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Abstract. We investigate in the high-frequency limit the propagation of focus wavemodes in
uniaxial anisotropic dielectrics. We prove that, as for harmonic plane waves, two sets (ordinary
and extraordinary) of focus wavemodes can propagate in this medium. We discuss some possible
consequences of this result.

1. Introduction

The focus wavemode (FWM) solutions of the wave equation, discovered independently by
Brittingham [1] and Kiselev [2], are in fact a particular class of more general solutions known
to Courant—Hilbert as distortion-free progressing waves [3]. Many works have been devoted to
FWM propagation in isotropic media [4—6]. However, because of the important applications of
anisotropic media in the field of electromagnetic waves, for instance in plasmas, ferrite devices,
travelling wave tubes, laser systems and so on, and because, hopefully, FWM beams could be
used to transport information over large distances, it is necessary to investigate whether and
how FWM propagation takes place in anisotropic media. We start here by considering the
simplest case of a uniaxial anisotropic dielectric.

Choosing coordinates along the principal axes of the permittivity tensor, we define a
uniaxial anisotropic dielectric by the constitutive relations

Dx,y = SEX,y DZ = nEz B = /.LH (1)

in which ¢ andn depend on the frequeney while u is a constant scalar. We look for the
solutions of Maxwell equations in the form [3]

H/‘ =aj eX[.Xia)X) Dj = bj exp(ia)x) j=123 (2)
in which x is a solution of the characteristic equation with= e, m? = nu
m= (@)% + (3,007} + 0720007 — ¢ 20 x)* =0 3)

while a; andb; are amplitudes to be determined. In these expressions, the jntikes
values 1, 2, 3, corresponding to the coordinates, z, respectively.

We first consider the propagation of TE and TM focus wavemodes when the
electromagnetic field does not depend on the coordinate
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2. Propagation of TM and TE focus wavemodes

For a TM field, Maxwell equations reduce to

3. H, = —c13,D, 3. H, = c19,D, (4a)

8.E, — 0, E, = —puc 9, H,. (4b)
We assume that the componéit is the scalar focus wavemode [1, 2]

Hy=g %y ¢ =explioy) (5)
in which x is the solution of the two-dimensional (2D) characteristic equation

m =20 0)? +n 230 — ¢ 2(@0* =0 (62)
while g is determined so thdf, is a solution of the 2D wave equation

(m=292+n"%3? — c 29} H, = 0. (6b)

In addition, as previously stated, we are interested in the high-frequency solutions of
equations (4), that is, we assume(which is in fact a wavenumber) is very large so that,
for any first derivative of an expressiery, we may negleatd A)y with respect tod A (9 x )

and write

A(AY) = iw{Adx ¥ + 0w )}. )

2.1. Propagation along the symmetry axis of the anisotropic dielectric

One checks easily that in this case equations gpare satisfied with

X =ct —nz— mzng_l

g=ct+a+nz (8)
and a simple calculation gives
dex = —2mxg~t d.x = —n(l—m?x?g™?) c oy = 1+m%x?g2 9)
Using (7) (that is, neglectingig—*/?) and (9), we get
. Hy = —io{2m?xg  H, + 0(w ™)}
3. H, = —iw{n(1 — m?x?g~?)H, + 0(w™ 1)} (10a)
¢ 9. Hy = iw{(L+m?x?g %) H, + O(w™)). (10b)

We now look for the solutions of equationsadin the form D, . = f, .y in which the
amplitudesf, . are to be determined. Using (7) (with= £, ;) and (9) gives

¢4, D,y . = {1 +mPx%g %) fry + 0@ ). (11)
Substituting (1) and (11) into (4) we get at once

fro=ng7V2(g? —mx®)(g® +mPx?) 7!

fo = —2m’xg"?(g? + m?x?) ™ 12)
so that withe, = ¢, ¢, = n, thex, z-components of the electric field are

Ei;= (620 fro¥ = biH, (13)

by = (n/e)?(g? — m?x?) (g% + m?x?)~*

b, = —2ugz(g? +m?x? 1. (139)
One checks easily that with (5) and (13), equatias) (8 satisfied. We have indeed

0. E, = io{b,d.x Hy + 0@ 1)} (14a)

= —iw{n(l —m?x2g7?)b, H, + 0w 1)} (140)
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and using (13)

3, E, = —iw{ng?(g? — m*x?)%(g% + mzxz)_lHy +0(w H). (14c)
Similarly
O E, =iw{b.d,cH, + 0(w™t)} (15a)
= —iw{2m®xg™'b,H, + 0@ 1)} (150b)
O E. = iw{dum?x?(g% + mzxz)_lhfV +0(w b} (15c)

From (1®), (14c) and (1%) we get equation (4.

2.2. Propagation in an arbitrary direction

We now assume that the focus wavemode propagates in a direction making the wiitijle
thez-axis. In this case

x=ct—7Z—gtx? g=ct+ta+Z (16)

Z = nzCcosu +mx Sinu X = mx cosu — nzSinu. (16a)
Then

dex = —m[sinu(l— g72X?) +2g cosuX]

3, x = —nfcosu(l— g72X?) — 2¢ sinuX] (17a)

c1oe =1+g72x2 (17b)

So, still using (7)
9 H, = —io{m[sinu(l — g ?X?) +2g~*cosuX]H, + O(w ™)}

3. H, = —iw{n[cosu(l — g72X?) — 2g tsinuX]H, + 0(w™ 1)} (18a)

¢ 9. H, = iw{(L+g°X*H, + 0w h)}. (180)
Similarly to (11) with X2 taking the place ofi?x?

¢, D,; = io{(1+g7°X?) fe ¥ + 0@ D). (19)

Substituting (18) and (19) into (4) we easily get

fe =ng Y?(g? + X?) Ycosu(g? — X?) — 2sinugX]

f. = —mg Y?(g% + X¥) Ysinu(g? — X?) + 2 cosug X] (20)
and the amplitudes, . in (13) become

by = (uu/e)"?(g” + X*)[cosu(g? — X?) — 2 sinugX]

b. = (u/mY?(g? + X*)[sinu(g? — X?) + 2 cosug X]. (21)
In this case also one easily checks that equatidhi§satisfied since equations ¢4 (15)
become

3.E, = io{ng?[cosu(g? — X?) — 2sinugX]b, H, + 0(w™ 1)}

3. E, = —io{mg?[sinu(g? — X?) + 2 cosug X]b, H, + O(w 1)} (22a)
and using (21) (@Y understood)
0. E, = —iw{ug (g% + X» Ycos u(g? — X?)? + 4 sirf ug?x?

—2sinugX (g2 — X)) H,)
0 E, = ia){,bLgiZ(g2 + Xz)fl[sin2 u(g2 — X%?+4cog ung2

+2sin g X (g% — X?)]H,)} (220)
so thatu=1(3, E, — 3, E,) = (18b) which is equation (4).
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To sum up, the electromagnetic TM focus wavemode propagating in-theection of
the uniaxial anisotropic dielectric is

E.,=b, H, H, = g texpliwy) (23)
with b, , given by (21),g andx by (16).
Remark. The situation is different for TE focus wavemodes since Maxwell equations are
9.Dy = n?c719,H, oD, = n?c719,H. (24a)
3. H, — 8, H, = c13,D,. (24b)

We look for the solutions of equations (24) in the fofy = gt expliwy°) with g, x° also
given by (13) but withn = n in (13¢) while H, , = a, . D,; still using (7), one could easily
obtaina, .. Anticipating on the results to be proved in the next section, one could name TM
and TE focus wavemodes extraordinary and ordinary waves, respectively.

3. Propagation of an arbitrary focus wavemode

We write Maxwell equations

dyH, — 3 .H, = c 3D, m=23,D, —n"29,D, = —c 18, H,
3.H, — 3, H, =c 3D, n29,D, —m 29, D, = —c ', H,
3. H, — d,H, = c18,D, n=29,Dy —n23,D, = —c 3, H,. (25)

As stated in the introduction, we look for the solutions of equations (25) in the form (2). We
still use the high-frequency approximation (7), but from now on for simplification we no longer
write O(w~1) and we introduce the functions

wj = x/c X dj = 0/dx; =123 (26)
According to equation (3), they satisfy the relation

m~2(wZ +w?) +n?w? —1=0. (26a)
Then, substituting (2) into (25), using (7) and (24), the Maxwell equations become

wya, — w,ay, — b, =0 m_zwybZ — n_zwzby +a, =0

w.a, —wyea; —by, =0 n"2w,by — m2w,b, + ay,=0

Wydy — wydy — b, =0 n2w.b, —n"w,b, +a, =0 (27)

which is an homogeneous system of six equations for the six unknews, with a non-
trivial solution only if its determinant is zero. This determinant given in appendix A can be
changed by elementary transformations into the equivalent determinant

-1 +n_2(wf + wzz) —n_zwxwy —m_zwzw)C
M= |: —n"2w,wy —1+n"2(w? +w?) —m 2w, w, ] (28)
—n"?w,w, —n"2wyw, —1+m~2(w? +w?)
Using (261), the element/33 of (28) may be replaced byn~2w? so that
-1 +n_2(w}2, + wzz) —n_zu)yw)r —m 2w,
M = —n"?w? —n"2w,w, —1+n2(w2+w?) —m 2w, (29)
Wy wy, 1

and we prove in appendix B thad = 0, so the system (26) always has a non-trivial solution.
Let us, for instance, consider the following solution of equation (3)

1 2

X =ct —nz —m?r’g” g=ct+ta+nz r? = x%+y2. (30)
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According to (27) we may assume that one arbitrary component of the electromagnetic field
(sayD,) is a scalar FWM solution of the wave equation

{m™2(0% +02) +n 292 — ¢ 297D, = 0. (31)
Then [1, 2], taking into account (30)
D, = g lexpliwy) (32)

(note that the amplitude db. is g~* instead ofg /2 as in (5), the reason of this difference
will be discussed elsewhere). We get from (30) in the high-frequency approximation

dex = —2m?xg " dyx = —2m®yg "

d.x = —n(l—m?r?g~?) c oy =1+m%r?g2 (33)
so that according to (26)

w, = —2m?xg(g® +m?r?) 1

wy = —2mPyg(g? +m?*r)

w, = —n(g% —m?r?) (g2 +m?4?~L. (34)

Then, substituting (34) into (27) will supply;, b;, in terms of the amplitude; = g~* of D,.
We refrain from making this simple but rather long calculation.

Let us now inquire what happens taf we note thaty° is a solution of the characteristic
equation that one would meet in an isotropic medium

n H@x*)?+ @y x )P+ (0:x°)?) — ¢ 2@ x ) =0 (35)
so that relation (26) (for simplification, we writew for w°) is changed into

n_z(wf + wi + wzz) —-1=0. (353)
Then, using (3b) in the elementd/1; and My, of (28), the determinan¥ becomes

—n’zwf —n’zu)xwV —m’zwzwx
M = —n_zwxwy —n_2w§ —m_zwzwy
—n"2w,w, —n_zwy w, -1 +m_2(u)f + w?)
n—? n=2 m’zwZ
= wfw}z, |: n—? n—? m~2w, :| (36)
—n?w, —-nw, -1 +m_2(u)f + wi)

so thatM = 0: in this case also, the system (27) has a non-trivial solution. This means that in
addition to (2) a second set of focus wavemodes

H} = ajexpliox°®) D = b} expliwx”) (37)
with x° a solution of the characteristic equation (35) can propagate in a uniaxial anisotropic
dielectric. In agreement with the terminology used for harmonic plane waves [7-9], we name

as extraordinary and ordinary focus wavemodes the solutions (2) and (37) whose particular
case is supplied by the TM and TE components of the electromagnetic field.

4. Discussion

The similarity between harmonic plane wave (HPW) and high-frequency FWM propagation in
uniaxial anisotropic dielectrics is striking but natural from a mathematical point of view since,
as proved by Courant—Hilbert [3], HPW and FWM are undistorted progressing waves with the
typical property that their phase is a solution of the characteristic equation. The exact form of
the phase and of the attenuation factor (1 for HRW,for FWM) is of secondary importance:
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HPW and FWM propagate similarly in all space feso < t < co. S0, no physical wave can
be distortion-freestricto senswand one has to think of physical HPW and FWM as acceptable
approximations in some bounded region of spacetime of mathematical HPW and FWM.
Naturally the similarity between these waves suggests further works: reflection and refraction
of FWM at surfaces of anisotropic dielectrics, the way that ordinary and extraordinary FWM
are excited, the double refraction phenomenon and FWM propagation in biaxial anisotropic
dielectrics.

All the results obtained in this work are valid only for high frequencies. Calculations
become intricate at lower frequencies. for instance, for a TM-FWM we get insteadof (10
and (11)

0.H, = —n{g  tind - mzng_z)}Hy

¢ Dy = {10, f +iw(L— mPxPg )Ny (38)
Substituting (38) into the first equationadgives the first-order differential equation
10, fr tio(L +m?x2%g72) fo = ng™¥? +iwng Y2(1 — m?x2g7?) (39)

and looking for the solution of this equation is not an easy task.

In order for FWM to become a practical tool, for instance to transmit information at
large distances as stated in the introduction, one must be able to generate approximate FWM.
Many suggestions have been made in the past [10-12] but the most attractive one is that by
Ziolkowski et al [13] who in addition have been able to check experimentally in acoustics the
performances of their approximate FWM [14, 15]. No such experiment seems to have been
made in electromagnetism.

Appendix A

The determinant of the system (27) is
0 —w, w -1 0 0
w, 0 —w 0 -1 0

—Ww, Wy 0 0 0 -1

1 0 0 0 —n"2w, m’zwy
0 1 0 n—w, 0 —m 2w,
0 0 1 —n_zwy n=2w, 0

Subtracting the fourth line multiplied by-w, (respectively byw,) from the second
(respectively third) line changes into zero the first two elements of the first column. Using the
same technique in the second and third columns transforms the previous determinant into the
determinant (28).

Appendix B

Leaving aside the factorn—2w? and expanding (29) with respect to the elements of the third

H H H 2 _ 5,2 2 2
line give, withw* = w{ +wj + w;

M=[1- n’z(wg + wf)][l — n’z(wi + wf)] — n’4wfw2

5
—wy[m_zwy — m_zn_zwywz] + wy[—m 2w, + m 202w, w?]

=1-—n"?(w?+ wzz) + n_4w22w2 - m_z(wf + w)z,)(l — nw?).
Using relation (26) in the last term of this expression we get

M=1—n"2w?+ wzz) + n_4wz2w2 + (n_zwz2 — (1 -n"%w? =0.
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