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The skin effect in a stationary high-frequency discharge has been investigated at 0.9, 4.6 and 
5.6 Me/sec. The following inequalities have been investigated experimentally for the fre­
quency, electron collision frequency, and ratio of skin depth to electron mean free path: 
w/Veff « 1, w/Veff » 1, ojl » 1, and ojl < 1. It is shown that the field penetration into 
the plasma is different in the different cases. Anomalous penetration is observed in the reg­
ion near the axis; this effect is manifest in a growth of amplitude as the wave propagates into 
the plasma. The conditions. for which this anomaly exists have been determined. 

INTRODUCTION 

AMONG the questions relating to the interaction 
of electromagnetic fields with a plasma, consider­
able interest attaches to the problem of penetration 
of an external high-frequency field into a bounded 
plasma when w « wp (w is the field frequency, 
wp = -/ 4ne2njm is the plasma frequency). Accord­
ing to existing theories this condition usually 
corresponds to strong field attenuation in the 
plasma; however, the exact nature of the effect 
depends on the approximation that is used. For 
this reason it is important to investigate experi­
mentally the penetration of a high-frequency field 
into a plasma. The number of experimental papers 
on this subject for these conditions is extremely 
small and these give very little information. 
Greatest importance attaches to the case in which 
it is possible to investigate the skin effect in a 
dense plasma ( w /veff « 1). [t-3] For various 
configurations of the high-frequency field (longi­
tudinal electric field, [t, 2J longitudinal magnetic 
field, [ 2] symmetric magnetic wave [3J) it has been 
shown that the field is attenuated at the plasma 
boundary and that the attenuation is described by 
the usual skin effect for a metal conductor. In this 
case the penetration of the high-frequency field 
into the plasma can be analyzed using the elemen­
tary theory of propagation of electro-magnetic 
waves in a plasma. [4] 

It is of interest to verify these and other theor­
etical ideas in a low -density plasma ( w /veff ~ 1 
and w /Veff » 1) for various degrees of ionization. 
In this case, even the elementary theory indicates 
that the attenuation of the high-frequency field in 
the plasma differs from that characteristic of the 
usual skin effect in a metal conductor. Further­
more, the applicability of the elementary theory 

is limited in a low-density plasma because it be­
comes important to consider the thermal motion 
of the electrons, the fact that the electrons are in 
a magnetic field, the interaction of charged parti­
cles with the plasma boundaries, and so on. 

For example, introducing the thermal correction 
in the formula derived from the elementary theory 
leads to the following expression for the skin 
depth [sJ · 

(1) 

where l = v/v, a0 = wb/4nv and v is the thermal 
velocity of the electrons. Equation (1) applies when 
ojl < 1 and in its derivation, as in the elementary 
theory, we have neglected the effect of the mag­
netic field on the electron motion. It follows from 
Eq. (1) that the dependence of o on w still holds 
when Veff = 0; on the other hand, if the thermal 
correction is neglected the depth o is found to be 
independent of w (o = c/wp). (It should be noted 
that the effect of the thermal motion of the elec­
trons on the skin depth was first proposed for 
metal conductors. [6, 7J 

It is difficult to determine the direct effect of 
the high-frequency magnetic field on the skin depth 
in general because even approximate expressions 
are complicated. In this connection is is important 
to note that in an alternating magnetic field the 
electrons can be highly localized around the mag­
netic lines of force even when WH « w, Veff (wH 
is the electron cyclotron frequency). Hence, under 
certain conditions the effect of the magnetic com­
ponent on the skin depth will evidently be unimpor­
tant if the relation v x H/c "'=' eE (v is the elec­
tron velocity) holds. 

In the present work we have investigated the 
penetration of a longitudinal high-frequency mag­
netic field into a plasma for various values of the 
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field and plasma parameters. Basic attention has 
been given to the dependence of the skin depth on 
plasma density; this function changes smoothly 
over a wide range. It is thus possible to obtain 
various interesting cases of the field-plasma in­
teraction and to determine relative changes in the 
measured quantities. 

DESCRIPTION OF THE APPARATUS AND METHOD 
OF MEASUREMENT 

These investigations have been carried out with 
a toroidal discharge tube made of quartz. The 
mean torus diameter is 18 em and the minor tube 
diameter 5 em. The toroidal configuration of the 
discharge tube makes it possible to eliminate end 
effects both in the plasma and in the system that 
produces the high-frequency magnetic field. The 
limiting vacuum ~ 10-7 mm Hg. To remove heat 
generated at the walls during operation the torus 
is located in a tank containing transformer oil; the 
oil is cooled by circulating water in a heat exchan­
ger. 

The high-frequency magnetic field along the 
circumferential axis of the torus is produced by a 
winding consisting of 16 turns wound uniformly 
along the length of the tube. This winding also 
serves as the inductance of the tank circuit. The 
coil connections are changed depending on the 
choice of field frequency. In the present case we 
have worked at three frequencies: 0.9, 4.6, and 
5.6 Me/sec. At 4.6 Me/sec the turns are connec­
ted in two series banks which are then connected 
in parallel; at 5.6 Me/sec all the turns are con­
nected in parallel. The circuit capacity is 18000 
Jl!lf. The power for the tank circuit is obtained 
from a 15 kW high-frequency oscillator that uses 
two GK0-10 tubes. A schematic diagram of the 
system is shown in Fig. 1. The apparatus is oper­
ated cw. The peak value of the magnetic field at the 
plasma boundary is 70 Oe at 0.9 Me/sec, 30 Oe at 
4.6 Me/sec, and 24 Oe at 5.6 Me/sec. 

We have used the gases Xe, Kr, and H 2 • The 
gas is ionized by an induction discharge produced 
by the high-frequency magnetic field. The discharge 
is operated with continuous gas flow through the 
system; this technique provides the required plasma 
purity with good reproducability of the measured 
results. Most of the work has been carried out with 
Xe, since the skin depth in xenon is smaller than 
the radius of the discharge tube over the widest 
range of variation of the experimental parameters. 

In these investigations we have measured the 
following experimental parameters: electron den­
sity ne; electron temperature Te; gas pressure 
p ; amplitudes and phases of the field at various 

FIG. 1. Schematic diagram of the experimental apparatus. 

points of the plasma cylinder H, cp; resonance 
frequency of the tank circuit f; voltage and cur­
rent at the input of the circuit Uin and lin ; voltage 
across a single turn of the coil Ut, and coil cur­
rent (circuit current) Ic . 

The electron density and temperature were 
measured with a double floating probe; [a] the 
temperature was determined bb the method sug­
gested by Biberman and Panin 9J, while the den-
sity was computed using a method given by Kogan [1oJ 
with a correction factor of 2.33 as given by 
Levitskil and Shashurin. [11J 

The magnetic field was measured with a high­
frequency magnetic probe. The probe was calibra­
ted with account of the frequency shift of the opera­
ting circuit, and was moved along the diameter of 
the discharge tube parallel to the straight axis of 
the torus. The phase shift was measured by the 
interference-pattern method. [ 12 ] 

Using the measured parameters characterizing 
the operation of the circuit we determined the high­
frequency power Wp going into the discharge and 
the amplitude of the field at the plasma boundary 
H0 • This technique was also used to determine the 
plasma conductivity, density of charged particles, 
and skin depth. 

RESULTS OF THE MEASUREMENTS 

As indicated above, main emphasis in this work 
was on the dependence of penetration on plasma 
density. The density was changed primarily by 
changing the neutral density by varying the gas in­
put and output, a procedure that changed the gas 
pressure in the discharge chamber. The investi­
gated pressure range was determined primarily by 
the conditions needed to produce the discharge and 
was different for each of the gases (H 2 , Kr, and Xe). 
The smallest range of variation is found with 
H 2 (10- 2 - 1 mm Hg) and the largest with 
Xe (2 x 10-4 - 1 mm Hg). Furthermore, because of 
the low degree of ionization in H2 , even in the best 
case the field at the axis is found to be 20-30% of 
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the field at the edge. In Kr and Xe the differential 
is essentially 100%, so that these gases are most 
suitable for this work. The penetration is essen­
tially the same in Kr and Xe (the only difference is 
a quantitative one associated with the ionization of 
Kr and the smaller electron collision cross-section 
in this atom); we only give the results for Xe. 

The indicated pressure range for xenon corre­
sponds to the following values (order of magnitude) 
of the electron-neutral collision frequency 
Ven = 106 - 1010 sec-1 and electron-neutral mean 
free path l = 102 - 10-2 em. Thus, the following 
cases can be realized: w /v » 1, w /v « 1, 
o /l « 1 and o /l » 1. Depending on the pressure 
p and the high frequency power Wp absorbed in the 
plasma, the Xe ionization varies from 0.1 to 10% 
(in hydrogen the ionization is always less than 1%). 

A typical curve showing the electron density at 
the axis of the discharge tube ne as a function of p 
is given in Fig. 2 for f = 5.6 Me/sec. In order to 
satisfy the condition Wp = const while varying p 
it is necessary to vary the magnetic field at the 
plasma edge H0 in such a way that the field is in­
creased when p is reduced (Fig. 3). Consequently, 
the dependence of ne on p for H0 = const will ex­
hibit a sharper drop in the low pressure region. 
This behavior is shown roughly by the dashed curve 
in Fig. 2 (H 0 = 9 Oe). 

In order to investigate the penetration as a func­
tion of the conditions characterizing the interaction 
of the field with the plasma we have taken a series 
of curves showing the distribution of peak values 
of field intensity over the diameter of the plasma 
cylinder. Each series of curves is for-fixed H0 

and f; the parameter is the pressure p. From the 
distribution curve we determine the skin depth o, 
which is the distance from the wall at which the 
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FIG. 2. The electron density as a function of Xe pres­
sure: solid line Wp = 2.4 kW; dashed line H0 = 9 Oe, f = 5.6 
Me/sec. 

FIG. 3. The peak magnetic field at the plasma edge as a 
function of Xe pressure: 0-Wp = 1.3 kW, x-Wp ~ 1.9 kW, 
6-Wp = 2.5 kW. 

field amplitude falls off by a factor of e. It should 
be noted that the skin depth o found in this way will 
exceed the effective skin depth for plane geometry 
with the same plasma parameters and field Ocl· 
The correction coefficients needed to convert 
from o to Ocl are given below: 

r0 j6 1.15 2.2 4.4 10 
6j6cl 2 1.35 1.14 1.04 

Three curves showing the dependence of o on p 
are given in Fig. 4. Each curve corresponds to one 
of the chosen frequencies and a fixed H0 • The val­
ues of H0 are thus correlated in such a way that 
the high-frequency power absorbed in the plasma 
is the same in all three cases for a fixed pressure 
p. This means that ne = const as the frequency 
changes. It is evident from the curves in Fig. 4 
that the dependence of o on p exhibits two minima: 
a first minimum at p ~ 7 x 10-3 mm Hg and a 
second at p ~ 5 x 10-2 mm. Hg. As p changes in 
either directions from these minima o increases; 
the curves coalesce in the low pressure region and 
diverge in the high pressure region that is to say, 
o exhibits a change in frequency dependence. 

Similar behavior is observed in the dependence 
of o on P for WP = const. Curves for this case 
are given in Fig. 3. The difference in the curves 
in Figs. 4 and 5 is primarily that the first mini­
mum in the curves in Fig. 5 is more pronounced 
and shifted toward lower pressures. This differ­
ence is evidently due to the difference in the de­
pendence of ne on p in this and other cases (Fig. 
2). Reducing H0 (or Wp) reduces the hill between 
the minima in the curves in Fig. 4 and smooths 
the steps in the curves in Fig. 5. Below some 
critical value of H0 (Wp) the hill and the steps 
disappear. 
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FIG. 4. The skin depth as a function of Xe pressure at 
various frequencies: 6-f = 0.9 Me/sec; H0 = 42 Oe; •-f 
= 4.6 Me/sec; H0 = 23 Oe; Q_f = 5.6 Me/sec, H0 z 22 Oe. 

FIG. 5. The skin depth as a function of Xe pressure for 
Wp = 2.4 kW: 6-f = 0.9 Me/sec, O-f= 5.6 Me/sec. 
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The phase shift between the oscillating fields at 
the axis and the edge of the plasma cylinder cp also 
changes when p changes. The dependence of cp on 
p is shown in Fig. 6, which shows also the depen­
dence of o on p. It is evident that the phase shift 
is largest in the pressure region corresponding to 
the minimum values of o. Pressure changes that 
increase o reduce cp. In the low pressure region 
cp diminishes more rapidly and any given value of 
o here is associated with a smaller cp than in the 
high pressure region. 

The dependence of o and p on H0 is shown by 
the curves in Fig. 7. This dependence is mono­
tonic. Using the measured o and cp to calculate 
the limiting values of the plasma conductivity 

a,mm cp. deg 

zo wo.--~---.----~---. 

0 

FIG. 6. The phase shift of the oscillating field at the 
axis and the plasma edge and the skin depth as functions of 
the Xe pressure: -cp = f(p), 0-8 = f(p); f = 0.9 Me/sec, 
H0 = 42 Oe. 
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FIG. 7. The phase shift of the oscillating field at the 
axis and plasma edge and the skin depth as functions of 
field amplitude at the plasma edge: •-cp = f(H 0 ), 0-8 
= f(H 0 ); f = 0.9 Me/sec, p = 10-. mm Hg. 

cmm 

FIG. 8. The field amplitude variation over the diameter 
of the discharge tube: •-free variation; O-f = 5.6 Me/sec, 
H0 = 22 Oe, p = 10-s mm Hg. 

amax and the phase velocity in the plasma vcpmin 
we find amax = 4.5 x 1013 cgs esu and V¢min 
= 5.2 x 106 em/sec. 

The penetration of the field into the plasma ex­
hibits another interesting feature: this is the fact 
that under certain conditions the field distribution 
over the diameter is characterized by a "hump" 
at the axis. A typical curve showing this anomaly 
is given in Fig. 8 (the upper curve corresponds to 
the field distribution in the absence of plasma). 
The hump exhibits a maximum value at a definite 
pressure and increases with increasing H0 • In the 
present work it reaches 10% of the value of field 
at the plasma edge. 

In Fig. 9 we show the region in which this 
anomaly exists using the coordinates H and p. 

FIG. 9. The region in which 
the anomalous field penetration 
into the plasma is observed (f 
= 5.6 Me/sec). 10 f----f--- -+--+-

0 -~4~~-J~~-~2~~-~,~~ 
10 10 10 10 

/l,mmHg 

The dashed line inside the anomaly region indi­
cates the pressure corresponding to the maximum 
bump for a given H0 • When the frequency is re­
duced the anomaly region is compressed. It is 
evident from Fig. 7 and 9 that the anomaly arises 
under conditions corresponding to the strongest 
skin effect and the largest phase shift. 

Control experiments carried out with an elec­
trostatic shield around the discharge tube show that 
any high-frequency currents in the plasma pro­
duced by sources other than the longitudinal mag­
netic field do not have any important effect on the 
penetration process; in particular, these currents 
do not effect the anomaly near the axis. 

DISCUSSION 

The results obtained in this work on the skin 
effect have been analyzed by comparing the quan­
tity o as measured directly and as computed by 
various methods. The calculations use indepen­
dently measured plasma parameters (ne, Te, p) 
taking account of the fact that these parameters 
vary over the cross-section; the correction for 
the conversion from o to Ocl is also used. The 
comparison indicates that the skin effect is differ-
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ent in three basic regions; these regions can be 
joined smoothly if it is assumed that the plasma 
conductivity is a complex quantity of the form 

where ur = ne 2 v/m(w 2 + v2 ) is the real part of 
the conductivity and Ui = ne 2w/m (w 2 + v2 ) is the 
imaginary part; v = Ven + ~'ei · 

The effective skin depth can be obtained from 
the expression given by the elementary theory: [4] 

1 [ ( 4l'tai ) 6 = c/wx, x2 = 2 - \1 - - 10-

+ v ( 1 - 4n;i r + ( 4:or rr. 
The formulas given here make it possible to 

explain the observed dependence of 6 on p over 
the entire pressure range that has been investiga­
ted. This range can be divided into two parts: the 
condition ui > ur is satisfied in one and the condi­
tion Ui < ur in the other. The boundary between 
these regions is given by v = u.,• and coincides 
with the hill between the minima in the curves in 
Fig. 4 (p ~ 2 x 10-2 mm Hg). The region of real 
conductivity (ui < ur) can in turn again be divided 
into two parts corresponding to Ven > ~'ei and 
~'en < ~'ei. The following approximate formula 
for skin depth holds in both of these parts: 

6 = c/ Y 2:rtwa., 2' Or::::::: ne tmv. 

A distinguishing feature of this part and the other 
part is the difference in the nature of the depen­
dence of ur on p. Thus, when Ven > Vei• ur in­
creases as p diminishes because in this case v{m 
falls off more rapidly than ne . This causes the 
reduction in 6 (the right branch of the curves in 
Figs. 4 and 5). When ~'en < ~'ei this increase in 
ur no longer occurs because v ~ n in electron­
ion collisions and ur depends on the electron tem­
perature only: 

a.i = 4·10-5Zt/T~. 

Since the electron temperature increases as p is 
reduced (from 2. 7 x 104 oK at p = 1 o-t mm Hg to 
105oK at p = 2 x 10-4 mm Hg) this means a re­
duction in ur which causes 6 to increase. The 
fact that the exact expression for ur contains not 
1/v but v /(v 2 + w2) makes a further contribution 
to the reduction in Ur. Hence, the minimum in the 
curves in Fig. 4 in the high pressure region corres­
ponds to the transition from electron-neutral con­
ductivity to electron-ion conductivity. Tb.e subse­
quent reduction in 6 and the formation of a mini-

mum in the low pressure region is due to the in­
crease in Ui. This is also verified by the fact that 
the frequency dependence of 6 becomes weaker 
when p is reduced. At the lowest pressures that 
have been studied the dependence of 6 on w vir­
tually disappears. In this range 6 is given by 

6 = cfY 4:rtro::l i = cfwp. 

The value of 6 computed from the formula that 
takes account of the thermal motion of the elec­
trons (1) are much higher than the measured val­
ues. 

It is possible that this formula does not apply 
because the thermal motion of the electrons is 
modified by the presence of the magnetic field. 
It is also possible that this formula does not apply 
to the finite experimental plasma. Actually Eq. (1) 
is found to apply for experimental conditions such 
that the relation l > d holds (d is the diameter of 
the plasma cylinder). If it is assumed that the 
electron mean free path cannot be greater than the 
characteristic dimensions of the plasma i.e., if we 
assume electron collisions with the walls as well as 
with plasma particles, a calculation using Eq. (1) 
gives values of 6 that are in fairly good agreement 
with experiment. 

In contrast with the results on the skin depth, 
the appearance of the minimum in the magnetic 
field distribution between the edge and the center 
of the plasma cylinder cannot be explained within 
the framework of elementary theory. The meas­
urements indicate that the anomaly in field pene­
tration is observed when l > 6, l ~ A and 
v h < VTe , where A is the wavelength in the 
pPasma, vph is the phase velocity of the wave, and 
VTe is the electron thermal velocity. The anomaly 
is not observed if any one of these conditions is 
violated. Hence it is reasonable to assume that 
this effect arises as a result of the influence of the 
electron thermal motion on the penetration of the 
high-frequency magnetic field into the plasma. 
The effect is maximized when all three of the con­
ditions indicated above are satisfied. In other 
words, the effect is evidently a manifestation of 
the spatial dispersion of the plasma. [4] 

A detailed analysis of the field increase at the 
axis requires the use of the kinetic equation, but 
this is beyond the scope of the present work. How­
ever, one feature of the usual solution is of interest. 
If it is assumed that the plasma conductivity is 
capacitive rather than inductive, i.e., a = ur + iui, 
a distribution exhibiting a rise at the axis is ob­
tained if the magnetic field distribution over the 
cross-section of the cylinder written in the form 
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Hz (r) =Hz (ro) lo ( i }141t:~a r ) I lo ( i V41t:~a ro) , 

where Hz(r0) is the peak magnetic field at the 
boundary and J 0 is the Bessel function of the first 
kind of order zero. 

This relation is straightforward but the capaci­
tive susceptance requires explanation since it is 
usually assumed that the susceptance cannot be 
capacitive. In the usual simple analysis, however, 
the thermal motion of electrons is neglected; it is 
then reasonable to try to associate the capacitive 
effect with the existence of this motion. A capaci­
tive susceptance means that at a given point the 
current leads the electric field in phase. In the 
present case this situation can arise if there is a 
transfer, by the electrons, of directed momentum 
flow into the depth of the plasma from the outer 
layers and if the transfer rate exceeds v cp. The 
thermal motion of the electrons represents a possi­
ble transfer mechanism. If this mechanism is in­
voked it is found that the plasma can have a capa­
citive susceptance only when the conditions 
l ~A, A ~ d and vcp < VTe are satisfied. These 
conditions are precisely the ones that are observed 
when the field increases near the axis are observed 
in the experiment. It should be noted that this 
change in susceptance will occur only at deep lay­
ers of the plasma such that the influx of electrons 
from the outside is important. There is no contra­
diction in the fact that the usual expression for 
conductivity holds in the region near the wall and 
that the capacitive expression holds near the axis. 
The arrival of electrons in the plasma layers near 
the walls from the inner regions can, in principle, 
increase the phase lag of the current with respect 
to the field intensity; however, this effect is insig-

nificant since the amount of transfered momentum 
is relatively small. 

In conclusion the authors wish to thank Yu. G. 
Bobrov and V. P. Volkov. 
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ERRATA 

"Inelastic Transitions in Collisions of Slow Atoms" 

[JETP 43, 112 (1962), Soviet Phys. JETP 16, 81 (1963)] 

B. M. SMIRNOV 

There is an error in the above paper. In calculating the matrix element ( ElH/Elt)km• which occurs in 
a formula of the adiabatic perturbation theory, the sign of one of the terms has been given incorrectly 
and this has led to a non-zero result in a lower-than-correct order of the expansion in terms of a small 
parameter. The corrected work has been forwarded to the journal "Optika i spektroskopiya." 

"Skin Effect in a High Frequency Ring Dis charge" 

[JETP 46, 1169 (1964), Soviet Phys. JETP 19, 791 (1964)] 

R. A. DEMIRKHANOV,.I. Ya. KADYSH, and Yu. S. KHODYREV 

The "Discussion" section contains through an error the formula for the electron-ion collision in lieu 
of the conductivity of a fully ionized plasma, the form of which is 

cra=0.9·107 T'f,/Zi-2 • 

The subsequent conclusion that a change in temperature affects the conductivity is therefore incorrect. 
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