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Transverse diffusion of ions and electrons in a positive column in a homogeneous longitudi
nal magnetic field is investigated. The velocities and the Hall diffusion coefficients of charged 
particles in helium, neon, and argon are determined by probe techniques as functions of the 
magnetic field intensity, the current through the plasma, the neutral gas pressure and the 
nature of the gas. A comparison of the experimental data with the theory indicates that the 
measured values are in accord with the diffusion theory involving pair collisions with neutral 
molecules. 

1. INTRODUCTION 

A decrease in the concentration of charged car
riers takes place in a long plasma column, bounded 
by a circular cylindrical tube, and their diffusion 
occurs in the radial direction. Upon application of 
a homogeneous magnetic field parallel to the z 
axis, a transverse (Hall) component of the diffu
sion is also generated, [iJ which has an azimuthal 
direction, and whose velocities in a partially ion
ized plasma are expressed as follows: [2] 

the relative concentration gradient of charged par
ticles in the radial direction. 

2 e ( kT e d ) 2 2 
Ve"'- Vg"' =-We're - -£, +~--1 \n n /(1 +We're), 

me e c r 
(1) 

:2 e ( kTe d ) 2 2 
Vp,- Vgcp = WpTp-- Er + -d-lnn I(! + WpTp)· (2) 

mP e r 

Here Veep. Vpcp. vgcp are the velocities of electrons, 
ions, and atoms of the neutral gas in the azimuthal 
direction, referred to the laboratory system of co
ordinates; we, Wp are the gyromagnetic frequen
cies of the electrons and ions; Te, Tp are the mean 
times between collisions of electrons and ions with 
atoms of the neutral gas; Er is the intensity of the 
electric field in the radial direction; d lnn/dr is 

In the case of bipolar diffusion in a plasma 
( A.e, A.p < L, where L is a characteristic dimen
sion of the medium filled by the plasma, A.e, and A.p 
are the mean free path lengths of electrons and 
ions ) Eqs. (1) and (2) transform to 

where 0 

Ve"' - Vgcp= -D~r :. Inn, 

Vp"' - Vgcp = D~r :r Inn, 

WT 
De = -D (0) e e 

c;or a t -'~ w T w T ' 
1 e e p p 

( Da is the bipolar diffusion coefficient ) . 
In the transition to lower pressures ( A.e > L, 

(3) 

(4) 

(5) 

(6) 

A.p > L) the distribution of carriers over the cross 

1lThe symbol D¢r must be read: the diffusion coefficient D 
of electrons e in the direction ¢ produced by the concentration 
gradient n in the direction r; the definition of Dlf,r is similar. 
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section is more uniform and we can take 

IE\~ I (kTele) din n!dr [; 

(1) and (2) transform to 

(7) 

Equations (1)-(6) contain the azimuthal compo
nent of the velocity of the neutral gas Vgep. which 
is generally not equal to zero [3] and whose value 
must be substituted in the formulas mentioned. The 
value of Vgep has been measured spectroscopically, 
[ 3] but not for those pressures for which the pres
ent research was carried out ( < 0.5 mm Hg ). 
Therefore, we shall estimate v gep theoretically 
in the outer region of the plasma where we have 
measured the desired quantities. 

In the case of the measured and higher pres
sures ( A.g « L) we shall assume the usual con
dition in the theory of a viscous gas: v gep = 0 
close to the wall. In the case of a rarefied gas 
( A.g ~ L ) the velocity of the gas close to the wall 
is not equal to zero and is determined by the for
mula v~ep = ?;' 8vgep /8r, where ?;' is the collision 
coefficient-a quantity of the order of A.g. We shall 
estimate v~ep by an example: p = 10-2 mm Hg, ?;' 

~ 5 x 10-3 m. We then have v~ep ~ 0.5-5 m/sec. 
Since the minimum velocity of "Hall" diffusion 

in ions, measured under the given conditions, is 
Vpep ,.., 101-102 m/sec, and the common error in 
the measurement of azimuthal velocities of ions 
is of the order of 30%, then the velocity of the neu
tral gas v gep under our conditions is less than the 
possible error in the determination of Vpep; since 
Veep » Vpep. then it is even more true that Veep 
» v gep. Consequently, by discarding the quantity 
Vgep in Eqs. (1)-(4), (7), (8) under the concrete 
conditions of our measurements, we make a com
paratively small error in the calculation of Vpep 
and an entirely negligible one in the evaluation 
of Veep· 

The ratio of the velocities of transverse diffu
sion of electron and ions I veep I I I Vpep I is different 
in the various regimes of the plasma. 

1. State of bipolar diffusion: A.e, ,\P < L; non
conducting walls. It follows from (3) and (4) that 

(9) 

2. Intermediate case: A.e > L, .\p < L; B and p 
are such that WeTe » 1, WpTp < 1. It follows from 
(7), (8) that 

(10) 

i.e., the ratio of the velocities is proportional to 

the square of the pressure of the neutral gas. 
3. The case of very low pressures: A.e, A.p > L 

and weak fields: WeTe » 1, WpTp > 1. In this case, 
we get from (7) and (8) that 

[ Veq> I = I Vpq> I = CoE/B, (ll) 

i.e., their ratio is equal to unity; it does not depend 
on the pressure of the neutral gas. 

The coefficients of transverse diffusion D$r 
and D~r. according to (5) and (6), depend on the 
magnetic induction, and pass through a maximum 
for WeTeWpTp = 1. For WeTe < 1 and WpTp < 1, 
the quantities D$r• D~r ,.., 1/p2 ; for WeTe » 1, 
WpTp > 1, they do not depend on the pressure. For 
WeTe « 1, WpTp « 1, the coefficients of "Hall" 
diffusion decrease with increase in the molecular 
weight of the gas, according to the law D$r"' 1/M, 
D~r"' l/M2• For WeTe » 1 and WpTp » 1 we 
have D$r = const and ~r "' 1/M. 

In addition to the change in Depr. the magnetic 
field also produces a redistribution of the charged 
particle concentration over the cross section: 
n(r)=n(r,B). 

In the present work, the velocities Veep and 
vpep. and the coefficients D$r and D~r of trans
verse diffusion of electrons and ions were deter
mined experimentally in inert gases under differ
ent conditions. The experimental results thus ob
tained are compared with theoretical derivations. 

2. EXPERIMENTAL METHOD 

A plasma was generated in a cylindrical tube by 
means of an arc from a heated cathode; the current 
was directed along the tube on the z axis. The 
magnetic field produced by the azimuthal drift of 
the particles was also directed along the z axis. 
The following were sealed in the tube: a) a double 
plane probe, parallel to the z, r plane; b) a cylin
drical movable probe, parallel to the z axis. A 
directed double probe (of two metal plates of 
size 3.5 x 3.5 mm2 joined together, interlaid with 
insulators and glazed at the end faces), set per
pendicular to the wall, made it possible to deter
mine the azimuthal component of the current of 
electrons or ions. [4] For this purpose, the cur
rent difference on the two sides of the twin probe 
was measured by means of a balance circuit. Ac
cording to the theory of directed probes, [5- 7] the 
difference in the current on the two sides of the 
twin plane probe in the given case is equal to 

Ip(O)-Ip(n) ~ jSp, 

where j is the directed current density, and Sp 
is the effective collecting surface of one side of 
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the _probe. By applying positive and negative po
tentials, relative to the plasma, to the probe as a 
whole, we determined the values of jeep and jpep. 

The cylindrical movable probe served for the · 
determination of the local concentration of charged 
particles and their gradient along the radius. The 
concentration of electrons and ions in the magnetic 
field was found by the method of Bickerton and 
Engel: [B] initially, n was determined from the 
probe characteristic (by Langmuir [9 J), for B = 0; 
then the change in j0 was measured for applica
tion of the field, and also the change in n corre
sponding to it. But, in contrast with Bickerton and 
Engel, the change in n, in accord with Schulz and 
Brown [lOJ was taken to be, on the whole, propor
tional to jp. which depends on the rarefaction of 
the gas.2> 

By thus determining je91 , jpep• n, dn/dr, we 
could compute Veep =jeep /en, Vpep = jpep /en, and 
then 

e 0 ecp 
D~r = -..~-;--

dlnnjdr ' 
P vP~ 

D ~r = -d-;-;1-'nn'---Cjc-cdr- (12) 

3. RESULTS 

The investigation was carried out with inert 
gases. A tube of length L ~ 0. 7 m, diameter 
0.030m was filled with inert gases at a pressure 
from 1.3 to 65 N/m2 (0.01 to 0.05 mm Hg). The 
current through the tube was varied from 0.5 to 
1.5A; the field B, from 0.075 to 0.08 Wb/m2• 

The magnetic field dependence of the drift ve
locities of the charged particles in the azimuthal 
direction in helium is shown in Fig. 1. In the range 
of fields studied by us (up to 0.075 Wb/m2 ), the 
velocities of azimuthal diffusion increase with the 
field B somewhat more strongly than according to 
a linear law. Veep is seen to be two orders of mag
nitude larger than Vpep. 

Experimental data are shown in Table I for 
argon at a pressure p = 45 N/m 2 and intensity of 
current through the tube Ia = 1.5 A at a point lo
cated at a distance of 10 mm from the axis (center 
of the plane probe ) . 

Figure 2 gives the results of similar measure
ments in argon at another point (at a distance of 

2lit was shown in ['0 ] that the ion saturation current in the 
probe was not proportional to the concentration of charged 
particles but, depending on the ratio of the mean path length 
of the ion Ap and the thickness of the layer 8, has the follow
ing characteristics: for Ap > 8, the current jp "-' n°·8u~55 ; for 

Ap "' 8, the value of j is yp "' n°·58 upo.o3 , and for Ap < 8, the 
current is jp "-' n°·"up0 •57 • 
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FIG. 1. Dependence of the velocity of azimuthal diffusion 
of charged particles in a plasma on the value of the applied 
magnetic field for different values of I a. Gas_ helium, 
p = 32.5 N/m2 • Curve 1-Ia = 0.5 A, 2-Ia = 1 A, 3-Ia = 1.5 A. 

8 mm from the axis) 3> for different pressures of 
the neutral gas. As is seen from Fig. 2a, the ve
locity of the azimuthal drift of electrons passes 
through a maximum with increase in B in two 
cases: for p = 6.3 N/m2 (Bmax f':j 0.03 Wb/m2 ) 

and for p = 1.55 N/m2 (B f':! 0.015 Wb/m2 ). For 
p = 41 N/m2, the curve does not have a maximum 
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FIG. 2. Dependence of the velocity of azimuthal diffusion 
of ions and electrons in argon on the value of the field B for 
different pressures of the argon. Ia = 1.5 A. Curve 1-
p = 41 N/m2 , 2-p = 6.3 N/m2 , 3-p = 1.55 N/m2 • 

3)The data shown in the following graphs (3-5) refer to 
this same distance of 8 mm. 
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Table I 

10' B, Wbjm2 

1,2 2.5 1 3.5 4,5 6,2 7.5 

1Q-4 ie~· rnA/ m> 0.39 0.87 
10-4 j p~· f.LA/ m' 2,0 3.6 
10-16 n, m-• 1.6 1.5 
10-• dinnjdr, m-1 2.6 3.9 
10-3 vN' m/sec 1.5 3.5 
t0-1 vp~· m/sec 0. 75 1.5 

v;r. m2/sec 6 9.1 

102D~r• m2/sec 3 3.8 

in the given range of field variation; it probably 
occurs at higher values of the field. The ion azi
muthal velocities (Fig. 2b) do not reach a maxi
mum in the range of fields studied by us. 

A comparison of the velocities Veep and Vpep. 
found at a distance of 8 mm from the axis (Fig. 2, 
curve 1) and at a distance of 10 mm (Table I), 
shows that the velocity values at these two points 
can differ by a factor of 2-2.5. This is explained 
by the path of the dependence of the concentration 
n( r) in the presence of the constriction brought 
about by the magnetic field, and by the resulting 
difference in the values of d ln n/dr at different 
points over the cross section of the tube. 

In the case of neon, as is seen from Fig. 3a, the 
>value of Veep has maxima for p = 3.25 N/m2, Bmax 
~ 0.01 Wb/m2 and for p = 10.5 N/m2, Bmax 
~ 0.025 Wb/m2• The value of B here also in
creases with the gas pressure. The ion azimuthal 
velocities in neon (Fig. 3b) do not pass through a 
maximum in this range of variation of the field B. 

A comparison of the magnetic induction depend
ence of the measured and computed [by Eqs. (5), 

,/ 
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FIG. 3. Dependence of the velocity of azimuthal Hall diffu
sion of charged particles on the magnetic field in neon, Ia 
= 1.5 A; curve 1-p = 10.5 N/m2 , 2-p = 3.25 N/m2 • 

1.4 3.3 4.5 5.6 7.5 
6.7 10 12 15 18 
1.4 1.3 1,3 1.4 1.4 
:!.6 8.4 9.6 27 66 
6.l 15 20.1 25 33 
2.8 4.4 5.5 6.6 8,0 

11 18 21 9.5 5 
5.1 5.2 5.7 2.5 

I 
1.2 

(6)] coefficients of Hall diffusion of electrons and 
ions in argon is given in Fig. 4. For p = 6.3 N/m2, 

as is seen from Fig. 4a, the experimental curves 
have a maximum for B ~ 0.015 Wb/m2 , the theor
etical curves, for a somewhat large B (Bmax 
~ 0.02 Wb/m2). In contrast with the velocities 
veep and Vpq.u the diffusion coefficients are shown 
to be practically identical at the different points of 
the cross section of the plasma. For p = 41 N/m2 , 

as follows from Figs. 4c and d, the experimental 
curves pass through a maximum at B = 0.062 
Wb/m2 , while the computed curves have a maxi
mum for B = 0.059 Wb/m2 • 

Figure 5 shows the values of D~r and D~r in 
helium as a function of the field B for p = 32.5 
N/m2• The experimental values of these quantities 
have a maximum for B = 1.5 x 10-3 Wb/m2, the 

FIG. 4. Coefficients of transverse (Hall) diffusion of 
electrons and ions according to (12) as functions of the field 
for two pressures of argon: a, b - p = 6.3 N/m2 ; c, d- p 
= 41 N/m2 ; 18 = 1.5 A. The dashed curves are experimental, 
the solid curves are computed by Eqs. (5) and (6). 
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FIG. S. Coefficient of the Hall diffusion of electrons and 
ions in helium as functions of the field B: p = 32.5 N/m2 , 

Ia = 1 A. The points are experimental data, the continuous 
curve is computed. 

computed curve passes through a maximum for 
B = 2 X 10-3 Wb/m2• 

The maximum error of a single measurement 
for B = 0.06 Wb/m2 was not greater than 30 per 
cent. For larger B, an individual measured value 
can exceed the real value by a factor of 2 (because 
of the effect of the magnetic field on the random ion 
current, determined by the probe ) . 

IV. DISCUSSION OF THE RESULTS 

A. We compare the values of the transverse 
Hall diffusion coefficients D~r and D~r (deter
mined by us in argon for various B ) with the val
ues computed theoretically according to Eqs. (5) 
and (6) (see Fig. 4). In the calculation of the ab
solute values of D~r and D~r• we make use of 
data on the ion mobility and on the probability of 
collisions with atoms of the neutral gas taken from 
the book by Brown. [1] The value of Te was meas
ured by us by the method of Bickerton and Engel. [BJ 

It is seen from Eqs. (5) and (6) that the coefficients 
of transverse diffusion, in contrast with the coeffi
cients of bipolar diffusion Da, must at first in
crease linearly with increase in field (so long as 
WeTeWpTp < 1 ), and then, passing through a maxi
mum, fall off as B-1 (for WeTeWpTp > 1 ). Our 
measurements show that D$r and D~r actually 
have maxima: for p = 6.3 N/m2 the maximum cor
responds to B f'oj 1.5 x 10-2 Wb/m2, when werewpTp 
f'oj 0.86; at high pressure, p = 41 N/m2, the maxi
mum advances for the much larger field B f'oj 6.2 
x 10-2 Wb/m2 which corresponds to weTeWpTp 
f'oj 1.2. Consequently, upon increase in the pressure, 
the maximum is shifted to higher fields. The en
tire path of the dependence of D~ r and D~ r on the 
magnetic field is in excellent agreement with the 
conclusions from classical diffusion theory. The 

computed absolute values of D~r and D~r differ 
from those measured by us by a factor of 1.5-2. 

The dependence of the coefficients D$r and 
D~r on the magnetic field can be expressed by a 
general formula 

(13) 

if we transform to the nondimensional variables 

Figure 6 shows the theoretical curve 17 = 17( g) and 
the values of D~r and D~r determined experi
mentally are shown for helium and argon. As is 
seen from the drawing, for WeTeWpTp < 1, the ex
periment essentially agrees with theory. For 
WeTeWpTp > 1 the experiment gives a value smaller 
than follows from the theory. Such a deviation from 
the law (13) can be explained if we take it into ac
count that the strong magnetic field affects the mo
tion of the ions and through them brings an error 
into the determination of the gradient of the ionic 
concentration, used in the calculation of D. Also 
the decrease in T e with increase in B can play 
some role in the decrease of D. 

B. In the range of fields B studied by us, the 
velocities of azimuthal diffusion of electrons and 
ions in the gas increase more strongly than by a 
linear law (see Fig. 1 ) . As has already been 
shown above, the coefficients of transverse diffu
sion cannot increase for increase in the field more 
rapidly than according to a linear law. Therefore, 
the more rapid increase of Veep and Vpcp can be 
explained according to Eqs. (3) and (4) if we take 
it into account that at the middle of the radius of 
the tube (where the measurements were carried 
out ) the field B generates a redistribution of the 
concentration of charged particles, such that the 
relative gradient increases (a constriction of the 
plasma column takes place). 

FIG. 6. Diffusion coef
ficients from experiment 
and from theoretical cal
culations. The points are 
experimental: o - D~"' 
X - D~r for helium; D 

- D~., 6 - D~r for argon; 
the continuous curve is 
the theoretical curve. 
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Table n 

10'""4v ec.pr m/ sec Experiment 

I 
16 5.2 1.4 

ve"'fve"'(He) Experiment 1 0.33 0.087 
ve~fve"'(He) Theory, according to(S) 1 0.13 0.034 
(J-Z VP'I'' m/sec Experiment 

I 
9 2.05 0.38 

""'/Vp"'(He) Experiment 1 0.21 0.044 v 

'p"'/vP'I'(He) Theory, according to (6) 1 0,15 0.013 

C. We now compare the values of Veep and Vpep 
in argon at three pressures: p = 1.55 Nlm2, p = 6.1 
Nlm2, p = 41 Nlm2. In a magnetic field with induc
tion B = 5 x 10-2 Wblm2, the pressure p = 1.55 
Nlm 2 corresponds to the condition were > 1, 
WpTp < 1; A.e ~ L, A.p < L (case 2 of the introduc
tion) and Eq. (10) is used, according to which 
I Veep Ill Vpep I = 6.5. The experiment gives 
I veep lllvpep I:::::: 5. The pressures p = 6.3 and 41 
Nlm2 correspond to the conditions A.e, A.p < L -
the regime of bipolar diffusion (case 1 of the intro
duction), in which the formula (9) is employed, 
From it we get I Veep Ill Vpep I :::::: 130. The experi
ment gives I Veep Ill Vpep I :::::: 60. We would have ob
tained case 3 of the introduction in argon at much 
lower pressures or much stronger fields. 

D. We contrast the values of Veep and Vpep in 
different gases for a given current Ia = 1.5 A and 
reduced field Blp = 1.1 x 10-3 Wblm. As is seen 
from Table II, the velocities veep and Vpep fall off 
with increase in the atomic weight, but less slowly 
than follows from calculation. 

V. CONCLUSIONS 

1. The transverse motions of charged particles 
in a plasma column placed in a longitudinal mag
netic field with induction B within the range 0-0.08 
Wblm2, at a pressure p ~ 3-50 Nlm2, correspond
ing to the regime of bipolar diffusion in a plasma, 
obey the laws of "Hall diffusion" in pair collisions. 
The velocities of transverse diffusion of electrons 
are of the order of 103-105 mlsec, the velocities 
of the ions are of the order of 10-102 mlsec. These 
velocities decrease with increase in pressure and 
molecular weight of the gas, and pass through a 
maximum upon increase of the magnetic field. 
Moreover, they are strongly dependent on the radial 
coordinate of the point of observation. 

2. Upon further rarefaction of the gas to a pres
sure ~ 1 Nlm2, the difference between the veloci-

I 

ties of transverse drift of the electrons and ions 
decreases. Finally, at still lower pressures, cor
responding to the Tonks-Langmuir plasma state, 
the transverse drift of the electrons and ions takes 
place with equal velocities, corresponding to for
mulas (7) and (8) of free drift motion. 

3. The experimentally determined coefficients 
of transverse Hall diffusion in the bipolar diffusion 
state also fall off monotonically with increase in 
pressure and molecular weight, and pass through 
a maximum, upon increase in B, at WeTeWpTp :::::: 1. 
Their absolute values are found to be in satisfac
tory agreement with those computed by Eqs. (5) 
and (6). 
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