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Total cross sections for electron scattering on chloromethanes:
Formulation of the additivity rule

Grzegorz P. Karwasz, Roberto S. Brusa, Andrea Piazza, and Antonio Zecca*
Dipartimento di Fisica, Istituto Nazionale per la Fisica della Materia, Universita` di Trento, 38050 Povo (Trento), Italy

~Received 24 August 1998!

Total cross sections for electron scattering on CH3Cl, CH2Cl2 , and CHCl3 have been measured by an
absolute method in the~75–4000!-eV energy range. The overall experimental error is below 5%. A formula-
tion of the additivity rule is proposed. The molecular cross sections are approximated by a Born-like two-
parameter formula. We show that the low-energy parameter is correlated to the molecular polarizability. We
show also that the high-energy parameter for a given molecule can be expressed as the sum of the high-energy
parameters of the constituent atoms. The model has been successfully verified for two groups of halomethanes:
the CH4 , CH3Cl, CH2Cl2 , CHCl3 , and CCl4 series and the CF4 , CF3Cl, CF2Cl2 , CFCl3 , and CCl4 series.
The model has been successfully extended to molecules containing Si and S atoms, such as H2S, SF6 , SiH4 ,
and SiF4 . @S1050-2947~99!10102-1#

PACS number~s!: 34.80.Bm, 34.80.Gs
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I. INTRODUCTION

Chlorine substituted methanes play an important role
atmospheric chemistry@1#; their time in the Earth’s tropo-
sphere is several tens of years. Free Cl radicals formed
ultraviolet-induced dissociation act as catalysts in the ch
of reactions leading to the destruction of the stratosph
ozone @2#. In particular, chloromethane (CH3Cl), used in
refrigerators and organic chemistry, is the most abundant
locarbon present in the atmosphere. CH3Cl is also the most
frequently studied halocarbon in electron-scattering exp
ments.

The early measurement of total cross sections~TCSs! for
electron scattering on CH3Cl, CH2Cl2 , CHCl3 , and CCl4
were performed by Holst and Holtsmark@3# at energies be-
tween 1 and 25 eV. The Maryland group@4,5#, using a tro-
choidal spectrometer, covered the range up to 12 eV for
the gases of the CH4, CH3Cl, CH2Cl2 , CHCl3 , and CCl4
series. The total cross section for CH3Cl was also studied by
Krzysztofowicz and Szmytkowski@6# at ~0.5–200!-eV colli-
sion energies in a linear-transmission experiment. T
CF4 , CF3Cl, CF2Cl2 , CFCl3 , and CCl4 series and CH4
were studied in a time-of-flight experiment up to 50 eV
Jones@7,8#.

Elastic and vibrational-excitation differential cross se
tions at 0.5–9.5 eV on CH3Cl were studied by Shiet al.
@9,10# and electron transmission spectra at 5–10 eV w
studied by Spence@11#. Intermolecular interference effects i
elastic scattering of 1 keV electrons on oriented methyl
lides were studied by Meieret al. @12# and Boweringet al.
@13#.

Absolute photoabsorption and photoionization of CH3Cl
were measured by a forward electron-scattering metho
the ~6–350!-eV and ~11–80!-eV ranges, respectively@14#.
Electron attachment to chloromethanes was studied in
merous experiments by both electron-beam@5,15–18# and
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swarm @19–22# techniques. Absolute ionization cross se
tions on CH3X compounds~with X5H, F, Cl, Br, and I! up
to 200 eV have been recently measured by Vallanceet al.
@23# and the effects of the molecular orientation on ioniz
tion steric ratios in CH3Cl and CHCl3 were measured by
Aitken et al. @24#. The present total-cross-section measu
ments on CH3Cl, CH2Cl2 , and CHCl3 complete our previ-
ous TCS data for CH4 @25# and the CF4, CF3Cl, CF2Cl2 ,
CFCl3 , and CCl4 series@26#.

II. EXPERIMENT

Only minor adjustments and calibration checks were p
formed on the apparatus after our measurements for
CF4 , CF3Cl, CF2Cl2 , CFCl3 , and CCl4 series@26#. Briefly,
a transmission method with a transverse magnetic field~a
Ramsauer configuration! was used. The scattering chamb
was divided in two parts to improve the angular resolutio
the first part, containing the target gas, was 140.2 mm lo
The beam attenuation was measured for a number of p
sures in the scattering chambers at a given energy. The ta
gas pressure was maintained within the 1021-Pa range, de-
pending on the cross section being measured, in orde
prevent the effects of multiple scattering. Both the collec
current I c and the currentI s of scattered electrons reachin
the gas chamber walls were monitored; this allows one
reduce systematic errors caused by electron emission in
bilities. The total cross sections is evaluated from the for-
mula

I ci

I ci1I si
5

I c j

I c j1I s j
exp@2s l ~Ni2Nj !#, ~1!

where indicesi and j refer to two gas pressure valuespi and
pj with p5NkT. (l stands for the gas cell length,T for the
gas temperature, andk for Boltzmann’s constant.!

The target gas pressure was measured by a Baratron
pacitance meter and the two currentsI c and I s by a single
electrometer; the Baratron head traced the gas cell temp
ture within 0.1 °C in order to avoid the thermal transpirati
1341 ©1999 The American Physical Society
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uncertainty. The main contributions to the systematic er
come from the Baratron calibration. The overall systema
error, evaluated as a quadratic sum of single contribution
within 2.8%. This configuration does not include the angu
resolution error, which depends on the particular target.

Several~at least four! runs were performed at each ener
for five to seven pressure values. The statistical sprea
data~one standard deviation of the mean value! is within 3%.
Fewer runs were performed at~3000–4000!-eV energies in
CH3Cl and CH2Cl2 . At these energies, chlorine-containin
ions and radicals formed in electron collisions cause spu
ing and react chemically with the oxide-coated catho
Therefore, a frequent cathode substitution was requi
Consequently, the statistical uncertainty of the high-ene
data for these two gases is higher; see Table I.

All absolute TCS measurements performed by the tra
mission method are affected by an angular resolution e
related to the finite angular acceptance of the collector.

TABLE I. Experimental total cross sections for electron scatt
ing on chloromethanes in units of 10220 m2. Statistical percentage
errors ~one standard deviation of the mean value! are given in
parentheses.

Energy~eV! CH3Cl CH2Cl2 CHCl3

75 21.7~5.8! 28.9 ~0.5! 35.2 ~1.3!
80 20.7~1.6! 27.5 ~1.3! 34.2 ~2.7!
90 19.3~1.6! 26.1 ~1.3! 33.0 ~2.7!

100 18.3~1.4! 25.1 ~1.7! 31.9 ~1.4!
110 17.1~1.5! 24.0 ~1.4! 30.8 ~0.7!
125 16.3~1.3! 22.1 ~3.0! 28.8 ~0.7!
150 14.4~2.1! 20.0 ~1.1! 26.6 ~1.0!
175 13.3~2.4! 18.5 ~1.1! 24.1 ~1.8!
200 12.3~1.4! 17.3 ~0.5! 22.7 ~0.7!
225 11.7~0.5! 16.8 ~0.6! 20.9 ~0.3!
250 11.0~0.4! 15.7 ~1.3! 19.9 ~0.5!
275 10.3~1.0! 14.7 ~0.6! 18.9 ~0.5!
300 9.76~0.7! 14.3 ~1.1! 18.3 ~0.8!
350 8.80~0.3! 12.6 ~0.6! 16.6 ~0.8!
400 7.92~1.2! 11.6 ~1.4! 15.5 ~1.1!
450 7.28~1.0! 10.6 ~1.1! 14.0 ~1.9!
500 6.72~1.4! 9.90 ~1.1! 13.3 ~0.9!
600 6.00~0.6! 8.81 ~0.9! 11.5 ~2.7!
700 5.19~1.8! 7.82 ~1.2! 10.2 ~2.5!
800 4.62~1.2! 7.36 ~2.2! 9.49 ~0.4!
900 4.22~0.7! 6.51 ~3.3! 8.69 ~0.7!

1000 3.87~0.7! 6.24 ~2.5! 7.91 ~1.2!
1100 3.67~1.9! 5.70 ~1.8! 7.33 ~1.4!
1250 3.28~0.5! 5.15 ~3.2! 6.86 ~0.9!
1500 2.73~0.8! 4.34 ~1.0! 5.87 ~1.0!
1750 2.42~0.9! 3.80 ~1.5! 5.14 ~1.0!
2000 2.19~0.4! 3.40 ~0.8! 4.75 ~1.6!
2250 1.87~2.3! 3.10 ~1.1! 4.36 ~1.3!
2500 1.71~3.7! 2.83 ~1.2! 3.84 ~2.6!
2750 1.60~1.7! 2.64 ~3.6! 3.47 ~2.8!
3000 1.48~2.3! 2.49 ~4.0! 3.14 ~3.9!
3250 1.38~3.1! 2.37 ~4.2! 2.91 ~2.8!
3480 1.28~3.4! 2.19 ~4.6! 2.89 ~2.9!
4000 1.16~3.7! 1.82 ~0.5! - -
r
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error is due to the forward elastic and inelastic scattering
the high-energy limit, where the Born approximation appli
the elastic differential cross section~DCS! at zero angle re-
mains constant, while the integral cross section drops
E21. This causes the angular resolution error in the ela
channel to rise linearly with the collision energy.

The average angular acceptance of the present appa
is 0.34 msr. We are not aware of measured or calcula
DCSs in the zero-angle limit for chloromethanes. Brombe
@27# has performed measurements for CH2F2 in the range
300–500 eV, showing that the elastic DCSs in the limit
small momentum transfer coincide at all collision energi
This indicates that the regime of Born validity is achiev
for CH2F2 at a few hundred eV. Comparing Bromberg
zero-angle DCS with the expected total cross section
CH2F2 ~see Sec. IV!, we can estimate that the elastic sca
tering at 1000 eV contributes an angular resolution error l
than 1% of the TCS.

In the inelastic channel, a limited (DE/E.1/16) energy
screening of the present apparatus eliminates the error
energies below, say, a few hundred eV. At higher energ
the error in the inelastic channel can be bigger than in
elastic one because electrons involved in dipole-allow
electronic excitation and ionization collisions are forwa
peaked. Unfortunately, the lack of calculated or measu
DCSs for the investigated molecules impedes any quan
tive evaluation. On the other hand, further reducing the
gular acceptance of our apparatus would lead to a lower e
tron current at the collector and a higher measurem
uncertainty. Therefore, with the present choice of apertu
@26#, the upper energy limit of measurements has been es
lished at 4000 eV, i.e., where the angular resolution error~in
the elastic channel! is evaluated as approximately equal
the remaining systematic and statistical errors.

CH2Cl2 and CHCl3 liquids ~Carlo Erba, Italy! stabilized
with amylene were of 99.5% and 99% purity, respective
CH3Cl gas of 99.5% purity was supplied by Praxair~Bel-
gium!.

III. MEASUREMENT RESULTS

Our measured data for CH3Cl, CH2Cl2 , and CHCl3 are
presented in Fig. 1 and Table I. We can compare our T
with the measurements of Krzysztofowicz and Szmytkow
@6# for CH3Cl. The agreement in the overlapping ener
range 75–200 eV is rather poor, with 15% discrepancy
average. To exclude any possible error due to target conta
nations a check measurement was performed at overlap
energies using the gas bottle from Gda´nsk @6#. The results of
our check were in perfect agreement with those obtai
with the previous bottle. Therefore, we are not able to de
mine the origin of this discrepancy. We note, however, t
for other gases such as CH4 @25#, CF4 , and CCl4 @26,28# the
agreement between the two laboratories was always with
few percent. Our previous measurements performed on
same apparatus, say, for CCl4 , agree also with other TCS
determinations@8,29#.

In Fig. 1 our present data for CH3Cl, CH2Cl2 , and
CHCl3 , together with our previous CH4 @25# and CCl4 @26#
results, are compared to the theory of Jianget al. @30#. These
authors applied a complex-optical-potential method in

-



S
m
m
o

s

ho

a
n
T
ll

re
V

p
s
a

t

ion
fo

s

os

os

le
on

las-

that
at-
give
sh
t
w-

b-

or
osed
ed
of
of
r,
5–

m

lar

s in

In
e

le
ol-
tive
d of

ten-

our

ters
rch

itiv-

di-
a-
lar
eV,

ecu-

ility
and

lo
f

i

PRA 59 1343TOTAL CROSS SECTIONS FOR ELECTRON . . .
calculation of atomic total cross sections for H, C, F, Si,
and Cl. They used Hartree-Fock atomic functions and ato
polarizabilities to derive the elastic cross sections. A se
empirical absorption potential was used for the calculation
the inelastic cross sections. TCSs for different molecules~in-
cluding CH4, CCl4 , CCl3F, CClF3 , CCl2F2 , SiH4 , and
SF6) were obtained by the simple arithmetic sum of the
atomic contributions.

A set of atomic cross sections given by Jianget al. @30#
has been used by us to evaluate TCS values for the w
CH4, CH3Cl, CH2Cl2 , CHCl3 , and CCl4 series. The values
reported in Fig. 1 have been calculated using the simple
ditivity formulation of Jianget al. The agreement betwee
such a theory and experimental results is generally poor.
theoretical values for CH4 below 400 eV are higher than a
the available measurements@25,31#.

For other gases presented in Fig. 1 the theory agrees
sonably well with the present experiment only at 100 e
The theory falls below the present data at higher energies~by
more than 20% at 1000 eV for CCl4). Also, for CH4 the
theory shows an energy dependence steeper than the ex
ment. Any correction of the present data for the angular re
lution error would increase the discrepancy of this theory
high energies. We note also that the discrepancy canno
accounted for by the size of the experimental error.

A comparison of the present measurements with the
ization cross sections confirms our earlier observation
CF4 , CCl3F, and CCl4 @26# on a much lower contribution to
TCSs from the ionization in halides than in similar hydride
According to the data of Vallanceet al. @23#, the ionization
cross section at 100 eV amounts to 31% of the total cr
section in CH3Cl, about 33% in CHCl3 , and as much as 39%
in CH4 ~the last number is also in accordance with the m
recent experiment of Tian and Vidal@32#!.

IV. ADDITIVITY RULE FORMULATION

The hypothesis that integral cross sections for molecu
can be obtained by an arithmetic sum of atomic contributi

FIG. 1. Comparison between experimental data for ch
romethanes~present data and@25,26#! and theoretical values o
Jianget al. @30#. For CH4 the low-energy data of Kaniket al. @31#
are also shown~full squares!; for CCl4 the data of Szmytkowsk
et al. @28# are shown only below 100 eV~full inverted triangles!.
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~‘‘additivity rule’’ ! dates to Bru¨che@33#. It is now supported
by the independent-atom model, applied successfully to e
tic scattering on targets such as O2 @34# and CF4 @35# above,
say, 400 eV. Recently it has become generally accepted
the additivity rule can provide a simple method for calcul
ing molecular cross sections. Research is being done to
the correct formulation of the additivity rule and to establi
the limits of validity @30,36#. In particular, it is believed tha
the rule can be applied above a certain energy only. Ho
ever, the low-energy limit of validity remains to be esta
lished.

In the most recent applications of the additivity rule f
the total cross section a different approach has been prop
@37#. The optical potential used at low energies was modifi
by including a molecular polarizability instead of the sum
atomic polarizability values. This allowed the extension
the validity of the additivity rule to lower energies; howeve
the calculated values at 50 eV still remain higher by 2
30 % than the experiments for such targets as CO2,
NO2, NH3 @37#. As already quoted, Jianget al. @30# have
used an additivity rule in its simplest form for energies fro
10 eV to 1 keV. A modified additivity rule~with atomic
weighted factors! has also been recently applied to molecu
ionization cross sections@38#. In our previous studies@39,40#
a two-parameter fit has been applied to approximate TCS
the ~100–4000!-eV energy range:

s~E!5
sz

11szE/b
, ~2!

wheresz andb are two adjustable values for each target.
this range, Eq.~2! reproduces molecular TCSs within th
experimental error bars. Equation~2! has been applied to
many targets, for some of them such as N2, CO @40#, and
SF6 @41# down to the energy of a few tens of eV. This simp
fit enables the parametrization of the TCS for different m
ecules in a large energy range and one to perform rela
comparisons, reducing substantially the statistical sprea
data. The theoretical basis for Eq.~2! comes from the Born
approximation for scattering on a screened Coulomb po
tial ~see@39#!.

A more refined relation has been proposed in some of
previous papers@26,42#. For noble gases@42#, an additional
term was used in Eq.~2!. In this work we limit our discus-
sion to Eq.~2! strictly and we refer tosz as to a low-energy
‘‘saturation’’ value of the TCS and tob as a high-energy
parameter.

The present semiempirical analysis of the fit parame
sz andb for molecules consists of two steps. First, we sea
for a correlation between the fit parametersz and molecular
properties of targets and then we explore a possible add
ity rule for molecular TCSs.

Before discussing an alternative formulation of the ad
tivity rule, we will show the results of a search for correl
tions between thesz parameter and macroscopic molecu
properties of the targets. In the energy range below 200
different semiempirical studies@43–45# indicated a possible
relation between TCSs, at a chosen energy, and the mol
lar polarizability a. Lampe, Franklin, and Field@46# indi-
cated a linear dependence between the target polarizab
and the ionization cross sections at 75 eV. Recently, Harl

-
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and Vallance@47# indicated a similar dependence at t
maximum of the ionization cross section for almost 30 m
lecular species. The above attempts are of limited interes
long as they involve a correlation to cross sections at a sin
energy. It is also known that the polarizability is related
atomic and molecular features such as the ionization po
tial @48#, the strength of the van der Waals interaction@49#,
or the molecular volume@50#.

In the present study we check a possible relation betw
the parametersz in Eq. ~2! anda. In this way the correlation
becomes independent of the choice of the particular ene
at which the comparison is performed.

Classical models~see, e.g.,@51#! for scattering of charged
particles on a polarization potential suggest a linear prop
tionality dependence between the total cross sections an
square root of the polarizability. In Fig. 2 we present a p
of the parametersz vsAa for 20 molecular targets measure
previously in our laboratory. Details of the fitting procedu
used to derivesz were described in our previous pape
@39,42#.

For the sake of self-consistence all the polarizability v
ues in Fig. 2 were taken from@52#. In the cases where mor
results were presented, the mean value was adopted.
that the data of@52# are somewhat higher than reported
other compilations@53# and the results obtained from phot
absorption-like experiments in the optical and ultravio
range@54,55#. In the majority of cases the quoted discrepa
cies disappear when the vibrational contribution to the m
lecular polarizability ~see @56#! is added. This is, for ex-
ample, the case of CF4 , for which the vibrational
contribution amounts to 25% of the overall polarizability. A
the vibrational excitation plays an important role
intermediate-energy electron scattering, we adopted the

FIG. 2. Correlation between the molecular dipole polarizabi
and asymptotic ‘‘low-energy’’ cross-section parametersz @Eq. ~3!#.
The values ofsz are from our previous papers: N2 and CO@40#; H2

and O2 @60#; CO2 , NO2 , SO2 , and OCS@61#; CH4 , H2O, NH3 ,
and SiH4 @39#; CF4 , CF3Cl, CF2Cl2 , CFCl3 , and CCl4 @26#; SiF4

@62#; SF6 @41#; and C6H6 @63#. ~For the H2S @39# @Eq. ~2!# fit, taking
account of the low-energy data of Szmytkowski and Macia˛g @64#
yields sz524.0310220 m2.! The polarizability values are from
@52#. The gases measured herein, CH3Cl, CH2Cl2 , and CHCl3 , are
not included in this figure.
-
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gy
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tal’’ polarizability from @52# rather than the purely
electronic-excitation polarizability from other sources. A
seen in Fig. 2, thesz parameter can be approximated well b
the expression~in a.u.!

sz520~Aa21!. ~3!

The linear regression coefficient in Fig. 2 amounts
0.983. Some of the spread of the points in the figure has to
attributed to the uncertainty in the published polarizabil
values and to discrepancies between low-energy TCS m
surements. Therefore, we believe that Fig. 2 demonstr
the correlation betweensz values and the square root o
polarizability for all molecular targets within the considere
range ofa.

We will now demonstrate the validity of the additivit
rule for the total-cross-section parameterb. Note that the
additivity assumption on theb parameter corresponds to a
ditivity of the high-energy asymptotic slopes of TCSs. O
choice implies the validity of the additivity rule for energ
regions~the high-energy limit! where the Born approxima
tion is valid.

Starting from our previously measured molecular TC
we have used the additivity relation

b~XnYm!5nb~X!1mb~Y! ~4!

in the inverse mode, extracting the atomicb parameters. Dif-
ferent sets of moleculesXnYm can be chosen as a databas
For the present work we have obtained thebH value for
atomic hydrogen as 1/2 of theb value for H2 . Note the
scarcity of experimental high-energy TCS values for H2 . For
this reason, we used a weighted average of data from
Wingerdenet al. @57# that extend up to 750 eV, from Hoff
manet al. @58# up to 500 eV, and Zecca, Karwasz, and Bru
@59# up to 2000 eV. Having thebH value from H2, we have
subtracted 4bH values from theb value for CH4 @25#, obtain-
ing in this way theb value for atomic carbon (bC). The value
for atomic chlorine (bCl) is obtained from theb value for the
CCl4 molecule@26#. The atomicb values derived in this way
amount to 0.22, 1.0, and 3.0310220 m2 for H, C, and Cl,
respectively. An error of the order of 10% could be attribut
to these numbers.

After having obtainedsz from the molecular polarizabil-
ity via Eq. ~3! and evaluatedb from the additivity rule~4!,
TCSs for different molecules can be calculated at interme
ate and high energies with Eq.~2!. In Fig. 3 we present TCSs
predicted with the above procedure for CH3Cl, CH2Cl2 , and
CHCl3 ~together with the fitted values for CH4 and CCl4 that
served as the database for the atomicb parameter!.

The agreement between our measurements and calcu
values is within the experimental error bars in the who
~200–4000!-eV energy range. Deviations from the measur
values can be observed below 200 eV for chlorometha
and 50 eV for CH4. We have already mentioned that a mod
fied Born-like formula with a low-energy term included@26#
gives a better fit to the experimental data than obtain
through Eq.~2!. It is possible that the use of such a modifie
formula within the additivity rule procedure outlined abov
could improve the predicted cross sections below 200
This further step is outside the aim of the present paper.
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stress also that additivity rule cannot be applied at ener
where resonant phenomena play a role.

The above procedure and our additivity rule have be
applied also to the molecules of the chlorofluorometha
series CF4 , CF3Cl, CF2Cl2 , and CFCl3 . Experimental
@26,28# TCS values for CF4 molecule were used as the dat
base for fluorine atom. The agreement of the calculated T
values with our measurements@26# is again good; see Fig. 4
Apart from CF2Cl2 , the agreement remains within the e
perimental error bars at all energies above 200 eV. Sma
deviations regard only CF4 at low energies: Our calculate
values for this gas are underestimated by 10% below 400
Adopting for a a value of 4.2310230 m3 instead of 3.86
310230 m3 @52# would bring the CF4 data into perfect

FIG. 3. Comparison between the present semiempirical mo
@Eqs. ~2! and ~3! and the additivity rule~4!# and the experimenta
data for chloromethanes. The symbols have the same meaning
Fig. 1. The total error bars~one standard deviation of the mea
value plus the systematic error! are shown; if not visible the erro
bars are within the size of the symbols.

FIG. 4. Comparison between the present semiempirical mo
@Eqs. ~2!–~4!# and the experimental data@26# for chlorofluo-
romethanes. For CF4 the data of Szmytkowskiet al. @28# are also
shown~full rhombuses!.
es

n
s

S

er

V.

agreement with experiments@8,26,28#. The CF2Cl2 calcu-
lated values differ from the experiment by a constant~5%!
value at all energies above 500 eV. Note that the agreem
between experimental and optical-model theoretical val
@30# for all gases presented in Fig. 4 is much poorer, w
25% discrepancy at 1000 eV for CFCl3 and as much as 50%
at 50 eV for CF4 .

As a further check of the present formulation of the ad
tivity rule, we have obtained the atomicb values for Si and S
from SiH4 and H2S measurements@39#, respectively. Start-
ing from the atomicb values and using relation~2!, we have
calculated the SiF4 and SF6 total cross sections in the~100–
4000!-eV energy range; see Fig. 5. Once more, the pres
model reproduces fairly well the experimental values, givi
a much better agreement than the theory of Jianget al. @30#.
Values of the high-energyb parameter for all atoms studie
are resumed in Table II.

V. CONCLUSION

In summary, we have used our formulation of the addit
ity rule ~4! in the inverse mode to calculate atomicb values

el

s in

el

FIG. 5. Comparison between the present semiempirical mo
the theory of Jianget al. @30#, and the experimental data@26,41# for
sulphur and silicon containing molecules. SiH4 ~full circles!, experi-
mental data of Szmytkowski, Moz˙ejko, and Kasperski@65# below
100 eV; SF6 ~full rhombuses!, experimental data of Dababnehet al.
@66# below 100 eV and~open rhombuses! Zeccaet al. @41#. SiF4

@62# ~for SiH4 the ab initio theory of Jain and Baluja@67#! is also
shown~long-dashed line!.

TABLE II. Semiempirical values of atomic cross sections p
rameterb ~in units of 10220 m2 keV) derived in the present mode
@Eqs.~2!–~4!#.

Atom b

H 0.22
C 1.01
F 1.38
Si 2.57
S 2.94
Cl 3.20
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starting from a database of measured molecular cross
tions. We have used these values, thesz values from polar-
izability ~2!, and again the additivity rule in the direct mod
to calculate molecular TCSs for as many as eight polyato
molecules. These calculated cross sections appear to b
m.

b.

.

g,

k,

E.

ic

em

, J

, J

s

, J

d
th
75
c-

ic
in

very good agreement with available experiments. This can
held as a proof of the correctness of the present formula
of the additivity rule and the entire procedure. Further dev
opments of the model should deal with polyatomic m
ecules of different~linear and bent! geometries.
.

s.,

ys.

.

ca,

e
n-
.

.

Ion

.

-

,

m.
@1# T. J. Wallington, M. D. Hurley, and W. F. Schneider, Che
Phys. Lett.251, 164 ~1996!.

@2# T. E. Graedel and P. J. Crutzen,Atmospheric Change. An
Earth System Prospective~Freeman, New York, 1993!.

@3# W. Holst and J. Holstmark, Det Kgl. Norske Videnska
Selskabs4, 89 ~1931!.

@4# A. Benitez, J. H. Moore, and J. A. Tossell, J. Chem. Phys.88,
6691 ~1988!.

@5# H.-X. Wan, J. H. Moore, and J. A. Tossell, J. Chem. Phys.94,
1868 ~1991!.

@6# A. M. Krzysztofowicz and Cz. Szmytkowski, J. Phys. B28,
1593 ~1995!.

@7# R. K. Jones, J. Chem. Phys.82, 5424~1985!.
@8# R. K. Jones, J. Chem. Phys.84, 813 ~1986!.
@9# X. Shi, T. M. Stephen, and P. D. Burrow, J. Chem. Phys.96,

4037 ~1992!.
@10# X. Shi, V. K. Chan, G. A. Gallup, and P. D. Burrow, J. Chem

Phys.104, 1855~1996!.
@11# D. Spence, J. Chem. Phys.66, 669 ~1973!.
@12# C. Meier, M. Volkmer, J. Lieschke, M. Fink, and N. Bowerin

Z. Phys. D30, 183 ~1994!.
@13# N. Bowering, M. Volkmer, C. Meier, J. Lieschke, and M. Fin

Z. Phys. D30, 177 ~1994!.
@14# T. N. Olney, G. Cooper, W. F. Chan, G. R. Burton, C.

Brion, and K. H. Tan, Chem. Phys.205, 421 ~1996!.
@15# D. Spence and G. J. Schulz, J. Chem. Phys.58, 1800~1973!.
@16# D. M. Pearl and P. D. Burrow, Chem. Phys. Lett.206, 483

~1993!.
@17# D. M. Pearl and P. D. Burrow, J. Chem. Phys.101, 2940

~1994!.
@18# A. Matejcik, G. Senn, P. Scheier, A. Kiendler, A. Stamatov

and T. D. Märk, J. Chem. Phys.107, 8955~1997!.
@19# A. Smith, N. G. Adams, and E. Alge, J. Phys. B17, 461

~1984!.
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