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Abstract-We present the design of a 100 kW, J-band, third 
harmonic large-orbit gyrotron amplifier which utilizes the in- 
teraction between a 45 kV, 4 A beam and a vane resonator 
output cavity operating in the “?r”-mode. An efficiency of 55% 
is predicted with a large signal gain near 20 dB by a single 
particle code which takes into account nonideal effects associated 
with finite beam thickness and finite magnetic field transition 
widths. High efficiency is achieved by velocity modulation of an 
axially-streaming annular beam via a short TM310 drive cavity. 
Ballistically created axial bunches are converted into azimuthal 
bunches when the beam encounters a nonadiabatic, balanced 
magnetic field reversal at the end of a 30 cm drift region. The 
design of this tube is presented and its performance is completely 
characterized before the prospects for the operation of this low 
voltage configuration at other harmonics are explored. 

I. INTRODUCTION 

ICROWAVE generation at high harmonics of the cy- M clotron frequency from large-orbit gyrotrons has un- 
dergone considerable theoretical and experimental scrutiny in 
the past two decades at a number of institutions [1]-[16]. 
Because of the reduced magnetic field requirements, these 
devices potentially have a considerable advantage over con- 
ventional first harmonic gyrotrons [17]-[19] in a number of 
applications that require compact, lightweight tubes. The chief 
disadvantage of high harmonic operation is the reduction in 
efficiency that usually accompanies any increase in harmonic 
number. One possible way to compensate for this weakness is 
to use energy recovery techniques to restore the net efficiency 
to a level comparable to the first harmonic devices [ 131, [20], 
[21]. Unfortunately, this approach adds to the complexity of 
the power supply and microwave output system. Also, there is 
typically a large capital cost associated with the collector hard- 
ware (insulators, electrodes, magnets, etc.). Furthermore, this 
approach does nothing to reduce cathode loading requirements 
or space-charge effects in the gun and beam transport system. 

An alternate approach to enhanced efficiency involves pre- 
bunching the beam to achieve a nonuniform phase-space 
distribution prior to the entrance of the output cavity. Several 
such efficiency enhancement techniques have been attempted 
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A schematic of the axially-modulated, cusp-injected, large-orbit Fig. 1. 
gyrotron. 

in linear devices [22]-1241, and all of them may be applicable 
to those large-orbit device? which introduce perpendicular 
energy into the beam via a nonadiabatic, magnetic field 
reversal. One of these techniques utilizes a modified version 
of the klystron’s ballistic bunching process to generate the re- 
quired velocity distribution. A device based on this technique, 
which we call the axially-modulated, cusp-injected, large-orbit 
gyrotron, has been explored in an earlier paper for a system 
with a 100 kV, 25 A beam [25]. 

A schematic of this device is shown in Fig. 1 .  The axial 
bunches are created ballistically after the beam passes through 
an input cavity which is driven with a TMm10 circularly- 
polarized mode. For m > 0, the proper mode is generated 
by utilizing two coupling ports on the outer wall which are 
spaced appropriately and are out of (time) phase by 90”. The 
axial bunches are converted into azimuthal bunches when the 
beam encounters the nonadiabatic magnetic transition (cusp). 
If the drive frequency is at the mth harmonic of the cyclotron 
frequency, the net effect is that the beam will form m spokes 
that will rotate at the cyclotron frequency. If an output cavity 
that operates in a TE,,, mode is placed immediately after 
the cusp, efficient energy extraction can occur. For example, 
the previous design study demonstrated that an efficiency of 
40% was achievable in X-Band at the fourth harmonic via an 
interaction with a right-circular TE411 cavity. 

While the result quoted in the previous paragraph appears 
promising, there are some practical limits to the applicable 
range of parameters for this device. Of particular concern is the 
quality factor required to produce the optimal field strength in 
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a low voltage, low current device operating at a high harmonic 
number. For example, the radius of the maximum electric field 
in a cavity, relative to the wall radius, increases with increasing 
harmonic number. Thus, the higher the harmonic number the 
further out the beam should be. However, the beam radius 
of the large-orbit configuration is equal to the Larmor radius, 
which, for a particular cyclotron frequency, is proportional 
to the perpendicular velocity. Thus, the beam radius in low 
voltage systems decreases fairly rapidly with decreasing beam 
energy. These two seemingly incompatible requirements often 
combine to yield an unrealistic requirement on the output 
cavity quality factor. 

There are at least two ways to overcome this difficulty and 
design efficient, low voltage, harmonic devices. One way is 
to use a pre-bunched, small-orbit beam. Axial modulation is 
a viable technique for this approach because a nonreversal, 
nonadiabatic magnetic transition can be use to generate the 
small orbit beam. The guiding center radius can be adjusted to 
place the beam at a location where the electric field is relatively 
strong. This approach has been investigated previously via the 
design of a second harmonic small-orbit system [26]. In this 
design, a 35 kV, 4 A beam was pre-bunched by a short TMozo 
cavity and interacted with a 10 cm long TEoll output cavity 
to theoretically produce over 70 kW of power in X-Band. The 
simulated efficiency and large-signal gain were approximately 
53% and 20 dB, respectively, when the beam thickness and 
finite magnetic transition width were taken into consideration. 
At approximately 1800, the required output cavity quality 
factor was well below the resistive Q of 28 600 and the cavity 
was stable to all spurious modes. However, the simulations 
indicated that the quality factor of a comparable third harmonic 
system would be too large. 

The second approach is to use a vane-resonator to couple 
various azimuthal modes together. The resultant cavity modes 
can support the necessary azimuthal field variation with a 
much lower cutoff frequency. Thus, the wall radius can be 
reduced considerably as compared to the smooth wall case and 
the interaction impedance can be significantly increased. This 
is the approach that we will investigate in this paper. In the 
next section we will discuss the basic amplifier configuration 
and describe the computer codes used in the analysis. In 
Section 111, we will present the results of a third harmonic 
example which utilizes a 45 kV, 4 A beam to efficiently 
generate 100 kW of power at 5.5 GHz. These parameters were 
selected to facilitate a future proof of-principle experiment in 
our laboratory. In addition to characterizing tube stability and 
large-signal characteristics, we will also discuss the sensitivity 
of the device to parameter variations. The results of this study 
and prospects for high harmonic operation are summarized in 
the final section. 

11. DEVICE OPERATION AND MODELING 
A detailed description of the operation of this device was 

given in [25].  In this section we briefly note the key aspects 
of the design and simulation processes and detail only the 
novel aspects of this work, which involve the use of a vane 
resonator (VR) output cavity. 

In order to maximize the circuit gain, the beam must be 
placed near the maximum of the axial electric field in the 
input cavity, which is increasingly close to the wall radius 
with increasing harmonic number. The wall radius in a TMml0 

cavity is proportional to the drive signal’s wavelength while 
the beam radius is tied to the magnetic field and the beam 
energy. This problem is easier to remedy than the analogous 
one with the output cavity: either the input cavity can be 
moved into the magnetic field’s adiabatic compression region 
where the beam radius is larger (if one exists) or dielectrics can 
be inserted into the input cavity to decrease the wall radius. We 
have selected the latter approach for this design. Because the 
cavity is short and the beam is thin and streaming linearly in 
that region, there should be no problem with charge build-up. 
We model the cavity with a code that assumes three dielectric 
regions radially and calculates the quality factor assuming a 
good conducting (copper) wall and an ideal dielectric. 

The required drift tube length d depends on the magnitude 
of the energy spread (AE/Eo)  imparted to the beam 

where PO is the streaming velocity (normalized to the speed 
of light) and X is the EM wavelength (of the input cavity 
signal). The magnetic transition at the end of the drift region 
is shortened by a thin iron pole piece. Long solenoids on either 
side of the pole piece generate approximately constant axial 
magnetic fields in each region (B, on the input side and Bo 
on the output side). The axial magnetic field is modeled by 
a piece-wise linear function and the radial field is given by 
Maxwell’s equations. The spread in beam energy translates 
into additional velocity spread after the magnetic transition. 
When the effects of the input cavity’s magnetic fields are 
neglected, the induced spread can be approximated by [25] 

In (2),  yo is the relativistic mass factor. 
A single particle code is used to simulate the beam’s motion 

through the input cavity, the drift region, and the nonadiabatic 
magnetic transition. Given the beam parameters, electrons are 
initially “launched” over a range of axial positions, times, 
and angles that represent the entirety of phase space (after 
takmg into account any symmetries in the system). The initial 
velocities of the particles are assumed to be purely axial. A 
minimum of 100 particles are used to model the beam when 
zero radial beam thickness is assumed and more than 300 
particles are used to model finite thickness beams. After a 
Runge-Kutta start-up, a predictor-corrector integration scheme 
is used to solve the equations of motion. Convergence is 
checked by varying the time step and the number of particles 
and by verifying conservation of energy and canonical angular 
momentum for each particle. This “buncher” code produces 
the phase space distributions of the electrons at the end of 
the transition region, calculates the key beam statistics (e.g., 
the average velocity ratio and guiding center radius and the 
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Fig. 2. Cross-sectional view of the vane resonator structure. 

spreads in 111. v,, and energy), and indicates the effectiveness 
of the bunching process. 

A cross-section of the output cavity is displayed in Fig. 2. 
The wall radius is denoted T, and the slot depth is d, so that 
the slot radius is T, = r,  + d,. We assume that there are n, 
slots, so that the angular span of one period is 0, = 27r/n,. 
The angular opening of each slot is AQ. To solve for the 
dispersion relation and subsequently the cutoff wavenumbers 
for the VR structure, we make the usual approximation of a 
constant electric field across the slot opening and match the 
magnetic field there only on average [13]. If we let the phase 
advance between adjacent slots be 

pa 2~1o /ns  ( 3 )  

where lo  is an integer in the range 0 5 Z O  5 n,, then the 
dispersion relation is given by 

Jo (xw)y;(xs) - YO(~W) JA(xs) 

JI (x?”)yd ( % S I  - Yd (xu )JI (x5) 

(4) 

Here x,, = r,E and x, = r5<, for < = d m ,  and 
where w is the angular frequency, c is the speed of light, 
and k ,  is the axial wavenumber. Jn(x) and Yn(x) are Bessel 
functions of the first and second kind, respectively. 

A simple code is used to find the cutoff frequency of a 
VR structure from (4), given the dimensions listed above and 
a particular value of l o .  The usual two operating modes are 
the “7r”-mode ( l o  = ns/2)  and the “27r”-mode ( l o  = 0). We 
will only consider the “7r”-mode in this paper because it has in 
general a lower start-oscillation threshold than the other mode. 
The EM fields are generated by specifying an axial length for 
the cavity and assuming that the axial variation is sinusoidal 
(the closed cavity approximation). The resistive quality factor 
is calculated by assuming a good conductor (copper) wall, 
evaluating the magnetic field at all surfaces, and integrating 
the wall losses either analytically or numerically. The actual 
resistive Q will presumably be somewhat larger, since the 
endwalls will be partially removed. 

A second single particle code takes the results from the 
“buncher” code and uses the same numerical techniques to 
calculate the extraction efficiency of the EM wave in the output 
cavity under steady-state conditions. The “efficiency” code 
also takes the results from the output cavity code to generate 
the electromagnetic fields. The applied dc magnetic field in 
the output cavity is assumed to vary linearly. This “efficiency” 
code is iterated, while varying the cavity and magnetic field 
parameters, until an optimal design is achieved. During each 
run, the amplitude and phase of the wave are adjusted until 
maximum efficiency is obtained. In addition to the efficiency, 
the code reports the required diffractive Q. By decreasing the 
field amplitude in the output cavity toward zero, this code 
is used to calculate the start currents for the various modes 
in tapered magnetic fields. The code has been benchmarked 
successfully against the start-oscillation results in [8] by using 
an unbunched beam. 

111. SIMULATION RESULTS FOR A THIRD HARMONIC DESIGN 

The parameters for a third harmonic large-orbit design 
are given in Table I. The system is designed to produce 
microwaves at 5.5 GHz via the interaction between a 45 kV, 
4 A beam and the microwave circuit. Given the beam energy 
and the expected magnetic field level, the beam radius of 1.125 
cm is required to provide a velocity ratio near 2.2. This beam 
can be generated with a thin annular cathode and a modest 
magnetic compression. For example, a compression of about 
seven would result in a cathode loading of slightly above 
1 A/cm2, an average emitter radius of 3 cm, and a cathode 
thickness of 2 mm. The radial thickness indicated corresponds 
to an ideal post-cusp velocity spread from canonical angular 
momentum considerations of about AV, = 1.9%. The dc 
space charge depression in the entire circuit is negligible. 

The drive cavity is a dielectric-loaded, right-circular TM310 
cavity with the dimensions indicated in Table I. The cavity 
width is selected to give a beam coupling factor 1271 of about 
0.98. A dielectric with a relative permittivity of about 13 is 
assumed to be placed above and below the beam location, 
leaving a clearance of at least 1 mm. The cavity radius is 
adjusted to achieve the desired operating frequency. With these 
parameters, the axial electric field shown in Fig. 3 is realized. 
Thus, the beam is located in a region where the electric field 
is nearly constant and optimal. The azimuthal magnetic field 
is also indicated in the figure. This field is quite small near 
the beam radius and has little effect on particle motion. The 
radial magnetic field is similar in profile to the electric field 
and is not shown. There are a number of good dielectrics 
with relative permittivities near 10 and we expect that a real 
device would use one of these and would also possibly place 
the cavity near the end of the magnetic compression region to 
maximize the gain. 

The dc magnetic field profile throughout the circuit is 
determined during the efficiency optimization procedure. The 
axial magnetic field at the entrance to the output cavity is such 
that three times the cyclotron frequency is about 14% lower 
than the drive frequency. The 13% uptaper leaves the drive 
frequency nearly equal to thrice the cyclotron frequency at 
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5.5 
n-mode 

1240 

13,430 
15.000 
1.763 
0.747 

50 
6 

TABLE I 
THIRD HARMONIC AMPLIFIER SYSTEM PARAMETERS 

the output cavity end. The magnetic transition is not perfectly 
balanced; the field strength in the drift region is about 8% 
lower than the initial field after the transition. The distance 
between the input cavity and cusp transition is optimized with 
the numerical codes, but the initial length is chosen from 
(1) so that maximal bunching could be achieved with an 
energy spread under 4%. The transition width should readily 
achievable with the aid of one or more iron pole pieces. 

The length of the output cavity is varied to maximize 
efficiency while keeping the required Q less than 10% of 
the resistive Q of a copper cavity. This restriction allows 
for extraction of about 90% of the microwave power. The 
chosen length is such that unperturbed particles undergo 
approximately 4 1/2 revolutions inside the cavity. The cavity 
radius is selected to minimize beam interception and the slot 
depth is adjusted to produce the required resonant frequency. 
Six vanes are required for “.ir”-mode operation. The slot 
opening is fixed at 50% of the angular period. The azimuthal 
electric field and axial magnetic field radial profiles are plotted 
in Fig. 4 at a fixed azimuthal location which corresponds to 
the center of a vane. They are, of course, out of time phase 
by 90”. The discontinuity in the curves at T, results from the 
truncation of the infinite series in (4). The azimuthal electric 

1.2 r 
C I  A-\ 

n n  L I ,  -_“ 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Radial location (cm) 

Fig. 3. 
azimuthal magnetic field (dashed line). 

Input cavity field radial profiles: Axial electric field (solid line) and 
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Fig. 4. Output cavity field radial profiles: azimuthal electric field (solid line) 
and axial magnetic field (dashed line). The azimuthal angle is fixed at the 
center of a vane opening. 
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Magnetic field (G) 

Fig. 5. 
the “r”-mode. 

The dependence of the start-oscillation current on magnetic field for 

field at the initial average beam radius is nearly half of the 
peak field. 

The beam current required to achieve self-oscillation in the 
“.ir”-mode of the output cavity is shown in Fig. 5 as a function 
of (uniform) magnetic field. It is assumed that no drive power 
is applied to the input cavity. The resonant frequencies of the 
various azimuthal modes are given in Table 11. The “7r”-mode 
is the only unstable mode in the magnetic field range from 
600 to 700 G. However, even the “7r”-mode is stable for the 
optimal tapered magnetic field profile at the design current of 
4 A. The optimal zero-drive efficiency is found to be 27% at 
a starting magnetic field of 662 G and a weak uptaper. 
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Input drive power (kW) 
E, at beam (kV/cm) 

TABLE I1 
RESONANT FREQUENCIES OF THE VR STRUCTURE 

1.16 
11.3 

Resonant frequency (GHz) 

7.23 1 
3.686 
5.055 
5.500 

TABLE 111 
THIRD HARMONIC AMPLIFIER PERFORMANCE 

Innut cavitv results 

Total Avz (%) 
Total Avl (%) 

Output cavity results 

Efficiency (%) 
Gain (dB) 
E, at beam (kV/cm) 21.3 

The simulated results for the parameters in Table I near the 
optimal drive power are summarized in Table 111. The nominal 
electric field at the average beam location is about 11 kV/cm 
in the input cavity and almost double that in the output cavity. 
The total axial velocity spread includes a contribution of about 
1.9% from energy spread, which is substantially below the 
estimate given in (2) because of ac magnetic field effects. 
The contribution to the perpendicular velocity spread from 
the energy spread is about 1.7%. The bunching effectiveness 
is quantified by computing the RMS angular distribution of 
particles at the entrance to the output cavity, relative to the 
phase of the EM wave. This value is scaled and subtracted 
from 100% to yield a value of 0% for a uniform beam and 
a value of 100% for a perfectly bunched beam. The nominal 
saturated gain is just above 19 dB. The simulated efficiency of 
55% is more than twice the maximum unbunched efficiency 
and is comparable to or better than the optimal theoretical 
efficiencies of most first harmonic gyrotrons. With a 180 kW 
beam, about 100 kW of microwave power should be produced. 

The axial evolution of electron bunching in the device at the 
optimal point is illustrated in Fig. 6, where the T-z projection 
of the trajectories of representative particles are plotted. The 
input cavity entrance is at z = 0. The scalloping of the beam 
in the drift region is due to the Lorentz force brought about by 
the radial magnetic field in the input cavity. Since the guiding 
center radius of the beam is nearly zero, a particle’s radial 
location is a good indication of its energy. The interaction 
between the wave and the beam is quite strong, with many 
particles gaining energy in the first half of the cavity only 
to lose it in the second half. Clearly the cavity radius is just 
large enough to avoid beam scrape-off. A larger radius could 
be used, but the required quality factor would increase. 

4/-------$----------1 

II i 

n L  , 
0 i o  20 30 40 

Axial location (cm) 

Fig. 6.  
the optimal efficiency parameters. 

Axial evolution of the radial location of representative particles for 

Fig. 7. The cross-sectional distribution of representative particles for the 
optimal efficiency parameters at (a) the entrance of the output cavity and 
(b) the exit of the output cavity. 

Fig. 7(a) shows the distribution of representative particles 
in the transverse plane (for the same optimal parameters of 
Fig. 6) at the entrance to the output cavity. Though it is 
difficult to quantify the angular density distribution, three 
distinct particle bunches are clearly visible. The resultant 
phase distribution at the exit of the output cavity is shown 
in Fig. 7(b). The phase coherence of the beam is essentially 
destroyed and a large number of particles have given up 
the majority 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 efficiency is plotted in Fig. 8 as a function of beam 
thickness. Also indicated in the figure is the axial velocity 
spread computed by the “buncher” code. The maximum effi- 
ciency of over 67% is obtained with a zero thickness beam. 
The efficiency drops steadily to about 55% at the nominal 
design thickness and begins to fall off more rapidly after that 
point. The bunching effectiveness (not plotted) is essentially 
independent of beam thickness. The required quality factor 
varies slowly from 1070 at zero thickness to 1240 at the 
0.75 mm point and then jumps to 1 520 at the final point. The 
increase in velocity spread (from canonical angular momentum 
conservation) is believed to be the main cause for the decrease 
in efficiency. Beam scrape-off is probably also a contributing 
factor to the efficiency degradation, particularly at the final 
thickness point. If a shielded electron source, such as the 
Advanced Center-Post gun [28], were used instead of an 
immersed emitter, efficiencies for a finite thickness beam could 
approach 67%. In the remainder of this section we present 
mainly the characteristics of the zero-thickness (or shielded) 
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beam; the characteristics of the 0.75 mm beam are found to 
be similar, with a reduction in efficiency of about 10% near 
the optimal power points. 

The drive curve near the optimal system parameters (but 
+h a zero thickness beam) is shown in Fig. 9. The relative 
bunching effectiveness is given in the figure by the dashed 
line. The curve is generated assuming a constant quality factor 
in the output cavity of about 1100. The device is zero-drive 
stable and enjoys a fairly broad saturation region. The induced 
energy spread in the beam is about 6.2% at the maximum drive 
power of 3 kW. 

The dependence of efficiency on output cavity Q is dis- 
played in Fig. 10. All other parameters are held fixed at the 
optimal system configuration values. The output efficiency 
rises steadily from zero to about 45% as the quality factor 
is increased to 875. After that point, the efficiency increases 
more rapidly with Q until it reaches its maximum value of 
-1 100. Electric fields that are indicative of quality factors 
above 1150 result in beam scrape-off and consequently are 
not plotted. Undoubtedly, scrape-off could be avoided and 
comparable efficiencies achieved if we were to adjust some 
of the other parameters (e.g., magnetic field taper). 

The dependence of output efficiency on the thin beam's 
average velocity ratio is given in Fig. 1 1. This ratio is modified 
solely by varying the magnetic field in the drift region; the 
required field at each point is indicated in the figure by the 
dashed line. The phase and amplitude of the output cavity's 
electric field are optimized at each point. This implies that 

the quality factor is adjusted to maximize output power. All 
other parameters, however, are held at their nominal values. 
The first maximum in efficiency is 67%, occurs near the 
nominal velocity ratio of 2.2, and drops off fairly rapidly with 
decreasing velocity ratio, going to a level of about 13% at a 
velocity ratio near one. The maximum quality factor of 1 850 
is required at the minimum efficiency point. There is a dip in 
the efficiency near a velocity ratio 2.35 before it retums to the 
67% level at a velocity ratio of 2.5. A buncher field of 610 
Gauss yields a velocity ratio above 2.8 and results in particle 
reflections in the output cavity's tapered magnetic field. 

IV. DISCUSSION 
In this paper we have demonstrated, via a concrete design, 

the feasibility of the low voltage, high efficiency, pre-bunched, 
gyrotron concept at the third harmonic. The principle extension 
of this work beyond our previous study [25] involves the 
introduction of a vane-resonator output cavity. This config- 
uration allows a reduction in the transverse dimensions of the 
cavity for a given frequency and azimuthal mode number and 
results in vastly improved beam coupling to low energy, axis- 
encircling beams. With this approach, we are able to produce 
simulated efficiencies of 67% with a shielded beam and 55% 
with an immersed beam (which had an axial velocity spread 
of about 9%). With a beam voltage of 45 kV and a current 
of 4 A, the resultant power is 100 kW. The design is most 
sensitive to the required output cavity quality factor, which at 
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Fig. 12. (a) The efficiency as a function of harmonic number for a 
zero-thickness beam (solid line) and a 0.75 mm thick beam (dashed line). The 
output cavity length is fixed at 15 cm and the magnetic field taper is fixed 
at 13%, but the drive frequency is proportional to the harmonic number. The 
remaining design parameters are adjusted to be compatible with the drive 
frequency. (b) The required quality factor for the zero-thickness beam (solid 
line) and the finite thickness beam (dashed line). 

the optimal point is acceptable at less than 10% of the output 
cavity’s resistive Q. 

We have also taken a preliminary look at efficiency en- 
hancement in higher harmonic systems with comparable beam 
voltages. In Fig. I2(a), we plot the simulated efficiency of 
the large-orbit device as a function of harmonic number. The 
solid line indicates the simulated efficiency achievable for 
a zero-thickness beam and the dashed line gives the 0.75 
mm beam result. The third harmonic point corresponds to 
the system described in the previous section. For the other 
harmonic results, the magnetic field and beam parameters are 
fixed at the values given in Table I. However, the cavity-cusp 
spacing, and the cavities’ harmonic number, radial dimensions, 
and number of (output) vanes are adjusted to the appropriate 
values. Furthermore, the output cavity quality factor is adjusted 
to optimize efficiency. With the exception of the second har- 
monic result, the finite beam thickness results in an efficiency 
decrease of about 10-1 2%. 

In Fig. 12(b) we plot the required output quality factors for 
the thin (solid line) and thick (dashed line) beams. Operation 
above the fourth harmonic is not practical because the required 
Q is comparable to or exceeds the resistive Q of a copper 
cavity (given by the dot-dashed line in the figure). These 
results for the higher harmonics can undoubtedly be improved 
upon by a more complete optimization (e.g., adjustment of the 
output cavity length), but the basic trend would still persist. 
Thus, operation at harmonics significantly above the fourth 
will require an increase in beam voltage and/or power. 

In the near future, we will attempt a proof-of-principle 
experiment based on this concept. We are in the process of 

building a test bed which is energized by a 50 kV, 20 A, 5 ps 
pulse-line modulator. The frequency in this study is selected to 
be compatible with sources and magnetic field coils which are 
readily available to us. We are currently designing an electron 
gun that is compatible with the beam parameters of this design. 
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