
achieved suggests  that  the theoret ical  relationships used 
in the present  work will  b e  sui table  f o r  the description 
of cryogenic afterglow. On the other  hand, experiment  
confirms the validity of the  coefficients P and cu(T,) 
used  in the theoret ical  analysis  of the decay process .  

An important fea ture  of decay in cryogenic p lasma 
is that  hot e lectrons reaching the  discharge-chamber 
walls  nevertheless  occupy the  energy level & = kT, with- 
in the volume, i.e., they contribute t o  the overa l l  cold- 
electron density balance. T h i s  ensures  that  the den- 
s i ty  balance between n and M remains  constant in a 
broad range of p ressures .  T h e  relaxation of electron 
tempera ture  is very  dependent on the density ratio of 
two groups of hot e lectrons,  i.e., e lectrons reaching 
the walls and electrons succeeding in relaxing within 
t h e  volume of the chamber.  T h e  internal  magnetic 
field controls  this  density ra t io  and, hence, the electron 
temperature.  T h e  magnetic field has its g r e a t e s t  
effect when the  rat io  of the l inear  dimensions of the 
discharge chamber is R/L<< 1, and the p r e s s u r e s  are 
chosen s o  that  T ~ / T , ,  << 1. 

The  authors  are indebted to R. N. Lyashenko f o r  h i s  
ass i s tance  in the  preparat ion of th i s  paper ,  and to 
V. P. ~ r a t s e r s h t e i n  f o r  help with the  experiments .  
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Boundary relaxation of a vibrationally excited gas 
E. Ya. Kogan and V. N. Mal'nev 
T. G. Shevchenko Kiev State University 
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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 T 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 

T h e  total energy of a molecule cons i s t s  of the  energy spec t  to these  degrees  of f reedom is charac te r ized  by a 
of the  t ranslat ional ,  rotational, vibrational and elec- single  quantity-the temperature.  I t  is not possible  to 

t ronic  motions. Under conditions of t h e r m a l  equilibri- descr ibe  a noneqiulibrium molecular  g a s  by a single  

um,  the energy distribution of the  molecules  with re- tempera ture .  T h e  comparat ively 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 a s  the gas ap- 
proaches the state of thermal equilibrium. 

One usually s tar ts  out from the representation that a t  
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 a s  a result of collisions of the 
gas molecules with the walls of the container (boundary 
relaxation). Actually, according to Ref. 1, lo5 colli- 
sions a re  required for the vibrational relaxation of ox- 
ygen at T = 900 K and a gas concentration of 11 - 1016 
cm". The average relaxation time turns out to be of 
the order of 7 - 10-I sec. The molecule is displaced a 
distance ( ~ 1 7 ) " ~ -  50 cm in this time (F is the mean 
thermal speed of the molecule, I i s  the f ree  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 a t  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  earlierL2] for the inter- 
action of a symmetric diatomic molecule with a surface. 
The model was based on the assumption that the char- 
acteristic time of collision of the molecule with the 
surface a/?i is less  than the characteristic time of in- 
tramolecular motions l /w ,  (a is the effective length of 
the interaction, w, 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 RW 
by the surface can be calculated within the framework 

of the method of sudden perturbations. It is equal to 

4 vv' o d o  
dw (nlv -. n'l'v') = -- w ( n l - . n f l ' ) .  (la) 

3 ;rzyhc3 exp (Ao/T.) - I 

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

4 vv' o d o  
dw (nlv -. n'l'u') = -- w ( 1  n ' )  (lb) 

3 n2yc'fl l-exp ( -holTn) 

(21+1) (21'+1) n z Z n - " .  
w (nl -+ n'l') = 

q2p2 nl 

x ~G[L:-"'  (z) 1' A (118, nn'), 

where 

q2h z = -, A (ZZ', nn') =I-exp{in (l+l'+n-nl))cos 2qpl. 
2 ~ 0 0  

Here ~z and I a r e  the vibrational and translational quan- 
tum numbers of the molecule, p, i s  the equilibrium 
distance between the nuclei of the molecule, q =.lI(e +ct) 
/4E, d l  is the mass of the molecule, z9 and c' are  its 
velocity before and after the collision, L,O(x) is a 
Laguerre polynomial, y is the density of the wall mater- 
ial, c is the sound velocity in this material, and 
p =.I112 is the reduced mass of the molecule. These ex- 
pressions a r e  valid for the dispersion law of acoustical 
phonons w = k  c 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: 

I is the moment of inertia of the molecule. At not very 
high temperature, q, T,, T, <c fiw, the principal fraction 
of the excited molecules is located in the f i rs t  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 fiw,, which is distributed among the surface 
oscillators and the translational and rotational degrees 
of freedom of the molecule. The energy R(w - w,) is 
left fo r  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 a r e  in equilibrium and a r e  
practically always classical) can be obtained by inte- 
grating over d w product of the molecular current by the 
sum of the probability ( la)  multiplied by A(wo- w) and. 
multiplied by the probability (lb) t i (w  - w,), 

over the entire surface of the wall S. We replace inte- 
gration over dw by integration over r ,  r' asd summa- 
tion over I ,  1 ' .  Since the rotational quantum ti 2 / 2 ~ T  << 1, 
summation over I ,  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: 

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

where 

LV is the total number of particles in the system, V is 
its volume, and the rapidly oscillating terms in the ex- 
pression A(llt, niz') disappear upon integration. 

Calculation of the integral (3) at arbitrary values of 
a and p 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 Aw/T > 1 and Aw/T < 1. In these regions, the in- 
tegration can be carried out analytically. It was shown 
earliefi2' that the region of large energy transfer tiw/T 
> 1 makes the principal contribution to (3). Taking this 
into account, we neglect in the integrand the exponen- 
tials with the indices -Aw/T, -Aw/T,. After integra- 
tion, we obtain an equation describing the change in the 
kinetic temperature of the gas T: 

-= dT 0.04- S HTb (_TI "' (f) *" e x p ( - h ~ . / 2 T V L  
dt V n"'yhbooc' 2x.V sh{hoo/2Tv} 

x ( l + E I )  4 h o p  (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 

The quantity 

' exp (hoo/T,) 

i s  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 r, 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 

corresponding vibrational level 

In view of the large value of the vibrational quantum 
Aw,, 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  

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

We introduce the average frequency G of the vibra- 
tions of the surface, which a re  excited by the molecule 
in the collisions; then I?? - y ( c / ~ ) ~ ,  since C/Q- X is the 
wavelength of these vibrations. The condition T - T, - T, enables us to assume that T = iiw. The boundary 
relaxation time is inversely proportional to v; there- 
fore, 

The parameter 13 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 
G= w0/6. 

We now compare the obtained expression for T with 
the characteristic time of volume relaxation 

where i s  the number of collisions necessary for vibra- 
tional-translational relaxation, o is the gaskinetic cross 
section, n is the gas concentration, v i s  the thermal 
speed of the molecule. The boundary relaxation be- 
comes significant at T <r,,,. This takes place when 

As an example, we consider a cylindrical glass tube 
filled with oxygen at T = T, - 900 K, when q - lo5 (Ref. 
1). The parameters characterizing the oxygen mole- 
cule and the surface are: M = 3 x lOmZ3g, Aw,, = 0.2 eV, 
o = 3 . 6 ~ 1 0 - ~ ~  cm2, y =3g/cm3, c=5x105 cm/sec. 
For these parameters, the boundary relaxation be- 
comes important at Vn/S < 1019 (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". 

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 r 
can be used for the estimates. 

'Ya. B. Zel'dovich and Yu. P. ~aTzer ,  Fizika udarn* voln 
i vysokotemperaturnykh gidrodinamicheskikh yavlenii 
(Physics of Shock Waves and High-temperature Hydro- 
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Bleaching of the region of electron cyclotron absorption in 
a plasma in an inhomogeneous magnetic field 

A. A. Skovoroda and B. N. Shvilkin 
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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.P~ 

1. INTRODUCTION 

An inhomogeneous magnetized plasma i s  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 a re  used to heat a plasma in ther- 
monuclear experiments. 

There a re  various ways of bleaching which can be di- 
vided arbitrarily into local and nonlocal. The local ef- 
fects a re  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 t rans f~rmat ion .~ '*~]  
Plasma bleaching occurs a s  a result of transformation 
of oscillations because the region of a plasma under 
discussion becomes transparent to the secondary wave 
formed a s  a result of such transformation. 

The nonlocal effects a r e  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 a s  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 a s  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 

scribed below. An electromagnetic wave travels from 
the left to right and i ts  frequency is w varying from 
we,, to we,, where weo and we, a re  the minimum and max- 
imum electron cyclotron frequencies, respectively. 
Under these conditions there a re  two points of electron 
cyclotron resonance in the plasma, o = we@), separa- 
ted by a distance I .  The resonance at the first  point can 
be treated in the same way a s  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 s h o ~ n f ~ * ~ ]  
that under these conditions there is partial absorption 
of a wave without refIection. 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 Acp a s  a result of such reflection. 

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

FIG. 1 .  Variation of the electron cyclotrcm frequency we 
We shall consider the profile of a plasma-confining along the z axis of the system. The total absorption region 

magnetic field (Fig. 1) used in the experiments de- is shown shaded. 
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