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EXCITATION AND IONIZATION CROSS SECTIONS FOR ELECTRON
BEAM AND MICROWAVE ENERGY DEPOSITION IN AIR

1. Introduction

The electron energy deposition in air, or any other gaseous element,
requires a detailed consideration of all elastic and inelastic electron-atom
and electron-molecule interactions. The inelastic processes include the
excitation, dissociation and ionization of the air species. Electron ex-~
citation of molecules, however, are rotational, vibrational and electronic
in nature. The elastic processes, on the other hand, constitute the electron
neutral and the electron ion momentum transfer collisions.

Each collision process, by an electron with an air species, is
characterized by a cross section. This cross section has to be known,
experimentally or theoretically, over a wide energy range of the incident
electron. The wide energy range, for the cross section, from excitation
threshold to infinity, is required in order to account for the energy depo-
sition of highly energetic electrons (the incident primary) and the gener-
ated secondaries and tertiaries, down to the thermal electrong. However, the
low energy behaviour of the cross section from threshold to few times beyond
threshold is also essential for the microwave energy deposition in air.

In this report we present a set of cross sections for the electron
collisions witt NZ’ 02, O and N. Data on these cross sections were reportedl
previously. However, some have changed drastically, while new data have
become available where none existed before. Furthermore, disagreement exists
on the shape and the peak value of the cross section when there is more than
one source for the data, as can be seen in this report.

2, Nitrogen Molecule
2.1 Vibrational Excitation Cross Section

The electron impact excitation cross section for eight ground

state vibrational levels of the nitrogen molecule have been measured by

Manuscript submitted June 29, 1981.
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Schu122 and Ehrhardt and Willman3. Theoretical calculations have been

carr:l.edl‘_6 out with satisfactory reproduction of the experimental results.6
The measured cross sections of Schu1z2 are shown in Figures 1 - 8 for the

individual vibrational levels adjusted7 to a peak value of 6.0 x 10-16cm2at tA
2.5 eV for the total vibrational excitation cross section, which is in good

agreement with a previously predicted8 value.

2.2 NZ—Triplet States

3 . . .
A"L: The electron impact excitation cross section of A3X state

has been calculatedg’10 and measured11_13 by

from the ground state of NZ’

several investigators. These results are shown in Fig. 9 except for

Cartwright's earlier calculation9 which is larger by a factor of 1.6 com-

1
pared to the calculations of Chung and Lin. 0 The most recent measurement

by Cartwright, et al,13 however, has the lowest value for the peak cross

11,12
section compared to other measurements.

Furthermore, the peak of the
cross section occurs at an electron energy of 17 eV compared to V11 eV for
measurements of Brinkman and Trajmar11 and Borst:.12 The theoretical calcu-
lation of Chung and Linlo also predict the peak cross section to occur at
11 eV.

The best choice for the cross section, in our view, is that of
Borst,12 provided the peak of the cross section is adjusted to the recent

3 to eliminate the effect of cascade contribution

value of Cartwright, et al1
from higher levels. The lowest electron energy, for which cross section
data is available, is 8 eV. The extension of the cross section downward to

the threshold, which is at 6.17 eV, is indicated by a dashed line (See Fig. 3

9). For electron energies above 40 eV, the cross section data can be ob-

14,15 of the cross section on the electron

tained using the —13 dependence
E

energy.




B3H: The electron impact excitation of the B3H state from the

3

ground state of N,, has been measured by Cartwright, et al1 and Brinckman

2’
11 , 9 . 10
and Trajmar and calculated by Cartwright”™ and Chung and Lin .

As seen from Figure 10, there is good agreement between the
theoretical10 and the recently measured13 cross section except for their be-
haviour at electron energies above 30 eV. The theoretical cross section of

Cartwright9 is not shown in Figure 10, However its peak value is v 3,1 x

10-17 cm2 and occurs at v 17 eV,

For electron energies above 30 eV the cross section data can be

14,15

. 1 .
obtained using the -3 dependence of the cross section on the electron

energy. At the low energy, data is available at & eV, This could be ex-

tended downward to zero at threshold, which is at 7.4 aV.

C3H: The electron impact cross section for the excitation of the

11,13

C3H state, from the ground state of N2, has been measured nd

calculated.9’10 There is good agreement between the theoretical valuesg’10

as well as the experimenta111’13

data as seen in Fig., 11. The theoretical
cross section of Cartwright9 is not shown, However, its peak value is
~ b.h x 10'“17 cn2 and occurs at ~ 15 eV.

The high energy behaviour of the cross section can be obtained
by utilizing the energy dependence of the (0,0) emission at 33712, also
shown in Fig. 11, as measured by Imami and Borst16. The energy dependence
of the cross section follows an E_2'2 rather than the expected E-3'O depend-
ence. The absolute cross section for the (0,0) emission can be converted
into an absolute cross section for the total excitation of C3H state by
multiplying the emission cross section by a factor of 3.55, where the
appropriate Franck Condon factors are utilized. This brings the peak cross

2

section to 3.9 x 10"17 cm which is in good agreement with measurements of

Cartwright, et 3113 and Brinckman and Tragmanll. The best choice would be

'
'

?
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. _ 1
the latest measured cross sectionl) with the utilization of the E 2.2 de- .

pendence for the cross section above 50 eV. For low energy, the data at 12 eV
can be extended dowaward to zero at threshold, which is at 11.0 eV. 44

W3A: The electron impact excitation cross section of w3A state .
from the ground state of N2 has been measured13 and calculatedlo. However, J
the experimental value is higher by a factor of 5 compared to the calculated 4

value at the peak. Furthermore, the shape of the theoretical cross section

differs variedly from the measured shape. We opt for the experimental data

which has an expected shape for a singlet to triplet excitation. The high

14,15

energy value should follow a 15_3'O dependence The low energy portion

can be obtained by extending the value at 8 eV downward to zero at threshold,
which is at 7.36 eV.
E3Z: The electron impact excitation cross section of B3I from

the ground state of N2 has been measured by Cartwright et al.13 No other

data is available. The high energy behaviour can be scaled with an E_3'0

dependence. For the low energy portion, data is available at 9 eV and can

be scaled downward to zero at threshold, which is at 8.2 eV.

3 , . 3
E"Z: The electron impact excitation cross section of the E°L

state from the ground state of N2 has been calculatedg’10 and measuredlB.

However, the agreement is not good. The theoretical cross sections of

Cartwright9 and Chung and Lin10 yield peak values of 1.7 x 10_17cm2, 3.7 x

10—18cm2, respectively. The recent measurement13, on the other hand, has a

peak value of ~ 0.80 x 10—18cm2 and is shown in Fig. 14. The excitation
threshold for the E3Z is 11.9 eV.
2.3 N2 Singlet States

‘1 s Y e . b
a""Z: The electronic impact excitation cross scction of a 12 state

from the ground state of N2 has recently been measured13 and is shown in




Fig.15. The high energv behaviour can be scaled from the present data with

a-—%— dependence.

1
alll: The electron impact excitation of the a Il state from the

11,12,13,19,20

ground state of N2 has been calculated10 and measured

exten-
sively. There seems to be a reasonable agreement on the shape of the

' . 12 .19
measured cross sections. Measurements of Borst and Fin and Doering are
in excellent agreement. They are higher by 257 compared to the recent
measurement of Cartwright, et al.13 These cross sections are shown in Fig.

. X 2 . . sy e
16 for comparison. Ajell's 0 cross section is not shown; however, it is in

good agreement with that of Finn and Doering19 from threshold to an elec-

tron energy of V20 eV. Beyond 20 eV, however, it falls off slower with
energy compared to that of Finn and Doering.19 The latest measurement13 is
preferred for modeling purposes and data above 50 eV is to obtained by
scaling the cross section with a E-1 dependence, On the other hand, for
lower energy the cross section can be obtained by scaling data at the lowest

energy to zero at threshold, which is at 8.5 eV.

. . 1
w;A: The electron impact excitation cross section of w A state

from the ground state of N, has been calculatedld and measured13. The

2
agreement between the calculated and the measured cross section is very

poor. The recent measured13 value, however, as shown in Fig. 17 is pre-

ferred. The high energy behaviour should follow an E-1 dependence. The

energy data can be estimated by scaling the data at the lowest energy to

zero at threshold, which is at 8.9 eV. }
1

1
a’ "I: The electron impact excitation cross section of a” 't

state has been measured13 and calculatedlo. However, the agreement is very

poor in the shape, where the peak occurs, and the high energy behaviour. The B

experimental13 cross section should be preferred. For high energy the o is

to be scaled with E—1 dependence. For low energy, the data at the lowest

5




energy is to be scaled downward to zerc at threshold, which is at 12.3 eV.
2.4 Higher level singlets and triplets

Higher lying singlet and triplet cross sections in the electron
energy range of 12,5 - 14,2 have beam measured by Chutjian, et a121, however,
most of the singlet states contribute to the dissociation of N2 through their
predissociation (See Section 2.5) and will not be given here. However the
cross sections for two triplet states, F3ﬂ and G3ﬂ and two triplet-like
states, designated Ml and M2 bv Chutjian et 3121, are shown in Fig. 19.
2.5 The Dissociation Cross Section of N2

The total dissociation cross section of N2 by electron impact
was first measured by Winterngor electron energies up to 300 eV. This
total cross section is the sum of two distinct processes which have different
threshold energies. These processes are the pure dissociation of N2 where
the atoms are either in their ground state or in an excited state (Disso-
ciative Excitation), and the dissociative ionization. The dissociative
ionization can result in the products of the dissociation to be either in
their ground states or in an excited state. The simple dissociation of N2
can be obtained from the total dissociation cross section by subtracting the
contribution of the dissociative fonization.

Recently, Zipf and McLaughlinz3 have analysed the electron
impact dissociation in considerable detail, delineating the contribution of
various excited states towards the total dissociation of N2' The total dis-
sociation cross section analysed in this manner is in good agreement with
measured cross sections of Winter522 and Niehaus.23

In the analysis of Zipf and McLaughlin23, it is shown that
the N2 singlet states in the energy range of 12.5 to 14.9 eV account for 60%

of the total dissociation cross section, through their predissociations.

Therefore, it is not necessary to provide additional individual cross

6




sections for N2 singlets, e.g. b'L, 'ﬂu, etc. Data is available on this if

desired.

The total cross section for the dissociation of N, is shown in -

Figure 20. Also shown in this figure are the electron impact dissociative 5'

excitations which result in vacuum ultraviolet emissions from the nitrogen ;

. 2 8 g
atom. Data from various references are utilized to construct these
emission cross sections.

2.6 Ionization and Dissociative lonization Cross Sections of N2

The total electron impact ionization cross section for N2 has

been measured by Rapp and Golden29 and Tate and Smith30 for electron

energies from threshold to 1000 eV. The dissociative ionization has also
3 29
been measured in the same electron energy range. The data for ionization

L , 31 X
and dissociative ionization™ are shown in Figure 21. A recent measure-

ment32 of the dissociative ionization cross section for electron energies ‘
of 30 - 60 eV is also shown in Fig. 2) whereat 60 eV the new data is “50%
higher than that of Rapp et al.31
The ionization cross section measurements have been extended to
an electron energy of 20,000 eV by Schram, et al.33 This data overlaps with

measurements of Rapp and Englander-Golden28 in the energy range of 600-1000

eV and is lower by v 20%. A neasurement34 for the ionization cross section
exists at an electron energy of 1.5 MeV. The extension of Rapp and
Englander-Golden data to higher energies is shown in Figure 22 where data
from Schram, et al.33 normalized to Rapp and Englander -Goldenzg, is uti-
lized. For still higher energies one must consider relativistic and polar-

ization effects where the cross section becomes almost constant,

The partial ionization cross sections leading to various ioni-

zation continuua of N2 i.e., X, A, B states of N; are also shown in Fig.2].




Data at 21 eV and 100 eV are utilized32’35’36 to construct these cross ;
sections. At 21 eV, the distribution32 of the X, A and B states are 0,36 t:
0.56 and 0.08 of the total ionization cross section, respectively., At 11
100 eV, the absolute emission cross section35 of the (0.0) band of the first 1*

i 36 . .
negative system and the total cross section of the A-state are utilized

with the total and dissociative ionization cross sections toobtain the par-
tial ionization cross section.

For higher electron energies the percent contributions of the
various states at 100 eV is utilized. These cross sections and the pure

dissociation cross section of N2 are also shown in Fig. 22,

3. Oxygen Molecule

3.1 Vibrational Excitation Cross Section 02

The electron impact excitation of 02 was measured by Spence and

7
Schulz3 . However, the measurements indicated that the cross sections were

small with peak valuves of n 10-19 cm2 for the excitation of V=1 and V=2

38

states. Linder and Schmidt™ , however, have obtained cross sections for the %

same levels which are larger by approximately two orders of magnitude. The
individual cross sections are very narrow and are shown in Fig. 23.

3.2 alA and b!T States of 0, j

The electron impact excitation cross sections of alA and blZ

states of 02 (forbidden transitions) have been measured for electron energy
in the range of 2-4 eV by Lindner and Schmidt38 and in the range of 5-50 eV

39,40 and from 20 - 200 eV by Wakiya,h1 Julienne and

by Trajmar, et al.
Krau3542 have calculated the electron impact excitation cross section for
1

a A using Born approximation. However, the agreement between theory and

experiment near threshold is poor, as would be expected. On the other hand,

the agreement is very good in the energy range of 20 - 50 eV. Cross




sections for alA and bli based on measured values is presented in Fig. 24,
For higher energies the cross sections can be scaled with energy depend-

41 o E—2.9 for IA and IZ, respectively.

ence f E-2'7 and
3.3 A2
The electron impact excitation of three electronic states, A3Z,
C3A and CIZ (Forbidden Transitions). from the ground state of 02, have been
measured by Wakiya41 for electron energy range of 20-500 eV and by Trajmar,
et al.40 at 20 and 40 eV. Wakiya's data are presented in Fig. 25. The
cross section below 20 eV, shown as a dashed line in Fig. 25, is obtained
using the theoretical expression given by Green and Stolarskif#%ormalized
to experimental data at 20 eV. For electron energies above 300 eV the
cross section can be scaled with an energy dependence41 of E—l. The ex-
citation cross section for A3Z is to be utilized as a dissociation cross
section resulting in two oxygen atoms in their ground state.
3.4 BT

The electron impact excitation cross section of the BBZ state
from the ground state of 02 has been measured by Wakiyaaa and calculated
by Lin and Chung.45 The experimental and theoretical cross sections are
shown in Fig. 26. For electron energy below 20, where no experimental data
is available, the shape of the theoretical cross section is used as a guide.
At higher energies the cross section can be scaled with an E'l dependence.

The excitation cross section for the 832 state is to be
utilized as a dissociation cross section resulting in 0 and O(ID).

3.5 The Ionization and Dissociative Ionization of 02
The total electron impact ionization cross section of 02 has

been measured by Tate and Smith30 and Rapp and Englander—Goldenz,9 for

electron energies up to 1000 eV. Hirsh, et a1.3a, have measured the ioni-

ahcanits




zation cross section at an electron energy of 1.5 MeV. The ionization
cross sectionz9 is shown in Figure 27 and its extension to energies higher
than 1000 eV can be made following the scaling law of o " E-l log CE.

The dissociative ionization cross section is shown in Fig. 27
based on the measurement of Rapp, et a1.31

The partial ionization cross sections leading to various
ionization continua of 02 are also given in Figure 27. These cross sec-
tions are based on data at 100 eV for the bQZ state measured by McConkey
and Woolsey‘.’6 The measurements of Skubenich47 for the cross sections of
b4Z and Azﬂ states are utilized for the relative ratio between these two
states. This ratio is used to obtain the cross section for the A2ﬂ state,
by utilizing McConkey and Woolsey data for bAZ state. Subtracting the
cross section valves of bAZ, Azﬂ and the dissociative ionization from the
total ionization cross section one obtains the sum for the excitationm of
the Xzﬂ and a4ﬂ states. This sum then is divided between Xzﬂ and aaﬂ states
according to their statistical weights.
4. Oxygen Atom

4.1 Oxygen Atom Low Lying Metastable States 0(1D) and 0(18)

The electron impact excitation cross sections for the low lying
metastable states of oxygen atom have been calculated bv numerous investi-
g::\tors?s-50 There seems to be good agreement between these calculations,
especially for the excitations of 1S state. TFor the excitation of O(ID),
however, the difference in the slope of the cross sections at threshold and
near threshold is apparent. The calculated cross section bv Thomas and
Nisbet49 is preferred. No experimental data are available on these cross
sections.

4.2 Optically Allowed Transitiouns

For optically allowed transitions, the following expression,

10
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given by Drawin,slwill be utilized.
2
-1 E,.\2 )
¢ =3,5X 10 6 £, 13.6 di _fL._l log 1.25 £
ij E E E,, E,.
ij ij ij

Here, fij is the oscillator strength for the transition i -+ j whose exci-
tation energyis Eij and E 1s the electron energy. Using this expression,
the electron impact excitation cross sections for few optically allowed
transitions are given in Figure 29. The above expression used for the
transition®P -3S (the resonance line) yield a peak value which is lower
bv a factor of v 2 compared to a measurement by Stone and Zopf52.

4.3 Ionization Cross Section of O
The electron impact ionization cross section of oxygen atom has
been measured by Fite and Brackmann53 and is shown in Figure 30. The
decomposition of the total ionization cross section into various ionization
continua of dt i.e. d+(43), d+(2D) and 0+(2P) can be made using Table 1.
The percentage of the fractional jonization cross sections are given as a

function of the electron energy. Data for Table 1 for electron energy up

to 100 eV is from Dalgarmo and Lejeune.54

Table 1

Partial Ionization Cross Section of Oxygen Atom

Electron Energy (eV) 0+(4S) 6+(2D) O+(2P)
25 0.5 0. 36 0.13
50 0.39 0.41 0.20
75 0.37 0.42 0.21
100 0.36 0.42 0.22
E>100 ’ 0.36 0.42 0.22

11




5. Nitrogen Atom
5.1 Low lying Metastable States N(ZD) and N(ZP)

The electron impact excitation cross sections for the low lying
metastable states, N(ZD) and N(ZP), have been calculated by several in-
vestigators?8’55’56 These calculated cross sections are shown in Figures
31-33. The calculations of Berrington, et al?5 is to be preferred because
they include the effects of target polarization, higher lying configura-
tions and short range correlations.

5.2 Optically Allowed Transitions

For optically allowed transitions one can utilize the cross
section expression given in Section 4,2 of this report. Using this ex-
pression the excitation cross sections for two optically allowed states are
illustrated in Figure 34. For the rest of the optically allowed states
one generally needs the excitation energies and the oscillator strengths
which can be found in Ref. 57.

5.3 Ionization Cross Section of Nitrogen Atoms

The electron impact ionization cross section of nitrogen atom

has been measured58 and is shown in Figure 35.

12




N2 (V=1)CROSS SECTION
16
~ L2
£
]
©
(@]
> 08
N
b
04
0.0 1 L | 1 | = N
10 15 20 25 30 35 40

ELECTRON ENERGY (eV)

Fig. 1 — The cross section for the electron impact excitation of the
first ground state vibrational level of N,
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Fig. 8 — The cross section for the electron impact excitation of the
third ground state vibrational level of N,
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sixth ground state vibrational level of N,
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