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ABSTRACT 

Radiation equilibria due to ionizing radiation or ultraviolet light, or both, on systems 
such as air, oxygen, carbon dioxide, and their mixtures are of major importance to 
planetary atmospheres. To investigate the radiation equilibria in the ultraviolet region, 
a special “Bromine” lemp has been developed which gives 10’’ quanta/sec at 1582 
and 1633 A where the latter is the most intense Br line. Since the absorption coef- 
ficients of 0,, CO,, 0, and other gases are substantial at these wavelengths, radiation 
equilibria can be obtained in reasonable times (between 1 hr and a few days, depending 
on conditions) in our 500 ml sample volume. Since the temperature can also be varied, 
the conditions prevailing in any region of an atmosphere can be simulated. The wall 
effects are negligible for pressures down to a few mm. 

The irradiation of 0,, CO, CO,, N, and mixtures of these gases are discussed. The 
effects of trace amounts of water vapor on the equilibria are noted. 

Introduction 

Much interest exists today in the chemistry of 
the atmospheres of the earth and Venus. For 
both planets solar radiation impinging on the 
upper atrnosphercs causes photodissociation 
and various recombination reactions result in 
the establishment of steady-state equilibria. 
Most of the recombination reactions of interest 
take place in the region of the chemosphere. 
In  the earth’s atmosphere, photodissociation 
of oxygen is the source of steady-state concen- 
trations of 0-atoms and ozone. Although many 
investigations have been made of the manner 
in which these species interact, the rate con- 
stants of some of the reactions are not known 
with sufficient accuracy to predict steady-state 
conditions occurring in various regions of the 
atmosphere. The role which minor constituents 
such as H-atoms and OH radicals may play 
in the atmospheric chemical equilibria is also 
of great interest as is the origin of some of the 
trace constituents such as N,O. 

The principal observable constituent of the 
Venus atmosphere is carbon dioxide. It might 
be expected that photodissociation of this 
would lead to appreciable steady-state con- 
centrations of oxygen and carbon monoxide. 
However, these two compounds are not ob- 
served and upper limits have been set for their 
presence which correspond to 0.1 % of the CO,. 

A study of the photochemical equilibrium of this 
system would thus be very valuable for an 
understanding of the chemistry of the Venus 
atmosphere. 

The iodine lamp, emitting the 2062A ultra- 
violet line of iodine, has been used in this labo- 
ratory to study the reactions of (HARTECK, 
REEVES & THOMPSON, 1964) CO ( a W )  mole- 
cules and for this work a similar lamp, the 
bromine lamp (THOMPSON, HARTECK & REE- 
VES, 1965) was used. The bromine lamp emits 
radiation a t  1633A which is absorbed by CO, 
and 0,. The high total radiation intensities 
obtainable from these lamps make them espe- 
cially suitable for radiation equilibrium studies. 

Experimental 

The bromine lamp used for these studies has 
been described in detail elsewhere. THOMPSON 
et al., 1965. Basically it consists of a central 
discharge tube through which argon containing 
a trace of bromine vapor is passed. The bromine 
is introduced through a capillary leak from a 
reservoir. A vacuum jacket is provided be- 
tween the central discharge tube and the sample 
reservoir for thermal insulation. The innermost 
walls are constructed of Suprasil quartz to 
permit transmission of the 1633A bromine line. 
Each 1 mm thickness of Suprasil transmits about 
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50% of the 1633A radiation so that about 
25% of the initial intensity is transmitted to 
the sample reservoir. The only other ultraviolet 
line which might be present is the 1582A 
line and only a minor amount of this wavelength 
should have been received by the sample 
because each 1 mm thickness of Suprasil 
transmits only 10% of the radiation of this 
wavelength. Thus only 1 % of the initial 1582A 
radiation would penetrate to the sample cell. 
An outer jacket is provided through which 
liquid can be circulated at  any desired tem- 
perature. The temperature in the sample re- 
servoir was checked by gas thermometer tech- 
niques and found to be within 1 or 2 degrees 
of that in the outer jacket. Studies were made 
at various temperatures from 300" K to 200" K. 
Gas samples could be withdrawn for analysis 
at any time during irradiation. 

The spacing of the energy levels for bromine 
is such that no emission lines are observed in 
the region between 1633A and about 3000A 
(TECH, 1963). However, fairly intense "con- 
tinua'' similar to those found with I, KIESS & 
CORLISS, 1959) are observed in the 2500A- 
3000A region. This radiation could interfere 
with the study of equilibria involving ozone, 
which absorbs strongly in this wavelength 
region, and therefore it was minimized by 
keeping the bromine partial pressure very low 
(a few tenths of a micron or less). For these ex- 
periments it was desirable to have as nearly 
monochromatic radiation as possible; however, 
it is clear from the above remarks that by using 
a higher bromine pressure so that the "con- 
tinua" were more intense, a pseudo-"solar" 
radiation spectrum could be obtained which 
might be very useful in some studies. 

All gases used were obtained from the Mat- 
heson Company. CO, (Coleman Grade) was 
purified from traces of air and water by frac- 
tional distillation at  low temperatures. Oxygen 
and argon were dried by passing through liquid 
oxygen traps. CO always had to be purified 
from traces of iron carbonyl which might have 
interfered with the equilibria under study. 
This was done by bubbling through sodium 
hydroxide solution. The CO was then dried 
by passing through a series of liquid oxygen 
traps. 

Gas analyses were made with a Consolidated 
Electrodynamics Corp. mass spectrometer, 
model 21-130, except for ozone which was 
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determined by bubbling through potassium 
iodide solution and titrating the liberated 
iodine. 

Results and discussion 

Oxygen-ozone radiation equilibrium 

A preliminary discussion of the results ob- 
served with this system is given elsewhere 
(THOMPSON, HARTECK & REEVES, 1965). The 
most significant feature of the results is that 
at low temperatures the steady-state ratio of 
0, to 0, a t  any given temperature waa essen- 
tially a constant, independent of the total 
pressure. When pure 0, was irradiated a t  
201°K the equilibrium 0,/08 ratio was about 
0.46; a t  242°K the ratio was about 0.15. At 
273°K the ratio was about 0.09 with a slight 
pressure dependence. The precision of the data 
in each case was about & 10 %. 

The 0,-0, equilibrium can be considered to 
be controlled by the following series of reactions: 

k. 
OpP)  i-0, -- 0 8  + 0 8 ,  (4) 

where it is considered that all excited Oa 
molecules and O(lD) atoms are immediately 
quenched by collisions and do not affect the 
subsequent reactions. From the steady-state 
equations for 0-atoms and for 0, the following 
expression for the equilibrium Os/Op ratio can 
be derived: 

where a1 and a, are the absorption coefficients 
for 0, and 0, for the incident light. It is obvious 
that this O,/O, ratio is not pressure independent. 

Alternately, it could be considered that the 
equilibrium is being controlled by tt mechan- 
ism involving exited or energetic atoms and 
molecules. One possible sequence is the fol- 
lowing: 
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UI 
0, + h ~  -+ 0: +O(lD), 

a* 
0, + ?Av -- o(3~)  + o ~ D ) ,  

O ~ P )  + 0, + M -L 0, + M, 

k, 
O(1D) +O, -- 0, +O,, 

O(lD) +O, -- Of +O(3P),  

of +o, -- 0, +o, +o, 

ks 

k ,  

k, of +o, -- 0, +oz, 
where the 0; formed in Reaction (1) and the 
O(lD) formed in Reactions (1) and (2) have 
initially considerable kinetic energy. 0; is 
considered to be either the (a'Ag) or the (b lXg+)  
state. The reaction 

of + 0, +o, + 0 (9) 

cannot occur with either 0, (a'Ag) or 0, 
(b lCg+) .  It occurs with 0, (A3Cu+) (HARTECK & 
REEVES, 1964) but this is not formed in the 
above series of reactions. Using Reactions (1) 
through (8) steady-stqte equations can be set 
up for 0,, 0-atoms, and O(lD). Combining 
these three equations the equilibrium O,/O, 
ratio is found to be: 

where a1 and a ,  are defined as above. This 
ratio is pressure independent, even though Reac- 
tion (3) contains a term dependent on pressure, 
because this reaction is not a controlling reac- 
tion, but a consecutive reaction to Reactions 
(2) and (6).  The reaction of O(,P) with 0, is 
neglected in this sequence, assuming that 
under these conditions, due especially to its 
heat of activation, this reaction does not signifi- 
cantly compete with Reaction (3). Therefore, 
in the steady-state the rate of formation of 
ozone is equal to the rate of formation of 
O(3P) by Reactions (2) and (6). Such an excited 
atom mechanism is thus compatible with the 
observed 0,-0, equilibrium results under 
these conditions. 

When mixtures of 10% 0, in argon were irra- 
diated, a constant O,/O, ratio, independent of 

pressure, was again observed for a given tem- 
perature; however, the value was about a 
factor of two higher. The 0-atoms produced in 
Reaction (2) by 1633A radiation will have 
additional kinetic energy of about 5 kcal and 
thus may react faster with ozone than normal 
thermal atoms. Addition of argon would be 
expected to thermalize these atoms and thereby 
increase the steady-state ozone concentration 
as observed. However, the addition of argon 
should have little or no effect on depopulating 
the excited electronic states. 

When traces of H, were added to the oxygen 
the equilibrium O,/O, ratio decreased, as 
might be expected on the basis of the known 
rapid reaction of H-atoms with 0,. However the 
effect was by no means as dramatic as observed 
with CO, (REEVES et al., to be published). 

CO, radiation equilibrium 

The photochemical equilibrium of CO, can be 
considered to be controlled by the following 
two reactions in addition to Reactions (1) 
through (4) above: 

aJ 
CO, + hv -- CO + O('D), (10) 

co +o(~P)  -- co, i hv, (11) 
k,, 

where again the excited atoms and molecules 
have been assumed to be immediately quenched. 
It may be noted that Reaction (11) has been 
reported as a two-body reaction by MAHAN & 
SOLO (1962). By the application of steady-state 
relationships (REEVES et al., to be published), 
the following equation can be derived for the 
equilibrium CO/CO, ratio: 

where a,, u,, and a, are the absorption coef- 
ficients of 0,, 0, and CO, for the incident light. 
It is interesting that if the above series of 
reactions is solved for the O,/O, ratio, equation 
(111) reduces to equation (I), since Reaction 
(10) is essentially the reverse of Reaction (11). 
Our experimental results confirm this since the 
O,/O, ratio found in the irradiated CO, was 
comparable to that obtained with pure 0,. 

Substitution into equation (111) of values for 
absorption coefficients and rate constants 
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(REEVES et al., to be published) gives Co/CO, 
ratios of 52 at 200°K and 28 at 300°K. 

In  these experiments dissociation of the CO, 
proceeded a t  a uniform initial rate consistent 
with a quantum yield of unity in agreement with 
the results of GROTH (1937). As mentioned 
above, 0, was present and the O,/O, ratio was 
comparable to that obtained when pure oxygen 
was irradiated a t  the same temperature. The 
ratio of CO to 0, was determined mass spectro- 
metrically and, including the oxygen from the 
OJ, was found to be the stoichiometric 2:l ratio. 
This is in contrast to the results of some other 
workers (cf. WARNECK, 1964) who have re- 
ported finding less than the stoichiometric 
amount of oxygen. However their experimental 
conditions were quite different; in particular, 
a much smaller fraction of the CO, was disso- 
ciated in their experiments. 

After a few per cent of the CO, had been dis- 
sociated, back reactions began to compete and 
a steady-state was reached. The position of the 
equilibrium was found to be somewhat variable 
with a maximum CO/CO, ratio observed of 
0.35, much lower than the theoretical value 
predicted above. Some evidence of catalysis of 
the back reaction due to the presence of traces 
of water vapor was provided by irradiations 
of C O - 0 ,  mixtures and of CO, with traces of 
H, added. For example, it was found that 
with as little as 0.1 % water vapor present com- 
plete recombination to CO, occurred (O,/ 
CO, < 0.005). With 0.01 % H,O the equilibrium 
shifted slightly toward increased decomposition 
(O,/CO,- 0.03). When 0.1 % H, was added 
to CO, before irradiation, the dissociation was 
completely inhibited (O,/CO, < 0.005), and with 
0.01 yo H, dissociation occurred to a small ex- 
tent (O2/C0, -  0.02). In these latter experiments 
it could be seen mass spectrometrically that 
most of the added hydrogen remained as H, 
and only a very small fraction was converted 
to H,O during the time of irradiation. These 
results are described in more detail elsewhere 
(REEVES et al., to be published). It was conclu- 
ded that under these conditions the equilibrium 
is being controlled by such reactions as: 

CO + OH +CO, + H, (12) 

0, +H+O, +OH, (13) 

OH + 0, +HO, + O,, (14) 

CO + HO, +CO, + OH. (15) 

Reactions (12) and (13) constitute a cycle; 
however, the heat of activation of Reaction (12) 
has been reported to be at  least as high as 
7 kcal (AVRAMENKO & KOLESNIKOVA, 1964). 
At low temperatures, therefore, this cycle 
would be insufficient to account for the ob- 
served recombination and additional cycles 
such as that represented by Reactions (14) and 
(15) may be operating. Other reactions of a 
similar nature may also be involved. 

Since the 0,-0, equilibrium was believed to 
be controlled by excited or energetic species, 
as discussed above, it could be considered that 
a similar situation exists with CO,. The fol- 
lowing reactions represent a possible sequence: 

as 
0, +hv -- 0: + O(lD),  (1)  

k, 
0: 10, --- 0, +o, +O(SP). (7)  

ks 
0: +o, -- 0, +o,, 

a. 
CO, + hv --- CO + O( 'D), (10) 

CO+O('D) -4 CO,+hv. (12) 
kis 

Subjecting this system to a steady-state treat- 
ment one finds the equilibrium CO/CO, ratio 
to be given by: 

where a,, a ,  and a, are defined as above. Thus 
in an extremely clean system the CO/CO, 
ratio a t  any temperature might be expected to 
be a constant, independent of pressure. The 
pressure independence arises from the same 
considerations discussed above for the oxygen- 
ozone equilibrium. 

A catalyzed back-reaction of the type repre- 
sented by Reactions (12) through (15) could 
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obviously explain the high abundance of CO, 
in the Venus atmosphere with no more than 
traces of either CO or 0,. Recent spectroscopic 
observations from a balloon (BOTTEMA et al., 
1964) have indicated the presence of small 
amounts (a few cm-atm) of water vapor in the 
Venus atmosphere. Thus, impinging solar 
radiation should result in the establishment of 
OH radicals and H-atoms down to the cloud 
layer. The above results have shown that only 
traces of moisture are required for catalysis of 
the back reaction and therefore it seems rea- 
sonable to conclude that any CO and 0, formed 
in the Venus atmosphere recombine in the 
above manner to regenerate CO,. Also, under 
the influence of solar radiation, additional 
ozone may be dissociated by radiation in the 
2500A region, increasing the relative level of 
0-atoms, which in turnmay enhance the rate 
of CO, formation. 

It may be noted that the observed temperature 
of the Venus cloud layer is 235°K (SINTON, 
1961) which is not too different from the lower 
temperatures used in these experiments. Only 
a very small amount of actual water vapor 
is possible a t  such low temperatures because 
in this region the vapor pressure of water is 
only a few microns. Such a recombination cata- 
lyzed by the presence of trace amounts of water 
vapor has an analogy in the Earth’s upper 
atmosphere where relatively small amounts of 
H-atoms lead to strong emission of the Meinel 
bands as a result of catalytic decomposition of 
ozone by H-atoms. 

Any excess CO which might occur in the at- 
mosphere as a result of volcanic exhalations or 
other such sources could be expected to react 
to form carbon suboxide under the influence 
of solar radiation. Thus it might be expected 
that the Venus clouds are composed, a t  least 
in part, of carbon suboxide or a polymer or 
organic product derived from the suboxide 
(HARTECK & GROTH, 1957). 

Photodissociation of atmospheric water vapor, 
followed by escape of H-atoms from the upper 
atmosphere might be considered as a source of 
excess atmospheric oxygen. The calculations 
of HARTECK & JENSEN (1948), KUIPER (1952), 
and UREY (1959) have shown that oxygen in the 
earth’s atmosphere may originate in part from 
such a source. However, production of oxygen 

in the Venus atmosphere in this way should 
be negligible due to the combination of higher 
total pressure and very low temperature at the 
cloud layer which would limit the transport 
of water vapor through the atmosphere. 

It may be noted that if excess 0, should be 
formed in some other manner it could soon be 
consumed by reducing substances such as 
sub-oxides which may be expected to be present 
on the Venus surface (HARTECK et al., 1963). 

N,O radiation equilibrium 

The origin of N,O in the Earth’s atmosphere 
may be biological or to a certain extent photo- 
chemical. We have irradiated mixtures of ni- 
trogen and oxygen with the bromine lamp a t  a 
variety of temperatures and pressures to deter- 
mine whether N,O could be produced by the 
action of the 1633A radiation. We were unable 
to detect any N,O and may set an upper limit 
to the quantum yield of -lo-‘. GROTH & 
SCHIERHOLZ (1957) have reported the forma- 
tion of N,O with a quantum yield of 
with the 1470A and 1295A lines of xenon which 
have substantially higher energy. In  general, 
however, it seems doubtful that significant 
amounts of N,O are produced in the atmosphere 
by this type of radiation. One alternate pos- 
sibility which might be considered is that of a 
negative ion chain mechanism such as: 

N, + 0- +N,O + e-, 

e- + 0, +02 + 0-. 

(16) 

(17) 

Such a chain could produce considerable 
amounts of N,O. It is known that N,O can be 
formed by passing air through an ozonizer and 
also by irradiating nitrogen-oxygen mixtures 
with ionizing radiation, indicating the possibility 
of such a mechanism. 
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