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Expressions are derived for the electromagnetic field components and the total energy losses
are determined for a charged particle moving in an anisotropic gyroelectric and gyromagnetic

medium.

].. The energy losses of a charged particle moving
in an anisotropic dielectric medium have been con-
sidered in a number of papers.!™ Sitenko and Kolo-
menskii®® generalized this work for the case where
the medium has optical activity besides the aniso-
tropy (gyroelectric, anisotropic medium ). Later
Pafomov® discussed the Cerenkov radiation in an
anisotropic ferrite, using a method which was first
applied to the problem of Cerenkov radiation in an
anisotropic dielectric by Ginzburg.’ That paper
also contains a discussion of the simplest case of
twofold anisotropy (anisotropic € and p). In the
present paper we determine the components of the
electromagnetic field and the energy losses of a
charged particle moving in a medium with twofold
anisotropy (anisotropic € and p), using the
Fourier method;? moreover, the medium is as-
sumed to be gyrotropic with respect to its elec-
tric and magnetic7 properties.

This problem may be of interest for the use of
anisotropic ferrodielectrics to generate micro-
radiowaves.

2. The electromagnetic field arising in the
medium during the motion of the point charge q
with velocity v is determined by the Maxwell
equations:
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divB =0, divD = 4=qd (r — vt). (1)

We shall find a solution to this system of equa-
tions by the Fourier method in writing
E (l',t) = Sg E (k,(v)) ek r“iLOtdkd(r), (2)
etc. Using the relation between the Fourier com-
ponents

D; (k,0) = &, (0) Ex (k,0), S = 3,
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B (k, ) = ;l,-k (0) Hp (k,0),  thir = WUy,

we obtain the following equation for the Fourier
components of the electric field intensity:
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where
Ta = 7723iub Skim*a "‘/llf}-[;l -+ Sik »
n? = k%?j0®, % = ki/k,
and €7 is the completely antisymmetric unit
tensor of third rank.
The solution of Eq. (4) can be written in the

form

Ei=—igis T;kaa(-g. opy—1J, (5)

We obtain for the total energy loss per unit length
due to the remote collisions the expression
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where kp, is the maximal value of k, which is of
order 1/b, where b is the minimum parameter
of remote collisions.

3. We apply (6) to the motion of a point charge
in an optically-active uniaxial crystal, for which
the tensors for the dielectric constant eji and
the magnetic permeability ujix have the form

€, — 1'32, O Y1, - il"'27 0
Sik = (i€2, €1, 0 ) ; Lip = (i!}'2‘ *1, O ) (7)
0’ 07 €3 ! \0’ 07 l*3 '

For the tensor /.L;]é (the reciprocal of the magnetic
permeability tensor puji) we obtain*

a, —ib, O
y.l’.l‘el == (ib, a, 0> ;
0, 0, g (8)

a=/(p2— ), b=/ W—ur) &=1/n

*We assume here that (a) we can choose a coordinate sys-
tem in which €; and pjj have the form (7), which is, of course,
the case for the simplest media,6 and (b) the reciprocal tensor
p;, exists for all frequencies.
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In this case the tensor Tji has the form
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—n? (uga +2g) + &y, n? (yteg + ibx2) — iey, N? (vpu3a — ibwgns)

T = <n2 (#pog — ibX2) + igy, — n® (x2a + g@x2) +-&1, Nn® (xpnaa - ib“l“g)) . (9)

N2 (xyx3a -+ ibxgxg),

To find the reciprocal tensor we have to divide
the minors corresponding to the elements Tjk by
the determinant of this tensor:

T = ®(9)[n* —n2] [n® — nl], (10)

O (9) = ¢, ag sin*¥ - £;a%cos*Y sinY 4- sza2costt  (11)

-+ g3ag cos2Y sin?Y — eyb? cos? & — g;0% cos® & sin? B,

n%, = {(as] + ge,g5 — asl) sin?§ -1 2 (as, — be,) &4 cos? 4 (12)
+ [(eia —&2a — & g50)? sint ¥ -+ 4a(a - g)e2e2cost &
-+ 41)2‘8183 (82 — =2 - g15;) cOs*d - 4,83 (asyE; — be,z4) cos?Y
-+ dabsyz, (83— <)1) / 200 (9).

ny, are the refraction indices for the ordinary
and extraordinary waves, and ¢ is the angle be-
tween the optical axis of the crystal and the direc-
tion of propagation of the waves k.

4. We apply formula (6) to the first, simplest
case: a charge moving along the optical axis. In
this case we have

e g S g g {n[(a® — ag — b®) cos®»

b1 fod
—00 O O

-+ag] cos*¥+ n®[(s,8 — 2azs, + 22,b) cos®Y — ¢,8] - 2 — &2}
., 8(nBcosd-—1)sin Sdsndnwde
T o) e — @) @)

(13)

where we have introduced the variable n = ke/w
instead of k.

As in reference 5, we choose a coordinate sys-
tem in which the z axis is directed along the op-
tical axis of the crystal. The particle moves along
the z ‘axis. In integrating over the angles we take
account of the 6 function, where the integration
over n is, of course, restricted to the region from
1/8 to np = kmc/ w. The integration yields

— 4_6_

4= Rei g {(ag —=:B%g) n? + (a* —ag — 6?) / B?

0
+ (eag — 28, 2bey) 4 (52— 2) B2} {s,00% (2
x In{n2 @2 — n23?) /(1 — n28?)} wdo

1| ((ag — =) mz + (@ —ag — ) /B
0

— )7

(14)

+ (818 — 2ag, + 2be,) + (Sf —&l) B%} {e1agP? (nz —
X< In {(n2 B2 — n2p?) /(1 — n2%)} wdo,

n

n? (wgug@ — ibxing),

—nfa(l —x2)4- e

where

ny, = {(ag —a*)e,
4 ag(e; — =)+ 0%y +(c%a —2a + &, 5;)B2

4= [(Efa - sga - Slstig)zighl (1 5)

— 2azy(5;8 — 2,0)%8* + 2a%3(z,a + =;8)B?

+ 20%;,(as? - - as) + g=18;)P* — Babgeses3? -+ (gey — &)2a?

+ b%,(b%, — 2a%, - 2ags,)]'"} /26,0832

are the values of the refraction indices in the di-
rections of maximal radiation determined from
the equations

cos &y,5 = /8712 (o).

The right hand side of (14) is different from zero
only in two cases: (a) when the argument of the
logarithm is negative, and (b) if the expression
under the integral sign has poles, i.e., for frequen-
cies such that €4, €;, and €3 are simultaneously
zero. Thus we obtain

— %if =—5 S {(ag — =, 32g)n2 -+ (a* — ag —6%)872

g — 2a~, + 2bz, .

(& — e — m)E ! odo — & (ag — = g)n;

+ (@ — ag — b*)37% - 5,0 — 2az, -} 20z, (16)
+ (2 —e2)B%H{=1ag(n2 — n?)8%} lode
ST R Rt A O
DSl \ T ety ), 1w
o; agv + 3%at--ag—b%) \  n2 32— ViB?
+ v? FJ ‘deyido) < \ In ’

ag(vi—-v3) i 1-—v282

where
Vi, = {(ag —a®) 4 ag(l —zy/e)) + 02
= [a(gesfey — 1)° -1 6%(0° — 2a® — 2agey/e))]':) /2082 - .
The integration in the first two terms of (16)

goes over the frequency regions determined by the
inequalities ’
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B>t > 1, n2 8t >t | (17)
respectively. We note that (16) goes over into the
corresponding expression of the paper of Sitenko
and Kolomenskii® for a=g=1 and b =0. In this
case the third term, which comes from the mag-
netic anisotropy, vanishes.

In the case of an anisotropic magneto-active
ferrite we obtain (€; =0, €, =€3=1):

d@/dz = (gfc)* \ (1/8* — 1/a) odo . (18)

If puy =0 (anisotropic ferrite), formula (18) goes
over into the corresponding formula of the paper
of Pafomov.®

5. In order to determine the character of the
losses (16) we have to compute the energy flux
through the cylindrical surface surrounding the
trajectory of the charge. For this purpose we
must determine the fields E and H arising in
the medium during the motion of the charge, after
which we make use of the Poynting theorem in the
usual manner.

We omit these rather cumbersome calculations
and remark only that, under the assumption that
€4, €, and €3 do not have any common roots,
the losses on account of the Cerenkov radiation
are represented by the first two terms in formula
(16).

6. We now consider the second case: a charge
moving perpendicular to the optical axis of the
crystal. We choose the directions of the axes as
in reference 5; the z axis is directed along the
optical axis of the crystal. The particle moves
along the y axis. We then obtain

o 27T n”l
R g
dy — L oree 3 Y Ant-Bn24C
—o 0 1/f

ndndewdw ,  (19)

where
A = B{(ag — @ -+ b%) (&, — =) sin e
+ [(a® —ag — b?) 5, + ag (s3 — &)1 sin ¢ + age;};
B = [(as? + ge,e5 — ael) + 2beye; — 2a8,85) g%sin?e
— (@ —ag+b?)e
+ ag (g3 — &;)] sin% ¢ — 2 (ag — a® - b%) (s;—¢3) sin* ¢;
C = B2 (e2e5 — Zey)
— [(ae? -+ gee5 — ag?) + 2bz.e4 — 2az,85] sin? @
B (ag — @ + b?) (& — &) sind g
E = (ag — as,8?) cos? ¢ -I- (% — b?) sin? ¢ — B2, sin? p;
F = (ag — a®> + b*) sin®o

— B2 (s; + =3) asin® o | B85 — Blesg;
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¢ is the angle between the x axis and the projec-
tion of k on the zx plane.

From (19) we obtain for the energy losses the
expression

27 ® 2 2 na 209
dé& q* Q N E"l —F nt-—n]S'
— = 55y Rel In L dowdw
dy 2m2ct R J \ nf —n2 1 —nipe P
0 2
(20)
amo o " 5 .. .
2 ¢ ¢ Eny—T  n}3t—ngp®
| q . 2 mi 2
- s et > In - d-x wdw s
R R S S ni onl 1 —n2B? ¥
00 2 2
where
nt,=(— BV B—AC)/2A.

The conic surfaces corresponding to the ordi-
nary and extraordinary waves are complicated
(dependence on ¢). The field intensities on the
different generatrices of these surfaces are not
the same. The integration in (20) can in principle
be carried out to the very end if €jx and €jx are-
given as functions of the frequency.

In the special case a=g=1, b=0 formula
(20) goes over into formula (26) of reference 5.

The authors express their sincere gratitude
to G. R. Khutsishvili for valuable advice and com-
ments.
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