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Spatial and Temporal Coherence of a 35-GHz
Gyromonotron Using the TEy; Circular Mode

MICHAEL E. READ, RONALD M. GILGENBACH, ROBERT F. LUCEY, JR., KWO RAY CHU,
ADAM T. DROBOT, anp VICTOR L. GRANATSTEIN

Abstract—The characteristics of a 35-GHz oscillator operating with the
TE,, circular waveguide mode are described. The device produced 147
kW, with an efficiency of 31 percent at 100 kW. The total radiated energy
was 2 kJ/pulse. The spectral coherence appears to be equal to those of
other high-quality microwave tubes. The mode purity is greater than 95
percent.

I. INTRODUCTION

HERE has been considerable recent interest in

cyclotron masers (commonly called gyrotrons) for the
production or amplification of high-power millimeter
wavelength radiation [1}-[5]. These devices have demon-
strated higher efficiency and average power capabilities at
higher frequencies (28-330 GHz) than conventional mi-
crowave tubes [6]-[8]. One class of these devices, the
single cavity oscillator (gyromonotron) is of interest for
radar and to the fusion community for electron cyclotron
heating [9]-[12]. Several of these devices have been re-
alized, with the highest power (1 MW at 3.5 mm) reported
by Flyagin [2] in the USSR.

In this letter we describe a gyromonotron operating at
35 GHz with an output power of 147 kW. This device is
the first gyrotron reported at this frequency and is unique
in that it operates in the TE,, (circular) mode, which is
readily converted to a linearly polarized rectangular
mode. The gyrotron was specifically designed as a source
for electron cyclotron heating (ECH) experiments in
Tokamaks, and thus has a long pulse length (20 ms), and
utilizes the TEy,, mode. This latter feature allows the
linear polarization of the radiation with a commercial
mode converter and will permit the examination of the
effect of polarization in ECH experiments. We also report
for the first time measurements of the temporal and
spatial coherence of a gyromonotron.

II. DEsiGN

The operating parameters of the gyromonotron were
determined using the linear theory of Chu [13] and nonlin-
ear calculations employing an orbit integrator developed
originally by Drobot [14] and modified by the authors.

The device parameters are given in Table I. A sche-
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Fig. 1. Schematic of the long pulse 35-GHz oscillator (1) electron gun,
@ vacuum envelope, 3 cavity, @) output guide, (5) collector, and
@ output window.

TABLE1
GYROMONOTRON DESIGN PARAMETERS

Beam Voltage 70 kV

Beam Current 4 ~ 10 Amperes

Frequency 35 GHz
Cavity Length 2.86 cm
Maximum Cavity Radius 0.53 cem
Cavity Q 800

Cavity Mode TEO11 (modified)

matic is shown in Fig. 1. To produce the electron beam a
magnetron type electron gun designed by Seftor er al. [15]
was used. The magnetic field for both the gun and micro-
wave interaction regions was produced by a superconduct-
ing solenoid. The field at the cavity was approximately
13.2 kG.

The cavity was modified right-circular, with the profile
shown in Fig. 2(a), supporting an electromagnetic field
with an electric field profile given in Fig. 2(b). This profile
was measured in the cavity in the absence of the electron
beam. The taper, given in Fig. 2(a), was expected to give
some improvement in efficiency but was chosen rather
arbitrarily, and is not necessarily optimal [16]-[20]. As in
most gyromonotrons [1], the wave frequency was just
slightly above cutoff, and the length was 3.3 free-space
wavelengths. This length was shorter than that for opti-
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Fig. 2. (a) Diagram of the cavity used for the Q=800 oscillator cavity
(the dimensions are in centimeters). (b) Electric field profile for the
cavity of (a).

mum efficiency (equal to 5.5 A) in order to maximize the
output wave power without operating near the diffraction
limited Q [21]. The use of a very low Q was rejected since
it was expected that the device would then be influenced
excessively by external reflections, which in the case of
ECH experiments were of unknown magnitude. Enhance-
ment of the O over the diffraction limit was produced by
a small iris and an abrupt step to the output guide
diameter at the output of the cavity.

The output guide was 0.80 cm in radius, a value such
that the TE,, mode was cut off at 35 GHz. This
eliminated the most likely form of mode conversion at the
output of the cavity. Two different collector geometries
were tried. For short pulses (1 us) the collector was
formed by the output guide, while the 20-ms version

required a 5-cm diameter collector. No difference in the .

performance of the tube was observed (other than the
ability to dissipate beam energy) with the two collectors.
The output window was a tuned disk of Beryllia.

The mode converter was of the type manufactured by
Hitachi [22]. It was found to be capable, with pressuriza-
tion of 2 At of SF, of withstanding break down to more
than 147 kW.

III.

A maximum power of 147 kW was produced, with an
efficiency of 31 percent achieved at 100 kW. (With the
large diameter collector, pulses of up to 20 ms were
achieved with an output of 100 kW, yielding a total
radiated energy of 2 kJ.)

The behavior of the device with variations of the beam
current and the magnetic field can be compared with
theory. Fig. 3 shows both the calculated and experimen-
tally observed efficiency as a function of the beam current
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Fig. 3. Output efficiency of the oscillator with Q=800 as a function of
beam current. The magnetic field at the cavity has been optimized for
each point. The two curves were generated by the code, using different
values of a.

for optimized magnetic fields. (Here the efficiency of the
device is defined as the ratio of the output power to the
beam power.) The theoretical efficiencies have been
calculated with allowance for cavity, output guide, and
window losses, which are expected, in the experimental
device, to amount to 12 percent.

Two theoretical curves are given, corresponding to dif-
ferent values for «, the ratio of the perpendicular to
parallel beam electron velocities. The design value for a
for the electron gun used in the experiment was 1.5, but
small variations in the applied voltages and magnetic
fields could result in an a as high as 1.8 [15]. (No direct
measurement of this parameter has been made.) Addition-
ally, we note that the electromagnetic fields used in the
calculation were those of an unperturbed right-circular
cavity. These fields are a close approximation to those
measured in cold tests, but may not be those existing in
the presence of the beam. With the inclusion of these
uncertainties, and an estimate of experimental errors, the
observed and predicted results are in reasonable agree-

ment.
We note that the peak in efficiency occurs for a beam

current of 3 A, and that the efficiency drops to 0.24 for 9
A. The strength of the interaction, and therefore the
efficiency, is determined by the magnitude of the RF
electric field strength in the cavity, which is in turn
determined by the beam current and cavity Q. Straight-
forward arguments show that the efficiency will remain
constant for a constant value of QI. It is therefore clear
that for higher power operation, a lower value of Q is
required.

In order to evaluate the effect of changing O, operation
was also attempted with quality factors of 400 and 1600.
As expected, a Q of 1600 yielded the same efficiency as
that of 800 (Fig. 3) but at a current of 1.8 A. Operation
with a Q of 400 was plagued by the appearance of a
parasitic oscillation in the input guide, as the starting
currents for this and the desired cavity mode appeared to
be approximately equal. The maximum efficiency for this
case was 0.17, and the operation was extremely erratic. It
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Fig. 4. Output efficiency of the oscillator with Q=800 as a function of
the magnetic field amplitude at the cavity, for a beam current of 3 A.

is postulated that the parasitic oscillation occurred in the
TE,; mode, since this mode is close to cutoff in the input
guide at the observed frequency of 31 GHz.

The oscillator operating at Q=400 also appeared to be
sensitive to reflections at the output. Further investigation
is desirable to determine if this is due to the low value of
0, since, as is mentioned above, even lower values of Q
are required to reach higher output powers.

Fig. 4 shows the dependence of both the observed and
the theoretically predicted efficiencies on the magnitude
of the magnetic field at the cavity for a beam current of 3
A. Agreement between theory and experiment appears
good for high values of the field magnitude, but poor for
low values. The reason for the discrepancy is not clear,
although it may be due to variations of the gun perfor-
mance with changes in the magnetic field.

1V. EFrECT OF BEAM VELOCITY SPREAD

The electron gun is predicted to have a spread in
velocities parallel to the magnetic field of approximately
11 [15] to 15 [5] percent. Initial calculations indicate that
the oscillator operation should be substantially unaffected
by velocity distributions below 20 percent. The agreement
between the theoretical and observed efficiency supports
these calculations. We note that this tolerance to relatively
high-velocity spreads may be a fundamental difference
between the gyrotron oscillator and the gyrotron travel-
ling wave amplifier, as it is theoretically predicted [5] that
the amplifier may require much higher quality beams for
efficient operation.

V. SPECTRUM AND MoODE PURITY

With the oscillator operating in the long pulse (10 ms)
mode, it was possible to obtain a spectrum of the output
radiation by sweeping a frequency analyzer during a sin-
gle pulse. The result, shown in Fig. 5, indicates a line
width of 1.5 MHz. (This gives a maximum line width of 4
parts in 10°.) This appears to be an upper bound, since it
was observed that the frequency variations during the
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Fig. 5. Spectrum of the oscillator, The spectrum analyzer sweep time
was short compared to the pulse length; therefore, this is a CW
spectrum. .

analyzer sweep were of the same order. These variations
were measured by manually sweeping the analyzer so that
different points in the pulse could be observed on a
shot-to-shot basis. The variations appeared to be well
correlated with modulator voltage fluctuations.

A measure of the mode purity was obtained by observ-
ing output power directly in the TE;, mode with a
calorimeter, with and without a filter preceding the
calorimeter. The filter consisted of a tightly wound helix
waveguide which strongly attenuated all modes other than
the TE,; and was cut off to the TE;, mode. No difference
in the output power was observed when the filter was
inserted. This measurement of the power was also in
agreement with that mode using the Hitachi mode con-
verter and a calibrated crystal in a WR-28 mount. The
mode impurity can then be inferred to be less than 5
percent, the accuracy of the calorimeter.

VI

The oscillator has been shown to operate as theoreti-
cally predicted, and at power levels and pulse lengths
useful for ECH and radar applications. Linear polariza-
tion of the TE, radiation is straightforward for these
powers and pulse lengths. Efficient operation was
achieved with little difficulty, although attempts at high
power via lower Q factors met with problems in the form
of parasitic oscillations and reflections from the load.
These difficulties will have to be overcome in order to
realize higher power devices. The device has a spectral
purity at least comparable with other high quality micro-
wave sources, and appears to be presently limited only by
modulator voltage variations.

CONCLUSION

ACKNOWLEDGMENT

The authors wish to thank H. Jory, S. Hegji, R. Parker,
J. L. Seftor, and L. Barnett for helpful discussions on the
experimental work, and J. Silverstein for assistance with
the computer code.

REFERENCES

[1] V. A. Flyagin, A. V. Gaponov, M. L. Petelin, and V. K. Yulpatov
“The gyrotron,” JEEE Trans Microwave Theory Tech., vol. MTT-
25, pp. 514-521, 1977.

[2] A. A. Andronov, V. A. Flyagin, A. V. Gaponov, A. L. Gol’den-
burg, M. 1. Petelin, V. G. Usov, and V. K. Yulpatov, “The
gyrotron; high power source of millimeter and submillimeter
waves,” Infrared Phys., vol. 18, pp. 385-394, Dec. 1978.

[3] H.R.Jory, S.J. Evans, S. J. Hegji, J. F. Shively, R. S. Symons, and



878

N. J. Taylor, “Gyrotron amplifiers and oscillators for high power
at high Frequency,” in Proc. IEEE Int. Conf. Plasma Science
(Montreal, Canada, June 1979), p. 11.

[4] J. L. Hirshfield and V. L. Granatstein, “The electron cyclotron
maser—An historical survey,” IEEE Trans. Microwave Theory
Tech., vol. MTT-25, pp. 522-527, 1977.

[5]1 J. L. Seftor, V. L. Granatstein, K. R. Chu, P. Sprangle, and M.
Read, “The e¢lectron cyclotron maser as a high power travelling
wave amplifier of millimeter waves,” IEEE J. Quantum Electron.,
vol. QE-15, pp. 848-853, Sept. 1979,

[6] F. A. Kovalev and A. F. Kurin, “Cyclotron—-Resonance maser
with a Fabry—Perot cavity,” Rad. Eng. Electronic Phys., vol. 15, no.
10, pp. 18681873, 1970.

[71 V.V. Alikaev, G. A, Bobrovskii, V. I. Pozyak, K. A. Razumova, V.
V. Sannikov, Yu. A. Sokolov, and A. A. Shmarin, “ECR plasma
heating in TM-3. Tokamak in magnetic fields up to 25 kOe,”
Plazmy, vol. 2, pp. 390-395, 1976 (Sov. J. Plasma Phys., vol. 2, pp.
212-215, 1977).

{8] N. I Zaystev, T. B. Pankrotova, M. I. Petelin, and V. A. Flyagin,
“Millimeter and submillimeter waveband gyrotrons,” Radio Eng.
Electron., Phys., vol. 19, pp. 103-107, May 1974.

[9] I. Fidone, G. Granata, and R. L. Meyer, “Wave absorption near

the electron cyclotron frequency,” Phys. Fluids, vol. 21, pp.

645-652, 1978.

O. Eldridge, W. Namkung, and A. C. England, “Electron

cyclotron heating in Tokamaks,” ISX-B ORNL Tech. Memo. TM

6052, Nov. 1977,

E. O, B. Hui, and K. R. Chu, “Theory of electron cyclotron

resonance heating of Tokamak plasmas,” Phys. Fluids, to be pub-

lished.

B. Huij, E. Ott, K. R. Chu, and T. Antonson, “Theory of second

harmonic cyclotron resonance heating of a Tokamak plasma,”

Phys. Fluids, to be published.

(10}

[11]

[12]

1]

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-28, NO. 8, AuGuUsT 1980

[13] K. R. Chu, “Theory of electron cyclotron maser interaction in a
cavity at the harmonic frequencies,” Phys. Fluids, vol. 21, pp.
2354-2364, 1978.

P. Sprangle and A. T. Drobot, “The linear and self-consistent
nonlinear theory of the electron cyclotron maser instability,” JEEE
Trans. Microwave Theory Tech., vol. MTT-25, pp. 528--544, 1977.
J. L. Seftor, A. T. Drobot, and K. R. Chu, “An investigation of a
magnetron injection gun suitable for use in cyclotron resonance
masers,” Naval Res. Lab. Memo Rep. 3697, to be published.

D. V. Kisel, G. S. Korablev, B. G. Navel’Yev, M. 1. Petelin, and
Sh. Ye. Tsimring, “An experimental study of a gyrotron, operating
at the second harmonic of the cyclotron frequency, with optimized
distribution of the high-frequency field,” Radio Eng. Electron.
Phys., vol. 19, no. 4, pp. 95-100, 1974.

S. N. Vlasov, G. M. Zhislin, I. M. Orlova, M. L. Petelin, and G. G.
Rogacheva, “Irregular waveguides as open resonators,” Radiophys.
Quantum Electron., vol. 12, no. 8, pp. 972-978. Aug. 1969.

E. M. Demidovich, 1. S. Kovalev, A. A. Kurayev, and F. G.
Schevchenko, “Efficiency-optimized cascaded circuits utilizing the
cyclotron-resonance,” Radio Eng. Electron. Phys., vol. 18, no, 10,
pp. 15421549, 1973.

S. V. Kolosov and A. A. Kurayev, “Comparative analysis of the
interaction at the first and second harmonics of the cyclotron
frequency in gyroresonance devices,” Radio Eng. Electron. Phys.,
vol. 19, no. 10, pp. 65-73, 1974.

Yu. V. Bykov and A. L. Gol’denburg, “Influence of resonator
profile on the maximum power of a cyclotron-resonance maser,”
Radiophys. Quantum Electron., vol. 18, pp. 791-792, 1975.

V. L. Bratman, M. A. Moiseev, M. 1. Petelin, and R. E, Erm,
“Theory of gyrotrons with a non-fixed structure of the high
frequency field,” Radiophys. Quantum Electron., vol. 16, pp.
474-480, 1973.

Hitachi Dinshi, LTD, Model R6414.

(14]

[15]

[16]

17

[18]

[19]

[20]

[22]

The Variational Principle for Non-Self-Adjoint
Electromagnetic Problems

CHUN HSIUNG CHEN anp CHUEN-DER LIEN

Abstract—A systematic and mntuitive procedure is proposed to derive
the variational (or stationary) principle for non-self-adjoint electromag-
netic problems with various boundary conditions. Several physical interpre-
tations of this principle in terms of generalized reactions, time-average
stored energy, and reactive powers, respectively, are discussed in detail.
This general variational principle which makes the generalized reactions a
stationary value is actually an extension of the least action principle in
physics. The applications of the principle to establish the variational
expressions for a waveguide, a cavity resonator, and a lossy one-dimen-
sional inhomogeneous slab are presented. ‘

I. INTRODUCTION

LMOST ALL physical problems can be formulated
mathematically in terms of differential equations,
integral equations, or variational equations [1], [2]. Before
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the advent of computer, the applicability of the varia-
tional formulation is somewhat limited, because its solu-
tion eventually has to go back to that of solving the
differential equations. But in recent years, the variational
formulation has received much attention for three rea-
sons, The primary reason is that we have computers
capable of solving the variational equations directly and
practically, using the direct methods [2], [3], such as Ritz
method and finite-element method. The second reason is
that the variational formulation itself also permits a physi-
cal interpretation, thus, it may supply another picture to a
physical problem. The third reason is that the variational
formulation can be used not only for computing the field
but also for establishing the stationary formula of a quan-
tity such as the eigenvalue. Of course the variational
formulation is not suitable in discussing the problem for
which the functional does not exist [4]. Actually, only
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