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Dispersion relations of electrostatic surface waves propagating in magnetized plasmas
contained in an infinite duct and in an infinite cylindrical column surrounded by vacuum
are derived by means of a Vlasov equation and fluid equations, respectively. The
kinematic boundary condition imposed on the distribution function, the specular reflection
conditions on the four sides of a duct, can be satisfied by placing infinite number of
fictitious surface charge sheets spaced by the duct widths. The Vlasov equation that
includes these surface charge sheets is solved by summing up the contribution due to the
infinite charge sheets. The method of placing appropriate fictitious surface charge sheets
enables one to treat the surface waves in bounded plasmas of Cartesian structure with
mathematical efficiency, kinetically. The kinetic duct dispersion relation is compared with
the dispersion relation for the magnetized cylindrical plasma column. When the square
duct cross-sectional area as well as the cylinder radius become infinity, both dispersion
relations become the dispersion relation of the upper-hybrid wave.

Keywords: plasma waves

1. Introduction

We investigate two cases of electrostatic surface waves propagating in a magnetized
plasma contained in a duct and in a cylinder interfaced with vacuum by using a Vlasov
equation and fluid equations, respectively. The kinetic theory of a surface wave in a
semi-infinite plasma, which is the simplest geometry for a bounded plasma, is well
known (Barr & Boyd 1972; Alexandrov, Bogdankevich & Rukhadze 1984). Surface
waves in a slab plasma have previously been studied kinetically (Lee & Lim 2007).
Recently, the transverse magnetic mode of a surface wave in a streaming plasma in a
duct was investigated by using the Vlasov equation non-relativistically (Lee & Cho 2022)
and relativistically (Lee & Lim 2022). The above-mentioned references are concerned
with unmagnetized plasmas. In this work, we study similar problems with regards to
magnetized plasmas in a duct and in a cylinder.
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Works on the surface waves in magnetized cylindrical or duct plasmas are rather few.
Trivelpiece & Gould (1959) investigated cylindrical surface waves in a plasma-filled wave
guide in an infinite axial magnetic field. Krall & Trivelpiece (1973) derived the dispersion
relations of the surface waves in cylindrical metallic wave guides of a magnetized plasma
of an infinite axial magnetic field. The assumption of the infinite axial magnetic field
simplifies the plasma dynamics since the electron motions are predominantly along
the axial direction, but for finite values of the static magnetic field, the complexity of
the solutions prohibit understanding the physical aspects of the waves. The slow wave
approximation was employed (Krall & Trivelpiece 1973) for an electromagnetic wave, by
neglecting the wave magnetic field as compared with the static magnetic field. Swanson
(1989) dealt with waves in a magnetized plasma-filled cylindrical waveguide for finite
values of the static magnetic field. In this work, we investigate the electrostatic surface
waves in magnetized plasmas propagating in a duct and in a cylinder.

The primary importance of kinetic theory for a bounded plasma is to satisfy the
kinematic boundary condition for the distribution function on the boundary surface,
the specular reflection condition, which is assumed to hold on a sharp interface. Here,
‘sharp’ means that the density gradient across the interface is theoretically infinite. The
boundary value problem of Vlasov—Maxwell equations plus the aforementioned kinematic
condition is facilitated by introducing appropriate fictitious surface charge sheets as a
means to satisfy the specular reflection condition (Lee & Cho 2022; Lee & Lim 2022). We
consider an infinite duct formed by the intersections of four planes: x = 0,a and y = 0, b,
with —o0 < z < oo. Then, the specular reflection conditions on the four planes, x = 0, a
and y = 0, b are satisfied by introducing fictitious surface charge sheets in the Maxwell
equations in the form (Lee & Cho 2022; Lee & Lim 2022)

Sy z.)=A; Y S(x£2na)+A; Y S(x£2n—Da)

n=0,1,2,... n=1,2,...
+B; Y S(yx2mb)+B, Yy S(yx@n—1Db), (L1
n=0,1,2,... n=1,2,...

where A and B terms are to be determined by satisfying the electric and dynamic boundary
conditions connecting the plasma field and the vacuum field across the interface. Thus, we
are furnished with a linear system of equations to determine the dispersion relation of the
surface wave.

A hot magnetized plasma has a notoriously complex dielectric tensor which involves
an infinite series of Bessel functions of various order. In the cold plasma approximation,
the dielectric tensor reduces to a simple expression free from the Bessel function series.
Consequently, we can derive simple-looking dispersion relations of the surface waves in a
duct plasma, kinetically.

A cylindrical plasma has a macroscopic geometrical similarity with a square duct
plasma. For comparison purposes, we work out the dispersion relations of surface
waves for an infinite cold magnetized cylindrical plasma by using fluid equations. Krall
& Trivelpiece (1973) investigated experimentally forced modes of surface waves in a
cylindrical plasma. For a natural mode, the electric or dynamic boundary conditions which
connect the plasma field and the vacuum field can be determined from the governing
equations themselves that we choose to employ. Actually, surface waves result from
satisfying the connection formula, and the latter can be extracted from the basic equations
themselves that we use. If the density gradient across the plasma and the other side is
very steep, the connection formula can be easily obtained by ‘infinitesimal integration’
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across the interface, which is the operation performed on a certain relevant equation in the
manner [*_(---)dx (Lee & Cho 1997).

In §2, the Vlasov equation is solved for a magnetized cold plasma, including the
fictitious surface charge sheets in the Poisson equation. In §§3 and 4, the dispersion
relation of the surface wave propagating in the duct is derived. In § 5, the dispersion
relation of the surface wave in a cold magnetized cylindrical plasma is derived by using
fluid equations. In § 6, we compare the dispersion relations obtained for the duct plasma
and the cylindrical plasma. It is shown that both dispersion relations reduce to that of the
upper-hybrid wave when both the side length of the duct and the cylinder radius become
infinite.

2. Kinetic equation for the duct plasma

The basic equations are the linearized Vlasov equation and the Poisson equation for
electrons. Ions are assumed to be stationary and only form the neutralizing background,

9 of e of o
o v, 1 oL B - ___E :0, 2.1
o DV x By o =B @1
with By = zB, and
V.E— —dne / Fd+ Sy, 7)., 2.2)
V x E =0. (2.3)

In (2.2), S(x, v, z) represents the fictitious charge sheets as defined in (1.1). Additionally,
f(r,v,t) and fy(v) are the perturbation and the equilibrium distribution functions,
respectively, and the rest of the symbols are standard.

We Fourier transform the above equations by performing [ d°r e*’(---) and by

assuming 9/0t = —iw. Then, the wave has a phasor e*~!, The (k., w) dependency in
the Fourier amplitudes will be suppressed. Using (2.2) and (2.3), we can write

E(k,w) = i% |:4Tce / flk, w,v)d®v + S(k)] , (2.4)

where S(k) is the Fourier transform of (1.1):
S(k) — a(ky) [AIEO e:i:iZnakx +A221 e:l:i(2n71)akx]
+ a(kx) [BI EO eiiZnhk_v 4 BZEI eii(Zn—])bk‘v]’ (25)

where A and B terms may be functions of k,, w, the double signs are summed over, and the
notation Xy and X, are the summations in (1.1). Introducing cylindrical coordinates in the
velocity space such that v, = v, cos @, vy = v, sing, (2.1) is written in the form

¢
flk,v,w) = f do’ exp[@ (@) — D (¢)] |:E % + (Ecos¢’ + E, sing )ﬁi|
(2.6)
where w, = eB,/mc, the gyrofrequency, and
i .
D(p) = w—[(a) — kv)o — vk, sing 4 v, k, cos ¢]. 2.7)
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The [ d¢’ integral can be carried out by introducing a Bessel function series and we can
write (2.4) in the form

E.(k,®) = (2.8)
where we used E, = (k./k)E,, E, = (k, /kz)Ez, and the dielectric permittivity &, is
i w; 0 o0 2m 1) i )
e =1— k__ vy dug dv, de exp —[P(p) — P(¢)]
W —00 0 —00 W
a
kﬁ+ﬁ(k cos ¢’ + kysing) | . (2.9)
v vy
We shall evaluate the velocity integral in the above equation for a cold plasma distribution
function
$ (v )
folos,v) = 522800, (2.10)

The angular integrals should be performed ﬁrst to remove the singularity 1/v, in
the velocity integral. Following the well-known steps involving Bessel function series
expansion, £, becomes after f dy f d¢’ integration,

- 1+— vlde/ dvzz Ja(a) (k o | "wa—f") @.11)

w — kv, — av, v, 0vy

where @), is the plasma frequency and a, = kv /w., ki = [k} + k.

In evaluating the dfy/dv, term in (2.11), [dv, can be straightforwardly carried out
by taking the limit a, — 0, which gives J,(0) — §, . Also, by integrating by parts with
respect to d/dv,, one obtains

w* k2
P "z
e (2.12)

For the term dfy/dv, , integrating by parts and using

J ki ,
—J, (@) =2—J,(a.)J,(a.) (2.13)
8UJ_ (OB
and the asymptotic relation
. 2n , 1
lim —J,(a)J,(a) = = (8,1 — 8,-1) (2.14)
a—0 @ 2
yield
w? 2
P L
TR —a (2.15)
Collecting the above results, the cold plasma dielectric permittivity is obtained as
kZ K
8L_1_F<_+w2—w%)' (2.16)
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Next, we calculate the electric displacement
Dk, w) = E(k, w) + %J(k, ), (2.17)
where
J(k,0) = —e/d3vvf(k, w, V) (2.18)

is the current. Using (2.6) and (2.18), we write the x component in (2.17) as an integral

43'[6‘2 i 00 e} 21
D.=E, — / vidvl/ dvz/ dey cos ¢
m w.w Jg —o0 0

. .
X / de’ exp - kv) (¢ — ¢") — vik(sing —sing’)
oo W,

a
+ v ky(cosp —cos )] x |:E 8ﬁ + 8£(E cos¢' +E, sm(p):|
vy

(2.19)

In the above integral, the df;/dv, term vanishes due to the §-function, §(v, ). Integrating
by parts with respect to d/dv, , (2.19) becomes

27 ) @ '/
/ de cos @ el @/@)? / dg' e ¥ “@/*)(E cos ¢’ + E, sing").
0 —00
(2.20)

In the above equation, integrals are elementary and can be easily carried out. Entirely
analogous algebra yields the expression for D,. Summarizing the results, we write

ke,
D, =¢E, =i——5(k), (2.21)
ke
D, E, = ke 2SSk 2.22
=&k, = lk2 (k), (2.22)

where we used (2.8), and the dielectric coefficients ¢, , are

2

w, ik, . @,

e=1- - ke w0 —w? 223
w} kX C wz

g =1— 0 % T (2.24)

We have shown that, for a cold plasma, ¢, , can be obtained without going through the
Bessel function series expansion. Equations (2.8), (2.21) and (2.22) will be connected to
the corresponding vacuum side field components to derive the boundary equations.

3. Boundary equations for the duct plasma waves

To apply the boundary conditions on the interface, the electric field and the displacement
vector components expressed in the Fourier k£ space should be inverted to the fields in
the ordinary r space by performing [~ dk, [ dk,e®*&Y(...). The integrals involve
infinite series through the surface charge S(k) (see (2.5)), but the infinite series are nicely
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summed at the particular positions corresponding to x =0, a and y = 0, b (Lee & Cho
2022; Lee & Lim 2022). Thus, we apply the boundary conditions along the two infinite
lines: (x,y,z) = (0,0, z) and (a, b, z) with —oo < z < co. The two lines correspond to
the two seams of the duct which are diagonally opposite. In the following, we present only
the wide steps of the development; the details are referred to the earlier reports (Lee &
Cho 2022; Lee & Lim 2022):

— : = ikyx > ikyy lkz
E0.0.7) = lim N dk, e / . dk, e >_k28L
x [8(ky) (A Zo e*2rke 4 A, 5, eHiCn-Daky)
+ S(kx) (3120 eﬂ:ianky + 3221 eﬂ:i(Zn—l)bk).)]

* ik,
:/ dkhm( 12 eilzmlk +A 2 e:l:1(2n l)uk)
—00 Er(Ky

o ik . )
dk 2 B, X etk | p s oHiCn-Dbk,
-1—/_00 y—(k)z,+k22)8L(ky)( 120€ +B,X e )

o0 2ik,
= /00 dkxm(A S] (Clkx) +A252(akx))

o 2ik,
+ v 55— (B1S1(bk;) + B,S,(bk, 3.1
/Oo T By B O+ B0k, (3.1)
where
8L(ky) = EL(kxv ky)'/@:(]v 5L(kx) = EL(kxa ky)l/g.:o» (32a3b)
Sl =3+ +e 4+ S =er+ e+, (3.3a,b)
> 2ik,
E.(a,b,7) = —— (A5, (ak AsS| (ak
-(a, b, z) /_OO T e L(k)( 2(aky) + AxS)(aky))
+/oodk 21k, (B1S,(bk,) + B,S,(bk,)) (3.4)
B T '
o . ik, e.(k., k
D.0,0,7) = lim [ dk et / i ek K Exlha K)
x=0y=0 J_o —00 k L
X [S(ky)(AIEO e:i:iZnakx +A221 e:l:i(2n71)akx)
+ S(kx) (B] 20 eiiZnhk}. + BZZI eii(Zn—l)hk}.)]
o ik
— dk x A 2 +i2nak, A 2 +i(2n—1)ak,
/_oo k2+k2 Sy AT Ay Oy
v
= 1A, 3.5
./ k2 + k2 ey (ky )’ )
where
w?
_ P
v=lo (3.6)
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Analogously, we obtain

mmhazthwmg%gﬁay 3.7)
q&aa:m]w%—ﬁ—JL, (3.8)
oo K2 K2 e (ky)
m@a@=4&/w&y@ - (3.9)
coo K2 A K2 e (ky)
Vacuum solution
We have V?E = 0 in the vacuum region, which is solved by
E ~ expik, x exp(£k,x) x exp(Lk,y), (3.10)

with the important constraint k; + k; = k2. We can construct the vacuum solutions as
follows:
vacuum region (i). x < 0,y < 0, where

E,(i) = Helk? el e, (3.11)
ke .
E.(i) = —iH—= e eh¥ gby, (3.12)
k.
. . kv ik.z kex _kyy
E,\(i) = —1Hk—' e et e, (3.13)
Z
vacuum region (ii). x > a,y > b, where
E.(ii) = Ge* e " e, (3.14)
ke -
E.(ii) = iG—= ekF e v g7k, (3.15)
k.
.. . ky ik.z —kox —kyy
E,(ii) = 1Gk—e LT eThY, (3.16)

Z

Putting (x,y) = (0, 0) or (a, b) in the above equations gives the vacuum side boundary
values of the relevant quantities.

4. Dispersion relation for the duct plasma surface wave

We enforce the following boundary conditions to connect the plasma and the vacuum
fields: [E.] = 0, [D,] =0, [Dy] = 0.
Along lines (0, 0, z) and (a, b, z), [E,] = 0 respectively gives

A + Aol + ByJ, + ByoJ, = H, (4.1)
AL 4+ Aol + BiJ, + BoJy = Ge Mae bt (4.2)
where
L:/wﬁr——gg——&mm (i=1,2), (4.3)
oo (K2 +EDer (k)
Ji= / Tah—— 2K gek) (=12, (4.4)
o (R4 KDeL(ky)
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[D.] = 0 gives

. > k. v ok
iA, dk, ———— = —iH—, 4.5)
e R+ K2 e (k) k.
iA /oodk B ViR eka gt (4.6)
— o =iG—e e ™, .
e R Rek) T ke
[D,] = 0 gives
o k, k,
iB, / dly ——— — = i, 4.7
oo R4 K2 e (ky) k.
* ky k,
—iB, / dly o —— =G ek, (4.8)
e R e (ky) k.
Let us rewrite (4.3) and (4.4) in slightly different forms:
. °° Si(ax) .
Ii = 21kZ[,L /w de (l = 1, 2), (49)
J; = 2ik /oo de—P)_ iy o (4.10)
=21 Kk——— (=1,2), .
) T ereR
where
w? — a)]%
po=———t 4.11)

B (@0? — w2)(? — w?) B w? w;
=T ) (- 5t) e

Integrals in (4.5)-(4.8) can be contour-integrated, giving the value im. Therefore, they

become
Ky
TET}A] = lHk—, (413)
ke
A, = iG— e b ek, (4.14)
k.
. ky
B, = 1H—, (4.15)
k;
k,
B, = in—’ e kg ht (4.16)
where
o' — o
n= P 4.17)

We have six unknowns, Aj, A,, By, B>, H, G in six equations (4.1), (4.2), (4.13)-(4.16).
Eliminating H, G, A, A, gives

By (k) + kyJy 4 imtn k2) + Ba(Joky 4+ Lk,) = 0, (4.18)
By (Lk, 4+ Joky) 4 By (Lik, 4 Jiky + imnk.) = 0, (4.19)
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which give the dispersion relation in the form
k(ly £ L) + k,(J; £ J,) = —innk,. (4.20)

The + (—) sign corresponds to symmetric (anti-symmetric) mode. Since we have the
constraint k; + k; = k7, let us put

k bk, k ak. (4.21a,b)
= Y, = —, .Zla,
Ja* + b? ! Ja? + b?

so that the y-direction becomes ignorable when b — oo. Using the formula (Lee & Cho
2022; Lee & Lim 2022)

S +S | d 1 4 el
/ g2 £ Sax) 1 / £ < (4.22)
o K2+ &E2k2 2 oo k?+E%k2 1 F el
Equation (4.20) takes the form
b /°° dx liei“’(+ a /"O de  1+e™
Jorp loererizer T Jarp L erertEer Tk
(4.23)
Picking up the simple pole at x = i£k_, (4.23) becomes
b a a b né
———tanh =&k, + ——tanh =&k, = —— = —V§, (4.24)
Jarr 2t a2 T T

for the lower sign (symmetric mode), where v is defined by (3.6). For the upper sign
(anti-symmetric mode), tanh is replaced by coth. Taking the limit b — oo gives the slab
dispersion relation

tanh gSkz — g 4.25)

Taking the limit a — oo in the above equation gives the dispersion relation for
semi-infinite plasma, which is V€ = —1:

? w? w?
P P P\ _
l_wz—w2+\/<1_a)2—w2>/(l_g)_ ’ (4.26)

which agrees with the electrostatic dispersion relation obtained from the cold fluid
equation (Lee 1995). The slab dispersion relations obtained by taking b — oo that contain
the symmetric and anti-symmetric modes agree with the earlier results which were
obtained by fluid equation (Gradov & Stenflo 1983).

5. Cylindrical plasma

In this section, we derive the surface wave dispersion relations in a cold magnetized
plasma contained in infinite-length cylinder of radius ‘a’, interfaced with vacuum. We use
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the following fluid equations written in cylindrical coordinates:

Ciwv(r,0,7) = V¢ — wv x 3, (5.1)
m
. N
—ion(r,0,z) + N(r)V - v + v,a— =0, (5.2)
r
V2¢ = 4men. (5.3)

Here, we assume that the equilibrium density N(r) has density gradients in the radial
direction. At the interface r = a, N changes abruptly with infinite gradient, otherwise is
homogeneous. This artificiality is designed solely to derive the boundary conditions at the
interface by ‘infinitesimal integration’ across the interface. Equation (5.1) yields

e w ,8¢+a)cla¢ (5.4)
Ur: — 1— T aA ’ .
mw?*—w>\ ar o rab
e w. ¢ . 103d¢
= | -———+i-——), 5.5
v ma)2—wf,( a)8r+1r89) (53)
ied
b= L2980 (5.6)
wm 9z

Equations (5.2)—(5.6) give the wave equation written in terms of ¢:

9 @\ @, \1dp @y \ 9
_ 1 — P _¢ + (1 -—2 __¢_|__ — 7 _¢
ar w*—w? | or w*—w?) ror 0z w? ] 9z
w19 w, d¢ w? 1 9%
-— | —— = l-—"—]—=— =0, 5.7
+a)r8r(a)2—a)§)80+< w? —w? | r?96? S

where a)g = 4me’N(r)/m. If we take the infinitesimal integration across the interface r = a

in the manner f;(- -+)dr, we can extract useful boundary conditions. In this operation,
we pick up only the perfect differentials that survive the limit € — 0. Equation (5.4) yields

[¢)r=a = 0. (5.8)

2 9
{(1—6026?’0)3) a—ﬂ =0, (5.9)

where the square bracket denotes the jump across the interface. Putting @, = const. or
zero in (5.7) gives the wave equation in the plasma or in the vacuum. We also restrict to
an azimuthally symmetric field (9/06 = 0). We have

2 2
Po  lag 2 _

Integrating (5.7) yields

i 0, in vacuum, (5.10)
3?¢  19p 3% .
2t T £ Fri 0, in plasma, (5.11)

where £ is defined in (4.12).
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Now let us solve the above equations for an infinite cylindrical plasma. Since the
z-direction is infinite, we can assume ¢(z) ~ e'** and the plasma equation in (5.11)
becomes

2
Pow) 19
or? ror
where we suppressed the z-dependent phase. Equation (5.12) is solved by the functions I
and K, the modified Bessel functions of first and second kind of order zero, respectively.
Here, K| is rejected since it blows up at r = 0, so the plasma solution takes the form

E2 kP (r) =0, (5.12)

¢, (r) =Aly(kkr) 0<r<a. (5.13)
In vacuum, the function /, should be rejected since it blows up at r = co. We have
¢,(r) = BKy(k,r) r> a, (5.14)
where A, B are constants to be determined by boundary conditions. Equations (5.8) and
(5.9) give
Aly(§k.a) = BKy(k.a), (5.15)
vEAL(§k.a) = BK|(k.a), (5.16)

where prime denotes the derivative with respect to the argument and v is defined in (3.6).
The above two equations yield the dispersion relation

ly(ka) _ Ky(ka)
lo(Eka) ~ Kolka)

VE (5.17)

6. Discussion

We consider a square duct plasma whose surface wave dispersion relation can be
obtained from (4.24) by putting a = b:

V2 tanh %akz = —VE. 6.1)

Direct comparison of (5.17) and (6.1) requires numerical computation. Here, we wish to
be satisfied only with an asymptotic evaluation of the two relations. Using the formula for
Bessel functions

%Io(ax) = al;(ax), %Ko(ax) = —aK;(ax), (6.2a,b)

(5.17) becomes
Il (S kza) _ Kl (kza)

=— . (6.3)
IO(ékza) KO(kza)
If k,a — oo, I) = I}, Ky = K, and therefore (6.3) becomes

2

__r
vE = —lor (1_ . O -1, (64)

w . w,

0 — 2

which is identical to (4.26).
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However, the square duct surface wave in (6.1) gives in the limit k,a > 1, vE = —v/2.
Thus, they agree, asymptotically, except for the geometrical factor /2.
Scrutinizing (6.4) indicates that »® should be in the range »? < w* < w;. Solving (6.4)

for w? gives
®* = 1w, + o)), (6.5)

which is the upper-hybrid frequency.

By taking @ — oo, we removed the cylindrical boundary, and (6.5) is the eigenmode of
the upper-hybrid frequency oscillating in the semi-infinite plasma.

This work may find applications in a laboratory or astrophysical situation where
electrostatic waves propagate through certain channels. Obtaining dispersion relations for
waves in channels is of significant interest for the development of plasma electronics and
studying the initial stage of development of instabilities and wave generation. In this work,
we assumed the plasma—vacuum boundary is infinitely sharp, which might deviate from
the actual experimental situation. However, models other than the sharp boundary, for
example, the diffuse boundary model, prohibit analytic derivation of the surface wave
dispersion relations.
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