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Background. A powerful terahertz radiation sources creation is one of the perspective tendencies in relativistic plasma
electronics. Nowadays there are few devices able to create powerful radiation in millimeter-infrared waveband (even in the
part of this band). Therefore, theoretical research of novel powerful terahertz radiation sources, that are also characterized by
broad frequency spectrum, is an actual problem.

Objective. The aim of the paper is a study of the influence of multiple three-wave resonant interactions in the klystron
type two-stream superheterodyne free-electron laser (TSFEL) with helical electron beam on the forming effectiveness of the
powerful waves with broad frequency spectrum.

Methods. In order to theoretically analyze multiple resonances of wave harmonics, as initial, we use quasihydrodynam-
ic equation, the continuity equation and Maxwell’s equations. We apply the hierarchic approach to the theory of oscillations
and waves to the equations of motion and continuity, Maxwell’s equations are solved by means of the slowly varying ampli-
tude method. As a result, we derive a system of differential equations for complex amplitudes of SCW electric field strength
harmonics which we analyze by standard methods.

Results. It was shown that in the two-stream superheterodyne FELs, utilizing the two-stream instability in helical elec-
tron beams as an additional electromagnetic wave amplification mechanism, the powerful multiharmonic space charge wave
with broad frequency spectrum forms due to multiple resonant interactions. The spectrum width of such wave is larger com-
pared to the spectrum width in TSFELs utilizing straight electron beams. It is also found out that amplification rates in such
TSFELs are higher.

Conclusions. An application of helical electron beams in multiharmonic TSFELs using multiple resonant interactions
leads to the improvement of their amplification characteristics, frequency spectrum widening in multiharmonic signal genera-
tion mode, and to overall geometric dimensions decreasing compared to TSFELs utilizing straight beams.

Keywords: two-stream superheterodyne free-electron laser; two-stream instability; helical electron beams; three-wave
resonances.

electromagnetic waves. We also note that waves which
are amplified by instability are characterized by the lin-
ear dispersion dependence [1-9]. Due to this property,
the harmonics of such waves appear to be connected
with each other by the large number of three-wave par-
ametric resonances [1, 3-5, 8]. This leads to intense ex-
citation of higher harmonics, which, moreover, are am-
plified due to their own instability. As a result, such
systems can be sources of powerful multiharmonic elec-
tromagnetic waves with a wide frequency spectrum.

The further study showed that single-sectional
TSFEL amplifiers are characterized by a pronounced
self-excitatory inclination due to an extremely high lev-
el of amplification. As shown in the works [1-2], a ra-
ther effective method for solving this problem is the use
of schemes of the klystron type TSFEL. The main fea-
ture of this design is a very deep solution to the input-
output. This leads to the complete elimination of the
aforementioned inclination of one-section TSFEL to
self-excitation.

Introduction

Two-Stream Superheterodyne Free Electron Laser

As you know, TSFEL [1-7] are characterized by a
number of unique properties that make them quite
promising for various practical applications. One of the
main advantages of TSFEL is their particular compact-
ness and ability to operate in extremely high gain
modes, the ability to form a powerful multiharmonic
electromagnetic signal with a wide frequency spectrum
[1-5]. This is ensured by the effect of superheterodyne
amplification of electromagnetic waves in the plasma of
relativistic electron beams [1-3]. The idea of this effect
is to use the own instability of a beam of various types
(including longitudinal electron waves) to amplify the
transverse electromagnetic wave of a signal [1-3]. The
parametric interaction mechanism, which is fundamen-
tal to conventional free electron lasers (FEL), is used
here only to transform the amplification from longitudi-
nal electron waves into the amplification of transverse
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Formulation of the problem

The multiharmonic klystron type TSFEL , which us-
es rectilinear relativistic electron beams [1-3], was in-
vestigated. The use of helical two-flow electron beams
in devices of this type was not considered. The prelimi-
nary analysis shows that such beams can be substantial-
ly increased as the coefficients of amplification of elec-
tromagnetic waves (this will reduce the longitudinal
dimensions of such devices) and the width of the fre-
quency spectrum of electromagnetic waves [6-8].
Therefore, this work is devoted to the study of multi-
harmonic processes in the flying section of the klystron
TSFEL with helical two-current relativistic electron
beams. In the cubic-nonlinear analysis it was found that
the use of helical two-stream beams in TSFEL allows
forming waves with a wide frequency spectrum more
efficiently.

TSFEL-Klystron model

The simplest version of the klystron type TSFEL -
amplifier scheme is shown in Fig. 1.
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Fig. 1. Model of the klystron type TSFEL-amplifier

The device works as follows. The bifurcated accel-
erator 1 generates two mono-speed propellant relativ-
istic electron beams 2 and 3, respectively. Both of these
beams are fed to the input of the first pump system 4.
After that, they form a combined two-stream helical
electron beam 5. Electromagnetic signal ®,,k, (in the
form of an amplified electromagnetic wave) is fed to
the same input of the first pump system 4. In system 4,
the modulation of a two-speed electron beam at density
is the result of nonlinear parametric interactions of an
electromagnetic wave o,,k,, the first pump system 4.
In the modulated electron beam 5, which moves in the
flight section 6, the wave of spatial charge is excited by
frequency ; ( frequencies ®, and ®,, in general,
may be different). This means that the initial (input)
signal o,,k, transformed from an electromagnetic form

into an electron-wave in the first pump system.

The two-stream instability develops in the electron
beam 5 in the flight section 6. We note that the maxi-
mum amplification of longitudinal electron waves due
to two-stroke instability takes place for the waves of the
SCW, which are characterized by optimal frequency
@y [1-7]. The key point of the design discussed in this

paper is that the modulation frequency , is much
smaller than the optimal frequency o, . In this case, as

it will be shown below, there is an intense generation of
higher harmonics due to multiple three-wave parametric
resonance interactions, and then their amplification due
to two-flow instability. There is a formation of SCW
with a wide frequency spectrum containing an abnormal
area in which higher harmonics are characterized by
larger amplitudes. Thus, the input signal o,,k, ¢ exists

in the flight section 6 in the form of multiharmonic
electronic waves of spatial charge. It should be noted
that in the flight section 6, the electromagnetic signal
(input) @,,k, is absent due to the absorption by its ab-

sorber 7. Next, the modulated electron beam with a
multiharmonical SCW enters the second pump system
8. Here the output electromagnetic signal is generated
o1,k . This is due to the nonlinear interaction of the

modulated electron beam 5 with the field of the second
pump system 8. This means that the inverse transfor-
mation of the electron-wave form of the signal ,,k;

into the electromagnetic form j,k; in the working

volume of the second pump system 8 occurs. The spent
electron beam is further absorbed by the collector 9.
Thus, at the output of the klystron type TSFEL we ob-
tain a powerful multi-harmonic electromagnetic signal
with a wide frequency spectrum. It should be noted that
the formation of a multiharmonic electromagnetic sig-
nal occurs due to the use of a multihomonic wave of
spatial charge in the pump section §.

The presented work is devoted to the investigation
of multiple resonance interactions of the harmonics of a
growing SCW in the flight section 6 of the the klystron
type two-flow laser on free electrons with a helical elec-
tron beam. We consider the following model of a two-
flow helical electron beam in the flight section 6. The
helical beam contains two partially interpenetrating
electronic streams with close relativistic velocities
v, U, (Vv —V, << V;,V, ). The beam moves at an an-
gle a to the focusing magnetic field B, along the heli-
cal trajectory. Plasma frequencies of partial beams are
taken equal ©, =0, =o,, we consider the spatial

charge of the beam to be compensated by an ion back-
ground.
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The electric field of the SCW, which determines the
dynamics of the two-flow instability, is considered
multiharmonical:

N
E, =Y [E, exp(ip,)+ccl] (1)

m=1
where N — the number of harmonics that we take into
account for solving the problem; p,=o,t-k,z —

phase, ®, =m-®, — frequency of m harmonic of
KhPZ, k, — its wave number, axis Z is directed along
the focusing magnetic field B, .

For the theoretical analysis of multiple resonance in-
teractions in the flight section of the TSFEL with a hel-
ical electron beam, we use the quasi-hydrodynamic
equation [1, 3, 9], the continuity equation and the
Maxwell equation. Apply a hierarchical approach to the
theory of oscillations and waves [1, 3]. As a result, we
obtain a cubic nonlinear system m of differential equa-
tions for the complex amplitudes of the harmonics of
the electric field strength of the SCW:

d’E, dE,
CZm 2”1 +C1m - +DmEm =
" dz odz

N (2)
=G, < E.- Z[Em, explp,,)/ (im’) + c.c.]> +F,
m'=l

P

where
2 w>(1-(v,./c)’
Dm(mm’km)z_lkm 1_Zw (3)
q=1 (wm _kquz) q
C,, =0D, |d(-ik,), C,, =0’D, /d(-ik,)* /2,

1 (2 . .
<...>pm:EJ.0 (....exp(-ip,,))dp,, , F, — functions

that take into account cubic-nonlinear terms, which,
among others, are related to multiple parametric reso-
nance interactions in the system under the study.

Analysis

We choose the parameters of the system so that the
conditions for two-stroke instability [1-7, 9] are ful-
filled. In this case, the dispersion equation for the SCW
in a helical two-flow electron beam is as follows:

D}"'l((l)rn’kn’l)E
(20 -, /0" @
=-ik | 1- P = =0
1’"[ ;(wm—kmuquvq}

will have comprehensive roots. The approximate ana-

lytic solution of equation (4) for a helical relativistic
two-flow electron beam can be found in the same way
as for the case of a rectilinear beam (see, for example,
[1]). The solution is found by:

k, =, /v, +1, ®)

where v, = (Ulz +v,, )/ 2, iI',, — nonlinear imaginary
additive to the wave number of the SCW. Substituting
(5) into (4), we carry out simple algebraic transfor-
mations and find an approximate formula for this addi-
tive:

o /1= (v, /c)’
X

i, =+ 2
YoVo:
1/2
22 22
) P Y WO L .(6)
oofﬂll—(UOZ/c)2 (Dfﬂ/l—(uOZ/c)2
In formula: (6) Yo =1/41=(v,/c)* ,

Vo =(0+V,)/2, d=(v;, —V,) /(v +V,).
From the relation (6) it follows that if the frequency
of the harmonica of the SCW w,, is less than the criti-

cal frequency of the two-flow instability in the helical
two-stream electron beam:

o V20, [1-er0?
cr 6 'YO

_ \/E(Dp \/1 —(v, cos(ar)/c)?
5 Yo

then the two waves will be characterized by an integrat-
ed wave number £ (in the ratio (7) used that
Ly, =V, cosa ). One of these waves will exponentially

™),

grow (increasing wave). For it, the value I',, (6) has the

physical meaning of incremental growth m -th harmon-
ic of SCW. Another wave will exponentially dampen
(extinction wave). Due to the fact that the amplitude of
the extinction wave will decrease rapidly, then this
wave will not be considered further. It is not difficult,
analyzing (6), to find the optimal frequency for a helical
two-flow electron beam:

3 — 2
wopt=[°°”,/l (0 /¢) =wcr\ﬁ ®)
25 Yo 8

which corresponds to the maximum incremental
growth:




Q) ’1— v,./c)’
r(mopt): P ( 0z ) —
2UOZ YO

0, Jl —(vycosa/c)’
20, Yo

)

Analyzing formulas (7) - (9), we can verify that
when the angle of flight of the electron beam o in-
creases, both the critical frequency (7) and the maxi-
mum increment of growth (9) increase too. Thus, the
development of two-flow instability in helical two-flow
electron beams occurs with higher growth increments
than in straight-line beams. Therefore, the use of helical
beams in two-stream superheterodyne lasers on free
electrons leads to an increase in the rates of amplifica-
tion of electromagnetic waves. From the above analysis
it follows that such an increase in the rate of amplifica-
tion of an electromagnetic signal in two-current SLVE
is associated with an increase in the increment of two-
current instability in helical relativistic electron beams.
It should also be noted that for helical electron beams,
both the optimal frequency of two-stroke instability and
the critical frequency are higher compared to straight-
line electron beams. This means that two-current
SLVEs with helical electron beams can operate at high-
er frequencies than SLVEs using rectilinear beams.

From equation (5) it also follows that in a helical
two-stream electron beam for harmonics of a SCW
whose frequencies are less than the critical frequency
o< o, will be implemented by multiple three-wave

parametric resonances [1, 3-5]. The emergence of mul-
tiple parametric resonances is due to the fact that, as
follows from the relation (5), for a growing wave, the
relation between the real part of the wave number and
the frequency is linear:

Re(k) = /v, (10)

This means, that if for m harmonica frequency will
be ®, =m-®, orin m times greater than the frequen-
cy of the first harmonica ,, then the real part of the
wave number of m harmonica Re(k,,) will also be in

m times more than the actual part of the wave number
of the first harmonic Re(k,) (in case ®,, <o, ):

Re(k,)=w,,/v,, =mo,/v,, =mRe(k,)

Thus, the phase of m harmonica (it is determined by

the real part of the wave number):
=, t—Re(k, )z=
pm m ( m ) (1 1)

=m-o;t—m-Re(k))z=m- p,

will be m times greater than the phase of the first har-
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monica. This leads to the fact that in a two-flow system
for a large number of harmonics of the KhPZ, which
satisfy the condition w<m,, the conditions of the

three-wave parametric resonance will be fulfilled:

cro

(12)

where m,, m,, m; — are integers. The condition (12) is

pml :pmz _l_pm3 360 ml =m2 +m3’

realized with the participation of a huge number of
harmonics, for example, 5=2+3, 5=7-2, 5=9-4, 4=2+2
and so on. Therefore, we are talking about the situation
created as the one in which multiple parametric three-
wave resonances are implemented.

Thus, due to the linear dispersion dependence on
condition ®< . multiple parametric resonances be-

tween the harmonics of the SCW are realized in the sys-
tem. As a result of the enormous amount of three-wave
parametric resonance interactions, the formation of an
SCW with a wide multiharmonic spectrum occurs in
which higher harmonics have higher amplitudes than
lower harmonics.

Another feature of the formation of a SCW with a
wide multiharmonic spectrum in helical two-flow elec-
tron beams is that, in accordance with (7), the critical
frequency for helical beams increases with the increase
of the angle of flight o of the electron beam. This
means that the frequency region in which the formation
of the multiharmonic spectrum occurs is increasing.
This fact is illustrated in Fig. 2, which depicts the
growth rates of two-stroke instability growth for differ-
ent angles of flight o . These dependences are obtained
by numerical solution of equation (4).

Consider the case: O, =0,=0, =15-10" ¢,
v, =48, v,=4,2. Curve 1 corresponds to the case
a=0°, curve 2 — case o =10°, curve 3 — case
o =20°, curve4 —case o =30°. Frequency of the
first harmonic ®, =0,6-10"¢™'. From Fig. 2 follows

the conclusions obtained from the analysis of the rela-
tions (7) - (9): with increasing the angle of flight of the
two-stream beam, both the increments I, and critical
frequency ., are increased.
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Fig. 2. Incidence of two-stroke instability growth for different
angles a. Curve 1 corresponds to the case o= 0°, curve 2 —
case o.=10° curve 3 — case o=20° curve4 — case
a=30°.

When the frequency of the first harmonic of the
KhPZ o, will be much less than the critical frequency,

the multiple parametric resonances between the har-
monics of the refractometer will occur in the frequency
region o, <, <o, . From Fig. 2 it follows that for

helical two-stream beams with an increase in the angle
of flight of the beam o this area will increase. It means
that the use of helical two-flow electron beams is more
appropriate in multiharmonic LVEs the main task of
which is to form a powerful electromagnetic signal with
a wide frequency spectrum [1, 3].

In Fig. 3 the dependences of amplitudes of the elec-
tric field strength of ten harmonics of the SCW from the
longitudinal coordinate z for the angle of flight of the
electron beam o =0° (curves 1) i a=20° (curves 2).
The parameters used to calculate are the same as for
Fig. 2 At the entrance of the investigated system in both
cases, the SCW was monochromatic with a frequency

of @, = 0,6-10" ¢!, that is, it consisted of one harmon-

ic. The calculation of dependencies was carried out us-
ing the system of equations for the amplitudes of the
harmonics of the electric field tension (3).

From Fig. 3 it follows that the rates of amplification
of harmonics of the electric field strength for a helical
electron beam (curve 2) are higher than for a straight-
line electron beam (curve 1), that confirms the above
analysis. It also follows from Fig.3 that due to the mul-
tiple three-wavelength parametric resonances, higher
harmonics are excited, and then amplified due to two-
stream instability. As a result of such processes a high
frequency spectrum SCW is formed. Note that with the
increase in the number of harmonics, the increments of
their growth increase up to optimal frequency (Fig. 2),
therefore the rate of amplification of higher harmonics
appears to be higher. That is why an abnormal section

of the spectrum is formed, in which higher harmonics
have higher amplitudes. It should also be noted that the
levels of saturation of the harmonics of SCW in the
case of a helical electron beam (curves 2) are higher
than for a straight-line beam (curves 1). The saturation
lengths for the harmonics of the KhPZ (curve 2) in the
helical two-stream electron beam are smaller than the
straight-line beam (curve 1), z, <z, . Thus, the flown

section of a two-flow LWEE using helical electron
beams, due to higher rates of gain, will have smaller
longitudinal dimensions than two-current SLWESs using
rectilinear electron beams.

oo
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Fig. 3 Dependences of the amplitudes of the electric field
strength of the harmonics of the SCW on the longitudinal
coordinate z for the angle of flight of the electron beam o= 0
° (curves 1) and a. =20 ° (curves 2)

Conclusions

In the present work, the cubic nonlinear theory of
multiple resonance interactions of the harmonics of the
growing wave of spatial charge in a two-flow helical
electron beam propagating in the flight section of the
klystron type TSFEL has been constructed.

It is shown that the increment of growth of refinery
in a helical two-stream electron beam is significantly
higher than in a rectilinear beam. This means that two-
stream superheterodyne LVEs that use two-stream in-
stability in helical electron beams as an additional
mechanism for amplifying electromagnetic waves will
have higher amplification rates compared to TSFEL
using rectilinear electron beams. It was found that the
levels of saturation for SCW in the flywheel section of
TSFEL with a helical electron beam are higher than for
a straight-line beam. It has also been shown that the
saturation lengths in the case of a helical electron beam
are smaller. From this it follows that the use of helical
two-flow electron beams in TSFEL results in both in-
creased levels of saturation and the reduction of longi-
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tudinal dimensions.

It is demonstrated that in the propellant two-flow
electron beam, due to the linearity of the dispersion
characteristic of a growing SCW, the condition of a
three-wave parametric resonance is fulfilled for all
harmonics, the frequency of which is less than the criti-
cal frequency of two-flow instability. That’s why for
multiharmonic operation, the modulation section should
be configured to excite the first harmonic of the SCW
with the frequency much lower than the critical fre-
quency. Then, in the flight section, due to the large
number of three-wave parametric resonances, an intense
generation of higher harmonics of the SCW will take
place. The subsequent amplification of such harmonics
will occur both at the expense of parametric amplifica-
tion, and due to two-current instability. As a result,
there is an excitation of a large number of higher har-
monics with almost identical amplitudes, and SCW
with a wide frequency spectrum is formed. It is found
that the width of such a frequency spectrum increases
with the increase of the angle of flight o of a two-flow
electron beam (Fig. 2). This is due to an increase in the
critical frequency o, in helical electron beams com-

pared with straight beams.

Thus, due to multiple parametric resonances, a pow-
erful multi-harmonic pulse with a wide frequency spec-
trum is formed in the flight section of the klystron type
TSFEL with a helical electron beam. Such a multigar-
mion wave, falling into the final section, becomes a
powerful source of a multiharmonic electromagnetic
signal. Therefore, the use of helical electron beams in
multiharmonic TSFEL leads to an increase in their am-
plification characteristics, the frequency spectrum width
in the mode of generation of the multiharmonic signal,
as well as the reduction of the dimensions compared
with TSFEL, which use rectilinear beams.

Thus, TSFEL with helical electron beams is a new

rather promising class of devices for generating a pow-
erful multi-harmonic signal with a wide frequency spec-
trum in millimeter-infrared wavelength ranges.
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Jucenko O.B., Boak I0.10., Cepvoscko A.C., Pubanxo O.O.

MHOKMHHI TPHXBHJIBOBI Pe30HAHCH B IBONOTOKOBOMY JIBE-KiticTpoHi i3 rBHHTOBHM eJIEKTPOHHUM MyYKOM

ITpo6aemaTnka. CTBOpeHHs [PKEpeI MOTYKHOIO TePareplioBoro BUIPOMIHIOBAHHS € OJJHUM 3 NEPCIIEKTHBHUX Harpsi-
MKiB PO3BUTKY PENISTHBICTCHKOI TIa3MOBOI eJIeKTpoHikH. Ha 1eit yac mpucTpoiB, sKi 37aTHI CTBOPIOBATH MOTY>KHE BUIIPOMIi-
HIOBaHHS B MUIIMETPOBOMY — iH()pauepBOHOMY Jliana3oHi (HaBITh Y YAaCTHHI IIbOTO Jiarna3oHy), € JOCUTh Masio. ToMy Teope-
THYHI JTOCITIIKEHHS HOBHX JDKEPEN MOTYKHOTO TEParepIioBOro BHIIPOMIHIOBAHHS, SIKI TAaKOXK XapaKTEPH3YIOTHCS IIHPOKHM
YaCTOTHUM CIIEKTPOM € 33/1a4€10 aKTYaJIbHOIO.

Merta pocaifkeHb. BUBUCHHS BIUTMBY MHOKHHHNX TPHXBMIILOBHX PE30HAHCHHUX B3a€EMOIH y TBOIIOTOKOBOMY CYyIIEp-
reTepoAMHHOMY J1a3zepi Ha BimbHUX enekTpoHax ([ CJIBE) kmicTpoHHOro THIy 3 TBUHTOBHMH €JIEKTPOHHMMH IydKaMH Ha
edexTuBHICTh (HOPMYBaHHS MOTYKHUX XBHJIb 3 IIMPOKUM YACTOTHHM CHEKTPOM.

Metoauka peaJizauii. [[yiss TEOpETHYHOrO aHasi3y MHOKMHHUX PE30HAHCIB FAPMOHIK XBWJIb SIK BUXIJHI BUKOPUCTOBY-
€MO KBa3iTipoJMHAMIYHE PIBHSHHSA, PIBHSAHHS HEMEPEpBHOCTI i piBHAHHA MaxkcBeiia. J[o piBHSHB pyXy Ta HENEpepBHOCTI
3aCTOCOBYEMO l€papXiyHUH MiAXiJ y Teopii KOJMBaHb 1 XBUIIb, 10 PIBHSAHL MakcBeIa — METO/I TIOBUIFHO 3MIHHUX aMILTITYA. Y
MJICYMKY OTPHUMYEMO KyOi4HY HENiHiiHY cucteMy nu(epeHIliaTbHIX PIBHSHD JUTI KOMIUDIGKCHUX aMILTITYl TAPMOHIK Harpy-
YKEHOCTI eJIEKTPUYHOTO OIS, SIKY JIOCIIDKYEMO CTaHAAPTHUMH METOIaMH.

Pe3yasTaTn pocaimkenn. [TokasaHo, Mo B JBOIOTOKOBUX cymneprereponuHHIX JIBE, siki BUKOPHUCTOBYIOTH JTBOTIOTO-
KOBY HECTIMKICTh Y TBUHTOBHX €JICKTPOHHUX IyUYKax sIK JOJATKOBUI MEXaHI3M IiJICUIICHHS €IEeKTPOMAarHiTHUX XBUJIb, 3aB/Is1-
KJ MHO>KHHHHM PE30HACHUM B3a€MOJIISIM (POPMYETHCSI OTY’KHA MYJIBTUTapMOHIYHA XBHJISI IPOCTOPOBOTO 3apsiy i3 ITHPOKUM
4acTOTHUM criekTpoM. [llupuHa cnekTpy Takoi XBHIII € OLTBIIOI0 MOPiBHAHO 3 mmpuHOoIo criekTpa y JACJIBE, siki Bukopucro-
BYIOTb TIPSIMOJIIHIIHI €JIeKTPOHHI mydkH. Takox 3’sicoBaHo, 0 TeMNH mijcuieHHs XBuib y Takux J{CJIBE € Ourbmmmu.

BucHoBku. 3acTOCyBaHHS TBUHTOBUX €JIEKTPOHHHMX MydYkiB y MynbrurapMmonidaux J[CJIBE, ski BUKOPHCTOBYIOTH
MHOKHMHHI PE30HAHCHI B3a€MOIi, TPU3BOIUTH JI0 30UIBIIEHHS iX IiCHIIOBAIBHUX XapaKTePHUCTHUK, IUPHHHI YaCTOTHOTO CIIe-
KTpa B pEKUMIi TeHeparlii MyJbTHTApMOHIYHOTO CUTHAITY, & TaKOX 3MeHIIeHHs rabaputiB nopiBasHo 13 JICJIBE, siki Bukopuc-
TOBYIOTH MPSMOJIHIHHI ITy4YKH.

Ki1o40Bi cjioBa: TBOIOTOKOBI CymepreTepoAnHHI JIa3epH Ha BUILHUX €JIEKTPOHAX; IBOTIOTOKOBA HECTIHKICTh; TBUHTO-
Bi €JIEKTPOHHI ITy4KHU, TPUXBUIIBOBI PE30HAHCH.

JIvicenko A.B., Boak IO.10., Cepécko A.C., Poroanxo A.A.

MHo:KeCTBEHHbIE TPEXBOJIHOBBIE PE30HAHCHI B ABYXHOTOKOBOM JICI-K/IMCTPOHE ¢ BHHTOBBIM 3JIEKTPOHHBIM
My4KOM

IIpobdaemaTnka. Co3gaHne MCTOYHMKOB MOIIHOTO TEPAreproBOTO M3Ty4YEHHs SIBISACTCS OJHUM M3 MEPCHEKTHBHBIX
HalnpaBJIeHUI Pa3BUTHs PEISTHBUCTCKOW IIIA3MEHHOM AIEKTPOHUKU. Ha NaHHBI MOMEHT yCTPOMCTB, CIIOCOOHBIX CO3/1aBaTh
MOIIIHOE M3JIyYeHHE B MHJIMMETPOBOM-HH(PAKPACHOM JHaNa3oHe (Iake B YacTH JAHHOTO JWAIla30Ha), CYIIECTBYET J0CTa-
To4yHO Majo. [ToaToMy, TeopeTHdecKue UCCIeT0BaHN HOBBIX UCTOUHHKOB MOIIHOTO TEPareploBOro M3IydeHHs, XapaKTepu-
3YIOIUXCA TaKXKe IMUPOKUM JaCTOTHBIM CIEKTPOM, ABJIAIOTCA 3a/1a4€il aKTyalbHOM.

esb uccaenopanuii. I3yuyenHue BIUSHUS MHOKECTBEHHBIX TPEXBOJIHOBBIX PE30HAHCHBIX B3aUMOJACHCTBUN B IBYXIIO-
TOKOBOM CYIIEPTeTEepOANHHOM Jia3zepe Ha cBOOOAHBIX 3neKkTpoHax (JACJICD) KIMCTPOHHOTO THIMA C BUHTOBBIMH 3JIEKTPOHHbI-
MH ITy4YKamMu Ha 3 HeKTHBHOCTb GOPMUPOBAHHS MOIIHBIX BOJIH C ITUPOKMM YaCTOTHBIM CIIEKTPOM.

MeToauka peajau3anuu. /s TEOPETUIECKOTO aHANIN3a MHOKECTBEHHBIX PE30HAHCOB TapMOHMK BOJIH B Ka4eCTBE UC-
XOJIHBIX HCIIOIb3YyEeM KBa3UTHAPOJMHAMUYECKOE YPaBHEHNE, YPAaBHEHNE HENPEPHIBHOCTH U ypaBHeHHs Makcseuia. K ypasHe-
HUSM JIBIDKCHHS U HETIPEPHIBHOCTH MPUMEHSIEM HEepapXUUecKUi MOAX0/ K TeOpHn KojeOaHuil 1 BOIH, K ypaBHEHHIM Makc-
BeJUIa — METOJl MEJUICHHO MEHSIOIINXCS aMIUIUTYA. B pesynbrare moiyuaeM KyOMuecKylo HeJIMHEHHYIo cucteMy auddepen-
LUAJbHBIX YPaBHEHMH A7l KOMIUIEKCHBIX aMIUIUTYJ TapMOHHUK HANpSHKEHHOCTH SJEKTPUUYECOKTO MOJS BOIHBI MPOCTPaH-
CTBEHHOTO 3aps/1a, KOTOPYIO N3y4aeM CTaHAAPTHBIMU METOIaMH.

PesyabTaThl uceaeqoanuii. IlokazaHo, yTo B IByXIOTOKOBBIX cymneprerepoIuHHbix JICD, ucnoiab3yommx IByXIo-
TOKOBYIO HEYCTOWYHBOCTD B BHHTOBBIX 3JIEKTPOHHBIX ITyYKaX B Ka4eCTBE JOMOIHUTEIHFHOTO MEXAHM3Ma YCHJICHHS IIEKTPO-
MarHuTHBIX BOJIH, OJIarojapst MHOXKECTBEHHBIM PE30HAHCHBIM B3aMMOACHCTBHAM (hOPMUPYETCSI MOIIHAS MYJIBTHTapMOHUYE-
CKast BOJTHA IPOCTPAHCTBEHHOTO 3apsAa C MUPOKUM YaCTOTHBIM cHeKTpoM. LIInpuHa crieKTpa Takoi BONHBI SBISETCS OOIbIIeH
o cpaBHeHMIO ¢ mupHHOH crekTpa B JJCJICD, ncnonb3yronux NpsiMOIUHERHbIE IEKTPOHHbIE MydKU. TaKkke BBIICHEHO, YTO
Temrbl yeunenns B Takux JICJICD sSBistoTcst OOIBITMHU.

BriBoabl. [IpiuMeHeHNe BUHTOBBIX 2JIEKTPOHHBIX My4KoB B MynsTurapmonudeckux JICJICO, ucnonab3yrommx MHOXe-
CTBEHHBIE PE30HAHCHBIE B3aMMOICHCTBUSA, PUBOANT K YBEIMYEHNIO UX YCUIIUTENIBHBIX XapaKTEPUCTHK, IIUPUHBI YaCTOTHOTO
CIIEKTPa B PEXKUME TeHEpaLli MYyJIbTHIAPMOHMYECKOTO CUTHANA, a TAK)KE yMEHbILEHHIO rabapuToB 110 cpaBHenuto ¢ JJCJICD,
HCTIONB3YIOMUMH MPSIMOJIHHEHHBIC My YKH.

KiioueBble ciioBa: JBYXIOTOKOBBIC CYyINEpPreTepOAMHHbBIC J1a3epbl Ha CBOOOJHBIX AJIEKTPOHAX; JBYXIIOTOKOBas He-
YCTOMYUBOCTB; BHHTOBBIE DIIEKTPOHHBIE ITyUYKH; TPEXBOIHOBBIE PE30HAHCHI





