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ABSTRACT 

A two-pass interferometer at 285 GHz has been developed to measure the 

line-integrated electron density on the horizontal midplane of the Toroidal 

Fusion Test Reactor (TFTR). Presently, the interferometer employs a 2 mW 

solid state source to supply the launch wave, a 2 mm klystron oscillator, and 

a harmonic mixer to provide a superheterodyne front end. The transmission 

system consists of 25 meters of C-band rectangular waveguide, adjustable miter 

bends, and a spherical mirror in the vacuum vessel with a total round trip 

transmission loss of 21 dB. The interferometer slgnal-to-noise ratio is i 50 

dB. Utilization of a feed-forward tracking system provides long-term stable 

operation. The interferometer routinely provides real time feedback control 

for the gas injection system and a permissive for neutral beam operation. 
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INTRODUCTION 

Electron density is a primary parameter in tokamak plasma physics 

research. The Tokamak Fusion Test Reactor ! (TFTR) at Princeton was built to 

study the behavior of high temperature, T e £ 10 keV, plasmas with line average 

densities up to n e - 2 x 10 cm"'. As well as ohmic heating, neutral beams 

and major radial adiabatio compression will provide the additional input power 

required to reach fusion reactor conditions. The 1 mm wavelength TFTR 

interferometer was designed to provide a two-pass line Integral electron 

density measurement on the horizontal midplane. This orientation allows the 

density to be measured during major radial compression of the plasma. The 

interferometer also provides an input signal to the gas feedback control 

system that regulates the electron density and a threshold density permissive 

to prevent the neutral beams from firing when the plasma density is too low. 

A 1 mm wavelength was chosen for several reasons. Reliable 1 watt 

carcinotrons and 2 mW solid stats sources are readily available at this 

wavelength. The cutoff density of the probing wave frequency, 101*cm~', is 

more than three times higher than the highest density to be measured, Also, a 

low-loss oversiaed waveguide allows remote location of the interferometer to 

minimize environmental problems, and the interferometer can be made relatively 

insensitive to vibrations. 

The interferometer is required to measure up to 500 fringes with possible 

power variations of nearly 50 dB during a TFTR plasma pulse. Homodyne systems 

can only provide a maximum dynamic range of 30 dB. A heterodyne system was 

therefore designed to allow continuous wave operation of the transmitting 

source, avoid amplitude modulation problems of swept systems, and reduce noise 

sidebands with a high (3.7 - 4.2 GHz) Intermediate Frequency (IF). A second 

harmonic mixer was originally adopted to avoid the use of a more expensive 1 

mm wavelength local oscillator source. 
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INTERFEROMETER DESIGN 

A. Microwave Section 

Figure 1 shows a schematic diagram of the TFTR interferometer. In order 

to keep losses to a minimum over the 25 meter transmission path, a WR-187 

(C-band) guide was used. The waveguide run consists of straight sections; 

quasioptical, adjustable, 90° miter H-bendsj and a high voltage break. Severe 

restrictions against mounting the waveguide along the vacuum vessel inner wall 

precluded the use of single-pass transmission through the plasma, so a two-

pass configuration was desLgned. The two-pass design consists of two open-

ended WR-187 waveguides aimed at a stainless steel, spherical surfaced, 

rectangular mirror with a focal length of 200 era mounted on the inner vacuum 

vessel wall. The antenna was mounted on a vacuum flange, side-by-side, with 

the microwave electric field parallel to the tokamak magnetic field. A fused 

silica vacuum window was used at the vacuum interface. After the antenna and 

mirror were aligned with a helium-neon laser, the measured round trip 

propagation loss inside the vacuum vessel was 6 dB in thp absence of plasma. 

The bends and the waveguide were also aligned with a laser. Aft&r alignment 

the total transmission \oss resulting from 25 meters of waveguide, eight 

bends, nigh voltage breaks, the vacuum window, and propagation loss through 

the tokatnak, was better than 21 dB. 

The design of the antenna and optical system was influenced by 

constraints imposed by plasma refraction and mechanical stability. Plasma 

refraction is most serious at high densities (> 10 cm'^) and for small 

plasmas (£ U5 cm) where density gradients are maximum. Measurements made on 

the effects of tilt of the spherical mirror indicate that deflections of r.ore 

than 5 milliradians cause a significant reduction in power at the receiving 

antenna. 
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The two WR-187 guides were installed parallel to each other along the 

distance from the vacuum vessel to the data acquisition room. Figure 2 shows 

schematically the layout of the Interferometer microwave and IF sections. The 

1 mm source output is tapered to a WR-90 waveguide (X-band) using a low mode 

conversion Gaussian nonlinear taper to minimize the losses associated with 

using WR-3 (200-325 GHz) components. The design philosophy was directed 

towards low-loss quasioptical components, e.g., power splitters, diplexers, E 

and fcj bends, and phase shifters, which were fabricated at Princeton. 

Imcially, we successfully employed a 1 watt carcinotron source that 

normally operated at power levels of several hundred milliwatts. This 

provided an excellent signal-to-noise ratio (i 90 dB In the last IF stage of 

the interferometer), but it had a relatively short operation life of typically 

less than 1000 hours, and also required expensive and complicated high voltage 

power supplies. Recently, we installed a 95 GHz Gunn oscillator with a 

varaetor diode frequency tripler which provides 2 WW of 285 GHz power, 

sufficient to meet the design requirement of 50 dB final IF slgnal-to-noiae. 

Thi3 solid 3tate source has now operated over a wide range of plasma 

conditions. Its frequency stability is superior to the carcinotron and it 

requires a relatively simple, low voltage, power supply. 

RF power from the 1 mm source is fed into a four port power splitter 

which consists of two 90° H-plane laiter bends in a WR-90 guide mounted back-

to-back and separated by a membrane consisting of 60 lines/inch electroformed 

copper mesh on a 0.07 mm mylar tape substrate, A reference path diplexer, 

with a similar construction to the power splitter, combines the local 

oscillator from a 2 mm klystron and the 1 mm reference signal. The output of 

the diplexer is fed to a reference signal mixer via a Gaussian taper. The 

mesh In the diplexer Is reflective to the 2 mm local oscillator signal and is 
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low-loss (- 0.5 dB) to the 1 mm reference signal. The reference mixer is a 

commercial Schottky-barrier-dtode. Since the mixer is designed for 

fundamental frequency operation, there is no optimal matching for either the 

fundamental or second harmonic, so a 10 da conversion- loss results. 

Thd return transmission guide from TFTR tapers into a harmonic roixer 

mounted in a cross-guide configuration. This device was developed at UCLA by 

N, Luhmann and is illustrated in Fig. 3. The mixer has a conversion 

efficiency of 15 dB which allowed us to abandon the oarcinotron in favor or a 

solid state source. The local oscillator klystron can be tuned from 136 - 144 

GHz with a 10 milliwatt minimum output power. A WR-8 waveguide is used to 

distribute the local oscillator to the signal and reference harmonic mixers. 

B. Intermediate Frequency (IF) Section 

In heterodyne receiver systems the local oscillatoi is usually locked to 

the transmitter frequency. However, experience with tokamak operation has 

shown that electromagnetic interference can make conventional frequency 

looking techniques unreliable. To overcome this difficulty, a broadband 

superheterodyne tracking cirouit was adopted. 

An IF tracking network is used to offset frequency drifts in the 

transmitter and the local oscillator (L0). A jecond 10 operating at 3.7 GH2 

is jsed to down-convert the plasma and reference IF signals to a second IF 

nominally at 300 MH2- The reference sl̂ iial still includes any frequency 

offsets in the transmitter or the 2 roai LO. This is up-converted by mixing 

with a 500 MHz LO, The up-converted signal is passed through a band-pass 

filter (800+150 MHz) and a wide-band amplifier to function as an L0 for 

another mixer used to down-convert the plasma signal. A coaxial delay line in 

the circuit compensates for the differences of signal delay due to the unequal 



6 

lengths of tfte transmitter1 and reference paths. Otherwise, spurious frequency 

modulation can result in phase errors in the plasma density induced phase 

shift. In this mixing stage the offsets in the 2 mm LC and the 1 mm 

transmitter frequency are cancelled leaving only the 500 MHz signal modulated 

by the density phase shift. 

There is an additional down conversion at a third IF operating at 30 

MHz. Both reference and phase change signals are processed through phase-

lock-loop circuits and a fringe counter. The overall system frequency drift 

is then determined only by the frequency drift of the final LO, which is a 30 

MHz crystal controlled, low-drift oscillator. The effectiveness of the feed­

forward tracking technique is illustrated in Fig. 4 where the output of a 

spectrum analyaer is shown for the 3.7 - 4.2 GHz IF and the 30 MHz IF. The 2-

3 MHz frequency modulation it; carcinotron output frequency la completely 

absent in she 30 MHz IF signal. 

A self-test facility can introduce a phase change of up to 1021 n 

radian3 to simulate fringes, which can be monitored by the data acquisition 

system. 

SYSTEM PERFORMANCE 

Figure 5 shows a typical density signal acquired with the 1 mm 

interferometer on TFTB. The density in this illustration rises to a line 

integral value of nearly 5 x lo1^cm , These data were acquired for a plasma 

with a minor radius of 83 cm, so that line average density was 3 * 10 'cm~3_ 

During the evolution of the plasma discharge, "sawteeth" fluctuations (shown 

enlarged in the inset) can be clearly seen. The interferometer successfully 

tracks through these and a minor disruption at the end of the discharge. The 
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performance of the gas Injection feedback system is shown in Fig. 6. The 

upper trace shows the programmed line integral density (dashed curve) and the 

measured density (solid curve). The 3lgnal from the interferometer is used to 

control the gas flow rate into TFTR, shown in the lower trace, to maintain the 

preprogrammed waveform automatically. The interferometer has now operated 

daily on TFTR fo." nearly two years and has provided data for confinement 

studies.5 

A i(00 MHz fast phase tracking circuit is being tested which will allows 

operation of the interferometer during periods of fast density fluctuations. 
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FIGURE CAPTIONS 

Fig. 1. Simplified schematic showing the layout of the interferometer on 

TFTR, Two C-band guides, run in parallel, carry the transmitted and 

received signal. The 90" bends are adjustable quasioptioal miter H-

bends. Final alignment was performed with a FJeliuro-Neon laser. 

Fig. ?.. Block diagram of the microwave and IF sections in 'he 

interferometer. A superheterodyne feed-forward tracking system 

provides immunity against frequency drift in the 1 mm 

transmitter and 2 mm local oscillator. 

Fig. 3. Photograph of the UCLA harmonic mixer used as the plasma signal 

mixer in the interferometer. Two micrometer adjustments allow 

tuning of the mixer for optimum performance. The mixer has a 

conversion efficiency of 15 dB. 

Fig. 4. Frequency stability of the feed-forward tracking IF section is 

illustrated in these traces obtained or; a spectrum analyser. The 

upper trace shows the 3.7 - b. ,2 GHz IF stability when the 

interferometer was configured with a carcinotror source, typically 

variations of 2-3 MHz were measured. However, the 3C MHz IF section 

(lower trace) shows a stability of better than 10 kHz. 
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Fig. 5. Typical density signal from the interferometer during a 1.1 MA 
plasr-- nurrent discharge on 7?TR. Large "sawtooth" oscillations are 
clearly visible which correlate with electron tamperatu^e sawtooth 
fluctuations. The interferometer tracks through these sawteeth and 
a minor disruption at the termination of the discharge. 

Fig. 6. The upper trace shows the performance of the density feedback 
system. The lashed curve is the preprogrammed line integral density 
and the solid curve is tiie density measured with the 1 mm 
interferometer. The density signal was used to drive the gas flow 
rate, shown in the lower trace to maintain the preprogrammed 
density. 
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