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1. INTRODUCTION

L HE passage of a strong shock wave (SW) is accom-
panied by a sharp change in the state of the gas. In the
strong compression jump (within the SW front) at a dis-
tance of the order of the mean free path the energy of
the directed motion is transformed into thermal energy;
the advancing temperature of the gas increases sharply.
The excitation of internal degrees of freedom occurs
over considerably longer time intervals. As a result a
rather extensive region is formed behind the SW in
which the concentrations of particles, as well as their
distribution over energy levels, relax to a final thermo-
dynamic state of equilibrium.

In the case of weak SW in molecular gases the rate
of establishment of equilibrium is determined by the
rotational relaxation and by various chemical reactions
(for instance, by the dissociation). With increasing
velocities of the SW these processes occur more
rapidly, and the ionization becomes the process that
determines the extent of the nonequilibrium region. The
final equilibrium state in this case is an atomic plasma.
An appreciable portion of the energy of the incoming
flux is dissipated in its production.

The following are tentative characteristics of the
nonequilibrium region in this case: number of particles
ΙΟ15—1019 cm"3, temperatures of the order of several
eV, and relaxation times of 1—ΙΟ3 μ sec. Ionization re-
laxation is thus a comparatively slow process realized
by numerous sequential collisions. The theoretical task
is to determine the temperature profiles and concentra-
tions of the principal components, their distributions
over excited states and, as a result of this, to calculate
the relaxation times.

Relaxation phenomena behind SW were discussed in
reviews* and monographs. t l~6 j However, the problems
of ionization relaxation could not be treated with suffi-
cient completeness in these papers, inasmuch as the
main results in this field have only been obtained in the
last few years. These successes were due to intensive
experimental investigations for large Mach numbers, as
well as to progress in the theory of kinetics in low-
temperature plasmas. In this review we have attempted
to sum up the results of recent years in the field of
ionization relaxation and draw attention to a series of
still unsolved problems.

1.1. Fundamental Equations. Brief Contents of the
Review

An important step in the study of the development of
ionization behind a SW was the paper of Petschek and

Byron i 9 ] who investigated SW in argon experimentally
and theoretically. They established that the relaxation
occurs in two stages. A relatively slow generation of
electrons occurs during the first stage. After the elec-
tron concentration reaches a given magnitude, the re-
laxation is completed by cumulative ionization by means
of electron impact. Subsequent investigations of strong
SW in atomic and molecular gases (predominantly in air)
showed that the elementary processes giving rise to
ionization during the first stage can be very diverse.
The rate of cumulative ionization depends markedly on
the energy of the electrons and is thus determined by
the energy balance of the electron gas.

It is obvious that the development of the ionization
should be described by a system of equations of kinetics
and gas dynamics. For a plane SW this system is writ-
ten as follows:

The equation of the ionization kinetics:

d(neV)/dx = Se (1.1)

The equation of the energy balance of the electrons:

^Qt. (1.2)

Here χ is the distance from the SW front, ν is the veloc-
ity of the gas, n e and Te are the concentration and tem-
perature of the electrons, and S e is the source of elec-
trons due to the aggregate of the various elementary
processes. The quantities Qj correspond to the various
processes of heating and cooling of the electron gas re-
sulting from elastic and inelastic collisions. The con-
vective term Tene8v/Sx can be neglected, excluding the
region directly adjacent to the SW front. Unlike in a
SW, in a completely ionized plasma the electron thermal
conductivity in (1.2) is unimportant. However, for a SW
of sufficient amplitude, the electron thermal conductiv-
ity also plays a part in the propagation of the SW in an
un-ionized gas (see Sec. 4.4).

The gas dynamics equations expressing the laws of
conservation of the fluxes of mass, momentum, and en-
ergy, are of the form

*We also indicate reviews [7'8] which contain extensive material on
the rate constants of various reactions essential for the investigation of
nonequilibrium effects behind weak SW in molecular gases.

Here ρ is the density, ρ is the pressure, h is the specific
enthalpy of the gas, and Q R are the energy losses re-
sulting from the emission of radiation. The subscript 1
marks quantities referring to the state of the gas ahead
of the compression jump.

The system of equations (1.1)—(1.3) is complicated.
This is connected with the fact that the quantities Se>
Qi, and Q R depend to some extent on the distribution of
atoms over the excited states, as well as on the energy
distribution of the electrons which is not always
Maxwellian. In addition, for SW in molecular gases it
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t u r n s out t o be e s s e n t i a l t o w r i t e down k i n e t i c s e q u a -
t i o n s of t h e t y p e (1.1) a l s o for t h e o t h e r c o m p o n e n t s .

In a c c o r d a n c e wi th t h e d i s c u s s i o n w e s h a l l c o n s i d e r
i n t h e r e v i e w p r o b l e m s of t h e i o n i z a t i o n k i n e t i c s i n a
p l a s m a , t h e m e c h a n i s m s of t h e i n i t i a l i o n i z a t i o n a n d t h e
s t r u c t u r e of t h e r e l a x a t i o n r e g i o n . I n t h e c o n c l u d i n g
s e c t i o n w e d i s c u s s t h e r a d i a t i o n of t h e n o n e q u i l i b r i u m
r e g i o n .

2. IONIZATION KINETICS IN A LOW-TEMPERATURE
PLASMA

2.1. Ionizat ion and Recombinat ion in an Atomic P l a s m a
in C o l l i s i o n s with E l e c t r o n s

In e a r l y p a p e r s it w a s a s s u m e d t h a t t h e i o n i z a t i o n
o c c u r s f r o m t h e g r o u n d s t a t e of t h e a t o m . A c c o r d i n g l y
i o n i z a t i o n c o e f f i c i e n t s by e l e c t r o n i m p a c t , c o l l i s i o n wi th
a n a t o m o r i o n , a n d p h o t o i o n i z a t i o n c o e f f i c i e n t s w e r e
d i f f e r e n t i a t e d . In r e a l i t y e a c h a c t of i o n i z a t i o n i s t h e
r e s u l t of a l a r g e n u m b e r of c o l l i s i o n a n d r a d i a t i o n p r o c -
e s s e s i n w h i c h t h e b o u n d e l e c t r o n , a c q u i r i n g and l o s i n g
e n e r g y , p a s s e s g r a d u a l l y t h r o u g h a l a r g e n u m b e r of e x -
c i t e d s t a t e s . T h e r e f o r e t h e u s e of t h e a b o v e - m e n t i o n e d
v a r i o u s c o e f f i c i e n t s of i o n i z a t i o n ( r e c o m b i n a t i o n ) m a k e s
s e n s e only i n l i m i t i n g c a s e s w h e n s o m e e l e m e n t a r y
p r o c e s s d o m i n a t e s .

We s h a l l w r i t e t h e r a t e of c h a n g e of n e in t h e u s u a l
m a n n e r :

C ™ *. ft «3 /9 1 \

w h e r e ni i s t h e c o n c e n t r a t i o n of e l e c t r o n s in t h e g r o u n d
state and a and β a r e the recombination and ionization
coefficients. The role of the var ious elementary proc-
esses affects the form of a and β. Let us consider the
limiting case in which excitation and ionization by elec-
tron impact predominates .

In order to find a and β , one must know the popula-
tions of all the excited s tates of the atom which a re de-
termined from a solution of the system of nonstationary
equations of the balance of par t ic les at each of the
levels. However, if one i s not interested in very smal l
t ime intervals from the beginning of the p r o c e s s (of the
o r d e r of 10"8—10"7 sec), then one can make u s e of the
quasistationarity approximation of the excited s tates . It
consis ts in the fact that s tates whose populations a r e
small, n^ <C n e and n x , manage at each instant during
the relaxation p r o c e s s to adjust to the relatively slow
changes of the concentration of e lectrons and their tem-
p e r a t u r e . This makes it possible to consider the system
of stationary equations of the balance of par t ic les in ex-
cited s tates of the atom and to obtain sufficiently gen-
era l express ions for the coefficients a and β.

It i s known that t rans i t ions of electrons between
energetically close s tates a r e the most probable. There-
fore the p r o c e s s of ionization (recombination) can be
considered as some slow probability p r o c e s s of the
type of Brownian motion in energy space. The ideas of
a diffusion approximation in the recombination kinetics
at low t e m p e r a t u r e s were developed in the paper of
Belyaev and Budker. ' 1 0 3 However, in o r d e r to extend
the range of problems the diffusion approximation must
be combined with an account of t h e d i scre te nature of
the energy spectrum of an atom.

The diffusion approximation in energy space was de-
veloped in ' 1 1 " 1 3 · 1 and a Fokker-Planck type equation in
finite differences for bound electrons and a differential
equation for free e lectrons were obtained. By solving it
the distribution of atoms over the energy levels was ob-
tained and the coefficients a and j3 were calculated with
account of both collision and radiation p r o c e s s e s , a s
well a s of the possible violation of the Maxwellian en-
ergy distribution of the e lectrons.

When the ionization and excitation a r e due solely to
electron impact, the approximate expression for β i s of
the f o r m t l 3 j

(2.2)

Γ - 4

J-ΓΛ Σ ' 1^-ΥΡ-Ει/τ.

2ne4/KmRy3/2 = l,7.10"7 c m V s e c ;

Ei and E 2 a r e the energy levels of the ground and first
excited s ta tes reckoned from the continuum, g! and Σ^
a r e the stat ist ical weight of the ground state and the
partit ion function of the res idual ion,

The quantity Fi takes into account the non-Maxwellian
nature of the energy distribution of the electrons and
will be discussed below. For a Maxwellian distribution
Fi = 1. Formula (2.2) makes it possible to calculate
readily the ionization coefficient under var ious specific
conditions.

The ionization coefficient depends naturally on the
c r o s s sections of the individual t ransi t ions. However,
these quantities enter in (2.2) in combinations which a re
insensitive to the possible e r r o r s of the individual c ros s
sections. This enables one to take into account the
pecul iar i t ies of the individual t rans i t ions by means of a
universal quantity, the so-called Coulomb logarithm for
bound states, Λ^, which depends on the rat io of the
transi t ion energy ΔΕ and T e . The corresponding graph
plotted on the bas i s of the presently available c r o s s
sections is shown in Fig. 1. The weak dependence of β
on the c r o s s sections of the individual t rans i t ions made
it possible to take into account in (2.2) a l lA^, k *- 1, by
introducing Λ κ 0.2. The most important t ransi t ion
1 — 2 i s taken into account by Λ1# (In Sec. 5.1 we shall
also make use of Λ^, k * 1.)

Formula (2.2) i s a good approximation to a m o r e

FIG. 1. Dependence of the
Coulomb logarithm for bound
states Λ]ζ on the relative energy
of the transition ΔΕ/Τε.
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general expression obtained in t l 3 J and is in fair agree-
ment with experiment and with the results of machine
solutions1" J of the system of equations of the kinetics
of the excited states.

Let us discuss the limiting cases of high and low
temperatures.

At high temperatures (the ionization energy of the
first excited state is comparable with the kinetic energy
of the electrons) one can assume that each excited atom
appearing in the ionization process will be immediately
ionized. In this case the rate of ionization is determined
by the excitation rate

β = <zi2> = Σ <«Ί»> = βι.
7152

(2.3)

where ( w i n ) is the excitation probability 1 — η aver-
aged over the electron distribution function. This ap-
proximation of " i m m e d i a t e ionization" in the problem
of the relaxation behind the shock wave was used in a
number of p a p e r s start ing from' 9 · 1 . In the case of high
T e the approximate value of the sum (2.3) corresponds
to the first t e r m in formula (2.2).

Only the highest excited s ta tes a r e ionized direct ly
at low t e m p e r a t u r e s . The population of the first excited
s ta tes r e m a i n s , therefore, during the relaxation p r o c e s s
close to i t s Boltzmann values corresponding to T e . This
makes it possible to go over in the Fokker-Planck equa-
tion from a d i scre te to a continuous spectrum not only
in the region adjoining the continuum' 1 0 ' 1 5 · 1 but in the
entire energy range. Then,

(2.4)

The factor Fi in (2.2) appears a s a r e s u l t of taking
into account the p o s s i b l e v io lat ion of the Maxwel l d i s t r i -
bution, s i n c e each act of exc i ta t ion by e l e c t r o n impact
m e a n s a s imul taneous d i s p l a c e m e n t of the f ree e l e c t r o n
into the r e g i o n of l o w e r e n e r g i e s . The Maxwel l i z ing
factor a r e the i n t e r e l e c t r o n c o l l i s i o n s , however their
r o l e in the reg ion of h igher e n e r g i e s may turn out to be
insuff icient. An e x p r e s s i o n has been obtained for Fi

V — _LJL
r 1 — T̂ .- r

6 'y i+4C4 r

where Aj i s the Coulomb logar i thm for i n t e r e l e c t r o n
collisions, λ = 1η(9Τ|/8πη β ε 6 ) + 1. Under character i s t ic
conditions λ fe 10, andAi = 0.01—0.05.

Thus, formula (2.2) combining both diffusion consid-
erat ions a s well a s an account of the d i scre teness of the
atomic levels has c lear l imiting express ions determin-
ing their l imits of applicability and is in fair agree-
m e n t C l 3 ] with experiment. As an i l lustrat ion we present
in Fig. 2 the values of β for an argon and potassium
plasma. As one would have expected, for the potassium
atom which has a relatively uniform density of levels
the usual diffusion approximation has a la rger region of
applicability. On the other hand, the immediate ioniza-
tion approximation works well for argon. In Fig. 2 the
curves corresponding to the var ious degrees of ioniza-
tion i l lus t ra te the influence of the non-Maxwellian na-
t u r e of t h e e lectrons on the value of β.

FIG. 2. Dependence of the ioni-
zation coefficient β on the relative
temperature (Ej —ionization energy).
Argon, Eq. (2.2) for various degrees
of ionization: 1-α= ΙΟ"2, 2-10"3,
3-1CT4, 4-10' 5 . Potassium, Eq.
(2.2),—curve 5; curves 8 and 9—lim-
iting cases of β2 and βι. Potassium
in a mixture with argon (the product
of the thickness of the plasma layer
and the ratio of potassium atoms to
argon atoms was taken to be 10"4),
Eq. (2.5) for various n e : 6—ne =
ΙΟ1 3, 7-10 1 2 cm"3. In plotting
curves 6—9 it was assumed that Fj
= 1. 10

0,04

2.2. The Effect of Radiation and In tere lec t ron C o l l i s i o n s
on the K i n e t i c s of Ionization and Recombinat ion

We present below an expression for β augmented by
an allowance for radiation and for interatomic collisions.
Of the interatomic collisions we have only retained
I r 2 t ransi t ions, and the radiative t rans i t ions between
excited s ta tes have been taken into account approxi-
mately (a more general expression for β can be found

in[13:, We have
1 X (ERIT,),

(2.5)

" ne(zi2)<> /-, + ., ' «8 (Te) '

In (2.5) a s before [as well a s in (2.2)] the first t e r m r e -
mains in the " i m m e d i a t e ionization" approximation and
the second t e r m c h a r a c t e r i z e s the r a t e at which the
electron passes through excited s ta tes . Therefore ξ1

ref lects the i n c r e a s e in the number of a c t s of excitation
from the ground state due to interatomic impacts
[n e ( z 1 2 ) 0 and n a {zf2) a r e the r a t e s of the 1 -• 2 excita-
tion by an electron and an atom and ( )° indicates aver-
aging over the Maxwell distribution of the electrons].
The factor ξ 2 r e p r e s e n t s approximately the rat io of the
population of the second level n2 with account of the
interatomic collisions and the emiss ion to the Boltzmann
value n2(T e); ( z 2 1 ) 0 and <zai) a r e the efficiencies of im-
pacts of the second kind, A*x = A2 102 1— i s the emission
probability with account of reabsorption (see Sec. 3.2).
By the same token the factor ξ 2 t akes into account the
effect of the additional p r o c e s s e s taken into account on
the r a t e of the step-like ionization. The function
X(Ep/T e ) is responsible for a d e c r e a s e in the r a t e of
ionization result ing from the " c o u n t e r " process—the
emission of strongly excited s ta tes . F o r Ej^ we have
the formula ' 1 3 j

EB a* Ky .nllU{Vn e4A/Ry VmTl C,)1/4,

i = \o -v *±)' iv SGC ·
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Formula (2.5) demonstra tes graphically the nature
of the influence of the interatomic collisions and radia-
tive p r o c e s s e s on the r a t e of ionization.

Radiative p r o c e s s e s exert an influence on the kinetics
for small n e . The factors ξ 2 and x(Ej j/T e ) take into
account radiat ive t rans i t ions between the lowest excited
state and the ground state, as well as between excited
states . I n ' 1 6 3 in considering recombination allowance is
made for factors corresponding to the appearance of ξ 2 ;
an analog of χ ( Ε ρ / Τ θ ) i s in fact introduced in ' 1 7 · 1 . It is
obvious that the regions of the applicability of the resu l t s
of these papers a r e different (high and low t e m p e r a t u r e s
respectively).

The relat ion between the ionization coefficients β and
the recombination coefficients a i s of the form

= δΤ,αη,Π"1, Π = ξ,/ξ2, ( 2 . 6 )

where ίκχ i s the ionization equilibrium constant. Obvi-
ously the emiss ion and collisions of heavy par t ic le s
have a different effect on a and β. Behind a strong SW
recombination becomes usually appreciable only for
large n e when collisions with electrons dominate the
kinetics. Then, since Π — 1 and ξ — 1, β = δ τ ^ α .

Let us draw attention to the l imitations in using the
above formulas. In (2.5) attention has only been paid to
interatomic collisions of the following type:

X* + X. (2.7)

No allowance is made for the p r o c e s s e s of associative
ionization and dissociative recombination

(2.8)

(2.9)X+X' Xi

These p r o c e s s e s will be discussed in subsequent sec-
tions.

Account of the radiative p r o c e s s e s does not, of
course, reflect phenomena connected with the presence
in the p lasma of large gradients of radiation density.
Thus, for example, " i l l u m i n a t i o n " by an intensely emit-
ting equilibrium gas can acce lerate the ionization in the
relaxation zone. The appropriate generalization is con-
sidered in Sec. 3.2.

Ionization from the ground state and recombination
with the direct formation of an atom in the ground state
can become appreciable at high t e m p e r a t u r e s . These
p r o c e s s e s a r e not step-like and a r e readily taken into
account. Their contribution to the change in the electron
concentration i s summed with the resul t ing contribution
of the step-like p r o c e s s e s .

2.3. Energy Balance of the Elect rons

In an atomic p lasma relaxation p r o c e s s e s a re des-
cribed by three character i s t ic quantities: the ionization
relaxation t ime τ , the relaxation t ime of excited s tates
(to the quasistationary value) τ^, and an analogous r e -
laxation t ime of the e lectron t e m p e r a t u r e T-J,. These
quantities usually satisfy the inequalit ies τ^ < τ ^ « τ.

The quasistationary nature of the excited s tates was
discussed at the beginning of th is section. The quasi-
stationary nature of T e has the same meaning physic-
ally and is due to the small energy contribution of the
electrons to the enthalpy. After a t ime τ·ρ the tempera-

t u r e T e " f o r g e t s " i ts initial value and is determined by
the local energy balance:

3/2TeSe + Qln — <?e[ = 0. (2.10)

In (2.10) the sum of the energy sources SQj [Eq. (1.2)]
i s written in the form of a difference of the energy los-
ses of e lectrons in inelast ic collisions Q j n (excitation,
ionization) and of heating by elast ic collisions with
atoms and ions Q e^. Inasmuch as the la rge energy los-
ses of the e lectrons Q i n a r e compensated by the rela-
tively slow heating by elast ic collisions, T e behind the
front t u r n s out to be considerably lower than the tem-
p e r a t u r e of the atoms and ions T a . This has already
been explained i n ' 9 3 .

If the interatomic collisions a r e unimportant in the
kinetics, then it is convenient to represent Q^n in the
form

Qin = EiSP4- OR-I- Qci, /9 11\
v ι en ν κ rv«r , ( ώ . 1 1 )

w h e r e E i S e a r e t h e e n e r g y l o s s e s t o i o n i z a t i o n , Q R a r e

t h e r a d i a t i v e e n e r g y l o s s e s , a n d Q S j - a r e e n e r g y l o s s e s

f o r t h e m a i n t e n a n c e o f t h e q u a s i s t a t i o n a r y p o p u l a t i o n o f

e x c i t e d s t a t e s

In pract ice Q s t is inappreciable in cases when the first
excited state i s separated from the ground state by a
considerable energy interval (for example in the inert
gases). In the opposite case (for example, for nitrogen
and oxygen atoms) one must take into account the t e r m s
of the basic electron configuration.C l 8 > 1 9 : i

In o r d e r to calculate Q R one needs the nonequilibrium
values of the population of the radiating s ta tes . In Sec.
5.1 we present the appropriate formulas obtained in
solving a system of balance equations of excited atoms
in the diffusion approximation (see above).

When the interatomic collisions influence the ioniza-
tion kinetics the form of the notation of Q j n (2.11) must
be changed. For instance, whereas in the immediate
ionization approximation the role of interatomic colli-
sions reduces to (2.7), during the first s tages of relaxa-
tion

,„ - E,ne <212
(2.12)

It i s , however, possible that interatomic collisions ion-
ize effectively the excited s tates [process (2.8)] and the
electron appearing has a certain energy E. Then,

Q,n = (£, - E2) ne <z12) - E n a 12)] + QR. (2.13)

The actual course of the p r o c e s s e s is often not com-
pletely c lear, since all c r o s s sections for interatomic
collisions a r e not known. We note, however, that during
the first stage of relaxation when the interatomic colli-
sions a r e important, a knowledge of the exact values of
T e i s not always essential for calculating the relaxation
t imes . Such is, for example, the case behind a SW in
iner t gases .

In molecular gases molecular components may be
present because of the incomplete dissociation during
the initial stage of relaxation. In collisions of e lectrons
with molecules rotational, vibrational, and electronic
degrees of freedom may be excited. The mechanisms of
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these p r o c e s s e s a r e , as is well known, very diverse

(see, for e x a m p l e ' 2 1 ' 2 2 3 ) .

The r a t e of energy exchange in collisions of the elec-

tron with a molecule accompanied by a change of the

rotational energy of the la t ter has been calculated i n ' 2 3 3 .

This p r o c e s s i s of little importance under the conditions

behind strong SW.

The direct excitation of vibrational levels of diatomic

molecules in collisions with slow electrons i s difficult

because of the sharp m a s s difference of the colliding

par t ic le s and the relatively large energy t rans fer red.

However, in certain instances (for example, N2, CO 1 2 4 3 )

a peculiar capture p r o c e s s of the slow electron by the

molecule with the formation of an unstable negative ion

is observed. After i t s " d e c a y " the molecule may turn

out to be in a s ta te with a vibrational quantum number

which differs by severa l units from the initial quantum

number. This i s accompanied by a considerable change

in the electron energy (we reca l l that for N2 the vibra-

tional quantum Κω = 0.29 eV).

For the r a t e of energy exchange between the e lectrons

and molecules we have the approximate formula ' 2 5 3

, g W g j _ g _ L j \ ε = (gJt(o/T 1 \~i f 2 . 1 4 )

,£263 For aA more exact expression can be found in
nitrogen molecule

Λο = 4,5·1Ο-9θχρ(-1Ο4°Κ/Γ(!) c m 3 / s e c

i s t h e a v e r a g e d e a c t i v a t i o n c r o s s s e c t i o n of t h e f i r s t

v i b r a t i o n a l l e v e l of N 2 . ' 2 5 3 Q v p l a y s a n a p p r e c i a b l e p a r t

in t h e e n e r g y b a l a n c e of t h e e l e c t r o n s a n d in t h e v i b r a -

t i o n a l r e l a x a t i o n b e h i n d s t r o n g SW in a i r . ' 1 9 3

E n e r g y l o s s e s for t h e e x c i t a t i o n of e l e c t r o n s t a t e s i n

m o l e c u l e s a r e t a k e n in to a c c o u n t in t h e u s u a l way. A s a

r u l e t h e y a r e not l a r g e .

In c o m p l e t i n g t h e d i s c u s s i o n of t h e r o l e of m o l e c u l a r

c o m p o n e n t s , w e s h a l l n o t e t h e e l e c t r o n h e a t i n g m e c h a n -

i s m d u e t o a s s o c i a t i v e i o n i z a t i o n [(2 .8)—(2.9)] . T h e

e l e c t r o n a p p e a r i n g in a s s o c i a t i v e i o n i z a t i o n t a k e s on a n

e n e r g y ~ T a . ' 2 7 j C o r r e s p o n d i n g l y , t h e e l e c t r o n d i s -

a p p e a r i n g i n d i s s o c i a t i v e r e c o m b i n a t i o n c a r r i e s a w a y

on t h e a v e r a g e an e n e r g y 3/2 T e . T h e c o n t r i b u t i o n of

t h e s e p r o c e s s e s ( Q a i ) t o t h e e n e r g y b a l a n c e i s

(2.15)

w h e r e S a j a n d S^r a r e t h e r a t e s of t h e d i r e c t and i n -

v e r s e p r o c e s s e s r e s p e c t i v e l y ; t h e i r e x p l i c i t f o r m i s

d i s c u s s e d i n 3 . 1 . T h e q u a n t i t y Q a j p l a y s a n a p p r e c i a b l e

r o l e o n l y a t t h e v e r y b e g i n n i n g of t h e r e l a x a t i o n .

A s an i l l u s t r a t i o n w e p r e s e n t i n F i g . 3 t h e e n e r g y

b a l a n c e b e h i n d a SW i n a i r ( for t h e p r o f i l e s of t h e funda-

m e n t a l p a r a m e t e r s of t h e p l a s m a s e e F i g . 24 be low) . 1 2 6 · 1

At t h e b e g i n n i n g of t h e r e l a x a t i o n t h e e l e c t r o n s a r e

h e a t e d i n t e n s e l y by c o l l i s i o n s w i t h v i b r a t i o n a l l y e x c i t e d

m o l e c u l e s , a fac t w h i c h c o m p e n s a t e s f o r e n e r g y l o s s e s

t o e x c i t a t i o n and i o n i z a t i o n . With t h e p a s s a g e of t i m e

t h e m o l e c u l e s d i s s o c i a t e and t h e a t o m i c l o w - l y i n g e x c i -

t e d s t a t e s h a v i n g a c c u m u l a t e d up to t h e n a c o n s i d e r a b l e

a m o u n t of e n e r g y , b e g i n to h e a t t h e e l e c t r o n s by i m p a c t s

of t h e s e c o n d k i n d . We n o t e t h a t t h e e l a s t i c c o l l i s i o n s

wi th i o n s which p l a y t h e m a i n p a r t i n h e a t i n g in i n e r t

g a s e s a r e h e r e a l m o s t u n n o t i c e a b l e .

b

σ"

10
1,0 2,0

ζ, 10'4 atm. cm

FIG. 3. The contributions of various processes to the energy balance
of the electrons of a SW in air; V, = lOkm/se^p! =0.1 mm Hg, and ζ
= pxx. Curves: 1-QV; 2-E, S e; 3 - Q J J ; 4—energy losses to excitation
and heating by collisions of the second kind, 5—Qe/.
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3 . I O N I Z A T I O N D U R I N G T H E F I R S T S T A G E O F

R E L A X A T I O N

I t w a s n o t e d a b o v e t h a t d u r i n g t h e f i r s t s t a g e o f r e -

l a x a t i o n , w h e n t h e e l e c t r o n c o n c e n t r a t i o n i s s t i l l s m a l l ,

i o n i z a t i o n b y e l e c t r o n i m p a c t c a n n o t e n s u r e t h e r e -

q u i r e d r a t e o f g e n e r a t i o n o f c h a r g e d p a r t i c l e s . L e t u s

c o n s i d e r v a r i o u s p r o c e s s e s t h a t c a n b e t h e r e a s o n f o r

t h e i n i t i a l i o n i z a t i o n .

3 . 1 . I o n i z a t i o n i n A t o m - M o l e c u l e C o l l i s i o n s

T h e c r o s s s e c t i o n s f o r i o n i z a t i o n f r o m t h e g r o u n d

s t a t e i n a t o m - m o l e c u l e c o l l i s i o n a t n e a r - t h r e s h o l d e n -

e r g i e s a r e n o t l a r g e — 1 0 " 2 0 c m 2 . 1 2 1 ' 2 8 · 1 T h i s p r o c e s s i s ,

t h e r e f o r e , i n s u f f i c i e n t l y e f f i c i e n t t o e x p l a i n t h e i n i t i a l

i o n i z a t i o n . 1 2 9 · 1 W e y m a n n ' 3 0 · 1 p r o p o s e d t h a t b e h i n d a S W

i n i n e r t g a s e s t h e i o n i z a t i o n i n a t o m - a t o m c o l l i s i o n s

m a y b e s t e p - l i k e . B e c a u s e o f a d e c r e a s e o f t h e t h r e s -

h o l d e n e r g y ( i n t h e i m m e d i a t e i o n i z a t i o n a p p r o x i m a t i o n )

t h e c o l l i s i o n s ( 2 . 7 ) c a n b e s u f f i c i e n t l y e f f i c i e n t .

S o f a r t h e t h e o r y o f a t o m i c c o l l i s i o n s s t i l l d o e s n o t

m a k e i t p o s s i b l e t o c a l c u l a t e t h e c r o s s s e c t i o n f o r

p r o c e s s ( 2 . 7 ) . H o w e v e r , t h e n e c e s s a r y i n f o r m a t i o n c a n

b e o b t a i n e d f r o m a n a n a l y s i s o f c e r t a i n e x p e r i m e n t s i n

s h o c k t u b e s . M i c r o w a v e m e a s u r e m e n t s ' 3 1 " 3 3 3 y i e l d a

l i n e a r i n c r e a s e o f n e b e h i n d t h e f r o n t . F r o m t h e s e d a t a

o n e c a n o b t a i n t h e m a g n i t u d e s o f t h e a v e r a g e d c r o s s

s e c t i o n a n d o f t h e t h r e s h o l d e n e r g y . T h e l a t t e r h a s

t u r n e d o u t t o b e c l o s e t o t h e f i r s t e x c i t a t i o n p o t e n t i a l , a

f a c t w h i c h i s s e r i o u s e v i d e n c e i n f a v o r o f a s t e p - l i k e

i o n i z a t i o n . I t i s a s s u m e d t h a t t h e r a t e o f i o n i z a t i o n i s

d e t e r m i n e d b y t h e r a t e o f e x c i t a t i o n , a n d t h e e x c i t a t i o n

f u n c t i o n d e p e n d s l i n e a r l y o n t h e e n e r g y . I n t h e T a b l e w e

p r e s e n t t h e v a l u e s o f t h e s l o p e o f t h e e x c i t a t i o n f u n c t i o n

σ 0 (in cm2/eV) obtained by various authors.

The conditions of the experiments of Kelly'32"1 and of

McLaren and Hobson' 3 3 3 a r e s imilar—M x s 7—10 and

Pi = 1 mm Hg. In' t h e r e a r e considerations favoring

a view that Kelly 's data a r e overest imated.
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Unlike the papers mentioned, i n ' 3 4 j use was made of
an optical inter ferometer to m e a s u r e the course of n e ,
and M t = 15—18. The authors note that they could not
choose an energy dependence of the atom-atom excita-
tion c r o s s section which would ensure agreement with
experiment for different Mi. Unfortunately no prel im-
inary numbers of any sort a r e cited i n ' 3 4 3 .

Apparently the data of the Table really character ize
the p r o c e s s (2.7). The role of radiation could hardly
have been large and the impurity level did not exceed
10"6. Estimates ' 3 5 - 1 attest to the applicability of the
" i m m e d i a t e ionization" approximation under the condi-
t ions of ' 3 2 ' 3 3 · 1 . However, it has been assumed i n ' 3 5 ] that
resonance radiation i s fully reabsorbed. This requi re-
ment is equivalent to the radiative t ransi t ions 2 — 1
being almost completely compensated by the counter
p r o c e s s caused by the absorption of 1 — 2 radiation
[see (2.5)]. Thus, assuming that the r a t e of the initial
ionization i s completely determined by atom-atom colli-
sions, we admit implicitly an appreciable influence of
radiative t ransfer p r o c e s s e s .

In molecular gases the initial ionization may be due
to a very efficient mechanism—associative ionization,
(2.8) and (2.9). The efficiency of these p r o c e s s e s i s ex-
plained by the large magnitude of the c r o s s section and
by the relatively smal l activation energy of the reaction
(thus, the minimum threshold in the case Ν + Ν — Νί + e
amounts to 6.3 eV, and in the case Ν + Ο — NO+ + e—to
2.8 eV). In their application to weak SW in a ir the proc-
e s s e s of associat ive ionization were first discussed in
detail by Lin and T e a r . t 3 6 j

Assuming for simplicity that the molecular ion i s
produced in the electronic ground state, we shall write
down the r a t e s of generation of charged par t ic les :

Se = Sa,-Sdr = n, Σ$>'(Τ*)ηι>-η*ύ'ξ>αΙί(Τ,), (3.1)

where n^ is the concentration of atoms on the k-th exci-
ted level, and η*, i s the concentration of molecular ions.
Express ion (3.1) extends in an obvious way to the case
of interaction of a toms of different elements.

The l i t e r a t u r e data on the r a t e s ajj and fa (i.e. on
the final s tates of the reaction products) a r e limited. In
theoret ical work use is made of model considerations
whose range of applicability r e m a i n s unclear. Only the
summary efficiencies of the react ions αι (decaying
plasma) and β (ionization relaxation behind a SW) have
been determined experimentally in nonoverlapping tem-
p e r a t u r e ranges . Inasmuch as the m e a s u r e m e n t s a r e
usually c a r r i e d out under nonequilibrium conditions, the
calculation of a from a known β (and vice versa) r e -
quires care (the re lat ions of detailed balance can only
be written for a ^ and β^).

Apparently a strongly excited atom appears in dis-
sociative recombination of an inert gas molecular ion.
Metastable atoms of the fundamental configuration a r e
formed in the case of N£, O\, and NO* [in the case O2
the atom O ( 1 D ) ] U 3 i . In Fig. 4 we present experimental
data on the dissociative recombination coefficient in
nitrogen (for an analogous summary graph for NO+

s e e 1 1 4 3 ) . Curves 5 and 6 a r e obtained by recalculating
the values of β under the assumption that the distribu-
tion of atoms over excited s tates was an equilibrium

FIG. 4. Dependence of the co-
efficient of dissociative recombi-
nation of Nj on Te. Data of mi-
crowave measurements in a decay-
ing plasma. Curves: l - [ 3 7 ] , 2-[38]
3 - [ 3 9 ] . Values of α obtained from
the rate of associative ionization
in SW: 4 - [ 3 6 ] , 5-results of the
processing [19] of infrared radia-
tion oscillograms [40] behind a
SW in air (see Fig. 19), 6-results
of measurements [41] in a mix-
ture of Ar + N 2 .

distribution in accordance with the atomic temperature .
The dashed portion of curve 2 in Fig. 4 corresponds to
extrapolation of the d a t a [ 3 8 : to higher t e m p e r a t u r e s .
The contradiction between 2 and 5 ref lects a lack of in-
formation concerning the s tates of the final reaction
products . Thus, assuming that the main contribution to
~β i s due to β 3 , we obtain a 3 close to the dashed curve.

L42J

3.2. Ionization Due to Radiative Transfer

The gradients of the plasma p a r a m e t e r s behind the
SW a r e not large, and in this connection molecular
t rans fer phenomena do not play an important part . The
transfer of radiation which has l a r g e r free paths can
affect the course of the relaxation in two ways. The SW
radiation may precede the wave and produce ahead of the
front excited atoms and electrons. These part ic les a r e
car r ied into the relaxation zone, accelerating the proc-
ess of initial ionization. In addition, the radiation of the
equilibrium region i s absorbed in the relaxation zone, a
fact which also acce le ra tes the approach to equilibrium.
In this , as in the other case, the t ransfer of radiation in
the lines and in the continuum may be important.

In the case of a plane wave the source of excited
atoms due to radiation transfer in the spectra l line is
written in the following f o r m ' 4 5 3 :

-
Bk(x)=-Ahi[nh(z)-

(3.3)

where A^ i s the probability of the spontaneous t rans i-
tion k —* 1, and η^(χ) is the population of the emitting
level at the point x. The first t e r m in (3.3) character-
izes the emission, the second—the absorption of radia-
tion from the remaining volume of gas. K ^ x , ξ) is the
probability that a photon emitted in a volume element
with the coordinate ξ will be absorbed at x. K^(x, ξ) is
determined by the emissivity of the gas and by the spec-
t r a l absorption coefficient k ^ x ) .

Thus, to find the r a t e of ionization with account of
radiative t ransfer requi res the solution of a system of
integro-differential kinetics equations. This i s due to
the fact that radiative t ransfer couples plasma volumes
r e m o t e from one another.

In certain instances the entire volume occupied by
the plasma divides into several weakly inhomogeneous
regions which differ sharply from one another (for ex-
ample, the plasma ahead of and behind a SW). Then the
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source B^ can be transformed into another form which
admits further simplification. Let us divide the gas vol-
ume into two regions ("hot" and "cold" gas). Let us
assume that within the limit of its emission lines the hot
gas is black at some temperature T. Then one can write
for the source of excited atoms in the cold gas the ex-
pression

,1). (3.4)

The first two t e r m s in (3.4) take into account ex-
change by means of radiation between the cold and hot
gas—" i r r a d i a t i o n " of the cold volume by the hot volume
and the inverse p r o c e s s of " e m i s s i o n . " n° i s the
Boltzmann concentration at T, and θ(χ) is the probability
of emission beyond the l imits of the volume V occupied
by the cold gas, as usual in describing t ransfer in a
weakly inhomogeneous medium. ' 4 6 3 In this review it
makes sense to consider l ines of the dispers ion contour,
since photons which correspond to the " t a i l s " of the
line have la rger mean free paths. If the " c o l d " gas can
be considered to be optically homogeneous, then

8(i)a(2 + 3Kra^)"', (3.5)

where k0 i s the absorption coefficient at the center of
the line.

The last t e r m in (3.4) i s only appreciable when the
" c o l d " gas i s strongly inhomogeneous. It takes into ac-
count exchange by means of photons occuring within i t s
volume. The a r t i c l e s ' 4 7 3 a r e devoted to problems con-
nected with the t rans fer of radiation in the spectra l l ine
in an inhomogeneous medium.

Analogously one can wri te down the source of elec-
t r o n s due to radiat ive t rans fer in the recombination
continuum. In (3.4) n^ is replaced by n e , and Aj^ by α Θ ι

with increasing SW velocity. A considerable number of
p a p e r s has been devoted to phenomena connected with
the p r e c u r s o r radiation; discussion of these would lead
us outside the l imits of th is review. We shall only draw
attention to the work of Murthy' 5 1 3 who considered the
same problem in detail and obtained s imilar final r e -
sults.

The resu l t s obtained for a plane SW can be used to
interpret phenomena in shock tubes only a s a limiting
case corresponding to the ideal reflection of radiation
from the walls. The other limiting case—the absence of
reflection—was considered i n t 4 9 3 . The absorption by the
walls weakens the pr imary i rradiat ion by a factor

f(y) = l — y3'2(i+y1)-3/i, y = xlR. (3.6)

The expression for 0(y) also changes. To sum up, for
y > 1 the concentration of e lectrons and excited atoms
d e c r e a s e s considerably.

b. Ionization behind the SW front due to radiation
transfer. The problem of the effect of radiation on the
initial ionization has been discussed in the l i te ra ture
repeatedly s tart ing w i t h ' 9 ' 5 0 3 . The r a t e of the initial
ionization due to radiat ive t rans fer in the spectra l l ines
has been calculated i n ' 5 2 3 with a s e r i e s of assumptions.
Since the immediate ionization approximation works well
behind the front, one can confine oneself in (3.4) to a
consideration of " i r r a d i a t i o n " from the equilibrium
region only. If, in addition, one considers the relaxation
zone to be optically uniform (we neglect Stark broaden-
ing and the compress ion of the gas which a r e only im-
portant in a nanow layer), then the r a t e of the initial

ionization i s of the form

Β, (χ) = 2 4

), th
' 5 2 3

(3 (3-7)

where the sum i s taken over all t ransi t ions to the ground
state, Δχ is the relaxation length and χ is measured
from the equilibrium zone. In order to take into account
absorption by the walls, (3.7) must be multiplied by
f [(Δχ - x ) / R ] .

The contribution of the recombination continuum to
the electron source has been considered by Kuznetsov' 5 3 3

and subsequently in a s e r i e s of papers by other au-
t h o r s . ' 5 4 ' 5 Assuming that the coefficient of photoioniza-
tion depends weakly on the frequency, we obtain

where a&1 i s the coefficient of radiative recombination
to the ground state.

a. Precursor radiation. The effect of p r e c u r s o r
radiation on the s ta te of the gas ahead of the front of
the SW was first considered by Zel'dovich and R a i z e r ' 1 ' 2 3

in connection with the problem of the luminosity of a
high-intensity SW front. The heating of the gas ahead of
the front was considered in this work. Nonequilibrium
effects ahead of t h e SW front were considered i n ' 4 8 3 . It
was shown that the p r e c u r s o r radiation produces a wave
of excited a toms ahead of the front; the concentration of
the atoms may approach the Boltzmann concentration at
the equilibrium t e m p e r a t u r e T e q .

I n ' 4 8 3 use was made of the c i rcumstance that in a
region not too close to the front one can neglect the last
t e r m in (3.4). The equation for n 2 was solved with ac-
count of extinction and flux drift. As a resul t n2(x),
being close to a Boltzmann distribution at the tempera-
t u r e of the hot gas behind the front T e q , decreased
slowly on going away from the front. It was also noted
i n ' 4 8 3 that the photoionization of the excited a toms leads and f rom' 3 2 J for xenon (Table I), and the probabil it ies

-x)], <f{y) = e-" (3.8)

N(T eq) is the number of photons of frequency ν > i/j
(v^ i s the limit of photoionization from the ground state)
emitted by a unit a r e a of a black body per second, and κ
i s the photoinoization c r o s s section.

In Fig. 5 we compare the r a t e s of initial ionization
direct ly behind the front due to absorption of radiation
and to atom-atom collisions. The atom-atom excitation
c r o s s sections have been adopted from' 3 3 · 1 for argon

[32]

to the appearance of an appreciable concentration of
electrons at large dis tances from the front.

The electron concentration ahead of the front has
been calculated i n U s J . At large distances it i s deter-
mined by the photoinoization of the excited atoms, and
at small distances—by the photoionization of atoms in
the ground state. The l a t t e r effect i n c r e a s e s appreciably

j — f r o m ' 5 6 ' 5 7 j . Resonance, van-der-Waals, and natural
broadening was taken into account. The relaxation
lengths were based on e x p e r i m e n t s ' 9 ' 5 8 ' 5 9 3 .

The role of emission is appreciable for smal l and
large Mi and i n c r e a s e s with decreas ing pi.

Emiss ion in the spectra l l ines is dominant for smal l
Mi. With increasing Mi the t e m p e r a t u r e of the atoms
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FIG. 5. Comparison of the rates of the initial ionization directly be-
hind the front of a SW in argon (a) and xenon (b) in atom-atom collisions
(dashed curve), with ionization of a 3 Χ 10"2 percent air impurity (dash-
dot curve), and as a result of the absorption of the radiation, ρ χ -pres-
sure ahead of the front (mm Hg) and R is the shock-tube radius (cm).

b e h i n d t h e j u m p b e g i n s t o e x c e e d m o r e and m o r e T e q

w h i c h d e t e r m i n e s t h e i n t e n s i t y of t h e e m i s s i o n . T h e

i n t e n s i t y of t h e a t o m - a t o m e x c i t a t i o n i n c r e a s e s , t h e r e -

f o r e , m o r e r a p i d l y . O n i n c r e a s i n g Mi f u r t h e r , t h e r e -

l a x a t i o n z o n e b e g i n s t o t r a n s m i t t h e c o n t i n u u m . I t s r o l e

i n c r e a s e s a n d b e c o m e s d o m i n a n t . F i g u r e 5 a l s o s h o w s

t h e d e p e n d e n c e of t h e i n i t i a l i o n i z a t i o n on R if o n e a s -

s u m e s c o m p l e t e a b s o r p t i o n of t h e r a d i a t i o n by t h e w a l l s

of t h e s t o c k t u b e . T h e effect of t h e w a l l s i s s i g n i f i c a n t

for Δ χ > R.

E s t i m a t e s a n a l o g o u s t o t h o s e shown in F i g . 5 h a v e

a l s o b e e n p r e s e n t e d by Z h i k h a r e v a and T u m a k a e v . ' 6 0 ' 1

T h e y c o n s i d e r e d a n a r r o w e r r a n g e of c o n d i t i o n s a n d d i d

not t a k e i n t o a c c o u n t t h e c o n t r i b u t i o n of e l e c t r o n s and

e x c i t e d a t o m s a c r o s s t h e f r o n t ( s e e b e l o w ) . T h e r e f o r e

t h e e m i s s i o n p l a y e d a s o m e w h a t l e s s e r r o l e .

T h e r a d i a t i o n p r o c e s s i s not b i n a r y and wi th d e c r e a s -

ing pi t h e r o l e of t h e e m i s s i o n i n c r e a s e s . S m a l l d e v i a -

t i o n s f r o m t h e b i n a r y n a t u r e in e x p e r i m e n t a l d a t a on

the relaxation lengths (ριΔχ * const) can under certain
conditions be connected with the effect of radiation. Such
deviations from a binary nature (in the direction oppo-
site to that due to recombination) a re present in the r e -
sults of Petschek and Byron (see Fig. 15 below).

Figure 5 sti l l does not provide a full picture of the
relaxation between impact and radiation p r o c e s s e s . The
contribution of the latter i n c r e a s e s a s one goes farther
away from the front whereas the intensity of atom-atom
collisions changes little. The effect of p r e c u r s o r radia-
tion has also not been taken into account in Fig. 5. F r o m
this point of view it i s useful to consider the profile
n e(x) in the region of the p r i m a r y ionization:

ne{x) ^ Avl1 {(Za

l2) χ + jdx[B t (x) + Bc (x)}} + ne(0). (3.9)

The role of the continuum in giving r i s e to n e(0) can
be est imated assuming that the continuum photons not
absorbed in the relaxation zone rever t to it in the form
of e lectrons. The spectra l l ines produce around the
front a population of excited a t o m s which in an es t imate
from above can be taken to be Boltzmann-like at T e q .

FIG. 6. The growth of ne in the primary ionization zone behind a
SW in argon, Mj = 20, px - 1 mm Hg. 2-ionization due to atomic col-
lisions, 1-ionization due to absorption of radiation behind the SW front,
3, 4—growth of n e with account of 1, 2, and the entry of electrons and
excited atoms through the front (3 corresponds to complete absorption
of the precursor radiation by the tube walls).

B e i n g i o n i z e d i n t h e t r a n s i t i o n t h r o u g h t h e f r o n t , t h e s e

a t o m s w i l l m a k e a c o n t r i b u t i o n t o n e ( 0 ) .

T h e g r o w t h of n e i n t h e p r i m a r y i o n i z a t i o n z o n e i s

s h o w n in F i g . 6 for a SW i n a r g o n i n a c c o r d a n c e wi th

(3.9) . C u r v e 4 c o r r e s p o n d s t o a n e s t i m a t e f r o m a b o v e

of t h e e n t r y t h r o u g h t h e f r o n t . C u r v e 3 t a k e s in to a c -

count t h e e n t r y u n d e r t h e m o s t r i g i d a s s u m p t i o n of non-

r e f l e c t i n g s h o c k - t u b e w a l l s . It fo l lows f r o m F i g . 6 t h a t

t h e c o n t r i b u t i o n of r a d i a t i o n t o t h e p r i m a r y i o n i z a t i o n

c a n b e m o r e a p p r e c i a b l e t h a n would follow f r o m F i g . 5.

3 .3 . T h e Effect of I m p u r i t i e s on t h e I n i t i a l I o n i z a t i o n

In d i s c u s s i n g t h e r e s u l t s of t h e i r m e a s u r e m e n t s

P e t s c h e k and B y r o n a s s u m e d t h a t t h e i n i t i a l i o n i z a t i o n

i s d u e to i m p u r i t i e s in t h e w o r k i n g g a s . H o w e v e r , only

for SW i n t h e r e g i o n ML = 10—12 c a n t h e i r e x p e r i m e n t s

(with impurity levels of 5 x 10 5, 2 χ 10~5, and 7 x 10"6)
be cited to confirm the initial assumption (see Fig. 16
below). It is remarkable , however, that to this end one
must postulate a p r o c e s s taking place with the part ic i-
pation of the impurity which has a c r o s s section ~ 4
x 10~14 cm 2 (this number has been obtained in [ 6 i : i in
process ing the resu l t s o f [ 9 J ) . Petchek and Byron did not
find such a process .

In the collision of heavy par t ic les one of the most
rapid ionization p r o c e s s e s is the associative ionization
of nitrogen and oxygen atoms. The dash-dot curve in
Fig. 5 indicates the initial ra te of generation of elec-
t rons in the presence of 3 χ 10~2 percent a i r in argon.
It i s assumed that the N2 and O 2 a r e completely dis-
sociated. The dissociation t ime of N2 behind the SW in
argon for Mx ^ 15 is considerably smal ler than the
length of the zone of ionization relaxation and becomes
equal to the lat ter for Mx =* 20. If there is not sufficient
t ime for the nitrogen to dissociate fully then the heating
of e lectrons in collisions with vibrationally excited
molecules of N2 may be considerable [see (2.14)]. Under
these conditions the rat io Q v / Q e / - 0.5 yyi/θί, YM being
the fraction of N2 impurity.

E s t i m a t e s of the influence of a i r impurity (the pro-
duction of NO+) were also made in161-1 for SW in argon
and in [ 6 2 : l for SW in a mixture of 0.9 Ar + 0.1 N 2 . It was
shown i n l 6 l J that if a special purification is not carr ied
out (as, for example, i n t 7 l J ) , and the a i r impurity
r e a c h e s 1 percent, then it may play an important part .
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FIG. 7. Relaxation zone be-
hind a SW in argon. M, = 20, P[
2 mm Hg, and ΤΊ = 300°K.

1.0 x,cm

FIG. 8. Interference pattern of a
SW in Ar + 0.5% H 2 . Mi = 20.6, pj =
1.09 mm Hg. Wavelengths λ = 5300 A
and 10,600 A. The SW moves to the
left.

S u m m i n g up t h e d i s c u s s i o n of t h e m e c h a n i s m of t h e

p r i m a r y i o n i z a t i o n , one c a n n o t e t h a t i n a i r and a p p a r -

e n t l y i n o t h e r m o l e c u l a r g a s e s a s s o c i a t i v e i o n i z a t i o n i s

t h e d e t e r m i n i n g p r o c e s s . In a t o m i c g a s e s i n t e r a t o m i c

c o l l i s i o n s a n d e m i s s i o n c o m p e t e . P r o c e s s e s in w h i c h

i m p u r i t i e s p a r t i c i p a t e c a n p l a y a n a p p r e c i a b l e r o l e o n l y

a t h igh c o n c e n t r a t i o n s of t h e l a t t e r .

4. S T R U C T U R E O F THE R E L A X A T I O N Z O N E

4 . 1 . P r o f i l e s of t h e P l a s m a P a r a m e t e r s i n t h e R e l a x a -

t i o n Z o n e

A s a r e s u l t of s o l v i n g t h e s y s t e m of k i n e t i c e q u a t i o n s

i n c o n j u n c t i o n wi th t h e c o n s e r v a t i o n e q u a t i o n s o n e c a n

o b t a i n d i s t r i b u t i o n s of p l a s m a p a r a m e t e r s in t h e r e l a x a -

t i o n z o n e . I n F i g . 7 w e p r e s e n t a t y p i c a l c a l c u l a t e d c a s e

for a SW i n a r g o n . In F i g . 8 w e p r e s e n t a n i n t e r f e r e n c e

p a t t e r n of a SW in a r g o n on w h i c h t h e r e l a x a t i o n z o n e i s

c l e a r l y s e e n . * T h e r e l a x a t i o n o c c u r s i n t w o s t a g e s .

I n i t i a l l y t h e d e g r e e of i o n i z a t i o n a i n c r e a s e s l i n e a r l y ,

o r s o m e w h a t f a s t e r if t h e e m i s s i o n i s a p p r e c i a b l e .

F u r t h e r , w i th i n c r e a s i n g a t h e i o n i z a t i o n by e l e c t r o n s

w h o s e r a t e i s p r o p o r t i o n a l t o a b e c o m e s f i r s t a n d f o r e -

m o s t ; t h e d e p e n d e n c e b e c o m e s e x p o n e n t i a l . It i s t h e r e -

f o r e c l e a r t h a t if t h e i n i t i a l i o n i z a t i o n i s v e r y i n t e n s e

then the length of the zone Δχ depends on its rate almost
linearly. In the inverse case this dependence weakens
and becomes logarithmic.

FIG. 9. Distribution of charges n+, n_,
of the field S, and of the potential V be-
hind the SW front, x-distance from the
front.

"The authors thank Professor I. I. Glass who kindly furnished the
interference patterns.

FIG. 10. Relaxation zone behind a SW in air. [18] V
T\ = 300°K. Pressure p t: 1-10'4, 2-1Q-3, 3-10"2 atm.

We note that behind the SW the plasma is always
quasineutral. Only where the gradients of n e are largest
does the possibility of the diffusion of electrons relative
to the ions appear. As is seen from Fig. 9, adopted
from the work of Bond, t63 j the deviations from quasi-
linearity are small. For a discussion of these effects
and estimates see L 2 j . More detailed calculations for
SW in inert gases were carried out by Chubb. l e i l The
potential jump occurs at the point of the highest grad-
ient of n e . In 9 J this fact was used to measure relaxa-
tion times.

In molecular gases the dissociation can take place
more slowly than the ionization (for low SW velocities)
or more rapidly; see Sec. 4.3. Figure 10 presents the
profiles of the relaxation zone behind the SW in air for
Vi = 14 km/sec.L l B i Under these conditions one can
neglect the dissociation time. The splitting of the
curves corresponding to different pressures, and conse-
quently the deviation from a binary nature, is connected
with an account of recombination.

A direct measurement of T a is fraught with great
difficulties. Thus the profile of the rotational tempera-
ture T r of the excited electron state B 2 S U of the N2 ion
behind a SW in nitrogen was determined i n " 5 3 . It turned
out that the measured values of T r exceed the calculated
values of T a . In fact, as a result of the nonadiabatic
interaction of the states A2UU and Β 2Σ^ of the N£ mole-
cule the concept of T r cannot always be used.[66: l

The values of T e reach the quasistationary level very
rapidly; thereafter T e varies slowly. Therefore the de-
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FIG. 11. Possible courses of
development of the ionization.

pendence on a very indefinite initial value is localized
near the front where Te does not influence the course of
the relaxation. Calculations with var ious T e(0) c a r r i e d
out in 1 6 7 3 i l lus t rate this fact. A rapid establishment of
quasistat ionarity has been confirmed experimentally
i n t 6 8 \

It is somet imes convenient to depict the relaxation
pattern in the {n e, T e } plane. Along the curves in this
plane (Fig. 11) t h e r e is a variat ion of the t ime with
whose increase n e increases . Three cases a r e possible:
Case 1—the r a t e of ionization i s so l a r g e that at each
instant t h e r e i s ionization equilibrium ( n e and T e a r e
related by the Sana equation). Only the slow energy ex-
change between the e lectrons and heavy par t ic les pre-
vents a m o r e rapid establishment of equilibrium. C a s e s
2 and 3 correspond to an absence of local ionization
equilibrium. Local overheating of e lectrons may then
take place (case 3).

The nature of the n e ( T e ) dependence depends to a
considerable extent on the s t ructure scheme of the
t e r m s of the atoms of the given gas. Cases 2 and 3 a r e
real ized in argon and a ir because of the p r e s e n c e of a
considerable energy gap (Ei - E 2 ); see Figs . 7 and 10.
However, in mercury vapor, because of the very uni-
form distribution of levels in the spectrum, the ioniza-
tion and excitation in collisions with e lectrons takes
place rapidly so that there is t i m e for a local equili-
br ium with a t e m p e r a t u r e T e to be established. A so-
called " t w o - t e m p e r a t u r e " p lasma appears and the r e -
laxation follows scheme 1 (Fig. 12). In Fig. 13 we
present the experimental values of the concentrations
of excited a t o m s t 7 7 j which a r e in good agreement with
the Boltzmann values calculated for T e . Inasmuch as
recombination cannot be neglected in the ent ire zone,
there appear specific deviations from a binary nature.

Located behind the recombination zone is a region
filled with equilibrium plasma. The p a r a m e t e r s of this
p lasma change incomparably m o r e slowly than in the
relaxation zone (Fig. 14). The p lasma cools gradually,
mainly due to the emission of radiation. A discussion
of this effect i s not part of the subject mat ter of this
review (see, for i n s t a n c e , u ' 1 8 j ) . The local thermo-
dynamic equilibrium i s retained in a cooling p lasma
and only under certain conditions i s it disturbed by the
emission of radiation.

4.2. Comparison of Calculated and Measured Values of
Relaxation Times in Atomic Gases

In Fig. 15 we present the r e s u l t s of Petschek and
Byron obtained in argon at var ious p r e s s u r e s , as well
as the calculated data of Morgan and M o r r i s o n L 6 9 j and
Chubb. t 6 4 : l Calculations 1 6 9 · 1 ca r r ied out with var ious

FIG. 12. Relaxation zone be-
hind a SW in mercury vapor. Mj =
10, T, = 200°C, andn[ = 1.0 X
1017 cm"3. T e is given in the
quasistationary approximation.

FIG. 13. Concentration of excited
atoms behind a SW in mercury vapor
(conditions of Fig. 12) relative to the
concentration of atoms ahead of the
front. l - 6 3 P i , 2 - 6 3 P 8 level.

values of the atom-atom excitation c r o s s sections
demonstrate well the sensitivity of Δχ to the r a t e of the
initial ionization—it i s logarithmic. Chubb's calcula-
tion, Lsi:> a s the analogous calculation car r ied out by
Hoffert and L i e n t 6 7 ] exceed the values measured i n ' 9 1

for pi = 10 and 2 mm Hg by a factor of 2.5—3.0 and a r e
in much better correspondence for pi = 50 mm Hg.

The r e s u l t s of Wong and Bershader 1 7 0 · 1 (Fig. 16) ob-
tained by process ing osci l lograms of the profile n e(x)
lie above the data of Petschek and Byron. They a r e ,
therefore, c loser to the calculated curves . [ 6 4 > 6 9 J The
authors of t34'7oJ chose the atom-atom excitation c r o s s
section such as to satisfy the obtained n e profiles (as
was done in Fig. 14). Different values of the c r o s s sec-
tion were required for different M^ This a t tes t s to the
p r e s e n c e of an additional source of initial ionization.
Small deviations from a binary nature appearing in Fig.
15 allow one to propose an effect of radiative t ransfer .
However, as r e g a r d s radiation from the equilibrium
region, it was overest imated i n ' 5 2 3 . In Fig. 16 we
present the r e s u l t s of m e a s u r e m e n t s of τ in argon with
various impurity levels. It is difficult to establish a
correspondence between τ and the impurity fraction y.

The value of τ was measured behind a shock wave in
xenon i n ' 5 8 7 2~ 7 6 : l. In Fig. 17 we present the values of ρ χ τ
obtained behind a normal SW by Smith [ ? 5 j (optical
measurements , γ ~ 10"5), as well as pre l iminary r e -
sults of inter ferometr ic measurements by Lazovskaya
and Tumakaeva' 5 8 · 1 (y ~ 10~2—10~3). Regardless of the
different impurity level, these a r e not in contradiction
but a r e in poor agreement with the calculation of
Chubb C 6 4 ] in which the initial ionization was due to
interatomic collisions. 1 3 2 · 1

The l i t e r a t u r e contains r e s u l t s of m e a s u r e m e n t s of
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FIG. 14. Concentration of electrons behind a SW in argon. [34] M, =
18, Ti = 300°K, pi = 3 mm Hg, ( n e ) m a x = 1.8 Χ 1017 cm"3. [3] The
circles mark the data of the processing of an interference pattern. The
calculated curve was obtained by a choice of the magnitude of the atom-
atom excitation cross section.
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FIG. 15. Dependence of the product of the relaxation time τ in the
laboratory system of coordinates and the pressure p t ahead of the front
on the Mach number (the temperature behind the jump T ao). Experi-
mental data of Petschek and Byron, [9] pressures p t = 2, 10, and 50 mm
Hg (indicated in the Figure). Two series of measurements are presented:
O-Fig. 15 of [ 9 ], «-Fig. 14 of [ 9 ] . Calculated data: 1, 3-Morgan and
Morrison [69] with atom-atom cross sections 7.1 X 10"20 and 7.1 Χ 10'1 9

cm2/eV respectively, Chubb, [64] cross section [19] 1.2 X 10 (sic!-
Transl.) cm2/eV.

r e l a x a t i o n t i m e s in m e r c u r y v a p o r L 5 a ' 7 7 1 ( s e e t h e d i s -

c u s s i o n of F i g s . 12 a n d 13), p o t a s s i u m v a p o r , [ 7 8 j a n d i n

a m i x t u r e of a r g o n a n d c e s i u m v a p o r . L 7 9 1 E s t i m a t e s f o r

SW in a r g o n wi th a n a d m i x t u r e of c e s i u m with t h e s i m -

p l e s t s c h e m e of k i n e t i c s show C 8 o : l t h a t u n d e r t h e c o n d i -

t i o n s of t 7 9 j t h e i n i t i a l i o n i z a t i o n i s d u e t o c o l l i s i o n s of

a r g o n and c e s i u m a t o m s . C a l c u l a t i o n s of t h e s t r u c t u r e

of t h e r e l a x a t i o n z o n e for SW i n h e l i u m a r e g iven i n t 8 i : l .

In c l o s i n g t h e d i s c u s s i o n , w e n o t e t h a t for SW i n i n e r t

g a s e s t h e r e l a x a t i o n l e n g t h s e x c e e d t h e e x p e r i m e n t a l

v a l u e s . A s p a r a d o x i c a l a s t h a t i s , t h e s i t u a t i o n i s c o n -

s i d e r a b l y m o r e s a t i s f a c t o r y f o r a i r .

4.3 . I o n i z a t i o n Re laxat ion Behind Strong SW i n

M o l e c u l a r G a s e s

T h e d e v e l o p m e n t of i o n i z a t i o n in m o l e c u l a r g a s e s i s

marked by an interesting peculiarity illustrated in pa-
pers devoted to relaxation in air: the dependence of τ
on Vi passes through a maximum (Fig. 18) due to a
change in the relaxation mechanisms.

For small Vi the equilibrium degree of ionization
dpn is small. The ionization due to interatomic colli-

FIG. 16. Results of measurements of the relaxation time in argon
(Msec) in the laboratory system for various initial pressures P[ (mm Hg)
and impurity levelsy. Data of [ ' ] : Δ-ρι = 2, γ = 8 Χ ΐ σ ^ Ο - ρ , = 10,
γ = 5 Χ ΙΟ" 5 ,0-ρ, = 50, 7 = 5 Χ 10"5, Ο - ρ , = 50, γ = 2 Χ 10"5, D - p ,
= 50, γ = 7 Χ ΙΟ"6; Δ, Ο, 0-γ~10" 3, ρ, = 2, 10, and 50 respectively. Re-
ference [ 7 0 ] : Ο, Ο - 7 = 10"5, Ρι = 2, 5 respectively. Reference [ 7 1 ] : V -
7 = 3.5 Χ 10"3 — 1 Χ 10"2, Ρ ι = 5. Reference [ 6 1 ] : Ρ ι = 5, + - 7 = 3 Χ 10"4,
Χ-8 Χ ΙΟ"3 respectively.

s i o n s d o e s not affect t h e c o u r s e of t h e r e l a x a t i o n of t h e

gas. After a time τ, still during the initial stage of dis-
sociation, the charged particles (electrons and mole-
cular ions) reach quasiequilibrium with the relaxing
gas. t 3 6 j

In the range Vi ~ 9—10 km/sec (these values depend
somewhat on p0 a e q increases by more than an order
of magnitude. At the same time the effective tempera-
ture at which the ionization occurs changes insignifi-
cantly. This is due to the fact that the dissociation still
continues in this range, and an increasing fraction of
the enthalpy of the gas is lost to ionization. Thus an in-
crease of Vi and thereby of the initial enthalpy does not
lead to an increase in the rate of ionization, whereas
the number of charged particles (electrons and atomic
ions) which one must obtain in the process of relaxation
increases. Therefore τ also increases. For Vi
> 10 km/sec the dissociation is practically complete
and aeq depends relatively weakly on Vj. By virtue of
this an increase in Vi corresponds again to a decrease
of τ.

The nonmonotonic nature of the dependence of
[ 8 2 j

on
i w a s p r e d i c t e d i n [ 8 2 j and s u b s e q u e n t l y c o n f i r m e d ex-

p e r i m e n t a l l y i n ' 4 0 ' 8 ^ . I n U 2 ] m o l e c u l a r p r o c e s s e s w e r e

p r a c t i c a l l y n e g l e c t e d , a fact w h i c h d i d not m a k e it p o s s i -

b l e t o c o n s i d e r t h e i n t e r m e d i a t e r a n g e of v e l o c i t i e s .

T h e c h e m i c a l , v i b r a t i o n a l - d i s s o c i a t i v e , a n d i o n i z a t i o n

r e l a x a t i o n w e r e c o n s i d e r e d j o i n t l y i n 1 · 1 9 3 . T h e c a l c u l a -

t e d r a d i a t i o n p r o f i l e s in t h e i n f r a r e d s p e c t r a l r e g i o n

w h i c h p r o v i d e d i r e c t i n f o r m a t i o n about t h e i n c r e a s e of

n e a r e i n good a g r e e m e n t wi th t h e e x p e r i m e n t a l p r o f i l e s

( F i g . 19). T h e r e f o r e t h e r e l a x a t i o n t i m e s which in-

c r e a s e i n t h e i n t e r v a l Vi = 9—10 k m / s e c by a n o r d e r of
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FIG. 17. Product of the relaxa-
tion time r in xenon and of the ini-
tial pressure. Experimental points-
[73], pj = 0.5 mm Hg. The dashed
curve indicates preliminary results
of measurements. [58] Calculated
continuous curve-reference [64].
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FIG. 18. The dependence of Ρ! τ on the SW velocity V! in air. Calcu-
lated curves: l - [ 3 6 ] , 2 - [ 8 2 ] , 3 - [ 1 9 ] . Results of measurements: O - [ 8 3 ] ,

m a g n i t u d e a r e a l s o i n a g r e e m e n t w i t h t h e m e a s u r e d

v a l u e s . C a l c u l a t i o n s o f t h e r e l a x a t i o n f o r V j

= 5 — 1 0 k m / s e c w e r e c a r r i e d o u t i n ' 8 5 · 1 .

T h e r e l a t i o n s h i p s o b s e r v e d i n a i r w i l l a p p a r e n t l y

a l s o b e f u l f i l l e d i n o t h e r m o l e c u l a r g a s e s , b u t t h e c h a r -

a c t e r i s t i c v a l u e s o f t h e v e l o c i t i e s w i l l , n a t u r a l l y , b e

d i f f e r e n t .

4 . 4 . S t r o n g e r S h o c k W a v e s

N e w f a c t o r s s h o u l d m a n i f e s t t h e m s e l v e s i n t h e r e -

l a x a t i o n m e c h a n i s m f o r l a r g e M a c h n u m b e r s . N o e x -

p e r i m e n t a l d a t a a r e s o f a r a v a i l a b l e u n d e r t h e s e c o n d i -

t i o n s . W i t h i n c r e a s i n g M i i n t h e r e g i o n o f M i = 3 0 — 4 0

t h e r e l a x a t i o n z o n e b e c o m e s e x t r e m e l y n a r r o w a n d b e -

c o m e s c o m p a r a b l e w i t h t h e d i m e n s i o n s o f a s t r o n g c o m -

p r e s s i o n j u m p . I t c a n t h e r e f o r e b e a s s u m e d t h a t a n a p -

p r e c i a b l e i o n i z a t i o n w i l l a l r e a d y a p p e a r i n t h e j u m p .

T h i s e f f e c t w a s t a k e n i n t o a c c o u n t i n t h e w o r k o f

C h u b b ' 6 4 J w h o c a r r i e d o u t c a l c u l a t i o n s f o r S W i n a r g o n ,

k r y p t o n , a n d x e n o n . T h e s t r u c t u r e o f t h e j u m p w a s c a l -

c u l a t e d b y t h e M o t t - S m i t h m e t h o d ( s e e , f o r e x a m p l e / 2 1 ) .

H o w e v e r , t h e v a l i d i t y o f u s i n g a b i m o d a l v e l o c i t y d i s t r i -

b u t i o n o f a t o m s f o r i n t e n s i v e i n e l a s t i c c o l l i s i o n s w a s

n o t d i s c u s s e d . I t w a s f o u n d t h a t f o r t h e l a r g e s t M i t h e

r e l a x a t i o n z o n e e x c e e d s o n l y b y a f a c t o r o f t h r e e t h e

l e n g t h o f t h e c o m p r e s s i o n " j u m p . "

F o r l a r g e M i a n d c o n s e q u e n t l y a t h i g h t e m p e r a t u r e s

t h e r e i s a n a p p r e c i a b l e i n c r e a s e o f t h e m u t u a l i n f l u e n c e

o f a l l r e g i o n s o f t h e S W d u e t o r a d i a t i v e t r a n s f e r .

C l a r k e a n d F e r r a r i ' 5 4 3 t o o k i n t o a c c o u n t r a d i a t i v e t r a n s -

F I G . 19 . C o m p a r i s o n o f e x p e r i m e n t a l [ 4 0 ] ( s h a d i n g ) a n d c a l c u l a t e d

["] reduced oscillograms of radiation with a wavelength λ~6μ behind a
SW in air. a-Vj = 9.5 km/sec, p, = 0.2 mm Hg, b-V, = 10.9 km/sec, p,
= 0.1 mm Hg.

f e r in t h e i o n i z a t i o n c o n t i n u u m ; t h e t h i c k n e s s of t h e

d i s c o n t i n u i t y w a s i g n o r e d . T h e i o n i z a t i o n w a s d u e t o t h e

a b s o r p t i o n of r a d i a t i o n and t o c o l l i s i o n s wi th e l e c t r o n s .

T h e m u t u a l c o u p l i n g of a l l r e g i o n s of t h e SW w a s t a k e n

into a c c o u n t . T h e c a l c u l a t i o n s w e r e c a r r i e d out for M !

~ 30 i n a r g o n and h e l i u m ( F i g . 20). T h e p r e c u r s o r

r a d i a t i o n g a v e r i s e t o c o n s i d e r a b l e i o n i z a t i o n a h e a d of

t h e f ront , i n c r e a s i n g a p p r e c i a b l y t h e e n t h a l p y of t h e

i n c o m i n g flux. T h i s l ed t o a h i g h e r g a s t e m p e r a t u r e

d i r e c t l y b e h i n d t h e c o m p r e s s i o n j u m p . F u r t h e r t h e t e m -

p e r a t u r e fe l l a s a r e s u l t of t h e p a s s a g e of i o n i z a t i o n

r e l a x a t i o n a n d r a d i a t i v e c o o l i n g . T h e s e e f f e c t s a r e a l s o

d i s c u s s e d i n a s e r i e s of o t h e r p a p e r s ; s e e t h e s u r v e y ' 8 6 3 .

T h e w o r k of'5 4 3 i s of a m o d e l n a t u r e ( t h i s m o d e l i s fur-

t h e r d e v e l o p e d i n ' 8 7 3 ) s i n c e t h e a t o m w a s a s s u m e d t o

h a v e a t w o - l e v e l s c h e m e a n d T e = T a . T h e d i f f e r e n c e

b e t w e e n T e and T a w a s t a k e n in to a c c o u n t i n ' 5 5 3 but , a s

i n ' 5 4 3 , r a d i a t i v e t r a n s f e r in t h e l i n e s w a s not c o n s i d -

e r e d . An a t t e m p t t o t a k e i n t o a c c o u n t t h e effect of t h e

LQ, l i n e on t h e SW s t r u c t u r e in h y d r o g e n w a s u n d e r t a k e n

by W h i t n e y and S k a l a f u r i s . L a a i T h e y took no a c c o u n t of

t h e s p e c i f i c n a t u r e of t h e r a d i a t i v e t r a n s f e r i n t h e l i n e ,

a fact w h i c h , a s w a s shown i n 1 8 9 3 , l e d t o e r r o n e o u s con-

c l u s i o n s .

So f a r w e h a v e c o n s i d e r e d p h e n o m e n a b e h i n d t h e SW

f r o n t i n w h o s e e q u i l i b r i u m r e g i o n s i n g l e i o n i z a t i o n took

p l a c e . With i n c r e a s i n g SW v e l o c i t y d o u b l e (and with

f u r t h e r i n c r e a s e of Vx a l s o m u l t i p l e ) i o n i z a t i o n b e g i n s

t o p l a y a p a r t . T h e r e l a x a t i o n b e h i n d v e r y s t r o n g SW,

c o r r e s p o n d i n g t o m u l t i p l e i o n i z a t i o n , w a s c o n s i d e r e d

i n ' 1 0 5 3 in c o n n e c t i o n wi th t h e p r o b l e m of t h e m o t i o n of

m e t e o r i t e b o d i e s i n t h e a t m o s p h e r e . H o w e v e r , c e r t a i n

i n i t i a l a s s u m p t i o n s of'105-1 r a i s e d o u b t s . T h u s , a

B o l t z m a n n d i s t r i b u t i o n of a t o m s a n d i o n s o v e r t h e e x c i -

t e d s t a t e s w a s a s s u m e d with t h e e n e r g y e q u a t i o n s t a k i n g

no a c c o u n t of l o s s e s for i t s s u p p o r t . T h e r m o d y n a m i c a l l y

c o n t r a d i c t o r y e x p r e s s i o n s w e r e u s e d for t h e c o e f f i c i e n t s

of t r i p l e r e c o m b i n a t i o n and s t e p - l i k e i o n i z a t i o n . No a c -

count w a s t a k e n of t h e e l e c t r o n i c h e a t c o n d u c t i o n .

M a g r e t o v a , P a s h c h e n k o , and R a i z e r ' 1 1 0 3 s h o w e d t h a t

t h e e l e c t r o n i c h e a t c o n d u c t i o n l e a d s to a v e r y s t r o n g

o v e r h e a t i n g of t h e e l e c t r o n g a s a h e a d of t h e w a v e f r o n t .

A s a r e s u l t of t h i s t h e i o n i z a t i o n t a k e s p l a c e p r i n c i p a l l y

b e f o r e t h e j u m p . In o r d e r t o c a l c u l a t e t h e k i n e t i c s of

m u l t i p l e ( t r i p l e - q u a d r u p o l e ) i o n i z a t i o n of a SW i n a i r t h e

a u t h o r s of ' 1 1 0 3 u s e d t h e m o d e l of i o n s with a " f r a c -

t i o n a l , " i . e . c o n t i n u o u s l y v a r y i n g c h a r g e / 2 1 T h i s m o d e l

l e a d s t o a s i m p l i f i c a t i o n of t h e s y s t e m of k i n e t i c s e q u a -

t i o n s w h i c h now only c o n t a i n s e q u a t i o n s for t h e e l e c t r o n
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FIG. 20. Structure of a SW in argon. M! = 28.9, pj = 10"3 atm, ΊΊ =
300°K. Curves—plasma parameters in relative units: 1—relative density
plPi(p*IPi = 12.3), 2—degree of ionization (a 4 = 0.720), 3—tempera-
ture (T 4 = 18,200°K), 4-radiant energy flux relative to the total energy
flux q (q 0 = 0.111). TJ—distance ahead of the SW front in free paths of
the photon of the ionization continuum; 4 corresponds to the equilib-
rium state of the gas behind the SW front.

FIG. 21. Structure of a strong SW in air [ u o ] , V, ~ 55 km/sec, Pi
~ 2.3 Χ 10"5 atm. Curves—plasma parameters: 1—degree of ionization,
2—relative density p/p,, 3—relative temperature of the electrons 0 e =
T e/2e 0, 4-relative temperature of the heavy particles θ = T/2eo(eo is
the initial kinetic energy of the atom); ξ = x/L;—reduced distance in
units of Lj of the characteristic ionization length corresponding to an
equilibrium state behind the front.

c o n c e n t r a t i o n a n d f o r t h e t e m p e r a t u r e s of t h e i o n s a n d

e l e c t r o n s . T h e r a t e c o n s t a n t for m u l t i p l e i o n i z a t i o n

i n 1 1 1 0 ' ' c o r r e s p o n d s t o t h e a p p r o x i m a t i o n of i m m e d i a t e

i o n i z a t i o n . T h e p r o f i l e s of t h e p l a s m a p a r a m e t e r s for

a t y p i c a l c a s e a r e g iven in F i g . 2 1 . T h e m a x i m u m of T e

i n t h e r e g i o n b e h i n d t h e j u m p i s d u e t o i n t e n s e e l e c t r o n

h e a t i n g i n e l a s t i c c o l l i s i o n s w i t h i o n s ( s e e a l s o S e c . 4 .1) .

T h e q u e s t i o n of t h e s t r u c t u r e of t h e s t r o n g c o m p r e s s i o n

j u m p w h i c h w a s c o n s i d e r e d i n f i n i t e l y t h i n i n ' 1 would

be i n t e r e s t i n g u n d e r t h e s e c o n d i t i o n s .

Z h e l e z n y a k ' 9 0 3 c o n s i d e r e d t h e r e l a x a t i o n b e h i n d a

SW i n n i t r o g e n at v e l o c i t i e s of 18—24 k m / s e c w h e r e

d o u b l e i o n i z a t i o n i s i m p o r t a n t . T h e e q u a t i o n s f o r t h e

c o n c e n t r a t i o n s of s i n g l y and d o u b l y i o n i z e d i o n s w e r e

i n t e g r a t e d i n d e p e n d e n t l y . It i s o b v i o u s (and it i s con-

f i r m e d by t h e r e s u l t s o f ' 9 0 3 ) t h a t by v i r t u e of c o n s i d e r a -

t i o n s , a n a l o g o u s t o t h o s e p r e s e n t e d i n 4 . 3 , t h e r e l a x a t i o n

t i m e of doubly i o n i z e d i o n s s h o u l d h a v e a n o n m o n o t o n i c

d e p e n d e n c e on t h e v e l o c i t y .

5. RADIATION OF THE RELAXATION ZONE

T h e p r o c e s s i n g of e x p e r i m e n t a l d a t a on t h e r a d i a t i o n

p r o f i l e s i n t h e r e l a x a t i o n z o n e c a n y i e l d m o r e d e t a i l e d

i n f o r m a t i o n about t h e p r o c e s s e s o c c u r r i n g i n i t . In a d -

d i t i o n , in s o m e c a s e s t h e r a d i a t i o n of t h e n o n e q u i l i b r i u m

z o n e i s of i n d e p e n d e n t i n t e r e s t . T h e r a d i a t i o n of t h e

nonequilibrium zone attracted special attention after a

bright maximum of i t s intensity was observed behind a

SW in a i r .

5.1. Distribution of Atoms Over the Excited States in a

Non-equilibrium P l a s m a

The concentration of atoms on the k-th state % can

be calculated by solving a system of balance equations

written with respect to each excited state. Collisions

between excited atoms can be neglected. The system of

equations is therefore l inear and can be solved. In the

quasistationary approximation (see Sec. 2.1) the solution

can be written in the form

№ = ™,+/*.»:, (5.1)

v k = n k/ n k> Ye = n e / n e · ^"he superscr ip t s " z e r o " mark

quantities corresponding to equilibrium at local values

of T e .

The coefficients r ^ and r^g depend on the probabili-

t ies of the elementary p r o c e s s e s . In addition r ^ and
r k e d e P e n d on T e and often on the concentration of elec-

t r o n s and on the l inear dimensions of the problem. The

latter occurs if the emission of reabsorbed radiation

affects the populations of the levels. The coefficients
r i k e a n c * r k e c a n D e obtained numerically, and tabulated.

This was done for certain cases by Bates and his co-

workers . ' 9 1 " 9 3 3

Diffusion considerations (see Sec. 2.1) developed for

a d i scre te energy space allow one to obtain analytic ex-

pres s ions for r ^ and r^g. Electron-atom, atom-atom

collisions, radiative p r o c e s s e s and the non-Maxwellian

nature of the electron energy distribution a r e taken into

account . ' 1 1 ' 1 3 " 9 4 3 If the kinetics is only determined by

collisions with e lectrons, then r ^ and r^g depend only

on T P and a r e

' 1 * = (5.2)

i s t h e i o n i z a t i o n e q u i l i b r i u m c o n s t a n t for t h e i - t h

s t a t e — A^ zr A* + e. (z

l

i s t h e e f fect ive p r o b a b i l i t y

of e x c i t a t i o n . Suff iciently u n i v e r s a l f o r m u l a s h a v e b e e n

o b t a i n e d for ( z j j + 1 ) :

Ry.3/2

l) = Ei-iAiRy.3/2

(5.3)

i>2; (5.4)

Fi i s given by (2.4) and Λ j—by the graph in Fig. 1. In

using (5.3) and (5.4) close-lying atomic levels must be

combined and a total s tat is t ical weight must be assigned

to them.

For a qualitative analysis it i s convenient to use an

approximate formula obtained by neglecting d i scre te-

n e s s ' 9 4 3

= ya (BIT.) + yl [% (EJT.) - χ (EiTe)\. (5.5)

The function χ(χ) has been introduced in Sec. 2.1. As

follows from (5.1) and (5.5), strongly excited s tates a r e

in relat ive equilibrium with the electrons [y(E) = y e ] ,

and low-lying levels a r e ra ther close to equilibrium

with the ground state (y(E) = yf].

The resu l t s oi a calculation of the populations of ex-

cited atoms car r ied out i n ' 1 1 " 1 3 ' 9 4 1 a r e in good agree-
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FIG. 22. Profiles of the calculated
intensity of the radiation I\(z) f°r

various velocities of the SW, λ =
0.55-1 μπι, ζ = ρ,χ. The shading
shows the course of oscillograms
from [ 9 8 ] , p , =0.1 mm Hg.

m e n t wi th e x p e r i m e n t a l d a t a o b t a i n e d for a b r o a d r a n g e

of p a r a m e t e r s .

5.2. Nonequi l ibr ium Radiat ion in Spectra l L i n e s and in

the Continuum. The Maximum of the Nonequi l ibr ium

Radiat ion

T h e i n t e n s i t y of t h e c o n t i n u u m r a d i a t i o n c a n b e c a l -

c u l a t e d i n a c c o r d a n c e wi th w e l l - k n o w n f o r m u l a s . t 9 5 ] It

i s u s u a l l y p r o p o r t i o n a l t o t h e s q u a r e of t h e c o n c e n t r a -

t i o n of c h a r g e d p a r t i c l e s a n d i n c r e a s e s g r a d u a l l y a s one

m o v e s away f r o m t h e f r o n t ( s e e F i g . 19). M o r e i n t e r e s t -

ing i s t h e p r o b l e m of t h e e m i s s i o n of s p e c t r a l l i n e s and

s y s t e m s of b a n d s w h i c h c a n p a s s t h r o u g h a m a x i m u m .

F o r a n o n r e a b s o r b e d l i n e (k — i t r a n s i t i o n ) t h e i n t e n -

s i t y a n d p o p u l a t i o n p r o f i l e s of t h e e m i t t i n g s t a t e k c o i n -

c i d e :

hi (x) = Ahlykn°k.

If y^ i n c r e a s e s m o n o t o n i c a l l y a s o n e a p p r o a c h e s e q u i l i -

b r i u m , t h e n it i s c l e a r t h a t for c o n s t a n t l y i n c r e a s i n g

T e t h e i n t e n s i t i e s I J Q ( X ) i n c r e a s e m o n o t o n i c a l l y . How-

e v e r , if a l o c a l o v e r h e a t i n g of e l e c t r o n s t a k e s p l a c e i n

t h e r e l a x a t i o n z o n e ( s e e F i g . 1 1 , c a s e 3), t h e n t h e e m i s -

s i o n in t h e s p e c t r a l l i n e c a n go t h r o u g h a m a x i m u m .

D e p e n d i n g o n t h e c o n d i t i o n s b e h i n d t h e SW a n d t h e

s c h e m e of t e r m s of t h e a t o m t h e r e a r e v a r i o u s p o s s i -

b i l i t i e s . *

In m e r c u r y v a p o r t h e r e l a x a t i o n t a k e s p l a c e u n d e r

l o c a l e q u i l i b r i u m ; t h e p o p u l a t i o n s n ^ follow t h e i n c r e a s -

ing T e ( s e e F i g . 13). An a n a l o g o u s s i t u a t i o n s h o u l d a p -

p a r e n t l y a l s o p r e v a i l i n v a p o r s of a l k a l i m e t a l s w h i c h

h a v e , j u s t l i k e m e r c u r y , a r e l a t i v e l y u n i f o r m d e n s i t y of

l e v e l s .

In i n e r t g a s e s ( a s w e l l a s in n i t r o g e n a n d oxygen

atoms) Ει - Ε2 i s large and strongly excited s tates a r e

close to equilibrium with the electrons (y^ "- y e ) and

* Nonequilibrium radiation has been observed in mixtures of Cr + Ar
and Ti + Ar behind reflected SW. [96·97] The radiation in the Cr I, Ti I,
and Ti II lines (unlike that of Cr II) goes through a maximum. The model
of the ionization kinetics used in [96·97] is rather unsatisfactory and is
hardly capable of describing the observed effects.

0

FIG. 23. Comparison of the calculated and experimental (shading)
radiation intensity Ιχ(ζ) for various SW velocities, λ = 0.40-0.42 Mm, ζ
= ΡιΧ, ρ = 0.1 mm Hg. Dashed curves—contribution of spectral lines.

T,10 'K

FIG. 24. Profile of parameters behind a SW in air, Vt = 10 km/sec,
! = 0.1 mm Hg, ζ = p ! x. T a , T e , T v-temperature of the atoms, elec-

trons and vibrations of N 2 ; x e and
N 2 .

-molar fractions of electrons and

t h u s " f o l l o w " t h e c o u r s e of n e ( s e e , f o r e x a m p l e , t h e

m e a s u r e m e n t s i n 1 · 6 1 1 ) . W h e n t h e r e l a x a t i o n fo l lows

s c h e m e 3 of F i g . 1 1 , t h e p o p u l a t i o n s of l o w - l y i n g e x c i t e d

s t a t e s c a n e x c e e d t h e e q u i l i b r i u m v a l u e s ; t h i s h a p p e n s

i n a i r .

In F i g s . 22 and 23 we p r e s e n t o s c i l l o g r a m s of t h e

r a d i a t i o n i n t e n s i t y b e h i n d a SW i n a i r in two d i f f e r e n t

s p e c t r a l r a n g e s . T h e o s c i l l o g r a m s h a v e b e e n b o r r o w e d

f r o m t 9 8 ' " ] . T h e p r o b l e m of t h e m e c h a n i s m r e s p o n s i b l e

for t h e a p p e a r a n c e of t h e m a x i m u m h a s b e e n r e p e a t e d l y

d i s c u s s e d i n t h e l i t e r a t u r e , for e x a m p l e i n ' 1 0 0 1 0 2 3 . T h e

p r o p o s e d e x p l a n a t i o n s m a d e u s e of unfounded a s s u m p -

t i o n s a n d f r a g m e n t a r y i n f o r m a t i o n a b o u t i n d i v i d u a l

p r o c e s s e s a n d did not d e s c r i b e t h e e n t i r e a g g r e g a t e of

o b s e r v e d p h e n o m e n a . S a t i s f a c t o r y r e s u l t s could only b e

o b t a i n e d with t h e u s e of a n a c t u a l d i s t r i b u t i o n of p a r t i -

c l e s o v e r t h e e x c i t e d s t a t e s and wi th a l l o w a n c e for t h e

h e a t i n g of e l e c t r o n s by t h e v i b r a t i o n s of t h e m o l e c u l e s

( s e e S e c . 2.3). T h e r e a s o n s for t h e a p p e a r a n c e of t h e

r a d i a t i o n p e a k b e h i n d s t r o n g SW and i t s d i s a p p e a r a n c e

wi th i n c r e a s i n g Vi w e r e e x p l a i n e d i n C l 0 3 > 1 0 4 j w h i c h a r e

of a r a t h e r q u a l i t a t i v e n a t u r e . I n [ 2 6 : l t h e r a d i a t i o n of t h e

n o n e q u i l i b r i u m z o n e i s c a l c u l a t e d a n d c o m p a r e d wi th

e x p e r i m e n t i n t h e e n t i r e f r e q u e n c y s p e c t r u m for v a r i o u s

SW v e l o c i t i e s . L e t u s d i s c u s s t h e o b t a i n e d r e s u l t s .

In F i g . 24 w e p r e s e n t t h e p r o f i l e s of t h e m a i n p a r a m -

e t e r s of a n o n e q u i l i b r i u m p l a s m a . Unl ike i n t h e c a s e of

w e a k SW, L 3 6 ] b e h i n d s t r o n g SW t h e v i b r a t i o n a l t e m p e r a -

t u r e T v b e c o m e s r a p i d l y q u a s i s t a t i o n a r y and a p p r o a c h e s

T a . H o w e v e r , a s n e i n c r e a s e s t h e v i b r a t i o n s " c o o l off"

i n t e n s i v e l y i n c o l l i s i o n s wi th e l e c t r o n s and T v , s e p a r a t -

ing f r o m T a , a p p r o a c h e s T e . T h e e l e c t r o n e n e r g y b a l -

a n c e i s s h o w n i n F i g . 3. I n t e n s i v e h e a t i n g by c o l l i s i o n s
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0,01 0,1
λ, μπι

F I G . 2 5 . S p e c t r a l r a d i a t i o n f l u x e s q^ f r o m t h e n o n e q u i l i b r i u m z o n e ,

Vj = 1 0 k m / s e c , p , = 0 . 1 m m Hg. P o i n t s - e x p e r i m e n t . [ 9 8 - 9 9 ] C a l c u l a t e d

m a g n i t u d e s o f t h e f lux [ 2 6 ] : 1 — 3 p — 3 s l ines ; 2 - 1 p o s i t i v e s y s t e m o f N 2 ;

3-1 negative system of N£;4—β system of NO; 5—γ system of NO; 6-δ

and e systems of NO; 7—transitions to the ground state of Ν and O.

10 -

10 -

l|
I

/

I
ί:|ι!' '-;ii

12 12

a)

V^km/a

b) c)

F I G . 26. Thermal flux to a streamlined body as a function of Vj for

various pressures ahead of the front P[. a) p = 0 .01 ; b) 0 .1 ; c) 1 m m Hg.

Radius of bluntness R = 3 m. Curves: 1—radiant flux calculated in the

approximat ion of a compressed equilibrium layer [ 1 0 8 ] ; 2 - r a d i a n t flux

from the nonequil ibrium region ( shading-proposed uncerta inty of the

calculation [u]; 3—convective flux. [ 1 0 9 ]

w i t h v i b r a t i o n a l l y e x c i t e d m o l e c u l e s ( s e e S e c . 2 . 3 ) l e d

t o t h e c i r c u m s t a n c e t h a t T e e x c e e d e d a p p r e c i a b l y i t s

e q u i l i b r i u m v a l u e . T h i s w i l l , i n t h e f i n a l a n a l y s i s , i n -

s u r e a r a d i a t i o n m a x i m u m .

P r o f i l e s o f t h e c a l c u l a t e d r a d i a t i o n i n t e n s i t y f o r t h e

wavelength range λ = 0.55—1 μπι which is determined
by the nitrogen and oxygen lines (mainly 3p—3s transi-
tions; the contribution of the continuum and of the bands
is small) are presented in Fig. 22 for various SW veloc-
ities. The theory is in satisfactory agreement with ex-
periment. The oscillograms ofC98'"] were normalized
in accordance with the calculated values of the radiation
of the equilibrium zone.Ll06: l It follows from Fig. 22
that although with increasing Vi the intensity in the
maximum indeed increases, its ratio to the equilibrium
level drops, and the phenomenon of the maximum dis-
appears gradually. This is explained by the more rapid
dissociation of N2 behind the front.

Analogous dependences for the range λ = 0.40—0.42
μπι are presented in Fig. 23. The contribution of these
or other processes to the spectral intensity Ιχ can be
different. The first negative system of bands of N£ pre-
dominates in the region of the maximum, but on ap-
proaching equilibrium there is an increase in the role
of the atomic lines (4p — 3s transitions) whose contribu-
tion for Vx = 10 and 10.9 km/sec is given by the dashed
curves.

In Fig. 25 we present the spectral radiation fluxes
from the nonequilibrium zone under the same conditions.

The calculated radiation level of the principal spectral
components averaged in the indicated wavelength ranges
is shown. The calculation and experiment agree over
the entire spectrum.

The radiation maximum in the nonequilibrium zone
for low SW velocities is also observed in other mole-
cular gases—nitrogen and mixtures of CO2 and N2 (see,
for example'65'107·1). At present there is no satisfactory
theory, a fact which is due to the diversity and complex-
ity of the elementary processes in a molecular plasma.

5.3. The Effect of Processes in the Relaxation Zone on
the Aerodynamic Heating in Hypersonic Flow

The investigation of the structure of SW in molecular
gases is of interest in connection with the entry problem
of space apparatus into the dense layers of the atmos-
phere. As is well known, a separating SW is produced
ahead of a body moving in a gas with hypersonic veloc-
ity. The distance between the SW front and the frontal
portion of the body surface is ~ 0.05 R where R is the
radius of bluntness.

The high temperature and pressure in the compressed
layer give rise to large values of the convective heat
flux towards the surface of the body. The radiation of
the compressed layer may make a considerable contri-
bution to aerodynamic heating. l loe :> With increasing
velocity the radiation fluxes increase sharply and can
exceed the convective fluxes appreciably.

A knowledge of the characteristic relaxation times
makes it possible to determine the structure of the SW
and establish conditions under which the nonequilibrium
zone and boundary layer coalesce, a circumstance which
determines the limits of applicability of the existing
theory of convective heating. An even more important
problem is the effect of radiation of the nonequilibrium
zone on radiative heating. This problem arose after
the observation of an emission maximum in the non-
equilibrium layer behind a SW. The effect of this
phenomenon on the magnitude of radiative heating has
been repeatedly discussed in the literature. Consider-
able progress was made in 1 2 6 3 . It was shown that at
comparatively low velocities, when the maximum of the
nonequilibrium radiation is particularly large, radiative
heating is as a whole small compared with convective
heating. At higher velocities, when the relationship be-
tween the radiative and convective components of aero-
dynamic heating becomes inverse, radiative heating is
almost completely determined by radiation from the
equilibrium zone (Fig. 26).

Thus the contribution of nonequilibrium radiation to
aerodynamic heating need not be taken into account.
This result was obtained for motion in the atmosphere
of the earth and may be different for other planets.
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