One more remark. It is easy to verify that the rela-
tive motion of vortices is a Liouville motion, so that it
is possible to write down a microcanonical distribution
with respect to two invariants of the motion (1.2) and
(1.5). The decisive parameter of this distribution in
the case of identical vortices is the quantity 6 intro-
duced in Ref. 4 (the analog of the temperature). It is
of interest to investigate in detail in the future the
stochastic properties of the system of four and more
vortices so as to verify, for example, the applicability
of the microcanonical distribution in a definite range
of values of 6 (the calculations performed in the pres-
ent paper correspond to the case 6~2.4),
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An experimental and theoretical study is reported of the kinetics of electron density (n = 10'°-5x 10®
cm™) in helium plasma cooled to cryogenic temperatures (T, S 100°K). A realistic afterglow model is
developed, taking into account electron-temperature relaxation and changes in the density of metastable

states. Experiment confirms the existence of the quasistationary decay of electron density, which persists

in a broad range of initial dicharge conditions, including the magnetic field. Comparison of experiment
with theory has led to the elucidation of the role of hot electrons in cryogenic plasma, to a determination
of improved values for the constants of the elementary processes, and, in particular, to a verification of
the fact that the temperature dependence of the recombination coefficient of Hej ions is of the form

T\

PACS numbers: 52.25.Lp, 52.80.Hc

INTRODUCTION

When the temperature of heavy particles in helium
plasma is reduced from T,~300°K down to cryogenic
values, the absolute values of plasma parameters can
be investigated in a new range, and new quantitative
relationships can be established between them. For
example, in decaying plasma, the electron temperature
T, falls to 20-100°K, the density of metastable states
may reach M=10" ¢cm™3, and the ratio of M-particle
and electron densities rises to M/n 2 10? (n is the
electron density). There is also a qualitative change
in the ion composition of cryogenic plasma. The bulk
of the ions consists of the polyatomic ions He,, where
n23. The recombination coefficient for these ions is

a>10"% cm®-sec™! and exceeds the recombination co-
efficients of He' and Hej, which make up the plasma
at room temperature, by a large factor. All this is
responsible for many of the features that arise both
during the decay of cryogenic plasma and in the cryo-
genic dc discharge.!"?]

In the final analysis, the values of the leading plasma
parameters and the relationships between them must
be traceable to elementary processes (and are ultimate-
ly responsible for many aspects of collective phenome-
na). Sufficient material has now emerged from studies
of elementary processes in cryogenic helium plasma
to enable us to consider the description of plasma de-
cay as a process of simultaneous variation in its

444 Sov. Phys. JETP 48(3), Sept. 1978 0038-5646/78/090444-09$02.40 © 1979 American Institute of Physics 444



leading parameters, above all, n, T,, and M. It is
clear that this can be done only on the basis of a par=-
ticular model of cryogenic afterglow. The distinguish-
ing feature of a model of this kind is that it must take
into account, even in the first approximation, the
strong influence of each of the parameters T,, n, and
M on all others, The enhancement of this interdepen-
dence under crygoenic conditions is due to the much
higher density of hot electrons as compared with the
situation prevailing at T,~ 300°K. These electrons
are continuously created with initial energies in the
range £€,=14~20 eV in reactions involving the breakup
of M-particles, The hot electrons continue to heat the
cryogenic gas and the system of cold electrons. The
strong source of hot electrons ensures that the cryo-
genic plasma is highly nonisothermal (7,/T,~ 10) even
during the late stages of the decay process, right up
to a few milliseconds. The prolonged relaxation of

T, in its turn constantly regulates the rate of recom-
binational perturbation of the electron density. Hot
electrons provide a substantial contribution to the
cryogenic afterglow and to the balance of the total
number of electrons. Processes connected with the
behavior of hot electrons are thus found to have a
dominant influence. In particular, it is essential to
consider what happens to hot electrons reaching the
walls of the discharge vessel.

In this paper, we use a realistic model of recombi-
national decay as abasis for the development of analy-
tic solutions of the balance equations describing varia-
tions inn, T,, and M in cryogenic helium afterglow.
The theoretical results are then compared with experi-
mental data on the kinetics of electron density. The
structure of the solutions shows that the time depen-
dence of the electron density » is largely determined
by the relaxation of T, and M. Comparison of theoreti-
cal and experimental results on electron-density kine-
tics can thus serve as one of the criteria in judging
the validity of possible solutions. Additional informa-
tion has been obtained from measurements on electron
density # in magnetic fields. An external magnetic field
modifies the lifetime of hot electrons in plasma, and
thus controls the degree of heating of the system of
cold electrons. This leads to a change in the rate of
recombinational decay of cryogenic plasma in mag-
netic fields.

1. METHOD OF MEASURING ELECTRON DENSITY

The plasma electron density was determined by the
microwave resonance method. The procedure used
to measure the resonance-frequency shifts is described
in detail in a previous paper.h] Conversion of the fre-
quency shifts to absolute values of electron density was
performed by the method described in the same paper.
The main changes in the experimental setup involved
the design of the microwave resonator and vacuum
system for introducing and purifying the working gas.

A silver-coated cylindrical resonator, designed to
operate in the TE,, mode, was excited at f=10 GHz
through a matched coaxial input. The resonator could
be tuned by moving an end piston capable of suppressing
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parasitic TM modes. A superconducting solenoid was
wound around the cylindric surface of the resonator and
its continuation, and was used to measure the electron
density in the magnetic field. The solenoid was 16 cm
long and the 4-cm resonator was placed at its center.
The solenoid was calibrated with the aid of Hall probes,
and the working value of the magnetic field could be
varied with a 0.5% accuracy up to 10000 Oe by varying
the current. The electron density was not measured in
the region of the cyclotron resonance at A =3210 Oe.
The resonance frequency was determined with a pre-
cision of <0.5 MHz for characteristic frequency shifts
in the region of recombinational decay between a few
units and some tens of megahertz.

The cylindrical discharge chamber was made of
quartz glass and had a diffusion length A =0.544 cm
(L=3.3 cm, R=1.53 cm). It was directly joined to the
vacuum system used to introduce and purify the working
gas. The vacuum system was pumped off and held at
a pressure not higher than 10°® mm Hg. It was cleaned
up by a high-frequency discharge in helium. Gaseous
helium was drawn directly from the vapor above the
liquid in a dewar, and was passed through a special
micron filter placed in liquid helium. The gas was
then passed through a system of nitrogen traps filled
with a suitable absorbent capable of removing N,, O,,
and H, impurities.

The temperature of the walls of the discharge cham-
ber was monitored with a thermocouple during the
measurements. When the discharge vessel was cooled
with liquid helium, the temperature of the neutral gas
within the volume of the plasma was determined from
the period of acoustic oscillations observed on the
resonance curve of the resonator. These oscillations
were spontaneously excited at the onset of gas break-
down by the hf pulse because of the nonadiabatic heating
of the cryogenic gas.m The pressure inthe system was
measured by a special oil manometer. The working
pressure p was reduced to 293°K. For p=1 mm Hg,
the pressure was measured to within 20% and this pre-
cision was lowest at working pressures up to a few
tens of mm Hg. Figures 1 and 2 show the experimental
graphs of electron density as a function of time. It is
clear that the nonlinear recombinational decay of
electron density continues up to = 10 ms both in the
presence and absence of the magnetic field, and
covers the concentration range n=10'°=5x10% cm™3,

FIG. 1. Decay of electron
density (H=0): J=T,
=100°K, =15 mm Hg;
0—T,=8°K, p=17 mm Hg;
AeT,=8°K, p=34 mm

0|°

Hg.
L
]0’14114||111‘
0 2 4 6 8 1w 1
t, ms
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2. DECAY MODEL FOR CRYOGENIC PLASMA

It is useful to consider separately a number of groups
(systems) of particles in eryogenic helium plasma.
Firstly, we take the system of cold electrons of density
n, which are mainly localized in the energy range be-
tween zero and a few kT, (T, =20-100°K). We then
take the group of hot electrons of density »* and mean
energy €*>>kT,. Quasineutrality is ensured by the
ions which, in our experiments (see below), were main-
ly Hej. The ion temperature was assumed to be equal
to the temperature of the neutral atoms. A further
system of particles is made up of the metastables of
density M. Figure 3 shows the interrelation between
the leading elementary processes in which these groups
of particles are produced and participate. It also shows
schematically the energy flows between these particle
systems.

Henceforth, we shall consider the following process-
es:

M, + 2He
« A
Hes* + ¢ —— He,* + He , A)
N
M, + He.
0~ Heg* + e* (17.4eV),
He (25 23,
°(2%5)+ He( S)[E,He++He+e‘(15 eV) ®)
He(2'S)+e > He+e' (206 eV), ()
He,*+2He * He,*+He, (D)
He,*-+e+He = He,"+He, (E)

and the diffusion of Hej and He(2%S). The expressions
for the coefficients of these reactions are given in the
table. The collision frequencies (s~!) are as follows:

Ve=3.6-10° pT." for €<3 eV, 8v.a=7.2-10°p for >3 eV, Ref. 7;
Vee=T.7-10"n (kT, [eV])~%, Ref. 7,
ve=364nT. " InA, A=1.24-10°(T*/n)*, Ref. 9.

The metastable states can be characterized as fol-
lows. As at T, =300°K,[%) the equilibrium density M
of the triplet metastable states is much higher than the
density S of the singlet metastable states. Typically,

Diffusion

_.—_‘rL——g:kTe
S
i 'f‘
>3!
L—J—‘“ E=KT =T}

FIG. 3. Schematic representation of the adopted decay model.
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M/5>10,117 The rates of reactions of the same type,
which involve the participation of these particles, are
very similar. We shall therefore confine our attention
to the triplet states, i.e., the M-particles., The den-
sity of these particles consists of the atomic [He(233)]
and molecular [He(23Z})] components. The atomic and
molecular metastable states can be combined to a
single set of levels of the M-particles. The energy
width of this set (=2 eV) is much smaller than the level
excitation energy (=20 eV). The rate constants of reac-
tions of the same type involving the participation of
metastable atoms and molecules are very similar,[s!
The most extensively investigated are reactions in-
volving the participation of atomic states and, there-
fore, the numerical values of reaction constants in-
volving M-particles will henceforth refer to reactions
with the participation of He(2%S).

Let us consider our decay model in terms of Fig. 3.
According to this model, the creation of the M-parti-
cles occurs in the two-body recombination process
between Hej and cold electrons [reaction (4)]. The
capture of the electron by the ion results in the appear-
ance of the triatomic molecule in a highly excited
(autoionization) state. This molecule dissociates along
two channels [reaction (4)] and, after cascade transi-
tions, atoms and molecules are produced in the lowest
metastable states. The M-particles that appear within
the working volume decay in the course of mutual col-
lisions [reaction (B)] and during super-elastic collisions
with electrons [reaction (C)]. The heavy byproduct of
the superelastic decay of the M-particles is He in its
ground state. The pair reaction (B) can proceed along
two channels with the formation of either He" or Hej.
Even at T,=300°K, the probability that the He} ion will
be created is 0.7. As the relative velocity of the col-
liding M-particles is reduced, this probability rises
still further. We shall follow Belevtsev and Mnatsakan-
yan[“] and assume that the dominant process under
cryogenic conditions (7, <100°K) is ionization of the
M-particles with the formation of He} ions.

Recombinational decay will, as before, be determined
by He, because He; transforms into Hej before it re-
combines. The conversion of the He; ions occurs with
the time constant (k,p%)"! in reaction (D). This condi-
tion is satisfied subject to the obvious requirement that

TABLE I.
Process T °K Values of coefficients
) 4.2* Oy =0/Tqi 0 =410t :mas'ldeg, Ref. 4
4.2:28;44: 7710 ~ T3, £=20,32 Ref.?
®) 300 B =(4.541)-10%cm3 " Ref.6 y =0.3Ref. 8
4.2 +300 [P Ty Ref1
©) 300 ¥ =4.5-10"? cm?s! Refs. 1.8
(D) 80 [ksP?]™1 € 9-1070p™2 [s) Ref. 7
(E) 300 01Ty @y = 1,1-107 4 4,1.107105 cm’s ! Ref. 5
Diffusion of Heg* <100 Dgp =280 em?s! . mm Hg
according to Ref. 3 104-3 D,ap < 100 em?s’t - mm Hg —
Diffusion of He&(22S)|r 80 Dygp =200 em?s! - mm Hg
according to Ref. 1 { 5 Dyp =28 em?s! - mm Hg
*p=5-10°~2.5-10' cm=S,
2/3
**D” ~ Ta/ .
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(k,0%)"*<1/a,n, where a, is the He}, recombination
coefficient [reaction (E)]. If we suppose, for the pur-
poses of rough calculation, that (k,p%)"'1=9x1073p7% s
(which corresponds to the He' - He, conversion at

T, =80°K)!"! we find that this inequality is satisfied
for n<10'° cm~® and p~3 mm Hg. Since the actual
value of the time constants for the He}, conversion is
much smaller (see the table), we may suppose that the
conversion process proceeds quite rapidly even for
£=1 mm Hg.Y

According to the experimental results reported by
Gerardo and Gusinow, *?!the density ratioat 7,=80°K s
(He)/[He;)>> 1 for n=10'"° ecm™ and p > 10 mm Hg. As
the temperature of the gas is reduced, the value of
(k,p?)"! should fall at least as rapidly as the He' con-
version time constant in the case of the polarization
interaction between the atom and the ion, i.e., as
73/4,153] gince [He!]/[He}] < k,p,,['?) the He ions are the
main component for T, =4.2°K at pressures lower than
those for T,=80°K, i.e., p=1 mm Hg.

Thus, the foregoing discussion enables us to select
the experimental range of values of p and n in which the
pair decay of M-particles does, in fact, end in the for-
mation of Hej ions, whose equilibrium density provides
the dominant component, We note that the working
pressures in our experiments were p = 15 mm Hg for
T,=<100°K and p 2 1 mm Hg for T,=4.2°K.

The above processes of decay of metastable states
are accompanied by the appearance not only of the
heavy particles, but also hot electrons e* with initial
energies £,=17.4 and 19.8 eV. These electrons relax
from € =¢, to e #kT,, thus heating the neutral gas and
the system of cold electrons. The characteristic time
for cooling these electrons is 7=1/(8v,, + Ve,), Where
8v,, is the frequency of the cooling collisions with
atoms and v,, is the frequency of electron-electron
collisions. The relaxation of the hot electrons occurs
during their diffusion to the walls of the discharge
chamber. The decay of the cryogenic plasma is, in
many respects, determined by whether or not the en-
ergy level € =T, is populated by hot electrons during
the characteristic diffusion time 7,. If hot electrons
reach the surface with €>>£7,, then plasma decay
depends on the boundary conditions adopted for them.

For the range of values of p, n, and T, used in our
experiments, the diffusion of cold electrons, ions,
and M-particles can be ignored. The condition for the
validity of this approximation in the case of electrons
and ions is

lp=(Dafctsn) "< As,

where I, is the mean distance traversed by the charged
particle before recombination with Hej;. Using the val-
ues of D, p and a, given in the table, we find that

lr <A, even for low pressures p=~1 mm Hg if
nz5x108 ¢em™, T,<50°K, and T,=4.2°K. For tem-
peratures T,=80-100°K, we may neglect ambipolar
diffusion at pressures exceeding a few mm Hg. These
conclusions are confirmed for » 25 X 108 ¢cm™3 by the
nonlinear form of the measured electron-density curves
(see Figs. 1 and 2). By analogy with Iz, we can intro-
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duce the length I, = (D,/BM)"2 for the M-particles. For
M>10" em™3, which is characteristic for the cryogenic
afterglow,' diffusion is unimportant under our condi-
tions for p>1 mm Hg, T,=4.2, and for p 210 mm Hg
and T, <100°K.

It follows from the foregoing that the simplest model
can be used to describe plasma decay. In this model,
only one type of ion, namely, Hej, predominates and is
responsible for recombination. The diffusion mechan-
ism of decay of cold-particle density is not taken into
account. The range of n and p used under these condi-
tions remains sufficiently broad. For example, for
T,=4.2°K, we have 5X10® cm™3 <7 <10'° ¢m™® and
p =1 mm Hg.

Further analysis is complicated by the fact that it is
essential to know the fraction of hot electrons reaching
the surface of the discharge vessel for a given pres-
sure, It is convenient to consider the following two
limiting cases:

1 . 1

14K TP .
VetV | Vet ves

In the first case, which occurs for p<p,, a large frac-
tion of the hot electrons reaches the walls with ener-
gies not very different from the initial energy during
the characteristic diffusion time 7;. In the second
case, which occurs for p>p,, a large fraction of the
hot electrons succeeds in cooling within the working
volume and populates the energy level € =kT,. Since
the potential difference between the wall and the center
of the discharge chamber is of the order kT,/e,, hot
electrons with € > kT, diffuse to the wall under free
diffusion conditions with diffusion coefficient D(g) =25/
3muy,,. The pressure p, can be estimated from the
condition T,(g,) =1/6V,, (Vee KBy, for €>kT,). For
£,=17.4 eV, we have

Taltey =092-10 AP, (1)

In our experiments, p,~=6 mm He. In experiments in
which the discharge tube is placed in the waveguide,
and must have a smaller radius, the value of p, will be
greater by a substantial factor.

The temperature of the slow electrons is determined
by heating through collisions with hot electrons with
frequency v,,, and cooling in collisions with atoms
with frequency 8v,,. At low pressures, cooling collis-
ions with Hej ions with frequency 6v’,; may also pro-
vide an appreciable contribution to the energy balance.

The temperature of the heavy plasma particles is
assumed equal to the constant quantity T,, determined,
for example, from the period of the acoustic oscilla-
tions. The approximation T, =const is justified in the
analysis of recombinational decay of electron density
by the fact that the coefficient @, is more dependent
on T, than on T, (see table). The weak temperature
dependence of B also enables us to use this approxima-
tion. In general, the temperature of the neutral gas
is determined by its heating by electrons and cooling
by thermal conduction.
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3. PLASMA DECAY KINETICS FOR 7,/7,, >> 1

A. Basic theoretical relationships

The set of equations describing the kinetics of den-
sities n, M and energy kT, can easily be determined
with the aid of Fig. 3 when most of the hot electrons
succeed in cooling prior to collisions with the chamber
walls. The result is

d(n+n) _dn 2 4
S~ o= —a (Tt B (2)
aM
= =a(T.)n*—BM*—ynM, ) ®)
3.k o k. o
d /adtT P (T3 T2 " +1_2pM’Ae,+1nMAe,. 4)

Here and henceforth, a= a,. The quantity A€ is the
fraction of initial energy expended through the corre-
sponding M-particle decay in the heating of the system
of cold electrons. It is assumed that electron sources
are monoenergetic.

The hot-electron distribution function obtained theo-
retically for 7,/7,,> 1 was used by Blagoev et al.['4]
to obtain an expression for the effective energy carried
off by fast electrons with initial energy €’ in the cold
electron system:

5 Vee
de= [ TRt
Since the integrand has a maximum (in the energy range
determined by v,, = 6v,,), we can replace the upper
limit by infinity and, after integration, obtain

Ae,(eV)=2.4-10"%(n/p)". (5)

Apart from numerical factors of the order of unity,
this expression is identical with that obtained from the
equation v,,(A€) =6y,,(AE). When the above condition
is satisfied for the collision frequencies, the hot
electrons begin to experience rapid Maxwellization and
the energy At is almost wholly expended in heating.

We must now find the solutions of (2)-(4). At cryo-
genic temperatures, the characteristic time for a
change in the densities n, M, given by 7,=1/an and
Ty =1/BM, respectively, is very different. Since,
under cryogenic conditions, @ 210" cm3.s"!,
B=2x10"°cm3.s7!, M/n=10% we have 7,/7,210. A
substantial difference is also found to occur between
the characteristic cooling and heating times 1/6v,, and
1/BM of the system of cold electrons at T, =300°K.
For M 210" cm™3, p 21 mm Hg and T, <300°K, we
have 6v,,/BM 2100. In principle, this enables us to
assume in advance that the approximate solution of (2)
and (4) can be obtained by writing these equations in
the quasistationary form.?

For a rigorous proof of the existence of quasistation-
ary decay modes, we must identify a small parame-
ter u <1 in front of the derivatives in (2) and (4). The
equation with a small parameter in front of the highest-
order derivative belongs to a class with singular per-
turbation, and its solution has the following proper-
ties.[’) In a certain neighborhood of the initial time
t=t,=0, the exact solutions are very different from
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the degenerate, i.e., those with u =0 in the so-called
boundary layer of width ¢,. Well away from ¢, (¢>>¢,),
solutions of any accuracy in 4 can be sought in the ap-
proximation with 4 =0, i.e., in the quasistationary ap-
proximation. In particular, if we assume T, =const
for (2) and (3), and transform to the dimensionless
variables

e n _m t P 1
= P y—Tz, T B’ a——ﬁE,
we obtain
B \'sdz 1
) —=—p—y2
(a) dt 2 2 ¥ (6)
y . . 1
P e Ui 2 )

In these expressions, (8/a)2 =, <1 is a small param-
eter of the problem. We note that, for T,=300°K, the
recombination coefficient is «=1078=10"°cm3-s~! and
-1,

According to general theory,
problem can be sought in the form

[15] the solution of the

z(typy) =To(1) T, (1) + . . FILaz () +p,dlz,

] t'=1/p,.
There is an analogous solution for y(r,ux,). The bounda-
ry-layer functions Ilx and IIy need be taken into account
only near ¢ =0 because they usually decay exponentially.

For ¢>t,, the solutions of (6) and (7) in the first
approximation in u, is

-0 G- 9

Zo(1) r— =
v2 [1+ (/2 +p/V2)7(0) 7]

(8)

where ;i%=y/(aB)*/?, and 5(0)=y(0).

Following the algorithm described in Chapter 3 of the
book by Vasil’eva and Butuzov, ') we can set up the dif-
ferential equation for the function II,x as well. The ex-
pression ¢, =2/(aB)Y2M, for the width of the boundary
layer is then obtained from the condition for the decay
of Il x by the factor exp(2v2). Since, in cryogenic
plasma, M,> 10"? cm™3, we have £,<5X 10~%s, The
parameter u, enters the original equations in a regular
fashion and, therefore, has no effect on the character
of the results. Using the values of @, B, and v in the
table, we find that u, <<1. Hence, superelastic decay
of M-particles need not be taken into account in cryo-
genic plasmas. At room temperatures, u,-1.

The equations given by (8), written in terms of the
dimensional coordinates 1/%, 1/M as functions of ¢,
take the form of straight lines whose slope yields the
effective recombination coefficients a.q =(ap)"2/2 and
the effective coefficients B.s =8/2. The recombination
coefficient of the ion Hej was first measured as &
by Fugol’ et al.’s] Itturned out to be @ =1.3 X107
cm®-s~tatT,=10°K. The result B =1.1X107° cm®-s~?
at T, =10°K was reported by Fugol’ et al.!*¢} The result
B=2Ber =2.2X107° em3.8-!isin good agreement with
the value B=2.5X10"%cm?.s"!, given in the table at the
same temperature. The actual value «=1.6X10"%
cm®-s~!is very close to the value of a, in the table if
T, <40°K. These values of the electron temperature
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are characteristic (see below) for cryogenic plasmas
at the pressures p 210 mm Hg and densities n=10°
cm?, used by Fugol’ et al."®) intheir measurements of
.. It follows from the foregoing that the determina-
tion of the rate constants for elementary reactions
through the analysis of the decay curve for cryogenic
plasmas is far from equivalent to measurements of the
actual parameters.

Returning now to the original set of equations given
by (2)-(4), we note that the quasistationary decay of
density » remains valid even for T, # const. The quasi-
stationary variation of the electron energy is estab-
lished in a time of the order of 1/6v,,. In general, the
energy-balance equation is also in the class of equa-
tions with a small parameter in front of the derivative.
Quasistationary solutions of the energy-balance equa-
tions are possible and are frequently used in the analy-
sis of plasma decay with T,=300°K (see, for example,
Ref. 1). As a result, the original set of equations for
these decay times ¢ > 2/(ap)*/2M,, 1/ 6v,, includes two
algebraic equations and one differential equation. If we
solve them and use the data on «(T,), 6v,,(T,), given in
Sec. 2, together with (5), we obtain

o, M 0\,
ol 1+78Mzt " n 10'2(;;_ ) B
T,=1.9-10-6%* (n/p)°*, 9)

n=""=const+5.13p%*0°"*¢ .

According to these results, for p 210 mm Hg and
T,=4.2°K, the electron temperature varies from

T, <210°K for =10 cm™2 to T, <52°K for n=10° cm™3,
The density ratio varies at the same time from M/n
286 to M/n=1170. 1t is easily shown that, under the
above conditions, cooling collisions with the ions can be
neglected.

B. Comparison of theoretical results with experimental
data

A comparison will not be carried out with the mea-
sured electron-density kinetics. The experimental
results involved are those obtained for decay times
t=1 msec, i.e., much greater than the characteristic
times ¢, for the establishment of the quasistationary
variation in density n. The electron density was mea-
sured as a function of time for pressures p 217 mm Hg
and T,=8%2°K. At these pressures, T7,/7,,>8 accord-
ing to (1). It may therefore be considered, to a good
approximation, that most of the hot electrons remain
within the volume and relax to € = kT,.

The experimental results were then used to determine
the function n(t), the slope A of the linear relationship
n~%7«x At and the influence of gas pressure and tempera-
ture on the slope. Figure 4 shows the measured re-
sults in the form of #n~%7 as a function of ¢£. It is clear
that, up to £ =10 msec, the decay of electron density is
satisfactorily described by the above linear formula
[see (9)]. At subsequent times, when n <5 X 10% cm™3,
the kinetics begins to be influenced by the diffusion of
charged particles, which our model does not take
into account. We note that, if we do not take into ac-
count the relaxation of T,, then, according to (8), the
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FIG. 4. Electron density
(n, cm=) as a function of
time for 7,/7,,> 1. For
T,=8°K: Xx—p=17 mm
Hg, 0—34.1 mm Hg, L=
68 mm Hg, J—T,=100 °K,
=15 mm Hg.

time dependence is described by n~! «<{. Thus, the re-
laxation of T, has a considerable effect on the function
n(t). :

Let us now compare the experimental and theoretical
values of the slope A for T,=8°K. Using the tabulated
values of the coefficients 6 and B as functions of tem-
perature, we find that

0=3.2-10"* cm?®s!deg, Bp=2.46-10"° cm3s! .

According to (9), the calculated slope is a =2.27
x107%°%3s"t.cm?*!. Figure 5 shows the measured slope
4, as a function of p®3. The function A, =2.4

x 107%°%3s"t.cm?*!, shown by the broken line in Fig. 5,
lies within the limits of experimental uncertainty.
Comparison of 4, and A shows that the theory is in
adequate agreement with experiment.

The temperature dependence of the slope of A

o T°0-013 follows from (9) when the temperature depen-
dence of 6 and B is taken into account. This very weak
dependence ensures that A falls by a factor of only

1.031 between T, =100°K and T, =8°K. This cannot be’
detected experimentally. The function n(¢) is satisfac-
torily represented by n" %7« ¢ even for T,<100°K if the
discharge is produced by pulses of enhanced hf power.

4. PLASMA DECAY KINETICS FOR 7,/7,, << 1

In this case, hot electrons do not succeed in cooling
down during the diffusion time 7,, and reach the walls
of the discharge chamber with energies not very dif-
ferent from the initial energy. Ions that are produced
simultaneously with hot electrons in reaction (B) with
practically zero energy remain in the discharge volume.
The plasma remains quasineutral if one of the following
possible conditions is satisfied on the boundary:

2-10%138, ' em?1

12 /{/
10 . / FIG. 5. Measured slope A
| Y as a function of pressure
8 F {{’ T4/ T > 1).
§F
4 i 1 1 ) — N —
1 4 J 4
%3
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I. Hot electrons are reflected elastically (¢ ,q = A€,)
from the surface, i.e., most of them are cooled down
within the body of the plasma.

II. Hot electrons are reflected inelastically and,
after reflection, have energies between zero and a few
kT,.

III. Hot electrons remain on the chamber walls and
an ion current flows out of the plasma and compen-
sates the diffusion current of hot electrons.

Let us consider each of these cases separately.

It is clear that, if boundary condition I is realized,
the plasma decay process should proceed in the same
way as at high pressures, for which 7,/7,,>1 [see (9),
Sec. 3]. However, experiments performed for 7,/7,,
=~ 1072 show that (see below) there is an appreciable
departure from n~%7«¢. Moreover, the external
magnetic field will produce a change in the rate of re-
combinational decay of the density n, whereas (9) does
not predict this. All this enables us to suppose that
boundary condition I is not satisfied.

For the next two conditions, the surface of the
chamber acts as a sink of hot-electron energy. These
electrons heat the system of cold electrons only during
the time 7,. The quasistationary energy-balance equa-
tion then assumes the usual form

2 kT 1 (8'Veit-8ves) =Ae,BM/2. (10)

This takes into account cooling electron-ion collisions
which are important at low pressures. The quantity
A€, is the fraction of initial energy expended in heating.

It is given by

Aes=74(e)vee (21) (81/80) V280,

where €, =19.8 eV is the excitation energy of the state
He(2%S). Using the expressions for 7, and v,,, and the
fact that £,=17.4 eV, we find that

Ae, (eV) =2.33-10-pnA,". (11)

The effect of the magnetic field on the decay process
can be taken into account by replacing A, with the mag-
netic diffusion length

1 24\* 1 n\?
AL (T) 1+(mu/v..)’+ (T) ' (12)
where wy =1.76 X 10'H is the electron-cyclotron fre-
quency.

The quantity 5’ in (10) is the inelasticity parameter
for collisions between electrons and He; ions, evalu-
ated per collision with momentum transfer. In
plasma, 6’<2m,/m;, since the cross section @, for
the scattering of an electron by an ion with fractional
energy transfer 6, =2m,/m; is less than the total
cross section @, for scattering with momentum trans-
fer. It is readily shown on the basis of the material
given by Mitchner and Kruger'® that @,/Q, ~InA. The
density balance equations corresponding to boundary
conditions II and III can be generalized by introducing
the parameter ¢ which is either 0 or 1:

dn/dt=—a (T,)n*+cpM*/2, (13)
dM/dt=a(T.) n*—BM". (14)
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When ¢ =1, the hot electrons populate the energy level
€=kT,, which corresponds to boundary condition II.
For boundary condition III, ¢=0.

A. Basic theoretical relationships in the case of boundary
condition |1

For ¢ =1, plasma decay is described by (10), (13),
and (14). It is easily seen that the approximation of
quasistationary variation of the density n» remains valid.
However, the inclusion of cooling collisions with ions
leads to great difficulties in finding analytic solutions
of the resulting set of equations. We shall give solu-
tions in the approximation in which 6v,; <dvy,,. In our
experiments, we considered the region of densities n
in which plasma decay could be described by these
solutions. The influence of electron-ion collisions on
plasma decay was examined only in a qualitative fa-
shion. If we solve [taking (11) into account] the initial
equation for this case, we obtain:

M, M A0 %80 _0,5,,-0,400,3
M_W, — = 1,0240%A ™00 =010, (15)
T,=1.9-10-4%6"*A, n"*, (16)
n—o*=const+0,513-10%46°*A; p*% . (17)

We note at once that, when cooling collisions with ions
are taken into account, the exponent x in the relation
n~*«t is reduced. This can be simply demonstrated
by considering the initial equations for the limiting
case when §'y,, > 6v,,. Thus, as the cooling collisions
with ions become increasingly important, the function
n ¥ ot with x <0.6 provides a better approximation
than (17).

B. Basic theoretical relationships in the case of boundary
condition 111

For ¢ =0, plasma decay is described by (10), (13),
and (14). Since there is no source of electrons in this
variant, and the source of M-particles is retained, it
can be shown that, for decay times ¢>1/an, we must
have BM 2> an®. This can be shown by combining (13)
and (14) into an inhomogeneous differential equation
in M/n and then solving it. In this approximation, and
for 6v,; < bv,,, the solution of the initial equations for
the density » is

=/~ 1.37-10°"A; " "t, (18)

Here, as befofe, the inclusion of collisions with ions
results in a smaller value of the exponent in the ex-
pression for the density #.

C. Comparison of theory with experiment

In our experiment, the density » was measured with
and without the magnetic field. For the comparison with
theory, we used experimental results obtained for
decay times £ =1 ms for which the quasistationary state
was definitely known to prevail. The measurements
were performed in the pressure range p =0.7-1 mm Hg.
According to (1), under these conditions, 7,/7,,~ 1072,
i.e., most of the hot electrons reached the walls of the
chamber. The chamber was cooled only with liquid
helium. The temperature of the gas, determined from
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the period of acoustic oscillations, was 4.2°K. The
values of the coefficients 6 and B for this temperature
can be determined from the table. Graphs of n™* « At
constructed for different x were then used to determine
the slopes A and the dependence of the slope on the
magnetic field was established. Figures 6 and 7 plot
n~* as a function of £, where x=0.6 (boundary condi-
tion II), and x =3/7 (boundary condition III).

It is clear from Fig. 6 that, for n>10° cm™ and

decay times up to a few milliseconds, the experimental
results are satisfactorily described by the linear for-
mula n” %€ at, According to (16), the theoretical re-
sult in the absence of the magnetic field is 4,=17.3
x10°* sec™'-cm!3, which is in agreement with the
experimental result 4, =(11x1)x10"* s .cm!'-®. The
maximum discrepancy does not exceed 40%. It is
readily shown that this discrepancy decreases when
the diffusion process is taken into account in the bal-
ance equation for the Mparticles. Diffusion provides
a finite contribution when cooling collisions with ions
have to be taken into account.

A departure from the above law is observed at the
alter stages of the decay process when the concentra-
tion is #<10° cm™3, For n~2 X108 cm™2, for which
diffusion becomes important, the time dependence can
be described by a formula close to n"37 ¢, which is
shown in Fig. 7. According to (18), the theoretical
prediction for this dependence with% =0 is A
=0.3s7*.cm®”, Thisis very different (see Fig.7, broken
line) from the experimental results A,=(2+1)
x10-2s-t. cm®/”?, The difference is so great that, to
compensate it, one would have to change by two or
more orders of magnitude the reaction rates and colli-
sion frequencies used in the theory. This could not be
justified on any realistic grounds.

)
i ,’ FIG. 7. Electron density
A (n, cm-3) for boundary con-
o dition III, T,=4.2°K, p
zF Lo =0.7 mm Hg, H=0.
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The fact that plasma decay is described by the linear
formula with x=3/7 for 2<10° ¢cm™? is not unexpected.
It is noted above that, when cooling collisions between
electrons and ions are taken into account, the expo-
nent x is reduced, and x<0.6 in the case of the
boundary condition II. As the electron density decreas-
es, collisions with Hej ions are found to compete in-
creasingly with electron-atom collisions. This follows
from the result &'v,;/6v,,~1/n**< 1 (n=~ 10" cm™3,

6’ =6), which is obtained if we use the relationship be-
tween T, and n, given by (16). Since the more accurate
value is §’= §/1nA, the dominant effect of cooling colli-
sions with ions on the decay process begins for ns 10°
cm™3,

It is clear from Fig. 2 that the initial density of elec-
trons in the discharge is higher when the external mag-
netic field is imposed. The result of this is that the in-
fluence of the electron-ion collisions becomes apparent
at later stages of the decay process, as compared with
H=0. The law n~%®x¢{ is therefore satisfactorily ob-
served (see Fig. 6) in a broader temperature range.

Measurements of A, performed in magnetic fields
confirm the fact that boundary condition II is observed
during the decay of cryogenic plasma. The influence
of the magnetic field on recombinational decay of
plasma can be taken into account by using the magnetic
diffusion length A in (17). Since the diameter of the
discharge chamber is comparable with its length in our
experiments, it follows from (12) that for # 21300 Oe,
the magnetic diffusion length reaches its limiting value
Ay =L/m. We then find from (17) that

Ad/Ag=(Ax/As)"*=1.3.

Figure 8 shows measured values of -the slope Ay in
different magnetic fields. It is clear that the average
experimental value (A,/A ), =1.29 is in good agree-
ment with the theoretical prediction.

Experiment thus shows that, when 7,/7,,<1, the
decay of cryogenic plasma is in good agreement with
theoretical predictions if we suppose that condition II
is satisfied for the hot electrons. The equations given
in Sec. 4A can be used for concentrations N >10° cm™3
for which electron-ion collisions and diffusion are -
unimportant. Much more complicated analysis of the
initial set of equations (10), (13), and (14) is necessary
when the latter effects are taken into account.

CONCLUSIONS

The agreement between experimental and theoretical
results on electron-density kinetics which we have

A-mf slem! 8

FIG. 8. Measured slope A
as a function of magnetic
field (1,/7,,<1).
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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-

stant,

11, Ya. Fugol’, Doctoral Thesis, Physicotechnical Institute for
Low Temperatures, Ukrainian SSR Academy of Sciences,
_Kharkov, 1971,

2E. I. Asinovskif, A. V. Kirillin, and V. V. Markovets, Teplo-
fiz, Vys. Temp. 13, 933 (1975).

3. Ya. Fugol’, V. N. Samovarov, and M. G. Starkov, Zh. Eksp.
Teor. Fiz. 60, 1637 (1971) [Sov. Phys. JETP 33, 887 (1971)].

43, F. Delpech and J. G. Gautier, Phys. Rev. A 6, 1932 (1972).

5A. W. Johnson and J. B. Gerardo, Phys. Rev. A 5, 1410
(1972).

6A. W. Johnson and J. B. Gerardo, Phys. Rev. A 7, 925 (1973).

'J. F. Delpech, Eleventh Intern. Conf. on Phenomena in Ionized
Gases, Prague, 1973.

8R. Deloche, P. Monchicourt, M. Cheret, and F. Lambert,
Phys. Rev. A 13, 1140 (1976).

9M. Mitchner and C. H. Kruger Jr, Partially Ionized Gases,
Wiley, New York, 1973 (Russ. Transl., Mir, M, 1976).

10G, N. Gerasimov, G. P. Startsev, and M. S. Frish, Opt.
Spektrosk. 32, 1032 (1972) [Opt. Spectrosc. USSR 32, 555
(1972)].

1A, A. Belevtsev and A. Kh, Mnatsakanyan, Teplofiz. Vys.
Temp. 13, 943 (1975).

123, B. Gerardo and M. A. Gusinow, Phys. Rev. A 3, 255
(1971).

138, M. Smirnov, Fizika slaboionizovannogo gaza (Physics of
Weakly Ionized Gas), Nauka, 1972, p. 301.

144, B, Blagoev, Yu. M. Kagan, N. B. Kolokolov, and R. I.
Lyagushchenko, Zh. Tekh. Fiz. 44, 339 (1974) [Sov. Phys.
Tech. Phys. 19, 215 (1975)].

15A. B. Vasil’eva and V. F. Butuzov, Asimptoticheskie razloz-
heniya reshenii singulyarno vozmushchennykh uravnenii
(Asymptotic Expansions of Solutions of Singular Perturbed
Equations), Nauka, 1973, Chaps. 1-2.

16], Ya, Fugol’, O. N. Grigorashchenko, and D. A. Myshkis,
Zh, Eksp. Teor. Fiz. 60, 423 (1971) [Sov. Phys. JETP 83,
227 (1971)].

17w, Wells, P. Monchicourt, R. Deloche, and J. Berlande,
Phys. Rev. 8, 381 (1973).

Translated by S. Chomet

Boundary relaxation of a vibrationally excited gas
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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 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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