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Abstract 

The ELMO Bumpy Torus-Scale (EBT-S) 28-GHz, 200-kW, cw, 
plasma heating system consists of a gyrotron oscillator, an oversized 
waveguide two-bend transmission system, and a quasi-optical mixed-
mode microwave distribution manifold that feeds microwave power to 
the 24 plasma loads of the EBT-S fusion experiment. Balancing power 
to the 24 loads was achieved by adjusting the areas at 24 coupling 
irises. System performance is easily measured using system calorim-
etry. The distribution manifold mixed-mode power transmission, 
reflection, and loss coefficients are 89%, 6%, and 5%, respe'.tively. The 
overall system efficiency (plasma power/gyrotron power) is 80%, but 
with some modifications to the distribution manifold we believe the 
ultimate efficiency can approach 90%. The system reliability is out-
standing with a world's record 1 x 10 s kW*h of 28-GHz energy delivered 
to the EBT-S device with well over 1 x 103 operating hours. 
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I. Introduction 

The ELMO Bumpy Torus-Scale (EBT-S) fusion experiment1 consists of 
24 simple magnetic mirrors joined end-to-end to form a torus of closed 
magnetic field lines. A plasma is created, stabilized, and heated by the 
application of 28-GHz, 200-kW, cw electron cyclotron heating (ECH) power 
from commercially available gyrotron oscillators.2 The availability of these 
lubes vas the direct result of an intensive gyrotron development program in 
private industry3 initiated by the EBT program to address the need for higher-
frequency, high-power sources essential to demonstrate scaling of the fusion-
relevant toroidal plasma in EBT-I.* The end result of this development effort 
was the delivery of reliable 200-kW, cw axisymmetric gyrotron oscillators 
with good efficiency (£50%) and with somewhat relaxed constraints on mode 
purity (primarily TE°02 with some TE°oi and TE°o3 modes). In parallel with 
the 28-GHz gyrotron development program, a component development effort 
was undertaken at Oak Ridge National Laboratory (ORNL) in the EBT group 
to provide the necessary high-power oversized waveguide components to 
transmit and distribute the ECH power to the 24 plasma cavities of the EBT-S 
device. Much of the high-power experience gained in earlier development 
efforts5 on the ELMO device® with 5 kW of cw ECH power at 35 and 55 GHz 
was used in the development of the EBT-S ECH system. Although there is a 
large volume of literature available on work done by Bell Laboratories on 
oversized waveguide systems7 communication systems8and by others on high-
power radar, these applications requirements are different from the EBT-S 
requirements of very good reliability at high average power, 24-way power 
division, and relaxed mode control. These differences necessitated a unique 
design approach for the EBT-S ECH system. 
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II. Design Criteria 

Because ECH is the primary heating schcmc on EBT-S, great emphasis 
is given to good reliability for the ECH system. Ease of fabrication, main-
tenance, and operation are also desirable characteristics for the system. 
Every component must have high averi ge power handling capability, which 
requires precision waveguide tolerances at flange joints to ensure metal-to-
metal contact, polished low-loss internal metallic surfaces, and adequate 
cooling. The microwave system as a whole must produce low reflected power 
in any mode at the ^yrotron, especially in circular electric modes, which can 
interact strongly with the gyrotron cavity mode. Low reflections result in 
smooth operation at the gyrotron oscillator without frequency jumping and 
low dissipation • n the gyrotron body, collector seal, and window cooling 
circuits. 

Reflections should also be kept to a minimum to reduce the effect of 
trapped (spurious) mode resonances. These resonances are caused by irregu-
larities such as bends and flange offsets separated by an integer number of 
half-guide wavelengths for a particular trapped mode. A cavity is thus formed 
that can transfer energy from the main mode to the trapped mode if the phases 
of the two modes are properly adjusted.9 This will cause local heating in the 
trapped region and even arcing, as well as a frequency sensitive reduction in 
transmission efficiency. This situation can be prevented by applying two 
techniques. First, exciting the spurious modes must be avoided by carefully 
controlling the waveguide shape. Second, if spurious mode excitation cannot 
be avoided, as in the case of a bend, then any spurious mode that is excited 
must be allowed to propagate freely without reflection toward the plasma, 
where it can be absorbed. This is feasible since higher-order mode power is 
useful for plasma heating in EBT-S.10 Elements of both techniques are used in 
the EBT-S ECH system. In addition, all forward mode converted power must 
be allowed to propagate to each of the 24 ECH loads in a balanced manner. 
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III. System Description 

The ECH system can be broken into transmission and distribution 
subsystems as shown in Fig. 1. The transmission system consists of a 
VGA-8000 axisymmetric gyrotron oscillator," arc detectors, spurious mode 
absorbers, two 90° curved Bends, a waveguide run to a vacuum window, and a 
waveguide run through a bellows feeding a power splitter into the distribution 
system. The gyrotron output waveguide is 6.35 ± 0.005-cm-I.D. high conduc-
tivity copper, and this diameter is maintained throughout the transmission 
system to preclude any reflections. The wall thickness is 4.76 mm and is 
determined by the waveguide flange design, to be described later, as well as 
mechanical strength ana f ooling considerations. The waveguide is pressur-
ized at 1 psig of dry nitrog. n to prevent the entry of foreign matter and 
moisture into the system. The nitrogen atmosphere is fed into the system 
from the lowest points and removed with a pressure relief valve at the highest 

Eoint. This allows the waveguide atmosphere to be replenished every few 
ours. The pressure is also interlocked as a safety measure to inhibit opera-

tion if a gross nitrogen leak is present, which indicates waveguide joint 
misalignment and therefore microwave leakage. Flange joints are surveyed 
periodically with a hand-held isotropic radiation monitor as an additional 
safety precaution. The entire system is water cooled to protect components 
from excessive temperature increases characteristic of nigh average power 
operation, and for personnel safety considerations. Water cooling is also 
required for system calorimetry12 to measure gyrotron output power as well as 
transmission losses. 

The arc detector waveguide section located above the gyrotron window 
(shown in Fig. 2) has a number of functions. Photoelectric and acoustic arc 
detectors (as well as a ^as feed and a frequency sampler) are coupled to the 
oversized waveguide via cutoff holes. The main protection for the gyrotron 
window is a fast, 5-us, commercially available photoelectric arc detector, 
which senses light produced by a waveguide arc in the system through a fiber 
optic light pipe inserted at an angle to the waveguide axis looking at the 
gyrotron output window. A test light signal is also injected at the mounting 
block to verify proper operation of the entire arc detector system. In normal 
operation, waveguide arcs are very infrequent (usually only a few per year) 
and are nearly always caused by foreign matter falling on the outer ceramic 
disk of the windows. These particles are usually microscopic metal slivers 
caused by the assembly of the metal-to-metal waveguide joints during system 
maintenance. To minimize these slivers, the arc detector section is always the 
last section to be replaced to facilitate window cleaning with a small vacuum 
hose. 

The acoustic arc detector is used primarily for arc location13 in 
conjunction with an identical detector located at the other end of the pres-
surized waveguide system near the barrier window. The acoustical pickup is a 
standard audio microphone chosen for its high-frequency response and low 
output impedance. Tne difference in the time of arrival ofthe acoustical sig-
nal between the two detectors is a direct measure of the position of the arc. 
This arc detector is very useful for locating problem areas in new components 
that are occasionally tested in our system. 

The frequency sampler is a dominant mode WR-28 waveguide tangent to 
the circular waveguide with coupling achieved by a hole in cutoff at the 
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tangent point. This configuration is best for sampling both TE and TM modes 
through the Er, H<j>, and Hz wall components in tne circular guide which 
couple to the Ey, Hz, and Hx components, respectively, in the dominant mode 
waveguide. One end of the WR-28 waveguide is matched while the other end 
feeds a 50-ft run of waveguide to the control room, where a microwave 
counter, spectrum analyzer, wavemeter and broadband detector serve to 
measure tne gyrotron frequency in the 26.5- to 40-GHz range. The wide 
bandwith is necessary to detect spurious frequencies occasionally generated 
by the gyrotron during startup or high-power operation. 

The arc detector waveguide section also serves as an adaptor section 
between the gyrotron flange and the ORNL waveguide flange design. The 
ORNL flange is shown in Fig. 3 and is designed to be a sexless metal-to-metal 
waveguide joint for flexibility and reliability. The clamping rings are held to 
the waveguide by a stainless steel snap ring, and transverse alignment of the 
waveguide joint is accomplished by a split alignment ring. The alignment 
ring is split for transverse insertion of the last waveguide section between 
fixed endp and to verify proper alignment of the last waveguide flange joint in 
the system before joint assembly. The metal-to-metal contact at the inside 
diameter is ensured by relieving the face of the mating surface. The clamping 
rings are completely rotatable and play no role in precise transverse align-
ment. The design is easy to fabricate, reliable, rugged, and very easv to 
install. 

Two kinds of mode absorbers are used to protect the gyrotron from 
excessive reflections. Commercially available high average power mode 
absorbers'1 consist of equally spaced circular copper rings. The gap between 
the rings is equal to a ring tnickness. The rings are surrounded oy an alumina 
tube backed with water to absorb tl noncircular electric mode power that 
propagates radially outward between adjacent rings. Circular electric modes 
nave very low insertion losses in this absorbe- because of their wall currents, 
which foflow. the rings circur.iierentially. The disadvantage of the spaced ring 
configuration is that, to couple out appreciable power in spurious modes, the 
gaps nave to be on the order of a quarter-guide wavelengtn, and resonant 
reflections can be a problem if the ring period is equal to a half-guide wave-
length.19 In addition, large gaps tend to preferentially excite higher-order 
circular electric modes if a lower-order circular electric mode illuminates the 

taps.16 For these reasons, we have added a length of stainless steel waveguide 
etween the gyrotron and the spaced ring mode absorber to damp potential 

reflections from the spaced ring absorbers. The stainless steel waveguide also 
has some mode filtering properties, since the circular electric modes nave the 
smallest losses compared to most other modes or mode families. 

Changes in the direction of the waveguide transmission system are 
accomplished by two identical 90° curved bends, one of which is shown in 
Fig. 4. The first bend directs the vertical gyrotron output horizontal while the 
second bend directs the power vertically downward to the distribution system. 
The bends have a 40.6-cm constant radius of curvature and were rolled from 
straight, annealed waveguide sections filled with a bismuth bending alloy for 
internal support. The ovality of the 6.35-cm waveguide was less than ±0.76 
mm. These bends were chosen over earlier miter bends17 because of very low 
reflections for large classes of waveguide modes. In cold test with a TE°oi 
mode incident on the bend, the multimode reflections from a single curved 
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bend are equivalent to a 0.4-mm flange offset in a 6.35-cm-I.D. waveguide 
joint. The cold test technique used and the data generated are presented in 
the appendix. Curved bends also tend to severely forward convert the incident 
circular electric modes into complex mixtures of TE°on and TM°in degenerate 
mode pairs as well as nondegenerate (TEHin, TE°2n> • •) spurious modes.18 

However, this was not deemed to be a problem since mode control is not a 
requirement for the EBT-S ECH system. 

The complex mix of modes produced by the curved bends is fed through a 
vacuum window (similar to the gyrotron output window10) that isolates the 
pressurized waveguide transmission system from the EBT-S vacuum. The 
window consists of two BeO (or AI2O3) ceramic disks separated by a gap with 
FC-75 dielectric fluid circulated in the gap for face cooling the ceramic disks. 
Several turns of polyethelyene tubing filled with circulating water are 
wrapped outside of the ceramic disks to load noncircular electric mode micro-
wave power, which tends to radiate out in the gap between the ceramic disks. 
After the window, the 6.35-cm-I.D. waveguide passes through a bellows so 
that the first-pass microwave power does not reflect off the bellows corruga-
tions. The dimensions of the bellows are 9.53-cm length, 13.2-cm I.D. witn a 
19.1-mm period, and a 8.3-mm corrugation depth. Tne bellows was designed 
to preclude arcing in a mixed-mode microwave environment. This results in a 
rather stiff bellows with shallow and widely spaced corrugation, compared to a 
wavelength. This bellows allows flexibility for mechanical adjustments 
during assembly of the vertical input waveguide to the microwave 
distribution system. 

The microwave distribution system shown in Fig. 5 is a modified version 
of the original stainless steel, toroidal vacuum pumping manifold (R = 1.02 
m, r = 10.2 cm) used on the earlier EBT-I device. That manifold was coupled 
to the 24 plasma cavities of the device through twenty-four 15.3-cm-I.D. reeds, 
and four large vacuum pumps equally spaced around the manifold served to 
evacuate the device. Tne pumps were isolated from the 10.6- and 18-GHz 
power used in EBT-I by having a 15.3-cm-diam metal plate perforated with a 
very large number of circular holes in cutoff located at each of the 24 cavity 
feeds. 

Several modifications allowed this vacuum manifold to also serve as the 
28-GHz micro wave distribution system. Internal sharp corners and points 
that might tend to arc in the presence of high power microwaves were 
removed or radiused where appropriate. Also, internal stainless steel surfaces 
werejplated with copper to reduce the microwave losses. Each of the 24 cavity 
cutoff screens had a circular hole or iris (of varying diameters) bored through 
it to b&lance the distribution of microwave power to each of the 24 plasma 
cavities, and a large cutoff screen was placed over each vacuum pump to 
maintain microwave isolation. Finally, all standard O-ring grooves on the 
vacuum manifold were protected from direct microwave heating by providing 
a metal-to-metal interference fit20 between the microwave power and the 
O-ring groove. 

The input power to the manifold is split and scattered toroidally in 
opposite directions by a "Y-splitter," shown in Fig. 5. The Y-splitter is a three-
port, mixed-mode junction formed by joining two identical curved bends with 
one end of each bend facing in opposite directions and the other two ends 
joined together to form a common input. The Y-splitter splits the manifold 
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input power into two roughly equal parts for scattering in toroidally opposite 
directions in the manifold. The dimensions of the manifold are much much 
greater than a wavelength and can therefore contain a very large number of 
possible modes, which are excited by irregular shapes in the manifold such as 
cavity and vacuum pump feeds. 

At each iris an amount of power roughly equal to l/24th of the power 
delivered to the entire device is coupled out. This is accomplished by tapering 
up the iris areas going away from the manifold input in a symmetrical 
fashion. Using a Monte Carlo ray tracing code21 to simulate microwave 
transport in oversized, quasi-optical geometries, an optimum coupling 
distribution was computed that gave a maximum total coupling area with a 
balanced distribution of power, and reduced the manifold losses from 10% to 
5%. Table I lists the iris diameters for all 24 cavities. 

The vacuum manifold approach to mixed-mode microwave power 
distribution was employed because (1) mode control is not an EBT-S ECH 
system requirement; (2) the first cw, 28-GHz gyrotrons that became available 
were of the triple miter variety that produce a wide variety of modes which 
would not be compatible with a mode controlled system; (3) power division in a 
mixed-mode system is relatively easy compared to a mode controlled 
approach, given that the ray tracing codes necessary to optimize the irises are 
developed; (4) combining the vacuum and microwave distribution into a single 
manifold maximizes the cost-effective use of an existing structure where 
available space is scarce; and (5) a single barrier window on the manifold 
input is cheaper, more quickly implemented, and much more reliable than 
having a pressurized microwave manifold with 24 specialized high-power 
windows. The disadvantage of this approach is that changes in the 24 iris 
sizes require a vacuum opening and several days to implement. 
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TABLE I. Iris diameters for alt 24 cavities. 

Cavity No. Area (cm2) 

WI 31.2 
W2 34.0 
W3 38.5 
W4 44.9 
W5 53.6 
W6 65.3 

N1 79.4 
N2 97.1 
N3 63.9 
N4 122.7 
N5 125.0 
N6 126.6 

El 119.2 
E2 0 

E3 114.3 
E4 108.1 
E5 98.9 
E6 88.5 

SI 78.2 
S2 67.6 
S3 57.9 
S4 48.7 
S5 38.8 
S6 30.9 

Remarks 

Area limited by diagnostic interference 

Intentionally unfed for diagnostic 
requirements 
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IV. System Performance 

The gyrotron output power is measured calorimetrically by obtaining a 
flow and a temperature rise between the supply and return on all gyrotron 
cooling circuits, which directly yields the power dissipated in the gyrotron. 
These neat losses are subtracted from the total electrical input power of the 
gyrotron electron beam (heater and modulating anode power are negligible by 
comparison) to yield the microwave power propagating out of the gyrotron 
given by 

Pg = V r I B - c( FCAT(. + FhATi) + FcaATc) - c' KWATW, (1) 

where 
Pg = gyrotron output power in kW, 
V B = beam voltage in kV, 
IR = beam current in A, 
c = 0.0696 kW/L/m - °C for H20, 
C = 0.0307 kW/L/m - °C for FC-75, 
F = coolant flow in L/m, 
AT = temperature difference beween inlet and outlet coolant in °C, 

and *He subscripts c, b, cs, and w refer to the gyrotron collector, body, collector 
seal, and window cooling circuits, respectively. The gyrotron output power 
calculated in this way is sensitive to systematic measurement errors, and 
great care must be taken to ensure that these errors are minimized by the use 
of precision voltage dividers and current shunts and by exercising good 
calorimetric practice in monitoring the various heat loads in the gyrotron. 

The self-consistency of Eq. (1) can be verified by producing an electron 
beam at sufficiently low transverse energy to preclude microwave power 
generation. Then, the beam input power should equal the heat losses. As the 
transverse energy is raised, the oscillation threshold of the TE°o2 mode is 
reached and the collector power starts to drop, since transverse beam energy is 
converted to microwaves. A matched water load22 placed at the end of the 
transmission system serves to absorb all gyrotron outputpower, and the 
agreement between the gyrotron output power given by Eq. (1) and the power 
delivered to a dummy load plus transmission system losses is within ± 2 kW, 
as shown in Fig. 6. The power to the EBT-S plasma is inferred by monitoring 
calorimetrically each transmission and distribution component and 
subtracting the sum from the gyrotron power, given by 

Pg-EiPL, , (2) 

EBT-S plasma power in kW, 

ith waveguide component loss in kW . 

This calorimetric power measurement technique is not dependent on mode 
content as long as all internal waveguide surfaces are properly cooled and 

Pp = 
where 

Pp = 

PL, = 
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instrumented. Reflections from the plasma are also accounted for by system 
calorimetry, so that Eq. (2) represents the net power delivered to the plasma. 
Rect ntly, a computer code has been implemented that monitors each of the 
parameters in Eas. (1) and (2). Component losses in the gyrotron and the 
transmission ana distribution system are displayed every 2 s, along with the 
gyrotron power, microwave power conversion efficiency, gyrotron frequency, 
and plasma power. Losses are also displayed as a percentage of gyrotron 
power. 

The bar graph in Fig. 7 compares the power absorbed in each component 
relative to gyrotron output power comparing plasma operation with operation 
into a matched load. The spaced ring mode absorber and stainless steel mode 
absorber are abbreviated as VMA and SSMA, respectively. The numbers are 
an average of data points taken over a wide range of gyrotron operating con-
ditions. The system efficiency, as measured by power delivered to the plasma 
divided by gyrotron power, is —80%. This compares with —95% efficiency for 
disconnecting the barrier window and manifold and connecting a matched 
water load. The increased power absorbed in the waveguide and in the mode 
absorbers during plasma operation is due to reflections and losses from the 
barrier window and mainfold. Note here that the losses in the mode absorbers 
and waveguide increase in the presence of the reflection whereas the gyrotron 
losses remain relatively unchanged. This shows that the mode absorbers 
adqeuately absorb the reflected power in a single pass, allowing the gyrotron 
to operate relatively isolated from the mismatch of the window/manifold 
combination. 

In order to determine the reflection coefficient of the barrier window and 
manifold, a simple model based on first-pass incident power and single-pass 
reflected power will be developed. The model neglects trapped resonances due 
to small misalignments in waveguide joints and will assume that the radiused 
bends have a negligible reflection coefficient compared to the window or the 
mai nfold. Three cases of hot test data must be run: 

Case A: running the gyrotron into the transmission system terminated 
by a matched load. 
Case B: Case A with the barrier window inserted just before the 
matched load. 
Case C: EBT-S plasma operation. 

Hot test data collected for each of the three runs are plotted in Figs. 8 and 9 for 
mode absorber plus copper waveguide losses and window losses, respectively. 
In the following analysis, we assume that 

Pin = Pin(R + L +T) , (3) 
where Pin is the incident power for the component in question and R, L, and T 
are the mixed-mode power reflection, loss, and transmission coefficients, 
respectively. The losses in various components are a linear function of gyro-
tron power, indicating that no mode-sensitive effects exist as has been noted 
in the past when operating with miter bends. 

For Case A, assuming that the matched load produces negligible 
reflections, 
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P* = + P \ « U d . (4) 

where P \ is the combined losses of the mode absorbers and copper waveguide 
and P ^ ^ i s the power absorbed in the matched load for Case A. 

In Case B, 

P* = P'V + P"w + PH..UH . (5). 
where PH

V is the combined loss of the barrier window FC-75 and H20 cooling 
circuits. Assuming that the increase in transmission system losses is due to a 
single-pass. ^flection from the barrier window, then 

p , Y = p \ + <pg-p/\.)Rw • <6> 
The second term in Eq. (6) is the power reflected by the window and R^ is the 
normalized window i .'flection coefficient. Rearranging Eq. (6) yields the 
window reflection coefficient: 

Rw = ( P , Y - F \ ) / ( P g - P A
I < ) . (7) 

In the same manner, analyzing Case C, 

Pg = P0,, + 1 % + P^, , (8) 

where P0, is now the inferred plasma power plus the manifold losses. 

The increased transmission system losses are written 

P 0 . . = P \ + < P g - P \ ) R w + ( P g - P \ - P B w > R m - ( P ° w - P \ > . (9) 

where the second term is the window reflection, the third term is manifold and 
plasma reflection, and the fourth term represents manifold reflection 
absorbed by the window. Rearranging Eq. (9) to solve for RM, we have 

RM = < P V P \ + P C w - P V ( P g - p A . . - p B w > • (10) 
Applying the data in Figs. S and 9 to Eqs. (7) and (10) yields =» 1.7% and 
Rm » 6.0%. 

Considering that the short radius bends generate a mix of noncircular 
electric modes, R l is surprisingly small for a barrier window designed for the 
TE°o2 mode. The low reflections from the barrier window imply tnat most of 
the forward converted modes are at or near the TE°02 mode propagation 
constant (for example TM°i2, TE°22, etc.); otherwise their match to the 
window would be much worse than measurements indicate. The manifold 
reflections are probably due to backscattering off of vacuum pump cutoff 
screens and off cavity feeds that have iris diameters less than the full feed 
diameter. These reflections probably originate near the input where multiple-
pass cavity coupling is not able to isolate reflections. These reflections can be 
minimized by placing the vacuum cutoffscreens and coupling irises flush with 
the toroidal manifold inside dimensions. We estimate that the manifold 
reflections can be reduced to —2% by this method. 
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V. Conclusions 

We have developed accurate, mode-independent calorimetric techniques 
to measure cwgyrotron output power as well as system efficiency into a 
plasma load. Tne individual component losses are easily measured directly, 
and the system transmission efficiency is inferred by subtracting total losses 
from gyrotron output power to yield a respectable 80%. By measuring system 
losses for different matched and plasma load configurations, we can indirectly 
measure the mixed-mode reflection coefficients. The distribution manifold 
transmission, absorption, and reflection coefficients are found to be 89%, 5%, 
and 6%, respectively, using this technique. The ultimate efficiency of the 
ECH system could be 90% by removing the vacuum barrier window and 
redesigning the manifold. This would require a slight redesign of the wave-
guide flange to accommodate O-ring vacuum seals. Also, a pumping scheme 
For the waveguide transmission system would have to be devised. Finally, the 
system has demonstrated outstanding reliability for delivery of ECH power to 
the EBT-S plasma experiment. At this writing, there are over 1 x 10®kW*h of 
28-GHz energy delivered to the EBT-S plasma with total operations exceeding 
1 x 103 hours. This amount of energy delivered is a world record. In general, 
the ECH system reliability is limited by high-voltage power supply reliability 
and not by the gyrotron and waveguide component reliability. 
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A P P E N D I X - T h e Trapped Resonance Method for Qualitative 
Measurement of Reflections from Oversized Waveguide Components 

The testset up used for measurement is shown in Fig. 10. A leveled 
backward wave oscillator sweeper feeds a Lanciani23 TE^io TE°oi mode 
transducer that produces a fairly pure output over a 10% bandwidth if a 
companion mode absorber is used to damp spurious modes excited by the 
transducer. A two-section linear taper designed after Solymar24 was used to 
taper up the waveguide diameter to 6.35 cm. A TE mode coupler (shown in 
Fig. 11) consists or a dominant mode WR-28 waveguide oriented along a 
radius of the oversized waveguide. The broad wall of the rectangular 
waveguide is parallel to the axis of the oversized waveguide anda 6-dB 
coupling hole couples only the Hz fields in the oversized waveguide into Hx 
field in the dominant mode rectangular waveguide. All other E and H field 
components in the oversized waveguide either are zero at the wall (Ez, E$) or 
do not have corresponding fields in the rectangular guide (HR, HA, Er). A 
broadband isolator damps reflections between the 6-dB coupling nole and a 
broadband detector. The detector isolator combination serves to produce a 
fairly flat frequency response when the TE"oi mode radiates into free space or 
a matched load. The first-pass free-space frequency response of the TE mode 
coupler is stored as a reference in the digital memory of a network analyzer. 
When a component is placed between the TE coupler and free space, the 
reference sweep begins to distort due to reflections from the component under 
test. These reflections are frequently in modes different than the forward 
going TE0-, mode and are trapped in resonance between the taper and the 
component under test The TE mode coupler is rotated azimuthally about the 
6.35-cm waveguide, and maximum coupling to the reflected modes occurs 
when the coupling hole is in the plane of the bends. This sweep is normalized 
to the reference for free space ana the results are shown in Fig. 12 for a 90°, 
6.35-cm-I.D. miter bend (solid curve) and a 90°, 45.7-cm radius of curvature 
bend in the 6.35-cm-I.D. waveguide (dashed curve). 

The miter bend reflections are 10 to 16 dB higher than free-space 
response, and the radius bend produces only about ± 1 dB fluctuation about 
free space. To relate this to a familiar waveguide perturbation, we produced a 
small 0.4-mm flange offset in the same plane as the bends that achieved 
nearly the same fluctuations as the curved bend (dotted curve). This small 
offset produces a measured mode conversion using the formulas of Rowe and 
Waters29 for backward conversion. We calculate a total mode conversion from 
the TE°oi mode to the TE°i„ modes (n = 1,.... 5) of -45 dB for a 0.4-mm flange 
offset. While the trapped resonance method cannot yield absolute reflection 
levels for the various modes of interest, it can give a quick indication of what 
the total reflection perturbations are relative to free space or to familiar 
waveguide perturbations such as flange offsets, tilts, and diameter steps. The 
technique is very sensitive because of the trapping effect of the taper and the 
component under test. To sweep through all possible resonances within the 
measurement bandwidth, a length of waveguide can be inserted between the 
taper and the component under test to increase the number of resonances. 
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Figure Captions 

Fig. 1. The EBT-S 28-GHz, 200-kW, cw, electron cyclotron plasma 
heating system. (The arrows in the distribution manifold denote net power 
flow.) 

Fig. 2. The ORNL arc detector waveguide section. 

Fig. 3. The ORNL high average power waveguide flange. 

Fig. 4. A. 90°, 40.6-cm radius bend produced by the roll bending 
technique. 

Fig. 5. The EBT-S quasi-optical, rnixed-mode, microwave distribution 
system. 

Fig. 6. Correlation of gyrotron output power with power delivered to a 
dummy load plus intervening waveguide losses. 

Fig. 7. A comparison ot'system performance into a matched load and 
into the EBT-S ECH plasma. 

Fig. 8. The power absorbed by mode absorbers and copper waveguide for 
(A) a matched load , (B) a window plus matched load, (C) and a window and 
manifold configuration versus gyrotron output power. 

Fig. 9. The power absorbed by the FC-75 and H2O cooling circuits of the 
barrier vacuum window for (B) a matched load, and (C) a mani fold 
configuration versus gyrotron output power. 

Fig. 10. The cold test setup for the measurement of reflections from 
oversized waveguide components using the trapped mode resonance 
technique. • 

Fig. 11. The TE mode coupler. 

Fig. 12. A comparison of trapped mode reflections from a miter bend, a 
curved bend, and a small flange onset. 
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