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A model complex optical potential (composed of static, exchange, polarization, and absorption terms)
is employed to calculate the total (elastic and inelastic) electron-atom scattering cross sections from the
corresponding atomic wave function at the Hartree-Fock level. The total cross sections for electron
scattering by their corresponding molecules (H,S, SiH,, CH,, CF,, CCl,, SF,, C,H,, CCL;F, CCIF;, and
CCl,F,) are obtained by the use of the additivity rule over an incident energy range of 10-1000 eV. The
qualitative molecular results are compared with experimental data and other calculations wherever
available; good agreement is obtained in intermediate- and high-energy regions.

PACS number(s): 34.80.Bm

I. INTRODUCTION

The total cross sections (TCSs) for electron scattering
by polyatomic molecules (H,S, SiH,, CH,, CF,, CCl,,
SF¢, C,H,, CCLF, CCIF;, and CCLF,) have important
applications in space, plasma, laser, atmospheric, and
chemistry physics [1,2]. Large-scale use of these mole-
cules for halogenated methanes has been made in refri-
geration machines, in the manufacture of plastic foams,
as propeller gases, and in the semiconductor industry [3].
It is well known that electron-molecule scattering
presents a more complex problem than that correspond-
ing to electron-atom scattering due to the multicenter na-
ture, the lack of a center of symmetry (in the case of po-
lyatomic and heteronuclear molecules), and the electron’s
nuclear motion. Many approaches have been proposed
and developed. here we are interested in the
intermediate- and the high-energy regions, where almost
all inelastic channels (rotational, vibrational, and elec-
tronic excitation, ionization processes, etc.) are open. In
this energy range, a conventional close-coupling theory
[4-6] for electron-molecule scattering is an arduous task
and almost impossible to carry out. It is therefore not
surprising that many previous calculations on the TCS
for electron-molecule scattering have been restricted to
the low-energy region. The spherical complex optical po-
tential (SCOP) model approach has been employed by
Jain and co-workers [7,8] to give a summary for H,S,
SiH,, CH,, and CF, molecules in intermediate- and high-
energy regions. The SCOP model is calculated for each
collision system from the corresponding molecular wave
function at the Hartree-Fock level. For CCly, SF4, C,H,,
CCl4F, CCIF;, and CCLF, molecules, no calculations are
found for the TCS in the present energy region.

A fairly simple approach, namely, the additivity rule
[9], was employed successfully by Mark and co-workers
[10] to obtain the electron-impact total-ionization cross
sections for a variety of molecules. Raj [11] made an ap-
plication of the additivity rule to obtain the elastic cross
sections for electron scattering by a sample of four mole-
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cules, namely, O, CO, CO,, and CF,, at 100-500 eV.
Recently Joshipura and Patel [12] also employed the ad-
ditivity rule and the complex optical potential to obtain
the TCS for electron scattering with molecules (O,, N,,
CO, CO,) at 100-1000 eV. Very recently we [13] also
gave the TCS for electron-molecule (O,, N,, CO, CO,)
scattering by the use of the additivity rule and the com-
plex optical potential at 10—-800 eV and proved that the
additivity rule is proper for the calculation of the TCS for
electron-molecule scattering in the intermediate- to
high-energy range. In this paper, we further employ the
additivity rule and the complex optical potential to ob-
tain the TCS for electron scattering by more complex
molecules (H,S, SiH,, CH,, CF,, CCl,, SF,, C,H,, CCL;F,
CCIF; and CCL,F,) at 10—-1000 eV.

In other experiments, Szmytkwoski and Maciag [14],
Zecca et al. [15-17], Sueoka and co-workers [18,19],
Jones [20], Dababneh et al. [21], and Floeder et al. [22]
have measured the TCS in the laboratory for electron
scattering from H,S, SiH,, CH,, CF,, CCl,, SF,, C,H,,
CCLF, CCIF;, and CCLF, molecules in different energy
ranges.

In the next section we describe in detail the additivity
rule and the complex optical potential model. In Sec. III
we present the calculations for the TCS on these mole-
cules at 10-1000 eV based on the additivity rule and
compared thém with the available experimental data.
Concluding remarks are made in Sec. IV. We employ
atomic units throughout this paper.

II. THE ADDITIVITY RULE
AND COMPLEX OPTICAL POTENTIAL

The basic philosophy of the additivity rule is based on
the assumption that anisotropic electron-molecule in-
teractions do not play a significant role in shaping the
TCS of the intermediate- and high-energy electron-
molecule collisions. According to the additivity rule and
the optical theorem [9], the TCS (elastic and inelastic)
Qr(E) of the molecules is given by
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where g4(E) and f ; are the TCS due to the jth atom of
the molecule and the complex scattering amplitude for
constituent atoms of the molecule, respectively. Here it
is obvious that no molecular geometry is involved in the
additivity rule. So the molecular scattering problem is
reduced to the atomic scattering problem, which is easier
to handle.

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

Vo (P)=V (1) +V (r)+V,(r)+iV,(r) . (2)

Thus ¥V, (r) incorporates all the important physical
effects. Presently the static potential (V) for electron-
atom systems is calculated by using the atomic charge
density, determined from the well-known Hartree-Fock
atomic wave functions [23]. The exchange potential
V,(r) provides a semiclassical energy-dependent form de-
rived by Riley and Truhlar [24].

Zhang, Sun, and Liu [25] give a smooth form at all
for the polarization potential ¥,(r), which has a correct
asymptotic form —a/2r* at large » and approaches the
free-electron-gas correlation energy V_,(r) proposed by
Perdew and Zunger [26] in the near-target region

a

V,(r)=——————
P’ 2(r2+r£0)2

) (3)

where the constant r,, can be determined by letting
V,(0)=—a/2r$,=V.(r=0) and a is the atomic polari-
zability. This potential model has proved to be fairly suc-
cessful in obtaining the TCS for electron-atom scattering
[25].

The imaginary part of the optical potential V, is the
absorption potential, which represents approximately the
combined effect of all the inelastic channels. Here we em-
ploy a semiempirical absorption potential as discussed by
Staszewska et al. [27]. The ¥V, is a function of atomic
charge density, incident electron energy, and mean exci-
tation energy A of the target. It is written as [27]

V(r)=—p(r((T /2)"*(87/5k*k})

XH(k*~k}—2A)XA+B+C), 4)
where
T, =k>~V,=V,—V,,
A=5k}/2A ,

B =—k}5k>—=3k})/(k*—k}),
(2k}+2A—k?)3"2
(k2—k?)?

C=2H (2k}+2A—k?) ,
and k2 and k + are the energy of the incident electron and
the Fermi momentum, respectively. Here H(x) is a
Heaviside function defined by H(x)=1 for x 20 and

H(x)=0 for x <0. The absorption potential (¥,) has
been widely employed to calculate inelastic cross sections
for electron-atom [28] and electron-molecule [7,8]
scattering.

q}(E) is obtained by the method of partial waves [29]:

qH(E)=qJ(E)+ql(E)

U

k2

Imax
S I+ D[1=S/P+0—1s/], ©)
=0

where g/(E) and qJ(E) are elastic and absorption cross
sections, respectively, and Sy is the /th complex scattering
matrix element of the jth atom, which is related to the
partial-wave phase shift as S/=exp(2i8;;). To obtain S/,
we solve the radial equation

i +k2—y . — L(.l_ﬂ.)_

opt
dr? o

u,(r)=0 (6)

under the boundary condition
u(kr)~kr[j(kr)—in;(kr)]+Skr[j,(kr)+in,(kr)],
(7

where j; and n; are the spherical Bessel and the Neumann
function, respectively. The limit /_,, of Eq. (4) is taken
to be 50. An effective-range formula
rak?

a0 = T I D2l +3)2I = 1) ®)
is used to generate the higher partial-wave contributions
until again a convergence of less than 0.5% is achieved in
the TCS. For electron-atom scattering, the complex opti-
cal potential can present qualitatively good results for the
TCS [25,28] compared with the experimental data and
different ¥, and V, have smaller effects (within 5%)
[12,13] on the TCS in the intermediate- and the high-
energy ranges.

III. RESULTS AND DISCUSSIONS

In Ref [13] we obtained the TCS for electron-molecule
(04, N,, CO, and CO,) scattering by employing the addi-
tivity rule and the complex optical potential. In this pa-
per, the TCS for the electron-molecule (H,S, SiH,, CH,,
CF,, CCl,, SFs,, C,H,, CCLF, CCIF;, and CCLF,)
scattering using the additivity rule [Eq. (1)] with ¥ is
calculated in incident energy range 10-1000 eV. In
Table I we list the data of atomic TCSs for electron
scattering and their molecular TCSs resulting from the
use of the additivity rule and the complex optical poten-
tial. The present results, along with the available experi-
mental data and the SCOP results of Jain and co-workers
[7,8], are shown in Figs. 1-10.

From Fig. 1 we notice that the present values of the
TCS resulting from the use of the additivity rule and the
SCOP results are in agreement and are lower by about
10% than the measurements of Zecca, Karwasz, and
Brusa [16] above 200 eV. However, below 100 eV, the
two theoretical calculations agree well with the available
measurements [14,16]. As shown in Figs. 2—-4, the exper-
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TABLE 1. Total cross sections for electron scattering by atoms (using a complex optical potential) and their molecules (using the
additivity rule) (in units of ma3).

E (V) H c F Si S cl  H,S SiH, CH, CF, CCl, SFy CH, CCLF CCLF CCLF,
10 6.815 16.815 5.943 46.385 40.37 29.858 54.00 73.65 44.08 40.59 13625 76.03 60.89 112.33 64.50 88.42
20 4.047 13.753 6.069 30.876 25.887 24.811 33.98 47.06 29.94 38.03 113.0 62.30 43.69 9426 5677 75.51
30 3406 12.079 5.952 22.728 19.436 18.474 26.25 36.35 2570 35.89 8598 55.15 37.78 73.45 48.41 60.93
49 2978 10.803 5.723 19.461 16.293 15.310 22.15 31.37 22.72 33.70 72.04 50.53 33.51 6246 4328 52.87
50 2.630 9.733 5.466 17.504 14.034 13.407 19.29 28.02 20.25 31.60 63.36 46.83 29.99 5542 39.54 47.48
60 2344 8766 5217 16.064 12379 12.027 17.07 25.44 18.14 29.60 56.87 43.62 2691 50.06 36.44 4325
70 2.016 7.983 4.983 14.908 11.42 10.846 15.63 23.33 1641 27.92 51.37 41.32 2439 4551 33.78 39.64
80 1907 7.414 4767 13.941 1072  9.882 14.53 21.57 15.04 2648 4694 39.32 22.46 41.83 31.6 36.71
90 1.741 6.945 4573 13.118 10.16 9.197 13.64 20.08 13.91 2524 43.73 37.60 20.85 39.11 29.86 34.49
100 1.600 6.573 4.392 12.381 9.703 8.698 12.9 18.78 12.97 24.14 4137 36.06 19.55 37.06 2845 32.75
200 0.873 4390 3.157 8244 6.868 6.148 8.62 11.74 7.88 17.02 28.98 25.81 1227 2599 2001 23.0
300 0.593 3.342 2468 6298 5444 4902 6.63 8.67 571 1321 2295 2152 9.06 2052 1570 18.12
400 0443 2712 2.081 5.156 4.492 4.140 538 693 448 11.04 1927 1698 7.20 1721 13.10 15.15
500 0.349 2261 1.801 1.111 3.850 3.513 1.55 5.81 3.66 9.48 1644 14.67 592 1470 1122 1296
600 0.285 1941 1.588 3.830 3.34 3.120 391 497 3.08 829 1442 12.87 502 1289 983 11.36
700 0240 1.694 1.429 3320 2960 2.800 3.44 428 265 741 12.89 1154 435 1152 878 10.15
800 0210 1483 1292 3.104 2.630 2470 3.05 395 232 6.65 11.36 1038 3.81 10.19 7.83  9.01
900 0.203 133 1.184 2720 240 2230 2.81 3.53 214 607 1025 951 347 9204 7.1 816
1000 0.198 122 1.10 2150 2.10 203 250 321 201 562 934 870 2.84 841 655 7.48

imental data from Zecca et al. [15-17], Dababneh et al.
[21], Jones [20], and Sueoka and co-workers [18,19] ex-
hibit larger discrepancies. The measurements of Sueoka
and co-workers are about 15-20 % lower than the other
measurements. For SiH,, CH,, and CF, molecules, the
present results are in good agreement with the measure-
ments of Zecca et al. and Dababneh et al. and 10-30 %
higher than the data of Sueoka and co-workers above 100
eV. The SCOP results for SiH, and CH, are about 10%
lower than the present results and the available experi-
mental data above 100 eV. For CF,, the SCOP results,
the present results, and the experimental data are in ac-
cord above 100 eV; on the other hand, the SCOP results
and the present results substantially exceed the experi-
mental values [16—-20] below 100 eV in Figs. 2 and 4. For
CH, at low energies, the SCOP results are lower than the
available experimental data [19,21].
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FIG. 1. Total cross sections for e-H,S scattering. Solid

curve, present results; dashed curve, SCOP results [7]. The ex-

perimental data: O, Ref. [14]; @, Ref. [16].

In Figs. 5-10 no other theoretical calculations are
found and we report calculations on the TCS for electron
scattering for SF,, C,H,, CCl,, CCL;F, CCIF;, and
CCLF, at 10-1000 eV. For SF¢ and C,H, molecules, as
evidenced in Figs. 5 and 6, the present TCS values are
10-25 % higher than the experimental data [19,21,22] in
the 100-400 eV range. The measurements of Zecca,
Karwasz, and Brusa [16,17] are 15-20 % higher than
Sueoka and co-workers’ measurements in the present en-
ergy range. From Figs. 1-4, the present results show
good agreement with the data of Zecca, Karwasz, and
Brusa above 100 eV. For SF¢ and C,H, molecules, Zecca
et al. do not present experimental data and we assume
that our results are within experimental error above 100
eV and that there is much room for possible improve-
ment on the experimental values.

The present TCS results show good agreement with the
experimental data of Zecca, Karwasz, and Brusa [17] at
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FIG. 2. Same as in Fig. 1, but for SiH,.
data: O, Ref. [18]; ®, Ref. [16].

The experimental
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FIG. 3. Same as in Fig. 1, but for CH,. The experimental FIG. 6. Same as in Fig. 5, but for C,;H,. The experimental
data: O, Ref. [21]; @, Ref. [15]; 00, Ref. [19]. data: O, Ref. [19]; @, Ref. [22].
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FIG. 4. Same as in Fig. 1, but for CF,. The experimental FIG. 7. Same as in Fig. 5, but for CCl,. The experimental
data: O, Ref. [18]; @, Ref. [17]; OJ, Ref. [20]. data: O, Ref. [18]; @, Ref. [17]; O, Ref. [20].
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FIG. 5. Total cross sections for e-SF scattering. Solid curve, FIG. 8. Same as in Fig. 5, but for CCl;F. The experimental

present results. The experimental data: @, Ref. [21]. data: O, Ref. [20]; @, Ref. [17].
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FIG. 9. Same as in Fig. 8, but for CCIF;.

all the overlap energies in Figs. 7-10. For CCl,, as
shown in Fig. 7, the measurements of Mori, Katayama,
and Sueoka [18] are 20—-30 % lower than the two other
groups of experimental data [17,20] and our results at the
present energy range. For CCl,, CCLF, CCIF;, and
CCLF, chlorofluoromethanes, at 700-1000 eV, the
present results are 10—-20 % lower than the experimental
data. According to the analysis of Zecca, Karwasz, and
Brusa, for these gases, longer evacuation times were
necessary and statistical fluctuations affected their data to
a greater extent (about 3%). So our results also are in
agreement with the experimental data above 100 eV. In
the low-energy range, our results are about 30-50 %
higher than the measurements of Jones [20] for CCl,,
CCL3F, CCIF;, and CCLF,.

As the energy of the incident electron increases, the in-
teractions among the atoms of a molecule have a smaller
effect on the TCS. The additivity rule ignores the in-
teractions, so we see, from Figs. 1-10, that the present
approach is in fairly good agreement with the available
experimental data in the intermediate- and the high-
energy ranges; however, at low energies, our results are
not as good.

IV. CONCLUSIONS

The additivity rule ignores molecular geometry, so the
molecular scattering problem is reduced to the atomic
scattering problem, which is easier to handle. Joshipura

o (units of Ta?)

1 1 a4 1l

10 10 ? 10 °?

E (ev)

FIG. 10. Same as in Fig. 8, but for CCL,F,.

and Patel [12] and Sun, Jiang, and Wan [13] recently cal-
culated the TCS for electron scattering from diatomic
and triatomic molecules using the additivity rule and ob-
tained good results in the intermediate- and the high-
energy ranges. In this paper we employ the additivity
rule and obtain quite encouraging results for the TCS on
more complex H,S, SiH,, CH,, CF,, CCl,, SF,;, C,H,,
CCLF, CCIF;, and CCl,F, molecules. Even though the
mathematical calculations are not exact, the present re-
sults provide a good qualitative comparison and a basis
for future experimental research, particularly for those
molecules for which the wave functions, without which
many theoretical calculations cannot be done, are not
currently available. So the additivity rule and the optical
potential model of related atoms are used to calculate
qualitatively the TCS for electron-molecule scattering in
the intermediate- and the high-energy ranges. The addi-
tivity rule provides insight into the calculations of the
TCS of electron-molecule scattering and is of value for
further research. At the same time, we notice large
differences among the experimental data and hope that
improved experiments will elicit more accurate results.
Since the contribution from the interference occurring
between the scattering amplitudes originating from the
different constituent atoms of the molecule is not includ-
ed in the additivity rule, the results of the TCS using the
additivity rule show larger discrepancies in the low-
energy range.
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