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A 9i-CHi, tncrevavr interferometer has been 
designed fcr the Tandem Mirror Eitperi*aent Upgrade and 
the Hirrcr Fusion Test Facility to replace the K O - C H E 
system. The nev tyitea is smaller and has nodular 
single-channel units designed for high reliability. 
It is magnetically shielded and can be mounted close 
to the machine, which allows the use of lover power 
solid-state sources. Test results of the 94-GHz 
prototype indicate that the phase resolution is better 
than 1°, the Isipatt FM noise is 5 MHz wide, and the 
Gunn FM noise is 6 kHz wide. This paper presents the 
antenna designs along with the test results and 
discusses the unique problems associated with 
diagnosing a high electron temperature plasma in the 
presence of electron cyclotron resonant heating. 

Introduction 

A four-channel 140-CHz microwave interferometer 
has operated on the Tandem Mirror Experiment Upgrade 
(TMX-U) for over eighteen months.[1] This system 
consistently provides high-resolution (6 X 1 0 1 1 

cm" ) line-density measurements, but it has its 
limitations; changing measurement locations is 
difficult, and the klystrons, the extended interaction 
oscillators, and the high-voltage power supplies are 
all unreliable. These limitations have prompted us to 
design a new interferometer system that has already 
been installed on the TMX-U and eventually will be 
used on the Mirror Fusion Test Facility (MFTF-B). 
Before choosing the 9&-GHz operating frequency, we 
considered many factors, including synchroton noise, 
high electron temperature nonlinearity, and plasma 
absorption* 

The new 94-GHz interferometers are modular 
single-channel units designed for high reliability and 
portability. They are magnetically shielded and can 
be mounted close to the machine, which allows the use 
of low-power solid-state sources. In our experiments 
with this system, we developed a digital phase 
comparator that provides high-resolution linear phase 
measurements for carrier frequencies over 60 MHz and 
developed several antenna designs for the various 
measurement locations, including single- and 
double-pass configurations. We are using a ray 
tracing code to evaluate the antenna and 
retroreflector designs. Test results of the prototype 
94-GHz interferometer and processing electronics 
indicate that the single-channel microwave 
interferometer clearly benefits from the reliability, 
small size, and low-power requirements of solid-state 
sources* 

The index of refraction is also a function of the 
electron temperature T , which results in a 
nonlinearity that occurs only «t a high T*. High 
T e nonlirtearity is a larger percentage of the signal 
at shorter vavelenrths.|2-&) Estimates of this 
nonlinearity indie* o that above SO keV the error is 
significant, great* thin 20Z. The 90 to 100-GHr 
operating frequency ™ choien because it waa the only 
band giving a large nough signal and having an 
acceptable spatial resolution, while Uniting the 
known error terns to acceptable levels. The specific 
operating frequency c! W GHz was chosen because of 
the availablity of wel -characterized components. 

The ECRH system on the TMX-U consists of four 
200-kW gyrotrons operating at 28 GHz. On the MFTF-B, 
additional frequencies of 35 and 56 GHz will be used. 
These systems radiate significant power in high 
harmonics. The plasma also radiates synchrotron noise 
at the same harmonics. 1 e 94-GHz operating frequency 
avoids these harmonics, b; - the receiver must handle 
the entire waveguide band s well as potential 
overmoded interference sig- =ls. We do not anticipate 
that filtering will be nee sary, but we have designed 
the system so that overtoodt or single-mode filters 
can be added to enhance the loise immunity of the 
interferometer. 

Microwave System 

Each interferometer is magnetically shielded so 
that it can be mounted close to the flange on the 
machine (Fig l). Two isolators and the electronic 
phase shifter, which use ferrites, require the 
magnetic shielding. Long runs of single-mode 
waveguides are avoided by using nonlinear tapers to 
make a transition to the X-band waveguides. We use 
90° H-plane mitre bends exclusively to minimize 
propagation loses. Low-power solid-state sources can 
be used when propagation loses are minimized. 

Criteria for Selecting Wavelength 

We considered a number of competing factors when 
selecting the operating frequency. Spatial 
resolution, electron cyclotron resonant heating (ECRH) 
interference, and plasma refraction are all better at 
shorter wavelengths. At high electron temperatures, 
synchrotron noise and plasma absorption can be 
significant also, making shorter wavelengths more 
attractive. On the other hand, phase resolution and 
mechanical stability are worse at shorter wavelengths. 

Figure 1. Microwave interferometer and RF processing 
system mounted in a magnetically shielded enclosure. 

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



tht at*!*!' «*ot1et*r •• * * Uaxit *>»vii?««<-f bittt 
%«'«H «vt»*t •*•*!' t f i t **• '*'* l«c»* *»r»JI*tor «t • 
4 w «• • * • • feiatte* «l • * .» <*» vi l l i :i)<«W mil put 
f*v»r* «* i t * •» *«j(4Ct»*t to •'rive »** 
*)e*»le'««>lasw*4 w d i M V * i K f i w r i . 1>* t U t t r r . i t 
a**** (hitter * U « M i»* H - « U refer**** to I * s**ie 
• * i f t * 4 , (fc*r*ty ( r a t i * * Ik* »»«i'r* j»t»rf*ro*»*trr 

T»« e* a>r«r*sai*it systea i * packaged i« the • •*• 
(•clrsvr* with ik* a,icre*av* • y i t t * . A 
t*f«r**1*T*dyi>* ( rect i ** circuit (r ig I ) dowconverta 
(M first ir fr****** «' «» Wi «• » tttt; ch>-

r i t r v i t dee*. * x t I * S > I : I I > f<ridt»ck a t * t i i l i t s t » « n . ] y | 
( M i l d ) , tfmatr, * * 4 * > | n t ] r i k l r i r * M » c I I n * 
• i c i e M V * » M I F a i e c t n i d c lyiteata t« the r**wt» 
pevti *w* t ly a** control cheaaia. Computer twrt ro) 
• M lis* a * * i ce r ing of key uareewtera »»»»•!« the 
• i c r i t K W I V K M T to operate < • * e taM-a lone . 

On the *WTF-», the neutron radiat ion is «-»p*rl»s 
t o be I It 10* r s d i , t * i c t i exceeds the l i f e t ime of 
the so l id -s ta te sources, par t icu la r ly the Cunn diode. 
The neutron f lurnte w i l l hive to fee attenuated fey a 
factor of 10 to larrl the 10-year operational l i f e t i m e 
for the f a c i l i t y . 

-X*taa) 
DouMt balanced 
mixer 

Bendpati filler 
300 MH* 

30-MHi 
Plasma 

L signal 

330 MHz 

*Q0"* < 30-MHz 

Variable 
attenuator 

Figure 2. Block diagram of the 94-GHz microwave 
interferometer and RF procesaing system. 
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Figure 3. RF processing electronics illustrating the 
function of the superheterodyne tracking circuit. 
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Figure 4* Simplified schematic of the capacitance 
multiplier filter. 

Antenna Designs 

We installed the first of eight channels on the 
TMX-U using a simple antenna design consisting of 
open-ended X-band waveguides. We performed tests to 
determine the antenna system's spatial resolution by 
translating a dielectric slab through the beam and 
monitoring the phase change as a function of 
position- The spatial resolution is a function of 
several factors including the intensity pattern of the 
transmitting born, the sensitivity pattern of the 
receiving horn, and the phase coherence of the horn 
system. 

The results of the tests (Fig. 5) indicate that 
the resolution is smaller than the beam intensity 
pattern. The structure apparent in the data results 
from interference between the shifted and unshifted 
parts of the beam. The asymmetries are probably from 
the lateral displacement of the beam by the dielectric 
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Figure 5. Test results of the measurements of the 
antenna system's spatial resolution. 

Prototype Test Results 

Performance testing of the first complete 94-GHz 
interferometer system indicates that the phase 
resolution is better than 1°, which for the 0.32-cm 
wavelength corresponds to a line-density resolution of 
approximately 2 X 10 1 1 cm . Measurements of the 
line width of the microwave sources indicate that the 
Impatt FM noise, which is intrinsic to the oscillator, 
is about 5 MHz wide, and that the Gunn FM noise, which 
comes from the few microvolts of residual power supply 
noise, is approximately 6 kHz wide. The long-term 
frequency drift of the 500-MHz IF is less than 10 MHz 
when heaters are used on both sources, but there is no 
active frequency stabilization. 

Conclusions 

We have designed a single-channel microwave 
interferometer that exploits the advantages of 
solid-state sources, namely, their reliability, small 
size, and low-power requirements. The performance of 
the new 94-GHz interferometer has been characterised 
in terms of both spatial and phase resolutions. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any speciflc commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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