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The instability of the electron flow injected into a planar diode and slowed down in it under the action of the external
electric field is investigated through the exact solution of the set of inhomogeneous hydrodynamic first-approximation
equations of the stability theory. A dispersion equation has been derived, which relates the frequencies and increments
(decrements) of arising electromagnetic oscillations to the parameters of the electron beam and the diode. The solution
of the dispersion equation shows that in the diode, through which the slowing down electron beam is propagating,
there arises the microwave oscillatory instability not described before. This instability occurs in the case when in the
steady-state condition there is no potential minimum in the diode. The experiments have confirmed the occurrence of
oscillatory instability with theoretically predicted frequencies and decrements in the corresponding beam and diode

parameter regions.
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1. INTRODUCTION

It is commonly believed that all electromagnetic
phenomena occurring in one of the simplest
radiophysical devices, namely, the planar diode,
have long been explored [1-4], and are the topics
of education courses rather than the subjects of
scientific research. = However, it appears that a
sequential development of theory (in particular, the
application of Lagrangian description methods for
electrodynamic processes) reveals a broad spectrum
of new oscillation modes. The paper describes the
new oscillation modes and instability, the existence
of which has been corroborated by experiments.

In experimental physics, it is a currently accepted
practice to determine high-frequency properties of
volumes under vacuum in accelerators, magnetic
traps, process devices, etc. In particular,
experimental and theoretical efforts are aimed at
determining the resonance properties of intrinsic
cavities of experimental devices, the influence of
cavity openings, branch pipes, projections, etc. on
the excited spectra.

The knowledge of electromagnetic oscillations
that may be excited in the setups is essential for
understanding the behavior of accelerated/confined
particles or plasma in the setups.

In this case, it is also of importance to determine

self-consistently the high-frequency properties of
experimental setups with due regard for both
the properties of accelerated/confined streams of
particles or plasma and the geometry of vacuum
chambers.

There are calculations made to date, which
have resulted in the development of a great variety
of electrodynamic devices for electromagnetic wave
generation in different frequency ranges of particle
accelerators and storage rings of various types,
plasma confinement devices. However, a similar
problem for the classical electrodynamics object, i.e.,
planar diode, still remained unsolved.

The authors of the present work have found the
spectrum of electromagnetic oscillations, which can
be excited in a planar diode on injection of the
electron beam into it. It has been shown that in
the case of electron beam deceleration in the diode
there occurs a new (not described in the literature)
instability, which is accompanied by excitation of
the above-mentioned spectrum. oscillations, which
can be excited in a planar diode on injection of the
electron beam into it. It has been shown that in
the case of electron beam deceleration in the diode
there occurs a new (not described in the literature)
instability, which is accompanied by excitation of the
above-mentioned spectrum.
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2. CHOICE OF THE ELECTRON-FLOW
MODEL

In our studies the electron flow in the diode is
considered in the one-dimensional hydrodynamic
approximation. Fig.1 shows the electrode geometry
and the qualitative potential distribution pattern in
the diode.
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Fig.1. The qualitative distribution pattern in the
triode

The qualitative conclusions of the one-dimensional
model used here hold true in two-dimensional models,
too, though a detailed behavior of the flow changes
when passing from one- to two-dimensional problems.

The one-dimensional hydrodynamic equations of
motion and continuity as well as the Poisson equation
for the electric field are the initial equations:
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The equation of motion is, in effect, the second
Newton’s law for a macroscopically small volume of
the electron flow. The hydrodynamic equation of
continuity expresses the particle conservation law.
In the Coulomb gauge the scalar potential P is
determined by the charge distribution.

The input flow parameters of the diode, namely,
ng, vo; the diode gap width [ and the time of
flow transit of the distance [ at a velocity vy, are
the units of measurement of density n, velocity v,
coordinate z and time ¢, The dimensionless electric-
field potential [®] = ™20 is the ratio of the double
kinetic energy of the flow to the electric field energy,
q = 4me’ngl? /mud.

3. STEADY-STATE CONDITIONS OF THE
ELECTRON FLOW. LAGRANGIAN
FORMALISM

We write the time-
quantities as follows

and coordinate-dependent

v(z,t) = v°(2) + (2, 1),

B(z,t) = D°(2) 4+ ®(z,1),

where v(z), n°(z), ®°(z) are the stationary
quantities.

The relations describing the current density
stability and the flow energy conservation law are the

stationary solutions of the system (1):

3)

Let us consider the slowing down flow, i.e., the
potential of the second electrode is negative, ®; < 0
(@ = —p,p > 0). With the use of integrals (3),
the solution of the problem for the steady-state
conditions leads to the following relations:

1 3 1 q _
5(U0+C)2 —c(v’ +¢)2 = —\/g(z—z). (4)

The constants ¢ and z are determined from the
boundary conditions

W(z=0)=1, vz =

1):’0[, vl:\/lfgol.

(vl—I—c)% -(—vl+20)—(1+0)%(—1+20) = \/g, (5)

N

= (01 + )} - (—0 +2¢)

1
3y
—(14¢)2(=1+2¢)].

DN | =

(6)

Equation (6) defines the coordinates of the plane,
where the flow rate is equal to ¢ (5). We introduce
the Lagrange time 7. Then by definition we have
v9(2) = %2 | and both the rate of the stationary
flow and its coordinate are given by the following
relations, depending on 7 and the parameters of flow

and diode:

z= (7)
_ 1
0—2’y

Since |¢|] < 1, then we have oo >~ > 1/4. Equation
(5) that defines ¢ can be rewritten as
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—&-%(—Uz + % —9VI-n(-w), ()

and the coordinate of the plane, where the flow rate
is equal to c, is written as

For example, for the drift space at y=1 and v;=0.5
we obtain q=4/9 and z =1. Note that the gap transit
time (z = z; =1) for the stationary flow is equal to

T = %(1+ V1=2v1—-w)).

NGal (10)

4. DEVIATIONS FROM THE
STATIONARY STATE

We assume the deviations from stationary values
to be small and consider a linearized set of equations
(1). According to expression (2) we have

0
—iwd(2) + %[Uo(z)f)(z)} = —dd% ,
Siwi(z) + L)) + A @] =0, (1)
250,
djizz() = —qn(2).

The time dependence of deviation variables is
proportional to e~** and from here on the tilde over
the deviation terms will be omitted. From expression
(11) we obtain the following equation:

[Uo(z)]?’dZ—u +qu =

= C1[v°(2)]? exp(—iw /OZ vgl(z)) ,

(12)

where u(z) = v%v(z)exp(—iw [ véi—(”;)), and Cj is

the integration constant proportional to the Fourier
amplitude being the total current component. Eq.
(11) is solved in terms of Lagrange variables. Using
the relations derived, we rewrite eq. (12) as

d?u

dv’(7) du
G

g gy tau= C1[v°(7)]%e™ 7. (13)

With the known solution of the homogeneous
equation, i.e., eq. (13), where the right-hand member
equals zero, and using the method of variation of
arbitrary constants we find the following solution

u(@) = (0 —1)Dy + Do[0(6 — 1) +1 — 2]+

Ol — 2y — 3(9 S)-(0-1)7. (4)
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In relation (14), the Lagrange variable is denoted
as 0 = 7,/q7, the parameter o is given by iw//7q,
C = —01/20%¢y?, D; and D, are the integration
constants. Going in eq.(11) from z to 6 we obtain
the following formula

du

0
0(0) = ¢(0) +/O dxﬁe” :

(15)
The substitution of the velocity disturbance (14) into
formula (15) results in

D,

o _
g <e

©(0) = ¢(0)
—&[609(29 - % -1 +1+ §]+

g

1)—

0—-1)3+1

2
Co(l—-2 —0 —
+Co( 7+02 3

). (16)

The density deviation from the stationary value can
now be found by eq. (15) as

_ Y ob _ 0—1
n(f) = [UO(T)]Z(Dle [o o ]+
+D3e’" 200 +2 — 0 — B D+

97001(71+27+(071)27%)]. (17)

+Co[(20—1)—

5. FREQUENCY SPECTRUM OF
SPACE-CHARGE WAVES

The integration constants in egs. (15)-(17) are
found with the help of the boundary conditions (18)

v(z=0)=0, n(z=0)=0,

p(z=0)=0, p(z=1)=0. (18)

The conditions imply that at the diode input
there are no deviations of hydrodynamic quantities
from their stationary wvalues. Similarly, at the
diode output there is no deviation of the potential
from its stationary value. That is to say, to a
first approximation, nothing from the outside is
brought into the diode, and at the output the
system responses in a self-consistent way. The third
condition in (18) is satisfied by itself. The first,
second and fourth conditions form a homogeneous
system for the unknown quantities Dy, Do, C:

1
Dy — Dy(1—27) +2C(y — ;) =0,

1 2 1 2
D1(1+7)+D2(7—7—1)—07:0,
Yo g Yo Yo

2 2
Dy (e7% — 1) + Dol (26, — ——DH1+ ]



(6, —1)2+1

2
2
-1 N
+Oo? (1427 = )0+ ——

]=0. (19)

This system has non-zero solutions when the
determinant composed of the coefficients of the
unknowns is equal to zero.

The calculations lead to the following equation for
the frequency spectrum of space-charge waves, which
can exist in the diode at conditions of no particle
reflection, when the potential minimum is absent:

e?*(1—a)+4Ga® —a—1=0. (20)

Here we introduced the notation

20 = 0'91,

G —14+2y(+2) — /1 -2y(1—v) @

614 /1 —2v(1—v)]?

To find the complex roots (20), we put

o=-Q+iP. (22)

So, in accordance with the notation introduced, we
have

w= /(P +iQ). (23)

The time dependence is given as e~**, therefore at
@ > 0 the instability takes place, and at Q <0 we
have the stability. From eq. (20), after substitution
of (22) and separation of imaginary and real parts,
we obtain the following equations

e 2Q[(1 + Q)cos2P + Psin2P] +Q — 1
Q(Q? —3Pr?) ’

4G =

e 2Q[(1 + Q)sin2P + Pcos2P] — P

46 = P(P? = 3Q?)

(25)

Equations (24), (25) enable us to find P(q,v;) and
Q(q,v;). Their plots are presented in Figs.1 and 2.

The first five solutions of eqs. (24), (25) indicate
that with an increase in q stationary states set
in. Their frequency is proportional in the order of

magnitude to the electronic Langmuir frequency (see
Fig.2).
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Fig.2. Oscillation increments at V; = 0.8

The range of ¢ values, where @ > 0 is rather narrow.
For example, in Fig.1, at q=0.0115 we have Q=0.5.
@ > 0 case corresponds to the onset of the instability,
and the @ < 0 case corresponds to the damping of
arising oscillations.

The oscillation increments for @ > 0 (see Fig.2)
have their maximum values for a wide frequency
range in the narrow parameter q region in the
neighborhood of zero. The oscillation spectrum,
which can be excited in the diode, presents a set of
discrete frequencies. This permits the excitation of
both the oscillations with dedicated frequency and
a set of oscillations. The oscillation frequencies and
oscillation increments can be found by multiplying
P and Q by the dimension factor %,/gy. As it can
be seen in Fig.3, the increment of instability Q takes
on small values (@ ~ 0.5...0.7), which prevent the
instability from causing the beam breakup during
the transit time.
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Fig.3. Frequencies at Vi = 0.8

The analysis of the dispersion equation has enabled
us to determine the parameter regions (q and V}),
where the oscillations get excited at the expense of
the instability under study (Fig.4).
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Fig.4. Excitatory regions of the first and second
frequency bands

Curves 1 in Fig.4 define the excitatory region
of the first frequency band (lower curve in Fig.2).
Curves 2 define the region for the second frequency
band. As it can be seen from the figure, the
instability is observed in a rather narrow range of
small ¢ values.

6. EXPERIMENTAL STUDIES OF
INSTABILITY OF ELECTRON-BEAM
STATIONARY STATES IN THE DIODE

The electron beam instability was found and
investigated experimentally at the devices, which
simulated the conditions of the instability onset
defined by theoretical calculations. The electron
flow was investigated in a planar triode electrode
geometry. The experimental arrangement is
presented in Fig.5.

The electron flow produced by the indirectly
heated cathode 1 propagated towards anode 3 and
grid 2. The linear dimensions of the electrodes (grid,
anode) substantially exceeded the interelectrode
spacing. The cathode-grid and grid-anode separation
distances are in the ratio of 1:5.
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Fig.5. Schematic of the experimental arrangement.
1 - indirectly heated cathode, 2 - grid, 3 - anode

—

In the experiments, we have measured such
parameters as the anode/grid voltages (Ujand Us),
and also the emission current density and the
oscillation spectrum. The amplitude of oscillations
was also measured, and the increments were
estimated.
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In the first case,the vacuum chamber, in which
the experiments were performed, was pumped down
to a residual pressure of ~ 2 x 10~ %Torr.

In the second case, when the vacuum chamber
was operated, the residual pressure was estimated to
be about ~ 107 Torr. In both cases, the potentials
were applied to the grid and the anode relative to
the grounded cathode.

Based on the measurements of the emission
current for different potential values at the grid
and the anode, we have plotted the voltage-current
characteristics of the grid-anode distance (Fig.6).
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Fig.6. Voltage-current characteristics of the
grid-anode distance for different anode potential
values

The instability was detected and observed only in
the case when the potential applied to the grid was
in excess of the anode potential. This corresponds to
the mode of beam slowing-down in the diode.
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Fig.7. Upper and lower thresholds of oscillation
excitation



The process of excitation had a threshold
character in relation to the grid/anode potential
values. The threshold values of anode/grid potentials
are presented in Fig.7.

The excitation of oscillations takes place in the
region bounded by the curves shown in Fig.7.

The treatment of these and similar curves
provides the comparison between the experimental
data and the theoretical predictions.

The measurements and the analysis of the
experimental data have demonstrated that the
excitation of oscillations takes place in the q and
v; parameter region predicted by theory, this being
confirmed by the data presented in Fig.8.

Fig.8. Regions of oscillation excitation and the
points, at which the instability was observed
experimentally

In Fig.8, the points corresponding to the
experimental measurements are plotted against the
background of the theoretical curves bounding the
regions of oscillation excitation. Each point presents
a set of parameters, at which the excitation of
oscillations was observed.

The frequencies were measured with the help
of the spectrum analyzer. In the process of
measurements the frequencies of the first and second
frequency bands were recorded. In some modes of
operation, the excitation of the third frequency band
could also be observed.

For comparison between experimental and
theoretical results, Fig.9 shows the points obtained
from the oscillation frequency measurements at
different grid/anode potentials against the theoretical
boundaries of oscillation P-excitation bands. It
can be seen that with an increase in the anode
potential the ratio of the points falling in the band
indicated by theory to those lying beyond the band
changes in favor of the first ones. At the anode
voltage Us = 3V their number makes 50% of the
total number of points, 71.4% and 100% at Uy =6V
and Uy = 9V, respectively. So, it can be stated that
with a further going into the mode of slowing down
(from the reflection mode) the agreement between the
experimental and theoretical results is considerably
improved.
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The mode shape was investigated with the help
of a high-speed oscillograph. The amplitude of
oscillations was registered at different moments of
time as the instability under study was developing.

As a result of multiple studies of the mode
shape during instability excitation, a number of
increments of growth were obtained for different
stages of instability development. Based on the
results obtained, average increments of growth of the
amplitude of oscillations were estimated at different
q values.

Figure 10 gives the values of increments obtained
experimentally against the curves resulting from the
theoretical study of the instability.
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7. CONCLUSIONS

The instability of accelerated and slowed down beams
has been investigated in the mode without the
potential minimum. For slowed down beams, the
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instability has been revealed, which corresponds to 2. R.B.Miller. Intense charged particle beams.
small parameter q values. The instability can be "Plenum Press”, New York and London: 1982,
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Experiment has been performed to detect and
investigate the instability. The experiment has
confirmed the occurrence of the instability in the
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BBICOKOYACTOTHBIE CBOMICTBA SJIEKTPOHHOI'O IIOTOKA,
SAMEIJIAIOIITETOCH B IIJIOCKOM ANOIE

A.B. Ilawenxo, O.I. Meaeostcux, C.C. Pomanos, JI.A. Cumnukros, U.K. Tapacos,
M.U. Tapacos, U.H. Illanosan, B.E. Hosuxos, B.A. duviwun

Ha ocnoBe TOYHOTO pernreHusi CHCTEMbI HEOTHOPOIHBIX THUIPOIUHAMUYIECKAX YPABHEHUI MEPBOrO MPUOJIHU-
2KEHUsl TEOPUU yCTOMYMBOCTU U3Yy4YeHA HEYCTONYMBOCTH 3JIEKTPOHHOI'O IIOTOKA, KOTOPBIA MHXKEKTUPOBAH B
IJIOCKWI JIMOJ, ¥ 3aMeJIJIIeTCs B HEM 071, JISHCTBUEM BHEITHEro JieKTpudeckoro nouis. [losrydeno aucnepcn-
OHHOE yDaBHEHUE, CBA3bIBAIOIIEE YaCTOThl U MHKPEMEHTHI (JIEKPEMEHTHI) BOSHUKAIOIIUX JIEKTPOMAIHUTHBIX
KoJyiebaHuil ¢ mapaMerpaMu JIEKTPOHHOIO ITOTOKA M JIUOJA. PerreHne IUCIEePCHOHHOIO YPAaBHEHUS MOKA3bI-
BaeT, 4TO B /IO, Yepe3 KOTOPBII paciupocTpaHaeTcd 3aMe IAI0NINICA 3JIeKTPOHHDBIM IOTOK, BO3HUKAET He
OIMCaHHas paHee HEYCTONYNBOCTDL Kosiebanuit B CBY-uanasone. 9ra HEyCTONYMBOCTH UMEET MECTO, KOTJIA B
CTAIMOHAPHOM COCTOSTHUY MUHUMYM ITOTEHITUAJIA, B JUOJE He 00pa3yeTcs. JKCIePUMEHTAIBHO OATBEPKIEHO
BO3HUKHOBEHIE HEYCTONIUBOCTH KOJEOAHUI C IIPEICKA3aHHBIMIA TEOPETUIECKN YACTOTAMU UM JIEKPEMEHTAMEI
B COOTBETCTBYIONMINX ODJIACTSX MAPAMETPOB IIYYKA U JTUOIA.

BUCOKOYACTOTHI BJIACTUBOCTI EJIEKTPOHHOTI' O ITIOTOKY,
CITIOBIJIBHEHOTO V¥ IIJIOCKOMY AOIO011

A.B. Ilawenxo, O.I. Meaestcux, C.C. Pomanos, /I.A. Cumnuxos, U.K. Tapacos,
M.I. Tapacos, I.M. Illanosean, B.E. Hosgixkos, B.A. Suuwun

Ha ocHOBI TO4YHOTO pillleHHs CHCTEMU HEOTHOPITHUX I'iAPOJMHAMIYHNX PIBHSHB MIEPIIOro HAOJIM>KEHHS Teopil
CTIfIKOCTI BUBYEHA HECTINKICTH €JIEKTPOHHOTO MOTOKY, IH2KEKTOBAHHOTO y TIJIOCKHIT J1i0f] i CHOBIILHEHOTO B
HBOMY IIiJT JTI€I0 30BHIMIHBOTO €JIeKTPUIHOrO 1mojis. OTpuMaHo jaucrepciiiHe piBHsIHHSI, IO IOB’SI3Y€ YaCTO-
U 1 iHKpeMeHTH (JIeKPEMEHTH) BUHMKAIOUUX €JeKTPOMATHITHUX KOJMBAHD 3 IIaAPAMETPAMU €JIEKTPOHHOIO
MOTOKY i Jioza. Pimenns aucmepcitHoro piBHAHHS MOKA3ye, IO B IO/, KPi3b IKUil pPO3MOBCIOIZKYETHCS CIIO-
BUIbHEHHUI €JIEKTPOHHUII MTOTIK, BUHUKAE He OIMCAaHa paHille HecTiiikicTs KojuBanb y CBY-mianazoni. Ila
HECTIfKiCTh Ma€ MicIie, KOJIM B CTAI[IOHAPHOMY CTaHI MiHIMyM IOTEHITIAJy B JIiOJi HE yTBOPIOEThCs. Excrre-
PUMEHTAJILHO ITiITBEP?KEHO BUHUKHEHHST HECTIKOCTI KOJIMBAaHb 3 Iepe 0adeHuMU TEOPETUIHO YacTOTaAMU 1
JEeKPEeMEeHTaMU Yy BiJIIOBIHUX 00J/IACTSX MapaMeTpiB Iydka i mioza.
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