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MICROWAVE DIAGNOSTIC SYSTEMS AND TECHNIQUES
FOR USE IN CONTROLLED FUSION RESEARCH*

Hattin L. Bunn

Lawrence Radiation Laboratory; University oi California

Livermore, California

ABSTRACT

Microwaves have been used for several years at Lawrence Radiation
Laboratory to study conditions in the magnetically contained plasmas of con*
trolled fusion research. There are two basic microwave techniques. One
gives information on electron density and distribution in the plasma, the other
provides data on electron temperature. This paper briefly summarises the
established techniques, discusses engineering requirements and limitations,

and describes some further applications of microwaves presently being con-
sidered.

INTRODUCTION

Since the inception of Project Sherwood at the University of California®
Lawrence Radiation Laboratory (LRL) several years ago, various diagnostic
techniques have been developed by Laboratory personnel. These include the
use of microwavea in diagnosing conditions of low-tsmperature plasmas. The
purpose of this report is to summarise the engineering techniques (or plasma

diagnosis that have been developed by the Microwave Diagnostic Group at LRL.

" Presented at Symposium on Engineering Aspects of Magnstohydrodynamice,
University of Pennsylvania, February 18-19. 1960.
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The group has drawn freely upon the e*pen*mr of the Radio Astronomer A
Astrophysicist (or u««fui modifying them where MCtIfAry.

It i« tiiumtd that * pliimi <QAiuu of a®utl (oncvnlrtUOM of tUcliom
«nd font. Therefor* if on* studies the condition of the electrons in the plasma,
on* should determine something shout th* ions  WIut on* is trying to do. of
toure«. It to establish conditions whereby the urns croud from Agas such
aa deuterium will ho fused to croAU A Heavier Atom And At th« ««w« time ft*
loao* energy which con b* extracted And used, On* might thon ash  Why not
throw out the electron* And forgot About thorn oinco MI# U tntoroAttd »n tons
And not electrons? The Answer is thst tho electrons, botng of opposite sign to
the ions, sr« left in th* mixture to csncol part of the tr«mondouo Coulomb rs«
puls.on between tons. Otherwise one would hsvo to sdd tremen«U»'iti> Urge
Amounts of energy to the *ons to move thorn dost enough to osch other eo thst
fusion con take pUco. It ie doubtful If fusion would ever take piece in the lab-
orAtory U the electron# were removed. It should be evident then that a study
of tho behAvior of the electrons will sleo yield some dots About the ions.

There are basically two techniques In microwave plasma diagnosis. One
it (or measurements of electron temperature, th# olher for obtaining data on
electron density am' distribution. They will be separately described

Microwave pleams diagnosis is expensive because of ine high cost of the
equipment Its greet advantage Is thAt it produces minimum disturbance of the
plaama*-In contrast to a probe which greatly perturbs the plasms and, being

partly destroyed in the process* contaminates and coots It*

SYSTEMS FOR DETERMINING ELECTRON DENSITY AND DISTRIBUTION

Theory. Wharton* has examined th* theoretical aspects of propagating micro-
waves through a plasma for the purpose of measuring electron density. He

assumes the plasma to be a dielectric whose dimensions are large compared
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10 the t roi* section of the b*im of ihg radiating antenna. Iftc then piw ,, Uto
develop relatively simple cxpreseions for the propagation coefficient try making
certain simplifying assumptions, considering both the citi whore the external
magnetic field to parallel to, and the case where it it perpendicular to, the
electric vector of the ttucrowave. The perpendicular cats ti diemieted here
hecante it contain* a pole at the electron cyclotron frequency which would
math oul measurement* at or near that frequency.

Por the external magnetic field parallel to the oloctric vector of the
microwave, and with colltaional damping neglected, the ekpreeeion for the

propagation coefficient become*

I N ¢*, 0)

The attenuation constant a tende to taro, and the phase constant 0 redacts to

whore w « microwave radian frequency,
c - velocity of light.

K « plaema relative dielectric conetant,

The phase shift of the microwave ae a result of passing through the

piaoma is expressed by
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whera d * thuknete of pUemt In metert,

k « tmcrowiv# wavelength in m tun,
That w* eee that nwnaNmint of the photo ehtft will enable ut to determine
me electron density n, since oil th« other parameters in equation 1 are known
or measurable. Whtrion and Slogor** * hove experimentally verified the theory

tnd developed techniques And circuitry which ore in extensive uee,

Engineern HegulrotAOIUt. Knowing the condition* under which the systems
Art lo be used, one cah proceed to apectfy certain requirements which (he
equipment moot moot. Thoy Are At followsi
I. Vory wide bandwidth# Are required because of transients which de-
volop on mochlnet Out ore pulsed. Most of tho machines in tho
Pyrotron Program Are pulood; An exception to the P*4mochins.
1. Lano dynamic rente la needed; 0 to 10*, millivolts to volt* for
video Amplifier#.
I, Oood (rsqueacy stability it essential, bocouto photo shift -«ihs thing
being measured-*It frequency dependent.
4, Low ripple ond noito must bo maintained for occuroto metturement
of photo ahlft.
5 Precise owtop circulf on needed, Thoy thouid be very linear,
free from hum ond drift, ond of fixed dc level.
Mismatch in tho transmission poth it not importont. bocouto tho reilsg*
tiona It might product art motked out by muttlplo raflactlona from tho compkeo
plotmo turfece. Nor art extremely i ccuroto measurements required, in view

of the simplifying asaumptlona and tho limited accuracy of other meaeurtmenta

uted in the calculation!.



Umtuttoni, There are certain basic limitations to thv use of th» microwave
method. First* it mast b« restrict**! to plaema booms of solid cross ssction.
It ton not bo ussd tor hollow beams das to ths fact that the region inside tht
hollow beam is imiccossibU to ths microwave at cutoff Second* when a strong
external magnetic field constricts the plasma so much that its diameter is no
longer targe compared to the antenna beam cross section, then the microwave
energy scatters around the plasma column. This causes Urge errors in ths
measured phase shift. Third, extremely high frequencies art required when
particle daasities In oacoss of IQ** are achieved. This Is domonetratsd in
Fig. | where particle density is plotted against frequency; For very high den*
etties the frequencies that would be required are beyond the present "state of
the art." Fourth* microwave components are very expensive and thua suable
amounts of money are required to set up a system for a measurement. And

tilth* high ~caliber personnel are required to operate the equipment because of

in complexity,

Description of the Systems. Figure t show* the fundamental bridge used in

the fringe shift prssenution. With the plasma turnsd off, the bridge Is bit*

sneed with the variable attenuator and phase shifter in the null path. When the

plasma is turned on* the bridge unbalances and balances successively giving

rise to an oscillogram such as that shown tn Fig. I, This is interpreted by
of the experimental methods developed by Wharton and Sieger.

Another circuit which overcomes the need for a very stable frequency,
eItminatse the amplitude effects shown in Fig. I, and permits rspid data re*
duetton Is shown in Fig, 4. Inthis circuit, one arm of the bridge is made
several hundred wavelengths longer than the other erm, and the frequency of
the klystron is swept back and forth about SO me/sec by modulating ths repeiler.

The phase of the signal in the long path varies more rapidly causing the bridge
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to balance and unbalance successively at the two signals interfere with each
other. The interference signals are detected, amplified, clipped, and uetd

to intensity-modulate the scope. The klystron sweep voltage Is also applied

to the y axis of the scope which is swept internally on the x axis. A series

of dots appeare. When the appropriate time base ia applied to the x axle, the
dote smear out into a set o< bars when no plaima is present. \When the plasma
u introduced, the bars shilt or skew as sten in ths oscillogram shown in Fig. 5.
The data interpretation ia similar to that of ths fringe ehift method. Figure 6
*hows e typical interferometer installation.

Figure 7 shows an interconnection diagram of the various circuits used
in presenting the data for either of the two method! deecribed. The power
euppUee and regulators are standard laboratory deeigue modified where neces»
eary. The eweep and trigger generator and the push-pull amplifier and clippar
were designed by members of the diagnostic group. The complete circuits,

not shown here, have been published ins report by the author. 0

SYSTrMS FOR DETERMINING ELECTRON TEMPERATURE

Theory. In measuring electron temperature, one may regard the piaama as a

polarised receiver in the neer son* may be approximated by the expression

where K * I.)e # 10™* joule/fe,
T" « electron temperature in 1K*
£f «bandwidth of receiver in cpe. ,,
» eplasm™ absorption coefficient, nepers/viator,
d e thickness of plasma sample In meters.

Dispersion effects of the plasma art shown in Fig. <. It is sesn that there is
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dielectric singularity at the cyclotron frequency, and conditions are moit fa-
vorable for radiation at this frequency. To determine the proper receiver
frequency for itudying plasma radiations, one first determine* the value of the
magnetic field used for containment, and then calculates frequency from the

equation

e («/m)y B, (5)

or more simply,

f w2800 me XB,,~. (6)

Description of the System. The receiving system for determination of electron
temperature consists of a receiving antenna which ""Looks" at the plasma radia-
tion, a high-quality radar receiver, and a means of calibration. Figure 9
mhows in block diagram the setup for measuring temperature.

A typical receiver at 35,000 me constructed for use on certain experi-
ments has a measured noise figure cf 5db. This figure, of course, may be in
error as much as 2 db because of measurement inaccuracies or inaccuracy of
the <aiibrating standard. But it is a good receiver judged by standards prior
to parametric amplifiers. The sensitivity of such a receiver with an IF band-
width of 2 me is about —109 dbm.

The electron temperature measurement is no more complicated than any
other communication measurement. However, one must calibrate the receiver.
This is done with a standard noise diode. The noise diodes in use at LRL have
about lev (I1,600*K) excess noise. The signal in the signal-arm input to the
balanced mixer is modulated by a mica wheel inserted in a slot in the wave-
guide. Strips of Aquadag are painted on the wheel which is spun by a motor.
Light from a source situated on one side of ths wheel is picked up by a photo-

cell on the other side. The photocell's output is used to trigger the scope.
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A circuit recently developed by a member of the Diagnostics Group can
be used to replace the mechanical modulator. This circuit is used to electri-
cally modulate the signal, thus allowing a completely inclosed waveguide system.

If one calls the amplitude of tne received signal D, the equation for the

power received reduces to

2
pxpj P-gb 17)

when one assumes ad (in equation4) to be very large. is the receiver back
ground noise, Dj is the amplitude of signal due to the noise source, and P*
is the noise power from the calibration source. For a 1l-ev noise source, the

electron temperature is

T, 5 lev D - Dq

Figure 10 illustrates the quantities and "

OTHER EXPERIMENTAL APPLICATIONS

Synchrotron Radiation Experiment. Some scientists believe a large part of the
power produced by machines such as the Mirror machines and Stellerator ma-
chines will be radiated through a phenomenon known as "synchrotron radiation. "
Should this prove correct, the machines might never produce economical power.
Radiation would occur at the electron cyclotron frequency (wc) and integral
muttioles thereof.

An experiment has been proposed to measure the relative amounts of
power radiated by the present machines at'the cyclotron frequency and its first
two harmonics. The Diagnostics Group has attempted to deveLop a receiver
which would be used to look at radiation from the plasma at frequencies ax.
2u)c* and 3wc< Since the power radiated would be at exact multiples of the

cyclotron frequency, a common local oscillator supplying fundamental, 2nd,
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and 3rd harmonic power ahould be used. This is seen is block diagram in
Fig. 11. Such a receiver was constructed using commercially available fre-
qguency multipliers. It is shown in a bench setup in Fig. 12. The noise figure
for the harmonic receivers is around 28 db, so these receivers are not partic-
ularly sensitive.

We have proposed building a receiver using backward wave oscillators
for the local oscillator, and have determined suppliers. The backward wave
oscillators would be triggered on at the same time and swept in frequency sev-
eral times during a machine >;ycle to insure that if radiation occurs at some

particular time in the cycle and not uniformly, it would be seen. No action

has yet been taken on this proposal.

Colliding Plasma Experiment. An experiment has been designed for measur-
ing the radiation that occurs when two plasma sources are fired from opposite
ends of the machine simultaneously. A receiving system was supplied by the
Diagnostics Group for measuring this radiation. Helical antennas were de-

signed for frequencies of 1100 and 1660 me, corresponding to magnetic fields
of 395 and 593 G. The receiving system consisted of a 6BM6 local oscillator
klystron in an Amerac 198A cavity, an Admittance Namco Model CX-7 mixer,

a commercial klystron power supply, and a commercial IF strip. This re-

ceiver had a noise figure of about 8 db.

Plasma Instability Experiment. An experiment has been designed to determine
.the effects of the interaction of an electron beam with a plasma. The possible
effects are heating and excitation of waves on the plasma. An Eimac electron
gun (4K 50,000 LQ) will be fired into the end of the P-4 plasma column. Figure
13 shows the mounting structure where the gun is fired into the plasma column.
A swept frequency receiver has been designed which will look at the

plasm?, at a point along the machine when the electron beam is fired into the
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plasma column. This receiver, shown in block diagram in Fig. 14 and in a
picture of the mixer in Fig. 15, has a noise figure that ranges from 5.5to 9 db
over the 2500- to 4000-mc band. It corresponds closely to the receiving sys-
tems described for measuring electron temperature, with the exception of the
swept local oscillator. A QK518 serves as the local oscillator, and a leveling

system consisting of a traveling wave tube amplifier and an automatic gain con-

trol assembly is used.

Experiments with Low-Loss Waveguides. Usually a microwave system instal*
lation for the measurement of electron density is made several feet away from
the machine being probed. (The system can not be situated at the machine be-
cause of the high magnetic fields and the subsequent danger of coil blowup.)
Length of transmission path is no problem for densities requiring frequencies
up to the K.u band. However, not enough power is available at 4 mm to with-
stand the high transmission losses in a rectangular waveguide over the requir-
ed few feet of travel. The author has spent a considerable amount of time in
the past year investigating the design of low-loss waveguide units. For the
TEqj family, the Bell Laboratories design and a design by M aril described

in U. S. Patent 2, 859,412 have been started in fabrication by the Sherwood
Electroforming Shop. These have not been checked.

A design by Microwave Associates for 8 mm has been constructed and
checked. It is shown in Fig. 16. The loss per unitis about 0.3 db with a
bandwidth of 6%. This is a resonant slot structure which transforms the TEjq
mode of rectangular guide to the TE”A"* mode of round guide. The 0.634-in.
inside diameter of the waveguide was chosen to eliminate all modes of the TEq"
family except the TEqj. Measured loss through the units and 10 ft of pipe was

less than | db, most of which occurred in the transition units.
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Another unit, built to this same Microwave Associates design but scaled
to 4 mm, does not yield comparable results at present.

Another type of low-lobs waveguide known as H-guide has been investi-
gated. This was predicted by Tische'r6 7and has been investigated by him and
by Griemsmann and Birenbaum. 8 It consists of two parallel planes separated
by a strip of dielectric used to destroy TEM modes. A design for launching
into H-guide from rectangular waveguide is described in an LRL Electronics
Engineering Department report. This design is approximately one foot in length;
shorter lengths were too lossy. The loss per unit at 35,000 me is about 0.6 db,
and a loss per foot of about 0.2 to 0.3 db was measured in the H-guide proper.
This is about the same as for the rectangular RG 96/U waveguide.

Attempts to scale this design directly to 70,000 me were unsuccessful.
Measurements were then made on the 35,000-mc design at 70, 000 me. A tran-
sition unit from RG 96/U to RG 98/U was used for launching thfe 70, 000-mc
energy. The measured loss per horn at 70,000 me was about 1.2 db, and the
loss per foot in the H-guide was 0.05 db, only one-tenth the loss in the rectang-
ular waveguide. It therefore appears that H-guide might be successfully used
for transmitting 70, 000-mc energy for measurements where this high frequency
is required. The H-guide does not, however, seem to be as good as the TEgqj

guide. This can be explained by dielectric losses in the H-guide.
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Fig. 1. Microwave frequency required for transmission through
a plasma as a function of the plasma electron density.
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Fig. 4. Microwave fringe-ahift interferometer circuit for plasma
density determination.
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Fig. 5. Interferometer fringe-shift presentation.

Fig. 6. Typ*cal interferometer installation.
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Fig. 8. Plasma diaperaion effect*.
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Fig. 9. Block diagram of a microwave receiving system for
measuring electron temperature.
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Fig. 11. Block diagram of harmonic receiver for studying synchrotron
radiation. (The three microwave horns are actually in a plane perpendicular
to the plasma column so they can all "look" at the same portion of the plasma;
they are spaced around the circumference of the plasma column.)
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Fig. 12. Harmonic receiver in a bench setup. SN-21108

Fig. H. Mounting structure showing where SN-21199
electron beam will be fired into P-4 plasma column.
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Fig. 1S. Picture of mixer assembly used 3B-21110
i receiver shown in Fig. 14,

Fig. 16. Picture of resonant slot structure S721111
for launching TEQj mode from rectangular
waveguide.



