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Additivity rule for the calculation of electron scattering from polyatomic molecules
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~Received 2 May 2000; published 10 November 2000!

Total cross sections~TCSs! for electron scattering by polyatomic molecules C2F4 , C2F6 , C3F6 , C3F8 ,
C6F6, and C6H6 are calculated in the incident electron energy range 30–3000 eV employing the 100%
additivity rule and energy-dependent geometric additivity rule~EGAR! approaches. The EGAR, proposed by
Jianget al. @J. Phys. B30, 5025~1997!; Phys. Lett. A237, 53 ~1997!#, relates to molecular properties and the
energy of incident electrons. Two approaches for the TCS of C2F6 , C3F8 , C6F6 , and C6H6 molecules are
compared and the EGAR yields better accord with available experimental measurements in the whole energy
region. The new results for C2F4 and C3F6 are also presented although no experimental data are available for
comparison. The atoms are presented by spherical complex optical potential, which is composed of static,
exchange, polarization, and absorption terms.

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

In recent years, more and more experimental and theo
ical researches focus on the total cross sections~TCSs! for
electron scattering by molecules in the intermediate-
high-energy region. On one hand, fundamental molec
properties of electron collision processes can be used to
sess the behavior of molecules in its use for applicatio
such as for a variety of plasma-assisted material-proces
applications and manufacturing semiconductor devices@1#.
On another side, there is a special interest for the search
systematic relations between the TCS and other molec
parameters. For these reasons, in the last few years the
ber of works devoted to the TCS measurements for imp
energies up to 5000 eV has been increasing@2–5#. In case of
e-molecule scattering, this is a more complex problem th
e-atom scattering due to the multicenter nature, the lack
center of symmetry and nuclear motion. In addition, at int
mediate and high energies, almost all inelastic channels~ex-
citation, ionization, rotation, vibration, etc.! are open, which
makes anab initio calculation almost impossible. In th
present energy region concerned, the additivity mo
@6–15# is a successful approach, which ignores anisotro
e-molecule interactions, and the molecular problem is
duced to the atomic problem, which is easier to handle
the last 20 years, the additivity rule~AR! has been employed
widely in the molecular calculation of electron impact io
ization cross sections@6#, photoionization cross sections@7#,
polarizabilities@8#, positron scattering cross sections@9#, as
well as the ionization cross sections of electron-cluster c
lision @10# shown in Table I. For the determination of th
total cross section for electron scattering from molecu
many calculations have been completed by employing
additivity model and the results are more interesting@11–
15#, particularly for simpler and smaller molecules in th
intermediate- and high-energy region~about E.100 eV!.
However, the additivity rule~AR! results on some comple
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molecules~such as CnHm molecules!, show larger discrepan
cies than those on diatomic and triatomic molecules at
same incident energies@14#. Here, we consider the AR em
ployed in Refs.@11–15# as the 100% AR.

In the most recent papers some progress has been ma
extending 100% AR validity to lower energies. Joshipu
and Patel@16# separated the polarization interaction from t
optical potential, and then obtained atomic cross secti
from the remaining short-range interactions. Then, th
summed atomic cross sections with the cross section for s
tering on the molecular polarization potential. Employin
this approach, they calculated the TCS for simple diatom
molecules and improved their results in a way. In 1997,
order to extend 100% AR to the application on larger m
ecules, we@17,18# improve the 100% AR model considerin
molecular geometric properties and propose an ene
dependent geometry additivity rule~EGAR!. This approach
had been employed in the calculation of TCS for electr
scattering from CO2, CS2, N2O, NH3, SF6 @17#, and CnHm

@18# molecules and the results are satisfactory. In this pa
we employ the 100% AR and EGAR to calculate the TCS
electron scattering from C2F4 , C2F6 , C3F6 , C3F8 , C6F6 ,
and C6H6 molecules in the incident energy 3023000 eV
region in order to verify further the present approaches
support the experimental data. In experiments, the group
Szmytkowski and co-workers@19–21# has quite recently
completed their measurements using electron-transmis
experiments for impact energies 1–250 eV for C2F6 @19#,
0.6–250 eV for C6F6 @20# and 0.6–3500 eV for C6H6 @21#.
In addition, Sueoka@22# has determined the TCS for electro
scattering from C6H6 at energies from 1 to 400 eV using
strong, longitudinal guiding magnetic field. For the C3F8
molecule, Kimura and co-workers@23# have reported re-
cently the measured data on the TCS between 0.7 and
eV. No experimental measurements are available for
TCS on C2F4 and C3F6 molecules in the present energy r
gion in the literature. Also, we are not aware of other the
retical researches for the TCS on these polyatomic molec
in the present energy region.
©2000 The American Physical Society12-1
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TABLE I. Total cross sections~TCSs! of molecules, which are obtained by the present AR and EG
approaches in units of 10220 m2.

Energy TCS(C2F4) TCS(C2F6) TCS(C3F6) TCS(C3F8) TCS(C6F6) TCS(C6H6)
~eV! AR EGAR AR EGAR AR EGAR AR EGAR AR EGAR AR EGAR

30 42.20 33.57 52.67 36.36 63.29 43.44 73.77 48.82 95.18 71.38 81.74 6
40 39.15 31.93 49.21 35.04 58.72 41.94 68.79 46.97 87.23 67.10 72.74 6
50 36.36 30.25 45.98 33.62 54.54 40.23 64.15 45.03 80.23 63.04 65.26 5
60 33.78 28.56 42.96 32.12 50.67 38.39 59.85 43.00 73.81 59.05 58.64 5
70 31.58 27.06 40.35 30.76 47.37 36.69 56.14 41.17 68.44 55.61 52.78 4
80 29.82 25.86 38.21 29.66 44.73 35.31 53.11 39.71 64.30 52.95 49.20 4
90 28.31 24.80 36.36 28.67 42.47 34.08 50.51 38.42 60.80 50.66 45.85 4

100 27.02 23.89 34.75 27.80 40.53 32.99 48.26 37.28 57.88 48.74 43.14 3
200 18.83 17.51 24.39 21.23 28.25 24.92 33.80 28.70 39.84 35.72 27.78 2
300 14.56 13.83 18.91 17.10 21.85 19.97 26.19 23.23 30.67 28.31 20.77 1
400 12.09 11.62 15.76 14.56 18.14 16.91 21.80 19.83 25.30 23.75 16.65 1
500 10.33 10.00 13.51 12.65 15.50 14.63 18.67 17.26 21.44 20.35 13.78 1
600 9.00 8.75 11.80 11.16 13.50 12.86 16.30 15.24 18.63 17.82 11.75 11
700 8.01 7.82 10.52 10.02 12.01 11.52 14.53 13.70 16.49 15.86 10.21 10
800 7.16 7.00 9.43 9.03 10.73 10.34 13.01 12.34 14.65 14.15 8.94 8.
900 6.51 6.38 8.59 8.26 9.76 9.44 11.84 11.30 13.27 12.87 8.09 7.9

1000 6.02 5.91 7.95 7.68 9.03 8.76 10.96 10.50 12.25 11.91 7.48 7.3
2000 3.49 3.46 4.66 4.57 5.24 5.16 6.40 6.26 6.97 6.87 3.90 3.8
3000 2.29 2.27 3.09 3.05 3.43 3.39 4.23 4.17 4.45 4.41 2.29 2.2
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II. ADDITIVITY RULE AND COMPLEX OPTICAL
POTENTIAL

In the 100% additivity rule~AR! @11–15#, the implicit
assumption is made that molecular orbitals can be descr
by the sum of the valence orbitals of all atoms presente
the molecule. As a result, the TCS ofe-molecule scattering is
written as the sum of the TCS of atoms. Thus, the molec
cross sections according to the 100% AR are given by

QMA~E!5
4p

k
Im Fm~u50!5

4p

k
Im (

j 51

N

f j~u50!

5(
j 51

N

qT
j ~E!, ~1!

where qT
j and f j are the TCS due to thej th atom of the

molecule and the complex scattering amplitude for const
ent atoms of the molecule, respectively. We can see tha
the 100% AR, Eq.~1!, one main effect is not considered:
close-packed molecule is not fully transparent for lo
energy electrons~aboutE,100 eV! and the ‘‘inner’’ atoms
are shielded by the ‘‘outer’’ atoms and do not contribute
the molecular cross sections. The shielding effect, wh
leads to smaller molecular scattering cross section than
predicated by the 100% AR, is dependent on the geometr
the molecule and introduces an orientational dependenc
the scattering cross section of nonspherically symmetric m
ecules. The incorporation of molecular orbitals and shield
in molecules is difficult to achieve theoretically. Bobeldi
et al. @7# incorporated the shielding effect in the additivity
the ionization cross section of atomic units or subunits of
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molecules and presented a geometric additivity rule~GAR!.
We notice that the GAR model, which incorporates geome
of the molecule, is a good approach and can also be app
to the calculation of the TCS fore-molecule scattering, par
ticularly for complex polyatomic molecules at low and inte
mediate energies@18#. However, we know that a close
packed molecule is not fully transparent for low-ener
electrons, but the transparency will improve as incident el
tron energy increases. When the incident electron energ
appropriately high, the molecule should be fully transpar
and each atom in the molecule can be freely scattered, t
the 100% AR~1! is valid. This property cannot be in th
GAR model. Thus the GAR gives a poor shape of cro
sections compared with experiments in a wide incident e
tron energy range for polyatomic molecules, which has b
seen by the calculation of the TCS for CO2, NO2, CS2,
SF6 , C2H2 , C2H4 , C3H6 , etc. molecules in Refs.@17,18#.
So, we@17,18# assume that ‘‘inner’’ atoms are shielded pe
fectly by ‘‘outer’’ atoms atE→0 eV, at which the GAR
presents reasonable results and at high-energy energie
100% AR is a correct approach for the TCS. Considering
above factors, we incorporate the 100% AR and GAR, a
present semiempirically an energy-dependent geometric
ditivity rule ~EGAR!. According to Jianget al. @17,18#, here
we assume a cylindrical symmetry for the CnFm and C6H6
molecules under study. Linear molecules are approxima
by a rodlike shape; circular molecules are approximated b
toruslike shape. The molecular cross sectionsQMT(E) ac-
cording to the EGAR are written as

QMT~E!5QMG~E!1A„QMA~E!2QMG~E!…, ~2!
2-2
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ADDITIVITY RULE FOR THE CALCULATION OF . . . PHYSICAL REVIEW A 62 062712
where QMG(E) is a molecular cross section in the GAR
which is given@7#

QMG~E!5
1

3
Qi~E!1

2

3
Q'~E!. ~3!

Qi(E) andQ'(E) are the TCS for the electron approachi
the molecule parallel to thez axis (u50) and the TCS for an
approach perpendicular to thez axis (u5p/2), separately
~reading Refs.@7# for details!. In this paper, in the case o
linear molecules, the subunits are the CF, CF2, and CF3
groups. This means thatQi(E) andQ'(E) are set equal to
the cross section of a unit and the sum of the cross sect
of ‘‘outer’’ sub-units, respectively. For example, the C2F4
molecule is approximated by a rodlike shape andz-axis is
attached to the axis of the symmetry. So,Qi(E) andQ'(E)
in Eq. ~3! equal toQCF2

and QCF1QCF, respectively. The

cross sections ofQCF2
andQCF can be obtained by the 100%

AR @Eq. ~1!#. TheA in Eq. ~2! is and energy-dependent co
rection factor to merge with the 100% AR at high energi
We assume that

A5
E

mC1E
, ~4!

whereE in unit of eV is incident electron energy. Them is
the number of electrons in the molecule. We letC51 in
units of eV considering the reasonable dimension relat
Here, theA is an empirical fraction that exhibits the TC
contribution of shielded atoms for different molecules at d
ferent energies. The formal calculations of the contribut
of shielded units or subunits to the TCS are highly comp
cated by the geometry and composition of the molecule
the incident energies are varied@7#. Choosing theA, three
factors are considered. First, theA should satisfy

QMT~E!'H QMG~E! if E→0 A→0 ~the GAR!,

QMA~E! if E→` A→1 ~the 100% AR!.
~5!

Secondly, according to Eq.~4!, at the same incident energ
the more complex the molecule is, the smaller theA is. We
can find that the C6F6 molecule shows more shielded cro
sections than the C6H6 molecule at same incident energie
For example, the shielded cross sections account for 19%
C6H6 and 25% for C6F6 at 30 eV. It is reasonable becau
the F atom provides a larger contribution for shielding eff
than the H atom in the same geometric molecule. Third,
empirical fractionA is related toE and m without any ad-
justed parameters and ensures the reasonable shape f
TCS against experimental data in the wide energy range.
form of the A has also been discussed in detail and th
characters have also been shown by the calculation on
TCS for many molecules in previous work@17,18#. In this
paper, the cross section of each unit can be obtained
100% AR@Eq. ~1!#. TheqT

j (E) of Eq. ~1! for the j th atom is
obtained by the method of partial waves:
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qT
j ~E!5qe

j ~E!1qa
j ~E!

5
p

k2 (
l 50

l max

~2l 11!@ u12Sl
j u21~12uSl

j u2!#, ~6!

whereqe
j (E) andqa

j (E) are elastic and absorption cross se
tions, respectively,Sl

j is the l th complex scattering matrix
element of thej th atom, which is related to the partial-wav
phase shift asSl

j5exp(2idlj). To obtain Sl
j , we solve the

following radial equation:

S d2

dr2
1k222Vopt~r ,k!2

l ~ l 11!

r 2 D ul~r !50, ~7!

under the boundary condition

ul~kr !;kr@ j l~kr !2 inl~kr !#1Slkr@ j l~kr !1 inl~kr !#,
~8!

wherej l andnl are Spherical Bessel and Neumann functio
separately.

In the present investigation, the atoms of a molecule
replaced by the appropriate complex optical potential

Vopt~r !5Vs~r !1Ve~r !1Vp~r !1Va~r !. ~9!

ThusVopt(r ) incorporates all the important physical effect
Presently, the static potentialVs(r ) for e-atom systems is
calculated by using the atomic charge density, determi
from the well-known Hartree-Fock atomic wave functio
@24#. The exchange potentialVe(r ) provides a semiclassica
energy-dependent form of Truhlar and co-workers@25#,

Ve~r !52
1

4
@A~k222Vs!

2116pr02~k222Vs!#,

~10!

where k2 and r0 are the energy of incident electron an
atomic-charge-density, respectively.

Zhanget al. @26# give a smooth form at allr for the po-
larization potential@Vp(r )#, which has a correct asymptoti
form 2a/2r 4 at larger and approaches the free-electron-g
correlation energyVco(r ) proposed by Perdew and Zung
@27# in the near-target region

Vp~r !52
a

2~r 21r co
2 !2

, ~11!

where the constantr co can be determined by lettingVp(0)
52a/2r co

4 5Vco(r 50) and a is the atomic polarizability.
This potential model has been proved to be fairly succes
in obtaining the TCS for electron-atom scattering@26#.

The imaginary part of the optical potentialVa is the ab-
sorption potential, which represents approximately the co
bined effect of all the inelastic channels. Here we emplo
semiempirical absorption potential as discussed by S
zewskaet al. @28#. The Va is a function of atomic charge
density, incident electron energy, and mean excitation ene
D of the target. It is written as@28#
2-3



ed
r,
l
are
ed
cu-
. In

ule
n

ve
ce
ble

the

all
con-

ith-

,

,
nt ntal

YUHAI JIANG, JINFENG SUN, AND LINGDE WAN PHYSICAL REVIEW A62 062712
Va~r !52r~r !~TL/2!1/2~8p/5k2kf
3!

3H~k22kf
222D!~A1B1C!, ~12!

where

TL5k22Vs2Ve2Vp ,

A55kf
3/2D,

B52kf
3~5k223kf

3!/~k22kf
2!2,

C52H~2kf
212D2k2!

~2kf
212D2k2!5/2

~k22kf
2!2

,

and kf is the Fermi momentum. HereH(x) is a Heaviside
function defined byH(x)51, for x>0 andH(x)50 for x
,0. The absorption potential (Va) has been employed
widely to calculate inelastic cross sections fore-atom @29#
scattering.

FIG. 1. Total cross sections forE2C2F4 scattering. Solid curve
the EGAR results; broken curve, the 100% AR.

FIG. 2. Total cross sections forE2C2F6 scattering. Solid curve
the EGAR results; broken curve, the 100% AR. The experime
data:d, Ref. @19#.
06271
III. RESULTS AND DISCUSSIONS

Using the present optical potential, we have obtain
qualitatively good TCS results for electron scattering by A
Kr, Xe @29# and Na@30# compared with many experimenta
data. At intermediate and high energies, our results
within experimental error. The e-atom potentials employ
in this work appear to be satisfactory, at least for the cal
lation of the TCS on atoms in the present energy range
this paper, employing the 100% additivity rule~AR! @Eq.
~1!# and the energy-dependent geometric additivity r
~EGAR! @Eq. ~2!#, we have obtained the TCS for electro
scattering from C2F4 , C2F6 , C3F6 , C3F8 , C6F6 , and C6H6
molecules in 30–3000 eV. The TCSs for H, C, F atoms ha
been given employing optical potential method in referen
@15#. The present results on molecules are reported in Ta
I at selected collision energies and are plotted within
background of available experimental data@19–23# in Figs.
1–6. No other theoretical calculations for the TCS on
these molecules are found in the present energy region
cerned.

In Fig. 1 for C2F4 molecule and Fig. 3 for the C3F6 mol-
ecule, the two present theoretical results are presented w

al

FIG. 3. Total cross sections forE2C3F6 scattering. Solid curve,
the EGAR results; broken curve, the 100% AR.

FIG. 4. Total cross sections forE2C3F8 scattering. Solid curve,
the EGAR results; broken curve, the 100% AR. The experime
data:d, Ref. @23#.
2-4
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out any available experiments and theories for comparis
The EGAR results are about 20.5–0.9%, for C2F4, and 31.4–
1.2%, for C3F6, lower than these of the 100% AR in 30
3000 eV, and they merge well at higher energies. The
crepancy between results is higher for C3F6 than for C2F4
molecules, which indicates a larger contribution for t
shielding effect in the C3F6 molecule. Figures 2 and 4 sho
that our EGAR calculations on C2F6 and C3F6 molecules and
corresponding experimental measurements@19,23# are in
perfect agreement at the entire overlap of energies. For C3F6,
the present EGAR results are about 15% higher than exp
mental data. On the other hand, compared with the EG
results in these two figures, the 100% AR results are h
and agree well with the EGAR results at high energies.

For the C6F6 molecule, Szmytkowski and co-workers@19#
have recently completed the measurements for TCS iE
(250 eV, and their results and our calculations are show
Fig. 5. Figure 5 shows, at all overlapped energies, that
present two results merge well with experimental measu
ments. Our results of the EGAR approach, which are ab
0.9–33.3% lower than the calculation in the AR approa
and about 6.2–48.7% higher than the experimental data a

FIG. 5. Total cross sections forE2C6F6 scattering. Solid curve
the EGAR results; broken curve, the 100% AR. The experime
data:d, Ref. @20#.

FIG. 6. Total cross sections forE2C6H6 scattering. Solid
curve, the EGAR results; broken curve, the 100% AR. The exp
mental data:d, Ref. @21#; h, Ref. @22#.
06271
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overlapped energies, show better results than those of
100% AR approach. No experimental data are found in
higher-energy region. But we promise that the present EG
results will be good atE.400 eV, which can also be notice
from Figs. 2, 4, and 6. For C6F6 in Fig. 5 and for C6H6 in
Fig. 6, we find a good general accord between these
approaches in the limit of high energy (.1000 eV!. The
results of the EGAR are closer to the experimental TCS t
those of the 100% AR in the present energy region. On
C6H6 molecule, two groups of measurements are plotted
Fig. 6 and show some discrepancy, particularly in lower c
lision energy. Our EGAR and 100% AR results are abo
18.8–60.2 % and 21.9–98.8 % higher than the measurem
of Zecca and coworkers in 30–500 eV, respectively. He
the results show that our calculations in EGAR and
100% AR approaches present a larger discrepancy ag
experimental measurements at low and intermediate e
gies. The discrepancy results from, in the low- a
intermediate-energy range, a large contribution of the th
C5C bonding in the C6H6 molecule. As the collision energy
increases, the calculations and the measurements are in
agreement.

In general, both our theories exceed experimental val
in the low- and intermediate-energy region, but the EGA
approach fares better. Since the contribution from the in
ference occurring between the scattering amplitudes origi
ing from the different constituent atoms of the molecule
not included in the two additivity approaches, the TCSs o
tained show larger discrepancies compared with the exp
mental data at low and intermediate energies. In the hi
energy region, the present two results are in agreement
experimental measurements and show that the additivity
is viable for complex polyatomic molecules. For our resu
we assume that the errors are caused mainly by the addit
model at low energies. At intermediate and high energies,
present approaches and optical potential are a good appr
and the errors caused by them are within the experime
errors. Employing the EGAR, we obtain the TCS on oth
molecules (CO2, NH3, SF6 , C2H2 , C3H6 , C4H10, etc.! and
the results are in better agreement with available experim
than the 100% AR results in Refs.@17,18#.

In this paper, the 100% AR and EGAR have been int
duced with the aim of generating reliably the TCS for ele
tron scattering from complex polyatomic molecules (C2F4 ,
C2F6 , C3F6 , C3F8 , C6F6 , and C6H6) in the intermediate-
and high-energy region. Considering semiempirically ge
metric shielding effects in molecules, the modified AR, d
pending on molecular properties without any adjusted
rameters, is simple but more effective when compared w
available experimental data. It presents better results for
TCS on complex molecules C2F6 , C3F8 , C6F6, and C6H6.
Although there are no other experiments and theories
comparison, we think, for C2F4 , C3F6, that the present
EGAR results on the TCS are reliable, particularly in t
high energy region. In view of a lot of samples, the EGA
and the optical potential model of related atoms can be u
successfully to calculate qualitatively the TCS f
e-polyatomic molecule scattering in intermediate- and hig
energy ranges. The modified additivity rule~2! and the 100%

al

i-
2-5
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additivity rule give an interesting model for the TCS of ele
tron scattering from polyatomic molecules and are of va
for further research. Despite the fact that the mathemat
calculations are not exact, the present results provide a g
qualitative comparison and will be useful in experimen
research, particularly for complex polyatomic molecules
which other exact calculations are difficult. In the meantim
we also hope to see that more and more theoretical and
ir
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perimental research for the TCS on C2F4 , C2F6 , C3F6 ,
C3F8 , C6F6, and C6H6 molecules is completed at interme
diate and high energies in the near future.
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