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A b s t r a c t - - A  general analysis of the absorption of the Schumann-Runge bands of molecular oxygen 
has been made in order to compare the various experimental and theoretical results which have been 
obtained for an application to the 0 2 atmospheric absorption and its photodissociation in the 
mesosphere and stratosphere. The different values of the oscillator strengths deduced from the 
laboratory absorption spectra and of the predissociation linewidths used for the calculation of the 
absorption have been compared. 

Calculations based on a Voight profile of the 0 2 rotational lines have led to simple formulas for 
atmospheric applications taking into account that the total photodissociation rate in the stratosphere 
depends strongly on the absorption of solar radiation in the spectral range of the 0 2 Herzberg 
continuum. Specific examples are given. 

L IN O D U C I ~ O N  

The solar u.v. radiation between 200 and 170 nm is 
absorbed by the Schumann-Runge bands of 
molecular oxygen in the mesosphere and stratos- 
phere. The first experimental results on the 02 
absorption cross-section of the Schumann-Runge 
rotational lines obtained by Hudson and Carter 
(1968), Hudson et al. (1969), Hudson and Carter 
(1969), Ackerman et al. (1969), Ackerman and 
Biaum6 (1970) and Biaum6 (1972a, b) have been 
the basis for an application to atmospheric prob- 
lems (Hudson et al., 1969; Kockarts, 1971, 1976; 
Hudson and Mahle, 1972; Fang et al., 1974; Park, 
1974; Muramatsu, 1975; Nicolet and Peetermans, 
1976 unpublished; Shimazaki et  al., 1977; Logan et 
al., 1978; Blake, 1979; Cann et al., 1979). 

More recent analyses of experimental parameters 
(Huebner et al. 1975; Lewis et al., 1978, 1979 to 
be published; Frederick and Hudson, 1979) illus- 
trate the difficulty of obtaining accurate values of 
the most important spectroscopic parameters. 

The molecular constants (Table 1) for the 02 
Schumann-Runge bands as used by Fang et  al. 
(1974), come from experimental data obtained by 
Ackerman and Biaum~ (1970) and by Brix and 
Herzberg (1954) and analysed for the fine structure 
of the upper level 33~ ,>q by Bergeman and Wofsy 
(1972) and are generally accepted. If certain num- 

erical values of the oscillator strengths are of the 
same order of magnitude [Tables 2(a) and (b)], 
there are still differences which may lead to dis- 
crepancies in the determination of the absolute 
value of the atmospheric optical depth in the spec- 
tral range of some bands. For several bands, it is 
not easy to find an accurate mean value of the 
oscillator strength. The differences in the values of 
the oscillator strengths, used even in recent publi- 
cations, exemplify the difficulties of a correct choice 
for atmospheric applications in all circumstances: 
thus the differences between the recent values of 
Frederick and Hudson (1979) and Lewis et al. (to 
be published) are +23%, - 2 3 % ,  +15% and - 4 %  
for the (2-0), (3-0), (4-0) and (5-0) bands respec- 
tively. It must be emphasized that an exact know- 
ledge of the linewidths is required for a precise 
calculation where the atmospheric optical depth is 
much above unity. The experimental and theoreti- 
cal results which are given in Table 3 and illus- 
trated in Fig. 1 also show serious differences for 
certain Schumann-Runge bands. Even if it is ac- 
cepted that the photographic method over- 
estimates the linewidths, it is not always possible to 
understand discrepancies between the other results. 
For instance, the values obtained by Frederick and 
Hudson (1979) and by Lewis et  al. (1979) for the 
(2-0), (3--0), (4-0) and (5-0) bands lead to the 
average ratios 0.4, 1.5, 1.4 and 1.2, respectively, 
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TABLE 1. CONSTANTS FOR 0 2 SCHUMANN--RUNGE BANDS 

v B~ D~ X~ Vv Te 

0 1.43768 4 .913× 10 -6 1.9848 -0 .00843  
1 1.42198 4.825 1.9848 -0 .00843  

0 0.8127 5 . 0 6 × 1 0  -6 1.63 -0 .007  49358.2 
1 0.8001 6.61 1.49 -0 .008  50045.7 
2 0.7852 5.10 1.45 - 0 . 0 0 9  50710.8 
3 0.7699 4.54 1.50 - 0 . 0 1 0  51352.3 
4 0.7537 3.56 1.50 - 0 . 0 1 0  51969.8 
5 0.7372 5.71 1.50 -0 .011  52561.4 
6 0.7194 5.71 1.50 - 0 . 0 1 2  53122.8 
7 0.6997 6.96 1.50 - 0 . 0 1 4  53656.3 
8 0.6771 6.71 1.50 -0 .015  54156.3 
9 0.6531 8.60 1.63 - 0 . 0 2 2  54622.3 

10 0.6279 1 .26x 10 -5 1.60 - 0 . 0 2 8  55050.9 
11 0.5990 2.14 1.81 - 0 . 0 5 0  55438.9 
12 0.5621 1.29 2.15 - 0 . 0 6 0  55784.5 
13 0.5244 1.67 2.54 - 0 . 0 9 4  56085.2 
14 0.4832 2.09 2.83 -0 .137  56339.9 
15 0.4396 2.64 3.36 - 0 . 1 7 9  56549.7 
16 0.3945 3.3 4.04 - 0 . 2 7 2  56718.1 
17 0.3471 4.0 5.18 - 0 . 3 4 9  56850.2 
18 0.2872 5.5 6.51 - 0 . 4 9 4  56951.6 
19 0.2649 6.0 7.63 - 0 . 6 0 4  57025.8 

TABLE 2(a). ABSORPTION OSCILLATOR STRENGTHS FOR THE 0 2 SCHUMANN--RUNGE BANDS 

Band 0-0 1-0 2-0 3-0 4-0  5-0 

Author  
Bethke (1959) 2.3 x 10 -8 7.4 x 10 -8 2.74 x 10 7 7.28 x 10 -7 
Halmann (1966) 2.6 × 10 -8 8.2 x 10 -8 2.4 x 10 7 7.48 x 10 -7 
Farmer  et al. (1968) 2 .69x  10 -8 1.54× 10 -7 7.11 x 10 -7 2.80 × 10 -6 
Ackerman  et al. (1970) 3 . 4 5 × 1 0  -1° 3 . 9 x 1 0  9 2 . 3 8 × 1 0  -8 9 . 9 x 1 0  -8 3 . 2 1 x 1 0  7 8 . 5 2 × 1 0 - 7  
Hasson et al. (1970) 3.3 x 10 -1° 3.5 x 10 -9 1.99 × 10 -8 6.8 x 10 8 
Allison e t a l .  (1971) 2 . 7 7 x 1 0  -1° 3 . 3 1 x 1 0  9 2 . 0 3 x 1 0 - 8  8 . 6 2 × 1 0 - 8  2 . 8 6 x 1 0 - 7  7 . 8 7 × 1 0 - 7  
Hudson and Mahle (1972) 2.62 x 10 - l °  3.05 × 10 -9 2.7 x 10 -8 7.1 x 10 -8 2.5 × 10 -7 6.1 x 10 -7 
Huebner  el al. (1975) 2.7 x 10 9 6.2 x 10 -8 5.6 × 10 -8 2.87 x 10 -7 7.39 × 10 -7 
Frederick and Hudson (1979) 2 . 7 7 x 1 0  8 7 . 5 1 x 1 0 - 8  3 . 0 4 x 1 0  7 7 . 3 9 x 1 0 - 7  
Lewis et al. (1979) 2 . 3 6 x 1 0  -8 9 . 7 0 x 1 0  -8 2 . 6 5 x 1 0  -7 7 . 7 0 x 1 0  7 

TABLE 2(b). COMPARISON BETWEEN MEAN BAND OSCILLATOR STRENGTHS ( X 105) OBTAINED BY VARIOUS AUTHORS. 0 2 

SCHUMANN--RUNGE BANDS. FROM 1)" = 0 

Farmer Ackerman  Allison Hudson Huebner  Lewis Frederick 
Bethke et al. et al. et al. and Mahle et al. et al. and Hudson Blake 

v' (1959) (1968) (1970) (1971) (1972) (1975) (1978) (1979) (1979) 

6 0.173 0.44 0.91 0.185 0.17 0.170 0 .174+0 .003  0 .162±0 .004  0.218 
7 0.356 0.815 0.381 0.375 0.35 0.350 0 .373±0 .007  0 .315+0 .008  0.444 
8 0.675 1.22 0.668 0.671 0.60 0.685 0 .732±0 .015  0 .578+0 .004  0.807 
9 1.07 1.50 1.06 1.077 1.0 1.05 1.28 + 0.04 1.04 + 0.40 1.30 

- 0.20 
10 1.56 2.05 1.57 1.580 1.6 1.60 1 .77+0.03  2 .60+0 .47  1.92 

- 0 . 2 0  
11 2.16 2.74 2.09 2.137 1.7 2.26 2 .50±0 .05  1 .80+0.53  2.57 

- 0 . 0 8  
12 2.81 3.58 2.53 2.668 2.5 2.88 3 .13±0 .07  2 .09+0 .08  3.16 
13 3.17 3.66 2.88 3.070 4.5 3.41 3 .48±0 .10  2 .69+0 .36  3.58 

+ 0.20 
14 3.24 3.69 3.03 3.254 5.0 3.77 4 .22±0 .10  3.74 
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TABLE 3. 0 2 SCHUMANN--RUNGE BANDS. PREDISSOCIATION WIDTHS (cm -~) 
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Ackerman Hudson Lewis Frederick 
and Biaume and Mahle Julienne Carver and Hudson Blake 

v' (1970) (1972) (1976) et al. (1978) (1979) (1979) 

0 1.0±0.I  (0.001) 0.06 0.1 
1 1.2±0.2 (0.002) 0.45 1.0 
2 1.2±0.2 0.34+ 15 0.27 0.62±0.08 0.24±0.2 0.25 
3 2.1±0.2 1.25±0.35 1.30 1.2±0.1 1.84+0.08 1.2 
4 3.7±0.2 3.30±0.20 2.93 3.0+0.4 4.18±0.09 3.0 
5 2.5±0.2 2.20±0.20 1.33 1.9±0.3 2.3±0.5 1.75 
6 1.9+0.2 1.70±0.10 1.80 1.43±0.07 1.1±0.2 1.6 
7 2.2±0.2 2.25±0.05 1.90 1.63±0.11 1.70±0.13 1.0 
8 2.1±0.2 2.21±0.20 1.59 1.35±0.08 1.43±0.16 1.2 
9 1.1±0.1 0.72±0.08 0.89 0.67±0.04 0.76±0.4 0.7 

10 1.7±0.1 0.34+0.05 0.67 0.69±0.05 0.42±0.7 0.5 
11 2.0±0.1 1.80+0.12 1.30 0.98±0.06 1.3+0.4 0.9 
12 1.0±0.1 0.48±0.05 0.70 0.60±0.02 0.81±0.06 0.5 
13 0.6±0.1 0.08±0.05 0.20 0.14-4-0.01 0.13±0.01 0.15 
14 0.5±0.1 0.06±0.05 0.20 0.08±0.01 0.1 
15 0.6±0.1 0.20±0.05 0.29 0.1 
16 0.25±0.05 0.29 0.2 
17 (0.4) 0.4 
18 (0.4) 0.4 
19 (0.4) 0.4 

i.e. to  differences  which  are too  great .  I t  is the re -  
fore  necessary  to  apply the  expe r imen ta l  resul ts  in 
the i r  p re sen t  fo rm for  an  a tmosphe r i c  s tudy and  to 
t ry  to  d e t e r m i n e  the  i m p o r t a n c e  of possible  e r rors  
in  the  ca lcula t ion  of the  var ious  to ta l  photodissoc ia -  
t ion  rates.  

I t I I I I l I I I I I 

~ Aekerman & Biaum~ .1970. 
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FIG. 1, LINEWIDTHS (cm - ] )  OF SCHUMANN--RUNGE BANDS 
OF MOLECULAR OXYGEN. 

Experimental and theoretical values. 

2. T H E  A T M O S P H E R I C  P R O B L E M  OF 
02 P H O T O D I S S O C I A T I O N  

If we use cur ren t  accepted  values for the  solar 
flux be tween  175 and  2 4 2 n m ,  it is possible to 
de t e rmine  the  photodissoc ia t ion  coefficient J2 of 
molecula r  oxygen with cer ta in  values (e.g. Fang  et  
al. ,  1974) of the  oscil lator s t rengths  and  l inewidths  
of the  ro ta t iona l  l ines for the  0 2  S c h u m a n n - R u n g e  
bands  and  m e a n  absorp t ion  cross-sect ions 
(500 cm ~) for the  He rzbe rg  con t inuum.  Final  re-  
sults as given in Fig. 2 show the  var ia t ion  of the 
rat io  of the par ts  due to the  spectral  ranges  2 0 0 -  
175 nm ( S c h u m a n n - R u n g e  bands)  and  2 4 2 - 1 7 5  nm 
(total  spect rum).  

The  S c h u m a n n - R u n g e  band  system is of ma jo r  
impor t ance  in the  mesosphe re  but  con t r ibu tes  only 
some 10% of the  total  in the  cent ra l  par t  of the 
s t ra tosphere .  Consequent ly ,  the calculat ion of the  
s t ra tospher ic  .12 values for molecular  oxygen are 
no t  very much  affected even  by er rors  involved in 
the  de t e rmina t i on  of the  absorp t ion  behav io r  in the  
S c h u m a n n - R u n g e  band  system. On  the  o the r  hand ,  
since the  whole  mesospher ic  pho tochemis t ry  
s t rongly depends  on  the ro ta t iona l  s t ruc ture  of the  
S c h u m a n n - R u n g e  bands ,  high precis ion is requi red  
in the  de t e rmina t ions  of the  J2 value. 

In o rder  to test  the  sensitivity of identical  calcu- 
lat ions based  on  different  exper imen ta l  data ,  we 
have made  a compar i son  be tween  the numer ica l  
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FIG. 2. PHOTODISSOCIATION RATES OF MOLECULAR OXYGEN IN THE MESOSPHERE AND STRATOSPHERE. 

Ratio of JSRB0t ~ 200 nm) to JSRB_H~RC(A ~ 242 rim). 

results which can be obtained from results obtained 
by Hudson et al. (1969) and by Kockarts (1976). 

The parameter  

Rb(O2)--= ~ ¢r,(O2) exp [-~q(O2)N(O2)], (1) 

where cr,(O2) is the constant absorption (and photo- 
dissociation) cross-section (cm 2) for a narrow 
wavelength interval and N(O2) is the total number 
of 02 absorbing molecules (cm -2) is calculated for 
each Schumann-Runge band. We can determine 

12,b = q®,bRb (02), (2) 

which is the photodissociation coefficient (s -~) if 
q=,b (c m-2 s-l)  is the mean solar flux in the spectral 
range of a Schumann-Runge band at the top of the 
Earth 's  atmosphere. The quantity Rb(O2) allows 
easy analysis of the photodissociation of molecular 
oxygen without involving the absolute value of the 
solar flux. Figure 3 shows examples of the remarka- 
ble agreement between the two calculations. The 
result indicates that laboratory data obtained in 
1969-1970 by Hudson et al. (1969) and Ackerman 
et al. (1970) are related to methods of analysis 
which are not too different. 

Atmospheric applications of the 02 absorption 
effect to other constituents require a different ap- 
proach. Instead of (1), we must introduce only the 
effect of the 02 optical depth. In order to keep the 
same type of formula for the photodissociation of 
all constituents, we write for a molecule X Y  

Sxy = ~ j,,y = ~ q ~ e - " ° ~ ' e  ~(o,,, (3) 

where q= is the average number of photons 
(cm -2 s -1) at the top of the Earth's atmosphere for 
the spectral range which is considered, ~rxv is the 
photodissociation cross-section adapted to such 
spectral range which can be a mean value for 
certain constituents but may depend on the temper- 
ature and number of molecules (02 e.g.) and ~'(O2) 
and ~(O3) are the optical depths for 02 and O3, 
respectively. The ozone optical depth is related to a 
mean absorption cross-section ~r(O3) which does 
not play a significant role in the mesosphere be- 
cause the total number of O3 molecules is small. 
The molecular oxygen optical depth involves an 
absorption cross-section dependent on the temper- 
ature and the number of absorbing molecules. 
Hence, the first problem is the determination of the 
02 absorption behavior which can lead to general 
mean values of the optical depth. We write for a 
mean optical depth adapted to a Schumann-Runge 
band 

e ~ 1  ~ exp [-~',(O2)] = 
Yli= 1 

i 
exp [-cri(T)N(O2)]. (4) 

F l i =  1 

This gives mean values ~'(O2) and tr(O2) which 
depend on the temperature and total number of 02 
absorbing molecules. Figure 4 illustrates the varia- 
tion of ~ and ff with I in N(O:)  for the (5-0) band. 

Formula (4) leads to a maximum average value 

crM(T) =--1 ~ ~r,(r), (5/ 
r l i = l  
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when N ( O 2 ) ~  0, and to a minimum value 

o',. (T) = ro-/(T)]min, (6) 

which corresponds to the smallest value of cr in the 
adopted spectral range, when N(O2)- -~  oo. 

In order to make a comparison between various 
computations, formula (5) can be used since it gives 
the average value adopted related to the oscillator 
strength and to the linewidth. A comparison which 
is illustrated in Fig. 5 shows the possible differences 
between various maximum average values of the 
02 absorption cross-sections trM at T =  230 K. We 
have deduced these various values corresponding to 
(5) from data published by Hudson and Mahle 
(1972), Ackerman et al. (1970), Biaum6 (1972a, b), 
Fang et al.  (1974), Lewis et al. ,  (1978) and our own 
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computations based on a Voight profile with 
parameters used by Fang et al. (1974) and on a 
Lorentz profile with parameters obtained by Ac- 
kerman et al. (1970). 

Observed differences correspond to differences in 
experimental parameters (oscillator strength and 
linewidth) and also in the formulation of the rep- 
resentation of the 02 optical depth (except for 
numerical errors in printed tables). It is, therefore, 
clear that the errors will not decrease with increas- 
ing optical depths, but their importance may be 
limited not only through the compensating effect of 
positive and negative differences for the various 
bands but also by a neutralising action due to the 
effect of other spectral ranges on the total photo- 
dissociation rate. 
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FIG. 3(a). Rb(O2) FOR THE 02(3--0 ) BAND. 
See text.---calculated from formula obtained by Kockarts (1976) and × from tables published by 

Hudson et al. (1969). 
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FIG. 3(d). Rb(O 2) ];OR THE (15--0) BAND. 
See Fig. 3(a). 

I 0  21 

In order to demonstra te  how the values of the 
photodissociation rates J2, as indicated by their 
ratios in Fig. 2, are obtained,  it is useful to deter- 
mine what are the respective influences of each 
Schumann-Runge  band compared with the total 
Schumann-Runge  band spectral range (175-  
200 nm) and also with the total photodissociation 
rate resulting from the spectral range 242-175 nm 

which involves the Herzberg cont inuum. Table 4 
gives the various percentages of the photodissocia- 
tion rates for a few Schumann-Runge  bands when 
they are compared with the 175-200 nm and 175-  
2 4 2 n m  spectral range photodissociation coeffi- 
cients. The principal results are illustrated in Fig. 6 
which shows the enhanced effect of bands such as 
(2-0) when the total number  of 02 molecules is 
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TABLE 4.  0 2 PHOTODISSOCIATION RATES. EFFECT OF THE 
SCHU/VlANN-RUNGE BAND SYSTEM. T O T A L  PERCENTAGE: 

PERCENTAGE FOR (2-0), (5-0) ( 1 0 - 0 )  AND (15-0) BANDS 
FROM 175 TO 200 nm AND FROM 175 TO 242 nm, RESPEC- 

TIVELY 

N ( O 2 )  [ J(SRB) ] Band Band Band Band 
(era -2) [s~--ZZ~cJ (2-0) (5-0) (10-0) (15-0) 

10 TM 98 0.1 1.6 9.3 8.7 
0.1 1.6 9.3 8.7 

1019 95 0.4 4.5 8.4 5.7 
0.4 4.2 8.0 5.4 

102° 79 1.9 10.7 8.4 2.3 
1.5 8.5 6.6 1.8 

2.5 x 102° 66 3.7 12.2 7.9 1.3 
2.5 8.0 5.2 0.8 

5 x 102° 53 5.3 13.0 7.3 0.7 
2.8 6.8 3.8 0.4 

1021 39 8.0 13.8 6.4 0.3 
3.1 5.3 2.5 0.1 

2.5 x 1021 23 13.3 14.9 4.8 - -  
3.1 3.5 1.1 - -  

5x1021 16 18.8 15.0 3.1 - -  
3.0 2.4 0.3 - -  

1022 14 26.3 13.9 1.4 - -  
3.5 1.9 0.2 - -  

2.5 x 10 22 12 38.4 10.4 0.2 - -  
4.8 1.3 - -  - -  

5 X 1022 12 48.9 6.9 - -  - -  
6.0 0.8 - -  - -  

1023 12 59.7 3.6 - -  - -  
7.2 0.4 - -  - -  

1024 1 86.7 - -  - -  - -  
0.7 - -  - -  - -  

increased,  i.e. f rom the upper  mesosphere  to the 
s t ra tosphere .  The (5-0) band must  be cons idered  as 
the last band belonging to this group,  there  being a 
rapid decrease of its impor tance  when N ( O 2 ) >  
5 x 1022 cm -2. The group of bands near  (10-0) re- 

late mainly to the mesosphere .  The behavior  of the 
(15-0) band  shows that  the later bands  of the (w'-0) 
group have their  principal effect in the upper  
mesosphere .  

This short  analysis indicates clearly that  accurate 
de terminat ions  are more  impor tan t  for the bands  
si tuated in the 200 nm spectral  region than for the 
bands  near  175 nm, particularly for the study of the 
a tmospher ic  region near  the s t ra topause and the 

lower mesosphere  where  photochemica l  equilib- 
r ium condit ions can be applied to the 03 vertical 
distribution. 

In order  to de te rmine  the impor tance  of numeri -  
cal differences,  a detai led compar ison has been  
made  be tween  results based on a Voight  profile 
with parameters  used by Fang et al. (1974) and 
with exper imenta l  parameters  (oscillator s t rengths  
and linewidths) de te rmined  by Lewis et al. (1978). 
Table 5 gives the results of a compar ison of the 
mean  absorpt ion coefficient trM for the (6-0)-(14-- 
0) bands  at three  different  t empera tures  (190, 230 
and 270 K). There  is good agreement  for the (6-0) 
and (7-0) bands.  F rom (8-0) to (14-0) the positive 
differences are: +9, +18, +12,  +16,  +17,  +12 and 
+ 6 % ,  respectively. Since only the mean  value ~rM is 
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FIG. 6. VARIATION OF THE PHOTODISSOCIATION COEFFICIENT OF A 8CHUMANN--RUNGE BAND COMPARED 
WITH THE TOTAL PHOTODISSOCIATION COEFFICIENT OF THE 8CHUMAIqN--RUNGE BAND SYSTEM AND OF THE 

H E R Z B E R G  CONTINUUM WITH THE SCHUMANN--RUNGE BAND SYSTEM, RESPECTIVELY. 
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TABLE 5. MEAN ABSORPTION CROSS-SECTION OF 0 2 SCHUMANN-- 
RUNGE BANDS" 0r M [FORMULA(5)] 

T = 190 K T = 230 K T = 270 K 

14-0 1.23 x 10-19 1.28 x 10-19 1.32 × 10 -19 * 
1.40 1.36 +6% 1.31 

13-0 9.60 × 10 -20 9.91 × 10 -20 1.02 x 10 -19 
1.09×10 -19 1.11×10 -19 +12% 1.12 

12-0 7.02 × 10  -2o  7.14 x 10 -2° 7.28 × 1 0  - 2 0  

8.22 8.35 +17% 8.49 
11-0 4.83× 10 -2° 4.91× 10 -2° 5.02x 10 -2° 

5.64 5.74 +16% 5.84 
10-0 3.11 x 10 -20 3.17 × 10 -20 3.24 x 10 -20 

3.49 3.55 +12% 3.61 
9-0 2.00 x 10 -20 2.02 x 10 -20 2.05 x 10 -20 

2.37 2.39 +18% 2.41 
8-0 1.15 x 10 -20 1.16 x 10 -20 1.18 x 10 -20 

1.25 1.27 +9% 1.28 
7-0 5.93x 10 -21 6.06×10 21 6.18 × 10-21 

5.99 6.01 6.07 
6-0 2.83x 10 -21 2.86×10 -21 2.92× 10 -21 

2.80 2.83 2.84 

*Parameters deduced from Allison et al. (1971). 
tParameters deduced from Lewis et al. (1979). 

s tudied with the best  values which are now availa- 
ble. Clearly the O:  s t ra tospheric  photodissociat ion 
coefficients are less affected by systematic errors  
than the coefficients of const i tuents  for which the 
total photodissociat ion rate is almost  equally sub- 
divided be tween  the spectral ranges A < 2 0 0  nm 
and A > 2 0 0 n m .  In this case, it is necessary to 
de te rmine  for each S c h u m a n n - R u n g e  band the 
differences be tween  the various values of the opti-  
cal dep th  ~'(O2). Figure 7 illustrates such differ- 
ences. There  is perfect  agreement  for the (7-0) 
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FIG. 7. OPTICAL DEPTHS AT T = 230 K DETERMINED FROM LEWIS et al. (1978) MEASUREMENTS (X) AND 
VALUES COMPUTED IN THIS WORK (O). 

involved, the positive effect is due to the values of 
the oscillator s t rengths  (Table 2) obta ined by Lewis 
et al. (1978) which are greater  than the adopted  
values of Allison et al. (1971). The differences in 
l inewidths (Table 3) are responsible  for the ir- 
regularities in the percentages .  

A careful analysis is requi red  for the calculations 
of the photodissocia t ion rates in the mesosphere .  
However ,  the principal bands  which play the lead- 
ing role (v'~<8) in the s t ra tospher ic  absorpt ions  
related to all photodissocia t ion processes  must  be 
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band, good agreement for the (13-0) band, but an 
important difference for the (9-0) band which will 
affect the determination of the solar radiation 
transmission in the mesosphere. 

3. CALCULATION OF J2 

In order to determine J2 with formula (3), we 
have first made a complete computation for each 
Schumann-Runge band by integrating a cross- 
section with 0.5 cm -1 resolution and using a Voight 
profile at T =  190, 230, 270 and 300 K. The de- 
tailed results have been analyzed in order to give 
the mean value of 0-(02) represented by trxv in 
formula (3) and also a different value ~(O2) used 
for the mean optical depth ~'(O2). With these defin- 
itions, we write for each band 

/ 

tr(O2) = ~ cr(O2)e-~(%)/~ e -~(°~) (7) 

and 

o~iO2) ~ In e -~(°2). (8) 
N(O2) 

An example of the variation of the tr(O2)/cr(O2) 
ratio is represented in Fig. 8. We can express the 
variation of cr(O2)--tr,(O2) with T and N(O2) by 
the following formula: 

o'~ (02) = orm[~M/orm ] 1/°+~), (9) 

where ~rM and or., are the maximum and minimum 
photodissociation cross-sections defined in (5) and 
(6), respectively; p is an expression given by the 

polynomial function 

p = ~ p,[ln N(O2)]'. (10) 

After several trials we have adopted a simplc ex- 
pression with only 2 terms 

P2 = P2,o + P2,i In N(O2) (11) 

and another expression with six terms 

P6 = P6,o + P6,1 In N(O2) +... + p6,5[In N(O2)] 5. 
(12) 

Similarly, the  t ransmiss ion  re la ted  to the  m e a n  
optical depth ~-(02) is defined as follows: 

exp [-r(O=)]  = exp [-e+a], (13) 

where d is given by another polynomial function 

-t d - d,(ln N) ~, (14) 
0 

leading for r(O2) with two terms to the simple form 

In v(02) = d2 ~- d2.o + dEj In N(O2) (15) 

and with six terms to 

da = d6,0+ d6,~ In N(O2) + . . .  + da,5[ln N(O2)] 5. 
(16) 

The computation has been made using the ex- 
pressions with 2 terms (11) and (15) and those six 
terms (12) and (16) and comparisons have been 
made with the detailed calculations. The system of 
six term function leads to a perfect agreement 
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( < 1 % )  with the complete  computat ion while the 
system with only 2 terms is sufficiently precise for 
almost all a tmospheric  purposes. It is not  possible 
to reproduce here all detailed results. However ,  it 
is interesting to present  (even if there are systema- 
tic errors) tables (Table 6) which give the numerical  
results of the detailed computat ion the transmis- 
sion, exp [ -op t i ca l  depth]. These tables show that 
the tempera ture  effect may be important  in certain 
bands and must be introduced in an atmospheric 
analysis when high precision is required.  However  a 
precise calculation also required at the same t ime 
the introduction of the solar zenith angle effect and a 
transfer from one transmission factor to another  
depending on the vertical distribution of tempera-  
ture. 

Such detailed computat ion cannot be used for 
current application to the mesospheric  and 
stratospheric photochemistry  and the use of for- 
mulas such as (7)-(16) is needed to simplify the 
calculation under real atmospheric conditions. The 
numerical  coefficients to be used in formulas (5) 
with (6), (11) and (15) corresponding to the simp- 
lest form are given in Tables 7, 8 and 9, respec- 
tively. The  photodissociat ion coefficients tr~/~ 
given in Table 10 correspond to values depending 
on the tempera ture  where the optical depth is 
negligible; trMq~ corresponds to the min imum value 
which can be used in formula (9) which gives the 
effective photodissociat ion cross-section depending 
on the total number  of absorbing 02 molecules.  

A comparison has been made for each 

Schumann-Runge  band of the values of e ~(°2~ for 
values of the total number  of 02 molecules,  
N(O2) = 1017-1024cm -2. The expression with six 
terms leads to e -~(°2) values reproducing those ob- 
tained by the detailed computat ion with a precision 
bet ter  than ± 1 % .  However ,  the expression with 
two terms can be used with sufficient accuracy for 
all atmospheric purposes if an average temperature  
of about  230 K is adopted with a limit for the total 
number  of 0 2 absorbing molecules N ( O 2 ) <  
5 × 10 z3 cm -2 corresponding to the stratospheric re- 
gion where the solar penetra t ion in the spectral 
range of the Schumann-Runge  band is becoming 
negligible for photodissociation processes. Table  11 
gives a detailed comparison showing how it is possi- 
ble to fit by simple formulas the variation of the 
optical depths. Fur thermore ,  the application to the 
photodissociation rate of molecular  oxygen is also 
possible with the use of formulas (11) and (14). 
Using solar flux data adopted by Nicolet  (1979), 
the results of a comparison between detailed and 
simplified calculations are shown in Table 12. The 
differences cannot be greater  than about  10%;  the 
importance of the Herzberg  cont inuum is apparent  
in the mesosphere  (65%), where N(O2)- -  
1021cm -2, i.e. at 60 km for an overhead Sun. A t  
N(O2) />  5 × 10 23 cm -2, the large errors in the calcu- 
lation of the Schumann-Runge  band photodissocia- 
tion rate have no importance because they relate to 
only a fraction of a very small total photodissocia- 
tion rate. 

Ano the r  remark must be made in connection 

TABLE 6(a). ExP[-ogrICAL DEPTH] (2--0) BAND 

N(Oz) 190 K 230 K 270 K 300 K 

2.5 x 1019 0.999 0.999 0.999 0.999 
5.0 0.998 0.998 0.998 0.998 
7.5 0.997 0.997 0.997 0.997 
1.0 × 1020 0.996 0.996 0.996 0.996 
2.5 0.991 0.991 0.990 0.990 
5.0 0.983 0.987 0.982 0.980 
7.5 0.975 0.975 0.974 0.971 
1.0 × 1021 0.869 0.968 0.966 0.963 
2.5 0.935 0.933 0.928 0.921 
5.0 0.891 0.886 0.878 0.866 
7.5 0.853 0.847 0.835 0.818 
1.0× 1022  0.818 0.811 0.796 0.776 
2.5 0.652 0.640 0.614 0.580 
5.0 0.457 0.443 0.411 0.374 
7.5 , 0.325 0.310 0.280 0.249 
1.0 × 1023 0.232 0.219 0.193 0.168 
2.5 3.19>(10 2 2.84X10-2 2.28×10 2 1.8650×10-2 
5.0 1.25 X 10 -3 1.03 × 10 -3 7.66 × 10 -4 5.839 × 10 -4 
7.5 5.01×10 5 3.96X10-5 2.78X10-5 2.0204×10 5 
1.0×1024 2.04X 10 -6 1.56X 10 -6 1.05×10 -16 7.3447 X 10 -7 
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TABLE 6(b). Exv  [ -  ovrICAL t)Evrn] (7-0) aAnD 

N(O2) 190 K 230 K 270 K 300 K 

1.0 × 1017 0.999 0.999 0.999 0.999 
2.5 0.999 0.999 0.999 0.999 
5.0 0.997 0.997 0.997 0.997 
7.5 0.996 0.996 0.995 0.995 
1.0 × 10 TM 0.994 0.994 0.994 0.994 
2.5 0.986 0.986 0.985 0.985 
5.0 0.974 0.973 0.972 0.971 
7.5 0.963 0.961 0.960 0.959 
1.0× 1019 0.953 0.951 0.949 0.947 
2.5 0.908 0.904 0.898 0.894 
5.0 0.862 0.853 0.843 0.834 
7.5 0.831 0.818 0.804 0.792 
1.0 × 1020 0.806 0.790 0.774 0.759 
2.5 0.715 0.688 0.659 0.634 
5.0 0.636 0.598 0.558 0.526 
7.5 0.585 0.541 0.496 0.460 
1.0 × 1021 0.548 0.500 0.450 0.413 
2.5 0.422 0.364 0.309 0.272 
5.0 0.321 0.262 0.211 0.178 
7.5 0.261 0.205 0.159 0.129 
1.0 × 1022  0.219 0.166 0.124 9.87 × 10 -2 
2.5 9.78 × 10 -2 6.23 × 10 -2 0.395 × 10 -2 2.72 
5.0 3.52 1.76 0.855 × 10 -3 4.75 × 10 -3 
7.5 1.48 5.90 × 10 -3 0.220 9.81 × 10 -4 
1.0× 1023 6 . 7 4 x  10 -3 2.17 0 .622x  10 -4 2.20 
2.5 1.03 x 10 -4 1.04 x 10 -5 0.620 x 10 -7 5.35 × 10 - s  
5.0 1 . 7 2 × 1 0  -7 2 . 4 7 × 1 0  -9 0 .102x  10 -1° 8.60 × 10 -14 

TABLE (6C). ExP [ -  OPTICAL DEPTH] (13--0) BAND 

N(O2) 190 K 230 K 270 K 300 K 

1.0 × 1016 0.999 0.999 0.999 0.999 
2.5 0.998 0.998 0.998 0.997 
5.0 0.995 0.995 0.995 0.995 
7.5 0.993 0.993 0.993 0.993 
1.0 x 1017 0.991 0.991 0.991 0.990 
2.5 0.980 0.978 0.978 0.978 
5.0 0.966 0.965 0.963 0.962 
7.5 0.956 0.953 0.951 0.949 
1.0 × 10 TM 0.947 0.944 0.940 0.938 
2.5 0.914 0.908 0.901 0.896 
5.0 0.881 0.872 0.862 0.854 
7.5 0.857 0.845 0.832 0.823 
1.0 x 1019 0.837 0.823 0.808 0.798 
2.5 0.758 0.735 0.711 0.693 
5.0 0.681 0.650 0.617 0.594 
7.5 0.629 0.592 0.556 0.530 
1.0× 1020 0.590 0.549 0.510 0.483 
2.5 0.449 0.399 0.353 0.323 
5.0 0.331 0.278 0.232 0.204 
7.5 0.261 0.209 0.166 0.142 
1.0 × 1021 0.212 0.163 0.124 0.103 
2.5 8 . 0 2 x  10 -2 5 . 0 1 × 1 0  -2 3 . 1 6 × 1 0  -2 2 .26x  10 -2 
5.0 2.31 1.10 5.31 × 10 -3 3.17 × 10 -3 
7.5 8 .06x  10 -3 3 .06x  10 -3 1.18 6 .14x  10 -4 
1.0 × 1022 3.12 9.59 x 10 -4 3.07 x 10 -a 1.41 
2.5 2.27 × 10 -5 2.24 × 10 -6 2.54 × 10 -7 5.86 × 10 - s  
5.0 1.54 x 10 - s  2.18 × 10 -1° 3.58 x 10 -12 2.73 × 10 -13 
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with the de te rmina t ion  of the photodissocia t ion 

rates  in the mesosphere  above 70 km, since Lyman-  
a with a total number  of pho tons  of ( 3 + 1 ) x  
1011 cm -2 s -1, available before  their  a t tenuat ion  by 

02, may be important .  If we use the laboratory 
results ob ta ined  by Carver  et al. (1977), it is possi-  
ble to deduce  simple formulas.  Adop t ing  an aver- 
age t empera tu re  of 190 K, we may wri te  

~'Ly-,,(O2) = 4.17 X 10 -19 N ( O 2 )  °917, (17) 

TABLE 7(a). ABSORPTION COEFFICIENTS OF THE 
SCHUMANN-RUNGE BANDS AT T = 190 K 

Band orM orm orM/orm 

19-0 8.61×10 -20 1.20× 10 -21 7.1523 x 101 
18-0 1.54× 10 -19 7.72 1.9941 
17-0 1.78 4.20 4.2395 
16-0 1.63 3.01 5.4203 
15-0 1.40 1.07 1.3077× 102 
14-0 1.24 3.08)< 10 -22 4.0143 
13-0 9.60× 10 -2o 2.67 3.5935 
12-0 7.02 5.24 1.3387 
11-0 4.83 2.98 1.6181 
10-0 3.12 6.72x 10 -23 4.6376 
9-0 2.00 5.83 3.4320 
8-0 1.15 4.57 2.5274 
7-0 5.99 X 10 -21 2.29 2.6124 
6-0 2.83 1.50 1.8819 
5-0 1.14 1.34 8.4975 x 101 
4-0 3.99 × 10 -22 1.34 2.9663 
3-0 1.27 1.30 9.7606x 10 o 
2-0 3.81x 10 -23 1.25 3.0576 

TABLE 7(b). ABSORPTION COEFFICIENTS OF THE 
SCHUMANN--RONGE BANDS AT T = 230 K 

Band tr M or., trM/tr,, , 

19-0 7.52 × 10 -20 1.02 x 10 -21 7.3880 x 101 
18-0 1.41 × 10 -19 7.16 1.9728 
17-0 1.72 4.13 4.1529 
16-0 1.64 3.40 4.8345 
15-0 1.44 1.37 1.0523x 102 
14-0 1.28 4.60x 10 -22 2.7870 
13-0 9.91x 10 -20 3.43 2.8864 
12-0 7.14 6.01 1.1881 
11-0 4.91 4.40 1.1177 
10-0 3.17 1.01 3.1472 
9-0 2.02 8.81x 10 -23 2.2935 
8-0 1.17 8.27 1.4100 
7-0 6.06 × 10 -21 3.12 1.9402 
6-0 2.86 1.82 1.5684 
5-0 1.16 1.51 7.6922x 101 
4-0 4.05 × 10 -22 1.42 2.8497 
3-0 1.29 1.31 9.8410x 10 o 
2 - 0  3 .88  × 10 -23 1.25 3.1069 

TABLE 7(C). ABSORP'nON COEFFICIENTS OF THE 
SCHUMANN--RuNGE BANDS AT T = 270 K 

Band o" M or,,, orM/or m 

19-0 6.66 x 10 -2° 8.82 x 10 -22 7.5524 × 101 
1 8 - 0  1 .30X 10 -19 6.63 x 10 -21 1.9596 
17-0 1.64 4.00 4.1026 
16-0 1.64 3.35 4.8767 
15-0 1.47 1.65 8.8818 
14-0 1.32 5.88 x 10 -22 2.2526 x 102 
13-0 1.02 4.33 2.3470 
12-0 7.28x 10 -2°  6.79 1.0719 
11-0 5.02 5.97 8.4072x 101 
10-0 3.24 1.58 2.0465x 102 
9-0 2.06 1.13 1.8237x 102 
8-0 1.19 1.24 9.5643x 101 
7-0 6.18 X 10 -21 4 .2 4 X 10 -23 1 .4580X 102 

6-0 2.92 2.26 1.2898 
5-0 1.19 1.83 6.5271x 101 
4-0 4.18x 10 -22 1.56 2.6764 
3-0 1.33 1.33 1.0051 
2-0 4.04 x 10 -23 1.25 3.2300 x 10 o 

cor responding  to a varying cross-sect ion 

OrLy_~x ( 0 2 )  = 4.17 x 10 -19 N -°°s3, (18) 

for N (O 2 )>  1 x 1019 cm -2. For  N ( O 2 ) ~  1019 c m  -2,  

the convent ional  formula 

J = trq~e-' ,  (19) 

can be adopted  with 

orLy-~ (02) = 1 X 10 -2° cm 2. (20) 

For  N (O 2 )>  1 × 1019 cm 2, we write,  therefore  

J2(Ly-a) = q~4.17 x 10  -19 N-°°S3e-4 lT×l°- lgN° '917 ,  

(21) 

where  q® is the number  of pho tons  (cm -2 s -1) avail- 
able at the top of the Ear th ' s  a tmosphere  and 
N=-N(O2)  cm -2. Numerical  results given in Table 
13 show that  above 70 km (for an overhead  Sun), 
Lyman-a ,  under  average solar conditions,  increases 
the 02 photodissociat ion rate by about  30%.  This 
percentage  will be subject  to variations due to solar 

activity. 
The action of L y m a n - a  is particularly impor tant  

for the photodissocia t ion of H 2 0  and of CO2. For  
t h e s e  two molecules  the L y m a n - a  photodissocia-  
t ion rate is more  than 70% of the total rate for 
N ( O 2 ) ~ 2 . 5  x 102°cm -2 (Nicolet, 1979) and must  
be considered as the principal contr ibut ion to their  
dissociation in the upper  mesosphere  which will 
d ep en d  strongly on solar activity. 
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TABLE 8. COEFFICIENTS FOR DETERMINATION OF EFFECTIVE ABSORPTION CROSS-SECTIONS 
OF 02  SCHUMANN-RUNGE BANDS 

T = 190 K T = 230 K T =  270 K 
Band P2,o P2,1 P2,o P2,1 P2,o P2,1 

19-0 - 2 7 . 1 5 2 4  0.5950 - 2 7 . 3 6 6 0  0.5977 - 2 7 . 2 6 9 7  0.5938 
18-0 - 3 1 . 1 4 5 7  0.7037 - 3 1 . 1 4 0 5  0.7022 - 3 1 . 3 0 2 9  0.7045 
17-0 - 3 1 . 4 8 2 3  0.7069 - 3 1 . 5 9 8 5  0.7086 - 3 1 . 6 2 8 9  0.7984 
16-0 - 2 7 . 6 7 5 9  0.6205 - 2 8 . 2 5 4 8  0.6337 - 2 8 . 0 7 3 5  0.6284 
15-0 - 2 6 . 1 1 0 3  0.5822 - 2 7 . 0 7 2 6  0.6043 - 2 7 . 7 4 4 2  0.6199 
14-0 - 1 8 . 9 3 1 7  0.4213 - 1 9 . 5 6 9 8  0.4363 - 2 0 . 0 7 8 7  0.4477 
13-0 - 1 8 . 3 5 8 6  0.4107 - 1 8 . 5 6 3 1  0.4154 - 1 9 . 1 9 3 7  0.4296 
12-0  - 2 3 . 5 4 3 3  0.4233 - 2 3 . 3 4 2 0  0.1587 - 2 3 . 3 5 3 4  0.5192 
11-0  - 2 6 . 2 1 4 4  0.5699 - 2 7 . 2 0 2 3  0.5917 - 2 7 . 5 7 5 9  0.5998 
10-0  - 1 9 . 7 2 9 1  0.4271 - 2 0 . 3 7 4 4  0.4415 - 2 1 . 3 7 2 5  0.4640 

9 -0  - 2 1 . 3 9 7 7  0.4589 - 2 2 . 6 7 1 8  0.4876 - 2 3 . 5 3 2 1  0.5061 
8 -0  - 2 3 . 8 4 9 3  0.5043 - 2 5 . 3 1 0 6  0.5374 - 2 5 . 9 9 3 9  0.5521 
7 -0  - 2 4 . 4 3 6 5  0.5118 - 2 5 . 6 9 4 3  0.5381 -27 .0531  0.5668 
6 -0  - 2 4 . 6 4 5 4  0.5129 - 2 4 . 8 7 2 5  0.5169 - 2 5 . 5 2 3 6  0.5294 
5 -0  - 2 7 . 7 6 7 0  0.5724 - 2 7 . 1 2 3 1  0.5570 - 2 7 . 5 5 9 3  0.5642 
4 -0  - 3 6 . 0 2 0 2  0.7350 - 3 4 . 5 3 4 8  0.7014 - 3 4 . 0 1 6 0  0.6876 
3 -0  - 3 7 . 4 5 9 0  0.7631 - 3 4 . 1 5 3 7  0.6929 - 3 2 . 3 1 4 9  0.6509 
2 -0  - 3 4 . 3 0 2 3  0.6997 - 3 0 . 5 8 9 3  0.6222 - 2 7 . 2 2 0 4  0.5493 

TABLE 9. PARAMETERS FOR DETERMINATION oF O 2 OPTICAL DEPTH 

T = 190 K T = 230 K T = 270 K 
Band d2, 0 d2,1 d2, 0 d2,1 d2, 0 d2,1 

19-0 - 2 2 . 2 6 4 7  0.4938 - 2 0 . 5 1 1  0.4552 - 2 0 . 5 4 3 3  0.4546 
18-0 - 2 6 . 2 4 7 7  0.5914 - 2 7 . 0 0 3 2  0.6070 - 2 6 . 8 9 6 8  0.6036 
17-0 - 2 1 . 5 8 5 9  0.4877 - 2 1 . 5 6 9 2  0.4874 - 2 1 . 5 6 4 2  0.4871 
16-0 - 2 3 . 1 6 4 3  0.5184 - 2 2 . 9 9 7 5  0.5160 - 2 3 . 0 4 0 8  0.5176 
15-0 - 2 0 . 5 0 3 5  0.4512 - 2 1 . 2 1 0 9  0.4684 - 2 0 . 0 2 6 2  0.4449 
14-0 - 2 2 . 2 2 1 4  0.4747 - 2 2 . 3 2 3 0  0.4808 - 2 2 . 1 7 7 3  0.4807 
13-0  - 2 5 . 9 5 6 7  0.5466 - 2 6 . 4 8 8 1  0.5608 - 2 6 . 1 4 7 1  0.5566 
12-0  - 2 5 . 7 0 3 0  0.5480 - 2 5 . 4 1 7 2  0.5442 - 2 5 . 9 8 4 2  0.5575 
11-0 - 2 1 . 2 3 6 1  0.4553 - 2 1 . 9 4 5 8  0.4739 - 2 2 . 4 1 9 6  0.4873 
10-0 - 2 5 . 0 7 9 5  0.5159 - 2 4 . 1 1 3 3  0.5009 - 2 2 . 6 3 4 6  0.4751 

9-0  - 2 4 . 1 3 3 7  0.4957 - 2 3 . 2 1 6 1  0.4803 - 2 3 . 6 7 8 0  0.4923 
8 -0  - 2 4 . 3 0 9 0  0.4970 - 2 3 . 4 2 6 9  0.4848 - 2 4 . 0 3 7 0  0.5015 
7 -0  - 2 4 . 0 7 9 7  0.4845 - 2 4 . 7 6 1 9  0.5012 - 2 4 . 3 3 8 1  0.4959 
6 -0  - 2 8 . 8 8 6 7  0.5697 - 2 5 . 3 4 3 3  0.5042 - 2 4 . 9 0 8 5  0.4989 
5 -0  - 3 1 . 0 8 6 2  0.6078 - 3 0 . 5 1 8 8  0.6000 - 2 6 . 9 4 0 7  0.5346 
4 -0  - 3 4 . 4 9 2 6  0.6683 - 3 3 . 6 5 2 3  0.6549 - 3 3 . 1 0 4 6  0.6474 
3 -0  - 4 1 . 5 4 4 9  0.7963 - 4 0 . 7 3 6 6  0.7827 - 3 9 . 1 4 8 9  0.7546 
2 -0  - 4 9 . 2 4 2 7  0.9377 - 4 8 . 8 4 8 8  0.9304 - 4 6 . 8 5 8 1  0.8944 



Atmospheric  0 2 absorption and photodissociation 

TABLE 10. PHOTODISSOCIATION COEFFICIENTS OF 0 2  SCHZrMANN-RUNGE BANDS 

99 

T =  1 9 0 K  T = 2 3 0 K  T = 2 7 0  K 

B a n d  JsR (O2) = (TMq® JSR(02) = (7,.q= JSR(02) = OrMq= JSR(02) = ~ , .q=  JSR (O2) = (rMq® JSR (02)  = (r, .q= 

19-0 1 .36x  10 -9 1 . 9 0 × 1 0  -11 1 .19x  10 -9 1 .61x  10 -11 1 .05x  10 -9 1 .39x  1 0 - n  
18-0 3.43 1.72 x 10 -1° 3.14 1.60 x 10 -1° 2.90 1.48 x 10 - l °  
17-0 4.98 1.18 4.82 1.16 4.59 1.12 
16-0 5.96 1.10 6.00 1.24 6.00 1.23 
15-0 7.25 5.54 7.46 7.10 x 10 - n  7.61 8.55 x 10 - n  
14-0 8.18 2.03 8.45 3.04 8.71 3.88 
13--0 8.44 2.35 8.71 3.01 8.96 3.81 
12-0 7.23 5.40 7.35 6.19 7.50 6.99 
11-0 6.91 4.26 7.02 6.29 7.18 8.54 
10-0 6.46 1.39 6.56 2.09 6.71 3.27 

9 -0  4.18 1.22 4.22 1.84 4.30 2.36 
8-0 2.94 1.17 2.97 2.11 3.02 3.17 
7-0  2.37 9.07 x 10 -12 2.40 1.24 2.45 1.68 
6 -0  1.31 6.94 1.32 8.43 x 10 -12 1.35 1.05 
5-0 7.27 x 10 -1° 8.55 7.40 x 10 -1° 9,57 7.59 x 10 -1° 1.17 
4 -0  2.85 9.66 2.90 1.02 x 10 -1~ 2.99 1.12 
3-0  1.45 1.48 x 10 -11 1.47 1.49 1.52 1.52 
2-0  5.87 x 10 -11 1.93 5.98 x 10 -11 1.92 6.22 x 10 -11 1.92 

TABLE 11. COMPAe*SON o F  a r m  0 2 OPTICAL D E P T H S  D E T E R M I N E D  B Y  D I R E C t '  A N D  D E T A I L E D  C A L C U L A T I O N S  (l"d) W I T H  T H E  

FORMULA w r m  2 TERMS (~'2) AND wr rn  6 TERMS (%) CORaESPONDrNG TO EQUATIONS (15) AND (163. RESPECrtVELy. THE 
RATIO P'2 AND R 6 ARE ALSO GIVEN. I = 230 K 

Band  (~ -~d(02) ¢:--¢2(02 ) R2 (~--~6(02) ~6 

N(62) = 1.0 x 1025 cm -2 

Band e -'d(O23 ¢ - '2(°23 R2 ¢ -'6(°23 R6 9-0 3.50xi0 -6 3.25x10 "6 

8-0 4.40x10 -6 4.32x10 -6 

N(D 2) = 1.O x 1024 cm +2 ?uO 2.17x10 -3 2.60x10 -3 0 .83  2.19xi0 -3 
6-0 1.85XI0 -2 2.02xi0 -2 0.91 1.85X10 -5 

6-0 2.97x10 -10 3.12xlD -10 0.95 
5-0 3.47x10 -2 2.98x16 -2 1 .16  5.46x16 -2 

5-0 1.01xlO -6 9.95x10 "8 1.01 
4-0  7.05xi0 -2 6.08xi0 -2 1 .16  7,06XI0 -2 

4-0 4.97x10 -8 4.74x10 -8 1.05 
3-0 1-38xi0 -I 1.30xlO -I 1.07 1.58x10 -I 

3-0 4.$5xI0 -7 4.6~XI0 -7 0.98 
2-0 2.19XI0 °I 2.16XI0 -I 1.01 2.18xi0 -I 

2-0 1.56xi0 -6 2.11xi0 -6 0.74 1.52xi0 "6 I,$3 

1.02 

1.02 

0.99 

1.00 

1.00 

1.00 

1.00 

1.00 

N(O 2) : 7.5 x 1023 cm "2 

6-0 3.25x10 -8 3.26x10 -8 1.00 

5-0 5,27xi0 -7 5.27x10 -7 l.DO 

4-0 2.18x10 -6 2.12x10 -6 1.03 

3-0 1.37x10 -5 1,37x10 -5 1.00 

2-0 3.96X10 -5 4.54X10 -5 0.87 3.99X10 ~5 0.99 

N(O 2) : 5.O x 102) cm -2 

6-0 }.93xi0 -6 4.O3xi0 -6 0.98 

5-0 2.95XI0 -5 2.91x10 -5 1.01 

4-0 1.02xlO -4 1.02xlO -4 1.00 

3-0 4.29X]0 -4 4.26xI0 -4 1.01 

2-0 l.O~xlO -) 1.05X10 -) 0.98 1.02X10 -3 1.01 

7-6 1.04x lO -5 

6 -0  6.20X10 -4 

5-0  1.98x10 -5 

4 -0  5 . ~ x 1 6  -5 

~-0 1.47X10 -2 

2-0  2.84x10 -2 

N(0?) = 7.5 x 1022 cm -2 

10-0 5.27x10 -6 5.65x10 -6 0.93 

9-0 4.09x10 -5 4.22X16 -5 0.96 

8-0 4.62x10 -5 4.66x10 -5 0 .99 

7-0 5.90XI0 -3 5.78xi0 -3 1.02 5.95xi0 -3 0.99 

6-0 3-49x10 -2 3,42x10 -2 1.02 3.49x10 -2 1.00 

5-0 6.05x10 -2 5.20x10 -2 1.16 6.01x10 "2 1.60 

4-0 0.112 9.83x10 -2 1.14 0.112 1.00 

5-0 6.206 0.196 1.05 0.206 1.00 

2-0 0.510 0.309 1.00 0,311 1.60 

N(02) = 5 .0  x 1022 cm -2 

10-0 1.14xlO "4 1.16xlD -4 

N(62) = 2.5 x 1023 em -2 9-0 5.41x10 "4 5.41x10 -4  

8-0 5.34x10 -4  5.29x18 -4 

1.03x10 -5 1.01 7-0 1.76x10 -2 1.49x10 "2 1.18 1.75x10 -2 

6,12x10 -4  1.01 6 -0  6.96x16 -2 6.39x16 "2 1.09 6.97x10 -2 

2.27x10 -3 0.67 1.99x10 -3 0 .99 5-0 0.110 9.85x10 -2 1.12 0.110 

6.08X10 -3 0.90 5.36X16 -] 1.01 4-0 0.185 0.169 i.i0 0.185 

1.53XI0 -2 0.96 1.48XI0 -2 0.99 3-0 0.314 0.305 l.d3 0.313 

2.74x10 -2  1.04 2.89x10 -2  0 .98 2-0 0.443 0.447 0.99 0.443 

0.98 

1.00 

1,01 

1.00 

1.00 

1.01 

1,60 

1.00 

1. O0 



100 MARCEL NICOLET and WILIJAM PEETERMANS 

TABLE 11 (conM) 

Bm*d e-%(°:= ) " e -T2(O2) R 2 ¢- '6 (°2  ) R 6 Band ¢--Vd(O2) e - ,2(°2) R z e-=6(°2 ) R6 

10-0 3.32x10 -3 3.77x10 -3 0.88 3.20x10 -3 1.04 

9-0 8. I2x10 -3 8.79x10 -3 0.92 7.86x10 -3 1.03 

8-0 7.37x10 -3 7.90x10 -3 0.93 7.23x10 "3 1.02 

7-0 6.23x®0 -2 5.12x18 -2 1.22 6.14x10 -2 1.02 

6-0 0.156 0.144 1.09 0.158 0.99 

5-0 0.223 0.217 1,03 0.223 1.00 

4-0 0.326 0.323 1.01 0.324 l .O0 

3-0 0.494 0.502 0.98 0.494 1.O0 

2-0 0.640 0.656 0.98 0,641 1.00 

N(O 2) = 2.5 x 1022 cm -2 4-0 0.615 0.674 0.91 0.615 1.OO 

3-0 0.781 0.822 0.95 0.782 1.00 

2-0 0.886 0.910 0.97 0.886 1.OO 

N(O 2) = 1.0 x 1022 cm -2 

15-0 2.1OxlO -8 1.98x10 -8  1.06 

14-0 3.16x10 -4~ 3.22x10 '~' 0.98 

13-0 9.59x10 -4" 9.53x10 "4 l .O1 

12-0 7.29x10 -5 7.53x10 -5 1.00 

11-0 2.65x10 "4 2.64x10 "4 1.00 

10-0 3.37x10 -2 2.94x10 -2 1.15 3.59x10 ~2 0.99 

9-0 5.17x10 -2 4.74x10 -2 1.09 5.20x10 -2 1.{3(3 

8-0 4.80x10 -2 4.49x10 -2 1.07 4.86x10 "2 0.99 

7-0 0.166 0.153 1.08 0.165 1.01 

6-0 0.301 0.295 1.02 0.303 1.00 

5-0 0.391 0.414 0.94 0.392 1.03 

4-0 0.502 0.538 0.93 0.502 l.OQ 

3-0 0.682 0.714 0.96 0.682 1.00 

2-0 0.811 0.835 0.97 0.812 1.00 

N(O 2) = 7.5 x 1021 cm -2 

15-0 7.72x10 -7 7.83x10 "7 0.98 

14-0 1.17x10 -3 1.30x10 -3 0.90 1.14xlO -3 1.02 

13-0 3.06x10 -3 3.Olx lO -3 1.02 3.08x10 -3 0.99 

12-0 4.07x10 -4 4.04x10 -4 1.01 

11-0 9.50x10 -4 1.04 0.91 9.17x10 -4 1.04 

10-0 5.31x10 -2 4.72xlD -2 1.13 5.44x10 -2 0.98 

9-0 7.55x10 -2 7.03x10 -2 1.07 7.66x10 -2 0.99 

8-0 7.16x10 -2 6.72x10 -2 1.06 7.22x10 -2 0.99 

7-0 0.205 0.197 1.04 0.20~ 1.00 

6-0 0.349 0.348 1.00 0.349 1.00 

5-0 0.442 0.476 0.93 0.442 1.00 

4-0 0.551 0.598 0.92 0.552 1.00 

3-0 0.727 0.764 0.95 0.727 1.00 

2-8 0.847 0.871 0.97 0.8~6 1.00 

N(O 2) = 5 x 1021 cm -2 

15-0 2.98x10 -5 3.10x10 -5 0.96 

14-0 4.66x10 -5 4.23x10 -3 1.10 4.52x10 -3 1.03 

13-0 1.10xlO -2 9.81x10 "3 1.12 1.11x10 -2 0.99 

12-0 2.52x10 -3 2.79x10 -3 0.90 2.50x10 -3 1.01 

11-0 3.72x10 -3 3.47x10 -3 1.07 5.65x10 -3 1.02 

10-0 8.95x10 -2 8.27x10 -2 1.08 9.25x10 -2 0.97 

9-0 0.117 0.112 1.04 0.120 0.98 

8-0 0.114 0.109 1.05 0.115 1.00 

7-0 0.262 0.266 0.99 0.264 0.99 

6-0 0.416 0.423 0.98 0.414 1.(30 

5-0 0.510 0.559 0.91 0.511 1.00 

N(O 2) = 2.5 x 1021 cm -2 

17-0 5.54x10 -7 5.62x10 -7 0.99 

16-0 2.82x10 -6 2.66x10 -6 1.06 

15-0 1.33x10 -3 1.54x10 -3 0.87 1.33x10 -3 1.00 

14-0 2.22x10 -2 1.99x10 -2 1.12 2.22x10 -2 1.00 

13-0 5.01xlO -2 4.35x10 -2 1.15 5.OOx10 -2 l .O0 

12-0 1.98x10 -2 1.77x10 °2 1.12 1.97x10 -2 1.01 

11-0 1.87x10 "2 1.69x10 -2 1.10 1.88x10 -2 0.99 

10-0 0.174 0.172 1.01 0.177 0.98 

9-0 0.210 0.209 1.00 0.211 1.00 

8-0 0.208 0.205 1.02 0.206 1.01 

7-0 0.364 0.392 0.93 0.368 0.99 

6-0 0.523 0.545 0.96 0.521 1.00 

5-0 0.616 0.681 0.90 0.617 1.00 

4-0 0.710 0.779 0.91 0.710 l.OO 

3-0 0.852 0,892 0.96 0.852 1.00 

2-0 0.932 0.952 0.98 0.932 1.00 

N(O 2) = 1 x 1021 cm -2 

19-0 1.O2xlO -2 1.13x10 -2 0.91 1.04x10 -2 0.99 

18--0 1.55x10 -5 (2 . '~x lO -53 (0.53) 1.53x10 -5 1.01 

17-0 4.67x10 -4 (6.24x10 "4 ) (0.75) 4.79x10 -~' 0.98 

16-0 7.89x10 -a 8.73x10 ''4 0.90 7.65x10 "4 1.03 

15-0 1.76x10 -2 1.47x10 -2 1.19 1.75x10 -2 1.00 

14-0 8.08x10 -2 8.04x10 -2 1.00 8.ZOxlO -2 0.99 

13-0 0.163 0.153 1.06 0.162 1.00 

12-0 9.4CIx10 -2 8.63x10 -2 1.09 9.44x10 -2 l.OO 

11-0 7.34x10 -2 7.12x10 -2 1.03 7.34x10 -2 1.O0 

10-0 0.313 0.328 0.95 0.312 1.00 

9-0 0.355 0.365 0.97 0.351 1.01 

B-0 0.353 0.362 0.97 0.350 1.01 

7-0 0.500 0.553 0.90 0.502 1.00 

6-0 0.651 0.682 0.95 0.649 1.00 

5-0 0.733 0.801 0.92 0.733 1.00 

4-0 0.813 0.872 0.93 0.813 1.00 

3-0 0.917 0.946 0.97 0.916 1.00 

2-0 0.968 0.979 0.99 0.967 1.00 

N(O?) = 7 .50x ln  20 cm -2 

19-0 1.66x10 -2 1.96x10 -2 0.85 1.78x10 -2 0.94 

18-0 1.15x10 -4 (1.55x10 -4)  (0.74)  1.14x10 "4 1.01 

17-0 1.57x10 -3 1.64x10 -3 0.96 1.55x10 -3 h O l  

16-0 2.29X10 -3 2.31x10 -5 0.99 2.24x10 -3 1.02 

15-0 2.92x10 -2 2.51x10 -2 1.16 2.90x10 -2 1.01 

14-0 O.11O 0.111 0.99 0.111 0.99 

13-0 0.209 0.203 1.03 0.208 1.00 

12-0 0.131 0.123 1.06 0.132 1.00 

11-0 0.101 9.98x10 -2 1.01 0.100 1.00 

10-0 0.360 0.382 0.94 0.358 1.00 

9-0 0.401 0.415 0.97 0.398 1.01 

0-0 0.329 0.413 0.97 0,397 1.01 

7-0 0.5b,2 0.599 0.90 0 . [~2  1.00 

6-0 0.687 0.718 0.96 0.686 l .O0 

5-0 0.765 0.830 0,92 0.764. 1.00 

4-0 0.840 0.893 0.94 0.840 1.00 

3-0 0.952 0.957 0,97 0.931 1.00 

2-0 0.975 0.984 8.99 0.975 1.00 
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TABLE 11 (contd) 

I01 

Band e--Td(02 ) e-~2(o2 ) R 2 e-~6(O2 ) R 6 Band e- 'd (°z)  

N(O 2) = 5.00 x 1020 cm -2 

19-0 0.277 
19-0 3.22x10 -2 3.80x10 -2 0.85 3.35x10 "2 0.96 

18-0 1.00xl0 -3 1.05x10 -3 0.95 l .OOxlO -3 1.00 18-0 0.115 
17-0 0.116 

17-0 5.66xi0 -3 5.18x10 -3 1,09 5.53xi0 -3 1.02 
16-0 0.153 

16-0 7.45x10 -3 7.26xi0 -3 1.03 7.34x10 -3 1.02 

15-0 5.18xi0 -2 4.74xi0 "2 1.09 5.20xi0 -2 1.00 15-0 0.257 
14-0 0.467 

14-0 0.160 0.164 0.98 0.159 1.00 
13-0 0.593 

13-0 0.278 0.280 0.99 0.278 1.00 
12-0 0.518 

12-0 0.192 0.186 1.03 0.192 1.00 
ii-0 0.439 

II-0 0.147 0.149 0.98 0.145 1.01 
1O-O 0.705 

10-0 0.427 0.455 0.94 0.422 1.01 
9-0 0.727 

9-0 0.~66 0.485 0.96 0.462 1.01 
8-0 0.728 

8-0 0.463 0.484 0.96 0.462 l. D0 
7-0 0.818 

7-0 0.598 0.638 0.91 0.597 1.00 
6-0 0.896 

6-0 0.734 0.764 0.96 0.734 1.00 
5-0 0.937 

5-0 0.805 0.864 0.93 0.804 1.00 
4-0 0.972 

4-0 0.875 0.916 0.96 0.874 1.00 
3-0 0.991 

3-0 0.950 0.968 0.98 0.948 1.0O 
2-0 0.997 

2-0 0.982 0.989 0.99 0.982 1.00 

19-0 

18-0 

17-0 

16-0 

15-0 

14 -0 

13-0 

12-0 

11-0 

10-0 

9-0 

8-0 

7-0 

6-0 

5-0 

4-0 

3-0 

2-0 

8.84x10 -2 

1.21x10 -2 

2.43x10 -2 

3.21x10 -2 

0.107 

0.264 

0.399 

0.317 

0.243 

0.539 

0.572 

0.568 

0.688 

0.805 

0.864 

0.923 

0.972 

0.991 

0.225 

7.82x10 -2 

8.47x10 -2 

0.114 

0.215 

0.418 

0.549 

0.471 

0.390 

0.670 

0.693 

0.693 

0.790 

0.878 

0.923 

0.964 

0.988 

0.996 

19-0 

18 -0 

17-0 

16-0 

15-0 

14-0 

1)-O 

12-0 

11-0 

IO-O 

9-0 

8-0 

7-0 

6-0 

5-O 

4-O 

5-0 

2-0 

N(O 2) = 2.50 x 1020 =m -2 

9.20x10 -2 0.96 8.49x10 -2 1.04 19-0 0.354 

1,11xlO -2 1,09 1.20x10 -2 1.01 18-0 0.179 

2.34x10 -2 1.04 2./.~xlO -2 0.99 17-0 0.170 

3.19x10 -2 1.01 3.22x10 -2 1.00 16-0 0.217 

O.110 0.97 0.109 0.98 15-0 0.323 

0.274 0.96 0.261 1.01 14-0 0.536 

0.422 0.94 0.401 1.00 13-0 0.650 

0.316 1.00 0.310 1.02 12-0 0.580 

0.254 0.96 0.242 1.00 II-O 0.507 

0.574 0.94 0.531 1.02 10-O 0.751 

0.596 0.96 0.569 1.00 9-0 0.770 

0.595 0.96 0.570 1.00 8-0 0.774 

0.744 0.92 0.685 1.00 7-0 0.853 

0.827 0.97 0.807 1.00 6-0 0.918 

0.908 0.95 0.863 1.00 5-0 0.954 

0.946 0.98 0.925 1.00 4-0 0.981 

0.981 0.99 0.971 1.00 3-0 0.994 

0.994 1.00 0.I00 0.99 2-0 0.998 

N(02) = l . D O x  ]020 em -2 

0.208 1.08 0.213 1.06 19-0 0.489 

7.56x]0 -2 1.03 7.82XI0 -2 1.00 18-0 0.313 

9.05x10 -2 0.94 8.65XI0 -2 0.90 17-0 0.288 

0.117 0.98 0.113 1.02 16-0 0.344 

0.238 0.90 0.216 0.99 15-0 0.447 

0.435 0.96 0.416 1.00 14-0 0.645 

0.597 0.92 0.552 1.00 13-0 0.755 

0.497 0.95 0.469 1.00 12-0 0.673 

0.412 0.95 0.392 1.00 II-0 0.619 

0.704 0.95 0.667 1.00 IO-O 0.817 

0.716 0.97 0.695 1.00 9-0 0.832 

0.717 0.97 0.696 1.00 8-0 0.8a3 

0.830 0.95 0.787 1.OD 7-0 0.904 

0.887 0.99 0.881 1.00 6-0 0.949 

0.946 0.98 0.922 1.00 5-0 0.974 

0.970 0.99 0.964 1.00 4-O 0.990 

0.991 1.00 0.989 i,00 3-0 0.997 

0.998 1.00 1.0l~ 1.00 2-0 1.000 

e-~2(O2 ) R 2 ¢-~6(O2 ) R 6 

N(O2) = 7.50 x 1019 cm -2 

0.252 1.10 0.269 

0.114 1.01 0.115 

0.124 0.93 0.117 

0.157 0.98 0.152 

0.286 0.90 0.256 

0.484 0.97 0.467 

0.645 0.92 0.595 

0.550 0.94 0.516 

0.461 0.95 0.441 

0.738 0.96 0.704 

0.748 0.97 0.729 

0.749 0.97 0.731 

0.851 0.96 0.816 

0.902 0.99 0.900 

0.954 0.98 0.937 

0.975 1.00 0.973 

0.993 1.00 1.000 

0.998 1.00 1.000 

N(02) = 5.00 X 1019 cm -2 

0.318 1.12 0.351 

0.184 0.98 0.180 

0.180 .94 0.169 

0.223 0.97 0.216 

0.355 0.91 0.320 

0.550 0.97 0.536 

0.705 0.92 0.650 

0.619 0.94 0.578 

0,528 0.96 0.508 

0.780 0.96 0.755 

0.787 0.98 0.774 

0.788 0.98 0.777 

0.876 0.97 0.852 

0.919 1.00 0,922 

0.964 0,99 0,954 

0.981 1.00 0.982 

0.995 1.00 1.000 

0.999 1.00 1.000 

N(023 = 2.50 x I019cm-2 

0.433 1.13 0.502 

0.329 0.95 0.313 

0.295 0.98 0.285 

0.350 0,98 0.344 

0.473 0.95 0.439 

0.652 0.99 0.646 

0.789 0.93 0.753 

0,720 0.94 0.674 

0.631 0.98 0.620 

0.839 0.97 0.827 

0.8~2 0.99 0.838 

0.844 1.00 0.844 

0.911 0.99 0.904 

0.942 1.01 O. S~.9 

0.976 1.00 0.976 

0.988 1 .00  1 .000  

0.997 1.00 1.000 

0.999 1.0Q 1.000 

1.03 

1.01 

0.99 

1.01 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.O0 

1.00 

1.00 

1 .~]  

1.OQ 

0.99 

1.00 

1.01 

1.00 

1.01 

1.01 

1.01 

1.00 

1.00 

1.00 

1.00 

1.00 

0.99 

1.00 

1.00 

1.00 

1.00 

O. 99 

1.00 

0.90 

1.00 

1.02 

1.00 

1.02 

1.00 

1.00 

1.00 

LO0 

0.99 

0.99 

1.00 

1.00 

1.00 

1.00 

0.99 

1.00 
1.00 
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T A B L E  11. (contd) 
Band 

19-0 

18-0 

17-0 

16-0 

15-0 

14-0 

13-0 

12-0 

n - o  

¢ -¢d(O{i) ¢ -¢2(02) R 2 ¢-T6(°2) R6 Band ¢-xd(o2) ¢=12(o2) R 2 ¢-~6(°2 ) 

N(02) = 1.00 x 1019 cm -2 

0.657 0.576 1.14 0.676 0.97 10-0 0.884 0.899 0,99 0.89~ 

0.508 q.528 0.96 0.507 1.00 9-0 0.897 0.895 1.00 0.900 

0.473 0.458 1.03 0.470 1.01 8-0 0.91~ 0.897 1.02 0.912 

0.523 0.520 1.01 0.526 1.00 7-0 0.951 0.943 1.01 0.953 

0.610 0.61~ 0.99 0.608 1.00 6-0 0.976 0,963 1.01 0.972 

0.764 0.759 1.01 0.765 1.00 5-0 0.989 0.986 1.00 0.991 

0.823 0.868 0.95 0.820 1.00 4-0 0.996 0.993 1.00 1.00~ 

0.775 0.019 0.95 0.778 1.00 3-0 1.000 0.999 1.00 1.000 

0.752 0.7~2 1.01 0.752 1.00 2-0 1.000 1.000 1.00 1.000 

0.99 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

TASTE 12. PHOTODISSOCIATION RATES OF MOLECULAR OXYGEN FOR T = 230 K 

Deta i led  calculation Formula:  2 terms 
Schumann-  Schumann-  

N(O2) Herzberg Range bands 

(can -2) continuum* bands J(s -1) Total 

1 .0x  1019 8 . 3 8 x  10 -1° 1.45 x 10 - s  1 .53x  10 - s  1.46 x 10 - s  1.54X 10 - s  
2.5 8.38 7.94 x 10 -9 8.78 x 10 -9 8.41 x 10 -9 9 .25x  10 -9 
5.0 8.38 4.78 5.62 5.29 6.12 
7.5 8.38 3.54 4.38 3.97 4.81 
1 .0x  102o 8.37 2.86 3.70 3.22 4.06 
2.5 8.36 1.43 2.27 1.62 2.46 
5.0 8.34 8 . 1 9 x  10 -1° 1.65 9 . 4 0 x  10 -1° 1.77 
7.5 8.30 5.83 1.41 6.78 1.57 
1.0× 1021 8.27 4.57 1.28 5.36 1.36 
2.5 7.95 2.09 1.00 2.51 1.05 
5.0 7.20 1.17 8.37 x 10 -1° 1.41 8.62 X 10 -1° 
7.5 6.20 0.84 7.04 1.00 7.21 
1 .0x  1022 4.71 0.64 5.35 7 . 5 8 x  10 -11 5.46 
2.5 2.16 0.27 2.43 3.02 2.47 
5.0 8.35 x 10 -11 1.10 x 10 -11 9.45 x 10 -11 1.14 9.49 x 10 -11 
7.5 4.17 0.54 4.71 5;38 x 10 -12 4.71 
1 .0x02a  1.90 0.25 2.15 2.47 2.15 
2.5 1 .20x  10 -12 0 .111  10 -12 1 .31x  10 -12 1 . 1 1 × 1 0  -13 1 .311  10 -12 
5.0 4.61 x 10 -12 0.20 x 10 -14 4.81 x 10 -14 2.46 x 10 -15 4.85 x 10 -14 
7.5 3.12 x 10 -15 0.06 x 10 -15 3.18 x,10 - i s  1.02 x 10 -16 3 .221  10 - i s  
1 .0x  1024 2 .501  10 -16 0 . 0 2 x  10 -16 2 .521  10 -1* 5 .07x  10 -17 2 . 5 6 x  10 -16 

TASTE 13. EeeeCr OF THE LYMAN-ALPI-IA I~I>IATION ON 
THE 0 2  PHOTODISSOCIATION RATE J2 

J(Ly-a)  J2(total) 
N(O2) (s =1) (s -1) 

1.0 x 1019 2.72 x 10 -9 1.80 x 10 - s  
2.5 2.33 1.12 
5.0 1.82 7 .44x  10 -9 
7.5 1.41 5.79 
1 .0x102°  1.10 4.80 
2.5 7.0 x 10 -1° 2.97 
5.0 4 . 5 x  10 -11 1.75 
7.5 8.0 x 10 -12 1.41 
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