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The electronics flows dynamic in vircator premodulation diode has been studied. The problem on stationary
states and disturbances in the first order approximation of interacting contrary flows-direct and reflected from virtual
cathode. The expression describing for electron flows moving and theirs fields has been found. The excitation of
oscillation in premodulation diode has been studied. The oscillation spectrum in electronics flows system travelling

of premodulation diode vircator was found.
PACS: 41.85.Ja

INTRODUCTION

The first vircator that made use of the electron flow
premodulation was the virtode. The latter, described as
the generator of electromagnetic microwave radiation,
has become widely known since publication of paper
[1]. Its action was based, first, on the property of the
virtual-cathode (VC) of electron flow to excite electric
oscillations at a frequency close to the electron plasma
frequency ey [2] of the flow in the VC region and, sec-
ondly, on the electron flow premodulation [3] in the
cathode region at the oscillation frequency using the
waveguide that transports a part of oscillation energy to
the cathode gap, thereby realizing the positive feedback.

1. THE VIRCATOR WITH
PREMODULATION

After the virtode experiment [1] premodulations be-
gan to perform in a specially created gap [4, 5] with the
use of this positive feedback.

The key diagram of the experiment is presented in
Fig. 1,a.
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Fig. 1. Basic diagram of the premodulation vircator:
without external action in the premodulation gap (a);
with direct electron flow deceleration (b)

The device made in accordance with the diagram in-
cludes the cathode gap, 0<Z<Z,, the premodulation gap,
Z,<7<Z,, and the VC gap, Z,<Z<Z;.
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Whereas in the virtode [1] the feedback is realized
due to the signal imposed to the cathode gap from the
VC, in the premodulation vircator the signal from the
VC region imposes to the premodulation gap.

It has appeared that the device based on this pre-
modulation scheme of the electron flow has lower gen-
eration efficiency. The premodulation scheme located in
a special gap is capable to operate in the single-mode
regime only at small supercriticality of the electron
flow. The appearance of frequencies in the generation
spectrum at great supercriticality have not been previ-
ously interpreted with certainly.

The present study is just intended to elucidate of this
questions.

The generation scheme with three functional gaps
also permits to realize the “two-generator” mode of ex-
citation of electric oscillations in the given device. We
have in mind the possibility of oscillation excitation in
the premodulation region because of the instability of
the electron flow decelerated in the diode [9 - 11]
(Fig. 1,b) and also the oscillation excitation in the VC
gap caused to its instability. The two gaps exchange of
their electron flows, namely, the direct flow that goes
from the cathode gap to the premodulation gap, and the
flow reflected in the opposite direction. In principle,
electron flows 1 and 2 may perform the feedback be-
tween the gaps as the oscillation sources. It is hoped that
at certain parameters the resonance can be attained be-
tween the oscillation sources and the required amplitude
of oscillations can be provided.

The similar scheme was realized in the experiment
[6], where oscillations were excited both as VC and as
an electron flow oscillating around the anode grid [7].

Our consideration will be carried out with the re-
placement of the scheme of the device by equivalent
diodes [13]. In our case we shall have three diodes: the
forming (accelerating) diode, the premodulation diode
and the diode for VC creation. Each of the diodes pre-
sents a relatively autonomy electrodynamic region,
through the boundaries of which electron flows can freely
pass (or pass with the absorption coefficient f) [12].
Take into account of this considerations let us consider
the following process scheme (see Fig. 1,b).

Fig. 1,b shows the behavior of the potential ¢ in the
electron flow. In the cathode gap 0<Z<Z, the potential
increases by the Child-Langmuir-Boguslavsky law
(three-halves power law) up to the U; value. On exit
from the gap the electron flow has the density n, and
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the velocity vo, sufficient to form the VC in the
Z,<Z<Z region. In the premodulation gap the potential
drops down to U, without forming the potential mini-
mum in the gap. A part R of the flow reflects from the
VC and comes back to the Z,<7<Z, region. For the
description of the processes in the diode gaps we shall
use the quantities, dimensionless by the initial values of

- . n
the first flow: velocity V. Vi density n, =—,
b Ny
- Z ;v
potential ¢ = P coordinates c=—, t=-Ct.
m v; I, L,

Henceforth the bars above quantities are omitted.
The propagation of the flow in the premodulation
gap is described by the equation of motion

8V-+ aVJ-_GQ

_J Vi—=—, (1)
ot Yo¢ o¢
the continuity equation
on, .
_J+i(njvj)=0, J:]_, 2 (2)
ot o¢
and the Poisson equation
2
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Further on, these equations are used to describe non-

linear stationary inhomogeneous states of electron flows
and to solve linearized differential equations.

2. STATIONARY STATES OF ELECTRON
FLOWS IN THE PREMODULATION GAP

We find the stationary states of flows in the diode
(further all the quantities are marked with the super-
script 0).

At 9/6t =0, from the set (1) - (3) we obtain the
following conservation laws:

o)
J 0
~17 _p'=0, 4)
5 ®
niv/ =D, (5)
where D, =1,D, =R and the Poisson equation of the
form
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where g'= q(1+R), ¢ = 22 =P ap isthe
m v vV,
Langmuir frequency.
First, we shall study the direct flow motion, for

which Vlo(g)=w/2(p°(g). In the description of the

flow we use the variable t, which is introduced by

d
£ =V°(z). (7)
Equation (6) is modified into
A
a2 q, (8a)

and is easily integrated as
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Vlo(r):q?(r—rl)2+B, 9

gl(r)z%(r—rl)3+Br+§l. (10)

The parameters t;, B (and QVJ) can be found from
the boundary conditions

U
0 = 0 -V = |22 _
1 ‘4:0;:0 =LV, ‘;:m:rl =V, = U, 6l =0,
gl =T, =1’ (11)
in which Ty is the travel time, by using T;:
T, = g —1:VL , (12)
2 q-T
* _ 2
Bty 3 72 GV qay
2 8 2q° - T
The value T, can be found from the equation
Q. T
-—T +2(1+V, )-1=0. (14)
L1 20y

Note that the variable 1, introduced by eq. (7), is the
current Lagrangian travel time of direct-flow electrons.
The corresponding Lagrangian start time 1, is the time
of electron departure from the grid with the coordinate
=g, (put to be equal to zero in the present considera-
tion).

To obtain the transit time T, from set (11) we derive
equation (13).

The parameters B and ¢ are found directly from the

equations of set (11), formula (14) and the solution of
eg. (13).
The motion of the reflected flow is described in a
similar way, proceeding from the equation
dve
Z=—q". (8h)
dr

The solution of eq. (8,b) has the form:

*

v, (7)= _%(7_72)2 -B,

(15)

*

gz(T):_%(T_Tz)Z _BT"'QA'z* (16)

where . _ L _1-V, . a7
2 JqT,
For the stationary states can be proven that
T,=T,=T. (18)

It has appeared that the travel time T, of the direct
flow, which has a high initial velocity but is decelerated
in the premodulation gap, and the travel time T, of the
reflected flow that has a lower velocity, but is accelerat-
ed in the mentioned gap, are equal. And it provides sta-
tionary motion of the flows.

3. THE FIRST APPROXIMATION

We shall find the spectrum of oscillations, which
may arise in the premodulation gap against the back-
ground of the steady-state condition.
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The time- and coordinate-dependent variables can be
written as

Fs.t)=F°(c)+F(s.t), (19)

where F° (g) is the stationary quantity.
The deviations from stationary values are assumed
to be small and from (1) we obtain a linearized set of

equations. The time dependence of the deviations will
be sought for in the form
nlc)e™.

Fls,t)= (20)

For the oscillation amplitudes F({, ), where the til-

des are omitted, we obtain the following set of equa-
tions:

a¥v
(miw)V, +d§(V°\/) dg“
(—iw)n, +dd—§(n?vj +V/n; ) =0, j=12, (21)
d’y
d_é,zqunl"'qznz

The set (21) reduces to the system of four ordinary
differential equations with variable coefficients. Gener-
ally speaking, the search for its solution presents a seri-
ous problem. In our case we shall find an approximate
solution of the system, making use of the parameter g
smallness dictated by physics considerations. The point
is that the realization of the above - given approach is
based on the use of the instability described in [9, 10],
which may arise in the decelerated flow only if g<0.3.

The related issue whether at this g the virtual cath-
ode arises in the third gap (Z,< Z<Z,) of the premodu-
lation vircator [4, 5] is easily decided owing to a strong
dependence of the Bursian- Pavlov parameter on the gap
length and the initial velocity of electrons. In particular,
for the third gap we have

2
| _

gz = Qs> (I_a) VL 3!
2

where V| is the direct flow velocity at the exit of the
premodulation gap. In this case for VC generation in the
third gap the following inequality should be fulfilled [2,
12]:

(22)

16
q83>?- (23)
If it take into account that for the beam decelerated

in the second gap we have Vv, <1, then it can be con-

cluded that even due to the appropriate choice of the gap
lengths ratio, inequality (23) can be fulfilled. As a result
the VC arises in the third gap. The VC divides the inci-
dent electron flow into two flows — direct and reflected.
The reflected flow comes back to the second gap and
cross through it. The counter-propagating flows, i.e., the
incident flow and the flow reflected in the second gap,
form a two-flow system, the stationary flowing of which
is just considered in this section. As a result we get the
answer to the question: oscillations of what frequency
with what increments and in what parameter region can
be excited in the premodulation gap.
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The incident (1%) and reflected (2"*) flows penetrate
into each other and by their fields exert mutual effect on
each other and on itself.

We describe the flow propagation and the scheme of
the mutual influence.

First, we find the perturbations of flow densities and
velocities under the action of the space self-charge per-
turbations only. To this we use the solution of the fol-
lowing set of equations

: d dv¥,
(—|a))\/jl+—(\/j"\/jl)=?,
(24)
(- |a))njl+d§(n°\/11+v n,)=0,
d™, j=12
d;’ =q;n;, ) =4

The solution of the set (24) has been found in [10]
and has the form:

\7- = e’ {Dlj(e 1)+ DZI[Hj (91 _l)+l_2}/j]+

i

xS ll_zyj _j(e,. 1) 1)]}

SN 09 6-1 a0,
(Vj) i

-1)-E(-i2-1+2yj(q -1)2)}, (26)

(25)

6,-1 _
- S —-20)1+C0,| 206,

7i 7 i
D,
¥, =—L (e -1)- 21{e"ﬂ'[l 20, + 2] 1—i}+
g; g; 0 27)
2 (9 -1%+1
-—+2 +D,,
l:[ 6 ]/l ] 3 ] J
where
1 1

\/qj}’, = ZB+1) 2(5 +VL)'9127M,

Uﬁz’ Dy, Dy, C_:J., D; are the integration con-

V., =
L Ul

a C, ——R C=RC;: C is the

1+ R 1+R
integration constant of the Poisson equation of the set
(24) and B is determined by (13).

The expressions obtained for the potential disturb-

stants, 61 =

ances, ‘i’j, make it possible to find the velocity \7j2

and density ﬁjz disturbances, which describe the mutu-
al influence of the flows. The corresponding sets of
equations have the forms:

7.)=1

NG d
(—Ia))\/jz +E(\/JO\/ o )= dé’ ,
N d ~ —
(—|a))nj2+E(n?\/j2+Vj°nj2),

where j=1,2, a | =2,1. So, the solution of the system (21)
takes the form:
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V=V, +V,,,
where le is determined by formula (25), and
7 1 lef o
ij :W{Dllgfe "+ D,, (9I2 -6 )e o+

_ (29)
C, {—0,2 +26, {1—1]— 27, +£}}
6 gj

j=1, 2, and 1=2, 1, correspondingly;
iy = () +(c),
S R ke
7i oi7;
i =Dy {1+ D, {IT}+C/ {1}

where j=1,2, 1=2,1.
The solution of the set (28) has the form:

r 1 O O
Vie = o {Dubie % 4+ D, (67 -6, 7 +

J

(31)
6{—9,2 + 26, (1——1 J—Z}/, +—2 }},
O O

j2 = D1|{|}+ D2I{||}+6I{|“}’

n
where

o, X—a|_,x O, % X—a+cC
{I}=1+32 Xe™ ——2_e”*.aln :
b, 4c*h,

2¢ X—a-cC
+ ( a) azi—z_—_L

{”} (1 ]e (X x) o

En

2, )
[

0,X :
32 ze 2 .{zce'UZX {[_2
4¢°B 0,

(32)

e"{Zcx fa+c’ a)lnX a+c}

X-a-C

—x—a+2]+

{Za—a2 ~¢* -2y, +4c (a—1)+£(1—a)+ 20, (1-3a+a’ +¢’ +2y2)}+ +
0,

0,

{az +¢8-2a+2y,+4c¢ (al—l)+£(1—a)+20(72(1‘35‘“1z +¢! +272)}J’

(33)

X —o‘zx X
where J, = I dx : I 2
0 (X a O
1 h-
and X=0,=1+ ﬂ;a=—, c:1—271;
V, +b, K K
2, b= q—rf.

The procedure of finding the approximate solution
can be continued. For this purpose it is necessary to find
of the densities ﬁlz and N, by the equation

d? ‘P

azx
- fi2,0v) b =1 *
K= 71 L/ b1 = 2
the potential W5 disturbance related to the disturbances
(34)
dg?

q (n12 + ﬁZZ )
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Knowing ‘¥, and using the system similar to the

system (28), we find the \7j3 and ﬁis corrections to the

velocity and density disturbances, which corresponds
to ;. This procedure may go to infinity. However,

based on the smallness of the parameter g;, we shall
restrict ourselves to the solutions of (23) - (27), and
(31), (32). The corrections to these solutions are propor-
tional to q°;.

At each point of space the potential disturbances
represent a sum of flow disturbances

V=¥ +9,,
which are given by formula (27).

The disturbances of velocities and densities are ob-
tained using formulas (25) and (26).

4. THE DISPERSION EQUATION

The spectrum of oscillations will be found, which
may arise in the gap under consideration against the
background of the steady-state condition. The disper-
sion equation (DE) for the premodulation diode will be
found with the use of the boundary conditions, which
corresponds to the requirement both through the elec-
trode-potential maintaining circuit and electron flows
don’t superinduce the oscillations in the gap under
study. This means that the following conditions should
be fulfilled:

(35)

V,(0) = 0,n,(0) =0,
V,(1)=0,n,1) =0,
¥(0)=0,¥(1) =0.

The application of these conditions to expressions
(25) - (27), (29), (30) leads to 5 linear algebraic equa-
tions for the coefficients Dy;, D1y, Dy, Dy, and C. Gen-

erally the requirement that the equation system determi-
nant should equal zero leads to the dispersion equation:

all+a—e(-a)-4Ga’ |+

(36)

%{(HO +Ha+H,a® +H,a® + H4a4)+

1
eZ“(MO +M,o + M2a2)+
+ Aez"[(FO +Fa+F,a’+ F3a3)+
e’ (CDO + D0+ P,a’ +CI)3053)]J+ +
+ [(SO +S,a+S,a% + 83a3)+

(37)
&2 (N, + Ny + Nyar® + Nja* 13 3=0,
where
3
HO:(1+k) b
87
@+k)?* ., 1 1 8y 1+2y,
R G s (e e
8y, k k*» k k*(L-2y,)
2 2
RS L R
K 4 x(1-2y,)
_(K‘—Z)]/l) L' +2y,5 1 1 8y 1427
1-2y, K’ K kb k=2 kT



M, = e Gl g

. 1
A= 2(1—21;/1)% [1_F)’
o, = (’”21)2 0, =(c+1), -k -21-27, )
D, :2[y1 —K—1+(3K—271)\/1—2;/1]q)3 =41-2y, ’;—j(yl ~1-x),
F, :—@; Fo=(xc+1)-1+21-27, -1, )
F, =2[J1-27, (- x+2+2)- 1} F, =4, 1—2}/1%,
s, =—(1+2’()2 S, = (ko + 1)1+ 21- 27, + 1}
S, =21 27, (c + 2+ 27,)+ 1} S, = 23127, ”:i
N =l s ©)n+21-27, -k}
N, = 2[(2%—;()\/1—7271+y1—1—;c}N3 =4 1—2y1%i(71—1—x)
In equation (2) we have g — ik +;_§12 ~4 (38)

20.° ’

where 8, =1+ x, x=.1-2,1-V,).

The constant y, is calculated by the formula:

R (e (R ] T

N 31 1
In the single-flow case R=0, conditions (36) lead to
the known equation (see [9 - 11]):

e**(l-a)+4Ga®* —a—-1=0,
where 2 = 66;, and g :1_2}/(VL+2)+\/W.

0[1+‘/1—2}/(1—VL)]2
Conditions (36) are in accordance with the expres-
sion taken from [9 - 11] and derived when describing
the instability, which arises in the electron flow slowing
down in the planar diode.
Equation (37) makes it possible to find the complex

quantity & =-Q + 1P, where P and Q is the dimension-
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less frequency and decrement (increment), appropriate-

ly.
The integrals J. and J. play an essential role in eq.

(37):
{—Qx 2—*Qx
5 €”" cos[zgpx] ; e” sin[zgpx]
J, = I 2_Zdx — i_[ 2_Zdx
¢ x-—a+c

x—a+cC

J (a,c)=1J,(ac).

In the expressions for J. and J, we have

LeA=2n 5

, =1+a.

K

A detailed analysis of the integrals shows that alt-
hough the denominators of the integration elements go
to zero, the integrals J. and J_ converge.

The derived DE gives the frequency and increment
of possible oscillations as a function of g and R and V,
(flow velocity at the entry to the gap with the VC). This
DE coincides with the DE for the electron flow slowing
down in the diode [9 - 11] at R=0.

We give below the numerical solution of the DE,
which gives the frequency P, the increment (decrement)
Q as a function of q for the set of parameters R and V.
varying in the range from 0 to 1. As example, Fig. 2
shows Q(q) and P(q) at V. =0.5 and at a substantial var-
iation of the parameter R.

30
254__
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15400
1,04
0,5
0,0
05
1,0z
15

—R=0
- R=0.01

003 004 005 006 007 008 0,09
g b
Fig. 2. Dispersion characteristics of one
of the harmonic oscillation modes under changes
of the reflection coefficient R: frequencies (a);
oscillation increments (decrements) (b)

At R=0 the solutions agree with the results from [9 -
11].

At small R (R<0.05), just as in the single-flow case,
the instability (Q>0) takes place, which changes to a
stable solution at g>0.06. As R increases, i.e. with an
increasing role of the reflected flow, the instability in
the region of low q disappears, however at high ¢>0.08
the two-flow instability manifests itself, having the in-
crements as higher as the reflection coefficient R gets
higher.

The reflection coefficient R is related to the parame-
ters of the diode gaps by the formula [12]:
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2
R = 1—[91q (1+1/1+9q3)} . (40)
3
2
here = |_3 i = 41
W 0; =0, | V3’q2 a, (41)
2 L

gs and |3 are the parameters of the VC gap, g, and I,
are the parameters of the premodulation gap.
Solutions of the dispersion equation were obtained

2
(V.=0.2; V =0.5; V. =0.7).

A qualitative correspondence between the results ob-
tained at different V_ is observed. We give here the
results for the V| =0 case.

Fig. 3,a,b shows dispersion characteristics for the
harmonic oscillation modes, which may be excited in
the premodulation gap due to both the instability of the
slowing down beam (low q) and the two-beam instabil-
ity (high qg). Since the frequency is dimensionless by
Vo/l,, and in the premodulation gap we have
vo=10"cm/s, and I, equals a few centimeters, we draw
conclusion that in Fig. 3,a the frequency P is dimension-
less by the value belonging to the microwave range.

In this case for some modes the increments appear to
be of the same order of magnitude), and this may permit
a good excitation of the modes.

v=0.5

2
for the case of (Iij —10 and different V,_

14

12 S L v

10

0,02 004 0,06 0,08
q b
Fig. 3. Dispersion characteristics of oscillation modes
excited at VC-consistent premodulation gap operation:
frequency (a) and increment (decrement)
of oscillations (b)

Fig. 4,a,b show the solutions for aperiodic modes,
which in a certain g range become harmonic.

For example, the solution shown in the figures by
dots is aperiodic at q < 0.04, whereas at q > 0.04 the
solution becomes unstable (Q>4) harmonic solution.

ISSN 1562-6016. BAHT. 2014. Ne3(91)

v=05
20
k
15
Z
P
v
L 7
-
05 o
’ .
00 %
a ’ 1
o .
e e . T
10 >~
15
20
001 002 003 004 005 006 007 008 009
q a
v=0.5
1
0]
AY
7
5 .
\\ |
. . |
(o4 L
2 S o
1 - — =7
o
1 — N B C
2 e fe=
VTG
eI
5
0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09
q b

Fig. 4. Dispersion characteristics of nonperiodic
oscillation modes excited at VC-consistent
premodulation gap operation: frequency (a)
and increment (decrement) of oscillations (b)

CONCLUSIONS

In this paper the possibility of oscillation excitation
in the premodulation gap of the vircator for feedback
realization has been investigated.

The problem has been solved on the interaction of
two colliding electron flows — direct flow and the flow
reflected from the VC. In particular, a nonlinear steady
state of electron flows as a function of the coordinate
has been found.

Based on these coordinate functions a linearized set
of five differential equations has been solved for the
two-flow system under study.

The results of work have been used for determining
spectral characteristics of the excited oscillations.

We have derived the dispersion equation that relates
the oscillation frequencies and increments to the param-
eters of geometry and flows. The solutions have been
obtained numerically, and the calculated data have been
illustrated by a number of graphic pictures.

It has been shown that in the system of two electron
flows that penetrate to the premodulation gap of the
vircator, a variety of oscillation modes get excited. At
that, the oscillation frequencies belong to the microwave
range and the increments are of the same (or higher)
order of magnitude as the frequency. At a low reflected-
flow density, the excitation is realized owing to the in-
stability of the slowing down flow, and with an increase
in the mentioned density the excitation is realized owing
to the two-flow instability. Large increments of the ex-
cited oscillations encourage us to hope for possible real-
ization of the feedback in both the “wave” [1, 4, 5] and
the “beam”, i.e. due to the action of the reflected flow
on the incident flow in the premodulation gap.

The authors express their gratitude to V.A. Buts,
I.I. Magda, V.I. Karas’ and V.G. Sinitsyn for their
comments and useful discussions.
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BO3BYKJIEHUE KOJIEBAHUI B BUPKATOPE C IIPEJIMOAY JISITUEM
O.I'. Menescux, A.B. llawenko, C.C. Pomanos, H.H. Illanosan

HccnenoBana quHaMMKa SJIEKTPOHHBIX ITOTOKOB M BO30Y’KAeHHE KoJeOaHWH B IPEAMOIYISLIMOHHOM JIHOJE
Bupkaropa. Haiinen crniektp konebaHMii B cMcTEME 3JIEKTPOHHBIX ITOTOKOB, IMPOXOSIINX Yepe3 IPeaMOIy ISIHOH-
HBII IO/ BUPKATOpa.

35YKEHHA KOJIMBAHB Y BIPKATOPI 3 HEPEMOAYJALIECIO

O.I'. Menescuxk, A.B. llawenko, C.C. Pomanos, .M. Illanosan

Jocnimpkena quHaMIKa €IEKTPOHHHX ITOTOKIB Ta 30y/DKEHHS KOIMBAHb y MepeIMOAYIISIIHHOMY Ai0i BipKaTopa.
3Hal/IeHO CIIEKTP KOJIUBAHb Yy CUCTEMI EIEKTPOHHHX IOTOKIB, IO MPOXOIATH Yyepe3 MepeIMOAyYIISIIHHINA Jiof Bip-
KaTopa.
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