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Symmetric and dipolar leaky mode characteristics of isotropic, homogeneous, and
lossless open plasma column waveguides are investigated with several values of
normalized plasma frequencies. The leaky mode characteristics are analyzed from
normalized complex propagation constants, i.e., normalized phase and leakage
constants, which are rigorously obtained by using Davidenko's method. While
only TM-like monomode can exist in the guided mode, TM-like leaky and TE-
like leaky modes all exist and they have even multimodal characteristics.

Introduction

Guided mode characteristics of the plasma columns have been extensively studied
both theoretically and experimentally for natural gas discharge plasma and metal
cylinders at optical frequencies [1-5]. The representative guided mode
characteristics of the ideal open plasma columns are the existences of backward
wave, high frequency cutoff, and monomodal properties. Especially, the existence
of the,guided mode is limited by its high frequency cutoff, which is given by

p l /2, where o.w is the plasma frequency. Martinos et al. [6] have initially
investigated the radiative cylindrical surface plasmons at w> wp with some
approximations in dispersion relation. In this paper, we investigated leaky modes
of plasma columns both for the symmetric and dipolar azimuthal eigenvalues with
the rigorously obtained normalized complex propagation constants which are
obtained by using Davidenko's method. The physical validities of the leaky
modes are checked and the properties of each mode are discussed.

Dispersion Relation

Following the standard steps of deriving dispersion relation for circular guiding
structure which is embedded in other surrounding media, the dispersion relation
can be given as follows [7].

[e,r J, (k1a) _r2 Hm2 (k2a) gf,il J' (k1a) fir2 H2m (k2a) - myr 1 1 H
Lk, Jm(kia) k2 H'2)(k2a) k1 JmQ(ka) k2 H(2)(k2a) J koa k2 k22

Subscripts 1 and 2 in material constants denote the plasma and the surrounding
free space regions, respectively: e,, and pu, (i=1,2) are the dielectric and
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magnetic constants of each media, respectively. Dielectric constant of the plasma
is expressed as r1 =I1- (wt, / w)2, where w, and aw is the angular form of the
plasma frequency and frequency, respectively. Here, we introduce the normalized
plasma frequency and normalized frequency as ka(= wpal c) and k0a(= - /c),
respectively, in order to include the column radius (a) effect. c is the speed of
light. Thus, the 2dielectric constant of the plasma can be expressed as
8rl = 1- (kpa / koa)2. = fir2 = Cr2 =1.0 are also assumed. Jm (.) and H(2) (_) are

the Bessel function and the Hankel function of the second kind, respectively, and
the prime denotes the differentiation. m is the azimuthal eigenvalue. The
transverse propagation constant is given by k2 = k2 (yAe - y2) (i = 1,2), where
y(= yl ko = -jd) is the normalized complex propagation constants. ko is the
free space wave number. #(= 81k,) and d(= a/k0) are the normalized phase
and leakage constants, respectively.

Numerical Results

The above dispersion relation is numerically solved by using Davidenko's method
[8]. Notations of each solved modes follows the classical mode classifications.
Fig. I shows the TMOn leaky mode characteristics of the plasma columns for
kpa=1.0, 2.0, and 3.0. First and second rows are for the normalized phase (/3)
and leakage (a) constants, respectively. While, in the guided mode, there exists
only single mode, i.e., n=1 case, however, in the leaky modes, there exist
successively generated discrete multi-modes. The leaky modes having higher ,
have lower a as expressed in the same characters. In the Fig. 1, three lowest
orders of leaky modes are shown as designated by "a", "b", and "c". Below the
given normalized plasma frequency, kpa, / is negative, which represents the
backward leaky wave. However, at those frequency ranges, the absolute value of
a is greater than those of /, i.e., I,#S < Ila. This is the condition of the reactive
mode [9], in which the wave energy cannot be leaked into the space, but
reactively be stored in the structure. However, above critical normalized
frequency, at which |,| = la|, the condition of antenna mode (/3< 1 and 3j| > 1a1)
is satisfied, where the wave energy can be radiated into the space.
Fig. 2 shows the lowest four leaky HEIn mode for kpa = 1.0, 2.0, and 3.0. Leaky
HEIn mode also has negative ,B below the normalized plasma frequency. As
shown in Fig. 2 (a), some portions of ,B exceeding unity (, > 1), i.e., the slow
wave, is physically meaningless. In the higher kpa, the physically meaningless
spectral region of the "a" mode can only be found in very low normalized
frequency. In the TMOn leaky mode, we cannot find the extraordinary first mode
like in the HEIn mode. The first mode, "a" mode, behaves very differently as the
variations of the normalized plasma frequencies with the other modes marked by
"b", "c", and "d". Physical validities of the obtained roots are checked on the
steepest descent plane (SDP) [1O].
Fig. 3 show the TEOn leaky mode for kpa = 1.0, 2.0, and 3.0. As mentioned before,
since the spectral ranges of 3>1 are nonphysical, lower normalized frequencies
are in the nonphysical regions. Negative ,B were not found in this case. /B has
minima, but d decreases monotonically as koa increases. /3 approaches unity as
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Fig. 1. TMX leaky mode. (a) kpa =1.0, (b) kpa =2.0, and (c) kpa =3.0.
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Fig. 2. HE,, leaky mode. (a) kpa =1.0, (b) kpa =2.0, and (c) kpa = 3.0.

k(a increases.
Fig. 4 shows the EHI. leaky mode for kpa = 1.0, 2.0, and 3.0. Overall properties
or this mode are similar to the TEo% mode except the first mode. The first mode of
the EHIn mode, i.e., "a" mode in the Fig. 4, is nonphysical for all the spectral
ranges, because ,6 is greater than unity.

Conclusion

Leaky symmetric and dipolar mode characteristics of the plasma column
waveguides with several normalized plasma frequencies are investigated by their
normalized complex propagation constants, i.e., normalized phase and leakage
constants, which is rigorously obtained by using Davidenko's method. Similar
and dissimilar complex dispersion characteristics of the TM-like and TE-like
modes are discussed. The physical validities of the leaky modes are discussed.
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Fig. 3. TEo0 leaky mode. (a) kpa =1.0, (b) kpa =2.0, and (c) k5a =3.0.
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Fig. 4. EH10leaky mode. (a) kpa =1.0, (b) kpa =2.0, and (c) kpa = 3.0.
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