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Low-Energy Electron Impact Rate Coefficients
for Same Atmospheric Species

by

A. W. Ali
A. D. Anderson

Naval Research Laboratory
Washington, D.C. 20590

Abstract

Low-energy electron impact excitation and ionization rate coefficients,

relevant to ionospheric species, are calculated using measured or calculated

cross sections.

I. Introduction

In a disturbed and F region where ionization has occured under the

influence of VUV radiation, the ejected photoelectrons possess energies of

the order of several eV or higher. These electrons lose their energies

through inelastic collisions with species present in the disturbed regions.

The inelastic processes include ionization, electronic excitations of the

atoms, atomic ions, molecules and molecular ions, and vibrational excitations

of the molecules. For electrons with a few tenths of an eV energy, rotational

Problem Status: This is an interim report on a continuing problem.

Authorization: NRL Problem H02-27, DNA Subtask HC 04001.

Manuscript Submitted April 17, 1972.
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excitations 1 of the molecules and the fine structure 2 exitaos of the

ground-state atomic oxygen may become important energy loss processes.

However, in this reportthe latter two processes are not considered. In

addition to the usefulness of these rate coefficients to the understanding

of a UV fireball, one may use them for the modeling of the every day

ionosphere and other atmospheric phenomena such as day-glow, aurorae, etc.

II. Rate Coefficient

If i. .E) denotes the cross-section as a function of the incident

electron energy E, for either the excitation or ionization of atoms, ions,

or molecules, the relevant rate coefficient can be expressed as

X.J < c . v > =O K / (E) e- dEB 1

where K0 = 6.697 x 107 T is the electron temperature in units of electron

volts (eV), and < v > implies the average of a with v. the electron

velocity, over an electron Maxwellian velocity distribution. In Equation

(1) one may use either experimentally measured or theoretically calculated

crose sections. Generally, one obtains a fit 3 for a over the entire range

if an analytic expression is not available.

The atmospheric species of interest, whose relevant excitation and

ionization rate coefficients are calculated here, are N., N N, 2 ad 0

A. N2

A.l Vibrational Excitation Rate Coefficients

The electron impact excitation rate coefficients for eight ground-

2O



state vibrational levels of N are shown in Figure 1 Schultz' measured

cross sections, shown in Figure 2, were used. Numerical values of these

rates in the electron temperature range o 0.1 - 5 eV are given in Table 1.

A.2 Electronic Excitation Rate Coefficients

The electron impact excitation cross sections of A3 ,
u

B3 TT , C D ,and E3 7 + triplet states of N2 calculated by

Cartwright5 are shown on Figures 3-7, respectively. The corresponding

excitation rate coefficients are shown on Figures 8-12. Numerical values

of these rates are given in Table IT for the electron temperature range of

0.1-5 eV .

The excitation rate coefficient of(a j of N is given in Table

III. This rate was obtained using the cross section given in Reference 1.

A.3 Ionization Rate Coefficient

The ionization cross section of N as measured by Tate and

Smith is shown in Figure 13. The corresponding rate coefficient is

shown in Figure 14. Numerical values of this rate are given in Table II

for an electron temperature range of 0.1-5 eV.

B. N2

B.1 The Electronic Excitation Rate Coefficient

The excitation of N first negative band can occur directly

as a result of the collision between energetic electrons and the nitrogen

molecule. The cross section for this process is shown in Figure 15 and

the corresponding rate coefficient in Figure 16. Numerical values of this

rate are given in Table II.

The same band can be excited by low-energy electrons in collisions
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-with the ground state of N+ The Lee and Carlton' s measured cross

section for this process is shown in Figure 17. The excitation rate

coefficient using this cross-sectlon is given in Table V. However we

believe that the cross section is too large and thus the corresponding

rate should be modified. In an experiments at NEL it was shown that this

rate my be too large by as much as a factor of 6.

C. 0

0.1 Electronic Excitation Rate Coefficient

The oxygen atom possesses two low-lying electronic metastable

states, i.e., D) and 0(IS),which are of considerable aeronomic interest.

The electron impact excitation cross sections for these two states and f or the

0(u) 4 0( s) transition are shown in Figure 18,as calculated by Henry et

al. The corresponding excitation rate coefficients are shown in Figure

19 and are tabulated in Table V.

The electron impact excitation of the resonance state of oxygen

(0( p) 0(3S)) has recently been measured by Stone and Zipf and the

cross section is shown in Figure 20. The corresponding rate coefficient

is shown in Figure 21 and is given in Table V.

0.2 Ionization Rate Coefficient

The ionization rate coefficient for atomic oxygen is tabulated

in Table V and is shown in Figure 22. This rate was obtained using the Fite

and Brackmann's measured cross section which is shown in Figure 2.

D. N

D.1 Electronic Excitation Rate Coefficient

Two low-lying states of the nitrogen atom, i.e., w() and

4



N( p), which are metastable, play important roles in the disturbed E and

F layers of the ionosphere. Their excitation cross sections and that of

N(2D) -+ N(p) as calculated in Reference 10,are shown in Figure 24. The

corresponding rate coefficients are shown in Figure 25 and are given in

Table V.

The electron impact excitation cross section of the nitrogen

resonance line ( S) N( p) has recently been measuredy and is shown

in Figure 26. The corresponding rate coefficient is shown in Figure 27 and

is given in Table V.

D.2 Ionization Rate Coefficient

The ionization rate coefficient of the nitrogen atom is

shown in Figure 28 and tabulated in Table V. This rate was obtained using

the measured cross section of Smith et al 3 which is shown in Figure 29.

E. 02

E.1 Electronic Excitation Rate Coefficient

The electron impact excitation cross sections of 02 (aD)

and 0(b 1 7 ) are shown in Figures 30 and 31, respectively. These cross

sections were taken from Trajmar et al. The corresponding excitation

rate coefficients are shown in Figures 32 and 33, respectively. Numerical

values of these rates are given in Table II.

E.2 Ionization Rate Coefficient

The electron impact ionization cross section of 0 is
2

shown in Figure 34, and the corresponding rate is shown in Figure 35.

Numerical values of the ionization rate coefficient of 02 are given in

Table II.
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TII. Remarks

The ionization cross sections for N2,f 02' O and N given in this

report are from the review article of Kieffer and Dunn. 5 These and other

cross sections are used to obtain the corresponding rate coefficients.

However, superelatic collisions are also important in a disturbed

ionosphere. Therefore, one may obtain the deexcitation rate coefficients

using detailed balancing.
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Table I

Electron Impact Excitation Rate Coecients of
Eight Ground-State Vibrational Levels of N2

TeXV x 1 X2 X4 X4 X5i Xs X-0 X

o0. i.(-_4)+ t.49(-6) 6.25(-r) 1.57(-17) 5.58(-38) 1.3y(-18} 2.27(-19) 21(-20}

0.2 4.oT(-i2) x.48(-a) 8.8a(-i3 4.x6(-i5) 2.16(-1i) 1.M-.5) )3.28(-14) 7.81(-15)

0.3 5.61(-11) 2.82(-11) 1. - i.o5(-n) 6.2o(-32) 4..13(-l2) i.45(-32) 4.31(-13)

0.4 2.08(-10) '.P4&-10) 7.59(-13) 4.7((-11) 3.02(-31) 2.24 (-fl) u.71(-1) 2.85(-1Ž)

0.5 4.38(-10} 2.52 i.68(-io) I.na(-10) 7.53-'1) 5.77(-LY 2.39(-11) 8.26(x)

o.G 6_6(-10) 4.11 2.,4 1.88 1.27(-30) .o4(-io} 4.tr r.(-:u)

0.7 9.43(-10) 5.66 3.77 2.65 1.82 1.52 6.76 2.47

0.8 i.16(- 9) 7.04 4t67 3.35 2.52 1.98 9.00(-11} 5.53

0.9 i.54 8.2o 5.4i 3.96 2.75 2.38 1.10(-10) 4.

1.o x.48 9.12 5.99 4.45 3.31 2.72 1.42 4.80

1.1 1.58 9.84(-io) 6.43 4.85 5.38 2.99 1.42 5.57

1.2 i.66 1.o.4(- 9) 6.775 5.7 3.6o 5.20 1.5 5,85

1.3 1.71 1.08 6.96 5.39 5.75 .57 1.62 6.19

1.4 1.74 1.10 7.09 5.56 3.86 5.4 1.69 6.46

1.5 1.76 1.2 7.i6 5.67 3.9 .57 1.y4 6.65

i.6 1.77 1.12 7.17 5.75 3.96 3.62 1.77 6.78&

1.7 1.76 1.12 7.15 5.9 397 3.65 1.79 6.86

1.8 1.75 1.12 7.09 5.81 5.96 3.66 1.80 6.89

).9 1.75 1.11 7.00 5.80 3.94 5.65 1.80 6.89

2.5 1.56 i.oa(- 9) 6.26 5.51 3.61 s.45 1.71 6.46

3.0 1.59 9.24(-10) 5.57 5.15 3.36 3.20 1.5. 8.

5.5 1.24 8.29 4.95 4.77 2.93 2.95 i.44 5.29

4.O a.u(- 9) .4y 4.;s 4'.4<[ PA. 2.75 1.32 4,714

41.5 9.95(/1-0) 6.7; 3 I K92:O 2.38 2.55 1.21

5.0 8 56(-io) 6a.i(-io) 5.49(4o) 3.84(-io) 2.16(-1o 2.59(-10) 1.12(-10) 5.(-1i)

SThuiers in; pcroltleiosj inldicate pozars or a0 by vhich the entriea are to be rnnitiplied.
Where no parenn-sis are given tha entrien are multipied by the power of 10 for the
pl eeccii nz enttries .
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Electron fDpnct UX Table il

C"ttio Rate CeceO

)f I

2.5 S.3g?, ( 4j
35 6.18 (1)

6*O 1~~~~e (-Ž)
.o 7.3; _-b)

4.; 9.9 (-Jolo I.3t J9

6.0 1.~~~~4 (-)
3-5 1.6 -9

94 -9)

9? o 1. 9)

t0 i%. (-9)
16 *I*8 f

Te.O t X ~~~~(-9)

1.o 1.y4 ( 9)30.q0 1.4j (-9)



Table IV
Electron Impact Excitation Rate Coefficient of 0-0 Band of the

First Negative System of N2+ by Direct Excitation
from the Ground State of N2c

T X(N+ (B))

0.5 2.28 (-9)
1.0 7.32 (-8)
1.5 2.08 (-7)
2.0 5.24 (-7)
2.5 5.75 (-7)
3 .0 4.59 (-7)
3 5 4.65 (-7)
4.0 5.05 (-7)
4.5 5.07 (-7)
5.0 5010 (-7)
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Fig. 3-Electron impact excitation cross section of N2(A31N+).
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Fig. 4- Electron impact excitation cross section of N2(B3r).
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Fig. 7-Electron impact excitation cross section of N2 (E3Xg+).
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Fig. 8-N(A3!,+) excitation rate coefficient as a function of the electron temperature Te
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Fig. 9-N2(B 3fl/) excitation rate coefficient as a function of electron temperature.
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Fig. II -N 2 (D3 IJ+) excitation rate coefficient as a function of the electron temperature Te.
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Fig. 17-Lee and Carlton8 measured cross sections
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Fig. 29-Nitrogen ionization cross section (see Ref. 15).
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Fig. 32-Electron impact excitation rate coefficient of O~ca'A}.
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Fig. 35-Electron impact ionization rate coefficient of 02.
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