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Abstract

Total ionization cross-sections for electrons in the energy range from threshold to 2000 eV are calculated for the mg|édyEND,,
CIO, OCIO, C}0O, SKCF;, NOs; and N:Os. The total inelastic cross-sections determined in the spherical complex potential formalism are
used to calculate the total ionization cross-sections. The present total ionization cross-sections are found to be consistent with experimental
measurements, where they exist.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction UV. Indeed it has been speculated that such particles may
play a role in nucleation of water droplets that lead to cloud
In the Earth’s upper atmosphere solar ultraviolet (UV) ra- formation, hence providing a link between cloud formation
diation is absorbed by its constituent molecules leading to (and hence global climate cycles) and the solar sunspot cycle
ionization liberating free electrons. This “ionized” region of [1,2] while more recently a link between ozone depletion
the atmosphere is therefore a weak plasma and is known asnd cosmic radiation has also been suggegkd
theionosphere. At altitudes above 60 km the density of these ~ Therefore, itis important to be able to determine the elec-
free electrons is sufficient to affect the propagation of elec- tron impact ionization cross-sections for electron interac-
tromagnetic waves. Longer wavelength radio signals can betions with aeronomic species. The ionization cross-sections
reflected off the ionosphere allowing radio communications of the common atmospheric species, such as oxygen, nitro-
to be propagated “over the horizon”. Shorter wavelength gen and water, are of course, well established but the ion-
radio signals pass through the ionosphere but are nonetheization cross-sections of trace species are often unknown.
less affected by it. These shorter wavelengths are used byin this paper, we report the results of a simple formalism
satellites for imaging the earth, and the ionosphere affectsto estimate electron ionization cross-sections from several
the received images in a manner similar to way the atmo- aeronomic species for which there currently exists little or
spheric absorption of visible wavelengths leads to the ob- no experimental data, including several key radical species,
served “twinkling” of the stars. for which experiments are impractical. These should not be
Atmospheric ionization is also produced by high energy regarded as definitive but provide an estimate that should
particles emitted from the Sun and the cosmic background— encourage the development of more rigorous theoretical cal-
so-called “cosmic rays”. Although the amount of ionization culations and, where practical, experimental measurement.
produced by such particles is generally much less than that
produced by solar radiation at night (when there is very little
or no solar illumination), however, at times of high solar 5 M ethodology
activity they may be important and, due to their high energy,
are able to penetrate deeper into the atmosphere than solar a spherical complex potential formalism has been used to
generate the total inelastic cross-section for these molecules.
* Corresponding author. A semi-empirical approac},4] called the “Complex Scat-
E-mail address: bk_antony@rediffmail.com (B.K. Antony). tering Potential-lonization Contribution” (CSE)} method
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is then used to derive the total ionization cross-seden et al.[9] depend differently op(r), I, A andE;. The param-
from the calculatedine;. The total inelastic cross-section eterA assumed to be fixed in the original model determines
Qinel may be written as, a threshold below whicliaps= 0, and the ionization or ex-

citation is prevented energetically. Here, we have modified
Oinel(Ei) = Qion(Ei) + Z0exe(Ey) (1) P gericaly

A such that at impact energies close to the (vertical) ion-
where the first term is the total cross-section for all allowed ization thr83h0|d, the excitations to the discrete states also
ionization processes and the second term is the sum over tolake place, but ag; increases valence ionization becomes
tal excitation cross-sections for all accessible electronic tran- dominant, together with the possibility of ionization of the
sitions. The second term arises mainly from the low-lying inner electronic shells. In the range of intermediate energies
dipole allowed transitions for which the cross-section de- the Vaps Shows a rather excessive loss of flux into the in-
creases rapidly at higher energies. This becomes less impor€lastic channels. The potential also penetrates in the region
tant than the first term at energies well above the ionization Of inner electronic shells, which are of course harder to be

threshold[5,6]. Hence, we have, excited or ionized. In order to rectify this behavior of this
potential, we choos& ~ I for low E; andA > I atE; near
Qinel(Ei) = Qion(E;) ) the position of the peak @inel. Thus, our modificatiof3,4]

The complex scattering potential is generated from the expressesi as a slowly varying function of; around.

spherically averaged charge densities of the target molecules, After the forrpu_lation of the_ complex optica_l _potentigl, we
as described in our CSie-approactj3,4]. The single-center solve the Schrodinger equation with the modifiggs using

target charge density is obtained by a linear combination the appropriate boun_dary conditions. The real and imaginary
of constituent atomic charge densities, renormalized to ac- par.t of the [;h(lase Shllsftjslih: Red; + ’:Th‘gé aretg.enelrated Ior
count for covalent bonding and the total number of electrons various partial wave us, we ge matrix elements,
presentin the molecu[8]. In the case of WOs and SECFs, S; = exp(2id;) (6)

two centers were assumed. For®§ we have chosen one at . .

_NO; and other at -N@as the N—O bond distance (1.53A) Which can be rewritten as,

is larger than RO bond distance (1.2 Ay]. In SCFs the S = exp(2i8;) = n; exp(2iRes)) (7
S—C bond length (1.96 Ag] is the largest and so we con- ) _
sidered one center at S and other at C. These centers ar¥here the quantityn; = exp(—2Im§;) is called the

then added together and renormalized as above. Using thisinelasticity” or “absorption” factof10]. The term absorp-
molecular charge density, we construct the real part of the ion being understood in the sense that particle disappears
complex potential4] Vopt = V& +iV;, which is the sum of from incident channel. Thus, we obtain the total inelastic

static st), exchangeVex) and polarization\(p) potentials, ~ Cross-section is given bt 0],
(e.¢]
— . . T
VR = Vist(r) + Vex(r, E;) + Vp(l’, E;) (3) Oinel = EZ(ZI + 1A - ’712) (8)
The imaginary part\{;), accounts for the total loss of scat- 1=0

tered flux into all the allowed channels of electronic excita- As the cross-section of interest in many applicatior®iis,
tion and ionization. We have used a model potential, given we must extract this fronQjne. There is no rigorous way
by Staszewska et gB], which is quasi-free, Pauli-blocking, to get the former from the latter. Hence, in order to deter-

dynamic absorption potentiaV/{n9 given in au, as mine Qjon from our calculate®;ne, we define the following
1 quantity fork; > 1.
Vaos(r, Ei) — = p(r)vioco ion(E;
apsh Tl g recTee RE) = 2onlED g ehthatos R < 1 9)
Tioc / 8 ) ) Oinel(E})
=—p() <7> 103 E; 0(p” — kg — 24) We require thaR = 0 whenE; < I. For a number of stable
X (A1 + Ap + Ag) (@) molecules, like HO, CHs, SiHy, etc., for which the exper-
1 2 3

imental cross-section®jo, are known accurateljl11,12],
Here,vioc is the local speed of the incident electron, ard the ratioR rises_ ;teadily as the energy increases above the
denotes the average total cross-section of the binary collisionthreshold, and it is found that
of the incident electron with a target electron. The local — R, atE:=E

. . . . . . — I\p> 1 — &p
kinetic energy of the incident electron is obtained from, R(E;)

Tioc =Ei —VR=E; — (Vst+ Vex + Vp) (5)

10
=1, forE; > Ep (10)

whereE, stands for the incident energy at which the calcu-
In Eq. (4) p? = 2E;, ke is the Fermi wave vector and lated Qiner attains its maximumR, stands for the value of
is an energy parametei(x) is the Heaviside step-function, RatE; = Ep, and as per our discussion[®,4] we choose

such thab(x) = 1 forx > 0, and is zero otherwise. The dy- Rp = 0.7. This behavior is attributed to the faster fall of
namic function®\1, A andAz which are given in Staszewska the second ternEQeyc in Eqg. (1) This choice follows from
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the general observation that at energies close to the peak offable 2 '
the ionization cross-section the contribution of the molecu- Parameters used iq. (11)for the molecules studied

lar Qion is about 70-80% of the total inelastic cross-sections Target Parameters
Qinel- The higher limit of 80% is observed only in the tar- a C1 Co
gets having very high ionization potentials, like Ne @P 0, 8.495 0931 210202
2156 eV)[3]. The molecules discussed in this paper, how- N,0 12.649 —1.371 —9.959
ever, have the ionization potential ranging from 10.35 to NO; 17.380 -1.630 -11.277
12.89 eV, so we have selected the lower limit of 70%. Such €lO 9.222 —1.002 —9.360
an approximation may introduce an uncertainty of some 5% 8|C£)O ‘75'223 _g'g;g _ﬂ)ggg
in general afx, might actually vary from~0.7 to 0.74. SFZSCFS 17632 _1638 _11.372

For calculating theQjo, from Qjnel we needr as a con- NO;3 12.898 ~1.380 ~10.074
tinuous function of energ¥; > I, hence we represef8,4] N20s 13.041 —1.372 —10.234
the ratioR in the following manner.
R(E) = 1— f(U); st_ituent atoms/molecular groups of 'Fhe larger molecule.

fo In(U) _Smce several of the targets we investigated have no exper-
R(E)=1- Cl[ —} (11) imental or theoretical data we have also used a modified
Uta v additivity rule (MAR) to explore whether it is possible

Here,U is the dimensionless variable defined throughs= to evaluate ionization cross-sections for complex targets
E;ll. from measurements/calculations of small molecular com-

The functional form off(U) in Eq. (11)is adopted from ponents. This method, if shown to be reliable, might allow
the fact that, a&; increases abovk the ratioR increases us to “guestimate” ionization cross-sections for biologi-
and approaches unity, since the ionization contribution rises cal moleculeq3]. Our MAR method may be described as
and the discrete excitation term Fyq. (1) decreases. The follows. The individual atomic inelastic cross-sections are
discrete excitation cross-sections, dominated by dipole tran-calculated after adjusting the ionization potentials of the
sitions, fall off as IfU)/U at high energies. Accordingly, constituent atoms to allow for the ionization potential of
the decrease of the functidflJ) must also be proportional  the molecule. These cross-sections are then added together
to In(U)/U in the high range of energy. However, the two to get the MARQinel. Then, by using the ratio as described
term representation d{U) given in Eq. (11)is more ap- above inEqg. (11) we estimate the MARQon. The geome-
propriate since the first term in the square bracket ensurestry (bond length, etc.) will also play an important role in the
a better energy dependence at low and intermediat€he evaluation cross-section, as the charge density is extended
Eqg. (11)involves dimensionless parameteé®s, C, anda, in case of a molecule (see below).
that reflect the target properties. To determine these param-
eters, we note the following three conditions on the r&io
(i) It is zero at and below the ionization threshold. (ii) It be-
haves in accordance witkg. (10)at the peak positioifp,
and (iii) it approaches 1 asymptotically f&; sufficiently
larger thanEp. These parameters are tabulatediables 1
and 2for the present molecules. Thggs. (9)—-(11)define

3. Results and discussions

This theoretical approach (CSE-was used to estimate
values ofQjon for various atmospheric gases. To test the
validity (and accuracy) of our approximations we calcu-
lated Qjony for several targets for which there exists a rea-
the present CSke approach{3,4]. _ sonable experimental data set and compare our results with

For more complex targets it is also possible to adopt y,q gther approximate formalisms, Binary-Encounter-Bethe
additivity rules that sum ionization cross-sections for con- (BEB) [13] and Deutch-Mark (DM) methodd4,15] The
BEB model[13] combines the Mott cross-section with the

Table 1 high incident energy behavior of the Bethe cross-section

lonization potential and molecular geometries of some of molecules [16]. The theory uses a simple analytic formula for the ion-

tudied S - . -

studie ization cross-section per atomic/molecular orbital. The total

Target IP (eV) Bond distance (A) Angle)( ionization cross-section for a target is obtained by summing

0O [25] 13.62 these orbital cross-sections. A different approach called the

Cl [25] 12.97 DM formalism[14,15] makes use of the static target prop-

83[2[52]5] ﬁg; iig; NG 134.1 erties, like electronic sub-shell radii, binding energies and
2 . . . H H - H H

N0 [25] 1289 NEN = 1.124: ONO — 1341 2hgﬁnqm|c, |.et.zbe?erg%/ dgpendent function to obtain the

N=O — 1.184 —wlse contribution t@jon.

ClO [26] 11.20 1.576 In Fig. 1, our present CSK: results for Q@ are com-

OCIO [27] 10.35 1.470 OClO=117.4 pared with BEB theory13], DM formalism [15] and ex-

ClO 10.91 1.696 CIOCk 110.9 periments of Krishnakumar and Srivastddd] and Rapp

aSee Ref[7,8,24] for SFsCFs, N2Os and NG, respectively. and Englander-Goldefl8]. The present results and BEB
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- — -BEB
=ee=:DM

*  Krishnakumar
® Rapp
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10’ 10° 10°
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Fig. 1. Total ionization cross-sections for e>-@cattering. (—) Complex Scattering Potential-lonization Contribution, @SpPresent method). (——-)
Binary-Encounter-Bethe (BEB)L3]. (—---) Deutch-Mark, DM[15]. (%) Krishnakumar and Srivastaja7]. (@) Rapp and Englander-Goldgms].

theory are slightly above the experiments near the thresh-method seems to overestimate the cross-section below the
old region; however, the present results seem to be in goodpeak of the ionization cross-section. We have not plotted
agreement with the experiments at all other energies, includ-here the modified additive theoretical values of Deutsch et al.
ing the peak. In contrast, the BEB theory seems to under-[21] but these are slightly higher than the present values as
estimate the experiments above 70 eV and the results of thewell as experiment.

DM formalism lies below all the experimental results and  The results for N@ are presented in theig. 3along with

the present calculations. the experiments of Lindsay et §22] and Lukic et al[23].

In Fig. 2, we present the total ionization cross-sections The total (single) ionization cross-sections measurements of
of N2O along with BEB theory{13] and experiments of Lopez et al.[20] seem to underestimate the values of the
Rapp and Englander-Goldd@8] and Iga et al[19]. We peak cross-section. This underestimation may be ascribed
have also plotted the total (single) ionization cross-sectionsto the fact that only the single ionization is measured by
measurements of Lopez et §0]. Both theories lie within Lopez et al. and therefore would be expected to be lower
the experimental uncertainty in the experiments. The BEB that a calculated total ionization cross-section. Nevertheless,

e-NO
4 - CSP-ic
= = =BEB
1 *  Rapp
® Iga
3 v Lopez
=
£ 2+
<
] i
0- ) T
10° 10°
E, (eV)

Fig. 2. Total ionization cross-sections for e®l scattering. (—) CSFe. (——-) BEB[13]. (*) Rapp and Englander-Goldgt8]. (@) Iga et al.[19].
(V) Lopez et al.[20].
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e-NO,
CSP-ic
e = PEEL
=as=+DN
v Lopez
* Lindsay
® Lukic

: — : —
10' 10° 106°

E (eV)

Fig. 3. Total ionization cross-sections for e-N@cattering. (—) CSRe. (-——) BEB[13]. (----) DM [15]. (V) Lopez et al.[20]. (*) Lindsay et al.
[22]. (@) Lukic et al.[23].

the present results are still within the experimental uncer- and ChO, which play a key role in stratospheric ozone de-
tainties of the measurements. The BEB thdd3] and DM pletion, the CIO radical as an ozone scavenger and OCIO
formalism[15] are also compared with present results. Both and ChO by acting as sinks for chlorine release by pho-
experiments are in good agreement with present results andolysis of CFC compoundssig. 4 showsQjon for the CIO
also with the BEB theory while DM formalism seems to un- radical. No previous data exist for this target.

derestimate the cross-section above 50eV. In contrast, the The MAR-Qjon Would seem to overestimate the cross-

modified additive results for NOby Deutsch et af21] (not sections for CIO below the peak after which it falls faster
shown here) overestimates the cross-section. than the present results of CIO. This is because in the MAR

Figs. 1-3suggest that the present methodology (C§P- we have considered only the ionization potential of the
is capable of providing reasonable estimate®gf for sim- molecule. However, the geometry (bond length, etc.) may

ple molecules. Therefore, we have used this method to esti-also play an important role in the evaluation of cross-section,
mate cross-sections for several other aeronomic species foas the charge density is extended in case of a molecule.
which there is currently little or no data. The first molecules  In Fig. 5, the total ionization cross-sections for both OCIO
we have studied are the three chlorine oxides, CIO, OCIO and ChO are plotted. The cross-section for,Olis higher

e-ClO

CSP-ic
—&— MAR

0 o v . . ————
10° 10°
E (eV)

Fig. 4. Total ionization cross-sections for e~ClO scattering. (—) @SP-@-) Modified additivity rule (MAR).
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CSP-ic - OCIO
—&— MAR - OCIO
- — -CSP-ic- CLO
—=— MAR - CLO

Q, (A%

— : =
10° 10°
E (eV)

Fig. 5. Total ionization cross-sections for e~OCIO angCCkcattering. (—) CSie-OCIO. (-@-) MAR-OCIO. (——-) CSHe-Cl,0. (-ll-) MAR-CI,0.

than that of OCIO because the CI-O bond distance is largercross-section. Since the structural properties ofC3%; are

for Cl,O and it also has 42 electrons compared to 33 elec- not yet clear, we have used the modified additive rule to es-

trons for OCIO. No previous experimental or theoretical re- timate Qjon. Once again this addition is likely to lead to an

sults are known for these molecules. We also present theoverestimate in the actual cross-section.

curve for the MAR cross-sections for OCIO angQl Both In Fig. 7, we present the total ionization cross-section for

MAR results overestimate the respective cross-section in theNOgz radical. As no previous results are available, we have

lower and intermediate energies. At higher energies MAR is also plotted the MAR cross-section of NOThis summed

in good agreement with the present results for OCIO, while cross-section seems to overestim@lg, at lower energies,

it is lower in the case of GD. This may be due the small  while giving similar results at higher energies. This is due to

bond length in case of OCIO compared to the@l the similar ionization potentials of these species and because
In Fig. 6, we presentQjon for Si5CRs. SKCFRs is the of the Dsp, structure[24] of NO3 molecule ensures that the

strongest greenhouse gas yet found (being almost 20,0000 atoms are spatially spread out allowing the additivity to

more active than carbon dioxide) in the atmosphere and isbe a better estimate at higher energies.

currently the subject of extensive experimental investiga- In our lastFig. 8 we have plottedion for N2Os. N2Os

tions but at present there is no measurement of its ionizationis a key sink compound in the stratosphere for nitric oxides

14 e-SF.CF,
CSP-ic
—8&— MAR

E, (eV)

Fig. 6. Same a#ig. 4, but for e-SECF; scattering.
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c-NOJ

CSP-ic
—&— MAR

Q,, (A

— v ’ —
10° 10

E, (eV)

Fig. 7. Same a¥ig. 4, but for e-NQ scattering.

10 - c—NZO

5

Qiun (Az)

E, (eV)

Fig. 8. Same a#ig. 4, but for e-NOs scattering.

which are capable of initiating ozone loss. As there are no the stratospheric compounds OCIO,,QGland NOs and

previous results are available for®5, we have also plot-  the greenhouse gas §F—3 for which there are currently

ted the MAR cross-section of JDs. As expected from dis-  no theoretical or experimental results available. Using a

cussions above this additivity overestimates the calculatedMAR, we have also shown that ionization cross-sections for

N2Os cross-section. larger more complex polyatomics may be estimated albeit
with the likelihood of overestimating the magnitude of the
cross-section. It is to be hoped that these calculations will

4. Conclusions initiate further theoretical calculations and, where practical,
experimental effort.

A simple theoretical method called C$®4is used to

evaluate total ionization cross-sections for several atmo-

spheric gases. The results obtained for @0, and NO Acknowledgements

are in good agreement with BEB theory and other exper-
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ionization cross-sections for the radicals CIO andsNO award. K.N.J. thanks the Department of Science and Tech-
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