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We study the absorption of an electromagnetic wave by a plasma with a diffuse boundary. We assume
that the decrease in the particle density is exponential and that the magnetic field is parallel to the
boundary of the plasma. We show that the collisionless absorption of waves with the electric vector
directed along the magnetic field is connected with the excitation of ordinary waves in the plasma for
those densities for which they can exist in a homogeneous plasma. We study the lineshapes of the electron
and ion absorption resonances, especially in the effective collision frequency approximation. We obtain

expressions for the limits of the existence of the ordinary cyclotron waves in the plasma and we solve the

dispersion equation for a high-pressure uniform plasma.

PACS numbers; 52.40.Db

§1. INTRODUCTION

P. L. Kapitza'! was the first to state the problem of
the anomalous skin-effect in a plasma with a diffuse
boundary in connection with a study of a high-frequency
discharge in a plasma at high pressures. Liberman,
Melierovich, and Pitaevskii®®’ constructed a theory of the
skin-effect in a semi-infinite non-uniform plasma, and
obtained an integro-differential equation for the electro-
magnetic field in the plasma for an arbitrary relation be-
tween the electron mean free path, the penetration depth
of the field in the plasma, and the size of the transition
region at the boundary. This equation has been solved
for the case of an exponential decrease of the electron
density outside the plasma under conditions of an ex-
tremely anomalous skin-effect? and for an arbitrary
degree of anomalicity. ®' In"’ a plasma with a magnetic
field directed parallel to the density gradient for any de-
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gree of anomalicity of the skin-effect was also studied.
Dikman and Melerovich™' considered the extremely
anomalous skin-effect for the case where the magnetic
field was strictly parallel to the boundary and obtained
solutions for an exponential and for a power-law de-
crease in the electron density. We study in the present
paper the absorption of electromagnetic waves in the
case of arbitrary anomaly of the skin-effect when the
electiric field of the incident wave is parallel to the con-
stant magnetic field which lies in the plane of the plasma
boundary and we also analyze a mechanism for colli-
sionless absorption which consists in the transformation
of the incident wave into ordinary cyclotron waves.

We shall assume that the size of the transition zone
at the boundary of the plasma is small compared to the
characteristic dimensions of the plasma, but large com-
pared to the penetration depth of an electromagnetic
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wave into a uniform plasma with the same electron and
ion density as are reached in the bulk of the plasma.
Under those conditions we can assume the particle den-
sity to be a function of a single coordinate x. When
there is no electromagnetic wave the subsystems of ione
and electrons are assumed separately to be equilibrium
ones with temperatures T; and T,. The particle densi-
ties can be expressed in terms of the Boltzmann distri-
bution formula

na{x) =ng exp(—U.(z)/kT.),

where the U, (x) are the effective potential energies of
the electrons and ions (here and henceforth the subscript
a=e,i indicates the kind of particle). It is possible to
solve the problem completely if the effective potential
energies change linearly outside the plasma, i.e., if
the particle densities decrease exponentially:

1.1)

ne(x) =n(z) =n.e”°, z——oo.

In §3 we study not only the line shape of the cyclotron
resonance but also the regions where ordinary cyclotron
waves exist in the plasma, and also the solution of the
dispersion equation for ordinary waves in a high-pres-
sure plasma.

§2. SOLUTION OF THE EQUATION FOR AN
ELECTROMAGNETIC WAVE POLARIZED ALONG H

The set of equations for an electromagnetic wave
E,(x)e’*! which propagates in a non-uniform plasma
along the x-axis along the density gradient in the plasma
consists of the Maxwell equations which connect the field
components E; with the current components j;, and the
kinetic equations for the electrons and ions in the plas-
ma, Under anomalous skin-effect conditions the colli-
sions in the plasma do not play an important role so
that we can solve the kinetic equations by the method of
integrating along the particle trajectories in the approx-
imation of constant effective numbers of collisions v,
and v;. Using this solution to express the current in
terms of the variable electric field and substituting it
into the Maxwell equations we get a system of integro-
differential equations for the field Ei(x). In the case
where the incident electromagnetic wave is damped in
the region in which the particle density is described by
Eq. (1.1) the forces acting upon the particles do not de-
pend on the coordinates (due to the linear x-dependence
of the effective potentials U, (x)) and the kernel of the
set obtained therefore has the form

Ki(z, 2’y =e"*Ri(z—2'),
where the matrix K ;; depends only on the difference of
the arguments; 4,j=x,y,z2.
Applying the two-sided Laplace transform
c+ioo

F= [ E®etas,  E®=o | FRedk,

-0 e—ioo
where £=x/a is the dimensionless coordinate, we get a

set of functional equations for F,(k) (this procedure has
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been performed in detail, e.g., in®%%), The equa-

tions for the components of the external field which is
directed along the constant magnetic field H parallel to
the y-axis can be separated from the other two equations
which connect the components E, and E,. We can write
the equation for the Laplace transform F(k) of the elec-
tromagnetic field E, (x) (we drop the index y in what fol-
lows) in the form®?

(k+1)*F (k+1) =P (k) F(K), 2.1)
where
_ 1.(2,)
PU)=Y exp(Tu—z) 3 (2.2)

Here I,(z) is a Bessel function of an imaginary argument,

Zo=—k{k+1)/20a%, 0a=1aQRa, Ya=tu(0—ivs), L,=In(a/8e)?,

t, =a/v, is the mean time for particles to fly a distance
of the order of the dimensions of the inhomogeneity in the
density, v, =(@kT,/m,)'? is the thermal velocity of the
particles, Q,=lelH/myc their Larmor rotation frequen-
¢y, and Oy, = (c?Dym o /4me?n,w)’? is the penetration depth
of an electromagnetic wave into a homogeneous plasma
with particle density ny under anomalous skin-effect con-

ditions.

Equation (2.1) was solved in its general form in®’,

We obtained for the reflection coefficient of the electro-
magnetic wave from the plasma the following expres-
sion:

dw P(iw—1/,)

AT (2.3)

oz P
r=1-+ix—-
¢ jchznw

The plasma impedance can be expressed in terms of the
reflection coefficient through the formula

Z=2n(1—r)/c. (2.4)

As k occurs in (2.2) in the combination k(% +1) the
function P(iw — 1) depends only on the argument »? + 1.
We write Q(w? + 1) =P(iw —1). In that case

a n=—c

(2.5)

We can reduce the expression for the plasma impedance
to the form

dw Q(w*+1/.)

w1, (2.6)

Z=—2iR‘,j.=

[)

ch®w

where Ry =27%wa/c? is the resistance of a plasma with-
out a magnetic field under the conditions of an extremely
anomalous skin-effect, 2’

It is important to note that for a uniform plasma with
a particle density n, the dispersion equation for the case
of an ordinary wave propagating at right angles to the
magnetic field takes the form"®8!
@.m

Ry
— % =—0Q(x*),
Ny
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FIG. 1. Particle density n as function of the coordinate £ =x/a.

where Q(»?) is the function (2.5), » the dimensionless
wavevector which is connected with the usual dimen-
sional wavevector through the equation % =ka.

Forgetting about a small damping caused by the colli-
sions of the particles with one another we see that the
main contribution to the real part of the impedance (2. 6)
which expresses the absorption of the electromagnetic
wave comes only from the regions where @ is negative:

R=ReZ=RnuJ'

w

‘f (1 —sign Q(w*+1/,)).
ch? nw

(2.8)

Just in those regions there exist solutions of Eq. (2.7),
i.e., for any w for which @(«? + 1) <0 one can find such

wt+ 1/,

SETTEDRY @9

ng(w*+1/)=—

that in a homogeneous plasma with particle density

n, (u? +}) there will exist eigenwaves with a wavevector
n=(uf + 1), In the opposite case, @ >0, eigenwaves
can not exist for any density n,. This means that the in-
cident electromagnetic wave excites ordinary waves in
the plasma.

It is clear from (2.6) that the intensity of the excita-
tion of waves with wavevectors with magnitudes lying in
an interval d» around » is given by the quantity

% (%2=1/0) ~" ch=?m (%2 —1/) "dx, %>,

Hence it is clear that an incident wave with a magnitude
of the wavevector outside the plasma wa/c <1 excites

in the plasma ordinary waves with magnitudes of the
wavevector » >4 and the intensity of the excitation de-
creases rapdily with increasing ». It is characteristic
that the intensity of the excitation is determined solely
by the wavevector and the possibility that waves can
exist (the region @ <0). The further evolution of the ex-
cited wave depends on the actual profile of the particle
density inside the plasma, but we do not study that prob-
lem in the present paper.

The absorption mechanism discussed here indicates
that waves with different wavevectors are excited at dif-
ferent places in the plasma and just in that region where
the particle density is the same as n,(x?), i.e., close to
£(x?) (see (1.1) and (2.9)):

§(w*)=—In (|Q(x") |/%?). (2.10)

This becomes obvious if the Larmor radius of the par-
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ticles is small; however, even for a large Larmor ra-
dius and, hence, for an appreciable non-localization of
the skin-effect, this statement is valid; this is corrob-
orated by the behavior of the impedance or the reflec-
tion coefficient. The imaginary part of these quantities
is connected with the distance from the point of reflec-
tion of the wave, If the whole wave is reflected from
some point, when we change the distance to that point by
At the reflection coefficient is multiplied by the quantity

exp (2inaAt/c) ®1+i2eac™'AE,

and, correspondingly, the imaginary part of the reflec-
tion coefficient is increased by (2wa/c)A¢ and the im-
pedance by — (2R,/m)A¢ (if one uses Eqs. (2.3), (2.4)).
For our case we can write the imaginary part of the im-
pedance in the form

(2.11)

¢ dw L, 1
X=Imz_2Ro-"ch‘:mu {';(w +T)’

o

whence we conclude that the incident wave propagates
into a plasma up to £=7X/2R,. It is necessary to note
that the integral (2.11) receives contributions not only
from the regions in which the excitation of ordinary
waves is possible, but also from the regions @ >0. Ana-
lyzing (2.11) we see that in the latter case Eq. (2.10)
also determines the point of reflection because of the in-
troduction of the modulus sign.

It is now relevant to make a few remarks about the
applicability of the whole of the theory proposed here.
In actual fact the particle density can not increase ex-
ponentially in the whole range of change of £, The actual
form of the density is shown in Fig. 1. It is possible to
apply the theory given here if the wave is not damped
until the density starts to differ strongly from nge®. If
the particle density inside the plasma equals 7 this con-
dition can be written in the form

n, exp (nX/2R,) <. (2.12)

The results obtained are qualitatively valid also in the
case where the inequality (2.12) is not a strong one. In
that case we must take into account only those waves
which can exist in the plasma for densities n, <z, i.e.,
integrate not over the region @ <0, but over the region

Q/‘Ka < —no/;l.

§3. REGIONS OF EXISTENCE OF ORDINARY WAVES.
CYCLOTRON RESONANCE LINE SHAPES

Since there are no ordinary waves in a cold plasma
without allowance for the thermal motion of the electrons
and ions when one neglects the displacement current, all
of the absorption of an incident wave in a plasma is con-
nected with the electron and ion cyclotron resonances.
We can use the quantities ¢ =m,/m;<<1 and B=T,/T; to
express the ion parameters in terms of the electron
ones:

Qi—eQ., expLi=(eB)" exp L.,
ti=(p/e)"t., 0=(ep)"c..

We can rewrite Eq. (2.5) for @ in the form

A. N. Vasil'ev 1113
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n=—o0

B NCA)
te 2_4 0—ivi—nQ; ) MR
where z, =%%/20%. When considering the regions of the
existence of high-frequency ordinary waves w28,> Q;
we can neglect the contribution of the ions (the second
sum in Eq. (3.1)) and we have:

Q6= ater, Y1 L) (3.2)

xr—n

where x = (w -i1,)/,.

We study the behavior of the sum occurring in Eq.
(3.2) using the method used, for instance, in‘"’, This
sum has simple poles at integer points. The analytical
function

e~1,(z)

r—n

1p(z,z)=sinm:2 (3.3)

is an entire function of the variable x. We transform

¥(z, x) as follows:

n
= 2 (= 1)"1.(2) J'cos(z —n)gpdyp= j d cos zg 2 (— 1), (z) cos ng,

or, using the well known formula for a series of Bessel
functions,

¢(z,n:)=jdq)cosxcpexp[—z(costp+1)]. (3.4)

Using (3.3) we have
Q=0."'e*}(z,, )/sin nz,

whence it is clear that the poles of @ are connected
solely with the factor 1/sinmx which is independent of z,.
There occurs therefore always a change in sign of @ for
w=n8,. The other boundary of the region of existence
of ordinary waves is connected with the zeroes of ¥(z,,
x). We consider the asymptotic behavior of ¥(z,, x) in

Z,.

When z> 1 the main contribution to the integral (3.4)

comes from the region of ¢ close to ¢ =7. In that case
P(z, z)=(n/2z)" exp(—2*/2z) {cos nz
+sin z[ @ (iz/V22) — @ (—iz/V22) 1/2i}, (3.5)

®(x) is the error function. Expression (3.5) is valid for
any x. Inthe case x<<z'/? we can simplify (3.5) after
which we can write @ in the form

(ctgnx +

) (3.6)

V2nz,

z,> 1 and x < 2172,

In the case a®,/7,~0 (3.6) goes over into the equation
corresponding to Eq. (2.16) of"!. It is simpler to con-
sider the other limiting case z,<<1 by starting from Eq.
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FIG. 2. The shape of the regions of existence of ordinary
waves in the w/Q,, z,—plane (z,=%*32/2a’Q?): a) for different
numbers 7 (indicated by the numbers at the boundaries of the
regions) of the resonance; the regions where the waves exist
are hatched; b) for n=1. A is the line of integration in the in-
tegral (2.6). Inside the region of existence of the waves we
have drawn the dispersion curves for a uniform plasma for dif-
ferent values of p=87rﬁekTe/H2, indicated by the numbers at the
curves,

(3.2) retaining in it only the main term and the reso-
nance term:

P Z;
=—|—t+t—), <1, z=n.
Q O (r n!2"(a:—-n)) 2<t, amn

(3.7

Putting the right-hand sides of Eqs. (3.5) to (3.7) to
zero we find the lower bound of the negative values of @
for v,=0:

=(n—1/2) [1+(2/n%2.) "], z.>1, n’<z,; (3.8a)
z=n[1—(2nz.) " exp (—n%2z.)], z.>1, n®>>z; (3. 8b)
z=n(1—2."/2"n!), z.<1. (3. 8c)

The form of the regions of existence of ordinary waves
for different values of » are shown in Fig. 2a.

To determine the resistivity of the plasma we must
evaluate the integral (2.8). Introducing g=R/R, we get

g=2 *4[1 + exp (2nV20,20—7/,) |, (3.9)
i

where z“’ are the points where the line of integration
A (w=const, ze>1/80§) intersects the boundaries of the
region of existence of the waves (see Fig. 2b). The
plus sign in (3.9) is used in the case when for increas-
ing z, we go from a region where there are no waves to
a region where they exist, and the opposite, minus sign
in the opposite case. If z,=1/802 occurs already in the
region where the waves exist, the sum (3.9) includes a
term equal to 2 corresponding to that point.

It is clear from Eq. (3.9) and Fig. 2 that R =0 for
n-1<x<n-%, R=2R, for n - 6* <x<n, where 6* is the
point where the lower limit (3. 8) of the region of exis-
tence of the waves intersects the line z,=1/802. In the
case Q,<7,/a, n<7,/af,:
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FIG. 3. Line shapes of absorption resonance: a: for aQ,/7,

=0.1; b: aQ,/7,=0.5. The numbers at the curves indicate the
values of the parameter v,/,. The line shapes for p= 10% are
qualitatively indicated by a dotted line.

81 =p— b (n—") aQu/.: (3.10a)

if, however, in that case the number of the resonance is
very large, n>7,/af,, with logarithmic accuracy

In 8, =—4n%a*Q.*/7 .2 (3.10b)
In the case of strong magnetic fields &,> 7,/a:
8s'=(4aQ./5.) ="/ (n—1)! (3.10c)

In the interval between # — 1 and n — 6* R increases
and has at x =n — 6* a square-root singularity and is ex-
ponentially small at x =» — 5 (Fig. 3), The actual form
of g=R/R, in some limiting cases is given by the equa-
tions

kU] (*2:—8:") Qe '
e2-m{ [ (3500e) 1) (8. 112)
Q.<v./a, n<kv./aQ., n—'"h<w/Q.<n—38;
In §,* 'l
g=2— 2111{ T ] } (3.11b)
Q.kv./a, n>v./aQ.,, 0<n—6,"—w/Q.<1;
n nQ.—w
oo 2 [(2222) " L], 6.110)
Q. >7v./a, 0<n—06;'—w/Q.<1;
4 (n—1/,)aQ.?
4ex 3.11d
&= p{ Yno, (0— (n—*/,)Q.) } ( )

Q, —arbitrary, 0<0/Q.—n+'/.<'/,—8".

The absorption of an electromagnetic wave in the re-
gions of x close to half-odd-integral values is connected
with large particle densities. As inside the plasma the
density reaches the limiting value 7, it is useful to esti-
mate for which densities our solution is correct and how
it changes when the particle density changes. The dis-
persion curves for a uniform plasma have been studied
earlier analytically only for the case of a low-density
plasma or in the limiting cases when the dispersion
curve lies around the resonance frequency (see,

e.g., ™8, If the dispersion curve is removed from
resonance, it has been studied numerically or qualita-
tively (e.g., ™. Inthe case of a high-pressure plasma
p=8mi kT,/H?>1 we can obtain the equation for the dis-
persion curve (Fig. 2b) for z,> 1 by substituting into
Eq. (2.7) the asymptotic form (3.6):
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" 9
L) (ctg nz+ ad ) .
2z, V2nz.

The dispersion curve has a minimum

—22,=0% (

Tmin=n—" s Hha=" (/) (n—"/2) "p~", (3.12)
which is reached for z, = @ — £)(0/6)'%; 2,~ 2, min

£ (=) (1= (™ (n—1}2) (22 ™+ (2/2) 1.
For z,> p/®

z=n[1—pn~"(22.) "], (3.13)

while for z, <1 it is the same as Eq. (3.8c) and in the
case p>1 it is to a first approximation independent of p.
The asymptotic expressions (3.13) and (3. 8¢c) are the
same as Eqs. (5.7.1.5) and (5.7.1.7) of the book™?,

It is clear from (3.12) that for large p the limiting
dispersion curve, corresponding to the density 7, can
approach x =n — 3 rather closely, without, however,
going through that value, '®! Under realistic conditions
for particle densities in the plasma of #~10'® cm™ and
T,~10% K™ we have p~3x10%/H%(Oe). In the region
betweenn -1 and x,;, waves cannot be excited and the
cyclotron resonance line acquires the form qualitatively
shown in Fig. 3 by a dotted curve.

We give some results when one takes into account the
non-vanishing collision frequency in the plasma., We
consider first of all the case of an extremely anomalous
skin-effect Q,<<7,/a. If v,>Q,, we have

g=1—4n~"'exp (—-2n—v—")sin(2n 2—) —21.-01—(1, m<v—', (3.14)
Q Q, T, a

e e

where

1,=2x" j dz / ( Vo1 chznz—’”) —0.6461.

In the opposite case, v, <<Q,, it is necessary to consider
the absorption coefficient in different sections of the
spectrum:

o 4v, 1
=1—signsi (2 —)+—— —_—
& s ) T o L i 2neroy)

__‘1_11(_ noa +€£ ® )]
2 7. cos*(nw/Q,) Ve Q.

|o—(n—'/.) Q| >max {v., (*/:—6,")Q.};

when | 0—nQ.| >v.,

2 0—nQ, 2nwea v, (3. 15)
e=1-— 1
v, I
when| 0 —nQ. | <v.;
=1+ 2 o—(n—,)Q. ZaEZ,m I,
14 Ve T eVe

when| 0— (n—1/2) Q.| €ve, ve> (1/,—6,") Q..

When Q,> 7,/a we have in the case v, > Q,0; the Lorentz
formula for the absorption line:

Vel2e

m 85I o, (3.16)

2
- arctg
i1

Lw= f ch‘jw
°

~ (4w2+1)"=n"2 Ci*1 (2*—2) Bal,

R0
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FIG. 4. The electron cyclotron resonance line shape for a,/
7, >1 and weak damping. The numbers at the curves indicate
the values of the parameter v,/ 8§%Q,.

C;, are the binomial coefficients, and B,, the Bernoulli

numbers;
I.,=3/2n, I.,=31/15n, I_.,=1129/210x,...

The curves corresponding to the two limiting cases are

drawn in Fig., 3. Equations (3.14) to (3.16) are correct,

if v, is much broader than the fine structure of the line.

If, on the other hand, @< 1, where a=v,/(} - 5¥)Q,
for ,<<7,/a and a=v,/5fQ, when &,> 7,/a we can trace
the change in the shape of the absorption curve. In that
case we can split off from Im In@ which occurs in the
integral of (2.6), apart from the sign, the term

0—a (2,)

ImIn(o(z.) —0+iv.) = g— + arctg ———

Ve

where w(z,) is the equation of the curve in the w, z,-
plane (Fig. 2) which describes the boundary of the re-
gion of existence of waves in a uniform plasma. If the
frequency w lies close to the lower boundary of the re-
gion of existence of waves, but not in the immediate
vicinity of the point w = (n — 6*)R,, we can to a first ap-
proximation in the parameter a write the change in g in
the form

Ag=2af(%).

Here

d
f(t)=ufﬁ';{c+[ (4wt +1)'—1]sign ),

t=lo—(n—56,")Q1/8:,°Q., l=n when Q.>7./a; (3.17)

t=lo—(n—58,")Q.1/ (12—6,")Q., I=—!/y when Q.<7./a.

The integral (3.17) is taken in the principal-value sense.
In the point {=0 corresponding to the square root singu-
larity in the collisionless plasma, w=(n - 5*)R2,, and the
integral (3.17) diverges. Near that point there arises
for v, different from zero a non-analytical v,-dependence
of g:

14 a

§=2~— T el
V2Il (g +VEs+a®) ™
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At the point w=nf, there also arises a non-analytical
behavior, but in a more familiar form:

2 w—n.
g=1——arctg— .
n v,

e

The shape of the cyclotron resonance for small damping
is shown in Fig, 4.

We must say a few words about the transition to the
limit as H—~0 in the case v, =0. When there are no col-
lisions there occurs only a decrease in the line width
without a change in the amplitude with an increase in the
number of the resonance. It is therefore necessary
when determining the resistance of the plasma to aver-
age the plasma resistance which oscillates fast between
0 and 2R, for small magnetic fields. Thus, if we con-
sider the region wa/7,<<1, we get, integrating Eq.
(3.11a) over a period,

R=R,(1-2L,0a/v.),

i.e., Eq. (3.5) from"!, We can similarly take the limit
H-0 also in other cases.! However, when decreasing
H usually there starts earlier a smearing-out or a de-
crease in the amplitude of the resonances due to the fact
that v, is finite (it is clear from Eq. (3.14) that the res-
onances are conserved only down to fields for which £,
2 v, after which they decrease exponentially fast while
the plasma resistance tends to the same limit as in the
collisionless case) or the resonances start to smear out
due to the fact that when the radius of the Larmor cir-
cles increases the particles leave the region of densities
which can be approximated by an exponential function.

In the latter case it is necessary to take into account the
energy-dependence of the frequency £,.

We consider now briefly the ion cyclotron waves. It
is well known™? that ion waves lie appreciably closer to
the ion cyclotron frequencies than the electron waves to
the corresponding cyclotron frequencies so that the lines
for the excitation of ion cyclotron waves are consider-
ably narrower. The equation which determines the
boundaries of the existence of ion waves is obtained from
(3.1). Since the frequencies of the ion waves are ap-
preciably smaller than 2, and since the solutions of in-
terest to us lie in magnetic field regions for which z,
<1, we retain only the first electron term:

Q=t,'e™ ( mjiv, + sZ"' exp(—2:) 1. (z:) ) .

O—nR;—iv;

We consider only the collisionless case. Taking col-
lisions into account is qualitatively analogous to the
electron cyclotron wave case. In that case the upper
boundary for @ being negative is the same as the ion
cyclotron frequencies w =»nQ; and the lower one is deter-
mined by the equation

(3.18)

In the case 2,a/7; = (¢ f)*'?Q,a/v, < 1 we have for 0
<nfQ; — w<OF*Q,

ezl 7 ([ 1)

8, =2n"neQ.a/v;,

o=nQ:(1—ee~*l,(z)).
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FIG. 5. Ion cyclotron resonance
line shape: 1: for Sofzim,n<1,
1 2: 80%z;ma>1, 3: 8071,
! collisionless case (0; =aQ;/7;).
|
|
=0,"0 (w-n2,)/9;

Z 7 3

-8 e

with a square root singularity on the boundary of the ab-
sorption spectrum; in the remaining band of frequencies
R=0. Itis clear from (3.18) that the boundary curve
has a minimum which is reached in some point z; ,;,~1
and which is equal to n — 63, 6¢* ~¢. Using this one
can easily show that when 8Q%a%z; ,,, <7 the absorption
line does not change qualitatively: there is a square-
root singularity at the lower boundary of the spectrum
and an exponential one near 2 when w=nQ;, w<nf;. In
the opposite case SQfaz Z; min > 7% there are two square
root type singularities. If ;> 7;/a, we have for n%;

- w < oF*Q,

78, Q
g=2toxs (- 250
T ng‘_m i/n ll'
~20((n—8,") Qo) th{ T [ (Z222) 41",
(=810 “’)m{ 7L 62"Qi) 1] }

Here 6(x) is the Heaviside step function and
o"*=¢ (4aQi/7;) "/ (n—1)!

We can near the boundary of the spectrum w=nQ; - 6¢*Q;
expand expression (3.18) in a series in z; = 2; p,:

O—nQt8," Q= A~ Qi (2:i—2i min) %,
where

Ar=e~* (21 (2) 1" (2) —1.(2) ) | cmst min~1.
Hence

@—nQ;+8,"Q; )'/ﬂ 'h
eQ; ]

Q45O \ y'h
~2th - [80,-2z.-m-n—1—8aﬁ,4 (“’—”9‘95"—9) ]
& edd;

g=2th% [sofzi mine1+80,24 (

(3.19)
It is clear from (3. 19) that g has a square root singu-
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larity at the point w = (z — 63 ¥)22;; when the second singu-
larity approaches the same point, i.e., when 802%z; ;.
=1, theére arises a higher-order singularity, g~ (w -n%;
+06.%Q,)"/4, We show in Fig. 5 various ion resonance
line shapes for 802z, ;<1 (curve 1), for 80%z; n;,2 1
(curve 2), and for 802> 1 (curve 3); in the last case the
nature of the line is similar to the electron line, as the
singularity at the boundary of the spectrum is exponen-
tially small,

As 6¢* ~g =m,/m;, the maximum line width is also
small and the lines are strongly smeared out by electron
and ion collisions.

If we take the finite density of the plasma into account
the electron resonance lines have also a similar char-
acter, as is shown in Fig. 3 by the dotted line, Taking
the finite density into account for the ion resonances
does not lead to qualitative differences in the absorption
line shape.

The author thanks academician I. M. Lifshitz for dis-
cussions of this work and B. E. Meierovich for his in-
terest in the paper and for many discussions,

Dwe use the opportunity to correct an error which slipped
into®1: in Eq. (3.7) the numerical factor in the coefficient
in front of the exponent should be 8/v3 and not 2/v3.
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