
Journal of Atmospherio and Terre~trbl Phynk~~, 1873, Vol. 84, pp. 1691-1701. Pw@mon Prew. Printed In lrlorthem Ireland 

Photoionbation and photoabsorption cross sections for ionospheric 
calculations 

R. S. STOLARSEI and N. P. JOHNSON 
Space Physics Regearoh Laboratory, University of Miobigan, Ann Arbor 48106, U.S.A. 

(Received 26 AgwillQ72) 

Abstr&-Photoionizotion and photoabsorption orosa sootione for Ng, 04 and 0 ~p8 p~~entod 
in B form useful for calaulation of solar EUV absorption and photo&&on production. The 
croos s&ions axe based mostly on the d&a presented in the reviews by SUEOEN (1969) and 
Hurm (1969). 

1. INTRODUCTION 

THE STARTINU point in all ionospheric calculations must be the interaction of solar 
ultraviolet rediation with the atmospheric atoms and molecules. This, of course, 
first requires a knowledge of the solar flux versus wavelength. As of now, the best 
available data in the EW region is that of HIZNTEREM+ER (1970). The next most 
important information for ionospheric calculations must certsinly be the absorption 
and ionization cross sections which determine how the solar radiation interacts with 
the atmosphere. This paper presents a proposed set of photo-absorption and photo- 
ionization cross sections for N,, 0% and 0 for use in ionospheric calculations. 

The cross sections are presented in two forms. First they are presented in 
tabular form for the wavelength intervals of HXNTEREWER’S (1970) flux table. 
The absorption cross section values all oome from the reviews of SCHOEN (1969) 
and HUFWMAN (1969) or are extrapolations of such data. Table 1 shows these 
results. 

The seaond form of cross section presentation is anctlytic fits to the smooth 
portion of the partial photoionization cross section data given in SCHOEN (1969). 
The expression used to fit the data is 

a*(n) = k&(1 - ‘l&,)mr(e’/)~ - 1) (1) 

where A,, b, and nz, are free parameters and il,* is usually the ionization threshold 
of the ith state. Table 2 shows the parameters for all of the states of N,, 0, and 0 
which were modeled. Note that nz, is always kept integral for ease of integration if 
this is so desired. These modeled cross sections were used when extrapolations of 
existing data were necessary. 

2. PHOTOIONZVLTION AND ABSORPTION CROSS SECTIONS 

N, 
Figures 1 and 2 show some of the analytic fits to the experimental data for N,. 

Table 2 gives the pammeters for all of the N, states modeled. Note that the C%,,+ 
and D%r~ states were not modeled because the data of SCHOEN (1969) shows no iu- 
dication of these states. This is probably to be expected because these states iu- 
volve double electron excitation. Furthermore the potential curves of GILMORE 
(1966) iudic&e that the D*v, state very likely leads to dissociation. COMES and 
LESSMAN (1964) have measured the dissociative ionization cross section for N, 
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Table 1. Cross sections for Hinteregger flux table 

Desig. Wavelength 
no. (A) 

Cross sections (Mb) 
N, Abs. N, Ion. O2 Abs. 0, Ion. 0 Abs. and Ion. 

1 1025.7 <10-s 
2 990 Group <IO-l 
3 977.0 0.7 
4 972.5 370.0 
5 949.7 5.2 
6 944.5 0.5 
7 937.8 10.0 
8 933.4 2.0 
9 930.7 4.8 

10 926.2 4.0 
11 1027-911 5.7 
12 91 l-890 6.0 
13 904 6.3 
14 890-860 8.0 
15 860-830 7.5 
16 835 Group 13.0 
17 830-800 2.2 
18 91 I-800 7.7 
19 800-770 27.0 
20 790.2, 790.1 25.0 
21 787.7 9.0 
22 786.5 9.0 
23 780.3 19.0 
24 770.4 15.0 
25 770-740 24.0 
26 765.1 85.0 
27 760 16.0 
28 740-710 18.0 
29 710-680 21.5 
30 703 Group 19.7 
31 800-630 18.0 
32 629.7 24.0 
33 625.3 24.0 
34 609.8 24.0 
35 599.6 23.0 
36 584.3 23.0 
37 554 Group 25.0 
38 521.0 25.0 
39 508 Group 23.0 
40 504 26.8 
41 499.3 26.9 
42 465.2 24.2 
43 630-460 24.0 
44 460-370 19.8 
45 368.1 16.1 
46 364.8 15.8 
47 360.7 15.5 
48 335.4 13.4 
49 303.8 12 
50 284.1 9.8 

11.2 
11.5 

8.0 
8.5 
9.5 

14.4 
14.0 
66.0 
15.9 
13.5 
21.5 
19.7 
16.7 
24.0 
23.0 
24.0 
22.0 
23.0 
24.0 
24.0 
23.0 
26.8 
26.9 
24.2 
24.0 
19.8 
16.1 
15.8 
15.5 
13.4 
12 
9.8 

1.58 0.98 
3.2 2.9 
4.0 2.5 

32.0 25.0 
6.3 3.7 

18.0 15.0 
5.0 3.7 
5.6 3.8 

26.0 17.0 
18.5 16.7 
4.0 2.8 
7.4 3.9 

11.0 3.9 
7.4 3.8 
9.3 4.0 

12.2 4.4 
26.0 9.3 
11.0 5.0 
25.0 12.1 
28.0 10.0 
24.0 13.0 
24.0 11.1 
28.0 11.0 
18.0 11.0 
19.0 12.0 
23.0 12-o 
19.0 11.0 
31.5 27.0 
24.0 20.0 
28.0 21.5 
25.0 16.8 
30.0 29.0 
25.0 24.0 
27.0 25.0 
28.0 27.0 
23.0 23.0 
26.0 25.0 
24.5 23.9 
23.0 22.5 
23.6 23.6 
23.5 23.5 
21.3 21-3 
23.0 23.0 
18.6 18.6 
16.8 15.8 
15.6 16.6 
15.2 15.2 
13.3 13.3 
11.0 11.0 
9.7 9.7 

0.07 
0.03 
0.7 
I.8 
2.2 
2.8 
1.4 
3.6 
3.6 
3.6 
3.6 
3.7 
a.9 
4.1 
4.0 
4.1 
4.4 
8.0 
7.3 
5.9 

12.3 
12.4 
12.6 
12.6 
12.4 
11.6 
10.6 
IO.2 
10.0 

9.9 
9.0 

Il.0 
8.3 
8.0 
8.0 
8.0 
7.7 
7.3 
7.1 
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Table 1 (mt.) 

Des&. W~velen~h 
l-IO. (4 

Cross sections (Mb) 
N, Abs. & Ion. 0, Abs. 0, Ion. 0 Abs. and ion. 

51 370-280 12.7 
62 280-231 7.8 
53 231-206 6.8 
64 205-176 4.8 
56 176-163 3-8 
56 163-100 2.6 
57 128-120 2.6 
68 120-110 2.2 
69 103.6, 106.2 1.9 
60 110-100 2.0 
61 94.0, 96-l 1.8 
62 100-90 1.8 
63 80-6, 86.8 1.6 
64 90-80 1.6 
66 76.0 1.3 
66 SO-70 1.3 
67 66.3 I.1 
68 70-60 I-1 
69 60.6,60*7,66=3 0.85 
70 60-50 0.90 
71 44.1 0.66 
72 50-40 0.70 
73 33.6 0.48 

12.7 12.0 12.0 7.6 
7.8 7.6 7.6 6.6 
6.8 5.9 6.9 5.8 
4.8 4.7 4.7 6-O 
3.8 3.8 3-8 4.3 
2.6 2.7 2-7 3-3 
2.5 2.7 2.7 3.2 
2.2 2.4 2.4 3.0 
I.9 2-l 2.1 2.7 
2.0 2.1 2.1 2.8 
1.8 I.9 1.9 2.6 
1.8 I.9 1.9 2.6 
1.5 1.6 1.6 2.2 
1.6 X.6 1.6 2.2 
1.3 1.4 1.4 2.0 
1.3 1.4 1.4 2.0 
1.1 1.2 1.2 1.8 
I-l 1.2 1.2 l-7 
0.85 0.96 O-96 1.4 
0.90 1.0 1.0 1.6 
0.65 0*80 0.80 1.2 
0.70 0*80 0.80 1.2 
0.48 0~60 0.60 0.9 

and found it extremely small, lending further support to the smallness of the D2rr, 
cross section. A cross section for the BaI; state of 10 per cent of the extrapolated 
total was included, but there is no experimental evidence to either confirm or deny 
this supposition. 

Figure 3 shows the sum of the modeled partial cross sections described above in 
comparison with the total absorption measurements quoted by HUFFNA~ (1969). 
Figure= 4 shows the br~o~g ratios derived from the modeled partial cross sections. 
These branching ratios are tabulated in Table 3 for the Hinteregger wavelength 
intervals. 

The measured photoionization cross section for the ground state of O,+ shown in 
Fig. 5 is more ~mplica~ than any of the other measured partial cross sections for 
N, and Oa. It has been necessary to use the sum of two cross sections of the form of 
equation (1) to fit the O,+ ground state. Because of this the threshold wavelength 
parameter 1, is not the actual threshold for this state but is a pseudo-threshold for 
each of the two terms. Table 2 lists the parameters for the fits to all of the 0, 
partial cross sections. Figures 6 shows the fit to the data for the sum of the a%, and 
B2’rr, states which are usuahy not resolved in experimental data. This lack of resolu- 
tion is generally not important in ionospheric calculation because the required 
resolution in a photoelectron production spectrum is usually no greater than that 
in the laboratory cross section experiments. 
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Table 2. Param&rs for analytic formula 

Parameters 
state: A0 A b II) 

*2+ xq+ 

AaIl,+ 

B2C,’ 

E2C,+ 

O$ rw, 

u*rIu 

b4C,+ 
BY&- 

C%, 

oz+ Ditwoc. 

Of QS 

2D 

2P 

4P 
2P 

796.0 3.56 x lo-l6 18.0 
796.0 6.52 x 10-l 74.0 
742.7 3.91 x 1043 17.6 
742.7 3.29 x 10-l 72.6 
661.0 9%3 x IO-12 21.0 
661.0 1.72 x 10-l 121.0 
355.0 1.51 x 10-6 20.0 

1026.7 1.94 x 10-S 121.7 
900.0 3.03 x 10-l 44.0 
850.0 3.10 x 10-20 13.7 
750.0 4.62 x 1O-37 10.0 
769.8 1.17 x lo-16 16.4 
769.8 1.44 x 10-l 144.8 
736.8 1.07 x lo-16 16.8 
736.8 7.49 x 10-l 166.8 
682.3 1.39 x 10-l 126.9 
613.7 2.01 x lo-‘0 17.9 
613.7 8.14 x 10-l 223.7 
505.4 2.26 x lo-= 5.2 
505.4 4.12 x 1O-3 42.7 

670.0 3.65 x 1O-2 67.6 

910.0 7.52 x 1O-2 100 
910.0 4.52 x 10-l 50 
725.0 8.41 x 10-Z 100 
725-O 5.40 x 10-l 50 
670.0 7.20 x 1O-2 100 
670.0 3.09 x 10-l 50 
430.0 2.29 x 1O-3 40 
310.0 4.07 x 10-Z 60 

2 
4 
3 
3 
1 
1 
1 

1 
10 
4 
3 
2 
1 
1 

I 
1 
2 
2 

2 

2 
12 

1 
9 
1 
8 
2 
1 

20 / I I I 1 I 

IO - 

I 

x 

2 - 

I I I I I I I I 

ix30 300 400 500 600 700 so0 so0 

WAVELENGTH d 1 
Fig. 1. N2+(XBC,+) partial cross section. 
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200 300 400 500 600 700 800 900 

WAVELENGTH (A? 
Fig. 2. Ne+(A*n,) partial cross section. 
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Fig. 3. N, total photoionization cross section. 
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Fig. 4. N, branching ratios. 
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Table 3. N, and 0 branching ratios (first column refers to interval numbers debed in Table 1) 

Desig. no X?Z+g 
Nitrogen 

A211u B2lFu E?Z+g 4S 2J9 2P 4P 2.P 

25 0.999 0.001 
28 0.68 0.32 
29 0.24 0.76 
30 0.26 0.73 
31 0.56 0.39 
32 0.26 0.48 
33 0.27 0.48 
34 0.31 0.47 
35 0.34 0.47 
36 0.37 0.47 
37 0.40 0.47 
38 0.43 0.46 
39 0.43 0.46 
40 0.43 0.46 
41 0.43 0.46 
42 0.45 0.45 
43 0.39 0.45 
44 0.47 0.43 
45 0.49 0.42 
46 0.49 0.42 
47 0.49 0.42 
48 0.45 0.37 
49 o-47 0.37 
50 0.49 0.37 
51 0.47 0.38 
52 0.52 0.37 
53 0.54 0.36 
54 0.55 0.35 
55 0.55 0.35 
56 0.56 0.34 
57 0.56 0.34 
58 0.57 0.33 
59 0.57 0.33 
60 0.57 0.33 
61 0.57 o-33 
62 o-57 0.33 
63 0.57 0.33 
64 o-57 0.33 
65 0.58 0.32 
66 0.58 0.32 
67 0.58 0.32 
68 0.68 0.32 
69 O-58 0.32 
70 0.58 0.32 
71 0.58 0.32 
72 0.58 0.32 
73 0-59 0.31 

0.05 

0.26 
0.25 
0.22 
0.19 
0.16 
o-13 
0.11 
0.11 
0.11 
0.11 
0.10 
0.16 
o-10 
0.09 
0.09 
0.09 
0.08 
0.09 
0.09 
0.09 
0.09 
0.095 
0.098 
0.10 
o-10 
o-10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
O-10 
o-10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 

0.10 
0.07 
0.05 
0.06 
0.02 
o-005 
0.48 

1 .oo 0.0 0.0 0.0 0.0 
1.00 0.0 0.0 0.0 0.0 

0.55 0.45 0.0 0.0 0.0 
0.60 0.40 0.0 0.0 0.0 
0.75 0.25 0.0 0.0 0.0 
0.32 0.49 0.19 0.0 0.0 

0.32 0.49 0.20 0.0 0.0 

0.30 0.47 0.23 0.0 0.0 
0.29 0.46 0.24 0.0 0.0 
0.29 0.46 0.26 0.0 0.0 

0.28 0.44 0.27 0.0 0.0 
0.29 0.43 0.28 0.0 0.0 

0.29 0.42 0.28 0.0 0.0 

0.30 0.42 0.28 0.0 0.0 
0.30 0.42 0.28 0.0 0.0 

0.31 0.41 0.28 0.0 0.0 

0.29 0.43 0.28 0.0 0.0 

0.32 0.40 0.28 0.0 0.0 
0.30 0.38 0.26 0.06 o-o 
0.30 0.38 0.26 0.06 0.0 

0.30 0.38 O-26 0.06 0.0 

0.30 0.38 0.26 0.06 0.0 

0.30 O-38 0.25 0.05 0.02 
0.29 0.37 0.25 0.04 0.05 
0.30 0.38 0.26 0.06 0.0 

0.28 0.36 0.24 0.03 0.08 
0.29 0.37 0.24 0.02 0.08 
0.29 0.38 0.25 0.02 0.07 
0.30 0.38 0.25 0.01 0.06 
0.30 0.39 0.25 0.01 0.05 
0.30 0.39 0.25 0.01 0.05 
0.31 0.40 0.25 0.01 0.05 
0.31 0.40 0.25 0.01 0.05 
0.31 0.40 0.25 0.01 0.05 

0.31 0.40 0.25 0.00 0.04 
o-31 0.40 0.25 0.00 0.04 

0.31 0.40 0.24 0.00 0.04 
0.31 0.40 0.25 0.00 0.04 
0.32 0.40 0.25 0.00 0.04 

0.32 0.40 o-25 0.00 0.04 
0.32 0.40 0.24 O-00 o-04 
O-32 0.40 O-24 0.00 0.04 
0.32 0.40 0.24 0.00 0.03 
0.32 0.40 0.24 0.00 0.03 
O-32 0.40 0.24 0.00 0.03 
0.32 0.40 0.24 0.00 o-03 
0.33 0.40 0.24 0.00 o-03 
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I I I I 
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203 300 400 500 600 700 600 900 KG0 

WAVELENGTH (A’) 

Fig. 6. 08+(X’%J partial cross section. 

:w b 300 I 400 I 500 I 600 I 700 I 800 I 900 

WAVELENGTH (A? 

Fig. 6. 0z+(a4w,, + A%J partA cross section. 

The total photoionization cross section data is shown in Fig. 7 along with the 
sum of the modeled partial cross sections. Included in the total is a fit to the dis- 
sociative ionization cross section of COMES et al. (1968). The modeled total cross 
section is slightly higher than the data in just the region where the dissociative 
cross section is largest, raising the possibility that some of the dissociative ionization 
is also included in the individual state partial cross sections. Figure 8 and Table 4 
give the branching ratios derived from the modeled cross sections. 
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0 IO0 200 300 400 so0 wo 700 600 $00 IO00 

WAVELENGTH (A” ) 

Fig. 7. O2 total pbotoio~~tion cross motion. 

* 100 MO 100 400 6W 600 xx) 600 SW 

WAVELENGTH t/t) 

Fig. 8. 0, branching ratios. 

SAMSON (1971) haa some data indicating the presence of higher lying eta&es 
below 300 ii. These may improve the fit of the modeled sum of the crow sections 
to the total ionization mewurements. 

0 
The exi&ing inform&ion on &anic oxygen photoionization erosa &ions is alJ 

in the form of tota. cross se&ions. C&lc~~tio~ have been made by &.HURXO et CtE. 
(19&h) and HEXRY (1967) and rne~u~rnen~ by CAIDS and SABGMZ (19&S) asd 
COXES et al, (1968). The magnitudes of the partial cross sections were estiated 
from the increases at each ionization potwtial and the &apea wmmed we given by 
the param&ers in Table 2. At 1 > 500 A the calculationa and the data of COMES 
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Table 4. 0~branchingratioa (~001~refereto~~~~numbersdesnedinTebIe 1) 

Mokx3ulax oxygen 
lm¶b 

Desig. no. zag AGIU m-g B?C-Q C’PW DifHoO. 

25 0.65 0.35 
26 0.85 o-15 
27 0.70 0.30 
28 0.36 O-64 
29 0.29 0.64 
30 0.32 0.68 
31 0.47 0.40 
32 0.20 0.33 
33 0.21 0.33 
34 0‘22 0.31 
36 0.23 0.29 
36 0.22 0.26 
37 0.24 0.22 
38 0.29 0.23 
39 0.31 0.23 
40 o-31 0.22 
41 0.31 0.22 
42 0.36 0.22 
43 0.26 0.25 
44 0.38 0.22 
45 0.40 0.22 
46 0.40 0.22 
47 0.40 0.23 
48 0.41 0.23 
4Q 0.42 0.24 
60 0.42 0.25 
51 0.41 0.23 
52 0.42 0.25 
53 0.42 0.27 
54 o-41 o-28 
65 0.41 0.29 
56 O-39 0.30 
57 0.39 0.30 
58 0.39 0.31 
59 0.39 0.31 
60 0.39 0.31 
61 O-39 0.31 
62 O-39 0.31 
63 0.39 0.31 
64 0.39 0.31 
65 0.38 0.31 
66 0.38 0.31 
67 0.38 0.31 
68 0.38 0.31 
69 0.38 0.31 
70 O-38 o-31 
71 0.38 0.31 
72 0.38 0.31 
73 0.38 0.31 

0.07 
0.0 
0.12 
040 
0.38 
0.35 
0.32 
0.26 
0.21 
0.18 
0.18 
o-17 
0.16 
l-15 
0.23 
0.12 
0.11 
0.11 
0.10 
0.10 
0.09 
O*OQ 
0.10 
0.09 
0.09 
0.08 
0.03 
0.08 
0.08 
0.08 
0.07 
0.07 
0.07 
o-07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 
0.07 

o-01 
0.04 
0.14 
0.20 
0*15 
0.13 
0.11 
0.11 
0.08 
0.11 
0.07 
0.08 
0.08 
O-08 
0‘09 
0.10 
0.10 
O*QO 
o-12 
0.13 
0.14 
0.15 
0.17 
0.17 
0.17 
0.18 
0.18 
0*18 
O*FS 
0.18 
0.18 
0.19 
0.19 
0.19 
0.19 
0.19 
0.19 
0.19 
0.19 
0.20 

0-05 
0.06 
0.06 
O-02 
0.09 
0.09 
0.09 
0.09 
0.08 
0.07 
O-06 
0.07 
0.05 
0.03 
0.03 
0.02 
0.01 
o*oi 
0.01 
0.01 
0.01 
o=oi 
o-01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.07 
O-OS 
0.11 
0‘12 
0.12 
0.13 
0.15 
0.16 
o-14 
o-14 
0.14 
0.13 
0.12 
0.10 
0.10 
0~10 
0.09 
0.08 
0.08 
0.09 
0.07 
0.06 
O-06 
0.05 
0.05 
0.05 
0.04 
0.04 
0.04 
0.04 
0*04 
0.04 
0.04 
0.04 
0.04 
0.04 
oa 
0.04 
O-04 
0.04 
0.04 
0.03 
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et al. (1968) agree fairly well. At shorter wavelengths they begin to disagree and the 
assumed total cross section is shown in Fig. 9. The correspondmg branching ratios 
are shown in Fig. 4 and Table 3. 

WAVELENGTH (A’) 

Fig. 9, Atomic oxygen total photoionization cross section. 

/ I , i I / i 

0 ETCHING RATIOS 

0 100 aa, 300 400 cm 600 Km 800 900 

WAVELENGTH (A”) 

Fig. 10. 0 bmnching reties. 

3. lkHxTss10?4 

The cross sections presented above are not new, but they represent an attempt to 
organize the existing data and present it in a usuable form for those concerned with 
ionospherio calculations. The data available is very sparse and probably not always 
reliable judging by some of the disagreements between ~vest~ators. It is the needs 
of the users, which this paper attempts to fulGl, which will point out the areas of 
laboratory measurement where more and better data are needed. Hopefully, 
those attempting to use this data in ionospheric calculations will, through their 
needs for further data, stimulate further laboratory studies. 
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