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Van Kampen’s method of treating the singularity which occurs in the solution of Boltzmann’s equation
for plasma oscillations is applied to the corresponding problem in the presence of a uniform external mag-
netic field. The propagation of electromagnetic waves in the direction of the field is considered in this paper.
Expressions for the refractive index and damping of the waves have been obtained which show striking
departures from the Appleton-Hartree electromagneto-ionic theory near the cyclotron resonance frequency.

I INTRODUCTION

N the presence of an external magnetic field the
motions of electrons in a plasma are very complex.
The electrostatic and the electromagnetic modes of
electron-oscillations of the plasma, which exist ordi-
narily as independent modes,*® are in general, coupled
due to the presence of the external magnetic field.45
Only in the special case of a steady and uniform mag-
netic field, whose direction coincides with the direction
of propagation of the waves, are the electromagnetic
and the electrostatic modes independent; the electro-
magnetic modes in this case are circularly polarized.
When propagation in directions other than that of the
magnetic field are considered, the coupling of the elec-
trostatic and the electromagnetic modes tends to zero
in the limit of very large propagation constant,*5 i.e.,
when ¢&>>Q and ck>wo, @ and w, being, respectively,
the Larmour and the plasma frequency. In this limiting
case one can use Poisson’s equation (instead of the
complete set of Maxwell’s equations) together with
Boltzmann’s equation to obtain the dispersion formula
for the electrostatic modes.® The present paper (Paper
I) is concerned with the case when the direction of
propagation is in the direction of the magnetic field. In
a subsequent paper (Paper II) the case of the arbitrary
direction of propagation will be treated.

It is known that for plasma oscillations in the absence
of external magnetic fields, the method of stationary
solutions of the linearized Boltzmann equation without
the short-range collision term, gives dispersion formulas
which contain certain singular integrals.!:® Recently
Van Kampen® has shown that the prescription for
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integrating across the pole in these integrals is deter-
mined uniquely by the initial conditions of the problem.
Exactly the same type of singular integrals occur in the
dispersion formulas for the plasma oscillations in the
presence of an external magnetic field. The application
of Van Kampen’s technique to the problem of electro-
magnetic oscillations propagated in the direction of
the magnetic field shows that the refractive index of the
plasma does not tend to infinity at the electron cyclotron
resonance and that these oscillations are damped,
the damping being maximum at the cyclotron fre-
quency. This is in contrast to the ordinary Appleton-
Hartree theory (hereinafter referred to as AH theory)
which does not taken into account the thermal motion
of electrons.

II. DISPERSION FORMULA BY THE METHOD OF
STATIONARY SOLUTION OF THE
BOLTZMANN EQUATION

In the absence of short-range collisions, the Boltz-
mann equation describing electrons in the plasma can
be written as

af e 1
__I_u.v?f—-—(E-*-—uXB) Vufzog (1)
at m ¢

where f= f(r,u,t) is the distribution function, u is the
velocity vector, B is the steady, uniform magnetic field
vector, and V. and V, are the gradient operators in the
coordinate and the velocity space, respectively. The
electric field E arises from the charges and currents that
develop in the plasma in consequence of departures
from the equilibrium state. Consequently E obeys
Maxwell’s equation. Thus we must have

1 &E 4x 9j

VX (VrXE)=—_-_'—_—_7 (23)
kA ¢ at

where j denotes the current density vector; this can be

expressed as an integral over the distribution function

f:
j= —efufdu. (2b)
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It will be seen that in virtue of Egs. (22) and (2b),
Eq. (1) is nonlinear in f. However, if one is dealing
with very small departures from equlhbnum, as obtain
in oscillations with small amplitudes, Eq. (1) can be
made linear by the following procedure. We split the
distribution function f into two parts:

f(l',ll,t) = %ofo (u)+f1(r,u,t), (3)

where 7, is the electron density, fo(u) is the equilibrium
distribution function when the system is not oscillating,
and fi(r,u,f) represents the perturbation caused by the
oscillations. We assume that f1<<fo, and neglect terms
quadratic in f; in Eq. (1). We then get a linear Boltz-
mann equation for fi:

af1 e 1
'_"+u Vrfl—_(E+_uXB) ‘Vufl
m 2

= (axB)-Vafo. (@)

mc

Since in the absence of oscillations f; should vanish,
we have the following differential equation for fo(u)
from Eq. (4):

(wXB)- V. fo(w)=0, )
whose solution is immediately found to be of the form
Jo(w)= fol (u2+us’)}, us]. (6)
Equation (4) now becomes, as a result of Eq. (6),
8f1 e 1
————l—u~Vrf1————(E+—uXB) Va.f1=0. (1)
at m c

This equation has to be solved simultaneously with
Egs. (2a) and (2b) which can be combined in the
manner
1 ?E 4we 9
v X (er E) = —-_—'—_+— - ufldu.' (8)
¢ o & ot
since the first moments of fo(u) vanish [see Eq. (6)].
Equations (7) and (8) have stationary solution of the

form
fi=f1%) (ru,f) = g &) (u)gitk-r—et)

E=E®&» =Eit-r—on

(%a)
(9b)

and

these form a complete set. We shall see below that there
does not exist a dispersion formula, i.e.,a relation between
k and w, for these stationary oscillations of the plasma.$
Oscillations which are special linear superpositions of
these stationary oscillations, and are governed by the
initial conditions on fi, do kave a dispersion formula.

We shall first use the stationary solutions (9) to
obtain, by a formal procedure, a dispersion formula.
The resulting formula however contains (as we shall
presently see) a singular integral and as such is not
useful without an interpretation.
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As mentioned in Sec. 1, we shall consider propaga-
tion in the direction of the steady magnetic field. We
shall take both B and k to be along the z axis. We also
introduce the new variables: #;=9 cosf, #;=v sinf,
us=1u, Q= —eB/mc, 2F %)= E;*:0) —F,(k,0) )R, (k@)
=E1(k,w)+1:E2(k,w), F3(k,w)=E3(k,w), 2]1(k,w)=jl(k,w)
—ijyk) | 2 Ue) = (ki) fj 5, (ki) and Jgtkie) = fylki)
In terms of these new variables Eqgs. (7) and (8) reduce
to

3 fyk
i (ki) fr0) — Q"
a6
noe[dfo dfo
= ____[_d_(Fl(k W) gt Ly G, w)e—w)+__F3(k w)]’ (10)
v

and

(B — ) F o ®9) = Arriwo T o ®), n=1,2 (11a)

— wPF @) = Ao J 350 ) | (11b)

In these equations f; and E have the stationary forms
given by Eq. (9). The solution of Eq. (10) gives

ku02 dfO Fl(k,w)e+i8 Fz(lc w)e [}
e
dv \upt+ur—u up—ur—u
dfo fF3®
(=)}
du \up—u
where up=w/k, ur=/k, and uo=wo/k= (drnoe?/mk?):.
Using this value of f1*:¢) to construct J,,* ) (n=1, 2, 3)

in accordance with Eq. (2b) and substituting the result
in Egs. (11) we obtain the following dispersion formulas:

F,%©) mode:

f f " e °(MP+;L_M), (13a)

Fy%.9) mode:

+e dfo
TUCUP ‘/:—w f dv

TUUp

vdudv—

1
—-—) (13b)
Up—ur,—u

and

F3%:) mode:

—up o0 oo dfo
=f f uvdudv———( ) . (13¢)
2rugt Yo Vo Up—1u

We observe that the integral expressions on the right-
hand side of Eq. (13) contain singular integrands. Post-
poning the discussion of these singularities, we note
that substitution of F,®*) (n=1, 2, 3) from Egs. (11)
in (12) leads to the following integral equation for
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g (u):

dfoy Crk@et
ww@=———(

Cykio)g—it
)
2wkl dv u—up+uy

dfO(CS(k ,w)

up— U

U—Up—UL

] ao
where

7rupk
Cl(k,w) —

+0  tw 27
; f f f o2 g %) (') du'dv'db’
up?—¢

(15a)

k

C,y k) = s 2f f f v"2et® g &0 (w)du'dv' b,
P —C

(15b)

00
Cytbwr =T f f f W g% (W) do'd’.  (15¢)

Also F, %) (n=1, 2, 3) can be written in terms of the
C,®9) (n=1, 2, 3) with the help of Egs. (11) as follows:

2
F, %) =—_C, & w)gik(z—upt)
k2

(16)

Since the electric field vectors F,*:«) are well-behaved
functions without singularities, it follows from Eq. (16)
that the C,* <) are also free of singularities.

As we have already noted, the dispersion formulas
(13) contain singular integrals. For example the
integrand on the right-hand side of Eq. (13b) has a pole
at u=wup—uz. Writing fo(#,9)=G(v)F(#) and inte-
grating over v, this equation can be written as

up?— c? f"'“’ F(u)du f+°° F(u)du
= —_—=® —_—
uptd® Vo (up—ur)—u I (up—ur)—u

+>\ (up— ML)F(MP—ML),

17

where @ stands for the principal value and A is an
undetermined parameter which is a function of
(up—ur). Its value has to be determined from boundary
conditions either in space or in time.® For instance, in
scattering theory where singularities of this type occur,
the value of A is found to be =¢r by demanding that at
infinite distance from the scatterer there should be only
incoming or outgoing waves.” In the case of the plasma
waves with which we are dealing, A should be fixed by
suitable choice of the initial perturbation Boltzmann
function fi(r, u, #=0). Since in deriving the dispersion
formula (17) we have used stationary solutions of the
type f1t8:)=g*.o) (u)ei*e=wt there is no scope for pre-
scribing initial conditions. This means that by choosing
\ appropriately, equation (17) can be fulfilled for every
real £ and w, i.e., they are nof connected by a dispersion

7P. A. M. Dirac, The Principles of Quantum Mechanics (Claren-
don Press, Oxford, 1947), third edition, p. 195.
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formula.® However, since the stationary solutions
fl(k'w) = g(k,(-)) (u)ei(kz-—wt)

form a complete set, we can construct a general solution
fi(zu,t) as a linear superposition of the solutions
fi%@)(zu,f) for varying £ and w; and we can impose
initial conditions on the general solution. We shall show
in the following section that by suitable choice of initial
conditions this method of linear superposition of the
stationary solutions gives plasma waves which are
damped and which are characterized by a unique dis-
persion formula.

III. LINEAR SUPERPOSITION OF
STATIONARY SOLUTIONS

We may express the general solution as a linear super-
position of f1%«) for all possible k£ and w in the manner:

40 0
f1 (z,u,t) = f f fl(k,w)dwdk

+00 +00
=f f g9 (w)ei®—edwdk. (18)
Thus,
400 40
fm0= [ [ g e
—0 Y—w o
- f Vo (wedk, (19)
where B

+w0
%@=f ¢ (u)de

—0

1 —+o
— f J1(z,u,0)e~*2dz  (20)

is the Fourier transform of fi(z,u,0). Equation (20)
can be written, after performing a suitable averaging
over v and 6, as follows:

+o0
@)= [ (g

1 o
:~f (FramO)eedz, (21)
2 vV o
where

¥ (u))= f M f Sy, (22)

and (g®< (u)) and (f(2,u,0)) are defined in the same
way. In Eq. (21) and thereafter, the index % has been
suppressed. Now using g®«(u) from Eq. (14) in Eq.
(21) we get
e 2
dup———.
—o0 Up—UuL—u

(¥ (u))=uoF (u) (23)
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The integrand on the right-hand side of the above
equation has a singularity of the kind we encountered
in Eq. (17). Let us assume that C, is a function of the
difference (up—uz), ie.,

Co=Cs(up—ur). (24)

In that case (¥(u)) becomes a function of # alone, so
that (f1(z,u,0)) is independent of the presence of the
magnetic field. This choice for the form of C, is arbi-
trary. One could assume any other form for Cs, but this
would make the treatment very complex; and the final
result would be unaffected in any case. With the aid of
(24) we have, from Eq. (23),

\ +o Co(up—u)
(\If(u))—qu(u)[(P L P—
Xd(up—uz,)—}-)\(u)cz(u)]; (25)
we can rewrite this as

(¥ (u))/ud’F (u) =1wCs* () +N(u)Ca(w),  (26)

where Cq* is the Hilbert transform of Cs. In the same
notation, Eq. (17) can be written as

Cutur)i—c¥]/ue(utur) = —inF*(u)+\ () F (u). (27)

We can now eliminate A from Egs. (26) and (27) by
decomposing C2(%), Co*(u), F(u), F*(u), and (¥(u))
into their positive and negative-frequency parts. Thus,
writing

FéO ()= f B(p)e+ivvdy
0

and
0

FOw= [ a@ena, 0%

where )
o0
®(p)= (1/2n) f F(u)e—irvdu
is the Fourier transform of F(u), we have
F(u)=F® (u)+F (u)

and

F*(u)=F® (u)— F) (u). (28Db)

F® (u) and F&)(u) are the “positive frequency part”
and the “negative frequency part” of F(u), respectively.
F®) (u) has an analytic continuation without singu-
larities in the upper half of the complex #-plane while
F©)(u) has a similar continuation in the lower half-
plane. The above relations hold good for Ca(%), Co*(u)
and (¥(u)). Now, following the method of Van
Kampen,® we obtain, by eliminating A(#) from Egs.
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(26) and (27):
Co(u) =Co P () +C2 ) ()
(¥ (w))
M_C:_ 2rinF ® (1)
(u+tur)
(¥ (u)) ™
(29)
(utur)*—c? )
—_——27iuF ) (1)
(utur)

This result is correct provided the denominators on the
right-hand side do not vanish in their respective half-
planes of regularity.® That this is actually the case will
be seen from later Egs. (37) and (38) which show that
the only zero of the denominator of the first term in
Eq. (29) occurs at #=ug=ugr—1ius, with #;>0.

With the value of C, thus determined, we now exam-
ine the nature of oscillations that can arise by the use
of the perturbed Boltzmann function f; expressed as
the linear superposition of the stationary solutions.
This will of course depend on the initial conditions
imposed on fi. Let us choose the initial conditions such
that

(f1(2,0,0))=go(w)e™**. (30)
It then follows from Eq. (21) that
(¥ (u))=go(u)8(k— ko), (31)
so that
o o
Calu)= [g W W ]S(k—ko), (32)
Z(w) Z*(u)
where
(u-tur)i—c ‘
Z(u)= +2wiuF ) (u),  (33a)
(u ur,
(u+ur)?—c?
Z*(u)= —2riutF ) (). (33b)
(u4ur,

With the aid of Egs. (16), (32), and (33) we obtain for
Fz:

400 40
F2=f f F &9 dkdew

00 —00

-0 ~+o0 1
=— zif f ;Cz"’(up—u;,)e“‘(z““”)dkdup

2i o g0 (up—ur)
= —-—ei’"”f dup[—————————
ko —o0 Z(’M«P—ML)
S (up—ur)
g.o.__f__l;]e—ikoul’t. (34)

Z¥(up—ur)
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For ko>0 and ¢>0, the second term in the integrand in
Eq. (34) does not contribute so that

—22
e”“’z f du

Suppose now we assume that g (%) is as smooth as
F (u) and that the only zero of Z(u) occurs at u=ug—ur.
It then follows from Eq. (35) that

(+) (MP“ML)

(35)

Z(up——ML)

FarsgitoG—ust) (36)
where ug is determined from the equation
Z(MS—ML)?—'O. (37)
From Egs. (33a) and (37) one finds that
us‘l —_ 02
+iru?F* (ug—ur)tirudF (ug—ur)=0.  (38)

us

Since F(u) is real and F*(u) is purely imaginary for
real u, #s must be complex in order to satisfy Eq. (38).
Equation (36) therefore represents a damped wave
whose phase velocity is Re(#g) and whose decay time
r=1/koIm(ug). If we assume that Im(us)<KRe(us),
then we get from Eq. (38) the following approximate
identity, with #g=ur—ius,

uR2___ 62

—2iur+imruF* (up—ur)

UR
+iruo?F (up—ur)=0.

(39)

Equating the real and imaginary parts in Eq. (39), we
obtain

(ugt—c2)/ur= —iruo*’F*(ug—ur), (40a)
and
(40Db)

Equations (40a) and (40b) give, respectively, the dis-
persion formula and the damping of the oscillations of
the F; mode given by Eq. (36). One finds from these
equations that at ug=1u;, i.e., at the electron cyclotron
resonance frequency, #z=c; this means that the re-
fractive index is unity, and the damping 1/7 is the
maximum. The damping decreases on either side of
ugr=uy; in this respect it is similar to the behavior of
the function F(#%) on either side of #=0.

l/T(MR) =k0u1=%7rk0ug2F(uR—uL).

IV. REFRACTIVE INDEX WHEN THE DISTRIBUTION
IS MAXWELLIAN

The refractive index can be found from the dispersion
formula (40a). For this we shall evaluate F*(ugp—ur)
for a Maxwellian distribution function

F(u)= (m/2xkT)* exp(—mu?/2«T).
Since F*(uo)=F ™ (1) —F) (uo), and

© 0
Fo)= [ ety FOw)= [ a@erip,
0 —0
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where
1 +o 1
B)=2(~p)=—— [ pa = exp(—/4a),
T vV
a=m/2«T
we have?

i F* ()= f exp(— p°/4a) sinpuodp
0
=—2auF(1, &, —aug®),
where § is the Pochhamer-Kummer function. Using

this result in Eq. (40a), we obtain the following formula
for the refractive index:

A(Q—w)
=———S:( 1,3
n2w3)\p2

where Ap= (kT/4rnoe?)*= (1/2awe?)? is the so-called
Debye wavelength. In the limit 77=0 when Ap=0, for-
mula (41) reduces to the AH formula®:

—1=w¥/w(@—w).

__E:‘i) (a)

2wn%w?\p?

(42)

For finite, but small 7" we get by making use of the
asymptotic expansion of the Kummer function® and
keeping only the lowest order terms in T,

wolwAp?

”2“(1+w(9 w))/( 20— w)Z)' 9

It will be seen that while formula (42) gives n= » at
w=_, formula (43) gives z=1 at this same frequency.
It is thus clear that the AH formula is inadequate for
plasmas with finite temperatures and formula (41)
must be used. For «—0 Eq. (41) reduces to the AH
formula for all temperatures. The same is true for
w>>Q. The departures between formulas (41) and (42)

n2(w) Present Work

g
7
4
G
’

’
’

(w=8)

,
/ 2 (w) Appleton-Hartree

’
’
z

Cyclotron Resonance —e

F1c. 1. Behavior of refractive index and damping
near cyclotron resonance frequency.

8 W. Magnus and F. Oberhettinger, Functions of Mathematical
Physics (Chelsea Publishing Company, New York, 1954), p. 35
and p. 87.

9 L. Spitzer, Jr., Physics of Fully Ionized Gases (Interscience
Publishers, Inc., New York, 1956), p. 53.
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are great in the neighborhood of w= Q. All these results
are qualitatively indicated in Fig. 1. The damping
predicted by (40b) is also illustrated in the same figure.
These results are similar to those of optical dispersion
theory for neutral gases where the infinities in the re-
fraction index at the resonance frequencies of the atoms
are smoothed out, almost exactly the same way as ours,
by adding a damping term to the equation of motion of
the electron. In our treatment, however, we have no
such damping terms and yet we get an attenuation of
the waves. The reason for this apparent paradox has
been discussed by Van Kampen® and need not be
reapeated here.

V. KRAMERS-KRONIG DISPERSION RELATION

In this section we shall show that relations (40a) and
(40Db) satisfy the condition

1 = !
n(w)= 1—|——(Pf dw’ ’):(w ) X
™ 0

W 2"‘“0)2

(44)

which is called the “Kramers-Kronig dispersion rela-
tion.” Here v is the attenuation coefficient. This condi-
tion is a general requirement that must be satisfied by
a genuine dispersion formula just as the law of conser-
vation of energy is a general requirement for a problem
in classical mechanics. It serves as a check on the cor-
rectness of a dispersion formula. We shall presently
show that this condition is obeyed by our dispersion
formula. There is another reason for invoking this
relation here. This is to suggest an experimental method
of determining the refractive index of the electromag-
netic waves in a plasma which could check the theo-
retical relations (40a) and (40b). If one could measure
the attenuation coefficient as a function of frequency,
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then it would be quite easy to compute the refraction
index by the use of the relation (44). We shall now
show that this relation holds good for (40a) and (40b).
From Eq. (40b) we get

1 1 ®
=—mnw’F (—-), (45)
T(w+Q) 2k ko
and from Eq. (40a)
2 pte 1 '+Q
n? (w) —1 =_G)f dw’__/_T_(_w_j-_l
T J (o' —w+Q)
)

9 ptw
=—(Pf dw y
T Vo w(w’ —w)

and since 1/7(w)=%v(w)/n(w), we have, for (n—1)<1,
v(w')

w'2__,w2

1 -]
() =140 f de’ (46)

Owing to the smallness of w¢® our assumption that
(r—1)K1 is in keeping with Eq. (41) except for w—9.
Thus our results check with the “Kramers-Kronig
relation,” except for the region w—0. This latter dis-
crepancy for w—0 must arise from the fact that the
approximate relation (40b) for 1/7 does not hold good
in this region.
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