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Abstract—We present the design of a prebunched, third har-
monic small-orbit gyrotron experiment that utilizes a 45 kV, 8
A beam to produce over 185 kW of amplified power at 9.9 GHz
in a 1.23 kG magnetic field. We detail the design of the electron
gun, which produces a moderately compressed axially streaming
annular beam. The beam is velocity modulated by a short TM010
coaxial input cavity and energy is extracted in a right-circular
TE021 output cavity. Perpendicular energy is imparted to the
beam via a nonadiabatic magnetic transition at the end of a 23 cm
drift region between the two cavities. A nonlinear single particle
code is used to predict an electronic efficiency of 52% and a large
signal gain of 25.5 dB. This code generates the cavity field profiles
via a scattering matrix formalism and uses the output from the
electron gun code to model the beam. This improved model allows
the potentially important effects of leakage fields and finite beam
thickness and spread to be investigated.

I. INTRODUCTION

CONVENTIONAL gyrotron oscillators and amplifiers op-
erating near the first harmonic of the cyclotron frequency

have been proven to be reliable, efficient, high power sources
of microwave and millimeter wave radiation [1]–[3]. These
sources have potential applications as RF drivers for acceler-
ators, plasma heating and current drives in magnetic fusion
research, and millimeter wave and deep space radars, as
well as applications in materials processing and nonlinear
spectroscopy of semiconductors and biological materials.

Unfortunately, gyrotrons operating near the cyclotron fre-
quency must be immersed in a magnetic field whose strength
is proportional to the output frequency. Consequently, they are
not viable candidates for some high-frequency applications
that require compact and lightweight tubes. Two potential
ways to decrease the required magnetic field are 1) to use
Doppler upshifting via operation at a high axial wavenumber,
and 2) to operate at an harmonic of the cyclotron frequency.
The cyclotron auto-resonance maser (CARM) is an example
of a device that takes the first approach [4], [5]. Several
CARM’s have been built and tested but none have come close
to the best efficiencies achieved in conventional gyrotrons.
Mode competition from gyrotron instabilities and sensitivity to
velocity spread have been the principle limiting factors. Low
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harmonic operation (typically the second or third harmonic)
has met with some success in the conventional small-orbit
gyrotron configuration [6]–[8], and high-harmonic devices
have been quite successful in the large-orbit configuration
[9]–[20]. Nonetheless, the best efficiencies in second harmonic
devices are usually a few percent less than their first harmonic
counterparts and beyond the second harmonic efficiencies tend
to decrease rapidly with increasing harmonic number.

We have proposed [21] a method of electron beam pre-
bunching in high harmonic, large-orbit devices based on
the cusp-injection scheme, which can significantly enhance
efficiency [22]. In this scheme, an annular beam encounters
a circularly polarized TM mode input cavity and a sub-
sequent drift region before it passes through the balanced,
nonadiabatic magnetic field reversal. If done properly, the
resultant ballistic bunching sets up a beam that can efficiently
interact at the th harmonic with a simple right-circular
output cavity. In a recent effort, we demonstrated that this
prebunching scheme could be extended to a second harmonic
small-orbit system via a non-adiabatic transition, which does
not reverse the direction of the magnetic field [23].

In this paper, we present the design of a small-orbit system
that we expect to fabricate and test at the University of Mary-
land. In this design, a 45 kV, 8 A annular beam is prebunched
by a TM coaxial cavity and interacts at the third harmonic
of the cyclotron frequency with a TE cavity to theoretically
produce over 185 kW of power with an efficiency and large-
signal gain of approximately 52% and 25.5 dB, respectively.
In Section II, we discuss the electron gun geometry and
present the simulated performance characteristics. In Section
III, we present the design of the microwave circuit, detail
the tube stability and large-signal properties, and characterize
the sensitivity of the device to parameter variations. We also
describe the models and computer codes used in the analysis.
Three notable improvements in our modeling techniques (as
compared to previously reported designs [21], [23]) include the
use of beam parameters generated by an electron gun code, the
incorporation in some regions of magnetic field profiles from
actual coils, and the use of a scattering matrix code to generate
the field profiles in both cavities. The results of this study are
summarized in the final section.

II. ELECTRON GUN DESIGN

The nominal beam parameters for the third harmonic system
are given in Table I. The beam voltage and current are limited
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TABLE I
THIRD HARMONIC SMALL -ORBIT AMPLIFIER SYSTEM DESIGN PARAMETERS

in part by the availability of a modulator and by the desire
to construct a compact device. The output frequency for this
proof-of-principle experiment is selected in accordance with
available microwave sources and magnetic field coils and
supplies. The magnetic field in the output cavity is set to
a value that nominally yields a cyclotron frequency that is
one-third the value of the drive frequency. The beam radius
after the magnetic cusp is set to maximize the efficiency of
the interaction and the precusp radius and precusp magnetic
field are determined by canonical angular momentum given
the parameters mentioned previously and the average ratio of
the electrons’ perpendicular velocity to parallel velocity. This
ratio is selected as a trade-off between the desire for more
perpendicular energy and the need to keep the axial velocity
spread within reasonable limits.

A schematic of the overall system is shown in Fig. 1. The
magnetic field on the upstream (cathode) side of the iron pole
piece is generated by four pancake coils. The flat field region
has a maximum ripple of 1.0%. The magnetic field on the
output cavity side is generated by three coils. The iron plate
has a diameter of 17.8 cm and a maximum thickness of 1.8
cm. Near the beam radius, the iron thickness is reduced to
0.5 cm to minimize the transition length of the nonadiabatic
region. The inner conductor is supported at the iron plate and
near the input cavity.

The electrode configuration of the electron gun is also
plotted in Fig. 1 along with the axial field profile on axis and
the simulated ray trajectories for the beam. The electrode spec-
ifications are given in Table II. The ratio of the emitter width
to the average radius should result in an ideal perpendicular
velocity spread of about 1.5% (and an axial velocity spread of
7.4%) from canonical angular momentum considerations. The
cathode field is determined by the required beam compression
and the cathode angle is adjusted so that the beam will initially
follow the magnetic field lines. The average current density
at the cathode is quite reasonable even for continuous (CW)
operation. The length of the magnetic compression region,
which we define to be the distance between the emitter strip
and the entrance to the input cavity, is 17 cm.

The electron gun operation was simulated with the EGUN
trajectory code [24] and the results are indicated in the lower
half of Table II. All beam parameters are given at the center of
the input cavity and are close to their design goals. The beam
is almost completely axial in nature, with the perpendicular
motion accounting for less than 0.04% of the total energy. The
peak electric field in the gun occurs at the tip of the cathode

TABLE II
ELECTRON GUN SPECIFICATIONS AND SIMULATED PERFORMANCE

Fig. 1. Schematic of the third harmonic system and the simulated beam
trajectory. The axial magnetic field profile on axis is indicated by the dashed
line.

focus electrode and is also suitable for CW operation. The
peak field on the anode occurs near the entrance to the beam
tunnel and is 20% less than the peak cathode field. The space
charge limiting current is 44% above the operating current,
indicating that the gun will be run temperature limited and
that higher output powers may be possible.

III. M ICROWAVE CIRCUIT DESIGN

Given the magnetic field profile and beam trajectory results
of the EGUN simulation, four additional codes are utilized
to design the microwave circuit. First, a scattering matrix
[25] code is used to design the input and output cavities.
This code calculates the resonant frequency of each cavity,
the diffractive quality factor ( ), the resistive , and the
electromagnetic (EM) field profiles. The use of this code is
necessary to accurately account for the leakage fields in the
drift region (which is particularly important near the input
cavity) and in the output waveguide.

Next, a linear start-oscillation code [26] is used to check the
stability of the cavities to spurious modes. This code assumes
that the magnetic field is constant in each cavity and uses
the field profiles from the scattering matrix code. The output
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(a)

(b)

Fig. 2. Axial electric field in the input cavity (a) as a function of radial
location and (b) as a function of axial position.

cavity stability is checked for an unbunched beam and the
input cavity stability is often taken for granted, since the cavity
is short and the beam streams linearly through it.

The other two codes are single particle large-signal codes
that numerically integrate the particle motion in the device.
Both use the same numerical integration scheme, which is
a fourth order Milne predictor followed by a fourth order
Adams–Moulton corrector (with a Runga–Kutta start-up). The
differences in the codes stem from the assumed tube geometry
and the input and output information. Numerical convergence
is checked by varying integration step size and the number
of particles. Conservation of energy and canonical angular
momentum are also checked in regions where there is only
a static magnetic field.

The first large-signal code simulates the beam’s motion
through the input cavity, the drift region, and the nonadiabatic
magnetic transition. This “bunching” code can use a different
time step in each of those regions. EGUN supplies the beam
distribution in radius and velocity. The code then “launches”
those rays over a range of initial times and angles that represent
the entirety of phase space (after taking into account any
symmetries in the system). Given the coil geometry, the
magnetic field in the drift region is computed from the vector
potential. However, the magnetic field in the transition region
is approximated with a piecewise linear axial field profile. This
code produces the phase space distributions of the electrons
at the end of the transition region and calculates various
quantities that give the average beam statistics and indicate
the effectiveness of the bunching process. The required drive
power for the assumed electric field strength is also reported.
This code is typically iterated, while adjusting the drift region

length and the electric field magnitude, until satisfactory
bunching performance is achieved.

The second large-signal code takes the output from the first
single particle code and the scattering matrix results for the
output cavity and calculates the extraction efficiency of the EM
wave in the output cavity under steady-state conditions. For
simplicity, the magnetic field in the output cavity is assumed
to vary linearly. This “efficiency” code is typically iterated,
while varying the cavity and magnetic field parameters, until
an optimal design is achieved. During each efficiency run,
the amplitude and phase of the EM wave are adjusted until
maximum efficiency is calculated. In addition to the efficiency,
the code reports the required total. The cavity design must
be iterated until the ’s from the efficiency code and the
scattering matrix code are consistent. By decreasing the field
amplitude in the output cavity toward zero, this code can
also be used to calculate the start currents for the various
modes in tapered magnetic fields, whether or not the beam is
prebunched.

The length and the inner and outer radii of the main section
of the input cavity are 0.20, 1.55, and 3.16 cm, respectively.
The resonant frequency of the cavity is 9.9 GHz in the TM
coaxial operating mode. The diffractive is 36 340 and the
resistive is 2380. The diffractive comes predominantly
from the energy leakage that results from coupling to the TEM
mode at the end of the main input cavity section. The length
of cutoff sections on either side of the main cavity are selected
to minimize this leakage, and are approximately a quarter
wavelength long. The gap between inner and outer radii leaves
approximately 1 mm clearance for the beam. The inner and
outer radii of the beam tunnels adjacent to the cavity are 1.9
and 2.7 cm, respectively, and are also important in reducing
the leakage power. Because is significantly larger than

, the leakage power should not interfere significantly with
the bunching process. Furthermore, the experimental design
will have support pins, which will tend to short out the TEM
mode. Still, the region adjacent to the cavity will undoubtedly
be lined (or coated) with lossy material. In the experiment, the
cavity will be excited by a single slot along the outer wall. For
critical coupling, the external of this slot will be comparable
to the cavity , so that the total input quality factor should
be approximately 1120. All gain estimates reported in
this paper are based on this lowervalue. The axial electric
field profile in the input cavity is indicated in Fig. 2. The
dependence of at the midpoint of the cavity is given in
Fig. 2(a) as a function of radial position. The double maxima
are a direct consequence of the opening in the axial walls
necessary for beam transmission. The dependence ofat
the average beam location is plotted in Fig. 2(b) as a function
of axial position. The exponential tail of the field in the outer
regions is clearly seen.

The evolution of electron bunching in the tube is illustrated
in Fig. 3, where the distribution of representative particles
relative to the phase of the output cavity’s electric field is
plotted at various axial locations. Fig. 3(a) shows the distri-
bution at the output cavity entrance when zero drive power
is applied and illustrates the initially uniform distribution of
particles in phase space. The seven levels of perpendicular
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(a)

(b)

(c)

Fig. 3. Representative phase distribution of electrons at (a) output cavity
entrance (Pin = 0 W); (b) output cavity entrance (Pin = 480 W); and
(c) output cavity exit (Pin = 480 W).

velocity represent the effect of finite beam thickness and the
velocity spread that results from canonical angular momentum.
Fig. 3(b) depicts the distribution at the output cavity entrance
when a signal of 480 W is injected into the input cavity. There
is a slight increase in perpendicular velocity and the density is
clearly enhanced in the half-cycle from 100 to 280. The phase
distribution at the exit of the output cavity that corresponds
to the 480 W input case is shown in Fig. 3(c). The phase
coherence of the beam is essentially destroyed and a large
number of particles have given up a large fraction of their
perpendicular energy. A much smaller number of particles
have remained at about the same energy level or had their
energy increase slightly.

The beam evolution throughout the output cavity is in-
dicated in Fig. 1 where the– projection of representative
particles are plotted. The figure reveals that while some
particles gain energy and increase their Larmor radii, the
majority of the particles lose a significant amount of energy.
The left wall of the cavity is adjacent to the iron pole piece.
The length and radius of the main section are 15 and 3.4 cm,
respectively. The nominal operating mode is the TE. The
cavity’s diffractive quality factor is about 6320. The resistive
quality factor is above 51 000 for a copper cavity, so about

Fig. 4. Output cavity start-oscillation curve for the TE021 mode.

89% of the microwave power can be extracted. Nonlinear
tapers are used to change the cavity radius from the main
section to the diffractive lip and from the end of the lip to
the waveguide radius. These adiabatic transitions are used
instead of abrupt transitions to minimize mode conversion to
the TE mode. Both tapers are approximately 1.5 cm long.
The length and radius of the diffractive lip are 0.29 and 3.2
cm, respectively.

The start-oscillation curve for the output cavity is given in
Fig. 4. The mode with the lowest start current in the frequency
range of interest is the desired operating mode. The minimum
start current is slightly below 4 A at an axial magnetic field of
1.25 kG. However, this mode is stable at the nominal current
of 8 A at the optimal magnetic field value. No other modes
appear to present a problem at the nominal design point.

The simulated results for the parameters in Table II near the
optimal drive power are summarized in Table III. The nominal
electric field at the beam is about 6 kV/cm in the input cavity
and over five times that in the output cavity (at the outer edge
of the beam where the field is a maximum). The peak electric
field at the wall is 13 kV/cm in the input cavity and zero
in the output cavity. The total axial velocity spread includes
a contribution of about 6.7% from energy spread and about
8.3% from canonical angular momentum. The contribution to
the perpendicular velocity spread from the energy spread is
small. The nominal saturated gain is about 25.5 dB. The total
amplified power is over 185 kW. The peak efficiency of 52%
exceeds the performance of any third harmonic small-orbit
amplifier to date.

The drive curve for parameters near the optimal configura-
tion is shown in Fig. 5. In accordance with Fig. 4, the tube
is zero-drive stable. However, the efficiency rises rapidly to
43% at a drive power of 109 W. The output power varies only
weakly for drive powers above 300 W, with the peak power
occurring at an input power of 526 W.

The dependence of efficiency on output cavityis revealed
in Fig. 6(a) for a drive power of 526 W. The output efficiency
rises dramatically from 22 to 48% as the quality factor is
increased from 3600 to 4500. After that point, the efficiency
only increases slowly with until it reaches its maximum
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TABLE III
THIRD HARMONIC SMOG AMPLIFIER PERFORMANCE

Fig. 5. Dependence of output power on drive power at the optimal system
parameters.

value of 52.1% when 6320. No amplification is expected
for quality factors below 3500.

The dependence of output efficiency on the thin beam’s
average velocity ratio is given in Fig. 6(b). This ratio is
modified solely by varying the magnetic field in the drift
region. The phase of the output cavity’s electric field is
optimized at each point. The amplitude is adjusted to keep
the quality factor at the optimal value of 6320. All other
parameters, however, are held at their nominal values. The
efficiency drops off steadily with decreasing velocity ratio,
going to a level of about 33% at a velocity ratio near 1.6.
Efficiency decreases slightly above the nominal velocity ratio.

The dependence of the efficiency on the applied magnetic
field in the output cavity is given in Fig. 6(c). The efficiency
decreases sharply to zero for fields below 1230 G. The
decrease in efficiency with increasing field above 1240 G is
steady, dropping to 20% at 1275 G. Efficiencies near 50% are
maintained only over a range of about 0.6% of the nominal
magnetic field. The shape of the magnetic field dependence
can be better understood by considering the start-oscillation
curve in Fig. 4. Below 1230 G, the required start current rises
rapidly due to a decrease in the interaction, and a point is
quickly reached where no energy transfer from the beam is
possible. The decrease in efficiency is less dramatic on the

(a) (b)

(c) (d)

Fig. 6. Dependence of output efficiency on (a) the output cavity quality
factor, (b) the average velocity ratio, (c) the magnetic field in the output
cavity, and (d) the perpendicular velocity spread.

high side of the optimal field because the start current is still
reasonably low.

The dependence of efficiency on perpendicular velocity
spread is given in Fig. 6(d). The triangle corresponds to the
result produced by the beam from the electron gun. The
circles result from an ideal beam where the beam thickness is
adjusted to modify the velocity spread. The circuit parameters
are held constant at the optimal values. The ideal beam
radius is adjusted to match the average velocity ratio from
the electron gun’s beam. As expected, the efficiency for the
realistic beam is close to the result for the ideal beam with a
comparable velocity spread. The efficiency decreases slowly
up to perpendicular velocity spreads of about 2%, but begins
to rapidly fall off after that toward an efficiency of 35% near
a spread of 4%. The beam is partially intercepted by the input
cavity when the spread exceeds 4%, so it is not possible to
calculate efficiencies beyond that point.

IV. SUMMARY

In this work, we have extended previous results to the design
of a third-harmonic, prebunched gyrotron experiment. This
design has demonstrated that power levels above 185 kW
can be generated in X-band with an efficiency in excess of
50% and a gain of approximately 25 dB via the interaction
of a 45 kV, 8 A beam, and a novel two-cavity microwave
circuit. The peak electric fields in the electron gun and the
microwave circuit were easily compatible with CW operation.

Authorized licensed use limited to: Rochester Institute of Technology. Downloaded on June 8, 2009 at 11:30 from IEEE Xplore.  Restrictions apply.



LIU et al.: X-BAND GYROTRON AMPLIFIER EXPERIMENT 2027

The magnetic compression and cathode loading in the annular,
Pierce-type gun were also quite conservative.

The numerical modeling was also improved over previous
studies in three significant ways. First, the output from the
electron gun simulations were input into the “bunching” code
to more accurately model the equilibrium distribution of the
beam in phase space. Second, the magnetic field profiles from
a series of pancake coils were input into the buncher code.
This was necessary to accurately model the beam trajectory in
the end of the compression region. Finally, the realistic field
profiles as calculated by a scattering matrix code were used
in both large-signal codes. This modification was perhaps the
most important, since the fields in the bunching cavity are
quite different than the ideal fields of a closed, right-circular
cavity due to the beam aperture.

The third harmonic experiment detailed in this paper is cur-
rently under construction. We hope to attempt an experimental
confirmation of this concept in the next year. We are also
investigating a broadband version of this device which replaces
both cavities with traveling wave structures.
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