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Abstract. Electron impact total (50 to 2000 eV) and ionization (threshold to 2000 eV) cross-sections are
calculated using the SCOP and CSP-ic methods [Phys. Rev. A 69, 022705 (2004)] for the hydrocarbon
molecules (CH4, CoH2, CoHy, CoHg, C3Hy, C3Hg and C3Hg) and radicals (CH, (z = 1-3)). Present
method has already been tested successfully to many other aeronomic [Int. J. Mass Spectrom. 233, 207
(2004)] and plasma molecules and radicals. Our results exhibited in this paper show good agreement with
experimental results where available. For the radical species, we have presently done a first estimate of the

total cross-sections.

PACS. 34.80.Bm Elastic scattering of electrons by atoms and molecules — 34.80.Gs Molecular excitation

and ionization by electron impact

1 Introduction

For the last few decades the importance and applications
of hydrocarbons are increasing in molecular chemistry and
plasma physics. They play dominant role in edge pro-
cesses of magnetically confined high temperature hydro-
gen plasma [1]. These molecules are also important con-
stituents in various astrophysical environments [2,3]. The
knowledge of electron impact ionization cross-sections for
ethane is useful in understanding the fundamental pro-
cesses of the energy deposition in biological cells and en-
ergy transfer in gases used in dosimetry.

Total cross-sections (TCS) for electron scattering from
atoms and molecules provide useful insight in verify-
ing and testing various models of electric and magnetic
interactions. Electron induced ionization cross-sections
and probabilities of other processes like excitations in
molecules determine the density and reactivity of low tem-
perature technological plasmas. Along this line of investi-
gation, the electron as well as positron induced processes,
including ionization as a dominant inelastic channel at
intermediate and high energies, play important roles in
plasma-processing, aeronomy and in biological systems
and other environmental sciences. Moreover, in order to
develop understanding of the basic chemical behaviour of
above listed hydrocarbons, the data regarding the total
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elastic, inelastic and ionization cross-sections would prove
crucial and therefore such study has attracted many the-
oreticians and experimentalists in last few decades. How-
ever not much theoretical data is available for the total
and ionization cross-sections for C3Hy, C3Hg, and C3Hg
molecules [4].

In this paper we have reported the total cross-section,
Q1 and total ionization cross-section, Q;on for CoHs,
CoHy CyHg CsHy, C3Hg and C3Hg molecules and CH,
(x = 1-3) radicals by electron impact. For the standard
target CHy4 our results are included for comparison.

Calculations of complete TCS @Qp for CoHs, CoHy
and CoHg molecules are scarce, but there is a consider-
able experimental study on these molecules. For CyHs,
Ariyasinghe and Powers [5], Xing et al. [6] and Sueoka
and Mori [7] have measured Qr and corresponding the-
oretical values were reported by Jain and Baluja [8].
The total ionization cross-section, Q);on, are calculated
by many groups [9-11], while experimentally it has been
measured by Hayashi [12]. The Q1 for CoHy molecule is
measured by Sueoka and Mori [13] and Ariyasinghe and
Powers [5] and the theoretical values are reported by Jain
and Baluja [8] and Jiang et al. [14]. There are extensive
measurements [12,15,16] for Q,on, while the only theoreti-
cal results are due to Hwang et al. [17]. For C;Hg molecule
the measurements of Qr are reported by Hayashi [18] and
Ariyasinghe and Powers [5], but no theoretical data has
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been reported in this case. The @Q;,, have been measured
by Nishimura and Tawara [16], Chatham et al. [19] and
Schram et al. [20], while theoretical data are due to BEB
method of Kim [21].

CsHy, C3Hg and C3Hg targets are less investigated
both theoretically and experimentally. There is no theoret-
ical data on Qr for C3Hy, but the experimental results are
reported by Makochekanwa et al. [22] and Szmytkowski
and Kwitnewski [23]. However, no calculations or mea-
surements are reported on ;. for this molecule. Q7 for
C3Hg molecule were measured by Floeder et al. [24] and
Nishimura and Tawara [25], whereas Q;o, were measured
by Nishimura and Tawara [16] and Schram et al. [20]
and calculated by Deutsch et al. [26]. Finally for CsHg
molecule, there are measurements for Qr [23,24,27], but
no theoretical data is reported. The Q;,, of C3Hg have
been measured by [16,20], and theoretical results were re-
ported by [17].

The transient radicals pose difficulties in the cross-
section measurements due to their high reactivity and
less stability. Hence the experimental results need to be
supplemented through alternative theoretical models. Be-
sides, none of the previous theories discuss ionization in
relation to processes like elastic scattering and inelastic
collisions like excitation by electron impact. In this work
we have also reported calculations on Q7 and Q;., for
CH, radicals. Comparisons are available only for Q;.n
from the experiments of Tarnovsky et al. [28], Baiocchi
et al. [29] and from the BEB calculations [21]. Prelimi-
nary estimates for CH, radicals were given in our earlier
paper [30].

Our present aim is to find the total elastic and inelas-
tic cross-sections by Spherical Complex Optical Potential
(SCOP) method. The total cross-section, Qr can be ob-
tained as,

Q1(E;) = Qa(E;) + Qinet(E). (1)

Here, the first term is the total elastic cross-section and
the second term is the total inelastic cross-section. This
does not incorporate the non-spherical effects, e.g. the
dipole rotation, which are not significant in the present
energy range, but may be added to @ for the polar
molecules [31]. Then by applying the CSP-ic (complex
scattering potential-ionization contribution) method we
have derived @Q;oy from Q;ne;. Our approach is discussed
briefly in the next section and comparison of the present
results is made with available experimental and theoreti-
cal data in Section 3.

2 Theoretical methodology

We explain in brief the theoretical formalism employed to
determine the Q7 and Q;,, for the impact of electrons on
the molecules and radicals studied. A detailed description
can be found from our earlier papers [32-34] and references
therein. The present calculations are based on the spheri-
cal complex scattering potential Vs = Vg +iV7, where Vi

and V7 are the real and imaginary parts of the total poten-
tial Vo as discussed in our recent papers [31-36]. We em-
ploy this central potential in to the Schrodinger equation
to calculate the total cross-sections of simultaneous elas-
tic and inelastic scattering of electrons. For this purpose a
local absorption potential Vgps [37] is constructed appro-
priately, by treating the quantity A appearing in the ab-
sorption potential as energy dependent parameter [32,33]
to account for electronically inelastic scattering. The mod-
ified potential is employed as the imaginary part of the
total potential V,p,: to calculate the total inelastic cross-
section @Q;ne;. The inelastic cross-section @Q;pne;, which is
a quantity not accessible directly in experiments, can be
partitioned basically as,

Qinel(Ei) = ZQezc(Ei) + Qion (E’L) (2)

In equation (2), the first term is the sum of the total
excitation cross-sections for all the accessible electronic
transitions. These transitions are dominated by low-lying
dipole allowed states, for which the thresholds lie below
the ionization energy. The second term stands for all the
allowed ionization processes in the targets by electron im-
pact. Now, the ionization corresponds to infinitely many
open channels, so that as incident energy increases above
the ionization threshold, the cross-section Q;,, provides
the major contribution to the theoretical quantity Q;ner,
and therefore,

Qinel(Ei) 2 Qion (E’L) (3)

Thus we find that Q;,e; contains Q;o,. The latter cannot
be projected out rigorously from the former cross-section.
To do this approximately we have introduced [31] an en-
ergy dependent function defined as,
R(Ey) = 2o ()
anel(Ez)
where, we must have R =0 for F; < I, and 0 < R < 1,
for E; > I in view of equation (3). A first theoretical
estimate of the ratio R (Eq. (4)) was given by Turner
et al. [38], who had found R = 0.65 above 100 eV. In our
approach called ‘Complex Scattering potential-ionization
contribution’ (CSP-ic) method [31-34], we determine this
ratio in the following analytical form,

CQ + hl(U)
U+a U

R(E)=1-Ci | (5)
where U is the dimensionless variable defined through,
U = E;/I. The above expression involves three parame-
ters C7, Cy and a, which are determined from the three
conditions on the function R(E;), vide [31-34]. Determi-
nation of these parameters is based on the general obser-
vation that typically around F; = 100 eV when Q;,, for
a molecule reaches its maximum, its contribution to Q;ne;
is about 70 to 80% in most of the atomic-molecular sys-
tems. This can be basically attributed to infinitely many
scattering channels offered by the continuum in contrast
with a finite number of important discrete electronic exci-
tations. Having thus determined R(E;), we evaluate Q;on
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Table 1. Qr and Qion for molecular hydrocarbons (in A% and E; in eV).

E; CH4 CQHQ CQH4 CQHG CgH4 CgHG C3H8
QT Qion QT Qion QT Qion QT Qion QT Qion QT Qion QT Qion
15 - 0.17 - 0.68 — 0.27 - 0.16 - 0.61 - 0.6 - 1.25
20 - 0.8 - 148 - 122 - 112 - 143 - 2.05 - 2.77
30 - 212 - 2.67 - 317 - 3.48 - 287 - 4.59 - 5.54
40 - 3 - 3.54 - 443 - 5.07 - 419 - 6.02 - 7.45
50 13.2 348 133 406 159 511 173 597 176 5.06 194 6.76 225 8.3
60 11.9 3.71 11.9 4.34 14.4  5.38 16.4 6.34 16.5 557 185 7.09 20.9 8.59
70 10.8 3.81 109 446 132 543 156 6.38 157 579 176 7.08 195 8.7
80 9.93 384 101 447 123 5.38 149 6.26 149 583 16.8 6.94 184 8.68
90 9.23 384 9.5 4.43 11.5  5.29 14.2  6.09 14.2  5.78 16.1 6.76 17.1  8.56
100 8.64 381 898 433 109 516 135 591 135 5.7 156 6.64 159 841
150 6.656 348 7.23 3.77 881 448 11.4  4.99 11.4  5.32 12.8  5.95 12.7 7.45
200 547 3.01 6.19 3.3 7.54 395 9.87 433 9.87 486 11.2 539 10.8 6.68
300 4.08 24 494 264 6.01 3.18 891 344 819 411 941 458 872 543
400 3.28 204 4.18 22 5.07 267 7.06 288 713 356 818 399 743 4.66
500 2775 172 3.65 189 441 231 6.21 247 6.35 3.14 727 354 6.55 4.11
600 237 151 325 164 392 203 552 217 573 281 654 318 586 3.66
700 209 133 294 147 354 182 502 194 523 254 595 29 549 3.33
800 1.87 1.21 269 133 324 164 452 1.7 481 233 547 265 5.1 3.03
900 1.68 1.1 248 121 298 15 411 16 445 2.14 5.05 245 478 2.85
1000 1.54 1.01 231 111 277 138 3.81 147 415 199 4.7 227 44 2.63
1500 1.05 066 1.72 0.8 206 098 267 106 3.09 145 348 167 343 198
2000 0.7 0.43 1.39 0.63 1.65 078 211 082 246 1.13 275 1.31 2.65 1.64

from our calculated Q;ne; through equation (4). Although
this constitutes a semi empirical approximation, the reli-
ability and accuracy of our method has been tested ade-
quately in a variety of molecules in gas phase, as discussed
in our recent papers [32-34]. The CSP-ic method satisfac-
torily predicts the position and magnitudes of the peak
of the total ionization cross-sections, which have a depen-
dence on the threshold value, size and number of electrons
of the target molecule.

The present method employs two of the most well
known target properties as the basic inputs viz. (i) The
first ionization energies and (ii) the molecular geometries
(bond lengths, bond angle etc.). Our method provides a
useful alternative approach to the current theories viz.,
BEB [39], siBED [40] and the DM [41].

3 Results and discussion

The present Q7 and Q. results on stable and radical
species of some hydrocarbons are discussed here. Calcu-
lated results for these target are tabulated in Tables 1
and 2. Comparisons are made graphically in the coming
sections.

3.1 Stable molecules
3.1.1 CHq

Methane is nearly spherical, such that rotational excita-
tion is weak. Hence this is a perfect case suitable to our

Table 2. Q7 and Q;on for hydrocarbon radicals (in A? and E;
in eV).

E; CH CHa CHs
QT Qion QT Qion QT Qion
15 - 038 - 0.28 - 0.32
20 - 0.88 - 0.72 - 0.91
30 - 1.54 - 1.56 - 1.81
40 - 1.95 - 2.09 - 2.53
50 8.67 22 12.6 237 11.7 290
60 793 232 11.8 249 10.7 3.07
70 733 234 11.1 253 996 3.13
80 6.85 234 104 253 931 3.15
90 6.43 231 9.86 251 877 3.12
100 6.08 225 935 247 829 3.06
150 483 191 747 217 6.60 2.66
200 4.04 165 6.26 1.88 552 231
300 3.08 132 47 149 421 1.83
400 250 1.09 386 122 342 1.51
500 211 093 326 1.04 289 1.29
600 1.83 081 282 091 250 1.14
700 1.62 071 249 080 221 1.01
800 146 0.64 223 0.72 1.99 091
900 1.32 058 203 064 1.80 0.84
1000 1.22 053 1.8 058 1.65 0.75
1500 0.86 0.33 1.31 0.37 1.18 0.50
2000 0.68 0.24 1.01 0.25 091 0.36

theory and is included here as a standard hydrocarbon tar-
get. As the Figure 1 shows the present total (complete)
cross-sections Q@7 of methane are in a good agreement
with the theoretical values of Jain and Baluja [8], and also
with the measurements of Zecca et al. [42]. The theoretical
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Fig. 1. Qr and Qion for CH4 molecule. Qr — solid curve —
present; dash — Jain [8]; star — Zecca [42]. Qion — solid curve —
present; dash-dot — BEB [21]; circle — Chatham [19]; inverted
triangle — Nishimura [16].

values of Lee et al. [43] (not shown here) seem to be in
agreement with the present theory up to about 200 eV.
The ionization cross-sections for methane reach a peak at
about 70 eV. The Q;,y, derived in our CSP-ic approach
are in very good accord with the BEB theory [21] and the
measured data of Chatham et al. [19] and Nishimura and
Tawara [16]. Measurements of Chatham et al. have an un-
certainty of about 10% and Nishimura and Tawara of 5%.
The Qr and Q;,, for CHy along with its radicals are also
exhibited in Table 1.

3.1.2 C3H,

In this and remaining cases, we have used the multi-centre
approximation method (group additivity method) [44,45]
to calculate Qp and Q);,, for all other stable molecules.
In this method, the cross-sections for different groups in
a molecule were calculated separately by the single centre
approach and then added together to get the total cross-
section of the molecule. In CoHs, for example, the group
CH is considered as a unit for additivity. The justifica-
tion for group additivity comes from relatively larger C—C
bond length in all these molecules.

The upper curves in Figure 2 show our Qr for CoH,
compared with the theory of Iga et al. [46] and experi-
ments of Ariyasinghe and Powers [5] and Sueoka [7]. Over
most of the energy range our results are in agreement with
measurements and the theoretical data. The lower curve
in Figure 2 exhibits @Q;,,, for CoHy. The present results are
in excellent agreement with the BEB theory [21] and mea-
surements of Hayashi [12] and Gaudin and Hagemann [11],
well within an uncertainty of about 10%. Experimental
values of Zheng and Srivastava [10] (not shown here) are
above all these plotted Q;,, curves.
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Fig. 2. Qr and Qion for C2Hae. Q1 — solid curve — present;
dash — Iga [46]; star — Ariyasinghe [5]; circle — Sueoka [7].
Qion — dotted curve — present; dash-dot — BEB [21]; inverted
triangle — Hayashi [12]; square — Gaudin [11].
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Fig. 3. Qr and Qion for CoHa. Qr — solid curve —
present; dash — Brescansin [47]; star — Ariyasinghe [5];

circle — Sueoka [7]. Qion — dotted curve — present; dash-
dot — BEB [21]; inverted triangle — Hayashi [12]; square —
Nishimura [16].

3.1.3 CyHy

In Figure 3, the present TCS for CoHy are displayed.
The upper curves give our Qr along with the ex-
periments [5,47]. The theoretical values of Brescansin
et al. [47] show a behaviour with respect to our values, sim-
ilar to that of Iga et al. in CoHsy. The present Qo curve
(lower) in Figure 3 is in nice agreement with the BEB the-
ory [21] and experimental data [12,16]. Values of [16] are
slightly higher, but our present results are within their
experimental uncertainty of 5%. Older measurement of
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Fig. 4. Q. for CHs and C2Hys molecules. e-CHy — solid curve — present; dash — Jain [8]; dash-dot — Lee [43]; star — Iga [46].
e-C2Hy4 — solid curve — present; dash — Brescansin [47]; star — Brescansin (Exp) [47]; filled circle — Panajotovic [48].

Rapp and Englander-Golden [15] (not shown here) seem
to overestimate the @Q;,, presented here.

The present calculations also yield total elastic cross-
sections (Q;, hence sample comparisons for this quantity
have been given in Figure 4. While CHy case (Fig. 4a)
shows a good general agreement, there are differences
among the different results in the case of CoHy (Fig. 4b).
For the sake of brevity we have not included the Q.
for other targets, but the values are available with the
authors.

3.1.4 C3Hg

Total and ionization cross-sections for non-polar CoHg are
plotted in Figure 5. The upper curves in Figure 5, compare
the present Qr for CoHg with the measurements [5,13].
Even though our results are slightly above these values,
they fall within the experimental uncertainty and the gen-
eral shape is preserved throughout the energy range. The
lower curves in Figure 5 show the comparison of present
Qion for CoHg with the BEB theory [21] and the exper-
imental results [16,18,19]. Up to the peak of ionization,
our values are in excellent agreement with these data, af-
ter which our values are slightly lower but still close to the
experiments.

3.1.5 C3Hq

For the exotic target C3Hy (Allene), the Qr and Qjon
are plotted in Figure 6. The present Q7 on CsHy are in
general agreement with the experiments of Makochekanwa
et al. [22], within their experimental uncertainties. How-
ever, the measurement of Szmytkowski et al. [23] over-
estimates and shows a behaviour different from other
results. We must note that towards lower energies the non-
spherical interactions enhance the total cross-sections Q.

| e-CH, Upper Curves, Q.
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24 la\N Present
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Fig. 5. Qr and Qion for C2Hg. QT — solid curve — present;
star — Ariyasinghe [5]; circle — Sueoka [13]. Qion — dotted curve
— present; dash-dot — BEB [21]; inverted triangle — Hayashi [18];
square — Nishimura [16]; triangle — Chatham [19].

In case of @, of the present target, currently there are
no other experimental or theoretical data available for this
molecular species. Our results have retained expected na-
ture and provide the first hand data for this target.

3.1.6 C3He

In Figure 7 the upper curves exhibit the present Q7 for
C3Hg with the experiments of Floeder et al. [24] and
Nishimura and Tawara [25]. Present values are in good
agreement with the results of Floeder et al. [24], but the
measurement of Nishimura and Tawara [25] are on higher
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Fig. 6. Qr and Qion for CsHy. QT — solid curve — present;
star — Makochekanwa [22]; square — Szmytkowski [23]. Qion —
dotted curve — present.
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Fig. 7. Qr and Qion for C3Hg. Q7 — solid curve — present;
circle — Floeder [24]; star — Nishimura [25]. Qion — dotted
curve — present; dash — DM [26]; triangle — Nishimura [16];
square — Schram [20].

side at lower energies. They tend to approach each other
with increase in energy.

The lower curves display the Q;,, which match rea-
sonably well with the DM theory [26] till the peak and
with the measurements of Nishimura and Tawara [16] and
Schram et al. [20]. The DM theory [26] seems to underes-
timate after the peak of ;... We have pointed out this
behaviour in our earlier work too [34]. The experimental
values of Nishimura and Tawara [16] are slightly higher
than our calculated results. However, present results are
in satisfactory agreement with the old work of Schram
et al. [20], within an uncertainty of 11%.
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Fig. 8. Qr and Qion for CsHg. Q1 — solid curve — present;
star — Tanaka [27]; circle — Floeder [24]. Qion — dotted
curve — present; dash-dot — BEB [21]; inverted triangle —
Nishimura [16]; square — Schram [20].

3.1.7 C3Hg

In Figure 8 we present our results on C3Hg. Here Qr
curves are shown with the measurements of Tanaka
et al. [27] and Floeder et al. [24]. Our calculated Qr are
lower than these results, but display similar energy de-
pendence throughout. For the Q;,, of CsHg, our values
are in good agreement with the BEB theory [21], but
slightly lower than the measurements of Nishimura and
Tawara [16] at the peak of Q;on. An old measurement of
Schram et al. [20] at high energy region is closer to our
values.

3.2 Radicals

The transient radicals CH, (r = 1-3) are difficult to ex-
amine experimentally. The present results of Q7 and Qo
from CH, CHy and CHj3 hydrocarbon radicals are exhib-
ited in Figures 9-11. The upper curves on all these graphs
show Q7 and lower curves show Q;on.

3.2.1 CH, CH2 and CH3

As shown in Figures 9, 10 and 11, our present theory yields
ionization cross-sections that are in good agreement with
the BEB theory of Ali et al. [21]. Both these theoretical re-
sults, though on the higher side of the experimental data,
are within the error limit of 17% in the measurements of
Tarnovsky et al. [28] and Baiocchi et al. [29]. The C-H
bond lengths in these radicals and in the CH4 molecule
are nearly the same, hence the peak @Q;,, magnitudes are
dependent on the respective ionization potentials. All the
reactive radicals CH, considered in this work have in com-
mon a peculiar property that, their bond lengths C-H
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Fig. 9. Qr and Qion for CH. Qr — solid curve — present.
Qion — dotted curve — present; dash — BEB [21]; circle —
Tarnovsky [28].
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Fig. 10. Q7 and Qion for CHa. Q1 — solid curve — present.
Qion — dotted curve — present; dash — BEB [21]; circle —
Tarnovsky [28]; star — Baiocchi [29].

are almost similar to that of their parent molecule CHy,
but have the ionization thresholds lower than their par-
ents [30]. Therefore, the relative magnitudes of the present
Qion for the radicals and their parent molecule, appear to
be consistent here. The radicals show a dominant dipole
rotation at lower energies.

4 Conclusions

The Complex scattering potential-ionization contribution,
CSP-ic method developed by us recently has been applied
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Fig. 11. Q7 and Qion for CHsz. Q7 — solid curve — present.
Qion — dotted curve — present; dash — BEB [21]; circle —
Tarnovsky [28]; star — Baiocchi [29].

to calculate @Q;,, for CH, radicals and other stable hy-
drocarbon molecules. To find the electron impact Q1 we
have used the established SCOP method on these targets.
We note that in view of the approximations made here no
definitive values are claimed, but by and large our results
fall within experimental error limits in many cases.

The present calculated results are compared with avail-
able data. By and large, our theoretical results on the
stable molecular hydrides show satisfactory agreement
with other theoretical and experimental investigations.
The present Qr for hydrocarbons including the tetrahe-
dral CH4 show reasonable agreement with various experi-
mental data. Such calculations for reactive radicals (CHy)
now provide a first estimate of (J7 where no other data
is available. Similarly @;,, for C3sHy has not been investi-
gated yet, hence the present calculations are important. In
all the other targets studied here, present Q;,, find good
comparison with available data

For the transient radicals, since the ionization thresh-
old is lower, peak values of Q;,, are found to be higher
and they occur at relatively lower energies as compared to
the parent stable molecule, CHy. This is evident from Ta-
ble 2. In case of CH,, the agreement of the present theory
with the previous measurements and theories is found to
be quite satisfactory.

The present method successfully employed here for
many targets (CHy, CyHy, CoHy, CoHg, CsHy, CsHs,
CsHg molecules and CH,, radicals), provides a reasonable
estimate of ionization in relation to electronic excitations
and also elastic cross-section.
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