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The distribution of excited atoms or molecules ahead of a shock wave front is considered.
The excitation is produced by radiation coming from the shock front. The process of non-
stationary diffusion of the radiation is taken into account. It is shown that concentrations

of excited atoms or molecules corresponding to excitation temperatures close to the tem-
perature of the shock wave are formed in the cold gas ahead of the wave front.

THERE are a number of papers in the literature
(see, for instance, reference 1) devoted to the in-
fluence of radiation from a shock wave on the state
of the gas ahead of it. These papers discuss the
photoelectric absorption of radiation from the
shock wave by atoms or molecules which are in
the lowest energy state. Thus, only the short-
wave region of the absorption spectrum is taken
into account; for radiations whose wavelength is
greater than the red limit for the photoeffect from
the ground state, the gas is considered to be trans-
parent.

In the present communication we treat the ab-
sorption of radiation that causes excitation of the
atoms or molecules. The treatment takes into
account the subsequent process of nonstationary
diffusion of the radiation. We show that there is
a wave of atomic or molecular excitation ahead
of the shock wave front.

1. THE BASIC EQUATIONS AND THEIR APPROX-
IMATE SOLUTION

Assume a plane shock wave whose temperature
is T, propagating with velocity v in the direc-
tion of the x axis. We set up the equations de-
scribing the distribution of excited atoms in space
and time.* We are interested here only in the con-
centration of atoms excited to resonance levels.
We take into account the possibility of extinction
as the result of kinetic processes. The time of
flight of the photons will be neglected in compari-
son with the mean lifetime 7 of the excited state
of the atom.

*The assumptions used in Secs. 1 and 2 can be used to
obtain results for either an atomic or a molecular gas. How-
ever, for simplicity we use arbitrarily the terms ‘“atomic’’
and ‘‘spectral line’’ in these sections.
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Using the previously developed theory of the
diffusion of resonance radiation,? we find that the
concentration of excited atoms ng (x, t) ahead
of the shock wave front is given by the following

equation:
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where the x coordinate is measured from the front
of the shock wave. The functions '€, and k,
characterize the shapes of the emission and absorp-
tion lines, respectively; o (x) is the probability of
extinction per unit time, calculated for a single ex-
cited atom; B(x) is the number of excitation events
per unit volume per second caused by the absorp-
tion of radiation coming directly from the shock
wave. The shock-wave radiation, at least in the
portions of the spectrum adjacent to the resonance
lines, can be considered as black-body radiation.
It is then easy to show that
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The Planck function E, (T) changes slowly
with frequency, compared with k;. Making use
of this fact, we obtain
(o]
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where n(T) is the Boltzmann concentration cor-

responding to the temperature T. This expression
is valid for not too large values of x, i.e., when a
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linear approximation of the function E,/hv is
possible over the frequency interval correspond-
ing to the absorption line of a layer of gas of thick-
ness X.

The solution of the integro-differential equation
(1) entails great mathematical difficulties, and can
hardly be solved at all in the general form. At the
same time it has been shown previously3 that, in
the case of integral equations with the kernel (2),
good results have followed from the use of an ap-
proximate method involving the introduction of the
concept of an effective lifetime of the excited state
of the atom

Teff (X) =1/ (C] (X),- (5)

where O (x) is the total probability that a photon
emitted from the point x will reach the boundaries
of the space under consideration without being ab-
sorbed. In our case,

O = 1=\ K(xr—g)de. (6)
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Making use of the approximate method, we obtain
instead of Eq. (1)
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The solution of Eq. (7), with the initial conditions
ng (x,t) =0 for t =0, is the function
t t
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This function can be written in the somewhat
different form
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2. DISCUSSION OF THE APPROXIMATE
SOLUTION*

In certain special cases the expression (9) can
be written in simpler forms.
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a. o=0, v =0:

t
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Consequently, in the absence of extinction, a wave
of excited atoms is gradually formed in the cold
gas ahead of the shock wave front, with a concen-
tration equal to the Boltzmann value for the tem-
perature T. This result holds for any value of
the velocity v.

The latter fact is explained by noting that the
exciting radiation contains a great many photons
corresponding to the “tails” of the absorption line.
A finite fraction of these photons undergo their
first absorption so far from the shock wave front
that the excited atoms so formed cannot reach
the plane x =0 within the time 7.

b. v=0, o =0:
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As t—  we have the following distribution:
na (x, 00) = n(T) / [1 4 5 (x) =ef7 (X)]. (14)

The ratio of the extinction probability to
1/7eff (x), the effective probability of a radiative
transition, serves as a parameter in expressions
(13) and (14). As a criterion of the time t* re-
quired to establish a stationary distribution, we
may take the condition that the argument of the
exponential function in (13) be equal to unity:

£ =ty (x) / 11 4 3 (%) ey ()]

Teff (X) increases with increasing distance from
the wave front so that for constant o at large val-
ues of x the quantity t* becomes of the order of
1/0. When x is so small that o (X) Teff (X) < 1,
the rise time is t* ~ Teff (X).

c. 0 =0, v #0. Inthis case substantial sim-
plification of expression (9) can be obtained only
by choosing a specific form for the functions o (x)
and O (x). It is natural to assume that the extinc-
tion does not depend on the coordinates (o = const.).
Then, bearing in mind that ® (x) decreases with
increasing x, it is easy to show that ng(x, t) is
less when v = 0 than when v =0, i.e., that (13)
is the upper limit of (9).

Furthermore, with constant o, the region of
integration in (9) is restricted in practice by the
exponential term exp (-ot’). Hence for suffi-
ciently large values of x the function ® (x+vt’)
is very little different from ® (x). In this case
Eqgs. (9) and (13) lead to identical results, so that

(15)
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at sufficiently large distances the relative distri-
bution of excited atoms does not depend on the
speed of the wave. It can be shown that as t in-
creases, the function ¢ (x,t) decreases. Thus
in the course of time a stationary distribution of
excited atoms builds up ahead of the shock-wave
front. The build-up time will be shorter than the
value determined from the equation

Flx,t) = 1.

If o is constant, then for any x and v the in-
equality t* < 1/c holds.

(16)

3. PROPAGATION OF A SHOCK WAVE IN AN
ATOMIC GAS

In the case of an atomic gas the interaction be-
tween radiation and the atoms is characterized by
linear absorption, whose form is usually deter-
mined by the Doppler effect and shock or reso-
nance interactions, the Doppler effect determining
the intensity distribution in the central portion of
the absorption line. The appearance of excited
atoms at considerable distances ahead of the shock
wave front is connected with the long free path of
the photons corresponding to the tails of the spec-
tral line. Therefore, assuming that the absorption
line is of the pure dispersion type, we obtain a so-
lution which to a good approximation applies to the
general case.

For a dispersion line
k
where v, is the frequency corresponding to the
center of the line and Av is the line width,
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Substituting (17) into (6), we obtain an expression
for ® (x). If kyx =1, then to a good approxima-
tion,
B (x) = (3 mkox) ™. (18)

When x=0, ® (x)=0.5. Consequently Teff (0) =
27. Making use of (18) and assuming o *o be con-
stant, we find
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where @ (z) is the probability integral. As t— oo,
the first term tends to unity.
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We now estimate the distribution of excited
atoms in front of a shock wave in argon, starting
with the wave parameters derived in the paper by
Resler et al.* (wave velocity = 18 M; temperature
= 14,000°K behind the wave front and 300°K ahead
of it; pressure = 10 mm Hg ahead of the front).
The resonance lines 1049 A and 1067 A correspond
to transitions from the ground state to the excited
states 3p5 (ZP;)/Z) 4s and 3p5 (2Pg/2) 4s. The os-
cillator strengths for these transitions are equal
to 0.2 and 0.05, respectively.5

Under the above conditions, the intensity dis-
tribution in the tails of the lines depends upon the
resonance broadening, which gives kj =~ 1.5 X 10°
em™! in both cases (see reference 6).

The extinction depends on the collisions of ex-
cited argon atoms with molecules of air which are
present as an impurity in the argon. The effec-
tive cross sections for extinction of excited argon
atoms by Ny and O, molecules are not to be
found in the literature. Using data on the extinc-
tion of other atoms, and assuming that the concen-
tration of excited atoms does not affect the esti-
mate, we obtain an effective cross section of 10714
cm? for extinction. Thus, for an impurity content
of 0.01%, o ~ 10* sec™.

The figure shows the concentration of argon
atoms in the state 3p° (ZP?/2)4s as a function of
the distance x ahead of the shock front, deter-
mined from the above parameters. It will be seen
that there is a noticeable concentration of excited
atoms (~5 x 1013 em™3) at a distance of one meter
from the shock front. The excitation temperature
is equal to 13,500°K, only slightly less than the
temperature in the shock wave. The concentration
of atoms in the state 3p° ( ZPg /2)4s cannot differ
essentially from that shown in the figure, since
the lower oscillator strength is to a certain extent
compensated by the higher statistical weight.

Because of the relatively small energy differ-
ence between the P;5 and P;s states, direct
transitions between them are possible as a result
of interactions with unexcited argon atoms. Taking
such processes into account should not seriously
alter our estimates.
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In estimating the concentrations of excited
atoms we have used the approximate expression
(4). As already mentioned above, the transition
from (3) to (4) is valid if a linear approximation
to the function E, (T)/hv is permissible over the
frequency interval corresponding to the absorption
line for a layer of thickness x. In our example,
the limiting value of x is found to be of the order
of hundreds of meters.

The distribution shown in the figure was ob-
tained without taking into account the effect of the
shock tube walls. At distances less than the ra-
dius of the shock tube, this factor can be neglected.
At greater distances, two factors must be con-
sidered: (1) the reduction in excited atoms due
to the absorption of radiation by the walls; (2) an
additional weakening of the quantity B (x) as x
increases. The latter factor is connected with
the decrease in the solid angle through which the
primary incident radiation arrives from the shock
wave.

Polishing or chrome-plating the interior surface
of the shock tube, which is usually done to elimi-
nate contamination, greatly reduces the effect of
the above factors. Furthermore, under our con-
ditions the first factor is not serious, since the
extinction due to impurities was an order of mag-
nitude larger than the reduction in the number of
excited atoms due to radiation absorption by the
tube walls.

In constructing the curves it was assumed that
the extinction depended on the interaction of ex-
cited atoms with impurity molecules, and there-
fore did not depend on the coordinates. It must
however be borne in mind that an appreciable num-
ber of free electrons are formed as a result of the
photo-ionization of argon atoms by short-wave ra-
diation ahead of the shock front. The concentra-
tion of free electrons, taking into account the mo-
tion of the wave, will fall off with increase in the
x- coordinate according to the law e~SDX, where
s is the cross section for photo-ionization and n
is the concentration of argon atoms in the free
state.

An evaluation shows that at distances x< 1 cm
extinction by electrons is dominant. Since this

form of extinction increases with proximity to the
wave front, there is a possibility of a maximum
occurring in the distribution of excited atoms. It
is obvious that atoms excited to more highly en-
ergetic states would also have a nonmonotonic
distribution.

Several reports have been given in the litera-
ture of luminosity in the gas ahead of a shock
front. In addition, in some cases a maximum has
been observed in this luminosity.” Up to the pres-
ent time, this phenomenon has not had any theo-
retical explanation. It is possible that this maxi-
mum can be explained as a nonmonotonic depend-
ence of the excited atom concentration ahead of
the shock wave upon the x coordinate. The ab-
sence of sufficiently complete experimental data
prevents us from carrying out a quantitative com-
parison of theory with experiment.

In conclusion it should be mentioned that the
presence of considerable numbers of excited
atoms or molecules ahead of a shock wave front
may lead to the appearance of secondary effects.
Thus, for example, the formation of ions at con-
siderable distances from the shock front appears
to be the result of photo-ionization of excited
atoms or molecules. In certain cases serious
energetic effects may arise due to the absorption
of radiation from the shock wave by excited atoms.
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