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SUMMARY

Photoabsorption cross sections for nitrogen and oxygen atoms are
computed using the Method of Burgess and Seaton [2]. Results are pre-
sented for the radiative recombination of singly ionized nitrogen and
oxygen applicable for equilibrium air, for chemical nonegquilibrium with

internal equilibrium, and internal nonequilibrium.
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Frequency
Mean absorption cross section of species s at frequency v

Photoabsorption cross section for a transition from state i of the
atom s to state j of the ion a frequency v

Radiative recombination cross section for a transition from state
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Quantity related to the stimulated emission of frequency ¥ from an
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INTRODUCTION

This report considers the absorption of radiation due to the photoion-
ization of nitrogen and oxygen atoms, and the reverse process, the rad-
iative recombination of sinély ionized nitrogen and oxygen ions with elec-
trons. Eighteen allowed radiative transitions between states of the atom
and ion were considered for the nitrogen and twelve for the oxygen. This
list of transitions can be found in Tables I and II.

The radiative recombination of singly ionized nitrogen and oxygen
ions with electrons will be the principal source of radiation from air in
the temperature range of ten to fifteen thousaud degrees Kelvin. Other
processes which contribute to the radiation are free-free radiative tran-
sitions ( Bremsstrahlung), atomic line radiation, molecular bound-bound
transitions, and radiative recombination of molecular ions and negative
ions.

Results are presented for three possible conditions of nonequilibrium,
If the population of the internal states concerned with the emission and
possibly the absorption of radiation are not in a Boltzmann equilibrium
distribution it is necessary to explicitly consider each radiative transi-

tion. If the internal states are in a Boltzmann distribution and the mole

fractions of the various species are in equilibrium then the spontaneous emission

of radiation per unit volume will be the equilibrium value, This is true whether

the radiant intensity is the equilibrium value or if it is not, as in an

optically thin gas., In this case it is possible to sum over all the
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transitions of all the species and obtain an absorption coefficient for the
gas and a corresponding rate of emission. There is a third possibility.
The internal states may be in a Boltzmann distribution, but the mole
fractions of the chemical species may be far from equilibrium. In this
case it is possible to sum over all transitions involving a given species,
but one can not add these results to obtain a value for the gas without
knowing the composition of the gas.

As long as the gas is not in complete thermodynamic equilibrium,
the material particles and the radiation, one can not expect to find the
chemical composition or the internal distributinn function to be in equi-
librium because of the failure of the detailed balancing of individual pro-
cesses, However, if the collisional processes are dominant the chemi-
cal composition and internal distribution can be very near equilibrium
even if the radiation is not in equilibrium. Kulander (1) has shown for
nitrogen and presumably for oxygen that there is a wide domain in which
the internal states are near equilibrium even though the chemical com-
position and radiation are far from equilibrium. This results from the
fact that the lower lying levels in N and O, which are the only levels
significantly populated for the temperatures under consideration, do not
have any allowed radiative transitions between them. Hence, the two
partial equilibrium conditions considered do approximate many real

situations.
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If the absorption of radiation is negligible, as for an optically thin
gas with small background radiation, then for internal and chemical
equilibrium it is useful to integrate the absorption coefficient over the
spectrum and obtain the Planck mean absorption coefficient, The total
rate of emission per unit volume is then easily obtained. A slight gen-
eralization of these results permits application to the case of chemical
nonequilibrium but internal equilibrium,

CALCULATION OF THE PHOTOIONIZA TION CROSS SECTION

The photoionization cross sections are calculated using the '"quan-
tum defect' method of Burgess and Seaton (2). This method utilizes the
empirically known energies of the bound atomic states to obtain the cor-
rect asymptotic forms for the bound and free wave functions. In other
respects the wave function calculations are based on a central field
approximation. The method obviously fails if no known energy levels
are available. Further, since the wave functions are only approximate,
their positive and negative contributions in obtaining the matrix elements
sometimes cancel severely,yielding a near zero cross secti6n. When
this occurs, the result is described as highly sensitive and is of low
accuracy. In frequency regimes where the sensitivity is high a hydro-
genic value is fitted to the quantum defect result. Such problems affect
about 30% of the cross sections at one frequency or another. An example

of the procedures used is shown in Fig. 1.
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SPONTANEOUS AND STIMULATED EMISSION

The spontaneous emission cross section and the stimulated emission
are obtained from the photoionization cross section by detailed balancing
at equilibrium. The volumetric rate of absorption for a given transition

by a photon in frequency interval dv is,

1) n 0 .,.cn dy
s sij p

while the corresponding rate of spontaneous and stimalated emission is,

Y

2

2) fn+[—2-§:—] go+.+n(p+..lhdv
e s me

At equilibrium the photon density is

2
3) n = 8y

3
P c

[exp (hy/kT) - 1] -1

Equating absorption and emission we find

2w + m 2

S ec
4) o..= Eo t
sij ws Vzhz sji
2
8nvy
5 + = ———
) 9% 3 %
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INTERNAL AND CHEMICAL EQUILIBRIUM

The mean absorption cross section per particle of species s is,

6) g =X
where the summation is carried over all significant transitions for which
7 E=hu-AEij30

A graph of G versus frequency will have jumps or "edges" at frequencies
s
where additional terms enter the summation. The absorption coefficient

including stimulated emission is defined

8) KU = Esns 65 [l-exp (-h v/kT)]

The rate of emission is

=4n7K B
9) EU U v v
2h 3
10) where Bv= Zv [exP (hv/kT) —l]
c

Integrating over frequency

11) €= 6"6 vdv = 417BKP



[++]
12) K =IKde
v Vv
0
13) B=§B dy
0

INTERNAL EQUILIBRIUM AND CHEMICAL NONEQUILIBRIUM
The following relations are readily obtained from eqgs. 1-7.

mean absorption cross section per particle is defined as before.

absorption coefficient including stimulated emission is

52 [1-5, exp (-nuer]
14) KU Es:nsﬁs [1 Fs exp ( -hv/kT)
where
n+ 1 no+ Be
o () ()
s s s eq.

The subscript eq. indicates equilibrium value.

-6-
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The spontaneous emission is

16) €° 41erZs', ansas [l-exp (-hv/kT)]

=417B T FK
v 8 Vs

where we have defined species absorption coefficients .

17 Kvs = nS (:rs [l-exp (hv/kT]

We can integrate each species over frequency to obtain species Planck

mean absorption coefficients.

@

18) Kp, = IB Ky o @ v/B
0
19) €= 4TBTF K,

Note that at chemical equilibrium as the Fs equal unity and the formulas

become identical to those of the previous section.
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PRESENTATION OF THE RESULTS

Since the various cross section are functions of frequency and tem-
perature it is not practical to present all the results in graphical form.
The figures used are for illustrative purposes. The tables present suf-
ficient data so that more detailed graphs can be made and interpolation
can be used. It is possible to use tables since the curves can be adequately
described by the values at the edges and just before the edges.

The results are presented using three significant figures. However,
the results are obtained from initial calculations of the photoionization
cross sections which may be in error by as much as 50%.

For internal nonequilibrium the individual transition photoionization
cross sections are presented. For internal equilibrium and chemical
nonequilibrium the mean absorption coefficient per nitrogen and per
oxygen atom are given. These are integrated over frequency to give
Planck mean absorption coefficient per nitrogen and oxygen atom. For
internal and chemical equilibrium the absorption coefficient is given.

This is integrated over frequency to obtain total emission per unit volume.

The results are presented as functions of wave number. The relation
between wavenumber ( cm-l), frequency ( sec-l), wavelength ( cm), and
wavelength ( A) is

wave number = y/c

1/x

10274
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TABLE I

NITROGEN LEVELS AND TRANSITIONS

Level No. Spectroscopic Mean energy above Degeneracy Transitions AE (Cmtl)
Designation G.S. of Atom (cm~-1) Atom — ion
N
1 4S 0 4 1-1 117, 345
2 2D . 19, 226 10 2-2 98, 118
2-1 113, 434
3 ZP 28, 840 6 3.3 88, 505
3.2 103, 821
3.1 121,198
4 4P 83, 320 212 4.1 34, 026
5 2P 86, 200 6 5«1 31,165
6 4P 88,140 12 6-7 73, 360
6-6 121, 442
6-5 138, 413
6-4 184, 322
7 2S 93,582 2 7-1 23, 763
8 ) 94, 830 20 8-1 22, 545
9 4P 95, 500 12 9.1 21, 845
10 %5 96, 752 4 10-1 20, 593
11 2D 96, 820 10 11-1 20, 525
12 2D 97, 790 6 12-1 19, 563
+
N 3
1 P 117, 345 9
' 2 1D 132, 661 5
3 lS 150, 038 1
|
4 5S 161, 513 5
5 3D 209, 545 15
6 ’p 226, 566 9
1 7 Ip 272, 475 5

11




TABLE II

OXYGEN LEVELS AND TRANSITIONS

Lievel No. Spectroscopic Mean energy Degeneracy Transitions
Designation above G.S. of Atom - ion

Atom (cm-l)

1 P 0
1

2 D 15, 868
1

3 s 33, 792

4 55 73, 768
3

5 S 76, 795

6 °p 86, 627
3

7 P 88, 630

8 >s 95, 476
3

9 s 96, 226

1 4s 109, 837
2

2 D 136, 656
2

3 P 150, 304

9 1-1
1.2
1-3
5 2-2
2-3
1 3-3
5 4-1
3 5-1
15 6-1
9 7-1
5 8-1
3 9-1
4
10
6

12

AE

109, 837
136, 656
150, 304

120, 788
134, 436

116, 512
36, 069
33, 042
23, 210
21, 202
14, 361

13, 611
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TABLE III

NITROGEN ATOM PHOTOIONIZATION CROSS SECTIONS

CROSS SECTION (cmz)

-1 [

cm A 12-1 11-1 10-1 9-1 8-1 7-1 5-1 4-1
19563. 5111.69 0.239-17* o, 0. 0. 0. 0. 0. 0.
20525, 4872.11 0,246-17 0,320-17 O, Ce 0. 0. 0. 0.
20593, 4856.02 0,247-17 0,302-17 0.589-17 0. 0. 0. 0. 0,
21845, 4577.71 0,254-17 0,306-17 0,528-17 0.294-17 O, 0. 0. 0.
22545, 4435,57 0,256-17 0,307-17 0.496-17 0.,250-17 0,439-17 0. 0. 0.
23763, 4208,22 0,257-17 0,306-17 0,447-17 0.190-17 0,345-17 0.291-17 O, 0.

31165. 3208.73 0.233-17 0,269-17 0.,231-17 0O,111-17 o0,111-17 0.,161-17 0.148-17 0.

34026. 2938.93 0,217-17 0,249-17 0.174-17 0.952-18 0,956-17 0.136-17 0.154-17 0,659-17
73360. 1363.14 0.,718-18 0.801-18 0.288-18 0.147-18 0,195-18 0.218-18 0.887-18 0.192-17
88505. 1129.88 0,503-18 0.558-18 0.231-18 0.132-18 0,101-18 0,184-18 0.676-18 0.133-17
98118, 1019.18 0,411-18 0.454-18 0,200-18 0.120-18 0.848-19 0,164-18 0.574-18 0,108-17
103821, 963,20 0,366-18 0,405-18 0,184-18 0,113-18 0,810-19 0,153-18 0,523-18 0,963-18
113434, 881,57 0,306-18 0,337-18 0,160-18 0,102-18 0,746-19 0,136-18 0.450-18 0,801-18
117345, 825.19 0,285-18 0.314-18 0.152-18 0.979-19 0,720-19 0.130-18 0,424-18 0,746-18
121198, 825,10 0,266-18 0.293-18 0,144-18 0,938-19 0,695-19 0,124-18 0.401-18 0,697-18
121442, 823.44 0,265-18 0.292-18 0.143-18 0,936-19 0,694-19 0,124-18 0,399-18 0,694-18
138413, 722.48 0,201-18 0.221-18 0,114-18 0,778-19 0,592-19 0,102-18 0,.315-18 0,525-18
184322, 542,53 0,108-18 0.118-18 0,674-19 0,489-19 0.389-19 0.628-19 0.183-18 0.281-18

200000, 500,00 0.904-19 0,985-19 0.575-19 0,424-19 0,340-19 0.541-19 0.156-18 0.235-1'8

*.993-17 is . 993 x 107

13




TABLE III (Cont'd)

CROSS SECTION (cmz)

6-4 3-1 2-1 3-2 2-2 1-1 3-3 6-5 6-6 6-7
0. 0. 0. 0. 0. 0. 0. 0. 0. 0,
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0,
0, 0. 0. 0. 0. 0. 0. 0. 0. 0,
0. 0. 0. 0. 0. 0. 0. 0. 0, 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0,
0. 0. 0. 0. 0. 0, 0. 0. 0, 0,
0.993-17 0. 0. 0. 0. 0. 0. 0. 0, 0.
0.842-17 0,705-17 0. 0. 0. 0. 0. 0. 0. 0,
0.718-17 0.673-17 0.339-17 0. 0. 0. 0. 0. 0. 0,
0.648-17 0,637-17 0,326-17 0,322-17 O, 0. 0. 0. 0. 0.
0.543-17 0,564-17 0,293-17 0,302-17 0.231-17 0. 0. 0. 0. 0.
0.505-17 0,533-17 0.278-17 0.290-17 0,231-17 0.848-17 0, 0. 0. 0.
0,470-17 0,504-17 0,263-17 0,277-17 0,228-17 0,878-17 0,141-17 O, 0. 0.
0.468-17 0.502-17 0.262-17 0.276-17 0,228-17 0,879-17 0,141-17 0.192-17 0, 0.

0.344-17 0,385-17 0.200-17 0.217-17 0,199-17 0.865-17 0,141-17 0,212-17 0,995-18 O,
0.163-17 0.192-17 0.964-18 0,105-17 0,112-17 0.525-17 0,861-18 0,135-17 0,118-17 0,979-18

0.130-17 0,154-17 0,766-18 0.837-18 0.918-18 0,429-17 0,703-18 0,110-17 0,102-17 0,989-18

2
]
v
I
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cm

19500,
19563,
20500,
20525,
20593,
21800.
21845,
22500,
22545,
23700,
23763,
31100,
31165,
34000,
34026,
73000,
73360,
88000,
88505,
98000,
98118,
103000,
103821,
113000,
113434,
117000,
117345,
121000,
121198,
121442,
138000,
138413,
184000,
184322,
200000,

TABLE V. MEAN ABSORPTION COEFFICIENT

o
A

5128, 21
5111, 69
4878, 05
4872, 11
4856, 02
4587, 16
4577, 71
4444, 44
4435,57
4219, 41
4208, 22
3215, 43
3208, 73
2941, 18
2938, 93
1369. 86
1363, 14
1136, 36
1129,88
1020, 41
1019,18
970,87
963,20
884,96
881,57
854, 70
852. 19
826. 45
825, 10
823, 44
724, 64
722.48
543,48
542,53
500, 00

6000
0
.229-27
.236-27
.846-27
.133-26
.129-26
.227-26
.211-26
.499-26
.417-26
.439-26
.221-26
.452-26
.433-26
.451-25
.138-25
.330-25
.262-25
.102-19
.980-20
.921-19
.891-19
.932-19
.843-19
.140-18
.136-18
.840-17
.868-17
.869-17
.870-17
.856-17
.854-17
.519-17
. 517-17
.423-17

8000

0

. 742-25
. 770-25
.264-24
.412-24
.403-24
.681-24
.637-24
. 142-23
.120-23
. 12523
.652-24
.103-23
.965-24
.663-23
.203-23
.561-23
.450-23
.545-19
.521-19
.298-18
.288-18
.311-18
.281-18
.448-18
.435-18
.824-17
.848-17
.850-17
.852-17
.833-17
.830-17
¢503-17
.501-17
.409-17

1000

0

.222-23
.231-23
. 776-23
.120-22
.118-22
.196-22
.184-22
.397-22
.337-22
.351-22
. 187-22
. 264-22
.244-22
.128-21
.394-22
.117-21
.949-22
.141-18
.135-18
.587-18
.567-18
.627-18
.568-18
.874-18
.848-18
.803-17
.824-17
.828-17
.828-17
.803-17
.801-17
.482-17
.480-17
»392-17

16

PER NITROGEN ATOM

)
Temperature in K

12000
0
.203-22
.212-22
. 699,22
.108-21
.107-21
.174-21
.164-21
.347-21
.296-21
.308-21
.168-21
.222-21
.205-21
.895-21
.276-21
.866-21
. 701-21
.257-18
.246-18
.898-18
.867-18
.978-18
.886-18
.132-17
.128-17
. 782-17
. 799-17
.805-17
.806-17
. 773-17
L771-17
.461-17
.459-17
. 374-17

14000
0
.945-22
.989-22
.322-21
.498-21
.493-21
. 797-21
. 752-21
.156-20
.134-20
.139-20
.777-21
.989.21
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Figure 1. Photoabsorption Cross Section for the 8-1 Transition of
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Figure 2. Absorption Coefficient Per Nitrogen Atom - 5000 K
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Figure 3., Absorption Coefficient Per Nitrogen Atom - 10,000 K

28

20

e



-18
10

2 -19
Cc™M 10

-20
10

-21
10

-22
10

-23

10 | 1 L 1 1 1 ] 1 1 1 1 | i 1

WAVE NUMBER wx 10, cm™

Figure 4. Absorption Coefficient Per Nitrogen Atom - 15,000 K
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Figure 8, Bound-Free Absorption Coefficient of Equilibrium Air - 5,000 K
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