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Coupling and Loading Measurements for a Dielectric- 
Filled ICRF Waveguide Coupler 

J. L. LEE. J .  E. SCHARER, A N D  B.  M. JOST 

Abstract-Experiments were carried out to verify models of the re- 
flection coefficients and the phase transitions for matched or loaded 
dielectric-filled waveguide couplers in the ion cyclotron range of fre- 
quencies (ICRF). A model for the plasma load simulation in the wave- 
guide is developed and examined experimentally using the time-domain 
features of an HP 8510 network analyzer. The loss properties of deion- 
ized water, which was used for laboratory waveguide dielectric tests, 
are also discussed. Close agreement between the coupling models and 
measurements is obtained, indicating its attractiveness for ICRF cou- 
pling. 

I. INTRODUCTION 
ANY ANTENNAS have been analyzed and con- M structed and experiments have been carried out with 

them for coupling high power fast magnetosonic waves 
into plasmas in the ion cyclotron range of frequencies 
(ICRF, 30-200 MHz). This is done to heat a confined 
plasma in current tokamaks and for future tokamak reac- 
tors to reach fusion breakeven and ignition temperatures. 
The coupling antennas considered so far include coil an- 
tennas [1]-[3], resonant cavities [4], and cutoff wave- 
guide couplers [5]. Coil antennas have been moderately 
successful in coupling average powers of up to 2 MW per 
antenna [ l ]  and average power fluxes of 0.5-2 kW/cm2 
[6]. On the other hand, waveguide antennas have been 
used successfully in coupling average powers of up to 1 
MW with an average power flux of 10 kW/cm2 during 
lower hybrid heating [7]. For higher power, structural ri- 
gidity, reactor hardened configurations, and the possibil- 
ity of coupling without a Faraday shield in a large toka- 
mak, waveguide couplers offer a viable alternative to coil 
antennas. 

We have previously analyzed a shorted-probe feeding 
scheme and its coupling, tuning, and loading properties 
[8]. In this paper, we present a series of measurements 
that we have carried out for the matching and simulated- 
plasma loading of our dielectric-filled ICRF waveguide 
coupler with a comparison to our analysis. 

For convenience, the results of our coupling analysis 
[8] are given as follows: When the waveguide coupler is 
matched at the output (plasma) port, port 2 in Fig. 1, the 
input field reflection coefficient at port 1 is 
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Fig. 1.  Coaxial feeds for the waveguide: (a) Open-ended probe; (b) Shorted 

probe; and (c) Top view of the feeds. 

where Ro is the characteristic impedance of the coaxial 
line, and the corresponding VSWR and power coupling 
efficiency are 
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and power coupling efficiency of the plasma loaded wave- 
guide coupler once r, Z,,, and the waveguide parameters 
can be determined. We proceed to verify the accuracy of 
these equations by fabrication of an ICRF waveguide cou- 
pler and measurements of its reflection coefficient for dif- 
ferent load impedances. The following sections describe 
our laboratory measurements to examine C p I 2  for the phase 
shift of the transition, S I I  for a matched waveguide, Si, 
for a plasma loaded waveguide and how we produced a 
simulated plasma load in a waveguide. 

2 
Is211 = 1 - Is,, I 2  ( I c )  

respectively. The coupler input impedance with a shorted 
probe, Z,, = R,, + jX,,, can be obtained as [8] 

2qt tan’ ( k o , d )  . 
(2a)  s1n2 (PlOl,) 

ab0 I O  ko, 

27rbk0, aP1o 

R i n  = 

17‘ ( k ~ ) ‘ d )  ([E] sin (2plo / ,>  i- In Xi, = 

0.05 I8ki ,  a ’ + 
RZ 

where 

a ,  b 
r ,  d 
1, 

T r  

PI0 

Waveguide width and height. 
Probe radius and depth. 
Tuning distance between the probe and the 

qO/G = intrinsic impedance of the dielec- 

[ k t ,  - ( ~ / a ) * ] ’ / ~  = TElo mode propagation 

sliding-short. 

tric. 

constant. 
4, [ ( n T / b ) 2  - k ; J ’ *  . 
KO ( k ,  r )  Modified zero-order Bessel function of the 

second kind. 

Note that we have used a shorted probe so that b = d in 
(2a) and (2b). 

When we terminate the coupler’s output port with a 
plasma or a “simulated” plasma (in terms of the same 
plasma surface impedance), we can calculate the new in- 
put field reflection coefficient at port 1 as 

(3)  

where I” = reJ2@”,  I’ is the reflection due to the plasma 
load at the coupling aperture, and dI2 is the phase angle 
of the transmission coefficient SI’. The corresponding 
VSWR and power coupling efficiency can again be cal- 
culated using ( lb)  and (IC), respectively, with I SIII re- 
placed by lSill. Since Cp12 is the difference between the 
phase at the input coax terminal plane and that at the 
waveguide aperture, it is called the phase transition and 
is expressed in terms of the waveguide parameters as 

6 1 2  = - - + P l o ( l  + 1,) + $1, 1 . (4)  L 
The distances 1 and 1, are shown in Fig. 1 .  The phase 
angle of the input impedance Z,, is Cp,, = tan-’ (Xl,/Z?,,) 
and P lo  is the propagation constant defined for the TElo  
mode of the waveguide. 

Equations (1)-(4) together form a complete equation set 
to compute the input reflection coefficient Si VSWR, or 

11. PHASE TRANSITION A N D  Q VALUES 
The wave coupling property determined by (3) for a 

plasma loaded waveguide coupler depends heavily on the 
accuracy of the phase shift C p I 2  from the viewpoint of tun- 
ing. Phase-accurate calibration standards were unavail- 
able for the full-scale waveguide tests; therefore, we first 
experimentally verified the phase shift, C p 1 2 ,  which is gov- 
erned by (4), in a scaled model. Measurements were made 
for an X-band (8-12 GHz) coax-waveguide transition with 
a waveguide width of 2.278 cm and a probe radius of 
0.119 cm. The transmission phase delay was measured 
using an HP 8410 network analyzer for a coax-wave- 
guide-waveguide-coax transition as shown in Fig. 2. 

Fig. 3 shows the C p I 2  values versus the normalized fre- 
quency f / x .  where f ,  is the cutoff frequency for the TElo 
mode. The comparison of the two curves indicates that 
the agreement between the experiment and our theory (4) 
is very good, as shown by the small deviation over the 
range 1.29 < f / f c  < 1.9. The discrepancy between the 
two curves at the lower frequency end may result from 
the error involved in Cp,,, the phase angle of the coupler 
input impedance. We have assumed a surface current of 
a sinusoidal profile along the feed probe (Fig. l(b)) and 
of an azimuthal symmetry (Fig. l(c)) around the probe. 
Jarem [9] has indicated that these assumptions may intro- 
duce some errors for large radii probes. 

Since our waveguide coupler is dielectric-filled, the loss 
property of the dielectric filler is a concern for our labo- 
ratory tests. Deionized water was chosen for our wave- 
guide couplers as the dielectric filler because it is low in 
cost and deforms continuously around the sliding-short 
section, thus allowing tunability. Most importantly, it has 
a very high permittivity in the ICRF ( E ,  = 78) which en- 
ables us to design a compact waveguide at a low fre- 
quency. 

The resonant cavity method was applied and both loop 
and probe excitations were used to test the Q values of 
the deionized water at 100 MHz. The average of the mea- 
sured Q values is 185, which leads to a power attenuation 
of 0.13 dB/ft at 100 MHz. This small power attenuation 
level indicates that deionized water in the ICRF is ac- 
ceptable as an adjustable dielectric filler to test our design 
formulas, since our dielectric-filled waveguide coupler 
would not be longer than five feet. Comparison between 
our measured 0.13 dB/ft attenuation and that presented 
by Jackson [ 101 shows excellent agreement. 
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Fig. 2.  Measurement set-up for the phase shift 
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Fig 3 Comparison of the phase shift between theory and experiment 

111. MATCHED WAVEGUIDE COUPLER 
We have constructed a sliding-short tunable 24.8 cm x 

12.4 cm rectangular waveguide coupler driven by shorted 
coaxial probes of selected radii; this waveguide system 
was used throughout the remainder of our measurements. 
The lack of commercially matched loads for our wave- 
guide has led us to construct a tapered matched load using 
VF-60 microwave absorbers (Emerson and Cuming) . 
Prior to measurements with the dielectric-filled wave- 
guide coupler, the matched load, as shown in Fig. 4, was 

to  a n a l y z e r  

q u a r t e r - w a v e  
5Ol l type-N cable  

sliding r o d  5 0 R c o a x  reducer  

,feed support 

9 . 7 5  X 4 . 8 7 5  

, ,load , 

Fig. 4 .  Side view of the tunable waveguide coupler. Dielectric level is at 
the junction of the coax and the waveguide (waveguide internal size: 
24.8 x 12.4cm).  
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Fig. 5 .  Time-domain response of 1 S ,  I 1 when the output port of the air- 
filled waveguide is shorted (upper) and matched (lower), respectively. 

tested to examine its absorption properties using the time- 
domain gating functions of an HP 85 10 network analyzer 
(which generates RF burst signals for band-limited test 
devices such as waveguides) [ l l ] ,  [12]. Fig. 5 shows the 
time-domain response of 1 SI1 1 of the waveguide coupler 
before and after the matched load was inserted. The "gat- 
ing window" of the analyzer was then activated to isolate 
the response due to the matched load, as presented in Fig. 
5 ,  and the Fourier transform operation of the network ana- 
lyzer was used to obtain its frequency response, i.e., I SI l 1 
versus frequency. The absorption of the matched load 
turns out to be more than 20 dB (VSWR I 1.22) over 
both the RF (= 750 MHz, air-filled) and ICRF (= 85 
MHz, dielectric-filled) bands. These absorption measure- 
ments show that our large tapered matched load is ade- 
quate for use in the input reflection measurements for the 
matched waveguide coupler. 

We next measured the input reflection coefficient, S i i ,  
for the matched, dielectric-filled waveguide coupler. The 
measurement setup is shown in Fig. 4 in which the afore- 
mentioned tapered matched load has been utilized. The 
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Fig. 6 .  Field reflection versus the sliding-short tuning distance for a 
matched, dielectric-filled waveguide coupler ( r  = 1.65 cm) .  
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Fig. 7. Field reflection versus the sliding-short tuning distance for a 

matched, dielectric-filled waveguide coupler ( r  = 0.85 cm). 
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backside sliding-short is adjusted to match the coax-fed 
incident waves to the waveguide output port. The dielec- 
tric level is measured at the junction of the coax and the 
waveguide (see Fig. 1). Figs. 6 and 7 show the measured 
and simulated curves of I SI I at 85 MHz as a function of 
the tuning distance (I,) for two different coupling probe 
radii. 

The comparisons between our model and the measure- 
ments show good agreement, especially in the optimal re- 
gion where the power coupling efficiency ( 1 - I SI 1 2 )  for 
the coupler can be as high as 95 percent at 85 MHz. The 
measurements also show that, for different coupling probe 
radii, the minimum reflection point ( I SI1 I m i n )  may change 
slightly. This may be due to the reactance's dependence 
on the probe radius as seen in (2b) and the slightly differ- 
ent current distributions around the probe surface caused 
by the existing boundary (waveguide side walls). 

A small interface offset in the dielectric level is also 
included in our simulation (1.5 cm into the coax for our 
case) because the adjustment of the sliding-short results 
in a small shift in the fluid dielectric level into the coax 
transition. In addition, the minima of 1 SI I I for the mea- 

sured results did not exactly coincide with those from the 
theoretical model. The tuning offset, which is the differ- 
ence between the two minima, is used to compensate for 
this discrepancy and is given as Al,/h,lo in the associated 
figures. This small offset is most likely due to approxi- 
mations made in our theoretical model (e.g., a sinusoidal 
probe current distribution, small probe radius-to-wave- 
guide width ratio, etc.). 

This waveguide coupler is designed for high power 
coupling; therefore, large coax and probes are used as in- 
dicated in Figs. 6 and 7. These large probes probably 
cause small errors in the model because of our previous 
assumptions of an azimuthal symmetry of the probe's sur- 
face current and the small probe radius-to-waveguide 
width ratio ( . /a).  Also, since we desire high power cou- 
pling, an optimal operation region will always be required 
to minimize I SI1 1 and maximize the power coupling effi- 
ciency. Hence, when used for high power applications, 
the waveguide system must be tuned for operation in the 
optimal region as seen in Figs. 6 and 7 to maintain max- 
imum power coupling. 

IV. LOADED WAVEGUIDE COUPLER 
Our waveguide coupler was built for laboratory tests in 

the ICRF. An appropriate, large ICRF plasma test facility 
is not available and would be quite expensive for our 
plasma loading measurements. From the point of view of 
the loading reflection coefficient and the normalized load- 
ing impedance, however, our waveguide coupler can still 
be tested for its response to a plasma load. To accomplish 
this, we provide the coupler with a simulated load which 
presents a loading reflection coefficient (i.e., the same 
normalized loading impedance) comparable to that reflec- 
tion coefficient which we would obtain from our compu- 
tational model for plasma coupling [8]. This equivalent 
load is called simulated plasma loading. The plasma load 
simulation is feasible in the transmission line model and 
can be achieved in terms of an impedance transformation 
for a given plasma surface impedance or surface reflection 
coefficient. Calculations by Lam et al. [ 131 for the ICRF 
plasma reflection with respect to this waveguide coupler 
(and a parabolic or Gaussian plasma density profile) have 
shown a range of plasma surface reflection coefficients, 
rp,  and plasma surface impedances, 2,. Values represen- 
tative of these results have been chosen to be simulated. 

The following sections describe how to experimentally 
simulate a plasma load in our waveguide coupler and pro- 
vide comparisons between the measurements and our 
model for Sil (3) with a loaded waveguide coupler. 

A .  Simulated Plasma Load 
The simulation of a plasma load is illustrated in Fig. 8 ,  

which is a side view of the waveguide coupler. An induc- 
tive diaphragm is placed at plane 3 and has good contact 
with the waveguide walls. The parallel, normalized in- 
ductance ( X / Z , )  of this diaphragm can be determined by 
the geometrical parameters such as the diaphragm-to- 



LEE PI u l . :  A DIELECTRIC-FILLED ICRF WAVEGUIDE COUPLER 649 

Network analyzer 
4 

Aperture load, jX I I 7, 

L Absorber / -  

Z 6 , at assumed plasma port 

Fig. 8. Simulation of the plasma impedance, Z,,, in a waveguide. 

waveguide width ratio ( d  ’ /a) and the normalized wave- 
length (Ala) 1141. This diaphragm inductance is trans- 
formed back to plane 2, where the assumed plasma port 
is located. If we denote y 3  as the normalized diaphragm 
admittance at plane 3 combined with the waveguide ad- 
mittance 

-jB ZM 
y3 = - + 1 = - + 1 

y w  jx 
where Z, ( Y,,,) is the waveguide characteristic impedance 
(admittance), we obtain a transformed, normalized plasma 
admittance y,, at plane 2 

where P10 is the TE10 mode propagation constant and 123 
is the distance between plane 2 and plane 3 .  With appro- 
priate designs for the diaphragm size, the normalized op- 
eration frequency, and the transformation distance lZ3 ,  we 
are able to present a normalized plasma impedance Z,,/Z, 
at plane 3 ,  the plasma port. 

Numerical analyses have been made and laboratory 
measurements have been conducted for some plasma 
impedance values in order to investigate the accuracy of 
our plasma impedance simulations. Tests were made over 
both the RF and the ICRF bands for an air-filled and a 
dielectric-filled (E ,  = 78) waveguide, respectively. Note 
that, although we consider different dielectric fillers in the 
waveguide, the formula we used to calculate the dia- 
phragm inductance always gives the same normalized val- 
ues [14]. Therefore, the simulation model is valid inde- 
pendent of the dielectric placed in the waveguide coupler. 

The time-domain gating function was again applied to 
measure the normalized plasma impedance. The mea- 
sured frequency response of y p  is plotted on a Smith chart 
(dashed lines) and compared with our model as shown in 
Fig. 9. The measurement frequency ranges from f/fc = 
1.24 to 1.65 with thef, of the TE10 cutoff frequency being 
68 MHz for ICRF and 606 MHz for RF. Comparisons of 
the two curves in Fig. 9 show a fairly close agreement 
between our simulated plasma impedances and those mea- 
sured. In the mid-band ranges the correspondence is even 

better. (The errors between the measurements and the 
simulations are mainly due to the diaphragm’s inductance 
calculation and the truncation effect [ l l ] ,  [12] imposed 
by the time-domain gating function of the network ana- 
lyzer.) Note that the curves for y,, cover both the inductive 
and the capacitive regions. That is, our simulation model 
is valid for either an inductive or a capacitive reactance 
plasma surface impedance/admittance. 

B. Input Rejection Coeficient and Power Coupling 
Eficiency 

We next proceeded to examine the interaction of the 
dielectric-filled waveguide coupler with a simulated 
plasma load utilizing our technique of simulating plasma 
loads in a waveguide. The input reflection coefficient is 
measured at port 1 and the simulated plasma is set up as 
in Fig. 8 .  Here the effect of the distance between the cou- 
pling probe and the plasma port, 1, is included as shown 
in ( 3 )  and (4). 

We used the HP 8510 network analyzer for the I Si, I 
measurements at‘85 MHz with a copper probe and a probe 
radius of 1.65 cm. The two cases of plasma load consid- 
ered were Z, = 8.6 + j 45 Cl and Z, = 17 + j 19 Cl. Figs. 
10 and 11 show the measurement’s and our model’s val- 
ues of 1 Si, 1 for two plasma loaded cases as functions of 
the tuning distance ( l s ) .  Both figures show a good predic- 
tion of 1, for the low 1 S 1 I 1 region as indicated by the small 
A 1, offset percentage. 

For Z,, = 8.6 + j 45 Cl, the input reflection coefficient 
1 Si l  I can be as low as 0.4 (VSWR = 2.3) and the asso- 
ciated power coupling efficiency is approximately 84 per- 
cent with an optimal setting of the tuning distance, I , .  For 
Fig. 11, where Zp = 17 + j 19 Q ,  the measured minimum 
1 Sil I is 0.5 (VSWR = 3.0) and this yields an optimal 
power coupling efficiency of 75 percent. Note that the op- 
timal power coupling efficiencies for the loaded coupler 
are uniformly smaller than those for the matched coupler 
when comparing Figs. 10 and 11 and Figs. 6 and 7. This 
is reasonable since the loaded waveguide coupler is more 
difficult to match by sliding-short tuning. Discrepancies 
between the reflection measurements and the models al- 
ways exist for both matched and loaded couplers. With 
the loaded waveguide coupler, the differences are larger 
in the optimal region and smaller in the detuned region, 
as seen in Figs. 10 and 11. These errors also change with 
the values of Z, used for the plasma loads. 

V .  CONCLUSIONS 

We have measured the attenuation due to the deionized 
water used for our waveguide dielectric filler. The aver- 
age Q values and the measured attenuation level (0.13 
dB/ft) ensure that deionized water has low losses in the 
ICRF. These measurements allow us to use deionized 
water as a low cost, suitable dielectric with a high per- 
mittivity for our waveguide measurements. With this fluid 
dielectric, we can take full advantage of the adjustable 
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Fig. 9.  Comparison of the measurement (dashed line) and the calculation 
(solid line) of a plasma impedance. The cutoff frequency,f,., is 606 MHz 
and 68 MHz for the air-filled and dielectric-filled waveguides, respec- 
tively 
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Fig. 10. Field reflection versus the tuning distance for a loaded waveguide 
coupler. The relative dielectric permittivity is 78 and the probe radius is 
1.65 cm. 
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Fig. 11. Field reflection versus the tuning distance for a loaded waveguide 
coupler. The relative dielectric permittivity is 78 and the probe radius is 
1.65 cm. 
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sliding-short for tuning and matching the waveguide cou- 
pler to plasma loads. 

We have also developed a model for plasma load sim- 
ulation in laboratory tests. Using a HP 8510 network ana- 
lyzer and its time-domain gating function, we obtain rea- 
sonable accuracy for this simulation and are able to apply 
this technique to the measurements of the loaded coupler. 
The tests for the phase shift, + , 2 ,  required for the above 
reflection and coupling measurements show a very small 
deviation from our model (4). 

Measurements have been carried out to experimentally 
verify our waveguide coupler models. We have found 
good agreement between our measurements and coupling 
models for both the matched and loaded dielectric-filled 
waveguides in the ICRF (= 85 MHz). For a matched cou- 
pler, we obtain an optimal power-coupling efficiency of 
95 percent and for a simulated-plasma loaded coupler this 
value can be in the range of 80 percent, depending upon 
the plasma load. If it is assumed that the effects of the 
high neutron flux present in a reactor environment on the 
dielectric strength of water are negligible and that the di- 
electric breakdown strength of water is approximately 3 
kV/cm at nearly 80 percent coupling efficiency, we es- 
timate the power handling capability of the water-filled 
coupler to be in the range of 3-6 MW. 

One might also consider a dielectric-filled ICRF wave- 
guide coupler at moderate power levels to test its coupling 
properties compared to coil launchers. Ultimately, a vac- 
uum waveguide launcher, perhaps of the folded-guide type 
[ 1.51, might offer a viable and preferable alternative to a 
coil antenna launcher in a high neutron and plasma flux 
tokamak reactor environment. 
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