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Theoretical and numerical investigations of a nonlinear regime
of generation in a coaxial backward wave oscillator (gyro-BWO)
operating at the resonance of an electron beam with the eigenmode
of a coaxial waveguide on the normal Doppler effect are carried
out. The spatio-temporal dependences of the HF wave amplitude
in a coaxial waveguide for various values of injected electron
beam currents are analyzed. Types of excitation regimes of

a coaxial gyro-BWO and the behavior of the interaction
efficiency when changing the electron beam current are
investigated.

1. Introduction

A gyro-BWO is a high-power HF-generator acting
in the range of cm- and mm-wavelengths, in which
the interaction of an electron beam with a backward
wave excited on the normal Doppler effect is used.
Some of the advantages of a gyro-BWO (as those
of other gyro-devices) are a) the relative simplicity
of the construction (a section of the waveguide), b)
a high value of the constant longitudinal magnetic
field is simultaneously a focusing one for high-current
electron beams, and ¢) a rather weak dependence on
the initial longitudinal spread of the beam energy.
The shortcoming is a relatively small efficiency which
is a consequence of the longitudinal distribution
of the excited electric HF field. In this case, the
modulation of an injected beam occurs at a maximum
of the HF-field, and the following generation takes
place in the HF-field decreasing at the oscillator
output up to zero. This longitudinal structure of the
excited field is such that a regrouping of electrons
happens.

The first investigations of nonlinear regimes of
the generation of HF-oscillations in a gyro-BWO
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were done in [1,2]. In [1], in particular, the steady-
state conditions in a gyro-BWO depending on the
initial transversal energy of a electron beam were
considered. The longitudinal distributions of the HF-
field amplitude along the generator presented in
[1] have allowed one to classify the effects of the
interaction occurring in a gyro-BWO. Investigations
of the dependence of the electron efficiency on both
the nonisochronism parameter and the system length
have shown that the total efficiency does not exceed
10 % even for optimal fitted parameters. In [2],
the self-consistent 3D theory of a gyro-BWO in a
steady-state regime and the effect of the longitudinal
dispersion of velocities in the beam on efficiency
are presented. A dispersion up to 5 % changes the
efficiency only slightly. Upon the further increase
in the dispersion up to 10 %, the efficiency is
decreased by two times. It is also shown in [2] that
the efficiency can be increased by the creation of
a weak inhomogeneity of the constant longitudinal
magnetic field (the numerical calculations have shown
that the efficiency is incremented by 8-23 % in
comparison with the case of a homogeneous magnetic
field).

The theoretical and experimental researches of
coaxial gyro-BWOs are on the initial stage. In
[3], a coaxial gyro-BWO in the linear regime was
theoretically investigated, and the starting currents
of the electron beam were found as functions of the
parameters of a coaxial waveguide, constant magnetic
field, beam injection energy, etc. In this paper, we
consider a nonlinear regime of generation and investigate
the operating modes of gyro-BWOs numerically for
various values of the injection current of the electron
beam.
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2. Statement of the Problem. The Basic
Equations

Let’s consider the coaxial waveguide formed by two
coaxial cylinders with length L and radii a and b (@ > b).
At the input z = 0, the monoenergetic beam with an
initial distribution function

fo=m8(p7 —p10)d(p) — ppo)/ (1)

is injected. Here, ny is the electron beam density, p o and
P|o are the initial transverse and longitudinal momenta,
respectively. The injected beam has inner radius 7, and
thickness Ab. The system is immersed into a longitudinal
magnetic field H(z) = Hph(z), where a function h(z)
describes a slow change of the external magnetic field
along the system length. The interaction of the electron
beam with an eigenmode of the smooth waveguide takes
place only under the resonance condition on the normal
Doppler effect w — &V =~ nQpy/vy, where w is the
frequency of an excited wave, k| is the longitudinal wave
number of an excited wave, Qg = |e|Hp/me, e is the
charge of an electron, m is the mass of an electron, c is
the velocity of light n=0,+1,42,..., V|, = p|/my and
v are the longitudinal velocity and the relativistic factor
of the electron beam, respectively.

In this paper, we consider the interaction of an
electron beam, for which the condition of the Doppler
resonance n = 1 is satisfied, with a backward wave of
the coaxial waveguide kj<0.

For the description of the given interaction of an
electron beam with a backward wave T Ey; of the coaxial
waveguide, we make use of the equations for nonzero
components of the electromagnetic field £, H,, H, and
the equations of motion of beam particles in Lagrange
variables.

While deriving the nonlinear equations for the
amplitude E,, of an eigenwave of the coaxial waveguide
excited by an electron beam and the equations of
motion of particles of the beam, we use the following
assumptions: a slow changing of the amplitude Ew of
the HF-field over distances about a wavelength,

1 0E,
Ew(z,t) 9z

< |]€H|, (2)

and a slow temporal changing of the HF-field amplitude,

1 0E,
E,(z,t) Ot

< w. (3)

Supposing that the electron beam does not change the
radial structure of the HF-field, we obtain the following
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system of nonlinear equations:
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Here, we have introduced the following dimensionless
quantities: pp, = rpk, p =7k, A = k] Ab is the
normalized thickness of the beam,

w Q e|E
T=—kjct, &= —z, wH:—H, C@:7| | 2.
c w mecw
yan 7z kyje
a] = ) CL” = I ) k\ = La
mopcC mopcC w
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Fig. 1. Starting current sy versus the ratio of the initial transversal
momentum of a beam to the initial longitudinal one, u, for the
coaxial waveguide length L = 60 cm; the inner waveguide radius
b = 3 cm; outer waveguide radius a = 5 cm; generation frequency
f =~ 7.7 GHz; inner beam radius is 3.9 cm; outer beam radius is

4.1 cm; beam energy is E = 511 keV (v = 2)

. kic
l@_z%, v=4/1+d] +af,

Sy = w(2r, + Ab)Ab is a cross-section area of the

beam, Jy(x) is the first-order Bessel function, Ji(z) =
dJy (x) 27 1

de % T TS [® 2k Ry @t Ta

Iy =" = 17.06 kA, and || ®; ||2= [ ®2(k_r)rdr. The
b

I, is the beam current,

€

function ®q(k,r) describes the radial structure of the
wave field,4
J1 (kJ_ a)

@1(/@_7’) = Jl(]ﬂ_’l“) - 7N1(kl7‘),

Ni(kra) (10)

and Njp(z) is the first-order Neumann function. The
function ¥ = wty, — kjjz — 6 + ¢ describes the phase of
a particle relative to the wave, t;, is the arrival time of
a particle at the point with the coordinate z (Lagrange
time), 0 is an angle in the momentum space tg 6 = p,/p,,
and p, = (pf +p§)1/2'

The transversal wavenumber &, is determined by

solving the dispersion equation
Dy (k1 b) =0. (11)

By deducing the system of equations (4), we have
used the Liouville theorem on the conservation of a phase
volume along the trajectories of movement of particles:

fd3pdir = f0d3p(0)d37“(0).
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Here, fo is the initial distribution function, d®p(0)d3r(0)
is the phase volume of particles of the beam in the
injection plane z = 0. We have substituted the variables
r and ¢ (r is the radius of a trajectory of particles of the
beam, tg ¢ = y/x, y is the projection of the radius-vector
of a particle onto the OY axis, and x is the projection of
the radius-vector of a particle onto the OX axis) by the
variables 7 and @ (7 is the radius of the driving center
of a Larmor orbit of electrons, and ¢ is the azimuthal
angle of a Larmor orbit) according to the formulas

2 —
2 _9 Pl 2p,T _
f— 9 J—
" e m2Q3, + mQy sin(6 = @),
_ pL _
= —_ 9 - .
L e cos(0 — @)

Let’s add Eqgs. (4)—(9) by the boundary conditions
for the amplitude of an excited wave and for particles of
the beam:

lIj|§=0 € [_ﬂ-vﬂ']a ’Y|§=0 = 70,

(al/aH)k:O = MK, C¢|§:E =0, Csa|£:0 = Cyo. (12)
Here, L = wL/c is the dimensionless length of the
system.

By linearizing the system of equations (4)—(9) and
taking into account the boundary conditions (12), we get
a transcendental equation and use numerical methods
to determine the dependence of a starting current I
on parameters of the system (the installation length L,
the beam energy 7, etc.). In more details, the results
of investigations of these dependences are presented in
[3]. It is necessary to recall that the starting current
decreases rapidly with increase in the ratio of the
initial transversal momentum to the longitudinal one,
. Moreover, the present nonlinear analysis has shown
that the interaction efficiency also depends strongly on
the parameter u. A high (by the criteria concerning the
operation of gyro-BWOs) efficiency can be achieved for
relatively large values p. But, the starting currents in
this case are not given in the cited work [3].

In Fig. 1, we show the dependence Iy (1) derived for a
homogeneous magnetic field h(z) = 1 with the following
parameters: the oscillation frequency fo = 7.7 GHz, inner
radius of the coaxial waveguide of a gyro-BWO b = 3 cm,
outer radius a = 5 cm, inner beam radius 7, = 3.9 cm,
outer beam radius r, = 4.1 cm, energy of the injected
electron beam E = 511 keV (79 = 2), and system length
L = 60 cm. As follows from this plot, the starting current
strongly increases with decrease in the ratio of the initial
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transversal momentum to the longitudinal one. At
@ = 1, the starting current Iy = 3.7 A. We note that,
for the given beam energy and the geometric sizes of a
generator, the limiting vacuum current I;,, = 6.6 kA [4].

The investigation of nonlinear regimes was carried
out for numerical values of the parameters mentioned
above and also for g = 1. The value of the initial
amplitude was chosen to be equal to C,g = 5- 10=%. The
control over the accuracy of calculations was performed
with the help of the conservation law

L
o | [agcaeni] e =onp+
0
pb—i:A 27
+2 [ dp(o) [ av©pO) 1€ = L)~ 0] =0. (13
Pb 0

The precision of the fulfillment of the conservation law
in our calculations at the fixed values of temporal and
spatial steps depended on the current of an electron
beam. At low and middle values of the beam current (up
to 1 kA), the accuracy was not worse than fractions of
one percent. At the currents close to the limiting vacuum
current, the accuracy becomes worse but was, in any
case, at most several percents.

Starting from a conservation law, it is possible to
determine the interaction efficiency as

po+A 27
J dﬁ(O)g’ d¥(0)p(0)[v(§ = L,7) — o]

n(r) = (14)

wl(py + A)% = pp] (1 = 0)

The results of the nonlinear analysis which has been
carried out for various beam currents consist in the
following. If the beam current I is less than 4 A, the
system is not excited. Such beam current well coincides
with the starting current Iy = 3.7 A derived in the
linear approximation (see Fig. 1). The self-excitation
of oscillations occurs at I > Ii. A small excess of
the injected beam current above the starting current
leads to the steady-state generation regime. In Fig. 2,a
the temporal variation of the backward wave amplitude
at the system input is given for I = 4 A. It follows
from this plot that, at the initial stage, the amplitude
grows exponentially, and the steady-state operation
regime takes place after some oscillations beginning from
7=1000. The investigation of the spatial distribution
of the amplitude in the stationary mode of generation
(Fig. 3) shows the following. The distribution of the field
amplitude along the system length at a fixed moment of
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Fig. 2. Normalized amplitude of an excited wave vs the
dimensionless time: a — I =4 A, b—1 =15 A, c— 1 = 0.6 kA.
The ratio of the initial transversal momentum of a beam to the
initial longitudinal one y = 1. The rest of parameters are the same

as in Fig. 1
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Fig. 3. Axial distribution of the normalized amplitude of an excited
wave for the steady-state regime (I = 4 A, see Fig. 2,a) in different
time moments: the dashed line corresponds to 7 = 488, dotted
line corresponds to 7 = 652, and solid line corresponds to 7 = 900.

The rest of parameters are the same as in Fig. 2

time is the curve with one maximum which originates
closely to € = L and then is displaced to the
injection plane with a velocity close to the group
velocity. Beginning from 7 > 1000, the invariable field
distribution is established along all the interaction region
with a maximum near the input face.

For higher beam current values, I > 15 A, the
steady-state regime of oscillation becomes unstable, and
the self-modulation regime of oscillation is established.
The typical temporal dynamics of the field amplitude
is given in Fig. 2,b (I =15 A). In this case, the period
of self-modulation oscillations is approximately equal to
the transit time of a signal through a feedback circuit
Tn = L/Vj(0) + L/|Vy|. The spatial distribution of
the self-modulation field has a complex character with
several maxima (Fig. 4) along the system length. The
self-modulation regime of operation is observed up to
current values I < 60 A. At the further increase in the
beam current, such a mode of oscillation is changed into
the stochastic regime of operation (see Fig. 2,c).

To determine the frequency characteristics of a
output signal, we performed the spectrum analysis by
the following formulas:

e POF
S
T
P(f) = %/ %(Cg;(f = O7t)e_i2”f°t + c.c.)e’?”ftdt. (15)
0
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Fig. 4. Axial distribution of the normalized amplitude of an excited
wave for the periodic self-modulation regime (I = 15 A, see Fig.
2,b) in different time moments: the short dashed line corresponds
310, solid line
337, and long dashed line corresponds to

to 7 = 256, dotted line corresponds to 7 =
corresponds to T =

7 = 363. The rest of parameters are the same as in Fig. 2

Here, Pyax is the maximal value of P(f), and T is the
duration of a temporal realization.

In Fig. 5,a the output signal spectrum corresponding
to the steady-state operation regime (I =4 A) is shown.
The one-frequency mode with the frequency close to
f = 7.7 GHz is realized for the steady-state regime.
With increase in the current, the oscillation frequency
corresponding to the power peak is displaced to higher
frequencies, and a number of equidistant peaks appears.
For example, at a current I = 15 A, the maximum of
spectral power is located at f ~ 7.73 GHz, and the
equidistant peaks are tuned one from another by Af =
60 MHz (see Fig. 5,b). The spectral power harmonics
nearest to the maximum have the values comparable
to the spectral power at the fundamental frequency.
Upon the further increase in the beam current, the
number of equidistant maxima grows, and each of them
is widened. Finally, the spectrum becomes continuous.
The typical diagram of the spectral density is given on
Fig. 5,c for the beam current I = 0.6 kA. We note that
the dynamics of changing the generation regimes in the
coaxial structure and the behavior of the spectral density
under variation of the injected current qualitatively are
in close agreement with an analogous behavior of a
cylindrical gyro-BWO [5].

The efficiency of HF oscillations determined
according to (14) oscillates in time in the self-modulation
and stochastic modes with a great modulation depth.
Therefore, to describe the oscillation efficiency, it makes
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Fig. 5. Spectrum density of an excited wave versus the frequency:
a—I=4Ab—1=15A, c— I = 0.6 kA. The rest of parameters

are the same as in Fig. 2
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Fig. 7. Beam interaction efficiency in a coaxial gyro-BWO versus
the dimensionless time in the case of an inhomogeneous magnetic
field (16). The inhomogeneity gradient A = 0.3. The rest of

parameters are the same as in Fig. 2

sense to carry out the temporal averaging of the
efficiency. In Fig. 6, the dependence of the average
efficiency 77 on the beam current is presented. The
efficiency of oscillation is low near the threshold of HF
field generation. At the current I =4 A corresponding to
the steady-state regime, 7=1.2%. The efficiency is higher
in the self-modulation regime, but it is still low enough.
For a current I = 15 A | the efficiency 7=3.5%. The
greatest efficiency is obtained in the stochastic regime.
The maximum of efficiency, 7=10.6 %, is reached at the
beam current I = 0.6 kA. At the further increase in the
beam current, the oscillation efficiency slowly decreases.

The results of calculations confirm that the essential
drawback of the considered devices, as was noted in
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the introduction, is the small efficiency. One of the
possibilities to increase the efficiency is to use a tapered
magnetic field varying along the interaction gap. In the
simple case, it is possible to change the magnetic field
by a linear law [2]

h(€) =1+ A¢/L.

In Fig. 7, we show the temporal dynamics of the
interaction efficiency (14) obtained as a result of the
numerical solution of the system of equations (4)—
(9) for the inhomogeneity gradient A = 0.3 and the
beam current I = 0.6 kA. As compared to the case
of a homogeneous magnetic field, the efficiency has
increased up to 20 %, i.e. almost twice. We note that
a small inhomogeneity of the magnetic field changes
not only the oscillation efficiency but also the spectral
characteristics of the oscillation regime. For example, the
self-modulation regime, when setting an inhomogeneity
of the magnetic field, can pass to the steady-state
oscillation regime. We are going to give a detailed
investigation of the operation of a coaxial gyro-BWO
in the applied tapered magnetic field elsewhere.

(16)

3. Conclusions

On the basis of the numerical solution of the system of
nonlinear equations, we have studied the mechanisms of
the transition to a stochastic regime of oscillation in a
coaxial gyro-BWO. It is shown that, with increase in the
current of an injected electron beam, the steady-state
operation regime changes into a self-modulation regime
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which becomes further more complicated and stochastic.
The numerical results have shown that applying a
tapered magnetic field for the given type of devices leads
to a considerable increase in the efficiency.
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KOAKCIAJIBHA T'TPO-JI3X. 2. HEJITHINHA TEOPIA

A.B. Bopoodkin, I.H. Onuwenxo, I'.B. Commixos,
B.M. Xopyotcuil

Peszowme

ITpoBeneno TeopernyHi i YMCEIbHI JIOCTIIPKEHHST HEJIHIHHOTO pe-
KuUMy reHepalil B KoakciaJabHiil jamni Ha 3BopoTHi#i xBuii (Tipo-
JI3X), 1m0 BUKOPHCTOBY€E PE30HAHC EJIEKTPOHHOIO IIyYKa 3 BJIAC-
Hoo xBuiero ripo-JI3X ma HOpManbHOMy edekti [lommiepa.
Anami3yroTbcs 1acoBi i IPOCTOPOBI 3aJI€?KHOCTI aMILIITy AU HALIDY-
keHocTi BU-xBuji B KoaKCiaJlbHOMY XBUJIEBO/II JIJIsl PI3HUX 3Ha-
9eHb CTPyMiB imxkekmil esekTponHOro myuxa. Jlocmimkeno tumm
pexxuMiB 30y 2KeHHsI KoakciaabHOl ripo-JI3X i moeeninky edek-
THUBHOCTI B3a€MOJII 31 3MiHOIO CTPYMY €JIEKTPOHHOI'O IIydYKa.
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