
provlda~ g~od ~=ope for prQ~uclng ma~rials and coatings by vacuum condensation from plasma 
flows at high and adjustable particle energies [4-6, ii]. 
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AN ELECTROSTATIC WALL PROBE IN A FLOW OF COOL PLASMA 

E. K. Chekalin and L. V. Chernykh UDC 538.4 

There are Various difficulties in using an electrostatic wall probe with a flow of rela- 
tively dense plasma on account of convection and the formation of temperature and hydrodynamic 
boundary layers, as well as ambipolar diffusion, discrepancies between the electron tempera- 
ture and the gas temperature, and nonequilibrium ionization and electron--ion recombination. 

A major task in theoretical examination of the properties of wall probes is to construct 
voltage--current characteristics and determine the relation between the saturation ion current 
and the electrophyslcal parameters of the unperturbed plasma. The available data are con- 
flicting. In [1-3], the saturation ion current was dependent on the profiles of the electron 
and gas temperatures near the probe. On the other hand, it follows from [4-6] that there is 
no appreciable effect on the saturation current from the distributions of these temperatures 
at the surface. 

To resolve these confllcts and to provide a sound basis for the use of wall probes it is 
necessary to determine the theoretical distributions for the charged-particle concentrations, 
electric fields, and electronic and ionic components of the probe current together with the 
voltage--current characteristics, although it is extremely complicated to consider all the above 
factors [7]. For this reason, various simplifications and assumptions were made. For example, 
convection was neglected in [7-10], while the nonequilibrium ionization and recombination pro- 
cesses in the boundary layer were neglected in [11]. However, these simplifications are not 
always reasonably Justified, and the limits of application are frequently not stated. 
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Here we derive the charged-partlcle concentration profiles, the electric field, and the 
electron component of the probe current for various profiles in the electron and gas tempera- 
tures, and also for various relations between the characteristic times of diffusion and elec- 
tron--ion recombination and various values of the total probe current in a quasineutral ambl- 
polar part of the boundary layer. 

The data provide the saturation ion current and the voltage--current characteristics, as 
well as the boundary conditions for the double electric layer at the electrode surface. 

The following is a system of differential equations for the flows of charged particles 
from the source to the quasineutral region of the boundary layer in a flow of low-temperature 
plasma for T e # Ti: 

oC~ oci oc~ o ( oc ~ ) 
Pj-[ ~-- P z~ "~x -r Pv-~u = ~ PDi'-~r J -- 99iECi @ ~iMi; (1) 

P T[  pu--~ + pu N = ~ t p D e g ~ \ , - - ~ i ]  @ pg,ECej @ ;oMe, (2) 

where p is the plasma density; u and v, gas speeds in the x and y directions, respectively; 
y, normal to the surface of the electrode; t, time; Ci,e, mass proportions of Ions and elec- 
trons, respectivelyi Di, e, diffusion coefficients; ~i,e~ mobility coefficients; E, strength 
of the electric field in the direction of the y axis; Ti,e, temperature; ~i,e, rate of ionlza- 
tion and recombination; and Mi,e, masses of the charged particles. 

Here it is assumed that C i = Ce, T i = T a and the profiles for the electron and gas tem- 
peratures have been derived by solving the energy equations for the electrons and gas in the 
boundary layer. In the case T e = Ti, (i) and (2) can also be used. We consider two models: 
frozen electron temperature T e = Tam and equilibrium electron temperature T e = T a everywhere 
in the quasineutral region of the boundary layer. It is further supposed that the thickness 
of the double electrical layer is negligible by comparison with that of the concentration 
boundary layer, and that the charged-particle density at the outer boundary of the electrical 
layer is negligible by comparison with that in the unperturbed plasma, that the degree of 
ionization is small, and that the problem can be treated in the one-dlmenslonal approximation, 
while energy dissipation can be neglected, there is no electron-emisslon current, the trans- 
port coefficients are dependent on the electron and ion temperatures, and the electron-ion 
recombination is of three-particle type, (A + e-~A+ + 2e-). 

In solving (i) and (2) it is assumed as in [7-10] that the convective terms on the left 
can be neglected. However, here we define the limits to the a~pllcatlon of this. The assump- 
tion is quite justified for a sufficiently large value of the ~i,eMi,e term, which corresponds 
to the Damkeller number B = Td/Tr ~i0 , where T d r are the characteristic diffusion and re- 
combination times respectively, with this term exceeding the values of the convective terms 
by at least an order of magnitude, which was demonstrated by estimating the terms in (i) and 
(2) as reduced to dimensionless form in the models T e = Ta. , T e = T a. 
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We neglect the convective terms in (i) and 
current in the boundary layer with the above assumptions to get after integration that 

(2) and use the constancy of the total probe 

d ( , , o / n . r j ~ , O  ' ]; 
F~ = - -  D~n~T+/T~ ~ ~ ~t~n~E 

l~i - -  [vinr d (~/ .  piniE]; 

i =  e(F i - F~); 
�9 dFi ,  e 

(3) 

(4) 

(5) 

(6) 

where Fi,e are the charged-particle fluxes; ni,e, a, concentrations of the ions, electrons, 
and neutral particles, respectively; i j probe current; e, electronic charge; and kl,a, ioniza- 
tlon and recombination constants, respectively. 

We consider two cases: the gas temperature profile in a laminar boundary layer in a 
shock tube [12] and a linear distribution simulating the laminar sublayer in a turbulent 
boundary layer. 

We reduce (3)-(6) to dimensionless form following [9]. 

In the case T e = Ta. , system (3)-(6) becomes 

d N  L, (Yoo -[- 01/'~) - -  ] O1/o. N dO. 

d"-Y -~ - -  (i -~ O) 0 (I + O) d Y '  ( 7 )  

d ] e = B N (  ' ) d'-P ~ -- N2 ; ( 8 )  

G ]-~-]e (i ' ~ 1 / 2 \  -~oo-~ j , I do (9) 
NO 1 ' ~ ( 1 + O )  J ( l + O )  dY'  

where j = ji --Je; N = ne/ne-; Y = y/~; Ji,e = Fi,e6/ne'Di - (8 is the thickness of the temper- 
a 

ature boundary layer), 7- = Vi-/~e-; 0 = Ta/Ta.; ~i,e = eDi,e/kTi,e~; B = ~ ka~ne,/Di~; G = 
eSE/kTa.. 

In the case T e = Ta, (3)-(6) becomes 

d N  - -  ]e (Yoo + t) - -  ] N d O  
= 2o~ ~. . o ~ r '  ( i 0 )  

d/, BN 01/2 exp  N ( 1 1 )  
d-Y = hr o - -  ' 

'~ v - J ~ ( J -  v~) + J ( 1 2 )  
2NOES ' 

where j = Ji- Je and U i is the ionization potential. 

Systems (7)-(9) and (10)-(12) are solved with the following boundary conditions: N = 0, 
Je = Jew for Y = 0 and N § 1, Je -~ J for Y § -. The problem has been solved for various cur- 
rents, Damkeller numbers, and two different temperature distributions O(Y). 

Systems (7)-(9) and (10)-(12) were solved numerically with a B#.SM-6 computer by the Runge-- 
Kutta method with a step bY = 0.04. 
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In the program, the electron current Jew at the wall was specified as an array of values, 
and a solution was found for each of them with given values of J and B and a given O(y). From 
the solutions we selected the one that satisfied the boundary conditions N ~ i and Je § J for 
Y § " [13]. 

Figures i and 2 give numerical results for T e = Ta. , J ==--3.5 for the laminar gas-tem- 
perature profile (Fig. i) and the linear one (Fig. 2) (i -- B i0, 2 -- B = 30, 3 -- B = I00); 
Figs. 1 and 2 imply that B markedly influences N(Y), Je(Y) when T e = Ta,. A distinctive 
feature of N(Y) is provided by the peaks for N > i, which is due to ionization and charged- 
particle recombination in the boundary layer with an inhomogeneous gas density, as is evident 
from data given in Fig. 3, which indicates the limiting equilibrium profile N(Y) for B § - 
(curve I) as calculated from Saha's formula for T e = Ta.: 

N : @(y)_I/2 (13) 

Figure 3 also shows N(Y) for T e = T a- for B = i00 (curve 4). 

This shows that N increases towards the wall as 8(Y) decreases; the concentration pro- 
file approximates to an equilibrium distribution (Tr + 0) as B increases, while for B § 0 the 
profile is close to a frozen one and is determined only by diffusion processes (T d + 0)~ 

The profile for N(Y) becomes flatter as B increases and the saturation ion current (j~ = 
J + Jew) increases considerably for Y = 0. 

Curves 4 of Fig. 1 show analytic solution to (7)-(9) of [9] for B = 30 for T e = Ta = Ta. 
(8 = const), i.e., in the absence of a temperature boundary layer. The profiles for B = 30 
for Te = Ta. and T e = T a = T a. show that an inhomogeneous thermal boundary layer has little 
effect on the distributions of N(Y), Je(Y), and G(Y), and the saturation ion current for T e = 
T a = Ta. is lower than that for a laminar temperature layer, i.e., the saturation ion current 
falls as the wall temperature 8 w increases. 

The numerical calculations show that variations in probe current J in the range from --I 
to --7 for T e = Ta. have virtually no influence on N(Y), je(Y), and G(Y). 

Figures 1 and 2 show that the distribution of N(Y) are flatter for a linear distribution 
8(Y), while the saturation ion currents are considerably higher than for a laminar layer, 
which can also be explained via (13). 

Figures 4 and 5 show theoretical N(Y), je(Y), and G(Y) curves for a laminar gas-tempera- 
ture profile (Fig. 4) and a linear one (Fig. 5) in the boundary layer for T e = T a (the symbols 
and the magnitude of j are analogous to Figs. 1 and 2). Figures 4 and 5 imply that B has 
little effect on N(Y), while the electron component of the current Je has a minimum in the 
range of Y from 0 to i. One cannot neglect the convective terms in (i) for T e = T a near this 
minimum, but check calculations of (i) without the term containing the electric field E, which 
has virtually no effect on the ions, have shown that the saturation ion currents at the sur- 
face of the electrode in that case differ by i-2% from the case where the convective terms 
are neglected. 
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TABLE 1 

t0 
30 
30 
3O 

100 

--3,5 
--1,0 
--3,5 
--7,0 
--3,5 

Ta(Y) lam 

Te=~Yo Te=:T aov 

V V 

--2,32 --2,75 
--2.43 --2,45 
-213o -t,5~ 
--2,.~2 --1,72 
--2,58 --0,84 

Ta(Y) l i n  

T~Ta "a'e:-'Ta~ 

--2,7 --1,92 

- t2 

8 

I! )o 

--2,76 
--2,2 
--2,2 
--2,2 
--1,6 

The N(Y) curves for the various B lie near the equilibrium distribution for B-+ co (curve 
2 in Fig. 3), which corresponds to Saha's formula for T e = Ta: 

N t ( U, [1 ~ ~)Y)]) 
0 (y)y~o exp (-- t.l,eoo - - -  . 

For comparison, Fig. 3 shows N(Y) for T e = T a for B = i00 (curve 3). 

Figures 4 and 5 also show that the saturation ion currents are only very slightly depen- 
dent on B. A difference from the case T e = Ta, is that the ion current falls as B increases, 
i.e., the magnitude of the current is small by comparison with the case T e = Ta,. For a linear 
G(Y) with T e = T a we get ion currents far smaller than those for a laminar boundary layer. 
The effects of B on G(Y) are slight. The value of j in the range from--i to --7 had almost 
no effect on the profiles. For T e = T a the thickness of the concentration boundary layer 
exceeded the thickness of the temperature layer, and the difference in thicknesses between 
these layers increased as B decreased. 

The analytic solution for B = 30 in Fig. 1 goes with the data of Fig. 4 to show that a 
difference from the case T e = T a. is that the saturation ion current increases with %w) which 
confirms the results of [4]. 

One can Judge the difference between the electron temperature and the gas temperature in 
the boundary layer from the dependence of the saturation ion current on B and 0 w. 

Numerical integration of G(Y) derived in the calculations gives the dimensionless poten- 
tial difference: 

I 

f G d Y  = eU V = - -  l~,Teo o. 
h 

Table i gives results from numerical integration of G(Y) for various B and J and various 
electron and gas temperature profiles. Table 1 shows that V for Te - T a in the laminar layer 
is almost independent of j and B. For T e = Ta. and T e - T a - T a. we find that [VI decreases 
as B increases for constant J of --3.5. For a linear distribution of 8(y) with T e = T a. we 
find that IVI is lower than for a laminar layer, while T e = T a gives IVI higher than this. 

Comparison of the voltage--current characteristics for a uniform temperature distribution 
(T e ffi T a ffi Ta.) and for the cases T e - Tar and T e - T a shows that the resistance of the ambi- 
polar region in the boundary layer for B > i0 and lJI > 1 is higher than for T e = Ta~ and 
lower than that for T e = T a. 

These estimates of the quasineutrality of the amblpolar region can be used on the basis 
of the conditions of the experimental tests to demonstrate a high degree of quasineutrality 
in the plasma down to Y ffi 0.04, which satisfies 

( N i  - -  N ~ ) / N i  ~-' 10 - 3  << I. 

There are deviations from quasineutrality only in the region of the space-charge layer 
for Y = i0 -a, where no calculations were performed. 

Some of the calculations have been compared with the experimental data derived from a 
shock tube with a supersonic flow of shock-heated argon plasma [14, 15]. 

The Mach number of the shock wave varied from 8 to 12) while the initial pressure varied 
from 1 to 50 mm Hg, and the gas pressure behind the shock wave varied from 0.3 to 5 arm, while 
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the electron concentration varied from I0 ~4 to i0:6 cm -s, the thickness of the laminar boundary 
layer from 0.15 to 0.5 cm, and the recombination coefficient ks, varied from 10 -a6 to 7.10 -a6 

6 cm -sec -~ . 

The electron concentration in the unperturbed flow was determined on the basis of the 
ionization relaxation behind the shock wave. The wall probes were electrodes placed on 
opposite walls of an insulating measuring section. The observed voltage--current characteris- 
tics were used to determine the saturation ion currents. The value of B for the points was 
calculated from the conditions in the plasma flow behind the shock wave. 

Figure 6 shows observed and calculated relationships between the dimensionless satura- 
tion ion current and the parameter B (i -- 0 w = 0.13, 2 -- 8 w = 0.05); the conditions of the 
experiments corresponded to 8 w = 0.05. 

s 
The fall in J i as B increases indicates equalis of the two temperatures (T e = Ta) ; how- 

ever, the weak dependence of j s i on B does not allow one to determine ne~ accurately [15]. 

The discrepancy between the theoretical data (8 w = 0.05) and the observations is probably 
due to the assumptions, whose correctness is not always obvious. For example, the degree of 
ionization cannot be considered as small for some of the experiments, while the electron con- 
centration at the wall is probably different from zero, and so on. 

Therefore, these numerical calculations on the electrical properties of the boundary 
layers give a qualitative indication of the saturation ion currents to an electrostatic probe 
and the level of difference between the electron temperature and the gas temperature in the 
ambipolar region of the boundary layer when there is recombination in the plasma. 
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CALCULATION OF THE VOLT--AMPERE CHARACTERISTICS OF A NONINDEPENDENT 

VOLUMETRIC ELECTRICAL DISCHARGE 

V. V. Aleksandrov and V. N. Diesperov UDC 537.5 

An analysis of a nonlndependent volumetric electrical discharge in the phase plane makes 
it possible to describe the structure of this phenomenon in a very simple manner and construct 
the vol~--ampere characteristics over a broad range of parameters. 

1. A volumetric electrical discharge in a dense gas induced by hard ultraviolet rayss 
x rays, reactor radiation, or a beam of fast electrons is widely used in the design of operat- 
ing chambers of high-powered electrolonlzatlon gas lasers [i, 2] and hlgh-current switching 
devices [3]. This discharge can be simulated by a plane capacitor which has fairly high volt- 
age applied to its plates. The space between the electrons is filled with a gas which has a 
temperature of the same order as room temperature and is weakly ionized as a result of an 
external source, e.g., an electron beam. Given a number of assumptions, which arereasonably 
well satisfied for modern lasers [i, 2, 4], a nonindependent stationary volumetric electric 
discharge can be described by the following system of equations for the electrons and ions 
moving in a fixed gas consisting of neutral particles: 

d~ = dx = 

dE = 4~  I e I (n~ - -  ni),  ]~ = ~ n ~ E / p ,  1i = 9 ~ n i E / p ,  
d~ (1.1) 

L 

j~ (o) = ~j~ (o), i~ (~) = o, .t' Kdx  = U. 
�9 0 

Here the coordinate x is measured from the cathode (x = 0) to the anode (x = i); Je and 
Ji, densities of the electron and ion currents; n e and n i, electron and ion densities. The 
electron and ion currents vary as a result of the impact ionization of neutral particles by 
electrons, which is proportional to the density of the electron current multiplied by the 
impact generation function u, to the external ionization, whose intensity q will be assumed 
to be a known quantity, and to the binary recombination, equal to the product neni, with a 
proportionality constant B, known as the first Townsend coefficient. In the drift approxima- 
tion under consideration, the currents Je and Jl are proportional to the intensity E of the 
electric field, where ~e and ~i are the mobilities of the electrons and the ions [5] and p is 
the pressure of the neutral gas. The equation for the field E, in which e denotes the charge 
of the electron, closes this system. The ion bombardment of the cathode results in the emis- 
sion of electrons from the cathode, which is characterized by the value 7, the second Townsend 
coefficient. The ion current at the anode is equal to zero. A potential difference U is 
maintained across the plates of the capacitor. 

For the impact generation function u the two most widely used approximations are the fol- 
lowing [5]: 
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