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Abstract 
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The electroa-cyelotroe-reeoaant heating (ECRR) 
eyataaa of rectangular vavaguidea oa Tandem Mirror 
Experkaent-Vpgrade (THX-U) operated with a ovtrall ef-
ficieacy of SOX, each eyataa u*i»g a 2B-C1U, 200-Mt 
pulsed gyrotroo. He dtsigned and built four circular-
waveguide systeaa with greater efficiency and greater 
power-handling capabilities to replace the rectangular 
waveguidee. Two of these circular sytteas, at the 5-kG 
second-harmonic heating locations, hare a total trane-
•iaaion efficiency of >90I. The too ayateaa at the 
10-kG fundamental heating locationa have a total trane-
aiesion efficiency of 801. The difference in efficien
cy ia due to the additional components required to 
launch the aicrowavea in the deaired orientation and 
polarization vith reapect to aagnetic-f ield linea at 
the 10-kG point*. Theae ayateaa handle the total power 
available froa each gyrotron but do not have the arcing 
liaitation problea of the rectangular waveguide. Each 
ayatea require* aeveral coaplex coaponente. The over7 
all phyaical layout and the deaign conaiderationa for-
the rectangular and circular waveguide coaponents are 
deacribed here. 

Introduction 

The purpoae of THX-U, whose conatruction vaa com-
pleted in December 1981, ia to inveatigate the 
theraal-barrier concept of airror fuaion. The thermal 
barrier ia a potential profile depreaaion that ECRH 
help* to eatahliah and aaintain in the end cella of a 
tandem airror machine. ECRH ia crucial to the eatab-
liahnent of both a potential peak at the outer 10-kG 
poinc and a potential dip at the 5-kG well in each end 
cell. 

ECRH Development 

For TMX-U, the 28-GHz, 200 kW gyrotrona have been 
crucial to the experimental successes. As the experi
ment was first being planned, several schemes for heat
ing the 10- and 5-kG regions were considered. A rec
tangular waveguide strategy waa selected because of the 
tight control that can be held over the microwave-horn 
locations and the electric-field polarization. After 
the auccess of the rectangular waveguide systems, we 
eagerly sought alternative waveguide ideas for greater 
efficiency, reliability, and power handling capabili
ties* We designed and installed two new circular 
systems with all new coaponente and in the process a 
whole new family of interesting microwave elements 
emerged. 

Rectangular System and Components 

The microwave power from the gyrotron is generated 
in a predominantly circular waveguide mode (TEg2) and 
is coupled into rectangular waveguide (WR42) by an 
eight-arm coupler in a 2-1/2-inch waveguide (Fig. 1 

shows a typical system). The rectangular waveguide 
supports only slngle-aode alcrowave power, ay control 
of the alerowav* polariiation, ve broadcast the power 
in the efficieatly absorbed extraordinary <X) mode. 
This rectangular ayataa haa aeveral coaponents with 
coaplex fabrication and aicrowava interest. 

*Work performed under the auspices of the U.S. 
Department of Energy by the Lawrence Liveraore 
National Laboratory under contract number 
W-7405-ENG-48. 

Figure 1. Rectangular waveguide system, showing the 
four main components• 

Eight-Arm Coupler 

A single eight-arm coupler made of copper waveguide 
brazed to 2-1/2-in. diameter circular waveguide, origi
nally developed by General Atomic (GA) technologists, 
was used by LLNL quite successfully for the first 
system. Other designs of copper-plated aluminum were 
tried by GA that, although successful, had a limited 
full-power lifetime. At LLNL we sought alternate way* 
to successfully fabricate the basic design. 

Since copper recovery froa arcs ia better than 
aluainua, a solid copper billet was used. Atlas 
Machining from Detroit began development tooling for 
using Electron-Discharge Machining (EDM) proceases to 
fabricate the baaic eight arms in the bore of the 
billet. Figure 2 ahowa the baaic eight-ara deaign. 
Teat piecea ahow adequate dimeneioual atability and 
finiah. A total of 42 electrodes were needed to bring 
the entire 19-in. length of the coupler to the correct 
dimensions. A counter bore was aade on both ends, and 
another piece waa brazed in for the tapered cloaure of 
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Figure 2. The eight-arm coupler (dimensions in 
inches). The eight rectangular arms couple 70% of the 
power. 

Commercial It C M S 

Two iteat of interest were purchased coanerically. 
First, a corrugated waveguide surrounded by a stain
less steel bellows provided mechanical isolation of the 
gyrotron froai the waveguide system. Second, rectangu
lar waveguide vacuua windows were installed just before 
the horn (See Fig. 1 ) . These windows were pushed to 
the limits of their power-hsndling capabilities with 
27.1 fcW/ca2 and failed at a rate of 25 to 332 per ex
perimental run. This amounted to 8 to 11 windows out 
of 32 in three months. 

The waveguide was also stressed with the sane power 
level and occasionally arcs occurred in the waveguide. 
To eliminate arcs, we pressurized the waveguide with 
SF6. All joints in the sytems had to be carefully 
aligned and fitted with a rf double sided 0-ring 
flange. This was previously done for all the internal 
waveguide with an initial set of gaskets. The second 
set of gaskets were undersized and the sharp edge that 
was created in the waveguide initiated arcs. Quality 
control was clearly essential. The gasket was reworked 
and once properly assembled, the waveguide would pass 
the power successfully. 

5-kG Components 

All components of the rectangular waveguide system 
were replaced with circular pieces in August 1983. 
This entire waveguide system was based on a 2-1/2-in. 
diameter circular waveguide. The components can be 
separated into four functions: vacuum, power diag
nostics, mode conversion, and protection diagnostics 
(see Fig. 3 ) . 

Vacuum Window 

A Varian vacuua window is used for the vacuum 
barrier* This window is identical to the ones used on 
the gyrotron tubes. A water jacket is used to absorb 
modes trapped in the window* The water flow is in
cluded in the interlock chain to insure cooling and . 
mode dampening. The average power density is 6 kW/cm 2 

on the window. 

Arc detector 
Gyrotron 
tank 

Figure 3. The 5-kG circular-system components. 

Vacuum Ball Valve 

Above the window is a modified ball valve (see 
Fig. 4) of LLNL design that permits the window to be 
removed from the vacuum vesEel for inspection or re
pair. The ball valve was disassembled and fitted with 
a pump-out port and guard vacuum around the ball be
cause of the difficulty in maintaining a leak-tight 
Teflon 0-ring seal. In the ball-valve cavity, we 
placed microwave-absorbing material to prevent buildup 
of any power in the cavity. The throat of each side 
of the valve was shortened and fitted with stainless 
steel inserts that covered most of the Teflon 0-ring 
and mated to the other waveguide components. 

Stainless steel 

Teflon o ring 

- Actuator 
Figure 4. Modified ball valve that is microwave 
compatible. 

The ball valve is aligned before being attached to 
the machine. An external adjustment on the pnuematic 
actuator permits rotational adjustment to give the best 
edge-alignment possible. The actuator shaft is carried 
through the ball valve and a microswitch interlock pre
vents the gyrotron tube from being fired into a closed 
valve. This also provides visual indication of the 
valve position. 
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Diagnostics Couplers for Power 

Two 60-dl couplcra monitor power in the waveguide. 
The first coupler Monitors the forward TE02 e»de and 
the reverse aultiaode. The gyrotron output is mostly 
in the TEQJ- Bringing the tube up to its full oper
ating parameters ia done by monitoring this aode. The 
reverse ara protects froa reflections or arcs in the 
system. 

The second coupler has two forward aras that 
aonitor TEQI and T E Q 2 aodes. This coupler is placed 
after the T 8 Q 2 " t o TEni-aode converter. To maximize 
the conversion froa Ttg2 to TEQI, ve can adjust the 
beat wavelength phase by introducing waveguide of 
eighth-, quarter-, half-, and full beat wavelengths be
fore the mode converter. In Jig. 5, we show the dif
ferent conversion efficiencies versus the phase re
lationship between the two modes when they enter the 
converter. Both modes are monitored to maximize the 
conversion. 

• O-0.«l*«(O.7T«l)*2J0 

100 h 

%TE 0 2/%TE 0 

N - 4 sections 

2ir 
Phase adjustment 

Figure 5. Conversion of a mixture of TEQI and TE02 
modes to nearly 1002 T E 0 1 . 

Mode Conversion 

The TEoi~TC02 coupler diagnoses the conversion ef
ficiency. The first aode conversion to TE01 takes 
place in the circular waveguide. By aodulating the 
diaaeter of the waveguide, we converted the TE02 aode 
into TEQI- Figure 6 shows a aingle section of aode 
converter for 2-l/2-in.-diaaeter waveguide. Figure 7 
ahows the aode pattern after each sinuaoidal 

Figure 6. A croea aection of th* TE01-TIQ2 aode 
converter showing sinusoidal modulation. 

fl(dag) 

Figure 7. Change froa TEnj to TE02 and back again 
with increaaing numbers of aode convertera. 

modulation of the converter (see Refs. 1,2). Four 
sections of converter are used in the systea because 
part of the output power of the gyrotron ia also in 
TEn}. Figure 5 shows thst with proper phaae adjust-
aent the aajority of the power can be converted into 
the desired TEQI aode. 

The final mode conversion to lineaT polarization 
is done outside the waveguide and before entering the 
plasaa. A holographic microwave element (shown in 
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e*leria«d MM **d focveeet the power onto the plain*. 
IW method uted t e deaign and fabricate thia Item vera 
developed at LUt in tne antiae, of 1»81. A 5-aaia 
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tai led a«t|H*t amd th* m - I ¥ CDC-7600 code.-M The 
doveloerneat of thia component5 hat opened up a whole 
M V family of microwave elemcnte with extremely useful 
•pt Heat ion*. 

contains the eame functional component* (vacuo*, sower 
diagnostics, mode conversion, and protection diag
nostics) aa tire 5-VC ay a tea but aleo encommaesea two 
additional roaetonenta» corrugated waveguide benda end 
tapers. For the 10-kC ayatem, the final node con
version to Linear polarisation ia done with * Vlaaov 
reflector* rather than with a holographic microwave 
element* 

Two-arm r Corrugated 
coupler / waveguide 

bend 

Bidirectional 

Figure 8. A holographic microwave element that changes 
the TEQI node into a focused extraordinary (X) node. 

Protection 

Four types of protection devices are used on the 
ECRH aystens: Two are passive while the other two are 
actively interlocked diagnostics. 

Protection from mechanical shock is provided by a 
corrugated waveguide bellows placed above the gyrotron 
window* This permits isolation of the gyrotron from 
vibrations, ground or machine movement. 

Mode filters can be used to dampen out noncircular 
modes or trapped modes that may disturb the gyrotron 
operation. Four types of filters have been fabricated. 
Only one type has been used on the 5-kG system: a 
Varian mode filter that reduces noncircular modes. The 
5-kG system does not seem susceptible to trapped or 
non-circular modes. The other types of filters are 
sinply straight section* of vaveguide made of different 
materials that have lower transmission efficiences 
(losses) than the copper waveguide. In using them, we 
lose power but damaging trapped modes are eventually 
removed. These are used in the 10-kG system rather 
than in the 5-kG sytem. 

Arc detectors and the bidirectional couplers are 
the active protection devices. The reverse arm of the 
bidirectional is interlocked for a large reflected 
signal. Also, an erratic reverse signal (arcing) 
causes the tube to shut off. A more direct arc de
tector is placed above the gyrotron window and above 
the vacuum window of the system. Two fiber-optics are 
used in each detector, one for the actual arc-detection 
and the other as a teBt or bias for the first, A pulse 
of light can be passed down the test line, and if the 
first does not recieve an interrupt, signal repairs can 
be initiated. Also, this second line can be used to 
lower the interrupt threshold by biasing the first with 
light. 

10-kG Componenta 

A comparison of Figs. 3 and 9 shows the similar 
components of the 5- and 10-kG systems. Different com
ponents start above the taper. The 10-kG system 

Figure 9. The 10-kG circular-system components, 
showing six main functions. 

Vacuum 

The 10-kG system uses the same ball valve as the 
5-kG system. Because of system differences, it does 
not perform the exact same function but in the event 
of a window failure the valve is closed to minimize 
the amount of atmosphere that can enter the vacuum 
vessel. 

In the vacuum area the main difference between the 
5- and lO^kG systems is that the 10-kG window is deep 
inside the machine. Above the fundamental 10-kG re
sonant zone, the waveguide must be pressurized with 
gas. To allow this, the window must be the last com
ponent before the Vlasov reflector. All the waveguide 
components inside the machine must be vacuum tight. 

There is limited room for the window and reflector 
because of the constraints of pressurizati -re cy
clotron resonance, of plasma size, and of wall. 
Figure 10 shows a cross section of the O-eo. .gnet 
on which the Vlasov reflector is aimed at the plasma. 
The reflector must fit between the mod-B surface of 
10 kG and the limiting plasma radius. We made several 
design iterations before selecting a waveguide size 
that had the correct characteristics for a Vlasov re
flector to fit into this small area. 

These physical constraints demand that the window 
be a simple and compact design. A quartz window 
one-quarter wavelength in thickness is set between 
flanges with a natural rubber O-ring and a Teflon 
pad. (The design originally called for a Teflon 
O-ring, but difficulties in compressing it without 
destroying the window prompted the exchange of materi
als.) The design has been proof tested under full 
power and duration of gyrotron operation. Also, high 
power operation (120 kW) over the past 4 weeks shows 
no problems with the natural rubber. 

Power Diagnostics 

The same bidirectional coupler design is used for 
the gyrotron tuning as in the 5-kG system. For the 
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Figure 10* The Vlasov reflector. Reflector must fit 
into allowable volume. 

TIQJ and TEQ2 coupler, a similiar design was used but 
vas based on the .mailer waveguide size. Thia coupler 
also must be vacuus tight* Ve braced the two arms to 
the coupler after the coupling holes were drilled. 
Soate rebrazing and hand work had to be done to make the 
coupler an acceptable vacuus component. 

Mode Conversion 

The mode convertera for the 10-lcG system were also 
based on the same design as those for the 5-kG system. 
The sutler waveguide size made the components much 
more compact and easier to fabricate. The equations 
for both of the TEni/02 "o^* converters can be found 
in Ref. 7. 

The final conversion from TEQI to linear polar
ization (X mode) occurs in the small space of the 
Vlasov reflector (shown in Fig. 11). A cylindrical 
parabolic reflector is placed with its focus coincident 
with the axis of the waveguide. The microwave power 
eminating from the waveguide in TEQJ mode is linearly 
polarized by reflection from the parabolic surface. 
This beam is very small (3 by 5 cm) but it is approxi
mately 99Z linearly polarised. Various focal distances 
were investigated as were off-axis parabolic reflec
tors. The beam size could be made larger but at the 
expense of polarization purity. As an example, a 3-by-
10-cm beam was attained that had 90X correct polari
zation and 10Z cross polarization. This was achieved 
by using a larger parabola and placing the axis of the 
waveguide between the focus and the parabola. 

Protection 

The same types of protection are provided to the 
10- as to the 5-kG system. Mode filters and lossy 
sections are needed Jiore in the 10-kG system. Pre
sently , stainless steel waveguide is used between the 
90-degree corrugated bellows to dampen out any trapped 
modes but can be easily replaced with more efficient 
copper waveguide as needed. 

Active diagnostics include couplers having exactly 
the same functions as described in the 5-VG system. 
The arc detector next to the gyrotron is alao the same 
design but the arc detector at the internal vacuum 
window differs slightly. The limited space precluded 
the option of two fiber-optics. A aingle bundle looks 
at the vacuum side of the window. To test for func
tionality, we remove the waveguide outside the vacuum 
wall and point a light flash towards the window. The 
quartz is clear and transmits the light adequately for 
testing purposes. 

Figure 11. The reflector convertc from circularly 
polarized TEQI to linearly polarized X mode. 

Tapers 

Already mentioned ia the taper from the 2-1/2-in. 
waveguide to the 1-3/8-in. waveguide, thia design is 
based on Ref. 8* The taper is parabolic and calculated 
to minimize the conversions from TE02 c<> ^ 0 1 *H** T E 0 3 * 
Fabrication is done by nickel plating an aluminum man
drel and welding on stainless steel flanges. The man
drel is fabricated on a numerically controlled lathe 
uaing the CDC-7600 computers and the APT-IV program 
modified by LLNL. 

Corrugated Waveguide Bends 

The 10-kG system requires one 90-degree bend on the 
east end of the machine and two 90-degree bends on the 
west end. To accomplish this with minimum mode con
version, we designed corrugated waveguide that would 
allow the 90-degree bend in a small volume. To mini
mize mode conversion and loss, thir bend must conform 
to a specific curve that ia based on a constantly 
changing radius,9 

R"V C 0 92L • 
The present radius is R, the minimum radius RQ iM 
12.5 inches, L is one-half the bend length, and I is 
the distance along L. A graphical layout of thia curve 
was used '-o fabricate a support for the bellows. 

The development and fabrication method for the 
nickel and copper bellows was done by the University 
of California at San Diego. To get the plating materi
al into the grooves, a coil ia wound around the man
drel. An ac field is applied to the coil while the 
electro-deposit process is occurring. This enhances 
the plating in the groove bottoa. The plating' thick
ness is approximately one-third aa thick at the bottom 
as at the outside of the groove. 

Initial Operating Results With Circular Components 

All components were high-power teated individually 
aa well as operated aa a ayatem. High-power operation 
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r***.lr*d wasst debwg, a«4 easig* changes war* irple-
Mttts wlthawt major medificatton. Tha swat important 
reaalt in tk« tisA-pever operation of th« two systems. 
Tma 5-*C systems at* operating wall without modifi-
catlem. lb* 10-*C systems ara operating with soate 
made ami arcing anomalies. Vat power to the plasma is 
at higher levels than was previously attained by the 
rectangular system. We ara installing lossy sections 
awe mod* filters to awiet the wndeeirable modes. 

Future Isstgnawti 

The continuing use of E C U will require continued 
development. The isassliate needs of the systems are 
in the diagnosis of aode purity and of power to the 
plaama. Increasing the diagnostic accuracy of the 
bidirectional and the two-arm couplers will aid in 
doing this. Improvements in maintaining mode purity 
are being investigate! through low-power testa on the 
taper and on the bellows. Because of their simplicity 
and compactness, Vlasov reflectors with wider beams 
remain an item of interest. 
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