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EFFECT OF REFLECTION FROM THE REMOTE LOAD ON MODE
COMPETITION IN MULTIMODE RESONANT ELECTRON OSCILLATORS

S.A. USACHEVA, M.M. CHUMAKOVA, M.YU. GLYAVIN, YU.V. NOVOZHILOVA AND N. M. RYSKIN

Effect of reflection from the remote load on the mode competition in a two-mode electronic maser is
considered. A system of two coupled equations for slowly varying amplitudes of the modes with time
delayed coupling is investigated analytically and numerically. It is shown that the reflections can, under the
certain conditions, strongly affect the operation regime. Special attention is paid to a gyrotron with build-in
quasioptical mode convertor where the radiation after reflection from the window is converted into oppositely

rotating mode.
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1. INTRODUCTION

Reflections from a remote load can strongly af-
fect the dynamics of microwave oscillators, espe-
cially gyrotrons [1-7]. Not only reflection from the
output window but also reflection from the plasma in
electron-cyclotron plasma heating experiment may
play asignificant role [7]. Moreover, this effect is used
in autodyne (self-mixing) detection. In particular,
autodyne chaotic oscillators for noise radar systems
had been developed in IRE NASU [8,9].

In Refs. [10-12], we studied a general model of
a single-mode oscillator with delayed reflection from
a remote load. The conditions of stability of steady
states were derived analytically. Numerical simulation
of transient processes was performed in the most
interesting case of large delay and low reflections.
Good agreement between theory and simulations was
observed. However, most of modern microwave reso-
nant masers, especially gyrotrons, utilize oversized
resonators where excitation of different eigenmodes
and strong mode-competition phenomena are typi-
cal. We believe that delayed reflections from the re-
mote load should strongly affect the mode competi-
tion processes.

In this paper, we investigate two different models
of resonant multi-mode oscillators with reflections.
In Sec. 2, a system of two competing modes described
by the well-known equations for slowly varying am-
plitudes is presented and the influence of additional
delayed feedback due to reflections is investigated.
In Sec. 3, a gyrotron with build-in quasioptical mode
convertor is considered, where the radiation after re-
flection from the window is converted into oppositely
rotating mode.

It is shown that the reflections can, under the
certain conditions, strongly affect the operation re-
gime. Complicated sequence of transitions from one
regime to another which takes place with the increase
of reflection factor is investigated.

2. REFLECTION EFFECT ON MODE

COMPETITION IN A TWO-MODE MASER

Consider a model of a two-mode electronic os-
cillator, which is described by the equations for slowly
varying complex amplitudes of the modes 4, , in the
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quasi-linear approximation of the electron suscepti-
bility by cubic polynomial:

/h :(61 —[31|A1|2 _Y1|A2|2)A1 +p1einAlr’ (1)

4, 24(02 _B2|A2|2 —72 |A1 |2)A2 +pe2 4, . (2)

In (1), (2) parameter ¢ is a relation of start-
oscillation currents of the two modes. Coefficients
o, B;, v, are complex functions of electron tran-
sit angle; details of derivation are presented in [13].
For simplicity, we assume that these coefficients are
real, i.e. the effects of reactive phase nonlinearity are
negligible. The last terms in right-hand side of Egs.
(1), (2) describe an influence of delayed reflections,
P12 exp(z‘\plyz) are complex parameters of reflection,
t isthe delay time, A;. = A, (7-1) . In the case of zero
reflections, Egs. (1), (2) are converting into well-
known equations of competing modes [14].

Without reflections dynamics of the system is de-
termined by parameters y; =v,0;/B;c;, i#j. Con-
sider the situation when y, <1, %, >1. In that case,
the first mode survives in the competition process and
suppresses the second one. Let us investigate how the
reflections affect the operation of the oscillator.

Consider a single-mode solution of Egs. (1), (2):
A = Ayexp(iot), A,=0 where amplitude and fre-
quency obey the following equations

4| = (0, +p, cos0)/B; , 3)
oa:—([sf A0|2+pl sine), )

where 6=wt—y,. With growing of reflections, there
appear new solutions of the transcendental charac-
teristic equation (4), thus, higher-order steady-state
modes arise [10-12]. Frequencies of these modes de-
pend on reflections in such a way that cos0 —1 with
the increase of p, .

Detailed analysis of stability of the single-mode
solutions with respect to perturbations of the first
mode is presented in [10-12]. However, apart from
the mechanisms of instability described in [10-12], in
the two-mode oscillator there exists one more mech-
anism caused by excitation of the second mode.

We performed numerical simulation of the
mode-competition processes with the increase of

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



Usacheva S.A. et al. Effect of reflection from the remote load on mode competition in multimode resonant electron oscillators

reflections assuming that both modes have equal re-
flection coefficients: p, =p,. The most significant
impact of reflections takes place when the phase of
the first mode reflection parameter is close to =, and
phase of parameter of second mode reflection is close
to zero. In that case, reflections result in decrease of
the amplitude of the first mode and increase of the
second one. Thus, reflections facilitate excitation of
the second mode.

In Fig. 1, domains of different regimes on the
V¥, —py, Plane are presented. One can see, that even
when rather small reflections are entered, transition to
the regime of two-mode oscillations is observed. With
the increase of p, , , the second mode completely sup-
pressed the first one. However, with further increase
of the reflections, excitation of higher-order steady
states of the first mode becomes possible. Since fre-
quencies of these solutions differ from that of the fun-
damental one (see [10-12]), the value of phase y, ==
does not provide suppression of the first mode. There-
fore, a backward sequence of transitions to the two-
mode regime and then the regime of the first mode
generation is observed.

0.30 pl,z
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Fig. 1. Domains of regimes of generation of the first
mode (1), second mode (2), and two-mode generation (3)

on y, —p; , plane of parameters for y, =0.9, , =1.1,
vy, =n,t=10, g=1

However, the picture described above is quite
sensitive to the value of wy,. Numerical simula-
tion shows that when v, shifts off the value y, =m,
at which reflections suppresses the first mode, the
domains of two-mode and second mode oscillations
quickly decrease in size. This is illustrated by Fig. 2
where boundaries of the domains of the different re-
gimes are plotted for three different values of y, . On
the contrary, with decreasing of the delay time 1, do-
mains of the second mode generation and of the two-
mode oscillation grow.

We also studied the case y,, <1, when without
the reflections regime of two-mode generation is sta-
ble. When small reflections appear, the second mode
suppresses the first one, since the chosen values of the
phases vy, , provide decrease of the amplitude of the
first mode and increase of the amplitude of the second
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one. However, with further increase of p, , excitation
of a higher-order steady state of the first mode occurs.
Frequency of this state shifts off the fundamental one,
and, similar to the previous case, a backward transi-
tion to the two-mode regime takes place.
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Fig. 2. Domains of regimes of generation of the first mode
(1), second mode (2), and two-mode generation (3)
for different values of the phase y, . Other parameters
are the same as in Fig. 1

3. REFLECTIONS IN A GYROTRON
WITH RADIAL OUTPUT

Modern gyrotrons designed for operation at high
power levels and high frequencies, especially in sub-
terahertz and terahertz region, are operating at very
high-order modes, TEm n, m,n>>1. For instance, the
gyrotron developed for the International Thermonu-
clear Experimental Reactor (ITER), operates at the
TE34,19 mode; here 34 and 19 are the azimuthal and
radial indices, respectively (see e.g. [5,6]). For such
gyrotrons, a build-in quasioptical mode convertor
is used to convert high-order cavity mode radiation
into a Gaussian wave beam. The radiation, after leav-
ing the cavity and propagating through the output
waveguide, hits the launcher in which an individual
rotating mode loses its identity and with the use of a
quasiparabolic reflector is converted into an approxi-
mately linearly polarized Gaussian wave beam. This
beam is guided by means of phase correcting mirrors
to the output window. When, for some reasons, the
window is not perfectly matched for this wave beam,
the reflected radiation follows the reverse path. On
this way, the beam is transformed inside the launcher
into the oppositely rotating mode, which returns to
the cavity. This means that, in contrast with the situ-
ation considered in Sec. 2, in a gyrotron with a radial
output one has to consider the competition between
oppositely rotating modes with the same azimuthal

and radial indices, TE,TM [5,6]. Here the superscripts
“+” and “—” denote positively and negatively rotat-
ing modes, respectively.

For the case of competition of the TE,, , modes,
Egs. (1), (2) canbe simplified. First, forthe modeswith
the same azimuthal and radial indices, coefficients
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B, and v, are equal. Moreover, one can show that
y; =2B; [13,15]. Thus, Egs. (1), (2) become

A] =(01 —B|A1|2 —ZB|A2|2)A1 > ®)
A 24(62 _[3|Az|2 —2[3|A1|2)A2 +PeiWA11 . (6)
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Y
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Fig. 3. Phase portraits without (a)
and with (b) reflections

Here, A, is the amplitude of the fundamental
mode and 4, is that of the spurious mode with op-
posite rotation. It is assumed that the first mode, after
leaving the cavity, is partly reflected from the window,
changes the direction of its rotation and returns to
the cavity affecting the second mode. The secondary
mode with opposite rotation usually does not reach
the window and the effect of its reflection on the pri-
mary mode can be neglected [5,6].

Introducing real amplitudes and phases,
A; :Fj/\/ﬁexp(icpj), one can rewrite Egs. (5), (6)
as follows:

F=(o{-F -2F)F, (7)
F=q(cy - -2F)F, + ®)
+p B, cos(@, — 9, +v),
¢ =of 1 F +2F), 9)
b, =q(03 —1(E+2F))+

+p(Fir/F2)Sin((p1T -0y +\‘rl)’
where o, =Reo;, o} =Imo,, B'=Rep, p"=Imp,
A=B"/B".

Consider the case when o; >0, o, <0. In that
case, excitation of the oppositely rotating mode in
the gyrotron with perfectly matched window (p=0)
is impossible. Steady-state solutions of the Egs. (7)—
(10) —are

(10)

F}:Fjo, (Pj:th+(pj0’ (11)
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where Fy, ¢, and Q; are constants. Without reflec-
tions there exist two steady-state solutions: the unsta-
ble zero solution F;, =0 and the stable one

Fy=\o| , F,=0, Q, =c]-Aoy, (12)
which corresponds to generation of the fundamental
mode. Phase portrait on the F —F, plane is plotted
in Fig. 3a.

When small reflections appear, p < o, they in-
duce excitation of the secondary mode and two-mode
oscillation arises. The stable fixed point on the F| — F,
plane shifts off the horizontal axis F, =0 (Fig. 3b).
One can find approximate steady-state solution ac-

curate within O(p):
p+/O] COS Y,
Fy~o|, Epr————,
10 1 20 q(zci _Grz)

_ ~ "_ ’
Q,=Q, ~c/ -Ao;.

(13)

(14)

Note that frequencies of both modes in the steady
state should be equal, Q, =Q, =Q. In Eq. (13)

S0 =910 =Py — Y —Q1 (15)
which can be found from (7)—(10), (13):
"(1-g)-2roj(1-2
thOZGI( Q) o ( Q)' (16)

q(20] - o))

Since we consider the case of small reflections,
higher-order steady-state solutions discussed in Sec. 2
do not appear.

Thus, even at very small reflections, at the same
time with excitation of fundamental mode, in a gyrotron
cavity stable forced oscillation of the mode of opposite
rotation arise. We believe that this effect is responsible
for distortion of the transverse pattern of radiation dis-
covered in [16] where a gyrotron with modulated re-
flection from an oscillating membrane was studied.

ACKNOWLEDGMENTS

The work is supported by Russian Foundation for
Basic Research grants No. 11-02-01411a and 12-02-
01298a.

References

1. Antonsen T.M., Cai S.Y., and Nusinovich G.S. 1992.
‘Effect of window reflection on gyrotron operation’,
Phys. Fluids B4, 4131-4139.

2. DumbrajsO., Glyavin M., Zapevalov V.E., and Zavolsky
N. 2000. ‘Influence of reflections on mode competitions
in gyrotrons’ /EEE Trans. Plasma Sci. 28, 588-596.

3. Airila M.I., Kall P. 2004. ‘Effect of reflections on
nonstationary gyrotron oscillations’, [EEE Trans.
Microwave Theory and Techniques 52, 522-528.

4. Dumbrajs O., Idehara T., Watanabe S., Kimura A.,
Sasagawa H., Agusu L., Mitsudo S., and Piosczyk B.
2004. ‘Reflections in gyrotrons with axial output’, /EEE
Trans. Plasma Sci. 32, 899-902.

5. Dumbrajs O., Nusinovich G.S., and Piosczyk B.
2004. ‘Reflections in gyrotrons with radial output:
Consequences for the ITER coaxial gyrotron’, Phys.
Plasmas 11, 5423-5429.

6. Dumbrajs O. 2010. ‘Influence of Possible Reflections
on the Operation of European ITER Gyrotrons’, J.
Infrared Millim. Terahz. Waves 31, 892-898.

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



Usacheva S.A. et al. Effect of reflection from the remote load on mode competition in multimode resonant electron oscillators

7. Batanov G.M., Kolik L.V., Novozhilova Yu.V. et al.
2001. ‘Response of a gyrotron to small-amplitude low-
frequency-modulated microwaves reflected from a
plasma’, Tech. Phys. 46, 595-600.

8. Kulik V.V., Lukin K.A., and Rakityansky V.A. 1998.
Autodyne effect in weak-resonant BWO with chaotic
dynamics’, Int. J. Infrared Millim. Waves 19, 427-440.

9. Lukin K.A., 2002. ‘The principles of noise radar
technology’ Proc. First Int. Workshop NRTW, Yalta,
Ukraine, 13-22.

10. Novozhilova Yu.V., Ryskin N.M., and Usacheva S.A.
2011. ‘Nonstationary processes in an oscillator with
delayed reflection from the load’, Tech. Phys. 56, 1235-
1242.

11. Novozhilova Yu.V. 2011. ‘Parametric instability in an
oscillator with delayed reflection from a load. Theory’,
Appl. Nonli. Dyn. 19 (2), 122-127.

12. Novozhilova Yu.V., Sergeev A.S., and Usacheva
S.A. 2011. ‘Parametric instability in an oscillator with
delayed reflection from a load. Numerical results’, Appl.
Nonli. Dyn. 19 (2), 128-140.

13. Nusinovich G.S. 1981. ‘Mode interaction in gyrotrons’,
Int. J. Electron. 51, 457-474.

14. Rabinovich M.I., Trubetskov D.I. 1996. Oscillations
and Waves in Linear and Nonlinear Systems, Kluwer,
Dordrecht.

15. Nusinovich G.S., Sinitsyn O.V., and Antonsen T.M.
2007. ‘Mode switching in a gyrotron with azimuthally
corrugated resonator’, Phys. Rev. Lett. 98, 205101.

16. Kharchev N.K., Batanov G.M., Bondar Yu.V. ef al.
2011. ‘Gyrotron affected by modulated reflection: new
experiments’, Proc. 8th Int. Workshop “Strong Microwaves
and Terahertz Waves: Sources and Applications”. 1AP
RAS, Nizhny Novgorod, Russia, 90-91.

Manuscript received February, 28, 2013

Svetlana A. Usacheva, for photograph
and biography, see this issue, p. 44.

Maria M. Chumakova was born Octo-
ber 14, 1991 in Saratov, Russia. She is
a student at the Faculty of Nonlinear
Processes, Saratov State University.
Her research interest is in studying of
microwave oscillators with delayed
reflection from remote load.

Mikhail Yu. Glyavin, Head of Labo-
ratory of microwave processing of
materials, Gyrotron Group Plasma
Physics and High Power Electron-
ics Department, Institute of Applied
Physics RAS, Nizhny Novgorod,
Russia (IAP RAS). He was born in
Nizhny Novgorod (former Gorky),
Russia, in 1965. He received the B.S.
degree from Gorky Polytechnic In-
stitute and since 1988 has been working at the AP RAS.
He received the Ph.D. and D.Sc. degrees in physics in 1999
and 2009, respectively. At 1999-2008 he partly joined FIR
FU, Fukui, Japan as visiting professor. His scientific inter-
ests were aimed at developing high power, high efficiency
millimeter and submillimeter wave gyrotrons. His current
research includes gyrotron development, the study of appli-
cation of high power electromagnetic radiation for material
processing and diagnostics of various media. He has more

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

than 100 publications on the theoretical and experimental
topics. M. Glyavin is a member of GYCOM team — the
leading Russian producer of generators and amplifiers at
(10—1000) GHz frequencies, as well as relevant wave trans-
mission and control electrodynamics structures.

Yulia V. Novozhilova, Senior Re-
seacher of Plasma Physics and High
Power Electronics Department, In-
stitute of Applied Physics RAS, Nizh-
ny Novgorod, Russia. She was born in
Nizhny Novgorod (former Gorky),
Russia, in 1960. She graduated from
Gorky University and since 1982 has
been working at the IAP RAS. She re-
ceived the Ph.D. in physics in 1995.
Her research interests are in the theory and development of
electron microwave radiation sources, especially millimeter
and submillimeter wave gyrotrons. She has co-authored
more than 50 journal papers.

Nikita M. Ryskin, for photograph
and biography, see this issue, p. 44.

VK 621.37

BausiHue oTpaxkeHMil OT yIaIeHHOI HATPY3KH HA KOH-
KYPEHIMI0 MOJ B MHOTOMOIOBBIX PE30HAHCHBIX 3JIEKTPOH-
Heix reHeparopax / C.A. YcaueBa, M.M. Yymakosa,
M.1O. T'nasun, }0.B. HoBoxwuioBa, H.M. Pwickun //
[pukiamHast pamuo3JeKTPOHNKA: Hayd.-TeXH. XXypHaIl. —
2013. —Tom 12. — Ne 1. — C. 54—57.

PaccmatpuBaeTcst BIMsIHUAE OTPaXeHUI OT yHajieH-
HOWl Harpy3kuM Ha KOHKYPEHLMIO MOJ B IBYXMOIOBOM
3JICKTPOHHOM Masepe. AHATUTUICCKU W YUCIEHHO WC-
CJIeMyeTCsl CHCTeMa JIBYX CBSI3aHHBIX YPaBHEHUI TSI MEIT-
JICHHO MEHSIIOIIMXCSl aMIUTUTYL MOJI, B KOTOPYIO BXOJSIT
ciraraeMble, colepxaliue 3ama3nsiBanue. [TokasaHo, 94To
TIPU OTIPEICICHHBIX YCIOBUSIX OTPAXKEHMS CHIIBHO BIIMSI-
10T Ha peXuM TeHepamuu. Ocoboe BHUMaHHE YACTSICTCS
THPOTPOHY CO BCTPOSHHBIM KBa3MOIITUICCKUM ITpeodpa-
30BaTeJIeM MO, TJIe U3JTyICHHE TIOCIe OTPaXKEHMsI OT OKHA
ITpeoOpasyeTcsi B MOy BCTPEYHOTO BPAIICHUS.

Karouegvie caoséa: oTpaxkeHMs], KOHKYPCHIIUST MO,
Ma3sep, THPOTPOH, 3alla3IbIBaloliasi 00paTHast CBSI3b.

Wn. 3. bubnuorp.: 16 Ha3B.
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BB BiTOMTTIB BiI BiZgaeHOro HABAHTAXKYBAHHS
Ha KOHKYPEHIil0 MO/ B 0araTOMOJ0BMX PE30HAHCHUX eJIeK-
TpoHHMX reneparopax / C.A. Ycauosa, M.M. Uymakosa,
M.1O. I'nsiBin, FO.B. HoBoxunosa, H.M. Puckin // [1pu-
KJ1aJiHa pa/lioeIeKTPOHiKa: HayK.-TexH. XypHai. — 2013. —
Tom 12. — Ne 1. — C. 54-57.

PosrisimaeTbest BIUIMB BiIOUTTIB Bif BilIaJIeHOTO Ha-
BaHTaXXEHHSI HA KOHKYPEHIIi10 MOJI Y IByXMOJIOBOMY €JIeK-
TPOHHOMY Ma3epi. AHATITUYHO i YMCETHbHO AOCIIIKYETHCS
cucTeMa JBOX 3B’13aHUX PiBHSIHb JIJISI TOBUILHO MiHJIMBUX
aMIUTITYI MOJI, B SIKY BXOJSITh IOJAHKH, 1110 MIiCTSITh 3arTi3-
HioBaHHS. [loka3zaHo, 1110 MpU MEBHUX YMOBAaX BilOUTTS
CWJILHO BIUIMBAIOTh Ha pexXXuM reHeparii. OcobamBa yBa-
ra TIpUAUISIETBCS TipOTPOHY 3 BOYIOBaHUM KBa3iONTHUY-
HUX TIEPETBOPIOBAYEM MOJ, /1€ BUMPOMIHIOBAHHS MiCs
BimOMTTS BiJ BiKHA IEPETBOPIOETHCSI B MOy 3YCTPIYHOTO
obepTaHHS.

Knrouoei croea: BimdonuTTs, KOHKYPEHIIis MO, Masep,
ripOTpOH, 3aMi3HEHHW 1 3BOPOTHU I 3B SI30K.

1. 3. bi6miorp.: 16 Haiim.
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