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We analyze multiharmonic interactions of space charge waves (SCWs) in the superheterodyne free
electron laser (FEL) amplification section in the submillimeter wavelength range within the framework of
the cubic nonlinear approximation. Amplification of electromagnetic waves in the studied parametric su-
perheterodyne FEL is provided by a plural three-wave parametric resonance between fast and slow SCWs
and a longitudinal periodic reverse pump electric field. We show that the presence of a monochromatic
electric pump field is sufficient to amplify higher harmonics of multiharmonic SCWs. Also, we found that
the growth increments of higher harmonics of SCWs do not depend on the harmonic number and are de-
termined by the intensity of the pump electric field and the speed of the electron beam. This fact allows to
amplify different higher harmonics equally. Using computer simulations, we show that in the studied sys-
tem it is possible to amplify multiharmonic SCWs without distorting their amplitude spectrum. In the pa-
per we also researched the effect of generating an additional periodic reverse pump electric field in the lin-
ear approximation. The electron beam generates this field and significantly affects the processes in the su-
perheterodyne FEL. We show that such an additional electric field under the conditions of the studied sys-
tem increases the pump electric field significantly (by 33 %). This leads to an increase in the resulting
pump electric field in the system and, therefore, to a significant increase in the growth increments of all
harmonics. We demonstrate that the saturation length of SCWs decreases because of generating an addi-
tional electric field, which allows engineers to reduce the device dimensions. We show that the effect of the
generation of an additional electric field does not destroy the SCW's amplitude spectrum in the process of
its amplification along the saturation length. Thus, we propose to use the studied systems for multi-
harmonic parametric superheterodyne FELs to amplify multiharmonic signals without distorting their
amplitude spectra.
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1. INTRODUCTION

The creation of new high-power terahertz radiation
sources and their practical application is one of the
basic directions of modern electronics [1-5]. Free elec-
tron lasers (FELs) are the most powerful devices in this
frequency range [1, 2]. Therefore, the theoretical analy-
sis of new schemes of such devices is an urgent task.

Among various types of FELs, superheterodyne
FELSs should be distinguished [1]. The main feature of
superheterodyne FELs is the use of an additional wave
amplification mechanism. In some cases, this allows to
generate and amplify waves with a wide frequency
spectrum in superheterodyne FELs, which can be use-
ful in practice [1-5].

The purpose of this publication is to analyze multi-
harmonic interactions of longitudinal space charge
waves (SCWs) in the amplification section of a para-
metric superheterodyne FEL [1, 6, 7], the scheme of
which is shown in Fig. 1. A modulated electron beam is
fed to the input of the amplification section, where its
multiharmonic SCW is amplified and formed (position
1 of Fig. 1). To amplify SCWs we use a three-wave
parametric resonance between slow and fast SCWs,
and a longitudinal reverse electric field created by an
electrostatic undulator [1, 6] (position 2 of Fig. 1). The
designs of such an undulator can be different, including
one that the electric field can be created by the effect of
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electromagnetic induction. After that, the electron
beam enters the terminal section, where its kinetic
energy is converted into a multiharmonic electromag-
netic wave.

Further, we show that though the periodic reverse
electric field of an electrostatic undulator is monochro-
matic, it is possible to amplify the multiharmonic SCW in
the amplification section without its amplitude spectrum
distortion. Another feature of the processes in this section
is the generation of an additional periodic reverse electric
field, which has a resonant character. This additional field
can both weaken and strengthen the undulator's electric
field. It also increases the resulting pump electric field
significantly under the conditions of the parameters of the
studied system. The reason is that the studied system is
not in equilibrium, which leads to a general increase in
the pump electric field.

2. MODEL

Let us analyze the physical processes in the ampli-
fication section qualitatively. Amplification of multi-
harmonic SCWs is possible using an undulator with a
longitudinal electrostatic field [1, 6], the scheme of
which is shown in Fig. 1. A pre-modulated relativistic
electron beam (REB) 1 moves along the axis of the
electrostatic undulator and passes through the region
of a periodically reverse longitudinal electric field cre-
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ated by electrodes 2. Electrodes 2 are connected to high
voltage sources in such a way that electric fields 3 be-
tween any electrode and its neighbors on the right and left
are collinear to the beam axis and mutually opposite.
Multiharmonic slow (index a) and fast (index f) SCWs
propagating in this REB have the following forms:

E, = 12\/: [Ea,m exp(ipa,m)+ c.c.]ez, @
m=1
E,= % [E/,,m exp(ipﬂ’m)+ c.c.]ez , (2

m=1

where Eom and Epm are the complex amplitudes of the
electrostatic field strengths of m-th harmonics of the
slow (@) and fast (8) SCWs, m =1, 2, ..., N are the ordi-

nal numbers of SCW harmonics, p,,, =mat-k,,z and
Dpn =mat—kg,z are the phases of the m-th harmon-

ic of the slow and fast SCWs, kom and kgm are the m-th
harmonic wave numbers of the slow and fast SCWs, w
is the frequency of the fundamental (first) harmonic, e
is the unit vector Z.

-
= -+
1 2
Fig. 1 - Scheme of the amplification section for SCWs: 1 — REB;

2 — undulator's electrodes; 3 — periodic reverse electric field of
pumping

The undulator's (pump) electric field has the follow-
ing form:

Ey = [Ezo exp(ip2)+ C'C‘]ez ) 3

where E2o is the complex amplitude of the electric field
of the undulator in the vacuum, pz2 = k2z is its phase,
ke = 2/A 1s its wave number, A is the undulation peri-
od. The electron beam is modulated by the undulator
field, and hence this creates an additional periodic
reverse electric field of the phase p2:

Ed = [Ezd exp(ip2)+ c.c.] e,. 4)

The resulting electrostatic field of the phase p2 has
the mathematical form:

E, = E,, +E = [E, explip, )+ ccle, . (5)

In formula (5), Es is the complex amplitude of the re-
sulting pump electric field.

We consider the case when the Raman interaction
mode is released in the system, and the following con-
ditions of the three-wave parametric resonance are
satisfied for each triple of harmonics:

pa,m = pﬂ,m —Pg OF
Rym =kgm+hky. (6)
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The wave numbers of slow and fast SCWs have the
form [1, 2]:
Rym=m-ol v, +a, /(78/21)0),

Ry =m-olv,-o, /(}/03/21)0), (7)

where vo is the constant component of the electron
beam velocity, yo is its relativistic factor, @y is the
Langmuir or plasma frequency. Substituting (7) into
(6), we obtain the undulation period of the electrostatic
field that satisfies parametric resonances (6):

Azﬂ'}/g/ZUO/wp. (8)

Analyzing condition (8), it is easy to see that the
undulation period does not depend on the harmonic.
That is, if the parametric resonance condition (6) is
satisfied for the first harmonic, then it is also true for
all the others. Note that in this publication we consider
cases where only the fundamental harmonic of the
electrostatic undulator field E2 participates in all reso-
nant processes.

Thus, in the SCW amplification section, many
three-wave parametric resonances simultaneously
arise between the N harmonics of the fast and slow
SCWs and the first harmonic of the electrostatic undu-
lator field. We call such interactions plural parametric
resonances [1, 7, 8].

The dispersion dependences of the fast and slow
SCWs are linear and shifted relative to each other by a
constant value (see relations (7)). Therefore, plural
parametric resonant interactions of the second type can
be also realized between their harmonics:

L o0 Bpn=hgm+Ryy,
ka,n—m+l|n7m+l>0 =Ryp =R +Ryy,

Ry imit = Rop + kﬂ,m +k,,
Rymma|, oo = Fan =Ram + -1 )
kg nmi emals0 Rpn=hym+kss,

kﬁ,n+m+l = kﬂ,n Ryt k,@’,k .

Here n, m, and [ are integers.

As is known, a slow SCW is characterized by nega-
tive energy, while a fast SCW is characterized by posi-
tive energy [1, 8]. Therefore, plural parametric wave
resonances amplify both fast and slow multiharmonic
SCWs simultaneously due to the REB deceleration.

3. BASIC EQUATIONS

To study an FEL with a longitudinal electrostatic
undulator, we use the relativistic quasi-hydrodynamic
equation [1], the continuity equation, and Maxwell's
equations as initial ones. We apply the hierarchical
asymptotic approach to the theory of oscillations and
waves [1], and the method of slowly varying ampli-
tudes. As a result, we obtain a system of differential
equations for SCWs' electric field strength amplitudes
that participate in parametric resonances in a cubic-
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nonlinear approximation:

d’E dE
CZam% l,a,m a’m+DamEam:
T dz T dz e
= CS,a,mEﬂ,mE; + Fa,m ’
d’E dE

m

s B.m _
Copm a2 +Cism 2z +Dg . E5,, =

=C; 4 E,

3,8,m " a,m

E,+Fy, . (10)
The coefficients of this equation are determined on-

ly by the parameters of the system:

2

10)
D, =ik, 1- C .y
“ & [ (ma)l—klymuo)zng

Cym = 0D, 1 8(=ik,,,,)

Lx.m

2 . 2
=D,/ o(-ik,,)* 12,

C.

2,x.m
9

C _ kywpelm, y

BT, krE

a,m>2p,mf%eVo) o

% Rom n kﬁ,m _ ky _3007§
2 b
Q Qp,  kay c

a,m

3,a,m /ka,m ’

Cspm =Ry C. Q,,=mo,-k,,u,,
where index y indicates the type of SCW (« or f); e and
me are the values of the electron charge and mass;

F,,=F,,(E,E;E)) are functions containing cubic

nonlinear terms, including those associated with plural
parametric resonant interactions.

The system of differential equations (10) shows plu-
ral parametric resonant interactions of SCWs of two
types: three-wave parametric resonance (6) and plural
parametric resonances (9). This allows us to study a
wide range of nonlinear processes in REB plasma,
passing through a periodically reverse longitudinal
electric field in the cubic approximation.

We can easily obtain an expression for the addition-
al pump electric field in the linear approximation using
the hierarchical asymptotic approach to the theory of
oscillations and waves [1], and the method of slowly
varying amplitudes:

E! =B, /(R20278 1 02)-1). (12)

Analyzing this expression, we can see that this addi-
tional electric field can not only enhance the undulator
field but also weaken it (5) in general. Furthermore,

when ( SUsYS /a)f,)—l =0 the electric field strength val-

ue tends to infinity, that formally indicates its resonant
nature, which we can explain as follows. Let us move to
a reference frame in which REB is motionless. In this
case, the reverse electric field Ezo that is periodic in the
coordinate with respect to the device becomes a field
E'20, which is periodic in time with respect to the elec-
tron beam. The resonance will arise if the oscillation
frequency of the field E's0 approaches to the frequency of
natural oscillations of the beam electrons, determined
by the plasma frequency of the beam. However, in this
publication we choose specific values of A (or kg) satisfy-
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ing conditions of three-wave parametric resonance (6)
and (8), which lead to the following equalities:

(kgugyg/wﬁ):4 — E¢=E,,/3. (13)

4. ANALYSIS

Let us consider the dynamics of SCWs in the weak-
signal approximation. Equations describing the dynam-
ics of waves in this approximation can be easily ob-
tained from the system (10) by removing cubic terms
from it. As a result, we get:

dE «
Zlam _0 BB,
l,a,m dZ 3,a,m~pg.m~2
dE
pm _
Cl,ﬂ,m dZ - CS,ﬂ,mEa,mEZ . (14)

Here we consider Dy,m = 0. From the resulting sys-
tem (13), it is easy to determine the growth increments
of wave harmonics at the initial stage of the waves
interaction:

CB,a,mCS

Bom

3|eE2|
5 -

I'=E,|
’ 4m, y, g

(15)
l,a,mcl,/},m

Analyzing the obtained expression (15), we see that
the growth increments of different harmonics of SCWs
depend only on the amplitude of the first harmonic of
the resulting pump electric field strength and the con-
stant component of the REB velocity. They do not de-
pend on the frequency or wave number of a specific
harmonic, i.e., the growth increment of different har-
monics is the same. Thus, in an electrostatic undulator
with a monochromatic field (5), it is possible to imple-
ment plural three-wave parametric resonant interac-
tions (6) between harmonics of SCWs without dis-
torting their amplitude spectrum.

Using the system of cubic-nonlinear equations (10),
we can determine the levels and saturation lengths zsa
of SCWs, the domain and the nature of the dynamics of
various harmonics of SCWs. We also analyzed the ef-
fect of the generation of an additional pump electric
field on the process of enhancing multiharmonic SCWs.

Fig. 2 shows the dependence of electric field
strength harmonic amplitudes of the slow SCW Eqn on
the longitudinal coordinate z for two cases: without the
influence of an additional generated pump electric field
(position 1) and with such influence (position 2). To
demonstrate that the studied system can amplify a
multiharmonic wave without distorting its amplitude
spectrum, we consider the following case. We have done
the calculation for the case when the slow SCW has 10
harmonics with the same magnitudes in the submilli-
meter wavelength range at the input of the amplifica-
tion section (A31,1 =3 mm, ..., A31,10=0.3 mm), and
without an initial fast SCW. The plasma frequency of
the beam is wp =3.6-10!! s-1, the relativistic factor is
y=3.0. In this case, as follows from (8), the undulation
period of the electrostatic field is equal to A = 1.3 cm.

Fig. 2 shows the similar behavior of harmonics for
both cases of their amplification with the effect of gen-
erating an additional electric pump field (position 2)
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and without it (position 1). Indeed, we see that at the
initial stage of interactions all harmonics are amplified
equally. Amplitudes of all harmonics have close values
up to the length coordinate 0.8 zse:. When amplitudes of
all harmonics are saturated, the electric field strengths
of the slow SCW appear to be comparable and have
values in the range 5-9 MV/m.

Also, you can notice that, because of the generation
of an additional electric field, the growth increments go
up faster, and, consequently, the saturation lengths of
these harmonics decrease (zsat2 < Zsat1).

Fig. 3 shows the dependences of the electric field
strength harmonic initial phases of the slow SCW ®4n
on the coordinate z. As in the case of amplitudes
(Fig. 2), the behavior of harmonics both in the case of
amplification with the effect of generating an addition-
al electric pump field (position 2) and without this ef-
fect (position 1) is similar. Also, the difference in the
initial phases between the harmonics changes insignif-
icantly to saturation processes for both cases as well as
amplification of harmonic amplitudes (Fig. 2).

Thus, the amplification section, the length of which
is determined by the coordinate range 0 <z < 0.8 zsat,
allows amplifying a multiharmonic SCW with no dis-
tortion.
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Fig. 2 — Dependences of the amplitudes E,n of electric field

strength harmonics of the slow SCW on the longitudinal coor-

dinate z in two cases: 1 — without the effect of generation of an

additional pump electric field; 2 — with it
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Fig. 3 — Dependences of the initial phases @, of electric field
strength harmonics of the slow SCW on the longitudinal coor-
dinate z in two cases: 1 — without the effect of generation of an

additional pump electric field; 2 — with this effect
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Fig. 4 — Normalized amplitude spectra of each harmonic at
the input of the amplification system with the effect of genera-
tion of an additional pump electric field (z=0) (a); at the
length 80 % of the saturation length (z = 0.8z.t¢) (b); at the end
of the saturation length (z = zet) (c)

Let us consider the amplitude spectrum amplifica-
tion in more detail. Fig. 4 shows the normalized ampli-
tude spectra of each harmonic at the input of the am-
plification system with the effect of generation of an
additional pump electric field (a); at the length 80 % of
the saturation length zsat (b); and at the end of the
saturation length zsat (c). These plots are consistent
with our assumption that the input signal is amplified
almost without distortion of its amplitude spectrum up
to 80 % of the laser saturation length. To be precise,
you can see that the harmonics are amplified a little
differently. If the amplitudes of all harmonics are the
same at the input, then the amplitude of the 10-th
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harmonics at 80 % of the saturation length is 7.6 %
less, and at 100 % of this length is more than 60 % less
than the amplitude of the first harmonic.

We noticed that plural parametric resonant interac-
tions excite a fast SCW f. Dependences of the ampli-
tudes and initial phases of the harmonics of the SCW-4
on the longitudinal coordinate z are close enough to the
dependences of the slow SCW-a, which are shown in
Fig. 2 and Fig. 3.

Fig. 5 shows the dependence of the harmonic ampli-
tudes of the electric field strength of the fast SCW Egn
on the longitudinal coordinate z for two cases: amplifi-
cation without the effect of generating an additional
pump field (position 1) and with this effect (position 2).
Note that the saturation level of the fast SCW is the
same as for the slow SCW and is in the range of 5-
9 MV/m. It should also be noted that the saturation
level in the case of amplification with the generation of
an additional electric field is higher than without it.

Eﬁ o MV/m
8

|
|
|
|
|
0 ,sat2 !zsatl
d d d — T T L B |
0 30 60 90 120 150 180 210 240
z, cm

Fig. 5 — Dependences of the amplitudes Ezn of electric field
strength harmonics of the fast SCW on the longitudinal coor-
dinate z in two cases: 1 — without the effect of generation of an
additional pump electric field; 2 — with this effect
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Fig. 6 — Dependences of the amplitudes E,n of electric field
strength harmonics of the slow SCW on the longitudinal coor-
dinate z in two cases: 1 — slow SCW has only one harmonic at
the input of the amplification section; 2 — slow SCW has 10
equal harmonic amplitudes at the input of the amplification
section

In Fig. 2-Fig. 4, we consider the case when a multi-
harmonic slow SCW with 10 equal harmonic ampli-
tudes is applied to the input of the amplification sec-
tion. Computer simulation based on equations (10)
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demonstrated an interesting feature of the studied
system: all harmonics have the same growth incre-
ments. Therefore, in this system, it is possible to im-
plement the amplification of multiharmonic SCWs
without distorting their amplitude spectrum.

Now let us consider another case when a slow single
harmonic SCW is applied to the input of the amplifica-
tion section. Fig. 6 shows the dependence of the first
harmonic amplitude of the electric field of the slow
SCW E,:1 on the longitudinal coordinate z, with the
effect of the generation of an additional pump field
(position 1). For comparison, we also plotted the longi-
tudinal distribution of the electric field strength har-
monic amplitudes of the slow multiharmonic SCW with
10 equal harmonic amplitudes at the input (the identi-
cal dependence is plotted in Fig. 2, position 2) (Fig. 5,
position 2).

We noticed that the growth increments for multi-
harmonic (position 2) and single-harmonic (position 1)
input signals are the same. However, saturation levels
and saturation lengths are significantly different. We
see that the saturation level of the slow SCW in the
case when only one harmonic is fed to the amplification
section exceeds by up to 7 times compared to the case
when 10 identical harmonics are fed to the input. In
this case, the saturation length increases from
Zsatz = 167 cm to zsat1 = 220 cm. We also see that when
saturation occurs and only one harmonic is fed to the
input of the amplification section (position 1); then due
to the resonance effect (9) higher harmonics are gener-
ated, though they were absent at the beginning of the
system.

Such a significant increase in the saturation level of
the first harmonic (up to 7 times) can be explained
easily. In this case, the saturation process is associated
with a nonlinear frequency shift [1, 8]. Its reason is the
destruction of the conditions of parametric resonance
due to the deceleration of REB according to (8). And
deceleration, in turn, is a consequence of the energy
transfer from REB to the harmonics of SCWs. There-
fore, when 10 harmonics are fed to the input and im-
mediately amplified, the deceleration of REB occurs
more intensively than in the case when one harmonic is
fed to the input of the system. And when SCW's har-
monics are saturated, the energy of their electric field
turns out to be comparable with the energy of the first
harmonic's field.

5. CONCLUSIONS

So, in this publication within the framework of the
cubic nonlinear approximation, we carried out the
analysis of the amplification of multiharmonic SCWs in
the amplification section of a superheterodyne FEL
with a longitudinal electrostatic undulator. In this
section, a three-wave parametric resonance between
fast and slow SCWs and a longitudinal periodic reverse
pump electric field was used for the multiharmonic
SCW amplification.

In the publication we showed that the presence of a
monochromatic pump electric field is sufficient to gen-
erate and amplify the higher harmonics of multihar-
monic SCWs. Theoretically we found that the growth
increments of the higher harmonics of the SCW do not
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depend on the harmonic number. It is determined only
by the intensity of the pumping electric field and the
REB speed. This fact allows to amplify different higher
harmonics equally. Using computer simulation, we
found the lengths of amplification of multiharmonic
SCWs' amplitude spectrum with no distortion.

Also, in our work we clarified and investigated the
effect of generating an additional periodic reverse
pump electric field in a linear approximation. This field
is generated by the REB. We showed that such an addi-
tional electric field under the conditions of the studied
system significantly increases the pumping electric
field (by 33 %). It affects the processes in the superhet-
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MHO:KMHHI TPUXBUJILOBI PE30HAHCHI B3aeMOil B IIPOJIITHIN CeKI[il JBOIOTOKOBOrO
cyneprerepoauuHoro JIBE 3 mo3moB:kHIM eJIeKTPUYIHUM IMOJIEM

O.B. JIncenko, C.C. Inpin

Cymcvruli deporcasrull ynisepcumem, 8ya. Pumcorozo-Kopcakrosa, 2, 40007 Cymu, Ypaina

V paMrax KyOIYHOTO HEJIHIMHOIO HAOJIMIKEHHS IIPOBEIEHO aHAJI3 IIICHJIEHHS MYJIbTUTapMOHIYHOI
xBuJtl mipoctopoBoro 3apsany (XII3) B ceriii migcuaeHHs! TapaMeTPUYHOIO CYIIePreTepOIUHHOTO Jia3epa Ha
BimpHEUX esexTpoHax (JIBE). ITigmcumenus mynprurapmonivnoi XI13 y mocmimkyBanoMy mpucrpoi 3abearre-
4yeThbCsI TPUXBUJILOBUM IIAPAMETPUYHUM PEe30HAHCOM MisK IIBUAKOI TA HOBLIBHOI X113 Ta mo3moskHIM I1e-
PIOJUYHUM PEBEPCUBHUM eJIEKTPUYHUM I10JIeM HAaKauyku. [lokasaHo, 1110 JJIs MiJCUJIeHHS] BUIUX TapPMOHIK
mysabTurapmoigaux X113 mocraTHBO HASIBHOCTI MOHOXPOMATHUYHOIO €JIEKTPUYHOTO II0JIS HAKAYKU. TaKosk
3'sICOBAHO 10 1HKPEMEHTH 3POCTAHHS BUIMUX rapMoHik XI[I3 He 3aseskarh BiJ HOMepa FapMOHIKH 1 BU3HA-
Yal0THCS HAMPY!KEHICTI0 eJIeKTPUYHOTO II0JIsT HAKAYKK Ta IIBHIKICTIO eJeKTpOHHOro mydra. L{s obcraBuna
BIOKpUBA€E MOKJIMBICTD IIIJICHJIIOBATH yCi BHII TapMOHIKK OJHAKOBO. BUKOpPHCTOBYyOUM KOMIT'IOTEpHE MOJe-
JIIOBAHHSI BU3HAYEHO JIOBKUHU, Ha SKUX MOKJIMBO IijacHiIoBatu Mmysiabrurapmonivuai XI[I3 3 ammmitygaum
CITeKTPOM Ge3 CITOTBOPEeHBb. Y POOOTI TAKOK 3'sICOBAHO Ta JOCIIIKEHO B JIHINHOMY HAOJIMKEHHI e(DeKT TreHe-
pariii JoJaTKOBOrO IIEPIOJMYHOI0 PEBEPCUBHOIO EJIEKTPUYHOTO IOJIsT HaKkadYky. Lle mmosie reHepyeThest eIeKT-
POHHUM IIyYKOM Ta CYTTEBO BILJIMBae Ha Ipoliecu y cymeprerepoguanomy JIBE. Ilokasano, 1o Take momar-
KOBe eJIEKTPHUYHE II0JIe B YMOBAX JIOCIIIKYBAHOI CHCTEeMH CYTTEBO MIJICHIIIOE eJIEKTPUYHE TI0JIe HaKayKu (Ha
33 %) Ile mpusBoaAUTH 70 30LIIBIIEHHS PE3YJIBTYIOUYOT0 eJIeKTPUYHOTO [I0JISI B CUCTEMI, 4 3HAYUTSD 1 7|0 CyTTe-
BOro 301IbIIEHHA IHKPEMEHTIB 3pOCTAHHA yCixX rapMoHiK. IIpomeMoHCcTpoBaHO, 110 3aBOIKN e(PEeKTy TeHepa-
il J0JJaTKOBOTO €JIEKTPUYHOIO TOJIA JOBKMHUA HACUYEHHS XBUJIb IIPOCTOPOBOrO 3aPSy 3MEHIIYIOTHCS, 10
JI03BOJISIE 3MEHIIUTH radapuTu mpucTpo. [lokasano, 1o edekT reHeparrii JoAATKOBOIO eJIEKTPUYHOTO TI0JIST
He pyliHye aMILNTyIHui cuekTp XII3 y mpoireci #oro miacHIeHHS B3I0BMK MTOBKHHN HACHUYEHHS. 3aIIPOIIo-
HOBAHO BUKOPHCTOBYBATH JOCIIPKYBAHI CUCTEMHU B MYJIbTUTAPMOHIUHUX MAPAMETPUYHUX CYIIePreTepOIUH-
aux JIBE s mincuneHHs MyJIBTHTapMOHIYHUX CUTHAJIIB 0€3 CIIOTBOPEHHS 1X aMILTITYTHUX CIIEKTPIB.

Knrouoeri ciosa: CymeprerepoquHHuil j1a3ep Ha BLIBHUX €JIEKTPOHAX, XBUJII IIPOCTOPOBOTO 3apsiAy, Tpu-
XBUJILOBHI IIapaMeTpwdHuil pe3oHaHc, Mysiprurapmoniusi B3aemoxii, MuosxuuHI pe3oHnamncu, ['enepariis

A0OTATKOBOI'O €JICKTPHUYHOI'O I10JId HAKAYKH.
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