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Abstract- We present the theoretical design of a second- 
harmonic small-orbit gyrotron amplifier which utilizes the inter- 
action between a 35-kV 4-A beam and a TEoll cavity to produce 
over 70 kW of amplified power at 9.9 GHz in a 1.83-kG magnetic 
field. One of the novel features of this device is that the electron 
gun produces an axially streaming annular beam which is velocity 
modulated by a short TMono input cavity. Perpendicular energy 
is imparted to the beam via a nonadiabatic magnetic transition at 
the end of a 13-cm drift region. An electronic efficiency of 53% 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. 

I. INTRODUCTION 
N RECENT years, numerous theoretical and experimental 
investigations of gyrotrons operating near the fundamen- 

tal cyclotron frequency have proven them to be reliable 
efficient high-power sources of microwave and millimeter 
wave radiation [1]-[4]. These studies have been performed 
over a wide range of parameters and have resulted in a 
wealth of information about the electron gun requirements and 
characteristics and about the stability, efficiency, and mode 
competition properties of microwave circuits for gyrotrons 
[5]-[9]. Potential applications of these sources include RF 
drivers for accelerators, plasma heating in magnetic fusion 
research, millimeter wave and deep space radar, materials 
processing, and nonlinear spectroscopy of semiconductors and 
biological materials. 

Unfortunately, conventional gyrotrons operating near the 
fundamental cyclotron frequency (first-harmonic gyrotrons) 
must be immersed in a magnetic field whose strength is 
linearly proportional to the output frequency. Thus, they are 
not viable candidates for some high-frequency applications 
that require compact and lightweight tubes. Two potential ways 
to decrease the applied magnetic field and the accompanying 
material bulk and power consumption are to 1) use Doppler 
upshifting via operation at a high axial wavenumber and 
2) operate at a harmonic of the cyclotron frequency. The 
cyclotron auto-resonance maser ( C A W )  is an example of 
a device that takes the first approach. Many CARM’s have 
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been built and tested, but none have come close to the 
efficiencies achieved in first-harmonic gyrotrons [lo]-[ 121. 
Mode competition from gyrotron instabilities and sensitivity to 
velocity spread have typically been the limiting factors. Low- 
harmonic operation (typically the second or third harmonic) 
has met with some success in the conventional small-orbit 
gyrotron configuration [ 1314 161 and high-harmonic devices 
have been fairly successful in the large-orbit configuration 
[ 171-[33]. Still, the efficiencies of second-harmonic devices 
usually lag behind their first-harmonic counterparts by several 
percent and efficiencies tend to decrease fairly rapidly with 
increasing harmonic number after that point. 

We have recently proposed [34] a method of prebunch- 
ing the electron beam to enhance the efficiency in high- 
harmonic large-orbit devices which is based on the cusp- 
injection scheme [351. Before the annular beam passes through 
the balanced nonadiabatic magnetic field reversal, it first 
encounters a circularly polarized TM,,o mode input cavity 
and a subsequent drift region. The resultant ballistic bunching 
(potentially) sets up a beam that can efficiently interact at 
the mth harmonic with a simple right-circular output cavity. 
For example, the design study in [34] demonstrated that an 
efficiency of 40% was achievable in X-band at the fourth 
harmonic via an interaction between a 100-kV 25-A electron 
beam and a E 4 1 1  cavity. 

While this initial result is quite promising, there are some 
practical limits to the applicable range of parameters for 
this device. For example, the beam radius of the large- 
orbit configuration is equal to the Larmor radius, which is 
proportional to the perpendicular velocity for a given cyclotron 
frequency. Thus, the beam radius in low-voltage systems 
decreases fairly substantially with decreasing beam energy. 
However, the relative radius of the maximum electric field in 
a cavity increases with increasing harmonic number. In fact, 
the electric field at radii much less than the maximum field 
radius varies by a factor that is proportional to the power of 
the harmonic number. In such systems, the achievement of the 
necessary field strength for efficient interaction often leads to 
unrealistic requirements on output cavity quality factors. 

There are at least two possible ways to overcome these 
difficulties and design efficient low-voltage harmonic devices. 
One way 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 
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frequency. Thus, the wall radius can be reduced considerably 
as compared to the smooth wall case and the interaction 
impedance can be significantly increased. There are some 
potential drawbacks to this approach. For example, the mode 
composition of the output signal in an axially coupled vane 
resonator cavity can be significantly more complicated than for 
the smooth wall case. Still, this approach has been used with 
reasonable success in many conventional large-orbit gyrotrons 
[21], [24], [26], [33]. The design of an axially bunched low- 
voltage large-orbit gyrotron with a vane resonator will be the 
subject of a later study. ~ 

The approach we will investigate in this work is to prebunch 
a small-orbit beam. Axial modulation is still a viable concept 
because a small orbit beam can be generated by a nonadiabatic 
magnetic transition that does not reverse the direction of the 
field [36]. The guiding center radius can be adjusted to place 
the beam at a location where the electric field is relatively 
strong. This nonzero guiding center radius expands the number 
of potential modes with which the beam can interact. While 
this may enable us to select a desirable output mode, it also 
can potentially lead to additional mode competition problems. 
A properly prebunched beam, however, should help to re- 
duce mode competition by preferentially selecting the desired 
operating mode. 

We will illustrate this approach via the presentation of a 
second-harmonic small-orbit system design. In this design, 
a 35-kV 4-A beam is prebunched by a T M 0 2 0  cavity and 
interacts with a T E o l l  cavity to theoretically produce over 
70 kW of power with an efficiency and large-signal gain of 
approximately 53% and 20 dB, respectively. In Section 11, 
we discuss the basic amplifier configuration and describe the 
computer codes used in the analysis. In Section 111, we detail 
the results of the design example and present tube stability and 
large-signal characteristics. We also characterize the sensitivity 
of the device to parameter variations. The results of this study 
are summarized in the final section. 

11. THEORETICAL MODEL 

A simplified schematic of an axially modulated cusp- 
injected small-orbit gyrotron amplifier is given in Fig. 1 (a). 
A linearly streaming thin mono-energetic annular beam is 
immersed in a uniform axial magnetic field and injected 
into a short buncher cavity. The axial electric field of the 
input cavity [Fig. l(c)] modulates the energy of the electron 
beam which results in ballistic bunching as the electrons 
drift through the region immediately following the cavity 
(similar to a klystron [37]). When the electrons encounter the 
nonadiabatic magnetic field transition [shown in Fig. l(b)], 
the radial magnetic field produces a Lorentz force which 
converts part of each electron's energy into perpendicular 
motion. Because this conversion occurs in a short distance, the 
electron bunches that form begin to rotate with the particles. 
These bunches then interact with the electric field in the output 
cavity [Fig. l(c)] and, if properly formed, can give up most 
of their energy to the electromagnetic wave. 

In order for the bunches to interact effectively with the 
output cavity fields, the resonant frequencies of the input 
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Fig. 1. The axially modulated cusp-injected small-orbit gyrotron: (a) system 
schematic, (b) axial magnetic field profile, and (c) normalized electric field 
profile at the beam radius (E,  in the input cavity and E4 in the output cavity). 

and output cavities must be nearly integer multiples of the 
cyclotron frequency (in the output cavity). Furthermore, if s1 
and 3 2  are the multiples (harmonics) of the cyclotron frequency 
in the input and output cavities, respectively, and ml and 
m2 are the azimuthal mode indexes of the same two cavities, 
respectively, then the following condition must be satisfied: 

The designs in this work utilize operating modes with ml = 
m2 = 0 ,  so that any combination of SI and s2 are acceptable. 
We will always focus on the s2 = 2 case. Most of the analysis 
will be performed with s1 = 2 as well, but we will demonstrate 
toward the end that an 31 = 1 design is nearly as effective as 
the earlier design and has several nice features that warrant 
consideration. 

Because the input cavity operates in the TMono mode, it 
can be excited either by a single aperture on the radial wall 
fed by a standard waveguide or by a single loop fed by a 
simple coaxial line. The required drift tube length d depends 
on the magnitude of the energy spread (AEIE,) imparted to 
the beam and has been derived elsewhere for a low-voltage 
system as [34] 
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where Po is the streaming velocity (normalized to the speed of 
light) and X is the RF 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 required mismatch between the magnetic 
field strengths depends on the beam radius and the desired 
velocity ratio ( a  = v l /wz) .  If the original beam radius is T,  

and the Larmor radius after the magnetic transition is T L ,  then 
the ratio for an ideal (zero length) transition is [36] 

B,/Bo = 1 - 2 r ~ / r , .  (3) 

The beam’s energy spread results in velocity spreads after 
the magnetic transition which can be approximated by [34] 

AV, 1 AE 
VI, 2 E O  

~ = -[1+ a2 + a2(y,2 - 1)]- 

2/10 Eo (4) 

when the effects of the input cavity’s magnetic fields are 
neglected. In (4), yo is the relativistic mass factor. For low- 
voltage beams, the induced perpendicular velocity spread is 
typically small, but the parallel spread can become quite large. 
Setting an upper limit on this value often dictates the drift tube 
length in small-orbit designs via (2). 

There are two other contributions to the net velocity spreads. 
The first is from the electron gun optics and hence is design 
specific, can typically be kept fairly small, and will not be 
discussed further. The other contribution comes from the 
canonical angular momentum of finite thickness beams. This 
spread can be reduced in small-orbit systems by compressing 
the beam width [36]. 

The output cavity for the prebunched small orbit gyrotron 
is a simple axially coupled right-circular waveguide that is 
designed to operate at the proper frequency in the mode. 
The cavity has a long main section and a shorter output lip 
that has a radius smaller than that required for the operating 
mode to propagate. The resonant frequency and quality factor 
(Q) are calculated with a scattering-matrix code [38], [39]. In 
general, the required cavity Q is far below the resistive Q of 
a copper cavity, but sufficiently large so that the interaction 
between the beam and the microwaves occurs predominantly 
in the main section of the cavity. For this reason, the sinusoidal 
axial field dependence of a closed cavity is often a good 
approximation for the open-ended cavity. 

Four main computer codes are utilized in the design process. 
The scattering matrix code is used to design the output cavity 
and a start-oscillation code [40] is used to check the stability 
of the output cavity to spurious modes in the absence of beam 
prebunching by the input cavity. This code assumes that the 
magnetic field is constant in the output cavity. 

The other two codes are single particle codes that numer- 
ically integrate the particle motion in the device. The first 
single particle code simulates 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 taking into 
account any symmetries in the system). The initial velocities 
of the particles are assumed to be purely axial, but electrons 
can be started from several radial locations to emulate finite 
thickness beams. The EM fields are assumed to be confined to 
the input cavity (leakage fields are neglected). The only field 
in the drift region is the axial magnetic field, which is assumed 
to remain constant. The magnetic transition region is simulated 
with a piecewise linear axial field profile. The Runga-Kutta 
method is used to start the process and a predictor-corrector 
scheme is used for the bulk of the numerical integration. 
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. 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 resistive Q of a copper input cavity 
and the required drive power are also reported. This code 
is typically iterated, while adjusting the drift region length 
and the strength of the input field, until satisfactory bunching 
performance is achieved. 

The second code takes the results from the first single 
particle 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 code can 
model either a closed circular cavity or it can accept the 
output from the scattering matrix code to model open resonator 
configurations. The magnetic field in the output cavity can 
be tapered linearly to optimize the interaction. This 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 diffractive Q 
and the resistive Q for a closed right-circular copper cavity. 
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 the 
beam is prebunched or unbunched. 

We have also run a separate large signal code to indepen- 
dently verify the efficiency calculations in the output cavity 
This code, originally designed for relativistic gyroklystrons 
[40], is modified to take into account the prebunched beam at 
the entrance of the output cavity from the first single particle 
code. The code also assumes the cold cavity field profiles 
and Q value from the scattering matrix code which includes 
linear mode conversion at the radial steps in the output cavity. 
In order to optimize the device efficiency, a two-dimensional 
(2-D) search, in terms of overall mode amplitude and phase, 
is carried out. To ensure self-consistency in the calculations, 
the quality factor required to maintain the steady-state field 
amplitude is matched with the Q value from the scattering 
matrix code. 

Authorized licensed use limited to: IEEE Xplore. Downloaded on May 7, 2009 at 11:34 from IEEE Xplore.  Restrictions apply.



LAWSON et al.: SECOND-HARMONIC X-BAND GYROTRON AMPLIFIER 68 1 

Output frequency (GHz) 

Operating mode 

TABLE I 
SECOND-HARMONIC AMPLIFIER SYSTEM PARAMETERS 

9 9  

TEOl I 

Diffractive Q 
Resistive Q 

Radius (cm) 
Length (cm) 

1825 
28,580 

(main section) (cavity lip) 
1.864 1.70 
10.000 1.09 

Details of the results from these simulation codes for the 
specific designs are given in the following section. 

111. DESIGN SIMULATION 

The parameters for the second harmonic design are given in 
Table I. The system is designed to produce microwaves at 9.9 
GHz via the interaction between a 35-kV 4-A beam and the 
microwave circuit. The initial beam radius of 1.5 cm is selected 
to optimize the interaction with the EM wave in the output 
cavity while avoiding any beam interception. This beam can 
be generated with a standard electrode configuration [34]. If a 
magnetic compression of four were to be utilized, for example, 
the cathode thickness would be 2 nun, the average emitter 
radius would be 3 cm, and the required current density would 
be quite modest at a little over 1 Ncm [2]. The table indicates 
the pre- and postcompression beam dimensions. The dc space 
charge depression in the output cavity is less than 3% and is 
considerably smaller before the magnetic transition. The radial 
thickness corresponds to an ideal postcusp velocity spread of 
AV = 1.9% (if beam width compression is not utilized to 
reduce this number). The average velocity ratio is somewhat 
larger than a typical small-orbit system, but is below what is 
often quoted for cusp-injected large-orbit systems. 

The drive cavity is a simple right-circular TM020 cavity 
with the dimensions indicated in the table. The cavity width 
is selected to give a beam coupling factor [37] of about 0.93. 

The cavity radius is adjusted to achieve the desired operating 
frequency. Note that the quality factor quoted includes only the 
losses in the copper. The actual quality factor, after taking into 
account the input power coupling, should be about one-half of 
this value. All drive powers quoted in this paper assume a net 
input Q of 1400. Any beam loading is neglected. The beam is 
located between the first null and the second peak of the axial 
electric field. The required input power could be decreased and 
the resultant gain increased if the beam could be repositioned 
on the maximum. The easiest way to accomplish this would 
undoubtedly be to use a coaxial input cavity. Other possibilities 
include the introduction of dielectrics into the input cavity or 
moving the input cavity into the magnetic compression region 
where the beam radius is larger. 

The peak axial magnetic field in the output cavity is 
determined from the optimization procedure and is such that 
twice the cyclotron frequency is about 3% lower than the drive 
frequency. The magnetic field in the input region is about 
60 G less than predicted by (3) due to the finite cusp width. 
The distance between the input cavity and cusp transition is 
optimized with the numerical codes, but the initial length is 
chosen from (2) and (4) so that maximal bunching could be 
achieved with an energy spread and an induced axial velocity 
spread approximately under 3 and lo%, respectively. The 
transition width should readily achievable with the aid of one 
or more iron pole pieces. The optimal magnetic field profile 
is shown in Fig. l(b). 

The length of the output cavity is varied to maximize 
efficiency while keeping the required Q less than 5-7% of 
the resistive Q of a copper cavity. This restriction means 
that over 93% of the microwave power can be extracted. 
The cavity radius and lip dimensions are adjusted to produce 
the required resonant frequency and Q while avoiding beam 
interception (by the particles that are accelerated during the 
interaction). The main cavity length is such that particles 
undergo approximately 11 revolutions inside this region. The 
azimuthal electric field at the beam radius in the output cavity 
is shown in Fig. l(c). The exponential decay in the drift region 
and the leakage field through the coupling aperture can be seen 
in the figure. 

A second constraint on the output cavity is that it be stable 
to spurious oscillations. The beam current required to achieve 
self-oscillation in the output cavity is shown in Fig. 2 as 
a function of (uniform) magnetic field. It is assumed that 
no drive power is applied to the input cavity. Curves are 
plotted for the TEoll mode and the TElll mode. The resonant 
frequency of the fundamental mode is near the cyclotron 
frequency at 4.87 GHz. The quality factor of the TElll mode is 
72. All other modes evaluated are completely stable to currents 
below 10 A in the magnetic field range indicated. The cavity 
is expected to be unstable to the operating mode, but stable to 
the fundamental mode at the design field of 1.83 kG. However, 
the optimal taper (for efficiency) yields a field at the exit of 
the output cavity of 1.775 kG. At this field magnitude the 
fundamental mode is unstable and the operating mode is stable. 
By using the efficiency code, it can be shown that with the 
tapered field profile the desired mode is again unstable and 
the TElll mode is stable. 
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Fig. 2. 
TEoll mode and the circles represent the TElll mode. 

The output cavity start-oscillation curves. The squares indicate the 

The evolution of electron bunching in the device is il- 
lustrated 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) repre- 
sents the distribution just prior to the output cavity when no 
drive power is applied and illustrates the initially uniform 
distribution of particles in phase space. The three distinct 
bands of particles represent the effect of finite beam thickness 
and the velocity spread that results from canonical angular 
momentum. Fig. 3(b) shows the distribution at the output 
cavity entrance when a signal of 800 W is injected into the 
input cavity. The increase in perpendicular velocity spread 
can be seen clearly and is comparable (but less than) the 
canonical angular momentum spread. The phase distribution 
at the exit of the output cavity which corresponds to the 800 
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 over 80% 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 cavity is indicated in Fig. l(a) 
where the T--z projection of representative particles is 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 simulated results for the parameters in Table I near the 
optimal drive power are summarized in Table II. The nominal 
electric field at the beam is about 8 kV/cm in the input cavity 
and about five times that in the output cavity The peak electric 
field at the wall is 17 kV/cm in the input cavity and zero 
in the output cavity. The total axial velocity spread includes 
a contribution of about 8.5% from energy spread, which is 
reasonably close to the estimate given in (4). The contribution 
to the perpendicular velocity spread from the energy spread 
is about 0.8%. The nominal saturated gain is about 20 dB. 
The peak efficiency of 53% exceeds the performance of any 
second-harmonic small-orbit amplifier to date. 

The dependence of efficiency on output cavity Q is revealed 
in Fig. 4 for a thin beam and a drive power of 800 W. The 
output efficiency rises dramatically from -5% to -48% as the 
quality factor is increased from 300 to 1300. After that point, 
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Fig 3 Representative phase distnbution of electrons (a) output cavity 
entrance (Pin = 0 W), (h) output cavity entrance (P,n = 800 W), and (c) 
output cavity exit (Pin = 800 W) 

TABLE I1 
SECOND-HARMONIC AMPLIFIER PERFORMANCE 

the efficiency only increases slowly with Q until it reaches its 
maximum value of 54.4% when Q = 2550. The nominal Q 
of 1825 was selected rather than the optimal value because 
its improved stability and wall loss properties come at only a 
small sacrifice in efficiency. 

Two drive curves for parameters near the optimal configura- 
tion (and a zero thickness beam) are shown in Fig. 5. The solid 
line shows the peak power at the optimal electric field strength. 
This represents the maximum possible performance, but also 
requires that the quality factor be varied at each point. The zero 
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The dependence of output efficiency on the output cavity quality 
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Fig. 5. System drive curves. The solid line shows the output efficiency at 
the optimal electric field strength. The dashed line gives the output efficiency 
for a constant quality factor (Q = 1825). 

drive efficiency is over 22% and requires an output quality 
factor of 3180. The second curve gives the output power for 
the original output cavity with a Q of 1825. Performance is 
poor at low drive powers, where the zero input efficiency is 
less than 2%. However, the two curves are quite similar near 
the maximum output power, which occurs for the latter curve 
at an input power of 1. 4 kW. The corresponding power and 
efficiency are 78 kW and 55.7% efficiency, respectively. 

The dependence of output efficiency on the thin beam's 
average velocity ratio is given in Fig. 6. This ratio is modified 
solely by varying the magnetic field in the drift region. 
The phase and amplitude of the output cavity's electric field 
are optimized at each point. This again implies that the 
quality factor is adjusted to maximize output power. All other 
parameters, however, are held at their nominal values. The 
efficiency drops off fairly rapidly with decreasing velocity 
ratio, going to a level of about 23% at a velocity ratio near one. 
This result requires a quality factor of 8570. Efficiency only 
slowly increases above the nominal velocity ratio, approaching 
a level of 57% with a velocity ratio of three and a quality 
factor of 1635. This result would undoubtedly degrade with 
the introduction of finite beam thickness. On the other hand, 
performance could possibly be improved further if additional 
optimizations (e.g., cavity length adjustment) were performed. 
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Fig. 6. The dependence of output efficiency on average velocity ratio. 
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Fig. 7. The dependence of output efficiency on beam thickness. 

The effect of beam thickness on efficiency at the nominal 
operating point has been examined in Fig. 7. The efficiency is 
fairly insensitive to beam thickness and the resulting velocity 
spread. For example, efficiency barely dips below 50% at a 
beam thickness of 0.26 cm and an axial velocity spread near 
25%. Particles begin to hit the output cavity wall when the 
thickness exceeds 0.28 cm. 

The results from the single particle code are confirmed using 
the (independent) gyroklystron code [40]. In these simulations, 
the prebunched beam shown in Fig. 3(b) and field profiles 
from the scattering matrix code are used as the input. The 
effect of magnetic field taper is presented in Fig. 8(a). The field 
amplitude and phase are adjusted at each value of magnetic 
taper to optimize the efficiency. The beam current is adjusted 
such that the required quality factor from the large signal code 
matches with the Q value from the scattering matrix code. It is 
important to note that the product of the beam current and Q 
is proportional to the square of field amplitude and inversely 
proportional to the efficiency. If the beam current is not within 
the acceptable range, then the amplitude and phase should be 
readjusted or the cavity should be redesigned with a different 
value of Q. The efficiency values plotted in Fig. 8(a), shown 
by the circles, correspond to 10% rms spread in the axial 
velocity. The corresponding values of optimum beam current 
are shown by the triangles. It can be seen that the efficiency is 
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Drive frequency (GHz) 
Operating mode 
Resistive Quality factor (Q) 
Radius (cm) 
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Input drive power (W) 
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Fig. 8. Gyroklystron code results: (a) output efficiency (solid line) and 
optimal current (dashed line) as a function of magnetic field taper and (b) 
output efficiency as a function of velocity spread. 

maximum for the magnetic taper value of -5 G/cm which is 
equivalent to a -3% taper. The beam current of 3.8 A matches 
well with design current of 4.0 A based on the single particle 
code. The magnetic taper improves the efficiency from 44.4% 
at zero taper to 51.4%. Higher magnetic tapers correspond to 
lower values of field amplitudes required to achieve maximum 
efficiency and hence lower values of optimum beam current. 
The optimum beam current (for a fixed value of Q = 1825) 
varies from 2.3 to 6.1 A for the magnetic taper of -8 to 0 
Gkm. The corresponding output power level varies from 40 
to 95 kW. 

The effect of axial velocity spread on the design point is 
plotted in Fig. 8(b). This assumes that the beam is monoener- 
getic at the entrance of the output cavity. It can be seen from 
the figure that the output efficiency is above 50% for axial 
velocity rms spreads up to 15%. The decrease in efficiency 
with the velocity spread is very slow for this device as 
compared to second-harmonic gyrotrons or other devices. It is 
important to note that the velocity spread in the gyroklystron 
code is “placed” on the nominal beam distribution and thus 
is quite different from the spread computed by the two single 
particle codes. Nonetheless, the agreement between the two 
types of simulations is excellent. 

The final simulation that we present utilizes an input cavity 
that is resonant in the TMo10 mode at half the output fre- 
quency. This trivially satisfies the requirement in (1). The 

TABLE I11 
FIRST-HARMONIC DRIVE SYSTEM PARAMETERS 

drift region length is doubled to conform to (2). The drive 
power is adjusted to introduce a similar energy spread into 
the beam. Most of the other parameters remain the same. All 
of the values that are adjusted are summarized in Table 111; 
those not adjusted remain as in Table I. For a quality factor 
of about 2540, an electronic efficiency of 50.9% is achieved. 
This represents only a slight decrease (-2%) over the second- 
harmonic drive case. Furthermore, the reduced input power 
requirement, coupled with the higher quality factor and the 
lower stored energy boosts the large-signal gain to over 28 dB. 

IV. DISCUSSION 

The novel concept of an axially prebunched low-voltage 
second-harmonic small-orbit gyrotron presented here promises 
reasonable gains and unprecedented efficiencies in a compact 
design. Because the beam is linearly streaming throughout 
most of the tube, this device is easily more stable than a 
comparable gyroklystron. The ability to use overmoded output 
cavities should enable these tubes to achieve higher powers 
than comparable klystrons. 

The specific designs investigated here utilized a 35-kV 4- 
A beam to produce over 70 kW of power at 9.9 GHz via 
an axially coupled TEoll output cavity. Simulations were 
carried out with a single particle code which was modified 
to accept realistic cold-cavity field profiles from a scattering 
matrix code. The two-cavity gains with second- (TMozo) and 
first-harmonic (TMolo) input cavities were 20 and 28 dB, 
respectively. The simulated efficiency for the X-band input 
cavity system of 53% included nonideal effects due to finite 
beam thickness and cusp-width. The efficiency of the first- 
harmonic input system was only about 2% lower and required 
an output cavity Q about 39% higher than the previous design. 
The addition of one or more second-harmonic buncher cavities 
should allow for shorter drift regions, higher gain, and possibly 
higher efficiency. It should also minimize the performance 
discrepancies between the two input schemes. 
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One of the key differences between the axial bunching 
schemes for large- and small-orbit devices is the axial ve- 
locity spread resulting from the energy modulation. While the 
approximate expression for velocity spread (4) is the same 
for both cases, the effect of the input cavity’s magnetic field 
appears to reduce the axial spread in large-orbit systems [34], 
but does little for the spread in small-orbit systems. This 
difference stems in part from the effect of each electron’s radial 
displacement on the postcusp velocity ratio. Fortunately, this 
spread can often be minimized by choosing a drift length that 
is proportional to the axial periodicity of the beam’s radial 
perturbation. It is also possible that the beam focusing of the 
electron gun could be designed to reduce the velocity spread. 
Additional work must be done on this concept to determine 
its viability. 

Another concept which requires further investigation is the 
operation of prebunched small-orbit devices above the second 
harmonic. Third-harmonic operation was briefly simulated 
during this investigation with a (third-harmonic) TM020 input 
cavity and a TE021 output cavity, but no systematic study was 
undertaken. By varying the guiding center radius, we were 
able to fairly quickly find operating points with efficiencies 
exceeding 40%, however, the required output cavity quality 
factors were comparable to the resistive Q’s of copper cavities. 
It is possible that operation was hindered by the induced axial 
velocity spread, because harmonic operation is increasingly 
more sensitive to such spread. However, it is also possible 
that further optimization would have resulted in high efficiency 
at a realistic operating point, particularly since the magnetic 
field resonance is quite narrow at low voltage. In systems that 
can tolerate higher beam voltages, the correspondingly broader 
magnetic field resonances should facilitate high harmonic 
operation. 

A final question involves the effect of the input cavity’s 
leakage fields on tube performance. If necessary, absorbers 
can be placed in the drift region to attenuate leakage power. 
However, there may still be some net effect on the beam’s ve- 
locity modulation that should be investigated with a scattering 
matrix code which can model lossy dielectrics. 

Because of the high quality factors of both cavities in this 
design, the instantaneous bandwidth of this device should be 
relatively small. However, we propose that this concept can 
readily be extended to a broad-band version. Because the 
beam is bunched with a TMon mode, the input cavity and 
drift tube region can be replaced by a helix (or some other 
slow wave) structure. By the same token, the output cavity 
can be replaced by a smooth-walled traveling wave section. 
This device should realize bandwidths comparable to traveling 
wave tubes (TWT’s), achieve higher powers and efficiencies 
than conventional TWT’s [41], and be more stable than gyro- 
TWT’s [42]. The two regions will be naturally isolated from 
each other by the center plug of the iron pole piece (that is 
used to generate the nonadiabatic transition). Isolation should 
be further enhanced because the field patterns in each region 
are quite distinct. 

In the future, we will attempt to investigate the theoretical 
questions left unanswered in the preceding few paragraphs. 
We also expect to work on an experimental investigation of 

this concept. We are in the process of building an experimental 
test bed which is energized by a 50-kV 20-A 5-ps  pulse-line 
modulator. We have the capability to produce magnetic fields 
of about 2 kG over the required distance and are currently de- 
signing an electron gun compatible with the beam parameters 
of this design. 
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