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The concentration of negative ions in a positive column is considered. The effect of recombina
tion of positive ions and negative ions on the concentration of negative ions close to the axis of 
the discharge is investigated. 

THE negative component of the plasma of a posi
tive column in electro-negative gases consists of 
electrons and negative ions. Although the nature 
of the discharge depends, to a great extent, on the 
concentration of negative ions, in the work reported 
in Refs. 1 - 4 this concentration was not considered 
and no attempt was made to investigate the effects 
associated with charged-particle kinetics in the 
column. It is the purpose of the present paper to 
consider these questions. 

1. In the case of quasi-neutral ambipolar dif
fusion, when there is surface recombination of 
electrons and ions at the walls, the relative con
centration of negative ions is obtained from the 
following charged-particle balance equations: 

(1) 

where N, D and b are the concentration, diffu
sion coefficient, and mobility of the electrons 
(subscript "e" ) , negative ions (subscript "n" ) 
and positive ions (subscript "p" ), Z is the ioni
zation coefficient, f3Ne is the number of negative 
ions produced in unit volume per unit time and Er 
is the transverse field. 

Taking 
Nn = xN., (2) 

where K is a constant, after some simple trans
formations* we obtain 

x-2x(1+x)De!Dp Z---;;-!3 + l =O. (3) 
1 + 2x ~ 

*In carrying out the above simplification the following ob
vious relations have been used: Debp » Dpbe, Debn » Dnbe, 
bp ""bn and Dn"' Dp• 
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Assuming that 

the solution of Eq. (3) is of the form* 

x = (De/ 2Dp) (Z + ~) / (Z -- ~). (4) 

According to Eq. (4), under the conditions which 
usually apply in a positive column (non-isothermal) 
the concentration of negative ions is two orders of 
magnitude larger than the concentration of elec
trons. This sharp difference in concentrations is 
a result of the assumption that surface recombina
tion is the only mechanism for the removal of neg
ative ions. Actually, to have a net transport of 
negative ions to the walls, it is necessary that the 
diffusion flow to the walls KDn ( 8Ne/8r) be larger 
than the flux toward the axis which exists by virtue 
of the radial electric field 

xDebn iJNe 

be+ bp + 2xbn (if ' 

*V. L. Granovskii has called our attention to the fact that 
the quantity x as given in Eq. (4) does not approach 0 as 
{3 -> 0. In this limiting process the solution x = 0 should re
sult instead of x = De/2Dp o.s follows from Eq. (4). It might 
seem that we are dealing with ambiguous solutions of Eq. {1). 
However, such is not the case. The only solution of the sys
tem for f3-+ 0 is x = De/2Dp which corresponds to the sta
tionary state in which the diffusion of negative ions is com
pensated by motion to the axis by virtue of the existing radial 
electric field. The absence of the explicit solution x = 0 is 
due to the approximate nature of Eq. (1), in which no account 
is taken of volume recombination, the disappearance of nega
tive ions by virtue of decay, and· ion transfer to the anode 
region. As long as f3 is large, this approximation remains 
valid; however, when f3 becomes small, the equations must be 
supplemented by appropriate additional terms. Taking account 
of the latter leads to the appearance of the single stationary 
solution x = 0. From this point of view the limiting transition 
indicated above is not really valid. 
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and this situation is possible only when K > De /2Dp. 
2. The existence of high concentrations of nega

tive ions implies small transverse and longitudinal 
gradients, a situation which is not very probable. 
Since this is a result of the fact that removal of 
negative ions has been attributed only to surface 
recombination at the walls, to obtain the next ap
proximations it is necessary to take account of 
volume recombination.* 

In this case the system of charged-particle 
balance equations (1) becomes 

(1a) 

where a is the volume recombination coefficient. 
The electr6n balance, however, remains unchanged. 

It is difficult to find a solution for this system 
of non-linear equation over the entire cross sec
tion of the column. Hence we shall limit ourselves 
to a calculation of the negative-ion concentration 
only in the region of the discharge axis, where it 
can be assumed that K is constant. t If further
more, ambipolar quasi-neutral diffusion is as
sumed, after a series of simple transformations, 
we obtain a system of equations which determines 
the concentration of negative ions and the distribu
tion of electrons close to the discharge axis: 

(1+x)(Debp+Dpbe)+x(Debn-Dnbe) J_~(r aNe) 
b.+xbn+<1+x)bp r ar ar 

+ (Z- ~) N. = 0, (5) 

;x(D,bn-Dnbe)-x(1+x)(Dpbn+Dnbp) 1 a ( aNe\ 
b, + xbn + (1 + x) bp r .Fr: r -----a;-} 

= (~ --lXX (I+ x) N~] N •. 

Eliminating Ne from Eq. (5), we obtain an equa
tion for determining the relative concentration of 
negative ions at the axis 

x(Debn- Dnbe)-x(1 +x)(Din + Dnbp) 

(1 + ><)(Debp + Dpbe) -j- x(Debn- Dnbe) (Z- ~) 

+ ~=<XN~x(l +x), (6) 

*The small cross section for recombination of electrons 
and positive ions as compared with the cross section for ion 
recombinationS means that the former can be neglected. 

·tzf the entire cross section of the column is considered, 
x. "' x.(r). However, over a small region close to the discharge 
axis it may be assumed that x. is constant. This assumption 
is strictly justified in the absence of either volume recombina
tion or surface recombination. Moreover, the assumption con
cerning the proportionality of the charged components used 
Refs. 3, 4, 6, leads to reasonable results. 

which, since Debn » Dnbe, Debp » Dpbe, hp RS bn, 
and Dp ::=:~ Dn, results in the expression 

x-2x(1+x)DpfDe z-~ a.N~ (6a) 
1+2x -~-+I =Tx(l +x). 

Rather than carry out a general investigation of 
Eq. (6a) we consider two particular cases: 

(a) a = 0 and there is no volume recombination. 
Eq. (6a) becomes Eq. (3) which has already been 
studied in the first section. 

(b) Z = /3 and each electron which appears be
comes a negative ion. Equation (6a) assumes the 
form 

(<XN~) ~)x (1 + x) -1 = 0. (7) 

Here we are considering the case in which all nega
tive ions are .removed by volume recombination. 
The negative-ion concentration, which is constant 
over the enti.re space, is determined by the expres
sion* 

X= _1/2 + 1/2 v 1 + 4~/<XN~. 
which, when 4{3/aN~ « 1, becomes 

x=~/<XN~. 

(8) 

(Sa) 

A general investigation of Eq. (6a) is best car
ried out by graphical methods. t Assuming that 

(Z- ~)/~=I 

(the second condition means that half of all the 
electrons which are produced lead to the formation 
of negative ions ) , we obtain the following table of 
values of the concentration as a function of the pa
rameter aN~ I {3: 

aN~/~= 0 0.001 0.01 0.1 0.5 

X= 150 34 10.9 3.3 1.15 0.6. 

Thus, when volume recombination is taken into 
account the relative concentration of negative ions 
at the axis is reduced) 

3. A direct measurement of the concentration 
of negative ions is difficult; hence it is easier to 
examine the variation in the transverse electric 

*When {3 ... 0, the concentration given by Eq. (8) becomes 0. 
tThe solutions of Eq. (6) lie between two limiting values: 

x. "'(De/2Dp)[(Z + {3)/(Z- {3)] corresponding to the case in 
which only surface recombination is considered and x."' {3/ a. N~ 
which applies when only volume recombination is considered. 

tThe reduction in the concentration of negative ions is due 
to the possibility of removal even when the resultant negative
ion fluxis toward the discharge axis. 
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field due to these ions.* Let Er be the transverse 
field in the column when there are no negative ions 
and E~ the transverse field in the case in which 
only surface recombination is assumed for the neg
ative ions. Using the Schottky boundary condition 
and computing this ratio we find 

(9) 

A measurement of the transverse fields makes it 
possible to estimate the concentration of charged 
particles and thus to obtain information on the rel
ative importance of surface recombination and vol
ume recombination. 

The destruction of negative ions in collisions 
should also play a decisive role in negative-ion 
column kinetics. We propose to examine this 
question in the future. 

*A. A. Zaitsev has indicated a possible method of estimat
ing the transverse field. Since the curvature of the stratum is 
determined by the magnitude of the tranS/erse gradient, by 
studying its behavior when electro-negative gases are added it 
is possible to estimate the relative change in the transverse 
gradient. 

In conclusion we wish to express our gratitude 
to Professor V. L. Granovskii and Docent A. A. 
Zaitsev with whom we had a number of illuminating 
discussions and to E. V. Korotkov for help in car
rying out the work. 
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A statistical-probability method, based on random trials, is given for using a model to calculate 
the effects in an electron-photon cascade initiated in a layer of lead by a y -ray quantum. This 
is a modification of the Monte Carlo method. Some typical curves calculated in this way are 
presented. Two methods are indicated for carrying out this sort of calculations by the use of 
high-speed electronic calculating machines. 

WE have used a method of random trials, which 
is a modification of the well known Monte Carlo 
method, 1- 3 for the calculation of the electron-photon 
cascade shower produced in a lead plate of thick
ness 0.5 em by a y -ray quantum of energy 500 
Mev. The problem reduces to a stepwise reproduc
tion of the picture of the natural process of the pro
duction of a cascade shower by a single primary 

particle. The "feeding in" of a large number of 
primary particles gives the distributions in energy 
and angle of the electrons, positrons, and y -ray 
quanta emerging from the plate. 

We have followed essentially the method of 
"drawing" given in the papers of Chavchanidze.4•5 

In the drawing we used tables of random numbers, 6 

which make it unnecessary to use machines to ob-




