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The Deutsch—Mik (DM) formalism was used to calculate absolute electron impact ionization cross
sections for the metal oxide molecules AlIO,,@| and WQ (x=1-3). These molecules are
important in materials research and they are also found as impurities in the plasma edge of fusion
reactors. We also calculated ionization cross sections for the atoms Al and W. In the case of the
Al-containing compounds, we find an unexpected ordering of the maximum ionization cross section
o™ M AIO)< M Al)< ™ AlL,0). Furthermore, the maximum ionization cross section for

all four W-containing compounds W, WO, W0and WQ is roughly the same witr™®* values in

the range of 6—-% 10" ¥cm?. These findings can be understood by analyzing the DM calculations
for these species as well as on the basis of semi-classical arguments. In addition, calculations using
the semi-empirical modified additivity rule confirm the trends in the cross section ordering for,
respectively, the Al-containing and W-containing compounds that was predicted by the DM
formalism, at least qualitatively. @001 American Institute of Physics.

[DOI: 10.1063/1.1337085

I. INTRODUCTION vapor species mentioned above. The species (@O
There is an urgent need for ionization cross sections i£\20(g), WO(g), and WQ are additionally important in fu-

the mass spectrometric analysis of inorganic high tempera©" téchnology. Atomic tungsten and aluminum are among
ture vapors. Knudsen effusion mass spectrom@eg Ref. 1, the atomic impurities in the p!asma edge of _fu5|on reactors.
and references quoted thereand high pressure mass spec- N the presence of the omnipresent impurity oxydethe
trometry (see Ref. 2, and references quoted théreie the various Al— and W—oxygen compoundalO, Al,0, WO,
most powerful methods for the analysis of such vapors. NuWO,, and WQ) have to be considered as possible molecular
merous high temperature inorganic vapor species were idefimpurities as welP

tified by these methods for the first time and their partial  In this article, we present the results of the application of
pressures could be determinetlonization cross sections the Deutsch—Nik (DM) formalism to the calculation of ion-
are necessary for the computation of partial pressures fronzation cross sections for the Al-containing molecules AlO,
the measured ion intensities which are used for the evaluaind ALO and for the W-containing molecules WQx

tion of thermodynamic data describing the stability of gas-=1_3). we also calculated ionization cross sections for the
eous species. The data are incorporated in thermodynamigoms Al and W. The ordering of the maximum in the cal-
data bas_es and are widely used. The_ uncertainty originating;|ated ionization cross sectiond™® for the Al-containing
from_est!mated |on|za'F|on cross sec_:tlons for the mOIG_CUIaVspecies exhibits a counterintuitive ordering™AIO)
species is generally higtt This applies also for the oxide < o™XAl)< ¢MXAILO). Furthermore, the maximum ion-
species AlQg), Al,0(g), WO(g), and WQ, as well as ization cross section for the four W-containing compounds

AlO(g) and ALO(g) which are major vapor species over : . .
Al,O; base ceramics and tungsten. The computations pré’—v’ WO, WO,, and WQ is roughly the same with a value in

sented in this article form the basis for mass spectrometriyje fa“@?e 9f_6—7<10 cnt, ?f'”d'”g that is qlso not e>.<-
vaporization studies of AD; and tungsten to determine pected intuitively. An attempt is made to explain these find-

more accurate values for the stability of the high temperaturé9S by analyzing the DM calculations for these species as
well as on the basis of semi-classical arguments. In addition,

SElectronic mail: kbecker@stevens-tech.ed we carried out calculations using the semi-empirical modi-

| 1N 'V - .edu . s . . . .

YAlso at: Adjunct Professor, Dept. Plasmaphysics, Univerzita Komenskeho‘fIed add|t'v_'ty rUIe(MAR) which Conf'rmed the trends in the
Mlynska dolina, SK-842 15 Bratislava 4, Slovak Republic. cross section ordering for, respectively, the Al-containing
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TABLE I. Parameters, b, ¢, andd for the energy dependent function in Eq.
(2) for s, p, d andf electrons.

TABLE II. Atomic orbital populations and other parameters required for the
DM calculation of the ionization cross section of AlO. Listed are the effec-
tive electron populatiorg,, in the respectiven,l) subshells, the binding

s electrons: a=1.06 b=0.23 c=1 d=11 energiesE,,|, the corresponding weighting factags, , the radiir ,, (Ref. 7),

p electrons: a=2 b=1 c=1 d=1 and the atomic orbital type. We note that only the outermost five molecular
d electrons: a=3/2 b=3 c=2/3 d=1 orbitals have been considered, since contributions from the remaining six
f electrons: a=23/2 b=1 c=2/3 d=1 core molecular orbitals to the ionization cross section are negligible. The

calculation of the AI-O distance and of tig, was performed with the
MP2 method using the aug-cc-pVQZ basis @¢f. 18. The atomic orbital
populations were derived from restricted open Hartree—R&BHF) cal-

culations with the conduction-electron polarizati@®EP-4G basis set and

and W-containing compounds obtained from the DM formal-eﬁective core potentialéRef, 19,

ism, at least qualitatively.

Molecular
Il. THEORETICAL BACKGROUND Eni Mol Atomic  orbital (MO)
. ) ] ) ] &l (ine Oni (in10"°cm)  orbital No.
A detailed discussion of the DM formalism as applied to
molecules can be found in the recent review of Deutsch’ 934 .64 1452 11.09 Al 1
6 hich we refer the reader for an in-depth discussion poa o8 3208 1.2 A
et al.” to whic _ p 0027 964 2,075 4.63 o2
of the DM method. Briefly, the DM formula for the calcula- 0.875 9.64  3.112 4.41 o
tion of the absolute electron-impact ionization cross section
of an atom has the form 1550 1424  0.983 11.09 Als3 10 and 9
o 0.462 1424 2212 14.24 A8
0.050 1424  1.405 4.63 0s2
o= gnm(ry)2Eny-f(U), ) 1.938 1424  2.107 4.41 o
n,l
_ . _ . . 0.184  18.07  1.743 14.24 A8 8
where ¢,,)? is the radius of maximum radial density of the 1816 1807  1.107 4.41 o2
Iatz)mllc subih_ell tc;]hartac[:)tlerlze? Il;y thle guantumfnumth)azﬁj 0126 3570  0.392 11.09 A .
column 1 in the tables of Desclaix & refers to the  (es 3570 0882 1424 A8
number of atomic electrons in tha,l) subshell, and theg,, 1.670 35.70  0.560 4.63 o2
are appropriately chosen weighting factors which are given0.036 3570  0.840 4.41 (047]

in Ref. 6. The functionf(U) describes the energy depen-
dence of the ionization cross section wherés the reduced
collision energy,U=E/E, . E denotes the energy of the
incident electron andt,, refers to the ionization energy in
the (n,l) subshell. The functiori(U) has the explicit form

f(U)=d(1U)[(U—-1)/(U+1)]3{b+c[1—(1/2U)]

for W using the original DM formula of Eq(l). The quan-
tum chemical information together with all parameters re-
quired to carry out the DM calculations for the five mol-
ecules presented in this publication are listed in tabular form
0. in Tables I-VI. We note that a comparison of the calculated
XIn[2.7+(U—1)°9]}, 2 |owest ionization energies listed in Tables I1-VI with known
where the parametees b, ¢, andd have different values for experimental valuésshows that the Mulliken population

s, p, d, andf electrons as one might expect on the basis of thénalyses reproduce the experimental values very well for

different angular shapes of atomg p, d, and f orbitals.
Table | summarizes the values for the paramedels c, and

d for s, p, d, andf electrons, respectively. In the case of
molecular targets, it was found advantag€dosexpress the

AlO and ALO, and reasonably well for WQ but that there
are discrepancies in the case of WO and W&&e discussion
below).

Figure 1 shows the calculated ionization cross sections

molecular ionization cross section in terms of the atomicfor AIO and AlL,O together with the atomic Al ionization

cross section formula of Eq1). This requires a Mulliken

cross section. We note that in the case of Al the calculated

population analysfsor an equivalent method that expressesionization cross sections and the measured cross setions
the molecular orbitals in terms of the atomic orbitals of theare in good agreement. The cross section ordering depicted
constituent atoms and determines the atomic orbital populdhn Fig. 1 is noteworthy. We find a surprising ordering of the
tions. maximum ionization cross section value§® oM AlO)
<M A<a™Al,0), i.e., the maximum ionization cross
section of the molecule AlO is smaller than the maximum
atomic Al ionization cross section by almost a factor of 2,
whereas the AD cross section exceeds the Al cross section
The calculations presented in this article involve severaby about 25% and the AIO cross section by a factor of 2.5. In
metal oxide molecules. Different atomic basis sets and quarfact, the entire cross section curves show the above ordering
tum chemical methods were used to determine the moleculajualitatively for all electron energies above about 20 eV.
geometries, the atomic orbital coefficier(rbital popula- This ordering can be understood by analyzing the DM
tions), and the ionization energies of the various moleculescross section formula. Table Il shows that AIO has an ion-
Since no experimentally determined ionization cross sectiongation threshold of 9.64 eVfor the outermost valence or-
for atomic tungsterfW) are available in the literature to the bital) which is almost 4 eV higher than the ionization energy
best of our knowledge, we also carried out a DM calculationof atomic Al[which is about 6 eV for the lone electron in the

IIl. RESULTS AND DISCUSSION

A. Calculations using the DM formalism
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TABLE IIl. Atomic orbital populations and other parameters required for TABLE IV. Atomic orbital populations and other parameters required for
the DM calculation of the ionization cross section of,@l Listed are the  the DM calculation of the ionization cross section of WO. Listed are the
effective electron populatiog,, in the respectivén,l) subshells, the binding  effective electron populatiod,; in the respectivén,|l) subshells, the binding
energieE,, , the corresponding weighting factays, , the radiir,, (Ref. 7), energies,,, the corresponding weighting factays, , the radiir,, (Ref. 7

and the atomic orbital type. We note that only the outermost six moleculaand the atomic orbital type. We note that only the outermost ten molecular
orbitals have been considered, since contributions from the remaining lirbitals have been considered, since contributions from the remaining 31
core molecular orbitals to the ionization cross section are negligible. Theecore molecular orbitals to the ionization cross section are negligible. The
calculation of the geometry of AD and of theE,, was performed with the  calculation of the W—O distance and of thg, was performed with the
MP2 method and the aug-cc-pVTZ basis @eef. 18. The atomic orbital ~RHF method and the SDD basis sets and effective core pote(fefs. 20
populations were derived from restricted Hartree—F@RKF) calculations and 21. The atomic orbital populations were derived from ROHF calcula-

with the (CEP-4G basis set and effective core potentid@ef. 19. tions with the CEP-4G basis set and effective core potenids. 19.
En Il Atomic En M Atomic
£l (in ev) 9ni (in 10~ °cm) orbital MO No. £l (ine Oni (in 10 °cm) orbital MO No.
0.950 8.10 1.728 11.09 A3 17 0.120 6.41 1.170 5.15 Ws5 41 and 40
0.840 8.10  3.889 14.24 A8 0.002 6.41 2.028 5.94 Wi
0.210 8.10 3.704 4.41 o 3.220 6.41 1.381 8.02 Wb
0.620 6.41 0.936 14.76 W6
0.220 9.09 3.465 14.24 A8 0026 641 4680 441 o
0.040 9.09 2.200 4.63 o2
0.010 9.09 3.300 4.41 o 0.020 12.28 1.059 5.94 WHE 38 and 39
1.024 12.28 0.721 8.02 Wb
0528 1308 2412 14.24 AlB 2840 1228  2.443 4.41 o
0.006 13.08 1.531 4.63 082
3.458 13.08 2.297 4.41 o2 0.016 13.06 0.576 5.15 Ws5 37
0.016 13.06 0.995 5.94 Wb
0.600 16.97 0.825 11.09 Als3 13 0.446 13.06 0678 8.02 WE
1336 1697  1.768 4.41 o2 0080  13.06  1.531 4.63 0s2
0136 3402 0412 11.09 AIS3 12 1396 1306 2297 441 O
0.244  34.02 0926 14.24 AlB 0018  31.93  0.235 5.15 W5 36
0.318 31.93 0.277 8.02 Wb
0.148 31.93 0.188 14.76 W6
1.404  31.93 0.626 4.63 082
outermost Al 3 subshel]. Moreover, the ionization energy 0.012 31.93 0.937 441 o2
of the second outermost AIO molecular orbita#.24 eV is 3.844 50.39 0.258 5.94 WE 35 and 34
also more than 3 eV higher than the ionization energy of the 0.148 50.39 0.119 14.76 Ws6
second outermost atomic subshell, A&l,3f about 11 eV. As 0008 5039 0.595 4.41 o2
the DM formalism mandates that the produé&,(-g,) of 1.818 52.32 0.249 5.94 Wb 33
ionization energye,, and weighting factog,,, the so-called  0.002 5232  0.169 8.02 Wb
“reduced weighting factor,” is a constant for any given 0080 5232 0.115 14.76 V6
atomic subshelin,).® the shift in the ionization energies for 0.052 52.32 0.382 4.63 02
. . .048 52.32 0.573 4.41 o2
the two outermost orbitals by more than 3 eV in each case
means that the weighting factors for the A Znd Al 3p 1.466 91.71 0.082 5.51 Ws5 32
contributions to the ionization cross section for AlO are sig- 9452 ~ 9171~ 0.097 8.02 Wb
nificantly smaller than the contributions of the same sub- >-2/° 9L71 0.065 14.76 V6
y 9171  0.327 4.41 o

shells to the atomic Al ionization cross section. In addition,
there is a significant atomic oxygen contribution, primarily
O 2p, in the atomic orbital populations of the two outermost
molecular AlO orbitals. These oxygen orbitals have signifi-
cantly smaller radii than the Al orbitals. Since the calculatedonization cross section. The electrons in these orbitals have
ionization cross section depends an,)? [see Eq.(1)], the  comparatively large weighting factors. Moreover, when
oxygen orbitals contribute much less to the AIO ionizationcompared to AlO, the oxygen contributions in the two out-
cross section than the Al orbitals. This explains why theermost molecular orbitals of AD are much smaller than the
calculated AIO ionization cross section is much smaller tharcorresponding oxygen contributions in the two outermost
the atomic Al ionization cross section. molecular orbitals of AIO. This explains why the /&) ion-
Similar arguments can be used to understand why theation cross section is much larger than the AlO ionization
Al,O ionization cross section is much largéy a factor of  cross section. On the other hand, the facts thail,O has a
2.5!) than the AlO ionization cross section.,& has an ion- larger ionization energy than Al and that) the outermost
ization energy that is 1.5 eV lower compared to that of AIO.molecular orbitals have some oxygen contributions in their
In addition, there are five molecular orbitals with ionization molecular orbitals explain why the 4D ionization cross
energies below 17 eV, which account for most of thg@Q\l  section is only about 30% larger than the atomic Al ioniza-

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



1918 J. Appl. Phys., Vol. 89, No. 3, 1 February 2001 Deutsch et al.

TABLE V. Atomic orbital populations and other parameters required for the TABLE VI. Atomic orbital populations and other parameters required for
DM calculation of the ionization cross section of WQ.isted are the ef- the DM calculation of the ionization cross section of WQisted are the
fective electron populatiog,, in the respectivén,l) subshells, the binding effective electron populatiot, in the respectivén,l) subshells, the binding
energieE,,, (Ref. 7), the corresponding weighting factags, , the radiir,, energieE,, , the corresponding weighting factayg, , the radiir,, (Ref. 7),

(Ref. 7 and the atomic orbital type. We note that only the outermost 13and the atomic orbital type. We note that only the outermost 16 molecular
molecular orbitals have been considered, since contributions from the resrbitals have been considered, since contributions from the remaining 33
maining 32 core molecular orbitals to the ionization cross section are negeore molecular orbitals to the ionization cross section are negligible. The
ligible. The optimization of the W@geometry was performed by B3LYP optimization of the WQ geometry was performed by B3LYP calculations
calculations with the SDD basis s@efs. 20 and 2)1 while the same basis  with the SDD basis segfRefs. 20 and 21 while the same basis set and the
set and the MP2 method were used to calculateEihje The atomic orbital ~ MP2 method were used to calculate thg . The atomic orbital populations
populations were derived from RHF calculations with the CEP-4G basis setvere derived from RHF calculations with the CEP-4G basis set and effec-

and effective core potential&Ref. 19. tive core potentialgRef. 19.
En Il Atomic En M Atomic
Enl (ine 9ni (in 10~ °cm) orbital MO No. Lol (in ev) Oni (in 107°cm) orbital MO No.
0.046 11.70 1.111 5.94 Wb 45 and 44 0.034 12.98 1.002 5.94 Wb 49
0.608 11.70 0.513 14.76 W56 0.402 12.98 0.462 14.76 W56
3.346 11.70 2.564 4.41 o 1.564 12.98 2.311 4.41 o2
1.138 11.84 0.633 5.94 Wb 43 2.000 14.04 2.137 4.41 o 48
1.320 11.84 0.748 8.02 Wb
0016  11.84  0.689 4.63 02s 0338 1419 0624 8.02 Wb
0112 1184 2534 441 o 0096 1419  0.423 14.76 W56
0.032 14.19 1.409 4.63 s2
0.052 12.20 1.066 5.94 Wb 42 3.446 14.19 2.114 4.41 o
0.052 12.20 0.492 14.76 W56
1872 1220 2459 4.41 o2 2004 1563  1.919 441 o2
1.942 1435 0617 8.02 Wb 41 and 40 0.044  16.55  0.453 5.51 Ws5 43
0.016 16.55 0.363 14.76 W56
0.010 16.14 0.465 551 Ws5 39 0.126 16.55 1.209 4.63 Gs2
0.514 16.14 0.548 8.02 Wb 1.492 16.55 1.813 4.41 o
0.006 16.14 0.372 14.76 W56
0.138 17.70 1.230 4.63 Gs2
0.092 32.17 0.948 5.94 Wb 38 2.516 17.70 1.695 4.41 o2
0.282 32.17 0.933 14.76 W56
0.004 3217  1.010 4.41 o 0582 3483  0.254 8.02 Web
0.382 34.83 0.172 14.76 W56
0.022 34.53 0.217 551 Ws5 37 2.832 34.83 0.574 4.63 Gs2
0.560 34.53 0.256 8.02 Wb 0.024 34.83 0.861 4.41 o2
0.078 34.53 0.174 14.76 W56
1.296 3453 0579 4.63 2 0.042  36.17  0.207 5.51 Ws5 38
0.044 3453  0.869 4.41 o 0374 3617 0245 8.02 Web
0.120 36.17 0.166 14.76 W56
3.864 55.38 0.235 5.94 Wb 36 and 35 1.428 36.17 0.553 4.63 Gs2
0.128 55.38 0.108 14.76 W56 0.036 36.17 0.829 4.41
0.008 55.38 0.542 4.41 o
1.930 57.98 0.224 5.94 Wb 37
1.838 56.24 0.231 5.94 Wb 34 0.064 57.98 0.104 14.76 W56
0.078 56.24 0.107 14.76 W56 0.006 57.98 0.518 4.41 Q2
0.036 56.24 0.356 4.63 Gs2
0.048 56.24 0.533 4.41 o2 3.656 58.55 0.222 5.94 Wb 36 and 35
0.004 58.55 0.151 8.02 W 5d
1.478 96.83 0.078 551 Ws5 33 0.164 58.55 0.103 14.76 W56
0.442 96.83 0.091 8.02 Wb 0.078 58.55 0.342 4.63 Gs2
0.076 96.83 0.062 14.76 W56 0.098 58.55 0.512 4.41 o
0.004 96.83 0.310 4.41 Op2
1.462 99.48 0.076 5,51 Ws5 34
0.450 99.48 0.089 8.02 Wb
0.076 99.48 0.060 14.76 W56
0.012 99.48 0.302 4.41 O

tion cross section rather than by a factor of 2 or more which
is what one might expect intuitively.

A semi-classical explanation of the unexpected crossnuch larger(by almost a factor of §!than the atomic oxy-
section ordering for Al, AlO, and AD utilizes the calculated gen ionization cross section. The dominant contributions to
atomic orbital populationgTables Il and Il) in connection the AlO ionization cross section arise from molecular orbit-
with the fact that the atomic Al ionization cross section isals with significant oxygen atomic population, primarily
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TTTT] T |||II|I| T T LU L

wh WO, cross sections reach their maximum at higher energies,
" 60 eV (WO,) and 75 eV(WO3). This behavior is not unex-

pected, if one assumes that the well known ‘“rule of

thumb” ! which stipulates that atomic ionization cross sec-

+ L tions reach their maximum at impact energies that are a few

‘—g gk times the ionization energy is also applicable to molecular

T r ionization cross sections. We note that there are no measured
6 values of the W ionization cross section to the best of our
u: knowledge. The W ionization cross section for W shown in

Fig. 2 has also been calculated using the DM formalism.
Even though the calculated ionization energy of W&4
eV) is about 1.5 eV lower than that of atomic V8.1 eV),

LAl 1 Lol 1 N T B

; ; ) which results in larger weighting factors for WO, three of the

10 10 10

five outermost WO orbitals have atomic populations with
Electron energy (eV)

significant oxygen contributionesee Table V. Because of
FIG. 1. Calculated electron impact ionization cross section of Al, A0, andthe smaller radii of the Of2and O 2% orbitals compared to
Al,O from threshold to 1000 eV using the DM formalism. the W orbitals, in particular compared to W %nd W 6s,

the net result is a WO ionization cross section that is only

marginally larger than the W ionization cross section. Both
O2p. Since the O atom has an ionization cross sectionyo, and WQ, have calculated ionization energies that are
which is much smaller than that of the Al atom, the resultant;_g gy higher than the ionization energy of WO and, con-
AlO cross section is much smaller than the atomic Al io”'sequently, W@ and WQ, have smaller weighting factors.
ization cross section. In contrast to AlO, the two OUtermoste thermore. the outermost wand WQ orbitals have
Al,O orbitals have significant Al atomic populations, so thatatomic populations with appreciable oxygen contributions.

the large _AI lonization cross section domlnz_ites theQAl This explains why their respective ionization cross sections
cross section. However, the & molecular orbitals labeled S . _
are not larger than the WO ionization cross section, but in

number 12-15 in Table Il have appreciable atomic oxyger;fact are e h I
populations, which explains why the A& ionization cross Ven somew at smaller. L .
section is only slightly larger than the atomic Al ionization As mentioned above, the lowest |9n|zat|on energies for
cross section. WO and WQ that were calculated in the present work
The situation is quite different for atomic tungsten) _(Tqble; IV and \?differ from the experimentally determined
and the WQ (x=1-3) molecules. As can be seen in Fig. 2, |on|z§t|on energies for these molecufds. the case of WQ
all four species have roughly the same maximum ionizatiorfh€ difference between the calculated vallie.7 e\ and the
cross section with peak values in the range 6-7measured valu€d.5 eV with a 0.5 eV uncertainty, which is
X 10~ 6. Furthermore, the energy dependence of the Ca|the average value of five individual meaSUremgﬁ&abOUt
culated W and WO ionization cross sections, on the on& €V. Substitution of the experimental value for the calcu-
hand, and that of the Wfand WG, ionization cross sec- lated value in the ionization cross section calculation results
tions, on the other hand, are very similar. The W and WOIn a cross section curve with a maximum value of 6.4
cross sections peak at around 35 eV, whereas the W@ X 10 ®cn? at 50 eV compared to a maximum value of
6.1x10 *cn? at 70 eV. This is a fairly minor change
which does not affect the validity of the statements made in
T T T T oror ”j the previous paragraphs in a substantial fashion. For WO, the
difference between the calculated ionization energy of 6.4
eV and the measured ionization energy of 9.1 (@¥ich is
the result of a single measurement with a comparatively
large uncertainty of 1 e\ is somewhat larger. The effect of
substituting the measured value for the calculated value in
the ionization cross section calculation is a shift of the maxi-
mum value from 6.&10 *cn? at 30 eV to 5.9
X 10™ ¥ cn? at 40 eV. This would reduce the maximum WO
ionization cross section to a value slightly below the maxi-
mum atomic W ionization cross section, but it would also not
affect the general validity of the previous conclusions about
T W E "2 the ionization cross sections of W and the Wi@olecules.
10 10 10 Last, we note that the calculated ionization energy for WO
Electron energy (V) (13 eV, see Table Vlis in satisfactory agreement with the
FIG. 2. Calculated electron impact ionization cross section of W ang WO experimental value of 12.2 ehich has 0.5 eV uncertainty
(x=1-3) from threshold to 1000 eV using the DM formalism. and represents the average of six individual measureiients
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AL,0

—
(=1
T

Il L Lol 1 t Etectron energy (eV)
2
10

Electron energy (eV)

FIG. 4. Calculated electron impact ionization cross section of, WO
=1-3) from threshold to 200 eV using the MAR formalism.

FIG. 3. Calculated electron impact ionization cross section of AlIO ap@ Al
from threshold to 200 eV using the MAR formalism. S ) ) )
predict ionization cross sections which are in very good to

_ _ satisfactory agreement with each other and with experimen-

B. Calculations using the MAR tal data for most target species where results from both cal-
We also carried out ionization cross section calculation€ulations and reliable experimental data are available. To the
using the semi-empirical MAR. The MAR has been de-best of our knowledge, no BEB calculations have been re-

scribed in detail in recent publicatioi¢3to which we refer ~ Ported for the species AlO, 2D, and WQ (x=1-3).

the reader for further information. Briefly, additivity rules in
their simplest form stipulate that the ionization cross sectiodV- SUMMARY

of a molecule is given as the sum of the atomic ionization  \ye applied the DM formalism in a series of calculations
cross sections of the constituent atoms of the molecule. Seyst apsolute electron-impact ionization cross sections for the
eral variants of this simple additivity rule incorporated ways gyides AlO, ALO, WQ, (x=1-3). In the case of AIO and

to account for molecular bonding. The MAR utilizes sets OfAZO we found that the AIO ionization cross section is much
empirically determined weighting factors to account for mo-gmgjier than the atomic Al ionization cross section, whereas
lecular bonding for various families of molecules with the yhe ALO ionization cross section is much larger than the AIO
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ABy, and AB,C,. When applied to AlO and AD, the | the case of WQ, all three molecules have maximum
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