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Results of research of the electromagnetic waves excitation by ensemble of relativistic oscillators in a magnetic field are
presented. The basic attention is given to studying of generation efficiency of electromagnetic oscillations at harmonics
of cyclotron frequency. It is shown, that presence of medium can essentially change efficiency of excitation of high
numbers harmonics and all picture of development of oscillators instability. Increments of instability are received.

Influence of thermal spread of oscillators is investigated
PACS: 05.45.-a; 05.45.+

1. INTRODUCTION

In the previous researches (see, for example, [1-2]) it has
been shown, that charged oscillators which move in
periodically non-uniform media or in periodically non-
uniform potentials, can effectively radiate high numbers
of harmonics. Effectively radiate high numbers of
harmonics even nonrelativistic oscillators. The physical
reason of such radiation is existence in periodically non-
uniform media of not own virtual slow waves. When
phase velocity of these virtual waves appears close to the
velocity of the charged particles, efficiency of radiation
on high harmonics sharply increases. In the present paper
results of research of radiation, both the single charged
particles, and flows of the charged particles which move
in a constant external magnetic field are stated. It is
supposed that, medium in which particles move, can slow
down the electromagnetic waves excited by particles.
Without going into physical reason of such slowing, this
property is described by presence of constant dielectric
permeability. Let's note, that recently the big attention is
given to research of mechanisms of electromagnetic
waves generation in a submillimetric and infra-red range
of frequencies. One of such mechanisms is radiation
relativistic electrons, moving in a magnetic field, on
harmonics of cyclotron frequency. Below we for
simplicity shall be limited to consideration of ensemble of
relativistic particles in the medium with dielectric
permeability &, . Particles are in a constant external

magnetic field H, . Let's direct axis Z along the field H,.
Axis X we shall choose so, that Y component of a wave
vector k is equal to zero, that is k =(k,,0,k,), and in
space of impulses it is used cylindrical system of
coordinates(p,,®, p,) . We shall study excitation of

electromagnetic waves which extend across the magnetic
field. Distribution functions of ensemble oscillators we
shall choose in the form of:
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2. DISPERSION EQUATION.
INCREMENT
Instability of electromagnetic waves, propagating in the
medium with dielectric permeability ¢, , is described with

fO(pza pl) =

dispersion equation [3,4]):

et (KK,
det{ 5 (k—zj—aijj+€ij:|:0, (2)

where  &; = £,0; +5 g - tensor of dielectric

i
permeablhty of oscﬂlators.

We will investigate instability ensemble of oscillators
with respect to excitation of electromagnetic waves at the
harmonics of electron cyclotron frequency. For the
considered type of wave equation (2) can be reduce to the
type:

g +en —k ¢/’ =0. 3)

2.1. INCREMENT OF OSCILLATIONS, EXCITED
BY COLD OSCILLATORS

For cold oscillators in the case of transversal propagation
of waves (k, =0) component &;, of tensor &, looks

like:
5?2 = i {%(,102\]5'2) P+/102-J'§Q} 4)
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We will consider frequency @ of the ex01ted wave near
to frequency Nn@,, . Then remaining in right part (4) only
main terms will get:
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Maximal increment of oscillations is arrived at equality

) =0. (5)
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of eigen frequency @, =k LC.\/g to frequency of the
in (5)
0 =N&,,+9J,®, *N@,,, 0 << @, will get cube equaltion

excited wave na@,,, therefore, considering

for complex addition ¢ to frequency a)o

2 O GBI=F 1o (A7) ws\/l ﬂm _0.(6)
n%o s Z
where A, =n,6'i0\/g.

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2009. Ne 1.

Series: Plasma Physics (15), p. 107-109.

107



Remainig major members on the value &', find

increment of instability

V3| & (1-85)
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From (7) evidently, that dependence of increment on the
number n of the excited harmonic is concluded in
expression

1
G(n.x) =[nJ7 () | (8)
Graphs of dependence G(n,x) on X(Xzﬂm\/g) at
different values n and dependence G(n,X) on n at
different values x are resulted on a Fig. 1.

Fig.1. Dependences G(n,x) :
a)jon x at: 1-n=10,2-n=20;
b) onnat: 1-x=0.8, 2-x =1, 3-x=1.2

As be obvious from these pictures, increment, proportiona
1
G(n,x) = [n.]r’f(nx)]3 , quickly decreases at an increase n,

if g m\/g <l.At B m\/g =lincrement very slowly falls
with growth n. In addition, in this case, it is possible to

show that at n>10 G(n,1)~0.55n"?. In case

BlorJ€ >1 dependence of increment on the number n is
an almost periodic function. Thus, maximal increment is
arrived atat S, \/&, =1.

2.2. INCREMENT OF OSCILLATIONS EXCITED
BY OSCILLATORS WITH THERMAL SPREAD
As in case of cold oscillators, including, that

~ k.c ~ N
O=N@yy+3, By =—==~N@,,, << (0-na,) ,

e
receive the equation for finding of the complex additive &
to the frequency «, :
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in which following dimensionless variables and
parameters are used:
A=—— o ,Q, = % o=rtr p ,X=—+ pi

N@,, N@,,

P / p
;Ozx Vo =a/1+ 2”2,/1 nﬂlofx

The equation (9) has been solved numerically for
7o=3, @ /o, =05 and various values o =0.01,

o =0.001, B,Je, =1.2.
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In Fig. 2a dependence of increment from number of
excited harmonic for cold oscillators and oscillators with

thermal spread is shown at o =0.001 and S m\/g =1.
One can see, that dependences practically coincide down to

n =40 . At increase of thermal spread (o =0.01, Fig.2b)
increment quickly falls down with growth of number n .
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Fig.2. Dependences of increment on n at:
a) o =0 and o =0.001;

b) o =0and o =0.01

On Fig. 3a increments for  oscillators with small
thermal spread o =0.001 and ﬂlm/g—o =1.2 are resulted.

Increments for cold oscillators and oscillators with
thermal spread differ a little. In the case of

o=0.01 ﬂm\/g—o =1.2 (Fig. 3b) increment for oscillators
with thermal spread falls to zero for harmonics with

numbers more than 50, but remains to enough greater in
the region of 20<n <40 .

" o= ooot o =001

a b
Fig.3. Dependences of increment on n at:
a) o =0and o =0.001;

b) o =0and o =0.01

3. THE ELEMENTARY MECHANISM OF
OSCILLATOR’S RADIATION
Radiating oscillator losses ocmwmisTopa in the
magnetic field are described by the formula [5]
P, = ('@} /v )w(n),
n LV AN
- 280ﬂf.]£n (2nﬂ¢0 \/g) - _ﬂf_ogo) J.
0

0

w(n) = J,,()dx |,

n - number of cyclotron harmonic.
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Fig.4. Dependences W(n) onnat: £ ,+/&
ﬂLO\/g_O =1’ ﬂLO 80 =103

In Fig. 4 graphics of dependence w(n) on number of the

harmonic for y,=3 and various values of dielectric

permeability &, are resulted. It is visible, that efficiency



of radiation improves with increase of the harmonic’s
number in conditions, when parameter S /&, =1.

4. BASIC RESULTS

Increments of waves amplitudes  growth are
received. It is shown, that presence of medium with
refraction parameter essentially changes the picture of
oscillators instability development. So, increment quickly

falls at increasing of harmonic’s number , if 5, ,./&, <1.
In the case ﬂlo\/;o =1 increment very slowly falls down

with growth of harmonic’s number as n™"°. In the case
Bo+/& >1dependence of increment due to harmonic’s

number N is almost periodic function, that is in this case
there are zones of effective excitation of electromagnetic
radiation. Thus, maximal increment is reached at

B m\/g >1, it is possible to explain it as follows. With

increase of frequency of oscillations which are generated,
there is not only reduction of number of coherent particles
in a bunch, but also a simultaneous increase in radiating
losses of particles at radiation in this region of
frequencies. It is shown, that there are conditions in which
it is possible to excite effectively harmonics of cyclotron
frequency by oscillators with thermal disorder. However
the thermal disorder should not exceed 5 % from cross-
section speed of the beam. Above we were limited to
model of medium in which slowing-down of excited
electromagnetic waves has been caused by presence of
medium with dielectric permeability &, .

It is necessary to tell, that it is already enough for a
long time such media are used as nonlinear elements for
excitation of high numbers harmonic's (see, for example,
[6-9]). Thus it is possible to reach significant values of
susceptibilities even for high numbers of harmonics. For
obtaining of such results vapors of metal atoms are used.
On this way it is possible to excite due to nonlinear
effects ultra-violet, and even radiation in a soft X-ray
range (down to 141-harmonic). Efficiency of such
nonlinear transformation, however, is very insignificant.
Other opportunity consists in using periodically non-

superlattices). At that the electromagnetic fields, waves
propagating in such media, contain spatial harmonics
which phase speed can be enough small.

Such possibility has been investigated in a series of
works (look [1-2] and the literature quoted there). For the
case considered in the present work it means, that
oscillators cooperate not with the basic mode, and with
the slow spatial harmonic.
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uniform media (lattices of ideal crystals and

BO3BYXJIEHUE TAPMOHUK ITIOTOKAMM 3APSIZKEHHBIX YACTUIl B MATHUTHOM IIOJIE
B.A. Byuy, AM. Ezopoe, A.Il. Toncmonyscckuit

W3noxxeHbl pe3yiabTaThl HMCCIEAOBAHUS BO30YXKIEHHS AIIESKTPOMArHUTHBIX BOJIH aHCaMOJIEeM PpeNIITHBUCTCKUX
OCUMIUIATOPOB B MarHUTHOM 1oje. OCHOBHOE BHUMaHHE YIEJICHO U3Y4YeHHIO J(QQEKTUBHOCTH TeHepaIun
JJIEKTPOMAarHUTHBIX KOJIeOAHWH Ha TapMOHHUKax IMKIOTPOHHOH yacToThl. [loka3aHo, YTO HaIW4YMe CPEeIbl MOXKET
CYIIECTBEHHO H3MEHHTHh AI(P(PEKTUBHOCTH BO30YKACHHS BBICOKHX HOMEPOB T'apMOHHMK M BCIO KapTHHY pa3BUTHS
HEYCTOMYMBOCTH OCHMJUIATOPOB. IlodydeHbl WHKpPEMEHTHI HEYCTOMYMBOCTH. VIccrenoBaHO BIMSHHE TEIJIOBOTO
pa3dpoca OCIIILIATOPOB.

3BYIZKEHHS TAPMOHIK IIOTOKAMMU 3APSIZKEHUX YACTUHOK Y MATHITHOMY I10JI1
B.O. byu, O.M. €zopos, O.11. Torcmoayrccokuit

Bukianeno pesynbTaTH JOCHIKEHHS 30yIDKEHHS EJIEKTPOMAarHiTHUX XBWJIb aHcaMOJIEeM pensiTUBICTCHKUX
OCLMJIATOPIB B MarHiTHOMy noni. OCHOBHa yBara INpH/iJieHa BUBYEHHIO €(EKTUBHOCTI I'eHepallii eIeKTpOMarHiTHIX
KOJIMBaHb Ha TapMOHIKaxX HNUKIOTPOHHOI 4acToTH. [loka3aHo, IO HAsSBHICTH CEPEMOBHINA MOXE ICTOTHO 3MiHUTH
e(eKTUBHICTh 30y/PKCHHSI BUCOKHX HOMEpPIB IapMOHIK i BCIO KapTHHY PO3BHTKY HECTiHKOCTI ocruistopiB. OTpuMaHo
IHKpEeMEHTH HeCTiHKOCTi. JIOCIiIKEeHO BIUIUB TEIIOBOTO PO3KUIY OCIHIISATOPIB.
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