius of the
H atom.

(11c)

Ill. Results and Discussion

In this section we compare the results of our calculation using
the modified additivity rule of eqs 7a7c with available
experimental data and with various other calculations, primarily
the DM formalisn?~1* and the BEB results of Kim and co-
workers!®17.24 \We note that the agreement between calculated
and measured cross sections also depends crucially on the
reliability of the atomic ionization cross sections that are used
in the calculations. In most cases, the level of accuracy of the
atomic ionization cross sections is in the range-38% (see
e.g. ref 9).
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Figure 4. Electron impact ionization cross section aHz as a function
of electron energy. The data points are from refs 30 (open ci©lgs,
31 (solid line), and 32 (diamond®,); the dashed line represents the
DM calculation? and the dash-dot line is the present MAR result.
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Figure 5. Electron impact ionization cross section gHg as a function
of electron energy. The data points are from ref 25 (triangigsthe
solid line represents the BEB calculation of Kim and co-workétke
dashed line is the DM calculatidrand the dash-dot line is the present
MAR result.

Molecules with Sum Formulas of the Form AB,. Figure
2 and Figure 3 show a comparison of our MAR calculations
with available experimental data and with the BEB calculation
for the two hydrocarbon moleculesids and GHg. In the case
of C;Hs, where we also show the results of the DM formalism,

Deutsch et al.
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Figure 6. Electron impact ionization cross section gfFgas a function

of electron energy. The solid line represents the “recommended” cross
section of Olthoff and Christophord8 the dots represents the BEB
calculation of Kim and co-workers (as quoted in ref 33), and the dash-
dot line is the present MAR result.

T

107 10

Electron energy(eV)
Figure 7. Electron impact ionization cross section of,} as a
function of electron energy. The experimental data points are from
Krishnakumar and Srivastatfa(circles, ®) and Chatham et &f.
(triangles, A), the solid line represents the BEB calculation of Kim
and co-worker$? and the dash-dot line is the present MAR result.
and calculated cross sections. It would appear that the DM
calculation favors the experimental data of Tate and Sith,
whereas the MAR calculation is closer to the data of Gaudin
and Hageman#! but the differences are less than 20%.

There is only a single set of experimental ionization cross
sections for the gHg molecule?® which is limited to impact

there is good agreement between the four available experimentaknergies higher than 500 eV. The BEB model, the DM
data set¥ 28 and between the experimental data and the three formalism, and the MAR predict a cross section that lies below
calculations for impact energies up to about 70 eV. For higher the measured data in that energy range (see Figure 5). The
impact energies, the MAR calculation lies systematically below calculations yield similar cross sections with the MAR calcula-
the experimental data, whereas the BEB and DM calculations tion predicting a maximum cross section that is about 15%
describe the cross section very well for higher impact energies higher than the maximum cross section from the BEB and the
as well. A similar situation is found for 4Elg (Figure 3) where DM calculations.
the three available experimental data ¥et52°agree well with C,Fs is an important molecule for plasma processing ap-
each other and with the BEB calculations over the entire energy plications using fluorocarbon plasmas. Figure 6 shows our
range up to 10 keV, whereas the MAR calculation describes MAR calculation in comparison with the BEB calculation and
the experimental data very well up to about 60 eV, but declines with the “recommended” experimental data set of Olthoff and
more rapidly than the measured data and the BEB calculationsChristophoro@® which these authors derived from a critical
for higher impact energies. No DM calculations are available evaluation of all available experimental cross section data for
for CsHs. CoFs. The two calculations agree very well with each other,
Figure 4 shows three sets of experimental ionization cross and both calculated cross sections lie somewhat below the
section dat#-32 for C,H; in comparison with the MAR and  “recommended” cross section of Olthoff and Christophéfou
the DM calculations. There is good agreement between the for energies above about 30 eV.
three experimental data sets within their combined error margins, Figure 7 shows the two available data sets faHgifrom
and there is also satisfactory agreement between the measureirishnakumar and Srivastat’aand Chatham et a5 which are
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Figure 10. Electron impact ionization cross section of methanolzCH
20 z.'o ! 6'0 — 0 OH, as a function of electron energy. The solid line represents the
Electron energy (eV) experimental data of Djuric et a®, the dashed line is the DM
calculation? and the dash-dot line is the present MAR result.

Figure 8. Electron impact ionization cross section of the three metal

organic compounds @ls)—Pt—(CHs)s, (CHs;CsHs).—Ru, and
(CH3CsH4).—Fe as a function of electron energy. The experimental 1k AAAMMA AAa
data are from Basner et & (solid lines), and the dash-dot lines are AA 24 A
the present MAR results. Each curve is labeled by the metal atom of F A LN
the compound.
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Figure 9. Electron impact ionization cross section of TMS as a function 4
of electron energy. The data points are from refs 36 (cir@gsand O il L
37 (dashed line); the solid line represents the BEB calculation of Kim 0 20 40 GO0 80 100 120 140 160 180
and co-workers? and the dash-dot line is the present MAR result. electron energy(eV)

in reasonable agreement with each other (except near the pealgjggtri‘znlé-f eii‘;ﬁg?}”;&?g‘;t %Ohrgzgggnpgﬁﬁf: asreeC:QQ g; %ﬁ;ﬁ;gs
wi ttf?(tah(e:rEISESBSCeaﬁgﬁIrgt’i(;??f‘coon:ﬁ?\;lioRnc\gllétIggérfzgfelgg?/:/‘eﬁnd and 40 (circles®), and the dash-dot line is the present MAR result.
with the experimental data over the entire range of impact calculation reproduces the experimentally determined ordering
energies, in particular with the data of Krishnakumar and of the cross sections for these three very complex compounds.
Srivastava* whereas the BEB calculation predicts a cross  Two experimental data sets are available for tetramethylsilane
section that lies significantly below the experimental data up (TMS), Si(CH)s, the data of Basner et #.and the data of
to about 100 eV. McGinnis et af” Both the BEB calculation of Kim and co-
Molecules with Sum Formulas of the Form AB,C,. Figure workerg4 and the present MAR calculation support the experi-
8 compares the MAR calculation with available experimental mental data of Basner et &F,which exceed the data of
data for three metalorganic compounds that are used as McGinnis et af” by about a factor of 2 at all impact energies
precursors in chemical vapor deposition applicationgtgr- as shown in Figure 9.
Pt—(CHa)s, (CHsCsH4)>—Ru, and (CHCsH4),—Fe. The ex- Figure 10 shows our MAR calculation for methanol, £H
perimental data are those of Basner etallwo observations OH, in comparison with the experimental data of Djuric etal.
are noteworthy: (i) the MAR calculations yields cross section and with a DM calculatiod. The DM calculation yields a cross
data that are systematically higher than the experimental values;section that lies systematically below the experimental data and
(i) the factor by which the calculations exceed the experimental the MAR cross section by about 30%. It is interesting to note,
data is about 1.75 for all three targets, which means that the however, that the cross section shape predicted by the DM
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_ _ ectron energy (eV) _ Figure 13. Electron impact ionization cross section of M as a
Figure 12. Electron impact ionization cross section of ¢Has a function of electron energy. The data points are from Valance ét al.,
function of electron energy. The data points are from Vallance €t al., the solid line is the calculation of Harland and Vallafié¢he short
the solid line is the calculation of Harland and Vallariééhe short dashed line is a BEB calculation (as reported in refs 41 and 42), the

dashed line is a BEB calculation (as reported in refs 41 and 42), the long dashed line is a DM calculation by Harland and co-workkts,
long dashed line is a DM calculation carried out by Harland and co- and the dash-dot line is the present MAR result.
workerst42 and the dash-dot line is the present MAR result.

calculation is in better agreement with the experimental data
than the calculated MAR cross section, which, on the other hand,
is in better agreement with the experimental data in terms of
the maximum cross section value.

There are two data sets in the literature for the electron impact
ionization of the etching gas C&, which show a significant
disagreement in terms of the absolute cross section vai{ie.
Figure 11 shows the two data sets in comparison with the present
MAR calculation. It is apparent that the MAR calculation
supports the lower cross section values of Leiter éf al.

Recently, Vallance et df. measured ionization cross sections
for three CHX compounds (X= F, Cl, Br). Figure 12 shows
the experimental data for GH which are compared with the
present MAR calculation, a BEB calculation (as reported in refs
41 and 42), a DM calculation carried out by Harland and co-
workers#42and a model proposed by Harland and Vallaftce.
All calculations except for the DM calculation agree with each
other reasonably well, and they are also in good agreement with 0 40 80 120 160 200
the experimental data. In the case of {CH(Figure 13), the Electron energy (eV)
experimental data are best represented by the calculation ofrigure 14. Electron impact ionization cross section of @ as a
Harland and Valland@ and by the DM formalism for energies  function of electron energy. The data points are from Vallance %t al.
up to about 70 eV, whereas the other two calculations (MAR The solid line is DM calculation carried out by Harland and co-
and BEB) appear to underestimate the data in that energy regioﬁNorkers‘.‘“ZT_he two dash-dot lines are respectively a BEB calculation
by respectively 15% and 30%. For higher energies, however, (as reported in refs 41 and 42+ -) and the present MAR result {-).
the MAR and BEB calculations describe the experimental data
better than the predictions of Harland and Vall&i@nd the HMDSO (Figure 15), the agreement is less satisfactory for
DM calculation?142 A very similar situation is found for Ckd TEOS (Figure 16), where the measured cross section exceeds
Br (Figure 14), where the MAR and BEB calculations under- the calculation for energies above about 50 eV by as much as
estimate the measured cross section near the maximum by30% and appears to peak at a higher energy. A possible reason
respectively 12% and 30% but are found to agree with the for this discrepancy could be a significant contribution from
measured data quite well for energies above about 120 eV. Theion pair formation processes to the measured cross section at
DM calculation tends to overestimate the experimental data higher impact energies. lon pair formation, however, is a
slightly for all energies. No calculations based on the model process that is not included in the MAR model.

o (10™em?)

01.»]:..1.1.!»::||1;L

of Harland and Valland@ have been carried out for this Last, we would like to point out that the MAR has been
molecule. applied to various other molecules with sum formulas of the
Molecules with Sum Formulas of the Form AB<CD,. form ABy and AB,C; which are not discussed here in detail

Figure 15 and Figure 16 show the comparison of the only and for which experimental data are available. In all cases, the
available data set3** for the two Si-organic molecules level of agreement with experiment was found to be comparable
HMDSO, (CH)3—Si—O—Si—(CHa)3, and TEOS, Si(G CH,— to that of those molecules discussed here. We are not aware of
CHa)4, with the MAR calculations. While there is very good any other experimental ionization cross section data for complex
agreement between calculated and measured cross sections fanolecules of the form fB<CD..
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Figure 15. Electron impact ionization cross section of HMDSO as a

function of electron energy. The data points are from Basner ét al.,

and the solid line is the present MAR result.

TEOS (0,SiCgHy)

o(10"m?)
N

50

1 1 1
100 150 200

electron energy (eV)
Figure 16. Electron impact ionization cross section of TEOS as a
function of electron energy. The data points are from Basner ét al.,
and the solid line is the present MAR result.

IV. Conclusions

We have extended the concept of the modified additivity rule
(MAR), which was developed for the calculation of electron-
impact total (single) ionization cross sections of molecular
targets of the form AB(see ref 18), to more complex molecules
of the form ABy, A:B,C,, and ABsC{D,. A comprehensive
comparison of the predictions of the MAR with available
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