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A system of independent oscillators is considered. The interaction of the oscillators occurs through the field of
the wave. The initial phases of the oscillators are random. The synchronization of the oscillators by an external field
of large amplitude is discussed. The effect of nonlinearity due to relativistic effects is taken into account. It is shown
that in the regime of synchronization of oscillators by a strong field the nonlinearity does not change the nature of
energy exchange between the wave and the oscillators. In the generation regime, energy is exchanged between the
oscillators and the growing field. At low loss levels, the process of increasing the amplitude of the field is pro-
longed. The efficiency of energy exchange between oscillators and the field reaches 75%. With an increase of the
loss level, the process of oscillators’ synchronization changes its character and accelerates, but the amplitude of the
field is small. The characteristic time of emission of the system is comparable with the characteristic growth time of

the field.
PACS: 05.45.Xt; 52.35.Qz

INTRODUCTION

Interest to the dissipative instabilities has been relat-
ed to the necessity of getting energy output from the
system where oscillations are generated. It is always
possible to introduce a parameter €=0,/7, . that is
equal to the ratio of the energy absorption decrement of
the system in the absence of an active element o, (a
beam of charged particles, an external field, an active
medium, etc.) to the maximum oscillation generation
increment with a frequency @ in the system with the
active element in the absence of any loss of HF energy

(IMo=y, =7 |5D:0). In generators of the TWT

type, in the nonlinear regime, the phenomenon of anom-
alously large energy losses of the beam particles was
observed [1, 2]. For the &, in this case the expression

0=, o))" s

@, = (47e’n,, / M) is the plasma frequency of the

valid, where

beam, and €, M, N, are the charge, mass and density of

the electrons in the beam. The increment of the dissipa-
tive instability when @>1 is equal to

Imw=a,(w/ 5,)"% 12 . One could verify that the

energy of perturbations in the system is negative, that is,
the presence of perturbations leads to a decrease of the
total energy of the system (consisting of the medium
and the beam). In this case, the dissipative processes do
not lead to the appearance of an instability threshold [3].
The largest energy flux from the system was achieved at
& ~3 in a single-mode regime [1, 2] and at <] in a
multimode regime [4] (a lower absorption level is ob-
served here due to the presence of a multitude of modes
in the excited spectrum, each of which undergoes ab-
sorption). Below we consider the dissipative mode of
generation of an electromagnetic wave in a system of
oscillators with fixed centers [5, 6].
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1. THE SYSTEM OF OSCILLATORS
WITH THE FIXED CENTERS

Let the frequency of the wave and the frequency of
the oscillators coincide and are equal to @ . The wave

vector of the oscillations is k =(0,0,k), E =(E,0,0),

B=(0,E,0) are the components of the field and
E o E|-exp{-iot +ikz +ig}. Oscillators are arranged

along the OZ axis in an amount of N at the wave-
length 2z /k. The mass of the oscillator is m, its
charge is —e, frequency is @ . The initial oscillation
amplitude of the oscillator is equal to a,. We assume
that the oscillator moves only in the direction of the
OX axis. In this case, the influence of the magnetic
field of the wave on the dynamics of the oscillator can
be neglected [5, 6]. For the extended systems, or in the
case of a small group velocity of the excited oscilla-
tions, the energy can accumulate around oscillators even
when there is energy loss due to radiation.

Below we will assume that the system is rather ex-
tended, and the group velocity of the wave is moderate.
These conditions can be met with appropriate effective
permittivity (Cy =V, =K,C*/ @y&,) or near the cutoff
frequency of the waveguide, similarly to how it is real-
ized in gyrotrons. Here we neglect the reflection effects
on the boundary of the system. The effective decrement
of absorption in this case is o, =2C, /b and

0=051y,=2c4 Ib-y,. The equations of motion for

oscillators take the following form

d
EAJ. =E, cos{p, +27Z, -y }+ (1)

+E cos{gp -27Z; -y},

d .
Aj[al//\] —-A,]1=E,sin{g, +27Z-Zj _l//j}+ (2)

+E sin{g -27Z; -y }.
For the fields E, propagating in both directions:

d 1Y
aEi—i-HEi:—— E Aj COS{(p+i27Z'Zj—l//J—} (3)
i=1
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do, 1 .
E.(———Ap)=—> A;sinfp, +22Z; —y}, (4)
dr N
where E=eE/omya,, z=yt, A=Xx|/a,,

y* =ne’n,Im, kz, =Z; = (0,27).

In the non-relativistic case A, =0, and the presence
of relativism leads to the nonlinearity of the oscillators,
A =a-(N-A), a=3w(k-a,)*/4. With the substitu-
tions W, > 9o, and Z, >-Z;, a>-a,
the system is invariant, that is, the sign of « does not
change the dynamics of the process, except for the di-
rection of the phase change of the wave and the parti-
cles. One can see that for the waves with different polar-
ization (where the particles move only in the direction
of the electric field vector of the wave), the same equa-
tions can be used. Here particles density per unit length

is N, =M /b, where M is the total number of particles
in the beam, and each simulated particle contains M / N
real particles; ze’M /2mc =y, . The energy density of

the radiation at the ends of the system can be estimated
as:

=(mafagn, /2)-W . (5)

where
W ={E? +E’}. (6)
The density of the energy flux from the system can
also be estimated from the relationship P =C-W. The

integral field is formed due to the initial perturbation or
occurs when the RF energy is accumulated in a suffi-
ciently extended beam. In this case, the beam particles
do not directly interact with each other and interact only
with the field of the wave. Generally speaking, such
field is usually considered in the problems of generating
and amplifying induced radiation. For small @, that is,
for an extended beam, this field accumulates in its vol-
ume. In addition, we restrict our study to considering
only a wave propagating in the positive direction (writ-
ing equations similarly to [4])

COE u .
—+0- E=—ZA-Sm(wi—zi—<p)
or 2N i=1 (7)
6(/)_ 1 8
E( Ag) = ZA Cos(y;-Z;—¢).  (8)
Motion equatlons of the oscnlators are:
A E_.
— =_Sin(p-y, +7,), 9
5, = 5oy +Z) )
oy;

E
-A =——Cos(p-y,+Z,)- 10
PEE Yy (p-wi+Z). (10)
The conservation law of energy follows from the
equations (10) and (12):

E? +%ZA +9JE2(1) dz'=const,

i=1

(11)

It can also be shown that with some simplifications,
the system of equations that describes the excitation of
electromagnetic waves by an electron beam moving in a
constant magnetic field in a metal waveguide also re-
duces to the system (7) - (11) considered above.
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2. RESULTS OF NUMERICAL SIMULATION
OF THE SYSTEM (7) - (11)

Analyzing the results of numerical simulation of the
system (7) - (11), note the following. When € <<1 and
A =a-(A?—A2) Qeneration is possible only if

—a<Ap<—1ia. The value of the parameter o # 0

basically affects the speed of the processes. When
6 <<1 the phase of the field ¢ increases in jumps
(Fig. 1), the envelope of the amplitude increases expo-
nentially. Here we use the following initial conditions
and  parameters: Aj|t:OE Ao=L o|o=w|,=0

a=01, E|_,=E,=0.01, 6=0.001-40, A =0;c-

Depending on the value of the parameter, there are
two distinct modes. In the first, practically non-
dissipative (reactive) mode, when 0.001< @ <0.05 the
field, oscillating, grows to approximately to the value of
0.7, as can be seen from Fig. 1, and the total energy
ouput is about 50%.
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Fig. 1. The dependence of the phase (top figure)
and amplitude (bottom figure) of the field on time
at «=0.1; E;=0.1; Ap=—a; 6=0.02

When @ >0.05 the second mode of instability is re-
alized. In this case, the maximum achievable amplitude
of the field decreases by an order of magnitude. In the
range 0.05<@&<0.5, the wave energy output from the
oscillator system is negligibly small, but starting from
6 >0.5 it increases noticeably with the increase of ¢
and reaches 70% approximately when @ = 20, although
it takes rather long time. The rate of energy output
QE?Z_ has two approximately equal maximums: at

0=0.02 and at =20 (Fig. 2).
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Fig. 2. The maximum achievable rate of energy output
OEZ, upon 9; a=0.1; E,=0.1; Ap=—«a

The presence of two waves E, and E_ does not

change anything fundamental in the behavior of the sys-
tem. Using an external "seed" field allows one to accel-
erate the achievement of the field maximum, without
changing the nature of the process. Thus, the system of
excited oscillators, as noted earlier in [6], is extremely
sensitive to phase detuning of the electromagnetic wave
and oscillators. The most interesting for the output of

. V.M. KukKlin,
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JIACCUITATUBHBIN PEXXKUM T'EHEPAIIMY CUCTEMBI HEIIOAIBUKHBIX OCITAJLJISITOPOB
B.M. Kyknun, /1.H. /lumeunos, A.E. Cnopos

PaccmoTpeHa cucteMa HE3aBHCHMBIX OCHMIUIATOPOB. B3anmonelcTBHEe OCHMIIIATOPOB MPOUCXOAUT Yepe3 Moje
BoJHBI. HauanpHble 3HaUeHNs (a3 oCIMLIATOPOB SBISIOTCS CiydaifHBIMH. OOCYXIaeTcss CHHXPOHHU3AIHS OCIIMILISA-
TOpPOB BHEIIHHUM T0JIeM OOJbIIoi aMIuinTyabl. [IpoBeneH ydeT BIMSHMS HETMHEHHOCTH 3a CUET PEISITUBHCTCKHUX
s¢dekros. [TokazaHo, 4TO HEIMHEHHOCTh B PEXHME CHHXPOHH3ALNH OCHMIIISITOPOB CHIIBHBIM TI0JIEM HE HapyIlaeT
XapakTep oOMeHa SHepruei MeXIy BOJIHOW M CHCTEMOH OCHMIIIATOPOB. B pexxnme reHepanny HabmroaeTcs oOMeH
SHEpruel MeX1y OCHWIIATOPAaMH M PACTyIIUM IojieM. IIpy MaibIX ypoBHSX MOTEPh IPOIECC POCTa aMILUIUTY/IbI
oI 3atsiruBaercs. D PeKTUBHOCTh 0OMEHA HEprHeil MEeXy OCIMIUIITOpaMy 1 TosieM gocturaet 75%. [pu yse-
JIMYEHUH YPOBHS MOTEPh NPOIECC CHHXPOHU3AIMU OCIMIUIATOPOB MEHSAET XapakTep U YCKOpSAEeTCs, OJHAKO aMILIH-
TyJla TIOJIS HeBeJIMKA. XapaKTepPHOE BpeMsI N3ITYUEeHUS CHCTEMBI CPAaBHIMO C XapaKTePHBIM BPEMEHEM POCTa IOJIA.

JUCHUITIATUBHUM PEKUM I'EHEPALII CHCTEMHU CTAIIIOHAPHUX OCIIUJISAITOPIB
B.M. Kyknin, /.M. J/lumeunos, O.€. Cnopos

Po3rnsHyTO CHCTEMy HE3aJe)KHUX OCHWIATOPIB. B3aeMomis oCHMIATOPIB BiAOYBAa€ThCS 3a IOTIOMOTOI0 OIS
xBwii. [TouaTkoBi ¢a3u ocrmiATopiB 00HMparoThCs BUMAAKOBO. OOrOBOPIOETHCS CHHXPOHI3AIIS OCIUIISTOPIB 30BHI-
ITHIM TOJIEM BEJIMKO1 aMILITyAu. BpaxoBaHO BIUIMB HENMIHIHOCTI 3a paxyHOK pensTHBICTCHKUX edekTiB. [TokazaHo,
110 HEJHINHICTh Yy PeXXUMI CHHXPOHI3allii OCIIUIATOPIB CHILHUM TIOJIEM HE TOPYIIye XapakTep oOMiHY €HEpTri€ro
MIiX XBHJICIO Ta CHCTEMOIO OCIIMIISITOPIB. Y PEXHMMIi reHeparii criocTepiraeThCsi OOMiH €HEpTi€r0 MK OCIHMIATOpaMHU
Ta 3pOCTAl0YMM MOJeM. 3a YMOB MaJIMX PiBHIB €HEPTeTHYHHUX BTPAT MPOILEC 3POCTAHHS aMIUTITY U HOJS 3aTATy€ETh-
csi. EexTuBHICT OOMiHY €HEpri€lo MixK OCHMIATOpaMH Ta 1oiyieM csirae 75%. Koy piBeHb eHepreTHYHHX BTpAT
3pOCTaE, MPOLEC CHHXPOHI3alii OCHHUIIATOPIB 3MIHIOE XapaKTep Ta HMPUCKOPIOETHCS, MPOTE aMIUNITy/Aa ITIOJIS TPH
LbOMY Majia. XapaKTepHUH 4ac BUIIPOMIHIOBAHHS CHCTEMH NMPHUOINM3HO JOPIBHIOE XapaKTEPHOMY Yacy 3pOCTaHHS
oJIsl.
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