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Abstract 

We have modeled gyrotron windows and gyrotron am
plifier sever structures for TE modes in the 100-150 GHz 
range and have computed the reflection and transmission 
characteristics from the field data. Good agreement with 
frequency domain codes and analytic analysis have been 
obtained for some simple geometries. We present results 
for realistic structures with lossy coatings and describe im
plementation of microwave diagnostics. 

Introduction 

The use of high-power microwaves to heat the plasma 
in an MFE reactor at the electron-cyclotron resonance 
can yield a number of benefits, including bulk-heating and 
preionization of the plasma, reaction startup, and insta
bility suppression. The use of electron-cyclotron heating 
(ECH) in tokamak and stellerator reactors has been stud
ied in many significant MFE experiments, including C-mod 
at MIT and DIII-D at General Atomics in the U.S.; Com
pass at Culham, England; T-lO at the Kurchatov Institute, 
Russia; and the Heliotron at Nagoya, Japan. 

Operating parameters of interest for ECH applications 
include frequencies in the 140-250 GHz range and output 
power in the vicinity of 1 MW per bottle [1]. Currently, 
the fixed-frequency, mm-wave source available for use in 
the 1 MW range is the gyrotron. Understanding of the 
microwave properties of high-average-power RF structures 
is crucial to the design of gyrotron tubes and amplifier de
vices. Dissipation of the RF (ohmic loss) and excessive 
mode conversion are often limiting factors in the perfor
mance and robustness of the overall device. These issues 
and others pertaining to mm-wave devices may be investi
gated using time domain EM field codes [2]. An advantage 
of simulation in the time domain is that EM characteris
tics may be obtained over a wide bandwidth from a single 
calculation. Excitation of the frequencies of interest may 
be obtained by launching modulated pulses driven by mag
netic currents. A general field code such as AMOS [3] may 
be used to launch the prescribed modes at the frequency 
or frequencies of interest to examine mm-wave component 
performance by exact numerical integration of the Maxwell 
equations. 

Mode Launching 

Gyrotron oscillators operate with whispering gallery 
(WG) modes (radial mode number » axial mode num
ber). Thus, most of the RF is distributed near the beam-

* Work performed under the auspices of the U. S. 
Department of Energy by LLNL under contract W-7405-
ENG-48. 

pipe wall. As the mode propagates near the window, the 
modes couple into the perturbation in the wall, leading to 
mode conversion. To model gyrotron components requires 
the launching of transverse electric (T En,m) modes. This 
may be accomplished by driving magnetic currents over 
the beampipe aperture. 

In order to describe the location of the TE drive
nodes, we rewrite the EM time dependent curl equations 

- i'I aE -
V X H = a /'J + fat + J. ( 1) 

- ail-v x E= -/l.--K 
r at • (2) 

in the integral form 

K source components are co-located with H field com
ponents on the Yee lattice [4]. Referring to figure 1 and 
equation 4, one can see that driving the Kr component of 
the magnetic current will excite the proper Hr, Hz and 
E", fields. Similarly, K", currents excite En and H", field 
components. Ez induced by K", and Kr cancels out. 
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Fig. 1. TE Drive-Node Location on the Yee Lattice. 

The proper spatial variation of magnetic currents re
quired to obtain propagating WG T E 22 ,2 modes are the 
Bessel function J22 (X) out to the second zero, and its 
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derivative J~2(X) which directly drive K.p and Kr, respec
tively. The amplitude distribution in time, can be a mod
ulated pulse to obtain the required frequency content. 
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Fig. 2. Launching T E22,2 Whispering Gallery Mode - Spa
tial and Temporal Magnetic Drive Function. 

Field diagnostics for computing the voltage standing 
wave ratio (VSWR) were incorporated into AMOS by sam
pling electric fields at "numerical" probes and computing 
the VSWR directly from the field values. IT 1[J(t)] de
notes the forward Fourier transform, then the VSWR may 
be computed from the field data by first computing the 
reflection coefficient (no mode conversion) 

f= 1.0 _ (I 1[e.mp (t)] 1)2 
1[Pmod(t)] 

(5) 

where e.mp(t) is the sampled electric field on the "down
stream" side of the window and Pmod(t) is the modulated 
pulse in time. The VSWR is computed according to the 
definition V SW R = (1.0 + f)/(1.0 - f). 

High-Power RF Window Analysis 

Presently, gyrotrons operate in the 100-150 GHz and 
,..., 1 MW regime. Future performance requirements will in
crease power levels to the multi-megawatt range with fre
quencies approaching 250 GHz. In this scenario, several 
gyrotron components will be placed under severe mechan
ical and thermal stress. Until now, less demanding per
formance constraints have rendered non-ideal component 
effects less important. However, understanding these ef
fects is now critical to the operation of the device. We 
now examine high-order mode scattering caused by vari
ous RF window geometries at the exit of the gyrotron. The 
VSWR associated with the window can be determined over 
a broad spectrum of frequencies using data from a single 
time-domain run using the technique described in the pre-

vious section. 
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Fig. 3. VSWR for idealized 110 GHz bandpass, RF win
dow compared to theory. 

In Figure 3, we find good agreement between AMOS 
and analytic values [5] for the VSWR of a three-layer RF 
window. The gyrotron window geometry includes a beam
pipe radius of 5.08 cm with the longitudinal extent of the 
window at 0.443 cm. The window material has €r = 9.387 
and the dielectric cooling fluid has €r = 1.797. A small 
difference between the AMOS and frequency code results 
is evident, caused by a minor variation in window ele
ment thicknesses resulting from the use of a regular grid 
in AMOS. 
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Fig. 4. Radial Field Profile at Varying Longitudinal Loca
tion for Realistic Gyrotron RF Window Structures. 

The gyrotron window structure is grown from a sap
phire crystal. These microwave components are often quite 
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expensive and difficult to fabricate, and more realistic win
dow geometries cannot be easily treated analytically. In 
figure 4, a realistic window structure with the "coolant 
reservoir" is modeled. Compared to the idealized window, 
the electric fields near axis highlight coupling to modes 
through the RF window near the beampipe wall. At the 
multi-megawatt range, this amount of RF may be signifi
cant. However, the exact level of power per mode awaits 
further analysis. 

Gyrotron Amplifier Sever 

We performed a second set of calculations in which 
wave propagation through a microwave sever - a device for 
stopping or absorbing microwave energy while allowing a 
charged particle beam to pass undisturbed - is examined. 
Of interest is the understanding of the absorption in the 
lossy dielectric insert (see Figure 5) for a variety of lossy 
RF mixtures. The beampipe radius is 0.95 mm - operat
ing near cutoff. As before, TEll modes were launched by 
driving magnetic currents at the sever aperture. The ma
terial conductivity characteristics for 5 berrylia mixtures 
were obtained from the available experimental data at 12 
GHz. Two materials, berrylia 80/20 and berrylia 60/40 
are representative. The dielectric constant K' for berrylia 
60/40 and 80/20 were 49.54 and 17.81 and the loss tangent 
0.72 and 0.22, respectively [6]. 
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0.00 100.00 200.00 300.00 400.00 500.00 

Fig. 5. Sever Performance for Berrylia 60/40 and 80/20. 

AMOS predicted ~40 dB attenuation for a 95-GHz, TEll 
mode propagating toward the sever for the berrylia 60/40 
mixture. In comparison, unacceptably low RF absorption 
characteristics for the other berrylia mixtures (Figure 5) 
was evident. In the limit, when the conductivity is large 
(berrylia 60/40)' the relevant diameter is not that of the 
beampipe but instead it is the diameter inside the sever 
section. With cutoff given by .Ac = 21ra/1.84, a TEll 
mode at 95 GHz is well below cutoff, and the fields will 
be attenuated. This set of calculations can be repeated 
when updated berrylia measurements in the ~100 GHz 
range is available (MIT). For the previous class of mod
eling problem, we plan to examine simulation issues such 
as the launching of waveguide modes near cutoff. Fur
ther, the taper of the lossy section was initially limited to 

minimum of 5 degrees because of numerical limitations of 
a shallow-angle staircasing of the mesh. The conforming 
mesh algorithm in CG-AMOS [7] will allow exact bound
ary representation, and thus any shallow taper. 

Conclusions 
We have applied time-domain field codes to the anal

ysis of mm-wave components. The proper TE modes may 
be launched in a beampipe by use of the dual K term 
(magnetic current) in the Faraday-Maxwell equation. TM 
modes may be launched using the similar dual technique. 
In the future we plan to use conforming grid codes to model 
output couplers. Some of the future work will also involve 
the use of unstructured meshes to simulate the important 
aspects of high-bandwidth RF window by detailed model
ing of curved window surfaces and materials. We will also 
implement the diagnostics that will derive mode informa
tion directly from the field data. 
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