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( MICROWAVE DIAGNOSTIC SYSTEMS AND TECHNIQUES

FOR USE IN CONTROLLED FUSION RESEARCH*

Hat tin 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 California1* 

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. I960.
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The group has drawn freely upon the e*pen*mr of the Radio Astronomer And 

Astrophysicist (or u««fui modifying them where MCtlfAry.

It i« t i i u m t d  that * p l i i m i  <Q A iuu of a ^ u t l  (oncvnlrtUOM  of tU c l i o m  

«nd font. Therefor*  if on* studies the condition of the e lec tro n s  in the p lasm a, 

on* should determ ine som ething shout th* ions Wlut on* is try ing  to do. o( 

t o u r •« .  I t  to e s tab lish  conditions whereby the urns c r o u d  f ro m  A gas  such 

aa deu ter ium  will ho fused to croAU A Heavier Atom And At th« ««w« time f t *  

lo ao* energy which con b* extracted And used , On* might thon a sh  Why not 

th row  out the e lec tron*  And forgot About thorn oinco Ml# U  tn toroA ttd  »n tons 

And not e le c tro n s?  The Answer is thst tho e le c t ro n s ,  botng of opposite  sign to 

the ions, s r«  left in th* m ix ture  to csnco l p a r t  of the tr«mondouo Coulomb rs« 

pu ls .on  between tons. O therw ise  one would hsvo to sdd tremen«U»'iti> U rge  

Amounts of energy  to the *ons to move thorn d o s t  enough to o sch  o th e r  eo thst 

fusion con take pU co. It ie doubtful If fusion would ever take p iece  in the lab- 

orA tory U the e lec tron#  w ere  removed. It should be evident then that a study 

of tho behAvior of the e lec tro n s  will s leo  yield som e 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 plea ms diagnosis is expensive because of ihe high cost of the 

equipment Its greet advantage Is thAt it produces minimum disturbance of the 

plaama*-ln 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 , , <U to 

develop relatively simple cxpreseions for the propagation coefficient try making 

certain simplifying assumptions, considering both the c i t i  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*

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

r *n ♦*. 0 )

< * )

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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o>
whe ra  d * t h u k n e te  of pU em t In m e te r  t ,

k • tm crow iv#  wavelength in m t u n ,

That w* eee that n w n a N m i n t  of the photo  ehtft will enable u t to determine 

me electron density  n, since oil th« o th e r  p a ra m ete rs  in equation 1 a re  known 

or m easu rab le .  W htrion  and Slogor** * hove experim en ta lly  verified  the theory 

tnd  developed techniques And c i rc u i t ry  which o re  in ex tensive  uee,

Engineer n HegulrotAOlUt. Knowing the condition* under which the system s 

A r t  lo be used , one cah  proceed to apec tfy  cer ta in  req u ire m e n ts  which (he 

equipment moot m oot. Thoy Are At follows i

l. Vory wide bandwidth# Are re q u ire d  because of t r a n s ie n ts  which de - 

volop on  m ochlnet Out o re  pulsed. Most of tho m achines  in tho 

P y ro tro n  P ro g ram  Are pulood; An exception to the P*4m ochins .

1. La n o  dynam ic re n te  la needed; 0 to 10*, m illivo lts  to volt* for 

video Amplifier#.

I ,  Oood ( rsq u eacy  s tab ility  i t  e s se n t ia l ,  bocouto pho to  shift - «ihs thing 

being m e a su re d -* l t  frequency dependent.

4, Low r ip ple ond noito m ust bo maintained for occuro to  m e ttu re m e n t  

of pho to  ahlft.

5, P r e c i s e  ow top  c i r c u l f  o n  needed, Thoy th o u  id be very  linear, 

free  f r o m  hum ond d r if t ,  ond of fixed dc level.

M ismatch in tho t ran sm iss io n  poth i t  not im portont. bocouto  tho re ilsg*  

tiona It m ight p ro d u c t  a r t  m otked out by muttlplo raflac tlona  f ro m  tho compkeo 

plo t mo tu r f e c e .  N or a r t  ex trem ely  i ccuro to  m easu rem en ts  requ ired , in view 

of the s im plifying asaumptlona and tho lim ited  accuracy  of o ther m eaeu r tm en ta  

u ted  in the c a lcu la t io n ! .



Um tuttoni, 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 a r t  required when 

particle daasities In oacoss of IQ** are achieved. This Is domonetratsd in 

Fig. I 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, 

•Itminatse the amplitude effects shown in Fig. I, and permits rspid data re* 

duetton Is shown in Fig, 4. In this 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 a t 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»

•ary. The eweep and trigger generator and the push-pull amplifier and clippar

were designed by members of the diagnostic group. The complete circuits,
o

not shown here, have been published in s  report by the author.

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. )•  # 10*** joule/fe,

T" • electron temperature in 1K*

£f « bandwidth of receiver in cpe. „

•  •plasm* absorption coefficient, nepers/viator, 

d • thickness of plasma sample In meters.

Dispersion effects of the plasma a r t 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

• («/m) y  B, (5)

or more s imply ,

f ■ 2800 me X B„~. (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 

■ hows in block diagram the setup for measuring temperature.

A typical  rece iver  a t  35 ,000 me constructed fo r  use on cer ta in  e x p e r i ­

ments has  a m easured  noise f igu re  cf 5 db. This f ig u re ,  of course ,  may be in 

e r r o r  as  much as 2 db because of m easurem ent  inaccu rac ies  or  in accuracy  of 

the < a i ib ra t ing  s tandard .  But i t  is  a good rece iver  judged by s tandards  p r i o r  

to p a r a m e t r i c  ampl i f ie rs .  The sensit iv ity  of such a  rece iver  with an IF b an d ­

width of 2 me is about — 109 dbm.

The e lec t ron  t e m p e ra tu re  m e asu re m e n t  is  no m o re  complicated than any 

o ther  communicat ion m e a s u re m e n t .  However,  one m u s t  calibrate  the r e c e iv e r .  

This is done with a  s tandard  noise  diode. The noise diodes in use at LRL have 

about 1 ev  ( l l ,600*K) excess  n o ise .  The signal in the s ig n a l -a rm  input to the 

balanced m ix e r  is modulated by a  mica  wheel in se r ted  in a slot  in the  w ave ­

guide. S t r ip s  of Aquadag a re  painted on the wheel which is  spun by a m oto r .  

Light f ro m  a source  si tuated on one side of ths wheel is picked up by a photo ­

cell on the  o ther  side. The photocel l ' s  output is used  to t r igger  the scope.
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A circuit recently  developed by a  m e m b e r  of the Diagnostics Group can 

be used to replace the mechanical m odulator. This c ircu it  is u sed  to e l e c t r i ­

c a lly  modulate the s igna l ,  thus allowing a com pletely  inc losed  waveguide system .

If one calls the am plitude of tne re c e iv ed  signal D, the equation for the 

pow er received reduces  to

P * Pj P - g b ’
2

17)

when one assum es ad (in equation4) to be v e ry  la rge . is the r e c e iv e r  back 

ground noise, Dj is the amplitude of s ignal due to the noise s o u rc e ,  and P  ̂

is  the noise power f ro m  the calibration s o u rc e .  F o r  a 1-ev noise  so u rc e ,  the 

e lec tro n  tem p e ra tu re  is

T 5 1 ev e

F ig u re  10 i l lu s tra te s  the quantities

D - Dq

and '.

OTHER EXPERIMENTAL APPLICATIONS

Synchrotron Radiation E xperim ent. Some sc ien tis ts  believe a  la rge  p a r t  of the 

power produced by m achines  such as the M ir ro r  machines and S te l le ra to r  m a ­

ch ines  will be rad ia ted  through a phenomenon known as " sy n ch ro tro n  radiation. " 

Should this prove c o r r e c t ,  the machines m ight never produce econom ical power. 

Radiation would o ccu r  a t the e lectron  cyc lo tron  frequency (wc) and  in teg ra l  

m uttio les thereof.

An experim ent has been proposed to m e a su re  the re la tiv e  am ounts of 

power rad ia ted  by the p re sen t  machines a t ' th e  cyclotron f requency  and its f i r s t  

two harm onics. The Diagnostics Group has  a ttem pted  to deveLop a  re ce iv e r  

which would be used to look a t radiation f r o m  the p lasm a at freq u en c ies  coc .

2u)c * and 3wc< Since the power rad ia ted  would be a t exact m ultip les  of the 

cyclo tron  frequency, a common local o sc i l la to r  supplying fundam ental, 2nd,
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and 3 rd  harm onic pow er ahould be used. T his is  seen  is block d ia g ra m  in 

F ig . 11. Such a re c e iv e r  w as constructed  using co m m ercia lly  av a ilab le  f r e ­

quency m u ltip lie rs . It is  shown in a bench se tu p  in F ig . 12. The n o ise  figure 

fo r the harm onic re c e iv e rs  is around 28 db, so  th ese  re c e iv e rs  a re  no t p a r t ic ­

u la rly  sen sitiv e .

We have proposed  building a re c e iv e r using  backw ard wave o s c il la to rs  

fo r  the  local o sc il la to r , and  have de term ined  su p p lie rs . The backw ard  wave 

o s c i l la to r s  would be tr ig g e re d  on a t the sam e tim e  and swept in freq u en cy  sev ­

e r a l  tim es during a m ach ine  >;ycle to in su re  th a t if rad ia tion  o c cu rs  a t som e 

p a r t ic u la r  tim e in the cycle  and not uniform ly , i t  would be seen . No action  

has yet been taken on th is  p ro p o sa l.

C o llid ing  P lasm a  E x p e rim e n t. An experim en t has been designed fo r  m e a s u r ­

ing the rad iation  that o c c u rs  when two p la sm a  so u rc e s  a re  f ir e d  f ro m  opposite 

ends of the m achine s im u ltaneously . A rece iv in g  system  was supp lied  by the 

D iagnostics  Group fo r m easu rin g  this rad ia tio n . H elical antennas w ere  de­

sig n ed  fo r frequencies of 1100 and 1660 m e, co rresponding  to m agnetic  fields 

of 395 and 593 G. The receiv ing  system  c o n sis te d  of a 6BM6 local o sc il la to r  

k ly s tro n  in an A m erac 198A cav ity , an A dm ittance Namco Model C X -7  m ix e r, 

a co m m erc ia l k lystron  pow er supply, and a  c o m m erc ia l IF  s t r ip .  T h is  r e ­

c e iv e r  had a noise fig u re  of about 8 db.

P la s m a  In stab ility  E x p e rim e n t. An ex p erim en t has been designed to determ ine 

. the e ffects  of the in te ra c tio n  of an  e lec tro n  b eam  with a  p lasm a. The possib le  

e ffec ts  a re  heating and ex c ita tio n  of waves on the p lasm a. An E im ac e lec tro n  

gun (4K 50,000 LQ) w ill be f ire d  into the end of the P -4  p lasm a co lum n. F igure  

13 shows the mounting s tru c tu re  w here the gun is  f ire d  into the p la sm a  column.

A swept frequency  re c e iv e r  has been  designed  which w ill look  a t  the 

plasm ?, a t a point along the m achine when the e lec tro n  beam  is  f i r e d  into the
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plasm a colum n. T his re c e iv e r , shown in  block d iagram  in F ig . 14 and in a 

p ic tu re  of the m ix e r in F ig . 15, has a  noise  figure that ran g es  fro m  5. 5 to 9 db 

over the 2500- to  4000-m c band. It co rre sp o n d s  c lo se ly  to  the receiv ing  s y s ­

tem s d esc rib ed  fo r m easuring  e le c tro n  te m p e ra tu re , w ith the exception of the 

swept local o s c il la to r . A QK518 s e rv e s  as the local o s c i l la to r ,  and a  leveling 

sy stem  co n sis tin g  of a traveling  wave tube am plifie r and an  au tom atic  gain con­

tro l  a ssem bly  is  used.

E xperim en ts w ith L ow -Loss W aveguides. U sually a m icrow ave  system  insta l*  

lation for the m easu rem en t of e le c tro n  density  is made s e v e ra l  fee t away from  

the m achine being probed . (The s y s te m  can not be s itu a ted  a t  the m achine b e ­

cause of the h igh  m agnetic  fields and  the  subsequent danger of coil b low up.) 

Length of tra n sm is s io n  path is  no p ro b le m  fo r densities re q u irin g  frequencies

up to the K. band. H ow ever, not enough power is av a ilab le  a t 4 mm to w ith-u

stand  the high tra n sm iss io n  lo sses  in  a rec tan g u la r w aveguide over the r e q u ir ­

ed few fee t of t ra v e l .  The author h a s  spen t a consid erab le  am ount of tim e in 

the past y ear investigating  the design  of low -loss w aveguide un its . F o r the 

T E qj fam ily , the B ell L ab o ra to rie s  design  and a  design  by  M a r il  described  

in U. S. P a ten t 2, 859,412 have been  s ta r te d  in fab rica tion  by the Sherwood 

E lec tro fo rm ing  Shop. T hese have no t been  checked.

A desig n  by M icrowave A sso c ia te s  for 8 mm has b een  constructed  and 

checked. It is  shown in F ig . 16. The lo ss  p e r unit is  about 0 .3  db with a 

bandwidth of 6%. This is a re so n an t s lo t s tru c tu re  which tra n s fo rm s  the T E jq 

mode of re c ta n g u la r  guide to the TE ^^ mode of round gu ide . The 0 .634-in. 

inside d ia m e te r of the  waveguide w as chosen  to e lim ina te  a l l  m odes of the T E q̂  

fam ily except the T E q j. M easured  lo s s  through the units and 10 ft of pipe was 

le ss  than l db , m ost of which o c c u r re d  in the tran sitio n  u n its .
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Another u n it, b u ilt to this sam e M icrow ave A ssocia tes design  but scaled  

to 4 mm , does not y ie ld  com parable r e s u lts  a t p resen t.

Another type of Io w - Iobs waveguide known as H-guide has been  inv esti-
• 6 7gated . This was p re d ic te d  by T isch e r and  has been in v estig a ted  by him  and

8by G riem sm ann and B irenbaum . I t c o n s is ts  of two p a ra lle l p lanes separa ted  

by a  s tr ip  of d ie le c tr ic  used to d estro y  TEM  m odes. A design  fo r launching 

in to  H-guide from  re c tan g u la r  waveguide is  d esc rib ed  in an L R L  E lectron ics 

E ngineering  D ep artm en t re p o rt. T h is d esig n  is approx im ate ly  one foot in length; 

s h o r te r  lengths w ere  too lossy . The lo s s  p e r  unit a t 35,000 me is about 0 .6  db, 

and  a loss p e r foot of about 0 .2  to 0 .3  db was m easured  in the H -guide p ro p er. 

T his is about the sam e  as fo r the re c ta n g u la r  RG 96/U w aveguide.

A ttem pts to s c a le  th is design d ire c t ly  to 70,000 me w ere  unsuccessfu l. 

M easurem ents w ere  then  made on the 35 ,0 0 0 -m c design a t 70, 000 m e. A t r a n ­

s itio n  unit from  RG 96/U  to RG 98/U  w as used  fo r launching thfe 70, 000-m c 

energy . The m e a su re d  loss p e r horn  a t 70 ,000 me was about 1.2 db, and the 

lo ss  p e r foot in the  H -guide was 0 .05  db, only one-tenth  the lo ss  in the rec tan g ­

u la r  waveguide. I t th e re fo re  appears  tha t H -guide m ight be su ccessfu lly  used 

fo r tran sm ittin g  70, 000-m c energy fo r m easu rem en ts  w here th is  high frequency 

is  req u ired . The H -guide does not, h o w ev er, seem  to be as  good as the T E qj 

guide. This can  be  explained by d ie le c tr ic  lo sses  in the H -gu ide .
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F ig . 1. M icrow ave frequency re q u ire d  fo r  tra n sm iss io n  th rough  

a  p lasm a as a function  of the p lasm a e le c tro n  density .
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F ig .  4. M ic ro w a v e  f r in g e - a h if t  in te r fe ro m e te r  c i r c u i t  fo r  p la s m a  
d e n s ity  d e te rm in a tio n .
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F ig .  5. In te r fe rom ete r  f r inge- sh i f t  p resenta tion .

F i g .  6. Typ*c a l i n t e r f e r o m e t e r  in s ta l la t ion .
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MICROWAVE PROPAGATION 
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Fig . 8. P la sm a  d iapera ion  effect*.
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Fig . 11. Block d iagram  of harm onic  rece ive r  for studying synchrotron 
rad ia tion . (The three  m icrow ave horns  a re  actually in a plane perpendicular 
to the p la sm a  column so they can a l l  "look" at the s am e  portion of the p la sm a; 
they a re  sp aced  around the c irc u m fe re n ce  of the p la sm a  colum n.)
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Fig. H .  Mounting s t ruc ture  showing where SN-21199 
electron beam will be fired into P -4  p lasm a column.

Fig .  12. H a r m o n ic  r e c e iv e r  in a ben ch  setup. SN-2I108
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F ig .  16. Picture of r e sonan t  slot s t ru c tu re  S^21I11  
for launching TEQj mode f r o m  rectangular 
waveguide.

F ig .  IS. Pic ture of m ixe r  assembly  used 
i r ece ive r  shown in Fig .  14,

3B-2I1I0


