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COMPUTER SIMULATION OF NOISE GENERATION IN MAGNETRON

G.I. CHURYUMOV, A.V. GRITSUNOV AND A.l. EKEZLY

This paper describes possible approaches to the computer simulation of fluctuation processes in a magnetron
operating in m-mode. The use of computer simulation (TULIP particle-in-cell simulation code) allows
carrying out comparative analysis of output spectrum and phase focusing of electron flow in different
operating conditions of the magnetron. It is shown that the regularization of electron flow motion associated
with decreasing its turbulence, leads to minimizing the noise level in the range of up to - 60 dB relative to a
level of operating signal. A circuitry model of the magnetron is established for more detailed study of physical
processes and understanding the influence of fluctuation processes in re-entrant electron flow on the quality

of the output spectrum.
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I. INTRODUCTION

Various magnetrons as the most popular vacuum
tubes keep attracting attention of the researchers in
vacuum electronics worldwide (see, e.g., [1—4]). Tra-
ditional research and developments of magnetrons
are focused on the following topics: enhancement of
energy efficiency, increase of output power and work-
ing frequency; advancing technologies for anode &
cathode and magnetron magnet systems, etc. Nowa-
days, one may see increasing interest to the research
focused on improvements in frequency characteris-
tics of the magnetrons, including enhancement of fre-
quency stability and quality of the output spectrum;
suppression of the spurious oscillations and both the
amplitude and phase noise, etc. [2, 5—7]. On the oth-
er hand, the idea of using magnetrons for generation
of oscillations with increased level of the noises and
design on this basis the microwave noise generators
did not lost its relevance yet [§].

The main objective of this paper is to make choice
of a method for computer simulation of the fluctua-
tion processes in the magnetrons for adequate de-
scribing the chaotic behavior of electron flow and the
study of existing regularities between the space charge
spokes form and levels of the spurious oscillations in
the output spectrum of the magnetron.

II. STATEMENT OF THE PROBLEM

For understanding the need of investigation of
the fluctuation processes in the magnetrons we might
study in details the output waveform of the magnetron
and features of its frequency spectrum.

Fig. 1 shows the distributions of instantaneous
values of the RF amplitudes for the ideal (a) and actu-
al (b) the output waveform in the time and frequency
domains.

Asis seen, in case of the actual waveform we have
spurious amplitude and frequency (phase) modula-
tions of the output signal. As a result, at the output
of the magnetron instead of the ideal monochromatic
oscillation

U(t):Um-coswot, (D

where U(f) is the instantaneous RF amplitude; Um
is the voltage of microwave oscillation in the steady
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state operation of the magnetron; , is the oscilla-
tion frequency of the magnetron, we have randomly
modulated oscillation

Ut)=U,,-[1+ ()] cos[wyt +¢(t)] , (2)

where o(?) is the dimensionless coefficient that deter-
mines the instantaneous depth of the chaotic ampli-

t
tude modulation (o) <<1); ()= J Af(t)dr is the
function that determines the variations of the output
signal phase; A f(t) is the instantaneous frequency
deviation.
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Fig. 1. The ideal (a) and actual (b) waveform
output signals and their spectrum (c)
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Analysis of the expression (2) shows that the
availability of amplitude modulation of the output sig-
nal leads to expansion of its spectrum. With increas-
ing complexity of waveform #(r) = I]m -o(t) increas-
es the number of spectral components in the output
spectrum U(f) and its quality deteriorates. Stochastic
fluctuations of the phase in (2) are determined by the
type of dependence ¢(#) (phase noise) and are one of
the criteria for frequency stability of the magnetron.

For determining a spectrum of the output signal
(2) necessary to analyze the waveform #(z). In the
case when the waveform is periodic we can represent
it as a Fourier series

W(1)=Uy+ YU, -sin(kQr+y,), (3)
k=1
where U, is the constant component of the voltage

U, =0); Q= 2771 is the fundamental frequency; Umk

and y, are the amplitude and phase of the k-th har-
monic of the fundamental signal. The set of values

U, is defined as the amplitude spectrum of the out-

put signal.
For spectral decomposition of a non-periodic
waveform #(f) we use a Fourier integral

i(t) = € [ S(w)-e'dw (4)
where n =

1
S(w)= [ i) e’dr . (5)

The value S(w) is the spectral density, and its
absolute value |S(o))| determines the output frequen-
cy spectrum of the magnetron.

The presence of random fluctuations of the volt-
age AU,_ and the phase Ag, of the RF output sig-
nal can be considered as demonstration of the noise
caused by the influence of internal and external desta-
bilizing factors (stochastic fluctuations).

The main sources of the intrinsic destabilizing
factor (noise) in the magnetrons are re-entrant elec-
tron flow with inherent discrete nature of electric
charge and probabilistic nature of electron emission
from the cathode. This causes an appearance of the
fluctuation noise including the shot noise, distribu-
tion noise as well as secondary electron emission
noise. Besides, the stochastic local changes of work
function of cathode material and consequent the
spontaneous modulation of the space charge are the
reasons for electron emission current fluctuations
(flicker noise) and noise associated with the presence
of positive ions in the electron flow near a cathode of
the magnetron [5, 7, 9]. Among external destabilizing
factors affecting the magnetron operation one has to
note the deterministic fluctuations or noise caused by
an influence of magnetron power supply circuits, vi-
brations, temperature changes, etc.

Level of the noise in magnetrons is the result of
composition of all the above mentioned sources of.
For a quantitative assessment and comparative noise
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analysis of the noise level we use the dimensionless
parameter as the ratio of signal power to noise power
(signal/noise)

Psi nal Usi nal
SNR(dB)=10-1g| £~ 1=20-1g % . (6)

noise noise

III. RESULTS OF COMPUTER
SIMULATION

The computer simulation of fluctuation proc-
esses in the magnetrons is usually performed using
both analytical methods (see, e.g. [4]) and numeri-
cal methods based on the FTTD technique for an
electromagnetic field simulation and particle-in-cell
(PIC) method for the simulation of electron flow [3].
It should be noted that the computer simulation al-
lows studying the various noise sources. However, the
computational experiment has a significant drawback
that limits its application for studying electron-wave
processes in low field operation. This is because high
level of the so-called “computing noise” inherent in
this approach due to calculation errors of the elec-
trical and magnetic components of electromagnetic
field and the coordinates and velocities of charged
particles as well as value of space-charge field at the
points of discrete space-time grid. Therefore, the use
of computational experiment to study the noise proc-
esses is possible in a case when the level of physical
noise will dominate compared to “computational
noise”. As it is shown in [3], it is possible to analysis
the noise in high-power microwave tubes, such as the
magnetron amplifiers. On the other hand, this ability
is achieved by increasing the accuracy of calculations
and related to the use of computational algorithms
that provide programmable level of the calculation
errors as well as available hardware capabilities of the
computers (for example, carrying out calculations
with double precision).

Fig. 2 shows the results of the computer simula-
tion of the electron bunching and output spectrum for
different operating conditions of the 4J33 magnetron.
These results have been obtained with 2D PIC simu-
lations using the TULIP code created for full-format
and spectral computer simulation of the magnetrons
[10].

As illustrated in Fig. 2, the quality of the output
spectrum of the magnetron is largely dependent on
conditions of its operation. Regularization of mo-
tion of the electron flow associated with decreasing
its turbulence is achieved by choosing the optimal
anode voltage. As a result we have a significant reduc-
tion of the noise level in the output spectrum (Fig. 2,
b). Analysis of kinematic characteristics of the elec-
tron flow shows that in optimal conditions operating
reduces velocities spread of electrons and increases
laminar nature of its motion in area of the electron
spokes relative to the fixed coordinate system. Unfor-
tunately, in the case of the noise process studying via
the computational experiment it is difficult (and in
some cases impossible) to understand and define the
role of specific factors and their effects on a noise level
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Fig. 2. The distribution of space charge and output spectrum of the 4J33 magnetron
at By=0.25T; U,=24,0kV (a)and U, = 28,0 kV (b)

taking into account that all factors are interrelated
and it is not possible unambiguously to determine the
causes of these changes. Therefore, there is a need for
further development of more simple and physically
adequate mathematical models for studying the noise
processes in the magnetrons.

IV. CIRCUITRY MODEL OF MAGNETRON

When studying the fluctuation processes in steady
state mode of the 4J33 magnetron we assumed that
m—mode is the main operating mode for which the
space charge distribution in the interaction space
can be presented as N/2 formed electron spokes.
The general view of the formed electron spokes in
the moving coordinate system is shown in Fig. 2, b.
For analytical calculations of induced current let us
consider a more simple form of the electron spokes
representation in the interaction space.

Fig. 3 shows two electron spokes over one period
of the anode resonant system: 1 denotes the form of
electron spoke that is used for the analytical model of
the magnetron and 2 denotes the electron spoke ob-
tained with the help of the PIC method. The electron
spokes revolve around the cathode and induce current
on the segments of the anode resonant system in ac-
cordance with the Shockley-Ramo theorem. In the
two-dimensional approximation, we obtain that

i(r) = hfp(r,m)ﬁ(r,tp)E (r,9)ds, (7)
S

where E(r,9)= E 7+ E(p@o is the expression for
n—mode field intensity [11]; p=p(r,) is the distribu-
tion of the space charge density; v =V (r,¢) is the dis-
tribution of the velocities in the electron bushing and
spokes of space charge; 4 is the height of the anode
block of the magnetron.
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Inordertodetermine the dependencies p = p(r,p)
and v =V(r,¢) we use the results of numerical simula-
tion of bunching processes of the space charge which
have been described in [12]. These dependencies
(curves 1) and the results of their more simple approx-
imation (curves 2) are shown in Fig. 4.

The expression for the radial distribution of the
space charge density in electron spoke can be written

as
P() =P e, ®)
where
1 I
= . 1 —_em 5 9
* (ra_rc) n[ [a} ®
Pmax 18 the maximal electron flow density near the

cathode (in area of virtual cathode); /,, is the total
current from the cathode, providing a space-charge-

\

Fig. 3. The distribution of space charge and output
spectrum of the 4J33 magnetron at B, =0.25T;
U,=24,0kV (a)and U, =28,0 kV (b)
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Fig. 4. The radial distributions of space charge density and azimuthal velocity of the electron cloud

limited emission regime; /, is the anode current of
the magnetron.

Analysis of the electron flow in the magnetron
shows that in the steady-state operation exist two sta-
ble regions in the flow. These are two region of the
electron bushing: in the first one r, <r <r, , predomi-
nates double-flow state of the electron flow, while
in the second one r, <r<r, the electrons motion is
close to laminar one (quasi-laminar electron flow)
[12]. The results obtained via computer simulation
showed that in the area of the electron bushing linear
azimuthal velocity increases from zero at the r=r, to
(1.1 — 1.3) -v, on the top of the electron bushing at

Ull
r,-By-In(r, /r,)
drift velocity of the electron flow at the anode. In the
area of the electron spokes in the area of r,<r<r,,
as illustrated in Fig. 4, b, predominates quasi-laminar
motion of the electron flow. For this area the azi-
muthal velocity is equal

the r=r,, where v, = is the average

Vo =V, T AV,,

(10)

where Av, is oscillation of the azimuthally velocity
related to radial motion of the electrons.

The expression for the current induced by the one
electron spoke on the segments of the anode resonant
system can be written as

kg
4=

rJ.a J.2 pee E(DdQJdr + (11)

Te _

i(1)=h-Ppay

.

a

2
n

I, 2 _ _

+.[ J. "'{1—008{ (r=r.) }n} e ) 'E@dtl)dr+
ro-n (rh —I’;:)
h +m _rc)

1 {1 co{

In the steady state operation of the magnetron
the current to be induced by the electron spokes on
the anode are periodic sequence of the current pulses,
which can be expanded in Fourier series

~ur=r) L dddr .
(”h o )} n}e 0 r

i(t)=1,+ Y 1,e"%",

n=1

(12)

Applied Radio Electronics, 2013, Vol. 12, No. 1

where #n is the number of current harmonic; /7, is
the dc component of the induced current (anode cur-

rent); Q, = @ s the angular velocity of rotation of
Y
the electron spokes (condition for re-entrant electron
N . .
flow);y = ) is the propagation constant correspond-

ing m-mode.
The expression for a synchronous harmonics of
the induced current can be written as

1 i . —jnQ,t
ﬂ-_fnz(z)-e ol gt (13)
Fig. 5 shows the equivalent circuit of the magnet-
ron corresponding the excitation of the t-mode. This
equivalent circuit comprises current sources /()
and voltage sources U,(f) and l7ﬂ(t). The number
of the current sources corresponds to the number of

the electron spokes, i.e. — , where N is the number

of the cavities (in our case N = 12). The value of the
current which induces by the current sources [ ()
corresponds to the synchronous harmonic of the in-
duced current (13).

The value 7 (7) can be written as

1,()=1,+Al,(1), (14)

where [, is the value of the induced current corre-
sponding the constant emission current from the cath-
ode; AT » () is the fluctuations of the induced current
associated with influence of oscillatory processes in
the electron flow (shot effect, the phenomenon of the
current distribution and the secondary emission).

As the sources of voltage in Fig. 5 we consider the
source of anode voltage U, (#) and the synchronous
voltage source Un (?) that excites the mode oscillations
in the anode resonant system of the magnetron, i.c.

Ua(t)zUa"-AUa(t)’ (15)
U.(1)=U,, cos[wt +y(t)], (16)

where U, is the constant anode voltage; AU, (¥) is
the anode voltage fluctuations caused by an instabil-

ity of the power supply; U_,(?) is the instantaneous
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amplitude of the m-mode in the steady state of the
magnetron; y(¢) is the parameter determining the
phase shift between the voltage of the m-mode and the
synchronous harmonic of the current (13).

(e}
zm

%3

b

Fig. 5. Equivalent circuit of “hot” magnetron

For determining the values of the capacitances of
the interaction space C,_,(#) and resonators C,(f) we
use the expression for a capacitance of the parallel-
plate capacitor, i.c.

8Z_c (t) ) Sa—c

Cel) =2 0 (7
G =t (1s)

r

where S, is the cross-sectional area of a vane; S,

is the slit area of a resonator; d,_ . =r, —r, is the dis-

tance between the cathode and anode; d, is the dis-
tance between the vanes at the r=r,; r, and r, are

a c

the anode and cathode radiuses; €, “ =€, + Ag; ()

and €, =€, + A€, (¢) is the dielectric constant of the
electron flow in cathode-anode space and between
the vanes; €/ “ and g, is the average values of dielec-
tric constants of the electron flow; A£(¢) is the fluc-
tuations of the dielectric constant of the electron flow
resulting from oscillations in the electron density of
the space charge.

In general, it should be noted that the capaci-
tance values C,_.(f) and C.(#) have a non-linearly
dependence on the anode voltage U,. The nature of
the nonlinearity depends on the state of the electron
flow and distribution of the space charge density in
the space between the cathode and anode.

To convert the equivalent circuit of “hot” mag-
netron to the form convenient for calculations it is
necessary to exclude the magnetic coupling between
the inductances L, of the coupled cavities of the an-

ode resonator system as well as input L’;’ and output

L)' inductances of output linear transformer which
provides matching the anode resonant system with
the output load
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Z

loa

19)

The matching condition of the magnetron is giv-
en by the

d = Rioaa + 71X

oad *

R

it =Re(Z57). (20)
where Z{" is the value of input impedance of the an-
ode resonant system of the magnetron (Fig. 5).

In order to describe the electrical circuit we apply
Kirchhoff’s laws, writing equations for the instanta-
neous values of the induced currents using the mesh-
current method. Consequently, the numerical solu-
tions of the equations we get the complex values of
the instantaneous induced current in the each circuit
of the electrical network.

The instantaneous value of the active power at
the matched load equal

[(nloadz(t) ’ Rload

2 b
where /.., is the instantaneous value of the induced
current in the output circuit of the magnetron to be
found from solution of the set of equations for the
loop currents

P(t)= (21)

V. SUMMARY

A novel approach for investigation of the noise
processes in magnetrons has been proposed. This ap-
proach is based on a combination of numerical and
analytical simulation of deterministic and stochastic
fluctuation processes. The use of numerical methods
(computational experiment) showed that the noise
level depends on the operating conditions of the mag-
netron and decreases for the electron flow available
lower parameter of turbulence (quasi-laminar elec-
tron flow). At the same time the possibility of com-
putational experiment for analyzing an interaction of
the electron flow with lower electromagnetic fields
are limited. This is due to the errors of calculation
that accumulate (“computational noise”) and can
become a cause of the appearance of “non-physical”
effects (e.g., the spurious generation of additional
components in the output spectrum of the magn-
etron). In order to carry out analytical simulation of
the fluctuation processes in the magnetrons proposed
an analytical model based on the equivalent circuits
method. This model allows studying the influence of
fluctuations of electron emission parameters (emis-
sion current density, including a secondary electron
emission), the characteristics of electron flow (co-
ordinates and velocities of electrons, space-charge
density) as well as the parameters of external electric
circuit (power supply voltage and induced external
electromagnetic signals) into the operation mode of
the magnetron (n-mode).
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MaremaTuyeckoe MOJeJMPOBAHHE TeHepauuu Hiyma
B marnetpone / .M. Yypromos, A.B. I'puiyHoB, A.W.
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B naHHOI cTaThe paccMaTpPUBAIOTCSI BOZMOXKHBIE IO -
XOJIbl K MOACTMPOBAHUIO (MIIYKTYallMOHHBIX MPOIIECCOB B
CTallMOHAPHOM peXuMe paboThl MarHeTpOHa Ha OCHOB-
HOM Buje KosiebaHus. [IpyMeHeHre BBIYMCIUTETBHOTO
aKkcrepuMenTa (mporpamma TULIP) mo3Bossier mpoBecTu
CPaBHMTEIbHBIN aHAJIN3 BBIXOIHOTO CITIEKTPAa MarHeTpOHa
U COCTOSTHMSA (Pa30BOM TPYHIIMPOBKU 3JIEKTPOHHOTO 00J1a-
Ka B pa3JIMYHBIX pexkrMax padoTel MarHeTpoHa. Ilokasza-
HO, YTO PETYJISIPU3aLIMS IBVDKEHUS 3JIEKTPOHHOTO TIOTOKA,
CBsI3aHHAs C YMEHBIIEHUEM €T0 TypOyJeHTHOCTH, TIPUBO-
AT K MUHMMU3ALMU YPOBHS IIIyMa B Ivaria3oHe 3Haye-
Huii 10 —60 1B 1Mo OTHOIIEHKIO K YPOBHIO OCHOBHOI'O CUT-
Hana. OmumcaHa MateMaTUveckas MOaeJb MarHeTpoHa Ha
OCHOBE METO/Ia 9KBMBAJIEHTHBIX CXeM JIJIsI OoJiee JeTalb-
HOTO M3YYEeHUST U TOHUMAaHUS BIUSTHUS (DIYKTYallMOHHBIX
TPOIIECCOB B 3JIEKTPOHHOM 00JIaKe Ha KayecTBO CIEKTpa
BBIXOJTHOTO CUTHAJIA.

Karouesble cnosa: MarHeTpoH, MOIEIMPOBaHUE,
rymbl, Konedanusi, PIC Metona, MeTona memnu, BHIXOTHOM
CIIEKTP.
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MaremaTuyHe MOJEMIOBAHHS reHepamii myma B mar-
Hetpowi / I'.I. YUypromos, O.B. I'puniynos, A.l. Exesni //
IMpuknangHa panioeseKTpoHiKa: HayK.-TeXH. XypHal. —
2013. —Tom 12. — Ne 1. — C. 58—63.

V paHiii cTaTTi pO3MISIAAIOTHCS MOXJIMBI MiAXOAU 10
MoOJIeTIIOBaHHS (IYKTyalliifHUX MPOLECiB y cTallioHapHO-
MY peXUMi poOOTH MarHeTpOHa Ha OCHOBHOMY BUJIi KOJIH-
BaHHS. 3aCTOCYBaHHSI OOUYMCIIIOBAILHOTO €KCIIEPUMEHTY
(mporpama TULIP) mo3BoJjisie TpoBeCTU IOPiBHSJIbHUIA
aHaJjIi3 BUXiTHOIO CIIeKTpa MarHeTpoHa Ta CTaHy (ha30BO-
TO rpyMyBaHHS €JeKTPOHHOTO MOTOKY B Pi3HUX pexkuMax
po6otu MarHeTpoHa. [lokazaHo, 110 perysspusalist pyxy
€JIEKTPOHHOTO TMOTOKY, TOB’si3aHa 3i 3MEHIIIEHHSIM 1OTo
TypOYJI€HTHOCTI, TIPU3BOAMUTh JI0 MiHiMi3allil piBHS 1IyMy
B Aiama3oHi 3HaueHb 10 —60 1b Mo BiZHOLIEHHIO A0 PiB-
HSI OCHOBHOTO curHayiy. OnucaHo MaTeMaTUyHy MOIeb
MarHeTpoHa Ha OCHOBI METOLY €KBiB&JIEHTHUX CXEM ISl
OiTBIII IETAJTLHOTO BUBYCHHSI Ta PO3YMiHHSI BIUTUBY (DIIyK-
TyaliifHUX TIPOLECIB y €JEKTPOHHOMY MOTOIli Ha SIKiCTh
CMeKTpa BUXiTHOTO CUTHATY.

Kniouosi caosa: MarHeTpOH, MOJENIOBAHHS, IIYMH,
konmBaHHs, PIC meTtomy, MeTomy JaHIIOra, BUXiTHMI
CITEeKTP.
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