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Summary

A study of the production of high power microwave
radiation from a large orbit gyrotron in azimuthally
periodic boundary systems has been conducted. Linear
growth rates have been calculated for the 2ir modes
of magnetron-like hole-and-slot resonator (HASR) and
vane resonator (VR) systems using a general growth
rate formalism. The experiment involves the
interaction of a 2.3 MeV, 1-2 kA, 5 ns rotating
electron layer with the HASR and VR structures.
Maximum power levels are 300 MW in X band from a
10 slot HASR system; 500 MW in Ku band from a 20
slot VR system; and - 15 MW in K band from

30 slot systems. The peak efficiency is 15%.
The radiation characteristics are in reasonably good
agreement with the theoretical predictions. The
reduced power levels for 30 slot systems are
partially attributed to radial mode competition.

Introduction

In recent years, there has been considerable
theoretical and experimental work performed on the
subject of microwave generation at high cyclotron
harmonics from large orbit gyrotrons. These devices
could be extremely useful in various high power, high
frequency applications including particle accelerators
and fusion plasmas. Initial theoretical studiesl2
with smooth wall geometries indicated that multimoding
would occur in high energy systems because of the slow
variation of growth rate with harmonic number Q.
Later theoretical studies3,4 considered azimuthally
periodic structures in attempts to favorably select a
particular harmonic. These theoretical studies were
the result of initial experimental studies5 on the
University of Maryland's high energy Rotating Beam
Facility (RBF). With a smooth cylindrical conducting
boundary, broadband radiation was observed in X band
at power levels of 200 kW per mode. With a 12
vane system and a cyclotron frequency of - 0.77 GHz,
single mode operation at - 9.6 GHz was achieved at
power levels more than three orders of magnitude above
the smooth wall results.

The RBF is shown schematically in Fig. 1. The
beam is produced at the knife-edged cathode of a field
emission diode. The rotating E layer is generated by
passing the linearly streaming, annular beam through a
balanced magnetic cusp.6 Nominally, the electron beam
has an average radius of 6.0 cm, a thickness of
< 1.0 cm, a normalized rotational velocity of
Thc 0.94, and an axial velocity of a

0 0.30.
The microwave signal is generated by the interaction
of the rotating beam with the magnetron-like structure
and travels through the remainder of the downstream
region in a smooth cylindrical waveguide. A
cylindrical horn at the end of the drift tube provides
the transition to free space. A portion of the
radiated power is picked up by a receiving antenna and
is transmitted down a dispersive line. The signal is
further attenuated by a directional coupler and a
variable attenuator. The final power level is
measured by a calibrated crystal detector.

*Work supported by AFOSR.

The VR system is shown in Fig. 2(a). The beam
radius is r , the radius of the inner conductor wall
is ri, the inner wall radius of the magnetron
structure is rw, the outer wall radius is rs, and
the number of slots is n. The angle of the slot
opening is AQ and the angle of one period is 0 .

The region defined by r < r < r is denoted Ehe
interaction region. %The region defined by
r < r < r is called the slot region. The HASR

system is shown in Fig. 2(b). The HASR system
consists of a VR system with a hole added at the end
of each vane. The hole radius is rh and the angle
of the hole opening is A+. The hole region is given
by r > r

s
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FIG. 1. Schematic of the experimental system.

(a) (b)

FIG. 2. (a) VR system, (b) HASR system.

Theory

The dispersion relations and linear growth rates
are calculated for the azimuthally periodic structures
from a previously derived general growth rate
formula.7 The general formalism is valid for systems
with thin, tenuous, large orbit, annular electron
beams. The systems were assumed to be axisymmetric,
but it can be shown that the growth rate formula is
applicable to azimuthally periodic systems in the low
density limit.8
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In the analysis of the periodic structures,
several simplyfying assumptions are made. The first
is that the slots only contain the lowest (zeroth)
azimuthal harmonic. Furthermore, the phase difference
between two adjacent slots is assumed to be 2X. This
is believed to be the dominant mode for cusp-injected,
large orbit gyrotrons.4 The solutions are found by
matching E6 exactly and cBz on average at the slot
entrances. The magnetron-TE empty waveguide solutions
are given by the values of i that satisfy

D(i) = Dh(i) + Ds(i) -D1( )-0

where the hole term is

h 2 wso ws 0ow s

coJ (x )
+ A*+ s (x 'x) fi -J5D [(/m=->o m h

(Dh - 0 if there is no hole), the slot term Is

D @) = Qo(xw ,x)
s So(X,xts

and the interaction region term Is

D (E) = ( )
1 0

r

nominally those of the RBF. The cutoff frequencies
of the corresponding empty waveguide modes are
Indicated in the figure. From Fig. 3 and the growth
rate equation, it can be seen that the slow variation
in D results in the slow variation of growth rate
vs. radial mode for the VR structure. On the other
hand, the first pole of D was used to reduce
competition from the mode nearest the desired
operation point ( 8 GHz). The added flexibility in
the choice of rh typically makes HASR systems
superior to VR systems in the reduction of radial mode
competition.
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Di, DS, and Dr vs.
rw = 0.068 m, r
= 0.147.

E. Parameters: n = 10,
= 0.070 m, rh = 0.012 m,

ri > 0,

where 2 (W/C)2 k2I x = r, xi = gri, etc., and
where P , Q0, R, and S are cross products of
Bessel 2uncCions.' Plots of Di, D , and
D = D + Dh are shown in Fig. 3 for the parameters

of the l0 slot HASR system. The HASR empty waveguide
modes are given by the Intersections of Di and D
(denoted by circles). If the holes were removed, the
waveguide modes of the corresponding VR system would
be given by the intersections of DI and Ds (shown
as squares). D. is strictly increasing in the
regions between hts poles whereas D and Dr are
strictly decreasing in their respectIve regions of
definition. This simple fact can be used, for
example, to show that a decrease in r always
results in an increase in the frequency of the VR
empty waveguide modes.

The resonant growth rate at the doppier sTi&}d
cyclotron harmonic w = n20 + ckzSzo = c(g + kz
is given by

r /3 2v- w r sin(nAO/2) 2x oJn( o x2l/3
=2 2 1120a D(E)]L n0/2 ]J F}-(x0 0- -ow n w

where k is the axial wave number, y m c is the
equilibr um particle energy, Q =9eA% /(my ),
v = nse r 00/(2m0), and n is the surface part?cle

density. In Fig. 4, the resonant growth rates are
plotted vs. a for the HASR and VR systems
considered in fig. 3. The beam parameters are
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FIG. 4. Growth rates for VR and HASR systems.

Experiment

The experimental results are summarized in
Fig. 5. A typical plot of the radiated power in X
band for a smooth wall system is shown in Fig. 5(a)
for comparison.1 The smooth wall radiation is
broadband, with typical power levels of - 200 kW.

r
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The overall length of the HASR structure was
60 cm. The structure was tapered at the output end

so that the large amount of EM energy in the hole
could easily be collected. In one experiment, the
holes at the input side of the structure were simply
closed off (providing an abrupt transition from smooth
wall to HASR). Three resonances were found that all
peaked relatively sharply about a magnetic field
setting of 1300-1325 G (the design value of Fig. 4 was
1450 G). During a sequence of shots at a given
magnetic field, sometimes the power would be divided
equally between the modes and other times one mode
would completely dominate. The unfolded data for the
shot with the highest output power is shown in
Fig. 5(b). In this shot, the low frequency mode had

320 MW of power. Both the low and high frequency
modes had repeatable power levels of 100-140 MW. The
middle frequency mode was not generally dominant and
had maximum power levels of 60 MW. In a second
experiment, short rods with radii rh were cut at
200 angles and Inserted in the holes at the input

side of the HASR in order to provide a continuous
transition to the holes. The best results for this
experiment are shown in Fig. 5(c). Approximately
260 MW of power was observed at a frequency of
9.2 GHz. This represents almost a 100% gain of power
over the previous high frequency results. More
importantly, the repeatability of the results was
greatly improved. The low frequency mode was
virtually nonexistent. Although the Intermediate
frequency signal was sometimes observed, its power
level was always much less than that of the high
frequency signal. A possible explanation for the
improved results is that there is a strong resonance
at some point during the transition that enhances the
growth of the high frequency mode and "locks" It in.
A comparison with the theory indicates that the high
frequency signal probably corresponds to resonant
interaction with the forward (high frequency) wave of
the desired operating mode.

also significantly reduce the output power levels of
high harmonic operation.
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The best n = 20 VR results to date were obtained
using an outer wall resonator system with
r = 0.0652m, rs = 0.070 m, and AI/6r = 0.535. The

resonators were placed 14 cm back from the cusp center
so that they would not scrape off the beam during its
initial expansion. A typical result for the VR
experiment is shown in Fig. 5(d). Approximately
500 MW of power was observed at a frequency of
15.5 GHz. Power levels at other frequencies were
typically down by a factor of 15 dB. For this case,
the (average) field of 1475 G was very close to the
cutoff field of 1525 G (see Ref. 6). This power level
represents about a 15% conversion efficiency of beam
power to rf power.

Several VR structures from n = 28 to n = 31 were
tested. A typical curve of microwave output power in
K band for an n = 28 structure is shown in
Fig. 5(e). For this structure, rw = 0.0654 m,

rs = 0.0693 m, and AO/Ir = 0.40. The plot
demonstrates multimoding, a common occurence in the
n - 30 experiments. Typical power levels of 1-2 MW

were normal for the multimoding shots. On occasion,
one or two modes received most of the energy. The
best result for the n = 28 structure is shown in
Fig. 5(f). Approximately 15 MW was observed at

18.4 GHz. Even on the best shots, there were usually
other modes with power levels > 10% of the peak
signal. The poor results are partially explained by
competition between the radial modes of the VR (slow
wave) structure. For the n = 28 experiment, resonant
interaction occurs with the first 10 radial modes,
many of which have comparable growth rates. Finite
beam thickness effects (e.g. frequency spread) may

FIG. 5. Experimental results: (a) X band radiation
from a smooth wall system (r = 0.075 m), (b) X band
radiation from the first HAS. experiment, (c) X band
radiation from the second HASR experiment, (d) Ku band
radiation from the n = 20 structure, (e) typical K
band radiation from the n = 28 structure, and (f) best
shot from the n = 28 structure.
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