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Abstract—We present the design of a prebunched, third har- harmonic operation (typically the second or third harmonic)

gﬁ%nic STa”-Oré)it QWOUOQBESXES\; imfem thl_?_t gt”izes a :159 gVéﬁ has met with some success in the conventional small-orbit
eam to produce over of amplified power at 9. z : ; B . ; ;

in a 1.23 kG magnetic field. We detail the design of the electron gyrotron Conflguratlon [6] [813 and high harmonlc quICe.S
gun, which produces a moderately compressed axially streaming have been quite successful in t_h? Ia_rge-_orblt Conflguratlo_n
annular beam. The beam is velocity modulated by a short TNy, [9]-[20]. Nonetheless, the best efficiencies in second harmonic
coaxial input cavity and energy is extracted in a right-circular devices are usually a few percent less than their first harmonic
TEo21 output cavity. Perpendicular energy is imparted to the counterparts and beyond the second harmonic efficiencies tend
beam via a nonadiabatic magnetic transition at the end of a 23 cm to decrease rapidly with increasing harmonic number.

drift region between the two cavities. A nonlinear single particle
code is used to predict an electronic efficiency of 52% and a large VW€ have proposed [21] a method of electron beam pre-

signal gain of 25.5 dB. This code generates the cavity field profiles bunching in high harmonic, large-orbit devices based on
via a scattering matrix formalism and uses the output from the the cusp-injection scheme, which can significantly enhance

electron gun code to model the beam. This improved model allows efficiency [22]. In this scheme, an annular beam encounters
the potentially important effects of leakage fields and finite beam 5 circularly polarized TN},.o mode input cavity and a sub-
thickness and spread to be investigated. . - -
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
ONVENTIONAL gyrotron oscillators and amplifiers op-interact at themth harmonic with a simple right-circular
erating near the first harmonic of the cyclotron frequenayutput cavity. In a recent effort, we demonstrated that this
have been proven to be reliable, efficient, high power sourgeebunching scheme could be extended to a second harmonic
of microwave and millimeter wave radiation [1]-[3]. Thesesmall-orbit system via a non-adiabatic transition, which does
sources have potential applications as RF drivers for acceleot reverse the direction of the magnetic field [23].
ators, plasma heating and current drives in magnetic fusionin this paper, we present the design of a small-orbit system
research, and millimeter wave and deep space radars,thet we expect to fabricate and test at the University of Mary-
well as applications in materials processing and nonlineland. In this design, a 45 kV, 8 A annular beam is prebunched
spectroscopy of semiconductors and biological materials. by a TMy;o coaxial cavity and interacts at the third harmonic
Unfortunately, gyrotrons operating near the cyclotron fresf the cyclotron frequency with a Tg; cavity to theoretically
guency must be immersed in a magnetic field whose strengttoduce over 185 kW of power with an efficiency and large-
is proportional to the output frequency. Consequently, they asignal gain of approximately 52% and 25.5 dB, respectively.
not viable candidates for some high-frequency applicatiohs Section Il, we discuss the electron gun geometry and
that require compact and lightweight tubes. Two potentigkesent the simulated performance characteristics. In Section
ways to decrease the required magnetic field are 1) to UHle we present the design of the microwave circuit, detail
Doppler upshifting via operation at a high axial wavenumbethe tube stability and large-signal properties, and characterize
and 2) to operate at an harmonic of the cyclotron frequendhe sensitivity of the device to parameter variations. We also
The cyclotron auto-resonance maser (CARM) is an exampulescribe the models and computer codes used in the analysis.
of a device that takes the first approach [4], [5]. Severdahree notable improvements in our modeling techniques (as
CARM's have been built and tested but none have come closempared to previously reported designs [21], [23]) include the
to the best efficiencies achieved in conventional gyrotronsse of beam parameters generated by an electron gun code, the
Mode competition from gyrotron instabilities and sensitivity téncorporation in some regions of magnetic field profiles from
velocity spread have been the principle limiting factors. Lowctual coils, and the use of a scattering matrix code to generate
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TABLE | TABLE 1
THIRD HARMONIC SMALL -ORBIT AMPLIFIER SYSTEM DESIGN PARAMETERS ELECTRON GUN SPECIFICATIONS AND SIMULATED PERFORMANCE

Beam Voltage (kV) 45 Emitter radius (cm) 3.8

Beam Current (A) 8 Emitter width (cm) 0.2
Qutput frequency (GHz) 9.9 Emitter angle (deg) -11.5

(before cusp) (after cusp) Cathode loading (A/em?) 1.68

Average radius (cm) 2.30 1.74 Cathode magnetic field (G) 221

Beam thickness (cm) 0.15 1.27 Cathode-Anode gap (cm) 3.0
Velocity ratio (v} /v;) 0.00 2.20 Average velocity ratio 0.02
Magnetic field (kG) 0.632 1.234 Axial velocity spread (%) 0.02
Average beam radius (cm) 2.24
. . . . Beam thickness (cm) 0.033
in part by the availability of a modulator and by the desweT Peak anode field (KV/em) 302
to construct a compact device. The output frequency for this Peak cathode field (kV/cm) 363

proof-of-principle experiment is selected in accordance with Average emitter field (kV/cm) 95
available microwave sources and magnetic field coils and Space-charge current limit (A) 15

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 2° ' ' w_;____g
after the magnetic cusp is set to maximize the efficiency of 8|; I 12
the interaction and the precusp radius and precusp magnegc“6 11.0 g
field are determined by canonical angular momentum giveg 14 @ g
the parameters mentioned previously and the average ratio®fi2 08 5
the electrons’ perpendicular velocity to parallel velocity. ThisS 10 0.6 b
ratio is selected as a trade-off between the desire for mofe s} B
perpendicular energy and the need to keep the axial velocjg/ 6} 04 5
spread within reasonable limits. S 4t S
A schematic of the overall system is shown in Fig. 1. The ,T 02
magnetic field on the upstream (cathode) side of the iron pole ‘ . . . Jo0
piece is generated by four pancake coils. The flat field region © 10 20 30 40 50 60

has a maximum ripple of1.0%. The magnetic field on the Axial location (cm)

output cavity side is generated by three coils. The iron plaggy 1. schematic of the third harmonic system and the simulated beam
has a diameter of 17.8 cm and a maximum thickness of Xt&ectory. The axial magnetic field profile on axis is indicated by the dashed
cm. Near the beam radius, the iron thickness is reduced"§:

0.5 cm to minimize the transition length of the nonadiabatic

region. The inner conductor is supported at the iron plate afgtus electrode and is also suitable for CW operation. The

near the input cavity. peak field on the anode occurs near the entrance to the beam
The electrode configuration of the electron gun is al§@nnel and is 20% less than the peak cathode field. The space

plotted in Fig. 1 along with the axial field profile on axis an@harge limiting current is 44% above the operating current,

the simulated ray trajectories for the beam. The electrode SPRfdticating that the gun will be run temperature limited and
ifications are given in Table Il. The ratio of the emitter Wldthhat h|gher Output powers may be possib|e_

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 compressioiGiven the magnetic field profile and beam trajectory results
and the cathode angle is adjusted so that the beam will initialf the EGUN simulation, four additional codes are utilized
follow the magnetic field lines. The average current densitg design the microwave circuit. First, a scattering matrix
at the cathode is quite reasonable even for continuous (CY®%] code is used to design the input and output cavities.
operation. The length of the magnetic compression regiofhis code calculates the resonant frequency of each cavity,
which we define to be the distance between the emitter sttipe diffractive quality factor @), the resistiveQQg, and the
and the entrance to the input cavity, is 17 cm. electromagnetic (EM) field profiles. The use of this code is
The electron gun operation was simulated with the EGUNecessary to accurately account for the leakage fields in the
trajectory code [24] and the results are indicated in the lowdrift region (which is particularly important near the input
half of Table II. All beam parameters are given at the center o&vity) and in the output waveguide.
the input cavity and are close to their design goals. The beanNext, a linear start-oscillation code [26] is used to check the
is almost completely axial in nature, with the perpendiculatability of the cavities to spurious modes. This code assumes
motion accounting for less than 0.04% of the total energy. Tligat the magnetic field is constant in each cavity and uses
peak electric field in the gun occurs at the tip of the cathodkee field profiles from the scattering matrix code. The output

lll. MicrowavE CIRCUIT DESIGN
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5 length and the electric field magnitude, until satisfactory
bunching performance is achieved.

4 The second large-signal code takes the output from the first
single particle code and the scattering matrix results for the

3 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
1 to vary linearly. This “efficiency” code is typically iterated,
while varying the cavity and magnetic field parameters, until

E, (arb. units)
N

0 an optimal design is achieved. During each efficiency run,

1.5 1.7 19 21 23 25 2.7 29 34 the amplitude and phase of the EM wave are adjusted until
Radial position (cm) maximum efficiency is calculated. In addition to the efficiency,

5 the code reports the required total The cavity design must

4 be iterated until the)'s from the efficiency code and the

scattering matrix code are consistent. By decreasing the field
3 amplitude in the output cavity toward zero, this code can
also be used to calculate the start currents for the various

(b)
modes in tapered magnetic fields, whether or not the beam is

E, (arb. units)
N

prebunched.
1 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.
%_0 0.2 0.4 0.6 08 1.0 1.2 1.4 1.6 The resonant frequency of the cavity is 9.9 GHz in the,JM

Axial location (cm) coaxial operating mode. The diffractiv@ is 36 340 and the

Fig. 2. Axial electric field in the input cavity (a) as a function of radialreSIStlveQ Is 2380. The dlﬁraCtlveQ comes pr(_edomlnantly
location and (b) as a function of axial position. from the energy leakage that results from coupling to the TEM
mode at the end of the main input cavity section. The length

_ o of cutoff sections on either side of the main cavity are selected
cavity stability is checked for an unbunched beam and t minimize this leakage, and are approximately a quarter

input cavity stability is often taken for granted, since the cavily,yelength long. The gap between inner and outer radii leaves
is short and the beam streams linearly through it. approximately 1 mm clearance for the beam. The inner and
The other two codes are single particle large-signal codggier radii of the beam tunnels adjacent to the cavity are 1.9
that numerically integrate the particle motion in the deyic%‘:nd 2.7 cm, respectively, and are also important in reducing
Both use the same nume.ncal integration scheme, whichjs, leakage power. Becaugg, is significantly larger than
a fourth order Milne predictor followed by a fourth orderg . the |eakage power should not interfere significantly with
Adams-Moulton corrector (with a Runga—Kutta start-up). The punching process. Furthermore, the experimental design
differences in the codes stem from the assumed tube geomeyfy have support pins, which will tend to short out the TEM
and the input and output information. Numerical convergenggode. Still, the region adjacent to the cavity will undoubtedly
is checked by varying integration step size and the numhgs |ined (or coated) with lossy material. In the experiment, the
of particles. Conservation of energy and canonical angulggyity will be excited by a single slot along the outer wall. For
momentum are also checked in regions where there is oghjtical coupling, the externa) of this slot will be comparable
a static magnetic field. to the cavity@, so that the total input quality factor should
The first large-signal code simulates the beam’s motig®e approximately); = 1120. All gain estimates reported in
through the input cavity, the drift region, and the nonadiabatifis paper are based on this low@rvalue. The axial electric
magnetic transition. This “bunching” code can use a differeqeld profile in the input cavity is indicated in Fig. 2. The
time step in each of those regions. EGUN supplies the be@@pendence of. at the midpoint of the cavity is given in
distribution in radius and velocity. The code then “launchesig. 2(a) as a function of radial position. The double maxima
those rays over a range of initial times and angles that represgré a direct consequence of the opening in the axial walls
the entirety of phase space (after taking into account angcessary for beam transmission. The dependends. odit
symmetries in the system). Given the coil geometry, thie average beam location is plotted in Fig. 2(b) as a function
magnetic field in the drift region is computed from the vectasf axial position. The exponential tail of the field in the outer
potential. However, the magnetic field in the transition regioregions is clearly seen.
is approximated with a piecewise linear axial field profile. This The evolution of electron bunching in the tube is illustrated
code produces the phase space distributions of the electrimng=ig. 3, where the distribution of representative patrticles
at the end of the transition region and calculates variouslative to the phase of the output cavity’s electric field is
guantities that give the average beam statistics and indicptetted at various axial locations. Fig. 3(a) shows the distri-
the effectiveness of the bunching process. The required drimgtion at the output cavity entrance when zero drive power
power for the assumed electric field strength is also reportésl.applied and illustrates the initially uniform distribution of
This code is typically iterated, while adjusting the drift regioparticles in phase space. The seven levels of perpendicular
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) 100 200 300
Angular phase (degrees) 89% of the microwave power can be extracted. Nonlinear
(b) tapers are used to change the cavity radius from the main
section to the diffractive lip and from the end of the lip to
0.5 the waveguide radius. These adiabatic transitions are used
o 046" 0 %, o ¢ o> o instead of abrupt transitions to minimize mode conversion to
T 03 ¢t . .. . .. v’ the TE; mode. Both tapers are approximately 1.5 cm long.
> B ;".-'.‘r:.'; o3 .sys.;'m—;'s ;9-","- The length and radius of the diffractive lip are 0.29 and 3.2
0.2 * ' . cm, respectively.
01 The start-oscillation curve for the output cavity is given in
0 100 200 300 Fig. 4. The mode with the lowest start current in the frequency
Angular phase (degrees) range of interest is the desired operating mode. The minimum
(© start current is slightly below 4 A at an axial magnetic field of

Fig. 3. Representative phase distribution of electrons at (a) output cav1"]ty25 kG. Howeve.r’ this mOde.'S ?’table at the nominal current
entrance U, = 0 W); (b) output cavity entrance™,, = 480 W); and Of 8 A at the optimal magnetic field value. No other modes
(c) output cavity exit £, = 480 W). appear to present a problem at the nominal design point.
The simulated results for the parameters in Table Il near the
optimal drive power are summarized in Table Ill. The nhominal
velocity represent the effect of finite beam thickness and tegectric field at the beam is about 6 kV/cm in the input cavity
velocity spread that results from canonical angular momentugnd over five times that in the output cavity (at the outer edge
Fig. 3(b) depicts the distribution at the output cavity entranesf the beam where the field is a maximum). The peak electric
when a signal of 480 W is injected into the input cavity. Therield at the wall is 13 kV/cm in the input cavity and zero
is a slight increase in perpendicular velocity and the densityiis the output cavity. The total axial velocity spread includes
clearly enhanced in the half-cycle from 100 to 280he phase a contribution of about 6.7% from energy spread and about
distribution at the exit of the output cavity that corresponds.3% from canonical angular momentum. The contribution to
to the 480 W input case is shown in Fig. 3(c). The phaske perpendicular velocity spread from the energy spread is
coherence of the beam is essentially destroyed and a lagpeall. The nominal saturated gain is about 25.5 dB. The total
number of particles have given up a large fraction of theimplified power is over 185 kW. The peak efficiency of 52%
perpendicular energy. A much smaller number of particlesceeds the performance of any third harmonic small-orbit
have remained at about the same energy level or had theinplifier to date.
energy increase slightly. The drive curve for parameters near the optimal configura-
The beam evolution throughout the output cavity is inion is shown in Fig. 5. In accordance with Fig. 4, the tube
dicated in Fig. 1 where the-z projection of representative is zero-drive stable. However, the efficiency rises rapidly to
particles are plotted. The figure reveals that while son#3% at a drive power of 109 W. The output power varies only
particles gain energy and increase their Larmor radii, thveeakly for drive powers above 300 W, with the peak power
majority of the particles lose a significant amount of energgccurring at an input power of 526 W.
The left wall of the cavity is adjacent to the iron pole piece. The dependence of efficiency on output cavitys revealed
The length and radius of the main section are 15 and 3.4 cim/Fig. 6(a) for a drive power of 526 W. The output efficiency
respectively. The nominal operating mode is theyskEThe rises dramatically from-22 to ~48% as the quality factor is
cavity’s diffractive quality factor is about 6320. The resistivéncreased from 3600 to 4500. After that point, the efficiency
quality factor is above 51000 for a copper cavity, so aboohly increases slowly with} until it reaches its maximum
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Fig. 6. Dependence of output efficiency on (a) the output cavity quality
0 : . : . . : : factor, (b) the average velocity ratio, (c) the magnetic field in the output
00 01 02 03 04 05 06 07 08 09 10 cavity, and (d) the perpendicular velocity spread.
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TABLE I 60 60
THIRD HARMONIC SMOG AWPLIFIER PERFORMANCE
50 50
Input cavity results —
X
Input drive power (W) 526 ;40 40
: o
E, at beam (kV/cm) 5.83 g 30 30
Drift region results ‘S
Bunching Efficiency (%) 46.0 E 20 20
Total Av, (%) 10.71 10 10
Total Av, (%) 1.61
Energy spread (%) 227 0 0
- 4000 5500 7000 8500 1.6 2.0 24
Output cavity results Quality factor Velocity ratio
Power (kW) 187
- G (b)
Efficiency (%) 52.1
Gain (dB) 255 60 60
E, at beam (kV/cm) 33.0 A
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high side of the optimal field because the start current is still
erneqasonably low.

The dependence of efficiency on perpendicular velocity
o _ T spread is given in Fig. 6(d). The triangle corresponds to the
value of 52.1% whe) 6320. No amplification is expectedresult produced by the beam from the electron gun. The

foq'ﬂzalc;teypzincdtgrnsceb eclmcf)V\c/JLii?J?'efﬁciency on the thin b eam(;ércles result from an ideal beam where the beam thickness is

average velocity ratio is given in Fig. 6(b). This ratio iSadjusted to modify the velocity spread. The circuit parameters

modified solely by varying the magnetic field in the driff'® held constant at the optimal values. The ideal beam

region. The phase of the output cavity's electric field i@z}dlus is adjusted to match the average velocity ratio from

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

optimized at each point. The amplitude is adjusted to ke ¢ electron gun’s beam. As expected, the efficiency for the

the quality factor at the optimal value of 6320. Al othef alistic beam is close to the result for the ideal beam with a
' mparable velocity spread. The efficiency decreases slowly

arameters, however, are held at their nominal values. ) . .
b up to perpendicular velocity spreads of about 2%, but begins

efficiency drops off steadily with decreasing velocity ratio, ! - 0
going to a level of about 33% at a velocity ratio near 1. 0 rapidly fall off after that toward an efficiency of 35% near

Efficiency decreases slightly above the nominal velocity ratié‘.Spread of 4%. The beam is partially intercepted by the input

The dependence of the efficiency on the applied magneﬁ%\/ity when the spread exceeds 4%, so it is not possible to

field in the output cavity is given in Fig. 6(c). The efficiencycalcmate efficiencies beyond that point.

decreases sharply to zero for fields below 1230 G. The

decrease in efficiency with increasing field above 1240 G is V. SUMMARY

steady, dropping to 20% at 1275 G. Efficiencies near 50% areln this work, we have extended previous results to the design
maintained only over a range of about 0.6% of the nominaf a third-harmonic, prebunched gyrotron experiment. This
magnetic field. The shape of the magnetic field dependerdesign has demonstrated that power levels above 185 kW
can be better understood by considering the start-oscillatioan be generated in X-band with an efficiency in excess of
curve in Fig. 4. Below 1230 G, the required start current ris&% and a gain of approximately 25 dB via the interaction
rapidly due to a decrease in the interaction, and a pointaé a 45 kV, 8 A beam, and a novel two-cavity microwave
quickly reached where no energy transfer from the beamdscuit. The peak electric fields in the electron gun and the
possible. The decrease in efficiency is less dramatic on timécrowave circuit were easily compatible with CW operation.
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The magnetic compression and cathode loading in the annutar] w. w. Destleret al, “High-power microwave generation from large-

i _ i i orbit devices,”IEEE Trans. Plasma Scivol. 16, pp. 71-89, 1988.
Pierce-type g.un were a!so quite Cons.ervatlve' . J18] W. W. Destleret al, “Intense-beam fundamental mode large-orbit

The numerical modeling was also improved over previous ™ gyrotron studies, 3. Appl. Phys.vol. 66, pp. 40894094, 1989.
studies in three significant ways. First, the output from thé9] C. S. Kou, D. B. McDermott, N. C. Luhmann, Jr., and K. R. Chu,
electron gun simulations were input into the “bunching” code “Prebunched high-harmonic gyrotronlEEE Trans. Plasma Sciyol.

o Lo 18, pp. 343-349, 1990.
to more aCCUrately model the eqUIIIbrlum distribution of th?zo] K. Irwin, et al, “Second generation, high power, fundamental mode
beam in phase space. Second, the magnetic field profiles from Iagrge-orbit gyrotron experimentsJ. Appl. Phys.yol. 69, pp. 627-631,
. . . . 1 1.
a ?e”es of pancake coils were Input Into the bunCh.er CO({E_&] W. Lawson and W. W. Destler, “The axially modulated, cusp-injected,
This was necessary to accurately model the beam trajectory in large-orbit gyrotron amplifier,2JEEE Trans. Plasma Scivol. 22, pp.
the end of the compression region. Finally, the realistic field ~ 895-901, 1994. o o
fil lculated by a scattering matrix code were us M. J. Rhee and W. W. Destler, “Relativistic electron dynamics in a

profiies as calcula y atiering matrix were u cusped magnetic field Phys. Fluidsyol. 17, pp. 1574-1581, 1974.
in both large-signal codes. This modification was perhaps tf#] W. Lawsonet al, “Design of a high efficiency, low voltage, axially
m importan in he fiel in th nchin i r modulated, cusp-injected, second harmonic, X-band gyrotron amplifier,”

O.St . portant, since t. e e.dS the bunc g ca .ty are IEEE Trans. Plasma Sciyol. 24, pp. 678-686, 1996.
quite different than the ideal fields of a closed, right-circulaps) w. B. Herrmannsfeldt, “Electron trajectory program,” Rep. 226, Stan-
cavity due to the beam aperture.

The third harmonic experiment detailed in this paper is cul®
rently under construction. We hope to attempt an experimental
confirmation of this concept in the next year. We are aldg6l
investigating a broadband version of this device which replaces

ford Linear Accelerator Center, Stanford, CA, Nov. 1979.
W. Lawson and P. E. Latham, “The scattering matrix formulation for
both cavities with traveling wave structures.

overmoded coaxial cavities|EEE Trans. Microwave Theory Teckgl.
40, pp. 1973-1976, 1992.

P. E. Latham, S. M. Miller, and C. D. Striffler, “Generalized form of
Madey'’s theorem for computing the gain in microwave devic@ys.
Rev. A,vol. 45, pp. 1197-1206, 1992.
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