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Frequency Modulation in a Submillimeter-Wave Gyrotron
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A first demonstration has been made of frequency modulation of a gyrotron output signal. The
experiment was performed on a submillimeter-wave gyrotron operating near 300 GHz. The modulation
amplitude of several tens of MHz has been achieved by a 120 V modulation of the accelerating voltage
this results in variation of the relativistic electron mass and corresponding variation in the electron
cyclotron frequencyfc. The observed modulation of the output frequency is 2.3 times smaller than
the variation infc. There is reasonable agreement between the experimental results and a simulatio
employing the energy transfer formula in a cavity. [S0031-9007(98)06878-1]
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Gyrotrons are practically the only sources of mediu
power radiation in the submillimeter-wave region [1,2
Frequency and amplitude modulations of gyrotron
are important for their new applications in variou
areas [3,4,14], like remote sensing of atmosphe
submillimeter-wave telecommunications, studies of r
laxation processes in plasmas and other materials, ph
sensitive detection of the scattered signal from a plasm
and so on. While some research [5–7] has been carr
out for the amplitude modulation of gyrotron, there are n
results regarding its frequency modulation. Generally,
is difficult to modulate the frequency, because a gyrotr
operates at fixed frequencies determined by the fixed
ometry of its high-Q cavity. For example, in our gyrotron
the total Q including Ohmic losses isQ  5800. The
relatively slow change of gyrotron frequency has bee
performed in several papers [8–12,15–19] by variation
the external magnetic field. However, as it was pointe
out in [13,14], the typical time scale of variation in the
magnetic field is of the order of 0.1 s. Hence, a modul
tion of the operating voltage was theoretically consider
in [13,14] to achieve much faster frequency change of t
gyrotron output signal. Quasistatic gyrotron frequenc
pulling by variation in anode and beam voltages wa
implemented, e.g., in [15–19].

In this Letter we describe the first results for a rapid (u
to 40 kHz) frequency modulation of gyrotron output.

A submillimeter-wave gyrotron designed in the frame
work of “Gyrotron FU” series at the Fukui University was
employed for our frequency modulation experiment.
was Gyrotron FU IV [1] with the following typical opera-
tion parameters: the beam energyeVc  16.5 keV, the
beam currentIb  0.16 A, the static magnetic field inten-
sity B0  11 T, the output frequencyfr  302 GHz, and
the output powerP  20 W. The gyrotron was operated
completely in continuous wave (cw) mode.

The gyrotron operating frequencyvr is usually either
near the cyclotron frequencyvc or near one of its har-
0031-9007y98y81(9)y1973(4)$15.00
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monicsnvc, wherevc  eB0ysgm0d; e and m0 are the
electric charge and the rest mass of electron, respectiv
The relativistic factorg  s1 2 y2yc2d21y2 is determined
by the accelerating voltageV sincesg 2 1dm0c2  eV .
Obviously, variation inV changesg and the relativistic
electron mass. Therefore, the cyclotron frequencyvc is,
in its turn, modulated, and the output gyrotron frequen
vr is modulated as well, despite restrictions imposed
the cavity on operating frequency flexibility.

The beam energy in Gyrotron FU IV is modulate
by variation in the body potential. The body include
the cavity and is separated electrically from the bea
collector by a ceramic insulator. The experimental set
is shown in Fig. 1.

The output power is transmitted by circular wave
guides and emitted to a horn antenna. The frequen
is measured by a heterodyne detection system cons
ing of a sweep oscillator, a frequency counter, a ha
monic mixer, and a modulation domain analyzer. Th
block diagram is presented in Fig. 2. The detected sig
is mixed with a high harmonic of the local oscillator
The time and frequency resolutions of the detection s
tem are10 ms and 10 kHz, respectively. A typical re
sult of the frequency modulation experiment is shown
Fig. 3. The left-hand side trace corresponds to the var
tion of the output frequency and the right-hand side tra
to the modulation of the body potential. The peak-t
peak value of the body potential modulation is 120 V
the body potential is modulated with the frequencyfm 
15 kHz, and the peak-to-peak amplitude of the output fr
quency modulation isDf  30 MHz, i.e., almost equal to
the linewidth of the gyrotron cavity. The higher beam
energy corresponds to the lower measured output f
quency, so there is qualitative correspondence with var
tion in the electron cyclotron frequency. The left-hand sid
spectrum analyzer trace in Fig. 4 presents the freque
spectrum of the output signal without frequency mod
lation and the right-hand side trace with the frequen
© 1998 The American Physical Society 1973
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FIG. 1. Experimental setup for Gyrotron FU IV.
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modulation. The frequency widthdf of the gyrotron out-
put itself in the left-hand side trace is about 100 kHz.
well-known pattern of a frequency spectrum under mod
lation is obvious in the right-hand side trace. The fre
quency widthdf of the spectrum is in good agreemen
with the amplitudeDf of the frequency modulation deter-
mined from thefIF trace in Fig. 4. The correspondingVb

modulation with the amplitude of 120 V is also plotted in
Fig. 4. The frequency modulation amplitudeDf versus
the body potential modulation amplitudeDVb is plotted in
Fig. 5 for several values offm. There is an almost linear
dependence betweenDf andDVb for all values offm. A
data scatter in Fig. 5 increases when the frequency mo
lation amplitude approaches the gyrotron cavity linewidt
The efficiency of frequency modulation shown in Fig.
is DfyDVb  0.247 6 0.06 MHzyV. The estimated cy-
clotron frequency variation versusDVb is easily calcu-
lated asDfcyDVb  0.570 MHzyV; i.e., the observed
modulation efficiencyDfyDVb is 2.3 times smaller than
FIG. 2. Frequency measurements system with the resolutions10 ms for time and 10 kHz for frequency.
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DfcyDVb . Since flexibility of the gyrotron operating fre
quencyvr is restricted by its high-Q cavity sQ  5800d,
such a difference betweenDfyDVb andDfcyDVb could
be expected.

To compute the frequency modulation, we shou
define the complex energy transfer from the electrons
the microwave field in the gyrotron cavity as

PasV d  2e
Z zmin1L

zmin

$Esz, r , Fd expfjsvr t 1 udg

?
d $s
dt

dt
dz

dz, (1)

where $E is the microwave electrical field in the cavity,t is
the time, and$s describes the electron helical trajectory a

dsx,y

dt


(
y' cosfvcst 2 zminyykd 1 wg
y' sinfvcst 2 zminyykd 1 wg

. (2)
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FIG. 3. Measured frequency modulation and the variations of body potentialVb and output powerP. TE031 cavity mode,
frequencyfr  301.99 GHz, beam energyeVc  16.5 keV, beam currentIb  0.155 A, fm  10 kHz; frequency modulation
amplitudeDf  30 MHz, and amplitude of body potential modulationDVb  120 V.
e

-

c-
Here yk and y' are the electron velocities along the
cavity axis Oz and in the cross-section plane, wherea
the anglesu and w define the phases of the microwav
field and the electron rotation, respectively. Followin
[20], the amplitude of frequency modulation caused b
DVb  V1 2 V2 is

Df  f1 2 f2 
fres

2Qtot

"
ImhPasV1dj
RehPasV1dj

2
ImhPasV2dj
RehPasV2dj

#
,

(3)
FIG. 4. Experimental results for frequency spectra without and with frequency modulation, for variation of body potentialVb , and
for observedfIF ; fm  15 kHz; DVb  120 V; Df  30 MHz.
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where Qtot is the cavity quality factor. The result of
Eq. (3) heavily depends onu and w. We can limit
ourselves withu  0 and u  py2, since a rotating
electromagnetic field with an arbitrary phase can b
represented as a linear combination of those two fields.

Obviously, the contribution of electrons with variousw

is different and one can define an effective electron ro
tation phaseweff giving the correct value of frequency
modulation for an average electron trajectory. The ele
tron rotation phasesw are described by an electron
1975
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FIG. 5. Experimental and simulation results for frequen
modulation amplitudeDf versus the amplitude of body
potential modulation DVb for fm  10, 15, 20, 25, 30,
and 40 kHz;DfyDVb  0.247 6 0.06 MHzyV. Output power
P  20 W; other parameters the same as in Fig. 3.

distribution function for the interaction between an ele
tron beam and a millimeter-wave field in the cavi
[5,11,15–17,19–21]. A full scale simulation of that in
teraction would be required to determineweff, but it far
exceeds the possibilities of our computers. An appro
mation modifying the methods [20] and [22] was adopt
instead. The frequency modulation amplitudeDf from
Eq. (3) was plotted for allw values for bothu  0 and
u  py2. The intersection of such two plots gives u
weff and Df. The simulation results presented in Fig.
by the solid line are in reasonable agreement with the
periment. We have also compared the experiment
the simulation for the output power variation presented
the lowest trace in Fig. 3. The average measured ratio
maximal to minimal power equals 1.6, whereas the sim
lation yields the ratio of the real parts of Eq. (1) forV1
andV2 with w  weff equal 1.56, so there is good agre
ment as well.

In summary, a frequency modulation amplitude up
several tens MHz have been achieved for a 300 G
gyrotron output, whereas the modulation frequency
plied to the accelerating voltage can be increased
to 40 kHz, and a linear dependence between the mo
lations of frequency and of accelerating voltage has b
demonstrated.

The work was supported in part by a Grant-in-Aid fro
the Ministry of Education, Science, Sport and Culture
Japan. Thanks are due to Dr. G. F. Brand from Schoo
Physics, University of Sydney, for invaluable discussio
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