achieved suggests that the theoretical relationships used
in the present work will be suitable for the description
of cryogenic afterglow. On the other hand, experiment
confirms the validity of the coefficients g8 and a(T,)
used in the theoretical analysis of the decay process.

An important feature of decay in cryogenic plasma
is that hot electrons reaching the discharge-chamber
walls nevertheless occupy the energy level € =kT, with-
in the volume, i.e., they contribute to the overall cold-
electron density balance. This ensures that the den-
sity balance between n and M remains constant in a
broad range of pressures. The relaxation of electron
temperature is very dependent on the density ratio of
two groups of hot electrons, i.e., electrons reaching
the walls and electrons succeeding in relaxing within
the volume of the chamber. The internal magnetic
field controls this density ratio and, hence, the electron
temperature. The magnetic field has its greatest
effect when the ratio of the linear dimensions of the
discharge chamber is R/L< 1, and the pressures are
chosen so that 7,/7,, < 1.

The authors are indebted to R. N. Lyashenko for his
assistance in the preparation of this paper, and to
V. P. Gratsershtein for help with the experiments.

1'We note that, if we follow Deloche et al.[®? and assume that
a,<10% cm3- s, this inequality is satisfied for much lower
pressures.

2)A simple proof consists of solving (2) or (4) on the assump-
tion that the particle and energy sources are strictly con-
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Boundary relaxation of a vibrationally excited gas

E. Ya. Kogan and V. N. Mal’'nev
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(Submitted 2 March 1978)
Zh. Eskp. Teor. Fiz. 75, 893-897 (September 1978)

The relaxation of a nonequilibrium, vibrationally excited gas, consisting of symmetric diatomic molecules,
due to collision with the wall enclosing the gas, is considered. Collisions with the walls remove the
vibrational excitation of the molecules. The vibrational energy is distributed among the kinetic degrees of
freedom of the molecule and the surface, which can be simulated by a set of harmonic oscillators. An
equation is derived for the time variation of the temperature T of the kinetic degrees of freedom of the
gas. When T is close to the temperature of the surface T, and to the population temperature of the
vibrational state T,, this equation reduces to the relaxation type. The characteristic time 7 of boundary
relaxation depends on the parameters of the gas and of the surface. It is shown that in a certain range of
the parameters, boundary relaxation may be more important than the usual relaxation due to pair

collisions.

PACS numbers: 51.10. +y

The total energy of a molecule consists of the energy
of the translational, rotational, vibrational and elec-
tronic motions. Under conditions of thermal equilibri-
um, the energy distribution of the molecules with re-
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spect to these degrees of freedom is characterized by a
single quantity—the temperature. It is not possible to
describe a noneqiulibrium molecular gas by a single
temperature. The comparatively weak coupling between
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the different degrees of freedom and the essentially
quantum character of the vibrational states of the mole-
cule (even in the region of rather high temperatures) leads
" to the result that the energy relaxation times between
different degrees of freedom significantly exceed the
relaxation time within each of them. This allows us to
introduce the temperature of the population of states of
each of the indicated degrees of freedom. If the non-
equilibrium gas is left to itself, then an equilization of
these temperatures takes place in it as the gas ap-
proaches the state of thermal equilibrium.

One usually starts out from the representation that at
comparatively high gas concentrations the relaxation
takes place as a result of collisions of the particles with
one another (volume relaxation). The effect of the sur-
face bounding the gas is neglected in this case. It can
be shown that at not very high pressures, the particle
traverses a path that is comparable with the charac-
teristic dimensions of typical gas-discharge systems
within the relaxation time of the vibration. In this case,
it is necessary to take into consideration the relaxation
processes that occur as a result of collisions of the
gas molecules with the walls of the container (boundary
relaxation). Actually, according to Ref. 1, 10° colli-
sions are required for the vibrational relaxation of ox-
ygen at T =900 K and a gas concentration of 1~ 10*®
cm™. The average relaxation time turns out to be of
the order of T~10" sec. The molecule is displaced a
distance (TI7)'/2~50 cm in this time (T is the mean
thermal speed of the molecule, [ is the free path
length).

Collisions of an excited molecule with the surface
leads to transitions between its vibrational levels with
a certain probability, with a further redistribution of
the energy of transition between the degrees of freedom
of the surface, translational and rotational motions of
the molecule. Excitation of vibrations of the molecule
is also possible in scattering at the surface. However,
if the surface temperature T, is less than the tempera-
ture T, of the population density of the vibrational
states, then the collisions with the surface will be ac-

companied by preferential de-excitation of the molecule -

with subsequent “heating” both of the surface and of the
translational degrees of freedom of the particle. Such

a mechanism of relaxation of the states of diatomic,
symmetric molecules is considered in the present work.

A model was proposed by us earlierf?) for the inter-
action of a symmetricdiatomic molecule witha surface.
The model was based on the assumption that the char-
acteristic time of collision of the molecule with the
surface a/7 is less than the characteristic time of in-
tramolecular motions 1/w, (@ is the effective length of
the interaction, , is the frequency of vibration of the
molecule). This enables us to consider the collision as
an instantaneous blow on the solid wall, without speci-
fying the form of the potential of interaction with the
surface. A physical model of the surface was repre-
sented by a set of harmonic oscillators. The total dif-
ferential probability of transition into states of the
molecule accompanied by absorption of a quantum 7w
by the surface can be calculated within the framework
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of the method of sudden perturbations. It is equal to

v’ odo

4 .
3 e et —1 2T

dw(nlv -+ n'l'v')=

(1a)

The probability of a transition with excitation of a
vibrational state of the molecule and with a decrease of
the surface energy by

v’ odo

4
d v —~ Y e o s — 'l
B winly ~n'Tv’) 3 n"yc’ﬁi-—exp(-—ﬂo)/T.)u(nl w1, (1b)
is
+1) (2U'+1) nt .
w(nl —~ n'l')=————————(ZZ 1),( < ) 0 gnen
7’po nl
X e~[L™ ()1 A(W,nn"), (2)
where
g'h . . . ,
T= ,  AQU,nn")=1—exp{in (I+I'+n—n")}cos 2gp..

H®o
Here n and ! are the vibrational and translational quan-
tum numbers of the molecule, p, is the equilibrium
distance between the nuclei of the molecule, g =M(v +¢’)
/47, M is the mass of the molecule, v and ¢’ are its
velocity before and after the collision, L¥(x) is a
Laguerre polynomial, y is the density of the wall mater-
ial, c is the sound velocity in this material, and
L =2M/2 is the reduced mass of the molecule. These ex-
pressions are valid for the dispersion law of acoustical
phonons w =k ¢ and for an equilibrium distribution of
their energies.

To obtain the total transition probability averaged
over the states of the surface it is necessary to inte-
grate the expression (1) with respect to dw with account
of the law of conservation of energy of the molecule and
the surface:

s .
R = Aw, '-i-zi'!(v’—v") + 9—’:—[1(l+1) =V ('+1)] = ho,+e—e',

I is the moment of inertia of the molecule. At not very
high temperature, T;,T,, T,< Fiw, the principal fraction
of the excited molecules is located in the first vibra-
tional level. Therefore, the principal contribution to
the probability (1) is made by single-quantum transi-
tions with change in the vibrational energy of the mole-
cule by 7iw,, which is distributed among the surface
oscillators and the translational and rotational degrees
of freedom of the molecule. The energy #(w - w,) is
left for the kinetic degrees of freedom of the molecule.

The change in the temperature T of these degrees of
freedom per unit time (the translational and rotational
motions of the molecule are in equilibrium and are
practically always classical) can be obtained by inte-
grating over d w product of the molecular current by the
sum of the probability (1a) multiplied by 7#(w, - w) and.
multiplied by the probability (1b) #(w - w,),

N T \h Mr Myt RU(+1)

7('2?) [—7]‘—_ 20T ]”d”

over the entire surface of the wall S. We replace inte-
gration over dw by integration over v, v/ and summa-
tion over I, I’. Since the rotational quantum #2/2IT <« 1,
summation over /, I’ reduces to integration. The law
of energy conservation determines the limits of the in-
tegration.
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The following inequality holds in the range of tem-
peratures considered:

=M (v+v’)*/16hw~T/hw, <1,

and enables us to simplify the expressions for the
transition probabilities (1a) and (1b), representing
them in the form of a power series in x. Limiting our-
selves to terms that are linear in x, we obtain

B 272 S MV:T"? exp{—Rw./2T.}
30TV y¢'hito,  sh{fiw./2T.}
L3 bt x ¥ () ((A)a_“')
le dz dez[ ax’ a‘.d!/ (zz") V2 5 e

1—exp{—afto/T+(a—p)hw./T}

—(x+y)

X ,
1—exp(—hw/T,) . @)
where
a=T/Ty—1, B=T/T,—1, x=Mv*/2T, z'=Mv"*/2T,
R(l+1) , BU'’'+1) Ao hm._‘_ + , Y
ar > Y T T > T T TRTYTE T
X=hw/T+z+y, Y=hoo/T+z+y—2z’,

N is the total number of particles in the system, V is
its volume, and the rapidly oscillating terms in the ex-
pression A(lI’, nn') disappear upon integration.

Calculation of the integral (3) at arbitrary values of
a and B can be carried out by numerical methods. Here
we shall use approximate analytic integration. We
isolate the region of integration into two regions, in
which w/T>1 and #w/T <1. In these regions, the in-
tegration can be carried out analytically. It was shown
earlier!?! that the region of large energy transfer #w/T
>1 makes the principal contribution to (3). Taking this
into account, we neglect in the integrand the exponen-
tials with the indices -fiw/T, -hw/T,. After integra-
tion, we obtain an equation describing the change in the
kinetic temperature of the gas T:

dr S MT T \“* [hoy\ " exp{—hwd/2T,}
2~ 004 POTY TS (2.1.11) (T) sh{fiw,/2T,}
25 T o,
x(i+7h_o)—,) (1—-exp[(a—p) T ) (4)

To isolate the characteristic time of boundary relax-
ation, we assume that all the temperatures are of
similar magnitude: T~T,~T,. Expanding the exponen-
tial in the last factor of (4), we obtain the relaxation
equation

dT  T,+T,-2T
.

()
The quantity

Tx 5101 (C—)

*exp(hoo/T,)
N 1 @o

(Mho,)'? (52)

is equal to the mean time in which the vibrational ex-
citation of the molecule is removed as a result of col-
lisions with the surface. We shall call this the boundary
relaxation time.

With the purpose of making clear the physical mean-
ing of the parameters entering into 7, we consider the
following elementary reasoning. The number of colli-
sions v, of the excited molecule with the wall per unit
time is proportional to the surface of the wall, to the
velocity of the molecule, and to the population of the
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corresponding vibrational level

S T\ Rao,
w=i(3) e(-72)
In view of the large value of the vibrational quantum
Fw,, not every collision is accompanied by the removal
of the vibrational excitation. The number of collisions

where the energy of vibration of the molecule is real-
ized can be estimated as

v~v, M/m,

where m is the mass of the particles involved in the
vibrational motion of the surface.

We introduce the average frequency w of the vibra-
tions of the surface, which are excited by the molecule
in the collisions; then m ~y(c/%)®, since c¢/@~\ is the
wavelength of these vibrations. The condition T= T,
=T, enables us to assume that T~/iw. The boundary
relaxation time is inversely proportional to v; there-
fore,

S ¢\ *exp(Roy/T,)
~71(35)
The parameter & remains undetermined in this rela-
tion. It can be connected with the frequency of vibra-
tions of the molecule w, by comparison of the obtained
expression with the exact (5a). As a result, we get
@= w,/6.

We now compare the obtained expression for 7 with
the characteristic time of volume relaxation
T .S1/onv,
where 7 isthe number of collisions necessary for vibra-
tional-translational relaxation, ¢ is the gaskinetic cross
section, n is the gas concentration, v is the thermal
speed of the molecule. The boundary relaxation be-
comes significant at 7<7, ;. This takes place when
1 4 M [ hoo\ Y2 [ @0\ ? A,
ny<21000(F) (T) e (-F):
As an example, we consider a cylindrical glass tube
filled with oxygen at T= T, ~900 K, when n~10° (Ref.
1). The parameters characterizing the oxygen mole-
cule and the surface are: M =3 x102g, fw,=0.2 eV,
0=3.6x10"% cm?, y =3g/cm®, ¢=5x%10° cm/sec.
For these parameters, the boundary relaxation be-
comes important at V»n/S<10*° (V/S is measured in
centimeters, n is cm™®). Typical dimensions of labora-
tory gas-discharge systems have V/S~10 cm. Thus
boundary relaxation should predominate in it right up
to concentrations n~10'® cm™3.

In conclusion, we note that the characteristic time of
boundary relaxation can be introduced only at T=T .
In the case of a large difference between the vibrational
temperature and the kinetic temperature of the gas, it
is necessary to start from the general form of Eq. (4).
However, even in this case, the equation obtained for 7
can be used for the estimates.
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Bleaching of the region of electron cyclotron absorption in
a plasma in an inhomogeneous magnetic field
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The results are given of an investigation of the increase in the transparency (bleaching) in the region of
electron cyclotron absorption of an electromagnetic wave traveling in a plasma along an inhomogeneous
magnetic field. It is shown that measurements of the absorption of electromagnetic waves in a plasma
subjected to a magnetic field of known geometry can be used to determine the electron density.

PACS numbers: 52.40.Db, 52.25.Lp, 52.25.Ps

1. INTRODUCTION

An inhomogeneous magnetized plasma is character-
ized by the existence of zones (barriers) of total absorp-
tion or strong collisionless attenuation of waves travel-
ing in it. It is interesting to create conditions in a plas-
ma that facilitate the penetration of a wave field in the
form of undamped oscillations (bleaching). The need for
such a bleaching is frequently encountered when hf and
microwave methods are used to heat a plasma in ther-
monuclear experiments.

There are various ways of bleaching which can be di-
vided arbitrarily into local and nonlocal. The local ef-
fects are realized under the conditions of validity of the
hydrodynamic approximation. One should mention here
particularly the penetration of a large-amplitude field
into an opaque medium and wave transformation.[*??
Plasma bleaching occurs as a result of transformation
of oscillations because the region of a plasma under
discussion becomes transparent to the secondary wave
formed as a result of such transformation.

The nonlocal effects are the echo-type kinetic phe-
nomena in which plasma memory elements in one of the
microscopic oscillations of the distribution function be-
comes manifest. In contrast to the homogeneous case,
an inhomogeneous plasma may exhibit linear echo ef-
fects, such as nonlocal reflection of waves and their re-
generation behind the wave barrier. We shall consider
the bleaching effect in a region of electron cyclotron ab-
sorption as a result of interference of waves reflected
from the cyclotron resonance points in a plasma sub-
jected in an nonmonotonically varying magnetic field.

2. THEORY

We shall consider the profile of a plasma-confining
magnetic field (Fig. 1) used in the experiments de-
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scribed below. An electromagnetic wave travels from
the left to right and its frequency is w varying from

Weo to w,,, where w,, and w,, are the minimum and max-
imum electron cyclotron frequencies, respectively.
Under these conditions there are two points of electron
cyclotron resonance in the plasma, w=w,(z), separa-
ted by a distance !. The resonance at the first point can
be treated in the same way as in the case of a linearly
decreasing magnetic field when a wave travels in the di-
rection of reduction in the field. It has been shown(3:4!
that under these conditions there is partial absorption
of a wave without reflection. At the second point the
resonance occurs when a wave travels in the plasma in
the direction of increase in the magnetic field. Under
these conditions there is partial reflection of an incident
electromagnetic wave. If the electron density in the
plasma is sufficiently high, the wave is practically to-
tally reflected. The phase of the wave changes by the
angle A as a result of such reflection.

If there are two resonance points separated in space,
a wave reflected from the point 2 reaches the point 1
and the latter is the reflection point for the wave be-
cause it now travels in the direction of increasing mag-
netic field. A characteristic capture of oscillations in-

T

w T

i

Aw

z.

FIG. 1. Variation of the electron cyclotron frequency w,
along the z axis of the system. The total absorption region
is shown shaded.

© 1979 American Institute of Physics 455



