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A Real Time 155 GHz Millimeter Wave Interferometer Module

For Electron Density Measurement in Large Plasma Devices.

Abstract

A homodyne, real time 155 GHz Interferometer channel is deseribed which is one module of a

multichannei system for use an TEXTOR tokamale A standing sine wave is generated in a

phase bridge by transmitting a frequeney modulated millimeter wave down two unequal inter-

ferometer branehes . The presence of plasma produces a phase Slip of the sine wave with re-

spect to a reference signal . The phase steift is linear proportional to plasma density for expected

TEXTOR plasmas . Long plasma paths give multiradian phase shifts which are recorded by a

digital fringe counting systerrL The accuracy of phase measurement is Ae. = 2n/16. Phase

changes of 7n/8 are accepted per modulation period . The mierowave in the measurement

brauch of the interferometer is transmitted using a quasioptical technique . Components and

technical details are described . The interferometer was tested in a simulation set-up and in two

different plasma experiments . Experimental results are presented .
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1 . Introduction

Eleetromagnetie millimeter waves represent a most suitable tool to study electron density and

electron temperature in arge Iaboratory piasma devices . In TEXTOR tokamak a continuous

monitoring of electron density and temperature with spatiai resolution is prepared . Here a

transmission inteilerometrie method is described which is used on TEXTOR Eil to measure

average electron densities in real time . A 155 0Hz carrier wave generated by a sman commer-
cial reflex klystron is frequency modulated by electronie means and transmitted through the

plasma by means of speeial antennas . The frequency of the wave was selected so high that un-

der normal operation conditions wave refraction effects can be neglected . A mitichanne-1 ar-
rangement is designed for easy and quick installation on a Iarge tokamak machine allowing a

splitting of the toroidal vessel and an exehange of vacuum windows when necessary, Since

TEXTOR has a heatable vessel (T = 350°C) special windows had to be built for this operation

temperature without local cooling of the vacuum system . The easy access to the channels for

alignment an the machine and the automatic data acquisition of the interferometer make the

millimeter wave system a primary diagnostic Instrument for experimental performance.

Microwave Ray PropagatIon Through An Inhomogeneous
Plasma

For the propagation of an ordinary millimeter wave E B through a cylindrieal plasma with a

density profile refractive effeets raust be considered . Wave diffraction will be neglected bei-

cause the parameter V2a = 2 x 10 -' is rather small for the plasma diameter considered fiere

(2a = 100 cm) . Also wave damping ray be ignored because of the km electron collision fre-

quency compared to the millimeter wave frequency . The ray trajectory of a probing wave de-

pends on the innpatt parameter rs/a and the density profile of the plasma . The deflection angle

of the trajectory depends critically on the plasma prameter (0,2 /

	

= ne/nc. Refractive effects

are minimized eheesing the wave frequency w sufficiently high with regard to the plasma fre-

quency wp .

A survey on the ray trajectory behaviour was attained fei° typical TEXTOR parameters and as-

sumed density profiles by graphic displays of the trajectories . The differential equation for the

ray propagation in an axialsymmetrie plasma column can be written as feilem [ 2 :

d(r/a)

	

r ( 1),2

	

_ 112s v s ) 1/2 ( !,L2s v3 )1/2

d0

	

a
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The symbols used have the following meaning:

radius vector of the ray from the plasma center
radius of the plasma column
angle between the radius vector of the ray and the plasma midplane
(1 - ne (r)/no) Ii2 the plasma index of refraction
(rIa) 2 the reduced radius squared
(rs /a)2 the reduced impact parameter squared
(1 - ne(rs)/nc )' the plasma index of refraction
at the impact parameter r,.

The differential equation for the ray trajectory was solved numerically as a boundary value
problem 131 . Fig. 1 shows in a plot for a parabolie profile the 155 GHz microwave beam trajee-
tories for various impact parameters r s/a . As a plasma boundary the liner wall is drawn here.

For symmetry reasons only one quadrant of the plasma cross section is plotted . here an elec-
tron density profile

n e (r) = na(

	

(r/a) 2P)

with P 1 was chosen . For a peak density of n 0 = 2 x 10' 3 cm-3 there is no essential deviation of
the ray. However with increasing density the ray deflection angle becomes noticeable . Fig. 2
Shows for a peak electron density no = 1 x 10' 14 cm-3 and a parabolic profile this refractive effect.

Different density profiles were tested in Fig . 3 . The indices P were varied as P = 0 .5; 1 ; 1 .5 and
2. The effect of the density profile an the deflection angle is visible but not very streng . The
strongest effect is produced by an increase in peak electron density which can be reduced by
an inerease in wave frequency.
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Fig. Ray trajectories of a 155 GHz microwave through a plasma with a parabolic density

profile, The peak electron density is n, = 2 x 10' 3; the plasma radius up to the !iner wall

is assumed to be 55 cm . Trajectories are shown for four different impact parameters

Via .
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Ray trajectories through a plasma with a parabolio density profile and peak electron
density n 0 = 1 x lo 14 cm-3 . A wave refraction eifert is demonstrated.
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Fig. 3: Microwave ray trajectories through plasmas with different density profile indices : P =
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Principle Of The Real Time Interferometer.

Several versions of millimeter wave interferometers have been described in the Iiterature - 10 .

The basic principle of this real-time interferometer is a single stripe, frequency modulated wave

interference set-up . A similar system was recently built for a lower frequency " 23 i A mitfirneter
wave E p with frequency f0 = 155 GHz is radiated through the plasma and mixed with a wave E R

of slightly different frequency . This wave originates fror the saure source but arrives at a mixer

over a reference branch (s . Fig . 4) . The two interferometer branches have very unequal

lengths. The difference in 1ength is AL= LP-LH ; the free spare wavelength is k . The frequency of
the source is modulated periodically as

f(t)

	

f, + cet; 0

	

t

	

T

The two waves arriving at a mixer can be written as follows

Ep =

	

expi 27r 0	 	 + 27ta L(	 	 + AED}

	

( 1 )
c

and

E R = ER expi 2.7% (	 LR

	

+

	

( LR

	

(2)

The output signal at the mixer is given by the expression

= A + 8 cos f Awt + y + A (t)

	

(3)

assuming a quadratic mixer characteristic . The constants in Kl . (3) stand for

A

	

p2 +

B

	

23E" p ER

Ar")

	

4:,Ta AL/c

Y

	

q.) + 2irrf oAL/c + 2.tra AL(Lp + LR)/c2

The phase angle cp is introduced by a phase shifter and may be used for a routine check of the

interferometer performance. The quantity Adt n (t) is the phase shift of the probing wave caused

by the presence of the plasma and is expressed as

A cti(t)

	

2rr f

	

1-( 1- e(Z) /ne)
1 /2

	

(4)

L.
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ne(z) is the !Goal electron density at position z and n = 3 x 10' 4 cm-3 the cut-off density for the
155 0Hz millimeter wave . A measurement of this quantity gives an average of the electron
density in the open transmission gap.

Without the presence of plasma a sinusoidal oscillation is produced at the mixer by the linear
frequency modulation as described by eq . 3. Adjusting now the amplitude and duration of the
sawtooth modulation just one oscillation period is observed at the mixer for one modulation cy-
cle of the microwave source. This is reached for ~wT = 21-r . The occurance of plasma shifts now
the phase of this synchronized oscillation . The maxirnum shift Ad) during one modulation
period T should always be smaller ihan AatT (Adti‹AwT) . The modulation frequency has tobe
selected for the fastest phase shift i .e . density change expected in the experiment . The integral
amount of sma11 phase shifts during consecutive modulation periods will be evaluated by a
counting technique.

4 . Phase Measurements

A sawtooth modulation frequency of the klystron of 312 KHz was selected . An intennedate fre-
quency of 1F = 312 KHz is picked off at a mixer M01129 (s . Fig. 4) . The IF-signal is filtered and
pulse shaped . This formed signal contains with regard to the modulation signal the warited
phase information . The time instant of zero-crossing of the IF pari be evaluated precisely and

electric needie pulse is derived by differentiation . A visualisation of the phase shift is aase
dop e by oseilloscope and shown e .g . in the upper curve of Fig . 11 . The oscilloseope is swept
in the vertical direction by the sawtooth modulation signal and swept the horizontal by a much
lower frequency . The cathode beam is blanked by the voltage Spike derived fror the zero-
crossing. Without plasma a horizontal live is formed by the bianking dots . A phase shift pro-
duced e .g . by some artificial means dispiaces the bianking dots in time . A phase shift of 6 .5 x
is demonstrated in Fig. 11 in a single stripe zebra display . The upper curve in Fig. 11 visualizes
that the phase angle Ait» is not a unique function of the detector output . That is a result of eq . 3.

This ambiguity has to be removed yet in an automatized acquisition system.

Fig . 5 the expected fringe numbers of TEXTOR are shown for ar g assumed density Operation

regime. Fringe numbers of the order of 10 arid higher will occur and haue to be recorded.

14
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5. Digital Phase Comparator And Counter

A real time automatic processing by electronie means is needed to acquire the total phase steift

of the wave in the measuremerit branchi The digital circuit employed here is shown in Fig . 6.

Two counters measure the time difference between IF-signal from the interferometer and the

reference pulse from the modulator . A synchronization circuit controlls the counting period . A
5-MHz oseillator produces a clock at 16 times the 312 KHz IF-frequency . The counters mea-
sure a relative phase modulo 16 . The phase eounters can detect phase differences up to 7/16 x
27r per modulation period . The counting result is buffered and shifted to another buffer after the

next counting period. The difference in the buffer status is found by subtraction . The periodic
subtraction result is added-up and buffered again . The actual status of the adder can be vis-

ualized an monitor after a digital to analog conversion . This counting status is deposited in a

memory module, LeCroy 8800 . The stored data are transfered from the mernory to a diagnostic

computer for further data handling . As a Camac logic serves a control board unit from a Le-Croy
ADC 8212. Up to 4 memories (= 128 kByte) can be connected . The microwave interferometer
channel selection is organized by this Camac unit . The acquisition System permitts the adap-
tion of up to 8 microwave channels.

6. Components And Technical Details

The microwave radiation source is a small commercial reflex klystron VRT-2122B with 60

mWatt output powen lt is shown in Fig . The power supply KS-7 used was equipped in addi-

tim with an externally clocked 312-kHz sawtooth generator for frequency modulation . The
klystron is water cooled by a closed refrigeration crieult.

For the microwave phase detection a mixer MC 1129 with forward biased GaAs-Schottky

diodes is used . The conversion loss of the mixer is 12 dB. The 1F-signal of the mixer is amplified
by 50 dB . Fig . 8 shows details of the 3 stage lote noise IF-amplifier used . The Inputs provide a
selectable, variable DC-voltage fier proper biasing the mixer diodes . The frequency limits of the
amplifier were set to 30 kHz resp . 1 .5 MHz

Microwave source and all electronic equipment are mounted in a screened metal cabinet 5

meters away from the center of the tokamak machine . The distance to and from the plasma is

bridged by overdimensional waveguide WR 90 . The attenuation of the millimeter wave en this

waveguide was cut down to 0 .3 dB/rn, Four 90 degree reflection elements are inserted into the

overdimensional guide. Carefully machined -f-plane bends were applied exclusively to avoid

the excitation of higher erder modes known to be produced e .g . by an overdimensional B--plane
bend . Linear tapers 75 wavelengths Iong were instailed to maintain the mode pattern which ex-

ists in the WR-7 standard waveguide . The other waveguide elements as eg . a 20 dB coupler
and an isolator were made an standard waveguide WR-7 . Ne overdimensional beam splitter

16
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was used to avoid trapped-mode resonances which could interfere with the fringe counting sys-

tem. As a consequence each interferometer channel is equipped with its own microwave

source. The measurement branch of the interferometer induding microwave source, direc-

tional coupler, long waveguide WR90, 2 antennas and mixer He in one plane . A modular mic-

rowave ehanne! system results . The different inteilerefflethe channeis are nm completely in-

dependent.

An insotation break in the WR-90 waveguide was realised by a thin polyethylene feil . lt sepa-

rates the electronie racks fron the tokamak machine area.

Pyramidal horn antennas Fig . 9) with a gain G = 30 dB were fabricated by an electroforming

technique. The mierowave beam Pattern generated by the launching antenna plus mierowave

window was measured at a distance which corresponds to the eeriter of the vacuum vessel . Fig.

10 shows the beam profile 90 cm in front of the antenna . The beam waist (3 dB points) has a

diameter of 4 cm.

The heatable vessel of TEXTOR requires bakeabie mierowave windows . Aluminumoxyd was

found a suitable material the point of mierowave absorption lose, lt can be machined and

brazed to vacuum compatible material . Mierowave windows with a diameter of 10 cm were built

as 1enses to focus slightly the microwave beam into the vessel center and to reduce transmis-

sion losses in the vessel . Fig . 11 shows a drawing of the mierowave window mounted in a

CF-100 flange.

"7 . Testing Procedure

A 1 :1 mockup of the TEXTOR vacuum vessel cross section was built in the laboratory to test the

performance of components and eieerenies. The mierowave beam erees section in the center

of the vessel was generated by the merrtioned high directivity !lerne and focusing ceramic win-

dows. The beam profile was evaluated by a sman hem antenna which was moved with constant

speed across the beam diameter.
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double wedge . The transit of this dielectric object through the beam produces at first a linear

phase shift of the wave up to 6 .5 x 2n . The following second part of the dielectric with constant

thickness does not change the phase . The second wedge with decreasing thickness reduces

the integrated phase shift down to zero . Fig . 12 shows the dielectric object simulating the three

phases of a pulsed plasma and the corresponding phase shift (A(D = 13n at the plateau)

visualised here by bianking the cathode of an oscilloscope Ken the 1F eresses zero, The Fewer

oseifloscope trace gives the real time output of the counting circuit after DAC conversion . The

continucus operation of the interferometer showed the importarme of frequency stabilization of

the lest= against thermal exeureions leading to frequency drifts and perturbations of the

signal.
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Mg. 10: Microwave probing beam profile in the center of the vacuum vessel ; E-plane pattern.
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Fig. 11 : Bakeabie aiuminumoxyd window mounted into a F-10 0 'Mange . The window repre-
sents a focusing ceramic lens .
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B . Density Measurements On Plasma Experiments

A second test of the Interferometer was performed on a pulsed, electrodeless, toroidal plasma

with a major radius R = 25 cm and a minor radius a = 10 cm 1131 . The inteileremeter response to

a skort, transient pfasma is demonstrated in Fig . 13 . Only a phase shift of one fringe is gener-

ated here by a low density plasma corresponding to an average density of n e = 5 x 10 12 cm-3 i

This density increase is resolved in 40 .,sec. A faster density rise would soon lead to counting

errors of the eleetronie system . The upper trace shows the registration pulses superimposed on

the modulating reflector voltage . The middle trace shows the DAC signal which corresponds to

1 fringe and represents ahne density ne x L = 1 o14 cm-2 . The Imer trace represents an ()seillaf-

ing magnetic field which induces the plasma in the toroidal vessel . For a linear rising density a

density growth rate of 25 fringes per millisee sfmeid be deteetable with the present system.

Higher growth rates require a shorter modelatim period of the mierowave oseillator which is still

possiblei

The 155 GHz System then was operated en TEXTOR-tokamak 1141 . The free microwave trans-

mission gap was nm 180 cm, the plasma diameter 100 cm . Fig . 14 shows a hardcopy from a

terminal display of a TEXTOR discharge. The lifetime of the plasma was 1 .2 sec and the plasma

current arnplitude was l p = 200 kA. The fringe counting gave 10 fringes at the density max-

imum . This corresponds to an average obefron density n e = 1013 cm-3 . The averaging is taken

over the beam path through the plasma, here over 2a = 100 cm.

Fig . 15 shows the density behaviour of an unsfable discharge which terminated after 140 msec

with a hard current disruption . A rather smooth density rise is observed during density built-up

in the First 30 msec . However streng density fluctuations are seen in the late phase of the dis-

eharge before disruption.
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Mg . 12: Resuits of a simulation test are shown. A dielectrie double wedge (top) is rotated
through the microwave beam . The phase shift produced by the dielectrie is gieren by
the upper trace. The curve represents Sin Ae(t) ccSin(ne (t)) . A maximum shift of 137r
is recorded . The Iower curve shows the unique display as recorded by the digital
phase counter after DA-conversion . The sweep speed of the oseilloscope was 20
ursec/cm.

Mg . 13 : Single stripe zebra dispiay (upper trace : Sin Ae) and real time Interferometer output
(middle trace: no(t)) recorded en a smali pulsed toroidar discharge . The iower trace
shows an oseillating magnetie Field . The sweep speed here was 50 gsecicm. A phase
shift of 2n was produced by this transient plasma . lt corresponds to a plasma luge
density ne = 10 14 cm-2 at maximum density .
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