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Special experiments devoted fo studying hysteresis in gyrotron oscillators have been performed for
the first time. Clear hysteresis-like effects with respect to variation of the cathode voltage have been
observed in the mode competition scenario of the Forschungszentrum Karlsruhe coaxial gyrotron
{B. Piosczyk ez al., IEEE Trans. Plasma Sci. 36, 818 (2002)] and with respect to variation of the
magnetic field and voltage in a single-mode operation of the Fukui IV gyrotron [T. Idehara ef al.,
Int. J. Infrared Millim. Waves 19, 793 (1998}]. The observed phenomena are explained theoretically.

Gyrotrons are microwave sources whose operation is
based on the stimulated cyclotron radiation of electrons os-
cillating in a static magnetic field. Gyrotron devices are now
able to generate several orders of magnitude as much power
at millimeter wavelength as classical microwave tubes, and
can operate at frequencies higher than are conveniently avail-
able from other types of wbes. Gyrotron oscillators can have
a wide application, including radars, advanced communica-
tion systems, techmological processes, atmospheric sensing,
ozone conservation, artificial ionospheric mirror, extra-high-
resolution spectroscopy, etc. However, the main application
of powerful gyrotrons is electron cyclotron resonance plasma
heating in tokamaks and stellarators and the noninductive
current drive in tokamaks. Extensive literature exists on vari-
ous aspects of these microwave tubes.! The study of one very
interesting phenomenon—hysteresis—has been neglected so
far, although perfect understanding of hysteresis is important
in connection with mode competition, frequency tuning,
voltage overshooting, amplitude modulation of the signal,
etc. In gyrotrons hysteresis is the phenomenon that causes
the amplitude of oscillations to lag behind the magnetic field
and the voltage, so that operation regions of modes for rising
and falling magnetic field and voltage are not the same.

In nonlinear oscillator theory” hysteresis is intimately
linked to existence of the so-called hard excitation region,
where for certain parameter values of the system, stable os-
cillations can be induced only by kicking the oscillator with
the amplitude that is larger than the stationary ome. Since,
like most of the oscillators, a gyrotron is a very nonlinear
system, it was no surprise that hard excitation regions were
discovered at the advent of gyrotron research.>™ During the
past decades existence of hard excitation region in gyrotrons
has been mentioned on many occasions (see, e.g., Refs. 6
and 7), albeit without mentioning explicitly hysteresis.

In this Letter, we present the first devoted experimental
verification of different hysteresis-like phenomena in gy-
rotrons predicted by a theory as well as describe this theory.

The Forschungszentrum Karlsruhe (FZK) coaxial
gyrotron® operates in pulsed regime. Measurements of hys-
teresis have been performed for the constant maguetic field
B=6.66 T. The oscillating range for single mode operation
of the nominal TE3; ;7 (165 GHz) mode has been measured
for different beam currents for rising and falling cathode
voltage U_. The results are shown in Fig. 1(a).

For rising voltage first the TE3; 7 mode oscillates. On
the high voltage side either the TE3p;, mode or at larger
beam currents the TEjq ;7 mode are oscillating. In between
the nominal TE3; ;7 mode is oscillating. The boundaries of
its oscillating range are shown in the figure. Figure 1(b)
gives the rf power calculated for a beam current /,=50 A at
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FIG. 1. Hysteresis in the FZK coaxial gyrotron with respect 1o variation of the cathode voltage. (a) Experimental oscillating range of the nominal mode TEj; 1y
staris at (A) and ends at (A), whereas for decreasing voltage the TE;, ,, mode oscillates in the range between (7) and (V). The dotied curve shows the
beam current dependence on U, . (b) Radio frequency power calculated for the beam cutrent [, = 50 A at U, =90 kV. The arrows correspond o the tising (—)

and falling () cathode voltage.

U,.=90 kV. In good agreement with the experiment the cal-
culations reproduce the hysteresis behavior. Depending on
the direction of the voliage variation, indicated in the figure
by the arrows, the oscillating range of the modes is changing
due to the hysteresis effect. In conformity with theoretical
predictions (Fig. 5) the hysteresis increases with increasing
beam cusrent exceeding 5 kV for 1,=50 A.

Three imporiant conclusions can be drawn from the re-
sults presented in Fig. 1. First, the hysteresis influences mode
competition and it should be taken into account in designing
frequency-step-tunable  gyrotrons for plasma physics
appﬁcatiﬂnsg based on voltage variation as proposed in Ref.
10. The use of the present gyroiron as a frequency-step-
tunable source at frequencies 167.27 GHz (TE3,7), 165.00
GHz (TE3;47), and 162.72 GHz (TE5p;7) in the case of
rising voltage would require the sequence of U, : 82 kV—92
kV-—95 kV. For the falling voltage the hysteresis loops have
to be included and U, should be changed as 95 k¥—87.5
kV—92 kV to obtain oscillations in the TE5; 7 mode, and 92
kV—76 kV—82 kV to obtain oscillations in the TEq
mode. Second, due to hysteresis the voliage overshooting
during ramp-up becomes dangerous. To obtain maximum
output power in the nominal TE5; ;7 mode at U/, =92 kV, one
has 1o avoid voltage overshooting larger than ~ 1 kV. Other-
wise the gyrotron at lower voltages will oscillaie in the

wrong TEg,7 mode, delivering a significantly lower power.
Third, hysteresis makes it possible to decrease the lower
bound of the region of amplitude modulation from ~83
KV{600 kW) o ~76 kV(250 kW).

The low-power and low-mode gyrotmns”‘m are espe-
cially suitable for studying hysteresis phenomena, because
they allow investigation of additional effects that is not pos-
sible in high-power high-mode gyrotrons.

Such gyrotrons can oscillate in well-separated low-order
modes that allow studying hysteresis without taking into ac-
count mode competition. They can operate in the CW regime
and hence permit studying hysteresis with respect to varia-
tion of the magnetic field. A clear experimental hysteresis
loop with respect to such a variation was observed in the
Sydney gyrotron and reporied in Ref. 11, albeit without re-
lating it to any theory. In Fig. 2 we show such a hysteresis in
the Fukui TV gyrotron in the operation region of the TEq3
mode oscillating at 302.20 GHz at the fixed anode and caih-
ode voltages. The hysteresis loop is ~0.003 T.

In Fig. 3 we show hysteresis with respect to variation of
the cathode voltage at the fixed magnetic field and anode
voltage. The hysteresis loop is ~0.35 kV.

In Fig. 4 we show hysteresis with respect to variation of
the anode voliage U, ai the fixed magnetic field and cathode
voltage. The measured loop is very narrow, ~0.02 kV, which
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FIG, 2. Hysteresis in the Fukui IV gyrotron with respect to variation of the magnetic field. (a) Experimental oscillating range of the TEg; mode. (b) Radio
frequency power calculated for the beam current 7,=0.07 A, U, =68 kV, and U, =142 kV.
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FIG. 3. Hysteresis in the Fulai IV gyrotron with respect to variation of the cathode voltage. (a) Experimental oscillating range of the TEy,; mode. (b}
frequency power calculated for the beam cument [,=0.07 A, U,=6.8 kV, and B=1099 T.

is related to the fact that in this case, in contrast to variable B
and U., we are moving almost “parallel” to the curves
shown in Fig. 5.

Theoretically hysteresis can be studied most conve-
niently using a time-dependent equation for the oscillation
amplitude. In such calculations the equation is solved for a
given fixed value of the parameter of interest (B, U, or U,)
until the onset of stationary oscillations. After this the param-
eter is increased by a small amount and calculations are con-
tinued until again the onset of stationary oscillations. This is
repeated uniil the desired parameter value is reached. Next
such calculations are carried out in the reverse direction with
decreasing parameter values. Theoretical computations pre-
sented in this article are based on the following system of

partial differential equations’” which describe  self-
consistently multimode gyrotron oscillations:
(8p190) +i(lpPP~1)p=i2, f, expli(As+u)],
§
(52fs/a§2)~i(3fsla7)+§sfs (1)
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Here p is the complex transverse momentura of the electron
normalized fo its initial absoluie value, {=( Bf @ S2fc)z is
the dimensionless longiudinal coordinate, )= vy/c and

B, =wv, /c are normalized electron velocities, ¢ is the veloc-
ity of light, z is the longitudinal coordinate, £,(£,7) is the f
field in the resonator, A;=2p] (w,—w)w, " is the fre-
quency mismaich, w; is the ¥f frequency, w/JGHz]
=56mB[ T/ ¥; is the electron cyclotron frequency, B is the
magnetic field in the resonator, =1+ UJkV}/511 is the
relativisiic factor, #,=8 ,8[%18;4( @ w)e (1 Tm,) ¢
is the phase of the mode, m; and ¢ are the azimuihal index
and coordinate, respectively, 7= f?ﬁi By 2wt is the dimen-
sionless time, 7 is time, 8,= 8 BB [@,~ w, ou({) Jw] " de-
scribes variation of the cut-off frequency w; .,({) along the
resonator axis, w, is the cut-off frequency at the exit from
the resonator, and /; is the dimensionless current which in-
cludes the 1f field and electron beam coupling:
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where A, is the wavelength, R,; is the electron beam radius,
and v, is the eigenvalue. The subscript s refers to the sth
mode.

The first equation in the system (1) has to be supple-
mented by the initial condition p(0)=exp(Jy). with 0 G,
<24 and the second equation by the boundary condition at
the end of the exit cone of the resonator:
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FIG. 4. Hysteresis in the Fukui 1V gyrotron with respect to variation of the anode voltage. (a) Experimental oscillating range of the TEg; mode. (b) Radio
frequency power calculated for the beam current /,=0.07 A, U,=14.0kV, and B=10.99 T,
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FIG. 5. Oscillation regions in the A — I plane. The upper curve is the border
of arising and the lower curve the border of breakdown of oscillations.
Without hysteresis these two borders would coincide. The point of the maxi-
mum efficiency { %, =0.75) is marked by X and the approximate operation
point of the Fukui FU IV gyrotron is marked by A,

{afs(gv'r)/ag'*'iksfs(g’T)u{=§ﬂm=0v (3)

where k,=2cBi87 *0; "Wuy/ct—v (IR, (D) is the di-
mensionless wave number and R, is the cavity radius.

The curves shown in Fig. 1(b) were obtained by solving
numerically Eg. (1) with inclusion of seven competing
modes. The theoretical results presented in Figs. 2(b), 3(b),
and 4(b) were obtained in a single-mode approximation.
Here the method developed in Ref. 16 was used in the nu-
merical integration. It is based on the fully implicit scheme
of solving parabolic differential equations.

The hysteresis in gyrotrons for a single mode can be
theoretically illustrated in the most general manner by plot-
ting oscillation regions in the A —17 plane.

The curves shown in Fig. 5 comespond to the case (g,
=15 which represents a typical length of gyrotron resona-
tors. In gyrotrons two types of electron guns are used. In the
case of a diode gun (FZK gyrotron) there is no anode voltage
and the eleciron velocities depend only on U, . In a tricde
gun (Fukui gyrotrons) they depend also on the anode voltage
U, and on some geometrical parameters of the gun (see, e.g.,
Refs. 1 and 7 for such dependences). The functions
B.(B,U,,U;) and By(B,U,.U;) have to be known very
accurately for a specific gun, in order to make quantitative
predictions of hysteresis loops in a specific gyrotron. It is
well known that in practice it is not always easy to obtain
such information reliably. For this reason the comparison
between experiment and theory presented in Figs. 2-4
should be regarded as qualitative.

‘We would like to mention another, albeit exotic, possible
hysteresis-like phenomenon in gyrotrons: hysteresis with re-
spect to variation of the cavity length. Such a phenomenon

can be envisaged by examining gyrotron efficiency plots in
the I— u plane (see, e.g., Fig. 5 in Ref. 6). Since the dimen-
sionless cavity length p= m( ;8&/ By (L/N) is proporiional to
the real cavity length L, by varying only the latter we are
moving between the soft and hard excitation regions, which,
as stated above, is linked to hysteresis. It can hardly be ex-
pected that such an experiment will be carried out in prac-
tice. However, indirectly this idea gets support from the re-
sulis discussed in Ref. 17 where simulations of a
gyroklystron have revealed hysteresis-like features in the
drive curve. This was attributed to the variable interaction
space in the output cavity.

In summary, we have presenied a compact report on
hysteresis-like effects in gyrotron oscillators. The two de-
voted experimental measurements of various hysteresis loops
demonstrate to our opinion an excellent qualitative agree-
ment between theory and experiment. The results of the work
impose quantitative limits on the expected magnitude of hys-
teresis. New more accurate experiments are needed to quan-
tify our understanding of this very interesting phenomenon.
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