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A 125-260-GHz Gyrotron

G. FERGUS BRAND, NIGEL G. DOUGLAS, MARK GROSS, JAMES Y. L. MA, LAURENCE C.
ROBINSON, anp CHEN ZHIYI

Abstract —The second gyrotron constructed at the University of Sydney
has produced continuous microwave output at more than 60 frequencies in
the range 125-260 GHz at power levels approaching 10 W. A gyrotron like
this, with broad frequency coverage and moderate power output, has a wide
range of possible applications, from spectroscopy to scattering from waves
and fluctuations in plasmas.

In this paper, the results of detailed measurements of frequency, mag-
netic field, frequency pulling, and starting current are compared with
theory. Agreement is excellent. We find that mode conversion at the output
end of the cavity determines the level of output power.

I. INTRODUCTION

N THE COURSE of developing a low-power tunable

millimeter-wave source for spectroscopy and plasma
scattering, two gyrotrons have been constructed at the
University of Sydney. Gyrotron I was a fixed-frequency
device operating at 120 GHz. Gyrotron 1I (Fig. 1(a) and
(b)), the subject of this paper, was designed to produce a
range of frequencies, and has yielded microwave power at
levels approaching 10 W from 125 GHz-260 GHz [1].

Performance like this is in marked contrast to that of a
gyrotron designed for plasma heating. One recent device [2]
delivers high-power (100 kW) pulses at a single frequency
(140 GHz).

Gyrotrons such as ours appear to offer higher power and
wider tuning than backward-wave oscillators which operate
at the same frequencies [3]. Moreover, the problems associ-
ated with the manufacture of the intricate slow-wave struc-
ture are avoided.

In this paper, the characteristics of Gyrotron II have
been studied in considerable detail. Accurate heterodyne
techniques have confirmed the frequencies reported in [1],
allowed the unambiguous identification of other modes
with different azimuthal and axial mode numbers, and
enabled an investigation of the frequency pulling (or detun-
ing) which occurs. The experimental results are in excellent
agreement with theory.

II. GyYRrROTRON II

The magnetron-type electron gun is identical to that
used in Gyrotron I [1] and was designed by scaling a
Varian gun [4] by a factor of approximately 0.3.

Computer simulations of the electron trajectories show
that they are not adequately described by the usual adia-
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Fig. 1. (a) Gyrotron II. A4 output window, B superconducting magnet,
C resonant cavity, D resonator body, E auxiliary magnet, F electron
gun (showing G cathode, H emutting ring, and I anode), and J pump
ports. (b) The cavity and the transition to the output waveguide in
greater detail.

batic theory [5]. Radial electric fields throughout the whole
gun region (especially those near the entrance to the reso-
nator body, which are not affected by varying the
cathode-anode voltage) contribute to the initial transverse
speed of the electrons. Because the magnetic compression
ratio in our gyrotron is large, the axial magnetic field in the
gun region is small and many electrons leave the gun with
such large transverse speeds that they are reflected back.
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These electrons are evidently reflected again in the gun
region and have their. energy redistributed so that their
transverse speed becomes sufficiently low that they can
reach the cavity. Some electrons may be reflected many
times. We, therefore, expect the mean axial speed in the
cavity to be low.

The cavity radius was made large (11.69 mm) so that the
modes which are excited would be close together in
frequency.

The magnetic field 4.5 to 9.5 T is provided by a super-
conducting magnet. The cathode emitting ring is 378 mm
from the center of the cavity and the magnetic compression
1atio By /Beamode 18 74.0. The distance was chosen so
that electrons arriving at the cavity fill an annular ring of
approximate mean radius 0.5 mm. This places them very
close to inner electric field maxima of all the TE,,, and
TE,,, cavity modes in the frequency range, thereby opti-
mizing the gyrotron interaction. (The electrons are too far
away from the cavity wall to excite the so-called “whisper-
ing gallery” modes.) Operation at the lower frequencies
requires an auxiliary magnetic field of ~0.04 T at the
cathode. This reduces the compression ratio to ~ 50.

The output from the cavity leaves via a long waveguide
(radius 13 mm) and passes out of the gyrotron through a
wide passband night moth eye quartz window [6].

Two permanent magnets placed just above the supercon-
ducting magnet dewar ensure that the electron beam is
dumped into the wall of the output waveguide well away
from the window.

Typical operating conditions are: cathode-resonator
voltage 19.0 kV, anode-resonator voltage 16.5 kV, and
bearn current 40 mA.

111

Several instruments are available to study the gyrotron
output (Fig. 2).

MEASUREMENTS ON THE GYROTRON OUTPUT

A. Video Detectors

Both Ka-band crystal detectors and pyroelectric detec-
tors have been used over the entire frequency range. The
former become somewhat insensitive at frequencies above
200 GHz.

B.  Fabry— Perot Interferometer

The Fabry—Perot interferometer is used in two config-
urations: a) with plane-parallel mirrors to measure wave-
lengths (accuracy ~ 0.3 percent) [7], and b) as a semicon-
focal open resonator for high-resolution (better than
2.0 MHz) studies [8]. The displacement of one mirror is
controlled by micrometers which are stepper-motor driven
over 15 mm. The mirror separation can be made as large as
930 mm.

C. Heterodyne Receiver

The receiver is used to measure frequencies (accuracy
better than 107%). In its original form, it incorporated a
W-band waveguide-mounted Schottky-diode mixer and a
stabilized X-band klystron local oscillator. The mixer prod-
uct is amplified and taken to a spectrum analyzer. Mixing
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Fig. 2. Arrangement of the instruments used to study the gyrotron
output. 1) Crystal detector, 2) Fabry-Perot intérferometer, and 3)
Heterodyne receiver.
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Fig. 3. Signal output versus magnetic field. V. ode- resonator =190 kV,
Vsnode-resonator = 16.5 KV, and I = 40 mA.

of the 28th harmonic of the local oscillator with the gyrotron
signal has been observed. At higher frequencies, the wave-
guide-mounted mixer can be replaced by a quasi-optical
mixer with a corner reflector.

D. Laser Calorimeter

Power readings from a Scientech Model 36-0001
calorimeter were mutlipled by 1.3 to account for the re-
duced sensitivity of the device at these wavelengths [7].
Nevertheless, the values are to be taken as a guide only,
and are unlikely to be correct to better than + 30 percent.

Gyrotron 11 operates continuously. As reported earlier
[1], the microwave output over the frequency range is
dominated by the TE;; and TE,,; cavity modes. The
original identifications made with the Fabry—-Perot inter-
ferometer have been confirmed with the receiver (Table Ia).
Furthermore, the presence of many other modes has been
revealed. A representative group is shown in Table Ib.

Gyrotron II provides a comb of frequencies as the
magnetic field is varied (Fig. 3). Measured frequencies are
in excellent agreement with the values calculated by apply-
ing the method of Vlasov ez al. {10] to our cavity profile.

The peaks in the gyrotron output come in groups of
three. The largest peak is due to the axial number n=1
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. TABLEIa
TE,.;, CAVITY MODES OBSERVED WITH GYROTRON II
(Comparison of calculated and measured values.)

calc meas

1101 123.31 GHz

0101 131.78 131.79
1111 138.12 138.12
0111 144.58 144.59
1121 150.93 150.93
0121 157.39 157.39
1131 163.73 163.76
0131 170.19 170.19
1141 176.55 176.55
0141 182.99 183.00
1151 189.35 189.34
0151 195.80 195.80
1161 202.16 202.15
0161 208.61 208.61
1171 214.97

0171 221.42 221.45
1181 227.78 227.77
0181 234,23 234.23
1191 240.59

0191 247.03

1201 253.40

0201 259.84

Note: Axial mode number n =1 modes.

modes, the TE;, and nearby TE,, (or TE,,; and TE,,).
The azimuthal number 0 and 2 (or 1 and 3) modes are
approximately 0.2 GHz (or 0.4 GHz) apart. As the mag-
netic field is raised, a second smaller and narrower peak
appears. This is due to the n =2 modes; TE,,, and TE,,,
(or TEy;, |, and TE;;,). This is followed by a still smaller
peak due to the n = 3 modes; TE,; and TE,; (or TE,,, ;5
and TE,;;).

Some Fabry—Perot traces show a double structure that
suggests the simultaneous occurrence of several modes
(Fig. 4). This was difficult to confirm with the heterodyne
receiver, so at this point we are not sure if this is genuine
multimode operation or a consequence of rapid mode
Jumping as operating conditions changed slightly due to
the small 0.5-percent ripple on the cathode-resonator volt-
age.

The starting current for the TE,,; mode becomes smaller
as the magnetic field is increased until it reaches a point
where it rises abruptly (Fig. 5).

Frequency pulling was small, of the order of tens of
megahertz. Figs. 6-8 show the extent of frequency pulling
of the same mode when the magnetic field, cathode-reso-
nator voltage, and anode—resonator voltage were varied.

The bandwidth of the gyrotron signal was small, (1
MHz) (Fig. 9).

TABLE Ib
TE,,;, CAVITY MODES OBSERVED WITH GYROTRON II
(Comparison of calculated and measured values.)

calc . meas
2141 182.81 GHz 182.83 GHz
0141 182,99 183.00
2142 183.87 183.92
0142 184.05 184.10
2143 185.50 185.45
0143 185.68 185.77
2144 187.48 187.48
0144 187.66 187.68
3141 189.00 189.00
1151 189.35 189.34
3142 190.04 190.08
1152 190.39 190.42
3143 191.65 191.73
1153 192.00 192,07
3144 193,62 193.64
1154 193.97 194.00
2151 195.63 195.60
0151 195.80 ’ 195.80

Note: All modes observed between TE 14, and TE ;.

FSR = 222MHz
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Fig. 4. Fabry-Perot interferometer output showing simultaneous TE314
and TE,5; modes. Free spectral range = 222 MHz.
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Fig. 5. TEg4 mode starting current versus magnetic field. (o: increas-
ing / until output appears, X: decreasing / until it disappears.)
Vcathode—resonator =18.8 kV» Vanode—resonator =163 kV. The theoretical
curves were calculated for f =183.00 GHz, (/) v, = 2.0X 10" m-s ! and
(u) v, distributed parabolically from 0.1 X107 to 3.9x10” m-s™ 1, total
Q = 4000, ohmic Q = 40000.
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Fig. 6. Frequency of the TEq 4, mode versus magnetic field. (o increas-
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was being vaned, B=675 T’ Vcathode—resonator =183 kV’ V:'mode- resonator

=16.3 kV and 7 = 36 mA. The theoretical curve was calculated for the
same parameters as Fig. 5.
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Fig. 8. Frequency versus anode-resonator voltage.

The output power in the strong TE, and TE,, modes
measured by the laser calorimeter (and the signal coming
out of the crystal detector) was less at the higher frequen-
cies. 5.0 W was measured at 144.59 GHz and 1.5 W was
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Fig. 9. The gyrotron output as it appears on the spectrum analyzer.
Horizontal scale 2 MHz/cm,

measured at 202:15 GHz. Because of imperfect matching
between the output wavegui de and the calorimeter, the true
power would be greater than these values.

IV. CoOMPARISON WITH THEORY

The frequencies at which output is. observed all corre-
spond to cavity resonances which can be straightforwardly
predicted from the dimensions of the cavity. However, the
corresponding magnetic fields are given only approxi-
mately by equating the wave frequency w (= 2#f) and the
electron cyclotron frequency £ ( = eB,,, /MY, Where v is
the relativistic factor). The field for-a particular mode is
approximately proportional to the frequency, and. is lower
at low cathode-resonator voltages where the energy of the
individual electrons is less (Fig. 10). In order to determine
the exact range of magnetic fields over which a particular
mode will occur, the conditions for the gyrotron to start
must be examined. .

Consider the so-called cold electron beam (no spread in
momentum variables) where all the guiding centers lic at
radius r, and the electron orbits are small. The starting
current for the fundamental interaction of the beam with
the TE,,,, standing mode in a right-cylindrical cavity is
obtained by a small-signal linear analysis of the interac-
tion. It can be written as [11]

3 2 . 2p2
_ megmy wu n°R

han === 9 7L
( rznl—_mz)Jn%(gml)
20921 Giro /R)+ T2 £ty /R)]
[G_/;kﬂ—j%] B
where |
v, is the axial electron speed,

B, =v, /cwherev  is the transverse electron speed,
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Fig. 10. Signal output versus magnetic field. ¥,y 0dc- resonator = 2-9 KV,
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is the cavity length,

is the cavity radius,

=nu/L,

is the /th zero of J,)(§),

is the total cavity Q,

= (2 — w)/kv, and
=—[(—D"cosnmX —1]/2 X* - 1)~

Q <O > by

If the beam current I is greater than the starting current,
then energy can be transferred to the microwave fields
faster than it is being lost as heat to the walls of the cavity
or as microwaves down the output waveguide. In general,
I> I, over a range of magnetic fields.

For example, if the beam current is 40 mA, then the
starting condition for the TE ,, mode at 183.00 GHz will
be satisfied at magnetic fields between 6.710-6.775 T. At
6.750 T, the starting current is a minimum 16.8 mA. This
calculation assumes a total Q of 4000, a cathode-resonator
voltage of 18.8 kV, and v, =2.0x10" m-s .

It is difficult to predict the minimum starting current
and the magnetic-field range for three reasons. Firstly, the
total Q in our gyrotrons is not known. Secondly, neither
the axial speed v, nor the spread in speeds is known
precisely. Finally, the microwave electric-field distribution
in the cavity is not simply sinusoidal as (1) assumes, but it
tails off exponentially in the cutoff regions at either end of
the cavity.

However, the groups of three peaks that occur in Fig. 3
can certainly be accounted for qualitatively by applying
(1). The starting current is a minimum when the (small-sig-
nal) energy transfer is a maximum. This is determined by

B4
2kv, dX

in (1). Since the second part of this dominates, the energy
transfer is greatest where dG /dX is greatest. Fig. 11 shows
the magnetic fields where the energies transferred to the
TEg141> TE (142, TE 43, and TE;5; modes are greatest for
different axial speeds. According to Fig. 11(a), the mode
with axial number n could be excited at n different mag-
netic fields [12]. We can use this figure to estimate an axial
speed from the spacing of the peaks in the earlier scan (Fig.
3). The separation of the main » =2 and n =3 peaks and
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Fig. 11. Magnetic field for maximum energy transfer to several modes
for different axial speeds. V,mode-— resonator =19 KV. (a) Calculated for a
sinusoidal profile from maxima of dG/dX. (b) Calculated for realistic
profile from numerical computation of energy transfer.

the location of the lower field occurrences of the n=2
modes suggests that v, <0.5X107 m-s~!. (Note that the
absolute value of the magnetic field is known to ~1
percent. This is not sufficiently accurate to allow us to
estimate v, from the position of the pattern.) The azimuthal
number n =2 modes, which lie ~ 0.2 GHz below these,
form a similar pattern slightly to the left (broken lines).

If a realistic microwave electric-field profile (obtained in
the course of the resonant frequency calculations) is used,
instead of the sinusoidal one, the result is the same. Spac-
ing of peaks is sensitive to the profile only at higher axial
speeds (Fig. 11(b)).

Under quite different operating conditions (low
cathode-resonator voltage 2.9 kV, anode-resonator volt-
age 1.5 kV, and high-beam current 80 mA), other occur-
rences of the n =2 and n = 3 modes are enhanced (Fig. 10
features labeled A) and n=4 modes appear (B). The
spacing of the modes, and hence the estimate of v,, is the
same as before.

The range of fields over which a particular mode occurs
is found to become narrower as the beam current is re-
duced. This is expected from (1).

The starting current results (Fig. 5) show better agree-
ment with theory when a parabolic distribution of axial
speeds about 2.0 X107 m-s™1, rather than a single speed, is
assumed. The magnitude of the starting current allows the
total Q to be estimated. The low starting currents at the
high end of the field range are due to those electrons with
very low axial speeds even though there are relatively few
of them. They are also responsible for the apparent low
axial speed deduced from the scans.

When the same distribution of speeds and total Q are
assumed, and the ohmic Q is taken as half of its right
cylindrical cavity value, the frequency pulling results (Figs.
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6 and 7) show good agreement as well. Note that no points
corresponding to the lower half of the curve are present.
This is because the starting current exceeds the beam
current. The variation with anode-resonator voltage (Fig.
8) is small because radial electric fields near the entrance to
the resonator body are at least as important as those
between anode and cathode.

So far, no second harmonic operation has been observed..

Calculations show that the fundamental starts more easily
at most magnetic fields and that the operating current is
not quite high enough.

No linear analysis can explain the size and shape of the
signals in Figs. 3 and 10. The first peaks generally have a
sharp rise on the low magnetic field side and a gradual fall
on_the high side. The smaller peaks show the opposite
behavior.

These features can be predicted by solv1ng the “slow”
equations of motion [13] numerically. The result of such a
calculation is shown in Fig. 12. The average energy transfer
was calculated for a group of 24 electrons with uniformly
distributed momentum-space angles. The calculation was
carried out for a number of microwave electric-field ampli-
tudes E. The energy transfer is proportional to E? only in
the small-signal linear regime. At higher values of E, the
energy transfer falls off and a point is reached where the
energy transferred just equals the energy lost (which re-
mains proportional to E?). This is the maximum micro-
wave electric field that can be obtained at that particular
magnetic field and beam current. The signal escaping from
the cavity will be proportional to this. In Fig. 12, this
maximum E? is plotted as a function of magnetic field for
n=1 and n =2 modes. The sharp rises and gradual falls
match the observations.

Agreement with single-mode theory is excellent until the
size of the microwave signals is considered. If 10 percent,
say, of the power going into the gyrotron is converted into
microwave energy in the cavity, then there would be 76 W
of microwave power to be shared between ohmic heating
losses in the cavity and useful output. The useful output
depends on the diffraction Q. Diffraction Q’s were ob-
tained in the course of the resonant frequency calculations.
They are all very much greater than the ohmic Q’s. For
example, the diffraction Q for the TEy;5; mode is ~ 6 x10°
while the theoretical ohmic Q is less than 8 X104 Under
these conditions, a fraction Q e/ Qistraction ©f the power
would escape; in this case, less than 1 mW. The observed
output is much greater.

The resonant mode is largely trapped in the cavity by the
constriction at the output end (Fig. 1(b)). The output
power is large because some of the new modes that appear
because of mode conversion at the constriction can escape
more easily.

A numerical calculation has been carried out for a much
simpler case [14] where there is a step from a cavity (radius
11.69 mm) down to an output waveguide (radius 11.16
mm). This shows that if a TEys mode is incident on the
step, mode conversion into TEy,, TE,,, etc. modes does
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Fig. 12. E? versus magnetic field for TEys; and TEg;s, modes. Note
that the vertical scale is different for the two modes. These curves were
calculated for Vo, pige- resonator = 20 kV, v, =3.6x107 m-s™%, T=40
mA.

take place. Approximately 30 percent of the power escapes
down the narrower waveguide in the TE, mode. Higher
radial number / modes remain trapped.

This mode conversion is responsible for the low-diffrac-
tion Q’s and hence the low total Q’s that were required
earlier to give good agreement between the theory and the
observed starting currents and frequency pulling.
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