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In the cubic nonlinear approximation, we analyze the processes of generating the electric pump field by an elec-
tron beam and its effect on the amplification of space charge waves (SCW) in the amplification section of a para-
metric superheterodyne free-electron laser (FEL). We found that the generated pump electric field amplitude is
within 21...33% of the amplitude of the external pump electric field. We showed that the generated pump electric
field is in phase with the external one. It leads to an increase in the growth increments of SCW; therefore, the length
of the SCW amplification section is reduced by 22%. We found out that this field does not destroy the mode of
amplification of multi-harmonic SCW. Thus, the studied effect makes it possible to create FELs with smaller longi-
tudinal dimensions and powerful electromagnetic waves with a complex multi-harmonic spectrum.

PACS: 41.60.Cr, 52.59.Ye

INTRODUCTION

Free-electron lasers (FELs) are powerful terahertz
electromagnetic radiation sources. One of their main
advantages is the convenient tuning of the radiation
frequency in a wide range and creating powerful sig-
nals. However, it should be noted that these devices
have certain disadvantages, mainly their large size and
complex operation, which ultimately limits the scope of
their use. That is why researchers have recently focused
on improving the existing schemes of such devices and
creating new ones [1 - 4]. The subject of this article is
devoted to this common research direction.

In this paper, we analyzed physical processes in the
amplification section of a parametric superheterodyne
free-electron laser [5-6]to find optimal operating
modes. The operation essence of superheterodyne FELS
is to use an additional amplification mechanism along
with the traditional mechanism for increasing the growth
increments of the signal amplitudes. Two-stream, plasma-
beam, parametric and other instabilities can be used as an
additional wave amplification mechanism [7]. When two-
stream instability is used, such devices are called super-
heterodyne two-stream FELs. Our work considers para-
metric FEL, which uses parametric instability as an addi-
tional wave amplification mechanism. Superheterodyne
free electron lasers are attractive because they have very
high growth rates of signal waves compared to traditional
free electron lasers. They can also generate a powerful
multi-harmonic signal with a broad frequency spectrum
[6 - 9]. Such multi-harmonic signals can be used to inves-
tigate the properties of materials and other special appli-
cations [10].

In Fig. 1 we can see one of the possible schemes of
such FEL [5]. An electron beam 1 passes along the Z axis
through a non-resonant modulator 2, where the beam is
modulated, and multi-harmonic space charge waves
(SCWs) are formed. Then, the created multi-harmonic
SCWs are amplified, passing through the amplifying
section 3, where an undulator with a longitudinal periodi-
cally changing electric field is located. In section 4, the
electron beam is accelerated. Section 5, which contains a
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transverse multi-harmonic H-ubitron magnetic field,
transforms the amplified and accelerated slow SCW into
a multi-harmonic electromagnetic wave. Thus, such
FELs can form powerful electromagnetic signals.

One of the main elements of the FEL under study is
the section for amplifying multi-harmonic SCWs (posi-
tion 3, Fig. 1), in which an additional amplification
mechanism is released. In the amplification section, we
create conditions for a three-wave parametric resonance
between the longitudinal periodically reversible pump-
ing electric field and the electron beam fast and slow
space charge waves. Due to the parametric instability,
the slow SCW receives additional amplification that is
then transferred to the electromagnetic signal wave.

Earlier in [6], we analyzed multi-harmonic interac-
tions of longitudinal waves in the amplification section
of parametric superheterodyne FELs. It is shown that
multiple parametric resonances of various types are
realized in the system under study. Due to the system's
features under investigation, it was found that at the
initial stage of wave interaction, the growth rates of
space charge waves do not depend on the frequencies of
the amplified waves. This property allows for the crea-
tion powerful multi-harmonic waves with a broad fre-
guency spectrum.
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Fig. 1. Scheme of a parametric superheterodyne FEL
with a longitudinal electrostatic undulator: 1 — electron
beam; 2 — non-resonant modulator; 3 — amplification
section of multi-harmonic SCWs; 4 — electron beam
acceleration section; 5 — H-ubitron undulator

In the presented work, we describe the effect of a
generated electric pump field and its influence on the
processes of wave interaction in the amplification sec-
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tion of the FEL in the frame of the cubic nonlinear anal-
ysis. Analysis shows that the generated electric pump
field has a significant effect on the processes of wave
amplification. Due to this effect, the increments are
increased by 21...33%, and device length can be re-
duced by 22%.

MODEL

Let us consider the physical processes occurring in
the amplification section of a parametric superhetero-
dyne free electron laser (see Fig. 1, position 3). The
main structural element in this section is an electrostatic
undulator, which forms a longitudinal, periodically
reversible electric pump field. The electric strength
vectors of this field are collinear to the Z axis and col-
linear to the relativistic electron beam velocity. Schemes
of its implementation may be different [5], but the pump
electric field created by such an undulator has the form:

Ezo =[Exoexp(ipy) +cCle,, 1)
where E, is the complex electric strength amplitude of
the external undulator electric field, p,; =—k,-z isthe
first harmonic of its phase, k, =2rn/A is its wave
number, A is the undulation period, e, is Z axis unit

vector. Thus, we consider the external pump electric
field of the undulator to be monochromatic.

A pre-modulated relativistic electron beam is fed in
the amplification section, where the longitudinal slow
(index o) and fast (index ) space charge waves prop-

agate. In general, we consider these waves to be multi-
harmonic, and so their electric fields have the form:

N
E, = Z[Ea’m exp(ip, )+ c.cle, )
m’\Tl
Es = Z[Eﬁym exp(ipBYm )+ c.c.]eZ . A3)
m=1
In these formulas p,,=Mot-k, ,z and

Ppm = Mot —Kg ;2 are phases of the mth harmonics of

the slow and fast SCW, k,nm and ks, are their wave-
numbers, o is the first harmonic frequency, E,, and
Esm are complex electric strength amplitudes of the mth
harmonics of the SCWs.

Parameters of the system under study are adjusted so
that a three-wave parametric resonance occurs here
between slow and fast space charge waves and the peri-
odically reversible pumping electric field. Due to this,
parametric instability occurs in the volume of the elec-
tron beam. As a result, the slow and fast SCWs grow
exponentially and provide additional amplification in
the parametric superheterodyne FEL. The above condi-
tion of the three-wave parametric resonant interaction
has the form:

Po,m = Ppm = P2 OF ka,m _kﬁ,m =k,. 4)

This condition imposes some requirements on the
parameters of the electrostatic undulator. As is known,
the wave numbers of the slow and fast space charge
waves are defined as:

Kem =M-o/vy +o, /(yglzoo),

Kp,m =m-m/u0—mp/(yg/200), 5)
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where g, is the Langmuir frequency, v, is the constant
(non-oscillating) term of the electron beam velocity,
is its Lorentz factor. Substituting (5) into (4), we can
find that the conditions of parametric resonances (4) are
satisfied if the undulation period of the pump electric

field is equal to:

3/2

A:TEYO Uolmp. (6)

From (6), the undulation period does not depend on
the harmonic number m. This feature means that the
parametric resonance condition (4) is fulfilled for all
mth harmonics. At the same time, only the first harmon-
ic of the pump electric field is involved in all resonant
processes. In other words, many three-wave resonant
interactions between the mth harmonics of the fast and
slow SCWs and the first harmonic of the pump electric
field can be realized simultaneously. As is known, the
slow SCW is characterized by negative energy and the
fast one by positive energy [7]. Thus, fast and slow
multi-harmonic SCWs amplify due to plural parametric
wave resonances, which receive energy from the elec-
tron beam.

Also, another exciting feature of the studied system
should be noted. The relativistic electron beam moving
through the pump field E,, is modulated by it, and as a

result, the beam generates its own pump electric field
(generated pump electric field). In general, we consider
this field that consists of N harmonics and has the form:

N .
EJ = Zm:l[Egm exp(lpzym)+ c.c.] e, . (7
In this equation py, = -m-kez, EJ, is the complex

electric strength amplitude of the mth harmonic of the
generated pump field. As a result, the resulting electric
field of phase p, has the form:

E, =E,+EJ :Z:ﬂ[EZ,m explip, )+ c.c.] e, . (8)

As follows from (8), the resulting pump electric
field, consisting of external and generated ones, is mul-
ti-harmonic. As we will show later in this work, the
generated electric field significantly affects the process-
es of multi-harmonic SCW amplification.

Based on (5), we find that the dispersion dependenc-
es of the fast and slow SCWs are linear and shifted
relative to each other by a constant value. This feature
makes three-wave resonant interactions possible be-
tween the mth harmonics of the slow and fast SCWs
(resonance condition (4)) and between harmonics with
different numbers. As follows from (4) and (5), such
plural parametric resonant interactions are possible:

k

koc,n—m+l|
k
k[},n—m+||

Kpn —Kpm + Kot s
k

o,n-m+| |n—m+l>0

nemals0 N ka,m + ko"l !

= ka’n + kﬂ,m + ka,l ,
= koc,n - koc,m + k[},l ’ (9)

n-m+1>0

a,n+m+l

kB,n—m+I| =Kgn —Kgm +Kg1

n—m-+1>0
I([3,n+m+l = kB,n + koc,m + k[},k :

Here n, m, and | are integers.
Another resonant interaction type is realized in the
studied system. As noted above, the electron beam gen-
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erates a generated pump electric field Eg (7), the mth
harmonic of which has the phase p,, =-m-k,z. That

is, the harmonic phases depend linearly on the harmonic
number, and thus, multiple three-wave resonance inter-
actions occur between the harmonics of the generated
pump field:

P2mi = P2mz2 + P2ms: (10)
where m;, m, and m; are the numbers of harmonics

of the generated pumping field. Using the relationship
between phase and harmonic number p,, =-m-k,z,

condition (10) can be written as
m =m; +ms. (11)
Condition (11) can be fulfilled in many ways. For
example, 5 =3+2,5=4+1,5=6-1, etc.

BASIC EQUATIONS

Let us analyze the amplification of the slow and fast
multi-harmonic space charge waves in the amplification
section, considering three-wave parametric resonances
(4), (9), (11) and the generation of a generated pumping
electric field EJ in the cubic nonlinear approximation.

To do this, we use the hierarchical asymptotic approach
[7], namely, one of the varieties of this approach — the
method of averaged characteristics. In general, its main
principle is to change variables in such a way as to sepa-
rate the equations with fast oscillating variables (e.g.,
harmonic phases) and those with slowly varying varia-
bles (e.g., constant components of the beam's velocity
and concentration, wave amplitudes). This allows us to
obtain analytical expressions for fast-oscillating varia-
bles and, simultaneously, make differential equations
for slowly changing variables that do not depend on
fast-oscillating variables, are not stiff and can be easily
solved by standard numerical methods.

To solve the space charge wave amplification prob-
lem in the amplification section, we use a quasi-
hydrodynamic model of a relativistic electron beam, i.e.
the system of the quasi-hydrodynamic equation (for
beam motion), the continuity, and Maxwell's equations.
As a result of performing asymptotic integration proce-
dures [7], we obtain a system of differential equations
for the slow variables. They include the electric field
strengths amplitudes of the mth harmonics of the slow
and fast SCWs and the generated pump electric field, as
well as non-oscillating components of the velocity and
concentration of the relativistic electron beam:

d ZEOL m
CZ,a,m —2’
dz

1,0,,m o,m=a,m =

dE

—2" 4D, _E
dz

=Cs4mEpmE2 + Foum(Ee.Ep Ez),

d’E E
B,m B,m _
CZ,B,m —d22 + CLB'm —dz + Dva EB’m =

(12)

=CspmEamEa + Fam(Ew.Ep.E2),
d%Eg,, dEJ

, ,m g9 _
—d22 JrC1,2,m—dZ +DymE =

(13)

C2,2,m

N *
= (CO Ego + Zn:lcs,z,n Eon EB,n) Oy m +
+Fm(Eq. Ep Ey), (14)
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dog _
dz
In these

dn
F.(Eq.Ep Ey) d—ZO = F,(E,.Ep.E,) - (15)

equations the functions
Fa,m = (x,m(EoUEB'EZ)v Fﬁ,m = FB,m (Ea’EB’EZ)v
F2,m = F2,m(E(x'EB'E2) ) Fo(Ea'EB1E2) )
Fo(E, Eg,E,) depend on the amplitudes of multi-

harmonic SCWs and provide cubic nonlinear terms that
are related to the multiple parametric resonances that are
described above. Note that these functions are cumber-
some and are calculated by a recurrent procedure
through the corresponding terms of the first and second
approximations.
The coefficients of differential equations (12)-(15)
have the following form.
2
e ] (16)

D, . =-ik, _[1-
[ (Mo, —kym0o) 15
Crym =D,/ 0(=ik, ),
Com =0°D, o/ 8(—ik, 1) /2,

Ko - @58/ M,

C =

3,a,m 6
¢ Qa,mgﬁ,mkzquO
< ka,m " kB,m _ k2 _3UOVS
Qym Qﬁ,m kavg c?

Cspm =KsmCsam/Kom: Co= —ikzw% /(Qﬁ,lvé) ,

Q, n =mo, —k, 1g,

where index «y» indicates the wave type (o, B or 2), e
and m, are values of the electron charge and the electron
mass, ®, =0, Kk, =mk,, c is the speed of light in

vacuum; v, is the constant term of the Lorentz factor;

o, is the plasma frequency of the electron beam; oy is

p
a Kronecker's symbol.

Please note that the slow and fast SCWs are eigen-
waves of the electron beam and, therefore, D, and
Dy m are equal to zero. On the contrary, a periodically
reversible pumping electric field is provided exclusively

by an electrostatic undulator, i.e., it is not an eigenwave
of the electron beam, and therefore D, #0.

ANALYSIS

Let us analyze the generated pump electric field
generated by the electron beam. The dynamic of this
field is described by the equation (14). If we consider
only the terms of this equation that are linear in ampli-
tude, we can obtain an analytical expression for the first
harmonic of the generated pump electric field.

E29,1 = C'oEzo/ D2,1
or Ef, = Ep/(k2u3r31e?)-1). an

Certain conditions are imposed on the wave number
k,. To satisfy the conditions of three-wave parametric
resonance (4), k,, according to (6), must be equal to:

k, =2/ A=21(y3 vyl o). (18)
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Substituting (18) into (17), we find that the ampli-
tude of the first harmonic of the generated electric field
in the amplification section EF, = E,,/3 is a third of

the external pump electric field and amplifies it! It leads
to a significant increase in the growth increment of the
SCWs.

Qualitatively, this effect can be explained as follows.
An external longitudinal periodically reversible electric
field E,q is created by a system of electrodes, as shown
in Fig. 2,a. The potential energy of the beam electrons
has the form shown in Fig. 2,b. In this case, the elec-
trons have the maximum potential energy near the nega-
tive electrodes (see points z;, z3 in Fig. 2,b) and the
minimum potential energy near the positive electrodes
(see points z,, z, in Fig. 2,b). From the law of conserva-
tion of energy, the minimum kinetic energy of electrons
is at points where the potential energy is maximum,
namely, in the regions near the negative potential elec-
trodes. Accordingly, the maximum kinetic energy of
electrons is in the areas near the positive potential elec-
trodes. Considering the continuity of the electron beam,
we can state that in the regions of the negative potential,
where the velocity of electrons decreases, their concen-
tration increases. Accordingly, in the positive potential
area, the electron's speed increases, and electron con-
centration decreases. Such a change in the electron
concentration leads to the appearance of a generated

pump electric field EJ, which increases the resulting

pump electric field. As follows from the above reason-
ing, the generated pump electric field is increased:
o if the external pump electric field E, is increased

(it determines the potential energy level W, );

o if the average concentration of the electron beam
mf, ~ngy Iis increased (the more electrons accumulate

near the negative electrode);

o if the constant component of the electron beam ve-
locity is decreased (because the relative deceleration
determines the additional concentration of electrons).

The same follows from relation (18). In the case of

transit motion k3vay3 /(o% >>1 and from (18), we get

Ezg,1 - Ezo"’% /(USYS)-

Let us analyze the generated pump electric field dy-
namics in the framework of the cubic nonlinear approx-
imation using the system of differential equations (12)-
(16).

We consider the amplification section with the fol-
lowing parameters. The plasma frequency of the elec-
tron beam is equal to , = 3.0-10" s, and the Lorentz
factor is y = 3.5. According to (6), the undulation period
of the periodically reversible pump field equals
A =2.0cm. Also, we consider the amplification of the
slow space charge wave with ten harmonics, the fre-
quency of the first of which is f;=0.1 THz. As was
found out earlier [6], the system under study is charac-
terized by the same growth increments for different
SCW harmonics. Therefore, we choose the same initial
values of the amplitudes of all ten harmonics of the slow
SCW. We take the initial amplitude values of the fast
SCW harmonics to be equal to zero.
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Fig. 3 shows the dependence of the first harmonic
amplitude of the generated pump electric field strength
normalized to the amplitude of the external pump elec-
tric field strength on the coordinate z of the amplifica-
tion section. We see that in the interaction region, the
amplitude of the generated electric pump field varies
from 33% for the external pump field in the initial am-
plification region to 21% in the saturation region, which
reduces the saturation length by about 22%. The de-
crease in the first harmonic amplitude of the generated
pump electric field strength by 12% in the saturation
region is due to the nonlinear terms in (14). Thus, the
generated electric field of the pump is essential in the
whole area of interaction waves.

(b)
Fig. 2. Scheme of the amplification section for the SCWs:
1 — relativistic electron beam; 2 — electrostatic undula-
tor's electrodes; 3 — electric lines of force of the exter-
nal periodic reversible pump electric field (a);
dependence of the potential energy of beam's electrons
W, in the external pump electric field Eyg
on the longitudinal coordinate z (b)
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Fig. 3. Dependence of the first harmonic amplitude of

the generated pump electric field strength, normalized

to the external pump electric field strength amplitude,

on the longitudinal coordinate z. Line 1 is built based

on the linear approximation equation (14), and line 2
is made based on the nonlinear equation (14)

It should be noted that the higher harmonics of the
generated pump electric field participate in plural three-
wave parametric resonance interactions (10). Due to
these interactions, they are generated by the system
under study. We can draw some conclusions from ana-
lyzing the dynamics of the higher harmonics of the
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pump electric field. Firstly, their amplitude rapidly
decreases. For example, the amplitude of the second
harmonic is ~1% of the amplitude of the first, the ampli-
tude of the third harmonic is 107 % of the first, and so
on. Secondly, due to the parametric resonance condi-
tions, the higher harmonics of the generated pump elec-
tric field can interact only with pump electric field har-
monics. They do not interact with the harmonics of the
space charge wave. Thus, we can state that the higher
harmonics of the generated pump electric field have
little effect on the amplification of the SCW.

Equations (12)-(15) describe the amplification pro-
cesses of multi-harmonic SCWs and the generation of
pump electric field by electron beam, considering wave
harmonics with cubic amplitude. Nevertheless, we can
analyze the system's behavior in the small signal mode
[6]. Let us present its solutions in the form
Eom:Epm ~€xp(I'z) and find the growth increment T

of the mth harmonics of the fast and slow SCWs

E
r= 3|e—“|2 . (19)
4 me YoVo

As follows from (19), the growth increment of the
mth harmonics of the SCWs does not depend on the
harmonic number m. This means that at the initial am-
plification stage, there is an exponential growth of wave
amplitudes due to parametric instability, and the growth
increment of all harmonics of the SCWs is the same.
That is, the amplification of the multi-harmonic slow
and fast SCWs occurs, and their amplitude spectrum is
not changed. Moreover, to implement amplification of
the multi-harmonic SCWs, it is sufficient to use only a
monochromatic pump field. Suppose a multi-harmonic
SCW is fed to the input of the amplification section, the
harmonics of which have the same amplitude values at
the input. In that case, the dynamics of the amplitudes of
such harmonics at the initial stage will be the same. As a
result, on the graph of the dependence of the harmonic
amplitudes on the section length, different harmonic
lines will be superimposed for one.

Let us analyze the dynamics of waves in the acceler-
ation section, considering the changing generated elec-
tric pump field in the framework of the cubic nonlinear
approximation using the system of differential equations
(12)-(16). Fig. 4 presents the dependencies of the har-
monic amplitudes of the slow SCW's electric field
strength on the coordinate z. We consider two cases:
1) without the effect of generating a generated pumping
electric field (lines 1 in Fig. 4) and with it (see lines 2 in
Fig. 4).

As shown in Fig. 4, in the initial section with a
length of approximately 80% of the saturation coordi-
nate zg, the lines of dependence of harmonic ampli-

tudes on the coordinate are superimposed on each other.
This is true for both cases with (2) and without (1) the
effect of generating a generated pump electric field.
Thus, we confirm the assumption that at the initial am-
plification stage of any multi-harmonic SCW, its ampli-
tude spectrum is not changed within the framework of
cubic nonlinear analysis.

As follows from Fig. 4, the generated pump electric
field leads to an increase in the growth increment of the
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SCWs and, therefore, to a decrease in the saturation
length z,, (by about 22.5% in our case). Thus, generat-
ing the generated electric pump field can essentially
reduce the amplification section length.

5 ; .
2 144 f=0.1THz !
T 12 2
2% 104
g5 7
1
Z = 69
g8,
B, ™\
2 21 ~22.5%
ﬁ 04 : T x)I-B . 571
0 40 80 120 160

Longitudinal coordinate z (cm)

Fig. 4. Dependences of the harmonic amplitudes of the
slow SCW's electric field strength on the coordinate z.
Lines 1 shows this dependence without the effect of
generating a generated pumping electric field, and lines
2 — with it. Each group has ten harmonics with the first
frequency of 0.1 THz

Thus, we state that generating the generated electric
pump field can essentially reduce the length of the am-
plification section.

Let us analyze the SCW dynamics for the case of
higher wave frequencies compared to the case shown in
Fig. 4. Fig. 5 presents the dependencies of the harmonic
amplitudes of the slow SCW's electric field strength on
the coordinate z. The SCW has ten harmonics with the
first harmonic frequency of 0.32 THz. Let's compare the
wavelength ranges in Figs. 4 and 5. We can notice that
the first harmonic of this range corresponds to the fourth
harmonic of the SCW in Fig. 4. The second harmonic of
this range (131, =0.38 mm) is close to the last harmonic

of the SCW analyzed in Fig. 4. The effect of generating a
generated pumping electric field in Fig. 5 is considered.

1,04
0,94
0.8
0,7
0,64
0,5
50.4 4
g3
0,2 4
0.1
0,0 4
0 20 40 60 80 100 120
Longitudinal coordinate = {cm)

Fig. 5. Dependence of the harmonic amplitudes of the
slow SCW's electric field strength on the coordinate z.
The SCW has ten harmonics with the first harmonic
frequency of 0.32 THz. Line 1 corresponds to the first
harmonic, and line 2 corresponds to the second one

£0.32 11z

(tMVicm)

The slow SCW harmonic amplitudes

The dependence of the electric field strength har-
monic amplitudes of the slow SCW on the coordinate is
shown in Fig. 5. Comparing Figs. 5 and 4, we see that
the first and second harmonics from Fig. 5 have the
same growth increment as the 4th and 10th harmonics in
Fig. 4, respectively. The other harmonics (3rd, 4th,...,
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10th) have much smaller growth increments. At the
same time, the value of these increments decreases with
an increase in the harmonic number. The saturation
levels of the first two harmonics are approximately two
times higher than the saturation levels of the 3rd-10th
harmonics. Too the saturation length is increased. Also,
please note that the region where different harmonics of
the same SCW have the same growth increment is much
shorter than in the earlier example (see Fig. 4).

We can draw two important conclusions from the
latter case. Firstly, amplifying the multi-harmonic SCW
without distortion of its amplitude spectrum occurs only
for specific system parameters. Secondly, this system
can amplify the SCWs with a sufficiently high frequen-
cy in the submillimetre or even far-infrared range.

CONCLUSIONS

We analyze the processes of generating the generat-
ed electric pump field and its effect on the amplification
of space charge waves in the amplification section of a
parametric superheterodyne free-electron laser in the
cubic nonlinear approximation.

We found out that the electron beam creates a strong
generated electric pump field, the amplitude of which in
the whole interaction area of the amplification section
changes from 33 to 21% of the external electric pump
field amplitude. The generated pump electrical field is
in phase with the external one. This leads to an essential
increase in the growth increments of the SCWs' harmon-
ics, and as a result, the length of the amplification sys-
tem is reduced by 22%.

We found out that the pump's generated electric field
does not destroy the mode of amplification of multi-
harmonic space charge waves. This is explained by the
fact that to amplify multi-harmonic SCW waves with
different frequencies, it is sufficient to have a mono-
chromatic pump field, which increases due to the gener-
ated electric pump field. Thus, a generated electric
pump field makes it possible to create FELs with small-
er longitudinal dimensions and powerful electromagnet-
ic waves with a complex multi-harmonic spectrum.

It is shown that the system under study can amplify
the SCW of a sufficiently high frequency in the submil-
limetre and even far infrared ranges.

Thus, as a part of the cubic nonlinear analysis, we
showed that the effect of generating the generated elec-
tric pump field significantly improves the amplification
section characteristics. This allows us essentially to
reduce the saturation lengths and amplification section,
hence the dimensions of the entire device.
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BIIVIMB TEHEPOBAHOI'O EJIEKTPUYHOT'O ITOJISI HAKAYKH HA MYJIbTUTAPMOHIYHY
B3AEMO/IIIO XBWJIb Y CEKIIII IJICUJIEHHS CYIIEPTETEPOJUHHOI'O JIBE
O.B. Jlucenxo, O.1. Bopowuno, C.C. Invin

Y xyOiuHOMY HETiHIHHOMY HAaONMKEHHI MPOAHANI30BaHO MPOIECH TeHeparlil eIeKTPOHHUM ITyYKOM €JIeKTpU-
HOTO TTOJISI HAKAYKHU Ta WOTO BIUIMB HA MiJCHIIEHHS XBUJIb MPOCTOPOBOTO 3apsay (XI13) y cekmii miacuiieHHs mapa-
METPUYHOTO CYNEepreTepOANHHOrO Jla3epa Ha BiUTbHUX enekTpoHax (JIBE). BecranoBneno, mo amMIutiTyaa reHepoBa-
HOTO ENEKTPUYHOTO MOJIS HAKAYKH 3HAXOAWTHCS y Mexax 21...33% Big amMIuIiTyau 30BHIIIHBOTO EJIEKTPHUIHOTO
nons Hakadkd. [lokaszaHo, 110 reHepoBaHE eJEKTPUYHE I10Jie HAKAYKH 3HAXOAMThcA y (a3l i3 30BHIMIHIM T10JIEM
Hakadkd. lle mpu3BOIUTE 10 30UTBIICHHS iHKpeMeHTa 3pocTanHs XI13, a oTxe moBkuHA cekuii miacuiaeHHs XI13
3MeHnryeTses Ha 22%. BusBieHo, o Take 1oje He pyHHYye pexuM HijcuieHHs MynbTurapMoniunux XI13. Jocmi-
JUKyBaHUMH edeKT 1ae 3Mory crBopioBary JIBE 3 MeHIIMMU M03/10BKHIMU po3MipaMu Ta MOTY>KHUMH €1eKTpOMarHi-
THUMH XBHJISIMH 31 CKJIaJHUM MYJIbTHT'APMOHIYHUM CHEKTPOM.
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