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EXCITATION AND IONIZATION CROSS SECTIONS

FOR ELECTRON-BAN ENERGY DEPOSITION IN HIGH TEMPERATURE AIR

1. INTRODUCTION

Electron beam propagation through the atmosphere is currently an

area of active research. Numerical codes have been developed which,

among other things, demonstrate the sensitivity of beam propagation to

air chemistry. It is necessary, therefore, that chemistry codes

accurately describe the relevant atomic, molecular, and radiative

processes. Electron production and energy deposition are two such

processes.

In general, detailed studies of energy deposition by electrons in

specific gases require a complete set of cross sections for electron

impact excitation and ionization of the constituent species. It is well

known that the dominant constituents of heated air are atomic oxygen and

nitrogen and their ions. The purpose of this report is to assemble the

appropriate cross sections for 0, N, 0+, and N+ excitation and

ionization for electron kinetic energies ranging from threshold to

several MeV. Where possible, analytic expressions are given and

compared to existing experimental results or other theoretical

approaches. This information can readily be used as input for a

deposition calculation of relativistic electron beams propagating

through air.

Although experiments designed to measure the secondary electrons

produced through impact ionization of the above species have not yet

been performed, other gases have been investigated. The benchmark

experiments of Opal et al. 1,2 on a number of atomic and simple molecular

gases (including He, N2, and, 02) are worth noting. These experiments

provided a detailed characterization of the doubly-differential, singly-

differential and total ionization cross sections which subsequently

served to guide theoretical calculations on these gases as well as
3

others. Although recent experiments on He point to some

inconsistencies, these do not appear to be severe.
. 4-13

Green and coworkers have been leaders in developing a

theoretical base for studying electron production and energy deposition

in atmospheric gases such as He, N2, 02, and 0. In general, they have
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utilized the continuous slowing down approximation (CSDA) to solve the

deposition problem. Peterson14 demonstrated that while the CSDA

approach suffices for high energy electrons, alternative approaches such

as discrete energy loss (DEL) descriptions must be used to account for

low energy electron loss. DEL approaches have been used by various

groups to investigate energy deposition in these same gases.

However, modifications to the CSDA approach also prove useful.
22

Information on experimental and theoretical collisional cross

sections for 0, N, 0+, and N has been presented previously by Ali.
2 3

In this report, that information is updated, where possible, and

extended to higher energy ranges. Differential cross section

information is also discussed. In the absence of specific experimental

cross section measurements or theoretical calculations, the efforts

discussed above serve as a useful guide for obtaining such information.

As expected, detailed cross section measurements and calculations for

heated air do not exist for relativistic energies. In this regime, the

Bethe formula2 4 based on the Born approximation is of general use.

Inokuti and collaborators2 5 ,2 6 have presented an excellent discussion of

the Bethe theory for inelastic collisions of fast charged particles with

atoms.
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2. ELECTRON IMPACT EXCITATION CROSS SECTIONS

2.1 Optically Allowed Transitions - Oxygen Atom

For an optically allowed transition from state i * j, the electron

impact excitation cross section is given by

4na2 R2 fi ( E In[ 4 C E 02)- 1 2
-A- In(1 -I(1

ij = Aij E2  Eij Eij2 ()

where na2 is the atomic unit cross section (0.88 x 10-16 cm2) R the0

hydrogen atom ionization potential (13.60 eV), Eij the transition energy

(E - Ei), fij the optical oscillator strength, Aij and Cij adjustable

parameters, and 1 = v/c where v is the electron velocity. The energy E

is mv2 /2 where m is the electron rest mass. E is equivalent to the

electron kinetic energy provided it is less than 104 eV; relativistic

effects begin to play a role above that value . Throughout the report

cross sections are assumed equal to 0.0 for energies less than the

excitation (or ionization) thresholds. In the nonrelativistic limit,

Eq. (1) can be written in the form

8n R 2  2 (2)
ij =-3 E E f g 0

1 J

where gij is an effective Gaunt factor given by

gij = Aj 13 .1- !UJ in 4 Ci (3)

Eq. (2) is a standard form for the excitation cross section subject to

the Born-Bethe approximation which is valid at high energies where

distant encounters are most important and short range interactions

between the free and atomic electrons can be neglected. Eq. (3) is a

form for the effective Gaunt factor proposed by Drawin,2 7 which modifies

the cross section so as to account for low energy collisions in a simple

way. Finally, by incorporating the relativistic corrections, Eq. (1)

gives an expression which spans the entire energy range from threshold

to approximately 109 eV. Above that energy, it is no longer valid to

neglect coupling to the radiation field.

3
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The electron impact excitation cross sections for the 3P + 3sO and

D transitions (1304 A and 1027 A) are shown in Figs. 1 and 2 for

electron energies up to 300 eV. These results are obtained from Eq. (1)

using parameters given in Table 1. In general, the oscillator strengths

for optically allowed transitions are taken from Wiese et al.,
28

0

however, for the 1304 A transition f.i is assumed to be 0.048. This is

the generally accepted experimental value, the most recent measurement

being that of Doering et al. 2 9 The experimental results discussed by

Zipf and Erdman3 0 are also shown for comparison. These are a revision

of the earlier results of Stone and Zipf. It is seen that the 1304 A
0

experimental values are 20 - 30% higher than our fit while the 1027 A

values are a factor of 2 - 3 larger. It should be noted that the

experimental results include both direct and cascade contributions to

excitation of the 3S and 3D° states. The magnitude of the cascade

contribution varies with energy and is difficult to estimate. Doering

and Vaughan3 2 have measured the absolute differential electron
0

scattering cross section for the 1304 A transition at an impact energy

of 100 eV out to 1200. From these measurments they obtain a cascade-

free integral value (also shown in Fig. 1) 30% less than the Zipf and
33,

Erdman result. Previous differential cross section measurements3 3

extended out to only 200.

Theoretical calculations of the 3p 3 cross section have been

performed using a variety of methods and approximations, including the

impact parameter method,3 4 close-coupling approximations, 35 ,3 6 and

distorted-wave approximations.
3 7 The recent calculations of Rountree

3 6

are also shown in Fig. 1. These calculations are an improvement over
35

the earlier Rountree and Henry results, in part because of the use of

improved oscillator strengths. The distorted-wave cross sections of

Sawada and Ganas3 7 are still lower than the Rountree results at low

energies, however, the general agreement between experiment and theory

is now rather good.

The 3 P 3so cross section, according to Eq. (1), is presented in

Fig. 3 for electron kinetic energies up to 107 eV. A detailed

examination shows that relativistic effects become pronounced at kinetic

4



energies greater than 104 eV. The expected relativistic rise 25 occurs

at several MeV. Ganas38 has used an independent-particle-model to

calculate generalized oscillator strengths and integrated cross sections

for energies up to 5 keV. These results are also shown on Fig. 3. In

Eq. (1), detailed information about the generalized oscillator strength

is contained within the parameter Cij.

2.2 Optically Allowed Transitions - Nitrogen Atom

Very few experiments have attempted to measure electron impact

excitation cross sections of atomic nitrogen. Stone and Zipf 39 measured

the absolute cross sections for several dipole-allowed transitions from

threshold up to 400 eV. Their estimated error was approximately 40%.

As in other optical emission experiments, their cross sections include

cascade contributions. Fig. 4 shows a comparison between Eq. (1)

(parameters are given in Table 1) and their-.results for the 4S 0 4 P

1200 A transition. In general, the experimental values are larger by a

factor of 3.0. Spence and Burrow40 have performed a cross-beam
0 0

experiment to eliminate cascading and measure the 1200 A and 1134 A

cross sections directly. Their results are restricted, however, to the

threshold region, but do suggest smaller peak values in addition to the
0

existence of a resonance in the 1200 A case. For greater kinetic

energies, the cross section, according to Eq. (1), resembles Fig. 3.

2.3 Optically Allowed Transitions - Oxygen Ion

For neutrals, the Born approximation assumes that the perturbing

electron is described by plane waves. Positive ions, however, introduce

an ion field which causes a distortion of the plane waves. At high

energies, this distortion is negligible and the ion behaves like a

neutral. However, at low energies it must be accounted for and Eq. (1)

modified to be of use. Van Regemorter4 1 and Seaton 4 2 deduced that the

effective Gaunt factor in the semi-empirical formula given by Eq. (2) is

approximately constant near threshold. Vainstein's 4 3 distorted-wave

calculations for carbon ions and the hydrogenic results of Burgess4 4
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provided justification for choosing a value of 0.2. Analogously, the

nonrelativistic limit of Eq. (1) is given by Eq. (2) where gij is now

defined as

0.2 E < 2.0 E..iJ

gij = (4)

A f- lnI-CE I E > 2.0 E..
ij 2n E ij ij

According to Eqs. (2) and (4), the cross section is peaked at
27

threshold. Relativistic corrections are included in the manner of Eq.

(1).

Comparisons between Eqs. (2) and (4) and existing results are

difficult. Although measurements45 ,46 have been made on the 4S 0 4P
0

834 A transition, these are emission cross sections for radiation

produced by electron impact on 02 as opposed to direct excitation of 0+ .

Theoretical computations, i.e. a limited multiconfiguration close-

coupling calculation, have been carried out for this particular

transition in the vicinity of the threshold. They suggest that the

cross section rises more slowly and to a broader maximum than our

analytic approximation (a peak of 5.7 x 1o17 cm2 at E = 31.28 eV versus

9.4 x 0 17 cm2 at threshold). This, however, is an isolated result and

the attractiveness of the above analytic forms is in quantitatively

describing, over a large energy range, an array of transitions for which

no experimental or even theoretical results exist.

2.4 Optically Allowed Transitions - Nitrogen Ion

Electron impact excitation cross sections are computed in the

manner discussed in section 2.3. Again there are no experimental

results to compare with. The cross section for excitation of the 3P -

P672 A transition is shown in Fig. 5 and compared to a calculation of
48

Ganas, in which he uses the Born approximation to calculate the
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generalized oscillator strength and from that the cross section. The

optical oscillator strength for both cases is 0.07. The effect of the

constant effective Gaunt factor in the threshold regime is pronounced.

For higher impact energies agreement is good.

2.5 Transitions Amongst Low-lying Metastable States - Oxygen Atom

Transitions which do not proceed according to dipole selection

rules are optically forbidden. They may, however, proceed because of

existing electric quadrupole moments, magnetic moments, or electron

exchange effects. Cross sections for electron impact excitation of such

transitions do not display the characteristic E 1 ln E behavior at high
49 -n

energies, but instead decrease more rapidly (E , where n = 1, 2, or

3). In many of their studies, Green and coworkers4 '5'8'9''1 1 2 have

relied on the following simple form to describe excitation of forbidden

transitions:

4na2 R 2  1 E.]bI
.0 a (5)(1 = i E E ij )aE

where a, b, c, and Ai are parameters and the other quantities are

defined in section 2.1. Eq. (5), with the proper choice of parameters,

reduces to well-known theoretical results. Collisional excitation of

metastable ground states proceeds by electron exchange. When there is

an accompanying change in spin multiplicity, characteristic cross

sections typically peak at less than twice the threshold energy and fall

off rapidly with increasing energy, i.e. E . Drawin proposed to

describe both threshold and asymptotic regions with an analytic form

given by Eq. (5) with (a, b, c) = (3, 2, 1). If there is no change in

spin multiplicity, he proposed a form with a slower falloff and a

broader peak region, i.e. (a, b, c) = (1, 1, 1). This is also the

asymptotic behavior embodied in the Born-Bethe approximation.
2 5

Formally, information about the relativistic form factor is contained in

the parameter A...
ii



Transitions amongst the metastable states of 0 include the 3p 4 1D,34 1S, and 1D 4 1S transitions. Recent experimental studies of these

transitions are limited to those of Shyn and Sharp.50 They measured the

absolute differential cross sections for the 3P 1 D transition at

energies between 7.0 and 30.0 eV for angles between 300 and 150'. From

these, the integrated cross sections were determined. First-principle

calculations of these cross sections have been made by several51-53

groups. Generally, there is good agreement between the
calculations of Henry et al. 51 (threshold to 50.0 eV), Vo Ky Lan et

al. 52 (0.14 to 11.0 eV), and Thomas et al. 53 (1.0 to 30.0 eV). The

experiment of Shyn and Sharp, for which there is a 50% uncertainty,

compares favorably with the calculations, but cannot substantiate one

over another. Fig. 6 shows a comparison of the 3P 4 1D theoretical and

experimental results with an analytic fit using Eq. (5). Two sets of

parameters, given in Table 2, are used. The first set was used by Green

et al.8 to give a good accounting of the threshold and peak regions.

Whereas they fix these parameters over the entire energy range, which

results in an E- asymptotic dependence, we modify the parameters to

obtain the theoretically desired E-3 behavior. Ivanov and et al. 54 have

used a truncated polynomial series and a similiar cutoff procedure to

acheive the same results.

In Fig. 7, Eq. (5) is used to obtain excitation cross sections for

the 3P 4 1 S and 1D 4 IS transitions. For the former, two sets of

parameters (see Table 2) are again used. The first set was used by

Green8 over the entire energy range, while the second set ensures an E
3

high-energy falloff. Together, they provide a good fit to the

calculations of Henry et al. 51 The D i S transition is adequately
modeled by a single set.

2.6 Transitions Amongst Low-lying Metastable States - Nitrogen Atom

Transitions amongst the metastable states of nitrogen are the 4S°
2 o 4o0 2o an 2o0 20D , P , and D 4 P transitions. The latest experiment to

study these transitions was that of Neynaber et al. 55 In that

8
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experiment, they measured the total cross section for electron

scattering off ground state nitrogen. Detailed theoretical calculations

for each of the metastable transition cross sections have been csrried

out by Henry et al.51 (threshold to 50.0 eV), Ormonde et al.
56

(threshold to 20.0 eV), and Berrington et al. 5 7 (threshold to 35.0 eV).

The theoretical results of each group predict larger total cross

sections for scattering off N(4S° ) than the experiment. In addition,

there is substantial discrepancy between theoretical results.

Berrington et al. 5 7 have computed the cross sections by an R-matrix

method while describing the target atom with an eight-state expansion.

They have not only demonstrated convergence, but predict a resonance in

the 2D 0 2P cross section not seen by others. In general, their

results are preferred.

Several theoretical results for the 4S° 0 2D0 transition are shown

in Fig. 8 and compared to a fit given by Eq. (5). Again, two sets of

parameters (see Table 2) are used to fit the low energy bahavior as well

as obtain the desired E-3 high-energy falloff.

2.7 Transitions Amongst Low-lying Metastable States - Oxygen Ion

The transitions involving the metastable states of 0+ are the 4S

2 o 4o0 2o0 2o0 20D 4S P , and D 4 p transitions. No experimental results

exist for electron impact excitations of these transitions. Collision

strengths for these transitions have been calculated by several

groups.51'58 ,59  Generally, the agreement is good. More recently,

Itikawa et al. 60 have fit some of the above results to the following

analytic form:

1.197 x 10- 15 [3aE ]n +aln (6)
ij =  E= nLE + a4 E

In Eq. (6), gi is the statistical weight of the initial state, an are

parameters, and the other quantities are defined as in section 2.1. The

cross section (and collision strength) is finite at threshold. Table 3

shows the parameters given in Ref. 60 for the above transitions.

9
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2.8 Transitions Amongst Low-lying Metastable States - Nitrogen Ion

The transitions involving the N+ metastable states are the 3p - 1D,
3P 4 1S, and 1D 4 1S transitions. Again, no experimental measurements

have been made for these transitions as well as very few theoretical

calculations. Henry et al. 51 have computed the collision strengths and

are in good agreement with those calculated previously by Saraph et

al.
6 1

2.9 Optically Forbidden Transitions to Rydberg States - General

Electron impact excitation cross sections for optically forbidden

transitions to high-lying excited states may be obtained using the

general procedure developed by Green and Dutta.5  This procedure assumes

a relationship exists among states within any given Rydberg series for

each ionization limit. For transitions to a specific state, excitation

energies, W i, are defined by

R
W 1. 2(7)

S=I (n - p)2

where I. is the ionization limit, R = 13.60 eV, n is the principalJ
quantum number for the final state outer shell electron, and p is the

quantum defect. The constant p is determined by fitting the exact

excitation energies, Eli, to Eq. (7). For each transition, an effective

oscillator strength, fij, is defined as
f*

f f (8)
(n - p)3

In Eqs. (7 - 8), p and f* vary from one Rydberg series to another,

however, they remain constant within a specific series. The value of f

is determined by equating f.. with the known oscillator strength of anij
optically allowed transition to a state in the series. Rewritting Eq.

(5), the cross section is given by

a .. C.. f.. 4na 0~J R W...b..W l ] (9)ij =  3 ci 3 fi. 2 E E

10



Eq. (9), with b = 1, is identical to the form used by Green and Dutta
5

When no other experimental or theoretical results exist, the parameters

cij , a, c, and p (again, b = 1) are chosen according to the criteria

proposed by Jusick et al.6  Assuming forms equivalent to Eq. (9),
7 12 15

Stolarski and Green, Jackman et al., , and Dalgarno and Lejeune

present different sets of parameters for specific models of atomic

oxygen. Ivanov et al. 54 give expansion parameters for a fourth-order

polynomial formula similiar to an expanded version of Eq. (9). No

specific results exist for N, N or 0+

2.10 Specific Optically Forbidden Transitions - Oxygen Atom

The 3p P 5sO transition in atomic oxygen has been the subject of

limited experimental3 1 and theoretical3 6 ,3 7 study. The experimental
31

results, as presented by Stone and Zipf, are 5 to 6 times larger than

either the distorted wave calculations of Sawada and Ganas3 7 or the
36

close-coupling calculations of Rountree. Rountree suggests that the

discrepancy could be due to the uncertainty in the experimental

calibration factor which, in part, depends on the (uncertain) lifetime

of the 5 S°0 state itself. The difference between theoretical results
12

occurs mostly in the threshold and peak regions. Jackman et al. have

used Eq. (9) to fit the calculations of Sawada and Ganas. The

experimental results are well-represented by Eq. (5). Both sets of

parameters are given in Table 4, the results are shown in Fig. 9.

I'
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3. ELECTRON IMPACT IONIZATION CROSS SECTIONS

3.1 Total and Differential Cross Sections - Oxygen Atom

Both total and differential ionization cross sections are needed

for electron deposition calculations. These are denoted ai(T) and

ai(T,e), respectively, where i indexes the state of the atom, T is the

kinetic energy of the incident electron (primary) and e the outgoing

(secondary) electron. If the secondary electron is always considered to

be the least energetic of the two, then the following relation holds,

(T-li )/2

ai(T) = ji(T,e) de , (10)

0

where I. is the ionization potential. Many different functional forms

have been proposed to describe both total and differential ionization

cross sections in various energy regimes. Generally, they derive from

three classic results for the differential cross section, i.e. the Born-
25 62 63Bethe formula 2 , Mott's formula , and Moeller's formula. The Born-

Bethe formula gives the cross section in the limit of high impact

energies (greater than 1000 eV, but nonrelativistic) and small energy

loss (and momentum transfer) by the incident electron. For high

nonrelativistic impact energies and large energy transfer, Mott's

formula is the appropriate approximation. When the primary electrons

are relativistic, one uses Moeller's formula. In addition, results of

the experiments of Opal et al., 1'2 which were carried out for electrons

with energies of 100 - 2000 eV, suggested that the cross section could

be represented by a fairly simple functional form. Subsequently,

others 9 ,11, 17 ,19 - 2 2 have combined these results in various ways to get

differential cross sections which are valid over a broader range of

conditions. The total cross sections have, generally, been obtained by

integrating the differential cross section approximations in a manner

similiar to Eq. (10). Frequently, a functional form for ai(T) is

imbedded in the definition of ai(T,c); we adopt this approach below.

12



Finally, a useful low energy approximation (including the threshold

region) for the total ionization cross sections continues to be that of

Drawin. 27
22

Drawing primarily from the work of Medvedev and Khokhlov, ai(T,E)

is given below. The index i is dropped for convenience. For the low

energy regime, defined here as T < Ii + 10 eV,

o(T) b(T)
a(T,c) = - [ T-I ] b(T)2 + 2 (11)

tan I2b(T)
When T > I. + 10 eV then

1

a(T) b(T)
a(T,)- f(T,£) (12)

p(T)

where

1 ( 2Tmc 2+m2c4 ) 1

f(T,) = ( T+mc2 )2 ( T+mc2 )2 ( b(T)+c ) ( b(T)+T-c-I )

1 1
+ 2 + 2 2'(13)

b(T)2 + (T-c-I )2 b(T)2 + 2

and

1 T-I b(T) (2Tmc' 2-,c 4  bT+
p(T) = t b(T) T+2b(T)-I T )2 in b(T)

b(T) (T-I)
+ 2 ( T+mc2 )2 (14)

In Eqs. (11 - 14), b(T) is a parameter, either energy dependent or
2

constant, chosen to best fit any available data and mc is the electron

rest mass energy (.511 MeV).

,1
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The total ionization cross section is given, analogous to Eq. (1),

by

na 2R 
2  

E_4____E02__a - 1 n 1En(1- ]- (15)
I i i i

where E = my2 /2. Again, A. and C. are adjustable parameters. In the

nonrelativistic limit, T = E and Eq. (15) reduces identically to the

Drawin To obtain the Drawin formula, the parameters are

defined as Ai = C.665&i and Ci = 0.
3125(l+[(Zeff-1)/(Zeff+2 )1) where &i"

denotes the number of equivalent electrons in the i-th state and Zeff

the effective charge number of the nucleus acting on the electrons in

the i-th state. Numerical values of &i have been tabulated2 7 for

ionization from the ground state, specifically, &i = [3.0, 3.0, 2.7,

2.51 for [N, 0, N+ , O+J. For ionization of excited states it is

recommended that &i 1.0. These definitions provide a means for %

choosing A. and C. in the absence of experimental data or dependable

theoretical calculations. For high energy electrons, Eq. (15) displays

the desired E- I In E dependence and, at relativistic energies, the

expected relativistic rise. For impact energies between threshold and

104 eV, Lotz 6 4 fit the E-  in E form to available experimental data (up

to 1967) on cross sections for ionization of atoms and ions from the

ground state, including N, N+, 0, and 0+. For numerous atomic and .

molecular gases, none of which are considered in this study, Rieke and

Prepejchal65 measured the ionization cross sections for electrons of

kinetic energies of 0.1 - 2.7 MeV and found that the asymptotic limit of

Eq. (15) suitably described those measurements.

While no experimental results exist, calculations of energy

differential cross sections for electron impact of 0 are limited to the

independent-particle-model results of Kazaks et al. 1 0 and Burnett and

Rountree's6 6 ab initio results. Eqs. (11 - 15) are scaled to the latter

results, which provide a better treatment near the ionization threshold,

and used to obtain the partial single differential cross sections for a

500 eV electron ionizing 0( P) (shown in Fig. 10). Ionization to the

,.

..
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4S°, 2D , and 2 continua, respectively, is described using the scaling

parameters given in Table 5. Representative differential ionization

cross sections for higher energy primaries are shown in Fig. 11. The

increase in ai(T,c) for small c when T goes from 1 MeV to 10 MeV is a

consequence of the total ionization cross section rising because of

relativistic effects.

The total electron impact ionization cross section for atomic

oxygen has been investigated both experimentally6 7 - 70 and

theoretically. 1 0 ,1 3 ,15 ,54 7 1 - 74 The cross section for ionization of

O(3 P), partitioned into the various channels according to Eq. (15) and %

the above parameters, is shown in Fig. 12. The results of Burnett and

Rountree are also given. Previously,2 3 decomposition of the total ."

ionization into specific channels was accomplished using data from

Dalgrnoand ejene.15Dalgarno and Lejeune. 5 The two results are in close agreement for

electron energies greater than 75.0 eV, however, differences of 1.0% -

3.0% exist for energies less than 75.0 eV. In Fig. 13, the total

ionization cross section is given for energies up to 10 MeV. The 4

experimental results of Brook et al. 70 are shown for comparison. A

detailed illustration of the differences between existing experimental

and theoretical ionization cross sections is presented in Fig. 5 of Ref.

70.

3.2 Total and Differential Cross Sections - Nitrogen Atom

To date, no experimental or theoretical results have been presented

for differential ionization cross sections of atomic nitrogen. Total

electron impact ionization cross sections, however, have been measured
.70,75,76 71-74

experimentally 7 '  and calculated theoretically. There is good

agreement between the measurements of Brook et al. 70 and those of Smith

et al. 7 5 for energies less than 600 eV. Above that energy,Smith's

results show an anomolous increase in the cross section. The

measurements of Peterson 7 6 exceed the others by more than 100%. All of

the theoretical calculations exceed the experimental data by 30% or more

for energies between 30 ev and 150 eV. The theoretical results of

15
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McGuire73 provide the best agreement, particularly for energies greater

than 200 eV. Again, a detailed illustration of the differences between

existing experimental and theoretical ionization cross sections is

presented in Fig. 6 of Ref. 70. In Fig. 14, the total ionization cross

section according to Eq. (15) is given. We have assumed that the single

ionization channel is e + N(4 S) e + e + N +( 3 P), i.e. transitions to

N+( D) and N+( S) are neglected since they do not occur in

photoionization and, therefore, are expected to have small collision

cross sections. The scaling parameters are given in Table 5. The

experimental results of Brook et al. and the calculations of McGuire are

shown for comparison. Since Eq. (15) does not provide a very good

representation of the low energy behavior, a better appoximation for

code input would be to use the experimental data for energies less than

100 eV and the analytic results for greater energies.

Eqs. (11 - 15) are again used to compute differential cross

sections, but b(T) is chosen arbitrarily. Fig. 15 shows ai(T,c) for T =

0.1, 1.0, and 10.0 MeV, assuming b(T) = 15.0. The behavior is identical

to that discussed above for oxygen.

3.3 Total and Differential Cross Sections - Oxygen Ion

The total ionization cross section for electron impact on 0+ has

been measured experimentally 77-80 and calculated theoretically.
1 3,8 1 -8 4

Reasonable agreement exists between the experiments. Together, these

data span electron impact energies from threshold up to 10 keV. From

threshold to 1 keV, the calculations of McGuire 8 4 and Moores8 1 agree

with each other and are 10 - 15Z higher at the peak than the

experimental results of Aitken et al. The measurements of Donets and

Ovsyannikov8 0 exceed the corresponding classical binary-encounter-

approximation calculations of Salop 8 2 by as much as 25% for energies of

1 - 10 keV. The ionization cross section, according to Eq. (15) with

parameters given in Table 5, is presented in Fig. 16 along with the

experimental results of Aitken et al. 7 7 and Donets et al. 8 0 Only

ionization of 0+(4 S ) is considered. Aitken has suggested that
2o0 +2o0

ionization of the metastable states, 0+(2D ° ) and 0+(2P°), contributes at

most 10% to the total cross section.
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Ganas and Green 13 have used an independent-particle-model to

calculate continuum generalized oscillator strengths from which they

obtain differential cross sections. Fig. 17 shows a comparison between

their results and Eqs. (11 - 15), assuming b(T) = 20.0, for primary

electron energies of 500, 1000, and 5000 eV. The agreement is good.

3.4 Total and Differential Cross Sections - Nitrogen Ion

N+ total ionization cross sections have also been measured

experimentally8 0'8 5'8 6 and calculated theoretically.8 1 -8 4'8 7'88 Good
86

agreement exists between the measurements of Hasted et al. and

Harrison et al.8 5 from threshold to 500 eV. The data of Donets et al.
80

extends this region up to 7 keV. The calculations of McGuire 8 4 agree

closely with those of Moores8 1 and McCarthy et al.8 8 and are within 20%

of experimental results. Donets' higher energy data vary

rapidly, however, exceeding these calculations by 10 - 100%. In Fig.

18, the ionization cross section, according to Eq. (15), is given and

compared to the data of Harrison et al. and Donets et al. The cross

section matches closely that calculated by McGuire. The parameters are

A. = 2.0 and Ci = 0.39.
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Table 1

Electron Impact Excitation Cross Section Parameters

for Optically Allowed Transitions

Transition A..j C.. f i

0OP~ ) 4* 0O(S") 1.0 0.3125 0.048

0e OP 0 0(D0) 1.0 0.3125 0.010

N (4SO) N N(4 P )1.0 0.3125 0.130

23..5



Table 2

Electron Impact Excitation Cross Section Parameters

for Transitions Amongst N and 0 Metastable States

Transition A a b c

0.01 1 < 50.0 eVO( 3 p ) -4O(D) 1)

97.0 3 > 50.0 eV

0.0042 1 < 40.0 eVO(3 p ) -+ O(Is ) 0.51

117.23 3 > 40.0 eV

O( 3 P ) 0( 1 D ) 0.003 1 1 1

f4\ 4 0.025 1 < 40.0 eV

227.72 3 > 40.0 eV

N 0.0175 1 < 40.0 eVN(4S O) 4 N(2p O)11

356.04 3 > 40.0 eV
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Table 3

Electron Impact Excitation Cross Section Parameters

for Transitions Amongst 0+ Metastable States

Transition a0  aI a2 a3 a4

0+(4SO) -* 0+ (2 5 0 ) 2.016 -1.65 0.864 0.079 0.0

0+(4 S O) _ 0+ (2 PO ) 0.231 0.316 -0.071 0.0 0.313

0+(2DO) - O+( 2 PO) 3.072 -4.123 5.151 -2.322 0.0
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Table 4

Electron Impact Excitation Cross Section Parameters

for 0( 3P) 4 0(5S °) Transition

Eq. (9) i ci fia c13

Fit to

theory 10.6 1.0 0.013 2.69 19.20 10.50

Eq. (5) A ija b c

Fit to
experiment 5880.0 3 1 2

'2
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Table 5

Electron Impact Ionization Cross Section Parameters

Channel Ai  C. b(T)

o(3p ) - o( 4 s° ) 0.65 0.25 13.0

O(3P ) - O+(2DO) 1.0 0.25 17.0

O( 3 p ) 4 O+( 2 p ° ) 0.55 0.25 19.0

N(4SO) 4 N+ (3P ) 2.20 0.25 15.0

0+(4 SO) 4 O++( 3P ) 2.70 0.25 20.0

N+ (3P ) 4 N++( 2Po) 2.0 0.25
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Fig. 1. Electron impact excitation cross sections for 0(3P - 3So

0
1304 A transition (solid line - Eq. (1), dotted line -

Ref. 30, dashed line - Ref. 36, and solid circle - Ref. 32).
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Fig. 2. Electron impact excitation cross sections for 0( 3P -3 D )
0

1027 A transition (solid line - Eq. (1) and dotted line

- Ref. 30).
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Fig. 3. Electron impact excitation cross sections for O( P 3S°) 

1304 A transition (solid line - Eq. (1), dotted line -

Ref. 38).
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Fig. 4. Electron impact excitation cross sections for N(4 S - 4P)
0

1200 A transition (solid line - Eq. (1), dotted line -

Ref. 39).
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Fig. 5. Electron impact excitation cross sections for N+( 3P - p

672 A transition (solid line - Eqs. (2) and (4), dotted line -

Ref. 48).
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Fig. 6. Electron impact excitation cross sections for O( 3P -* 1D)

transition (solid line - Eq. (5), dotted line - Ref. 53, dashed

line - Ref. 51, and circles - Ref. 50).
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Fig. 7. Electron impact excitation cross sections for O( 3P -+ S)

transition (solid line - Eq. (5)) and O( D - S) transition

(dotted line - Eq. (5)).
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Fig. 8. Electron impact excitation cross sections for NC S° -2D°

transition (solid line -Eq. (5), dashed line -Ref. 57, and

circles -Ref. 56).
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Fig. 9. Electron impact excitation cross sections for 0( 3P 4 S o

transition (solid line - Eq. (5), dotted line - Eq. (9), dashed

line -Ref. 36, exes - Ref. 31, and circles - Ref. 37).
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EPS (EV)

Fig. 10. Partial single differential cross sections for 0(aP) ionization

by a 500 eV primary electron (solid, dotted, and dashed lines -

Eqs. (11- 15); exes, circles, and squares- Ref. 66).
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I OE-24r
I.UE+OO 1.OE+O1 . E 0 . E 3

EPS (EV)
Fig. 11. Partial single differential cross sections for 0( 3P) 4~ 0+( 4S 0

for 0.1 MeV (solid line), 1.0 MeV (dotted line), and 10.0 MeV

(dashed line) primaries.
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E (EV)
Fig. 12. Partial ionization cross sections for 0( 3P) * ( 4S o, 2D o, P 0

(solid, dotted, and dashed lines - Eqs. (11 -15), exes,

circles, and squares - Ref. 66).
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Fig. 13. Total electron impact ionization cross sections for 0(3 P)

(solid line - Eq. (15), circles - Ref. 70).
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Fig. 14. Total electron impact ionization cross sections'for N( 4S 0

(solid line - Eq. (15), circles - Ref. 70, exes - Ref. 73).
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Fig. 16. Total electron impact ionization cross sections for 0+( 4S 0

(solid line - Eq. (15), circles - Ref. 77, exes - Ref. 80).
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Fig. 17. Single differential cross sections for 0+ (4 S°0 ) for 500.0,

1000.0, and 5000.0 eV primaries (solid, dotted and dashed lines

- Eqs. (11 - 15); solid circles, open circles, and squares

Ref. 13).
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