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Photochemical decomposition waves in an absorbing molecular gas are studied on the 
basis of the solution of the radiation transfer and particle number balance equations. The 
analysis is carried out for a light flux of arbitrary spectral composition and arbitrary 
directi vity, taking the real molecular absorption bands into account. The resulting ana­
lytic expressions allow us to estimate the velocity and width of the photochemical decom­
position wave and the effective frequency band for various shapes of the absorption bands. 
The possibility of stationary propagation_of the photochemical decomposition wave is 
studied. The conditions for appearance of inverse level populations are considered for the 
case in which one of the photodecomposition products is in the excited state. It is shown 
that the conditions for inversion are qualitatively different in the regions of nonstationary 
and stationary photochemical decomposition wave propagation. 

One comes into contact with wave phenomena that 
arise in absorbing media under the action of light in a 
number of fields of phYSics, ranging from astrophys­
ics,[l] and radiative heat transfer(2) to laser physics[S] 
and laser plasmay,5] All these phenomena are de­
scribed by equations that are similar in structure and 
have much in common. In the present work, photochem­
ical decomposition waves in an absorbing molecular 
gas are considered on the basis of the equations of 
radiative transfer and particle number balance. The 
analysis is carried out for a light flux of arbitrary spec­
tral composition with arbitrary directivity and with ac­
count of the real absorption bands of the molecules. 

Gasdynamic motions that arise as a consequence of 
the evolution of heat on the decomposition of a substance 
can exert a Significant influence on the process of photo­
chemical decomposition. This transfer of matter can be 
neglected if the condition 

v'~2(l'-1)q, 

is satiSfied, where v is the photochemical decomposi­
tion wave velocity to be introduced belOW, Y the Poisson 
adiabatic exponent of the heated gas, q the heat released 
as a result of photochemical decomposition (calculated 
per unit mass). In the right side of the equation is the 
square of the velocity of the shock wave which arises in 
the material if a reaction occurs in it with specific heat 
release equal to q. 

Let the half-space x > 0 be filled with AB mole­
cules, which decompose under the action of light:1 ) 

AB+hv =A+ B. (1) 

The region of photochemical decomposition has 
dimensions of the order of 1/k (k is the light absorp­
tion coeffiCient) and, if the products of the reaction (1) 
do not absorb light and do not recombine into the initial 
material, a bleaching wave will propagate through space­
the photochemical decomposition wave. We now con­
sider the structure of this wave in more detail. 

The interaction of the light with matter is described 
by the equations of radiative transfer and particle num­
ber balance: 
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where III = 111 (°, x) is the spectral light intensity in the 
direction of the unit vector n at the point x, II is the 
frequency of the light, a(lI) the absorption cross sec­
tion of the AB molecules at the frequency II, 8 the 
angle between the normal to the surface x = 0 and the 
direction of propagation of the light, and N the concen­
tration of AB molecules at the point x. The initial and 
boundary conditions are: 

N(x, t=O) = No, 1.(x=O) =1.'(0). 

In the general case, the solution of the system of 
equations (2)-(4) can be represented only in the form 
of quadratures (see below). For the particular case in 
which 

{ 
0 for VI < V <V, 

cr (V) = 0 for all the rest 

(4) 

and a collimated light flux 10 is incident on the medium, 
system· (2)-(4) does not formally differ from the equa­
tions which have already been considered[S] in the study 
of illumination waves in two-level media. In this partic­
ular case, the solutions have the form 

N(x, t) =No[1 + e-ON", (eaI" -1) ]-" 

I(x, t) = loeol,(,-.Io) [1 + e-0N", (eOI,l -1) ]-', 

where v = lo/No. 

It follows from (5) and (6) that for x» (aNo r 1 or 
t » (alo )~\ the solutions have a wavelike character: 

(5) 

(6) 

N = N(t - x/v) and 1= I(t - x/v), Le., after the time 
for establishing the wave test ~ (alo r\ a constant con­
centration profile of the initial molecules begins to 
move through space at velocity v. 

In order to analyze the character of the photochemi­
cal decomposition wave, we introduce the following nota­
tion: 

<lei 111'1. 

T=Oo J Ndx, 

° 
S = J J 211(1, - 1.°) cos' e sin e dv de, 

° ° 
""n/2 

A = J J 2110 (v) I.' cos e sin e dv de, 

° ° 
1 lID re/2 

cr=sJ J 2na(v) (I.-I.')cosesinedvde, 
° ° 

where ao = max a( II). 

USing (2), (3) and (7), we can obtain a system of 
equations for Sand N: 
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with the initial and boundary conditions 

S(x=O) =0, N(t=O) =N •. 

We note (this follows from (2» that the functions Sand 
u are functions only of T, and are known functions. 

Changing in (8) to the variables T and x, we obtain 

NIN.=SIS(t=O), 

S ( .t) = - ~ A exp (-f ~ d,;' ) f exp (J ~ d,;" ) d,;', 
00 0 00 0 0 00 

whence follows the equation for T: 

1 0,; 1 0'; 

N. a;=IS(o.N.x) ot' 

the general solution of which has the form 

,; = Q) [e-A,"rexp (f : d,;') d,; ] . . .' 
The form of the function <P is determined from the 
initial conditions: 

tf9NeX 'I 

o.N.x = Q) [ J exp ( J ~ d,;' ) d,; ]. 
o Q 00 

Differentiating (9) with respect to x, we find 

N=~ 0-': =N.Q)'e-A'exp (-J~d';). 
0 0 iJx 0 0'0 

(9) 

(10) 

(11 ) 

Equations (9)- (11) are the exact solution of the 
initial systeJIl of equations. The form of the function <P 
is found in the following way: a( T) is calculated, after 
which we find the function 

f#fNtx l' (t 

u(x)= J exp(J -d,;')d,; 
o 0 0'0 

and construct its inverse x( u): then <p( u) = aoNoX( u). 

For arbitrary dependence of a(v) on the frequency 
and for an uncollimated light flux, the integrals (9)-(11) 
are calculated' only numerically. However, the velocity 
of the photochemical decomposition wave, the band of 
frequencies effectively used, and other characteristics 
can be estimated even without carrying out such calcu­
lations. 

In the given problem, it is more convenient to fOllow 
not the profile of the density of the molecules, but the 
profile of the optical thickness T. For the width of the 
wave, we can take the dimension ~x over which T 
changes within prescribed limits, say from 0.2 to 2. We 
now find the velocity of displacement through space of 
the point which corresponds to a constant value of T. 
For this purpose, we set T = const in (9) and differen­
tiate with respect to time. We obtain 

v, = :L,onot = - S(O~~.x) . (12) 

It follows from (12) that the velocity of motion of the 
point T = const does not depend on the value of T. The 
following statement is obvious: if VT = const irrespec­
ti ve of the value of x, then the photochemical decompo­
sition wave is stationary in the sense that the profile 
T(X) remains unchanged in time. Constancy of the pro­
file T(X) is equivalent to constancy of the profile N(x) 
since N = a~l aT/ax. Thus, the necessary condition for 
the existence of a steady state is 
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S(o,N,x) =const. (13) 

In physical meaning, S is equal to the rate of absorp­
tion of photons at the initial instant in a layer of gas of 
thickness x. It is therefore clear that the condition (13) 
can be satisfied only asymptotically for sufficiently 
large x, if the absorption band occupies a sharply 
limited portion of the spectrum (or the photodecomposi­
tion is brought about by light whose spectrum is limited). 
If there is an infinitely long wing on the absorption band 
(for example, a Lorentzian line), then the total number 
of absorbed photons increases with increasing x due to 
absorption of photons with frequencies cor res ponding to 
small values of a(v). Therefore dVT/dx> 0 and the 
steady state is impossible. In this case, the curves 
T(X) will become flatter with the passage of time, which 
corresponds to spatial broadening of the wave. 

Let us consider specifically the case of a collimated 
light flux and two shapes of the absorption lines: for 
lines consisting of n rectangular steps and for a 
Lorentzian line. 

1. Photochemical decomposition wave for an n-step 
absorption line. Let a rectangular step with value of 
cross section ak correspond to the intensity Ik of the 
light. For definiteness, we assume that 

0,>0,> ... >0 •. 

The mean cross section u( T) for large T, when anT 
» 1, is equal to 

u(,;)= L,l.'o. / L,l.' =a(oo)=const. 

• • 
Therefore, for those x for which anNox» 1, we can 
obtain 

v,=Cexp[-u(oo)N.xl+ L,1.'IN., 

• 
where C> 0 is a constant. Thus, for sufficiently large 
x, the photochemical decomposition wave goes into a 
steady regime and travels with velocity 

The distance over which the steady state is established 
depends on the ratio of the quantities Ii:: and ak. 

2. Photochemical decomposition wave for a Lorentz­
ian absorption line. The shape of the absorption line is 
gi ven by the expression 

o(v)= o.n/!1vf(v) , 
1 /!1v 

f(v)=--; (v-v.)'+(/!1v)' 

For large T, for which 

J o(v) [ 1- exp (- o~:) ,;)] dv'" J o(v)dv = n/!1vo., 

the mean absorption cross section is equal to 

it." no./ 2Y':t, 

Therefore, for large x, 

2l./!1v , 
v, = --(o,N.x) I,. 

N. 
(14) 

As was to be expected, in the case of a Lorentzian ab­
sorption line there is no steady-state propagation re­
gime for the photochemical decomposition wave. Equa­
tion (14) shows that at a distance x from the boundary 
of the material, light radiated in a spectral interval 
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which exceeds the width of the Lorentzian line by a 
factor (aoNox)UZ takes part in the formation of the 
photochemical decomposition wave. Nor does a station­
ary spatial width of the photochemical decomposition 
wave exist for the Lorentzian absorption line. Using (14), 
we can show that the width of the photochemical decom­
poSition wave increases linearly with time. 

If one of the reaction products of (1) is in an excited 
state, then a wave of inverted level populations can 
arise in the medium. An example of such a molecule is 
CFsI, on photodecomposition of which atomic iodine is 
formed in the excited state.[6,7] The investigation of the 
space-time structure of generation in a photodissocia­
tion laser is one of the most effective methods of veri­
fication of the laws obtained here and of the determina­
tion of the photochemical and molecular kinetic con­
stants. 

The expressions obtained for the photochemical de­
composition waves permit us to find the conditions for 
the development of inversion in the medium. Starting 
out from the relations (5) and (6), we can show two 
regions where the conditions for the generation of in­
version are qualitatively different: these are the transi­
tional region and the region of stationary propagation of 
the photochemical decomposition wave. In the transi­
tional region (aNox « 1), the rate of excitation 
Q = -YN! at increases instantly from zero to the value 
aNolo and then falls off slowly. As is known, in instan­
taneous switching on of the pump source, inversion al­
ways appears, but exists only for a time apprOximately 
equal to the relaxation time Tr of the excited state (it 
is assumed that the lifetime of particles on the lowest 
level of the laser transition is greater than T r). 

In the region of stationary propagation (aNox» 1) 
the rate of excitation 

increases exponentially with time of growth (alo fl. The 
inversion of level population appears here only in the 
case 

(15) 

Thus, a situation can arise in optically dense layers of 
matter in which an inversion of level populations exists 
in the external layers and is absent in the internal ones. 

On a gradual switching on of the pumping source, the 
opposite situation can arise: inversion of populations is 
absent in the external layer and exists in the internal 
ones. Such a picture will be observed if a sufficiently 
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steep photochemical decomposition wave profile is 
formed in external layers of the material of thickness 

where tph is the characteristic time of switching on of 
the source and tph> Tr , and the duration of this wave 
proves smaller than Tr (the condition (15) is satisfied). 

In the general case of arbitrary shape of the absorp­
tion bands of the working sample and an arbitrary spec­
tral composition of the pumping source, the analysis is 
more difficult; however, numerical calculations give a 
phYSically intelligible result-inversion appears where 
the characteristic time of growth of the excitation is 
shorter than the relaxation time, provided that the lower, 
ground level has not been filled at the stage of slow 
growth of the rate of excitation. 

1) A and B can be either atoms or radicals. 
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