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Abstract A d iagnost ic  system t o  determine the  shape o f  the  cross- sect ion 
o f  the  plasma column i n  TBR-1 has been developed. The system r e l i e s  on 
measurements o f  rad ia l  and azimuthal components o f  th,e magnet  i c  f i e1 d 
around the  plasma column and i s b a s e d  u p o n  a technique d e v e l o p e d  by 
Swain and Neilson. I t  i s  shown t h a t  dur ing  normal discharges the plasma 
column undergoes a systematic downward s h i f t  and  s h r i  nks i n m i  n o r  and 
major r a d i i .  

1. INTRODUCTION 

The basic equi l i brium c h a r a c t e r i s t i c s  o f  tokamak discharges a re  

determined through measurements o f  the t o r o i d a l  plasma cur rent ,  t o ro ida l  

and v e r t i c a l  components o f  the externa1 magnetic f i e l d ,  and loop vol tage.  

However, more de ta i  led  informat ion i s  needed t o  study the  magnetohydro- 

dynamic s t a b i l i t y  c o n d i t i o n s o f  t hed i scha rges .  I n  t h i s  c a s e ,  i t  i s  

necessary t o  determine the  shape o f  the  cross sec t i on  o f  the plasma 

column and the  rad ia l  p ro f  i les  o f  t he  pressure and c u r r e n t  dens i tyl . 
Usual ly ,  the  pressure p r o f i l e  i s  i n f e r r e d  from measurements o f  the elec-  

t r o n  temperature p r o f i l e  through Thompson s c a t t e r i n g  and o f  and plasma 

densi t y  through microwave o r  laser  in ter fe romet ryl .  The cur rent  p ro f  i l e  

can a t  present beon ly  i n d i r e c t l y  determined. 

Many d i f f e r e n t  methods have been developed i n  t he  l as tdecade to  
2 - 9  

determine the  shape o f  the cross sec t i on  o f  t he  plasma column .Although 

a l l  the  methods r e l y  on measurements o f  t he  magnetic f l u x  and/or com- 

ponents o f  the  po lo ida l  magnetic f i e l d  ou ts ide  the plasma c01 umn, they 

s u b s t a n t i a l l y  vary i n  the degree o f  s o p h i s t i c a t i o n  t o  model the cu r ren t  

d i s t r i b u t i o n  i n  the  plasma. The more accurate methods s o l v e  t h e  f r e e -  

-boundary magnetohydrodynamic equ i 1 i br ium problem10 and ad jus t  the shape 

' ~ l s o  a t  I n s t i t u t o  de Pesquisas Espaciais, Caixa Postal 515, São José 

dos Campos, 12200, SP, Brasi l .  
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o f  the cross sect ion and o the r  f r e e  parameters to  reproduce ex terna l  

measurements and the pressure p r ~ f i l e " ~ ~ " ~ ~ ~  . Beeause these methods 

se l f - cons i s ten t l y  solve the e q u i l i b r i u m  problem, they a l l ow  n o t o n l y t h e  

determinat ion o f  the  shape o f  the  plasma cross section, but  a l so  an in -  

d i r e c t  determination o f  the  po lo ida l  beta 

the p r o f  i l e  o f  the s a f e t y  f a c t o r ,  

and the  interna1 inductance o f  the  plasma column, 

In  these expressions R I s  t h e  r a d i a l  coordfnate o f  a polwt ow a f l u x  

surface, R. i s  éhe major rad ius  s f  t he  geometric center o f  the plasma 

cslurnn, 19 i s  the nent o% éhe magnetic f i e l d ,  BTo i s  t he  
P 

t o r o i d a l  magnetic f i e l d  a t  R = R o ,  p i s  the  plasma pressure, V i s  t h e  

plasma volume, ds i s  the element 0% are length along the po lo ida l  d i -  

r e c t i o n  o f  a I/J = const f l u x  surface, and < > represents the averageover 

the  plasma cross sect ionPP.  

The major drawback o f  methods based upon a se l f - cons i s ten t  so l -  

u t i o n  o f  the magnetohydrodynamic e q u i l i b r i u m  equation i s  t h a t  they take 

a substant ia l  amount o f  computer t ime. Although the knowledge o f  f3 and 
P 

o f  t he  q p r o f i l e  i s  essent ia l  f o r  a s t a b i l i t y  analysis,  an experimen- 

t a l i s t  usua l ly  needs quick in format ion about the value o f  
BP 

and the 

shape o f  the cross sect ion  t o  proper ly  ad jus t  external  p a r a m e t e r s  be -  

tween discharges. For t h i s  reason, l ess  accurate, sw i f t e r ,  methods have 

a l so  been d e ~ e l o p e d ~ ' ~ .  These methods a re  based upon model  

t o r o i d a l  plasma cur rent  by a set  o f  d i s c r e t e  f ilaments whose 

a r e  a p r i o r i  f i xed.  The cur rents  i n  these f i laments are  ca l cu l  

t he  minimizat ion o f  the average square dev ia t ion  o f  measured 

cu la ted values o f  the magnetic f i e l d  a t  t he  pos i t ions  o f  d i  

1 i n g  t h e  

pos i t ions 

ated from 

and c a l -  

a g n o s t  i c  
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probes. I n  p a r t i c u l a r ,  Swain and ~ e i  lson6 have developed a t e c h n  i q u e  

tha t  a1 lows a very f k s t  determination o f  t h e  shape o f  the  cross sect ion 

o f  t he  plasma column and an accurate est imate f o r  the  S h a f r a n o v  p a r -  

ameter" 

I n  t h i s  paper we repor t  the r e s u l t s  of measuring the shape o f  
12 

the cross sect ion  o f  the  plasma column i n  the  TBR-1 tokamak . Previous 

measurements o f  r e s i s t i v e  modes i n  TBR-1 have shown a systematic down- 

ward displacement o f  the  mode s t r ~ c t u r e ' ~ " ~ .  I t  was not  c lear  whether 

t h i s  displacement occurred on ly  i n  the pe r tu rba t i on  o r  was .caused by a 

displacement o f  t he  equ i l i b r i um pos i t i on  o f  t he  plasma column as a wholc 

The measurements ca r r i ed  out  w i t h  the experimental apparatus described 

i n  t h i s  paper have'found tha t  the  plasma column not  on l y  s h i f t s  down- 

wards du r ing  the discharges but a l so  shr inks  and increases the interna1 

i nductance. 

I n  the  next  sec t ion  we present a summary o f  the  technique de- 

veloped by Swain and Neilson. I n  sect ion 3 we descr ibe .the diagnost ic 

system t h a t  has been developed a t  the I n s t i t u t o  de F ís i ca  o f  Universida- 

de de São Paulo. l n  sect ion  4 we present t h e  main resu l  t s  and the con- 

c lusion.  

2. ANALYTICAL MODEL 

The equ i l i b r i um o f  the plasma column i n  a tokamak ismaintained 

b y t h e p o l o i d a l  f i e l d c r e a t e d  b y c u r r e n t s t h a t  c i r c u l a t e  i n  the plasma and 

i n  externa1 c o i l s 1 5 .  The l a t t e r  produce a magnetic f i e l d  tha t  i n  the 

plasma reg ion i s  mainly p a r a l l e l  t o  the symmetry a x i s  o f  the  torus and 

thus a r e  c a l l e d  v e r t i c a l  f i e l d  c o i l s .  The plasma cur rent ,  on the other 

hand, i s  induced ins ide  the vacuum chamber by the  t ime v a r i a t i o n  o f  a 

magnetic f l u x  through the cent ra l  ho le  o f  t h e  torus.  The c a i I s  t ha tp ro -  

duce t h i s  f l u x  are  pa r t  of  the 50-called o h m i c  h e a t i n g  t r a n s f o r m e r  

( o H T ) ' ~  . In  f i g. 1 we show a t o r o i  da1 cross sec t i on  o f  the  TBR-1 tokarnak 

showing the  v e r t i c a l  f i e l d  c o i l s ,  the OHT co 

the edge o f  t he  cu r ren t  1 im i te r .  The 1 i m i t e r  

the cu r ren t  channel and keeps the hot plasma 

i l s ,  t he  vacuum chamber,and 

i s  a metal r i n g t h a t  l i m i t s  

away f rom the vacuum chamber. 
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i . .  . 
F i g .  1 - Cross sec t i on  o f  the  TBR- I tokamak showing the  
vacuuni. ehamber .(a) , the edge of the cur rent  l imi t e r  (b), the 
v e r t i c a l  f i e l d  c & i l s  ( c ) ,  the  ohmic heat ing c o i l s  ( d ) ,  and 
the f i laments t o  Simulate the plasma cur rent  (e ) .  

Let  us assume t t ia t  o u t s i d e  the cur rent  channel, i n  the  shadow 

o f  the 1 i m i  ter ,  we put  a se t  o f  N pick-up c o i l s  t ha t  measure i n  d i f f e r e n t  

po in ts  the rad ia l  and azimuthal components o f  the niagnetic f i e l d  du r i ng  

a discharge. This f i e l d  i s  produced by the plasma cu r ren t  and by the  

curi-ents i n  a1 l externa1 c o i l s ,  which are  known. A I  t h o u g h  t h e  t o t a l  

plasma cur rent  can be measured, the  prof i l e  o f  the corresponding current 

dms iLy  arid the shape o f  ttie cu r ren t  chantiel are unknown. The techníque 

< s i '  'wd i r i  arid Nei lson6 cons i s t s  i n  f i r s t  s imula t ing  the plasma cu r ren t  
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density by a set of M toroidal filaments located at pre-chosen pos- 

itions. We shall refer to those filaments as píías~a filaments; four of 

them are indicated in fig. 1 .  Let us denote the current in the external 

coi 1s by fi and the currents in the plasmo f i laments by The index j 
3 

runs from 1 to the total number J of external coi 1s in the f irst case 

and from 1 to M in the second case. The unknown currents 9 r then 

determined by minimizing the average square deviation of the magnetic 

f ield 

where Bi, and Bim are respectively the calculated and measuredvaluesof 

the poloidal (radial and azimuthal components) magnetic f ield and ai 

is the'estimated standard deviation reflecting the measurernent uncer- 

tainty at, sensor i. It can be shown that the minimization of <AB27 leads 

to a system of M linear algebraic equations for the unknown currents 

where Bi. is the total f ield ar pos 
the external f i laments, 

J 

i tion i produced by the currents in 

and &?:iP are matrices correrponding to Greenls funct ions, i .e., they 

give the niagnetic F ield produced at posi tion 0, by a uni t current lo- 

cated at position 8 . In the present case, a11 the external coils and 

pZasnia f i laments are concentric circular ioops and the expressions for 

&!:ip can be readily obtainedL8. Since the total plasma current I ir 
P 

known, the minimization of < A B ~ ~  can be carried out iniposing the con- 

stant 

However, this cons tra int pract ical l y does 

tained without imposing it17. Actual ly th 

not change tht? resul ts ob- 

is occurs because the currents 
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C 

We have calculated t h i s  term for  TBR-1 discharges and ver i f i ed  that i t  

introduces a correct ion smaller than 5% i n  the f i n a l  value o f  A ;  t h i s  

correct ion i s  o f  the order o f  the accuracy o f  the measurementsand thus 

i t  has not been taken in to  account. 

The other important equi l  ibrium quanti-ty i s  the Shafranov par- 

ameter A def ined i n  eq. (4). This i s  calculated using the formula 

where s ,  and s, are two integrais over the plasma surface defined by 

and 

where p i s ' t h e  rad ia l  var iable o f  

B; G'êR asn , (11) 

a pseudo-toroidal coordi nate sy s tem 

centred a t  the magnetic"axis o f  the plasma column and and e;(areunit  
P 

vectors i n  the direct ions p = const. and .R = const., respectivel y l l .  The 

. . in tegra ls  appearing i n  eqs. (8) ,  (10), and (11) are calculated using a 

numerical code descri bed i n  reference 17. 

To t es t  the accuracy o f  the method and t o  determine the optimal 

number M o f  pliasma filaments, we have carr ied out  numerical simulations 

o f  rea l  plasma discharges assuming a parabol ic current density p r o f i l e  

and using twenty diagnostic co i ls ,  corresponding t o  the actual diagnos- 

t i c  system. The f i e l d  produced a t  the pos i t i on  o f  each diagnostic c o i l  

has been calculated and mu l t ip l i ed  by a random factor  between 0.9 and 

1.1 t o  simulate experimental errors i n  real  measurements. We have found 

out that  a very good approximation t o  the exaet shape o f  t h e  plasma 

cross-section can be obtained using t h r e e  t o  s i x  p Z a s m a  f i laments  

(3 6 M á 6). Deta i ls  o f  the simulations are given i n  reference 17. 
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F i n a l  l y ,  we have S I  i g t h l y  improved t h e  technique oF Swain and 

N e i l s o n  t o  b e t t e r  accommodate t h e  d isp lacement  o f  the  plasma column i n  

TER-1. The p o s i t i o n s  o f  t h e  plasma f i l a m e n t s  a r e  i n i t i a l l y  chosen w i t h  

t h e i r  geometr ic  cen te r  c o i n c i d i n g  w i t h  t h e  one o f  t h e  vacuum chamber. I f  

t h e  geometr ic  cen te r  o f  t h e  plasma c ross  s e c t i o n  i s  found t o  be s h i f t e d  

wi t h  respec t  t o  the  cen te r  o f  t h e  vacuurn chamber, t h e  c e n  t e r  o f  t h e  

pZasma f i l a m e n t s  a r e  s h i f t e d  t o  t h a t  p o s i t i o n  and t h e w h o l e c a l c u l a t i o n  

repeated.  Th is  process goes on u n t i l  t h e  d isp lacement  between two sub- 

sequent p o s i t i o n s  o f  t h e  c e n t e r  o f  t h e  plasma cross s e c t i o n  i s  s m a l l e r  

than  0.5 mm. I n  p r a c t i c e  we f i n d  t h a t  no more than two i t e r a t i o n s  a r e  

s u f f i c i e n t  t o  s a t i s f y  t h i s  c r i t e r i o n .  

3. DIAGNOSTIC SYSTEM 

The TBR-1 tokamak i s  o s m a l l - s i z e  d e v i c e  t h a t  has b e m  designed 

and c o n s t r u c t e d  a t  t h e  Instituto de ~<sica o f  Universidade de S& Pau- 

1 0 " ~  Reproducib le  d ischarges a r e  o b t a i n e d  a f t e r  a p p r o x i m a t e l y  f i v e  

hours o f  d ischarge o r  rad io- f requency  ~ l e a n i n g ~ ~ ' ~ ~ .  The plasma c u r r e n t  

can be v a r i e d  from 6 t o  12 kA, w i t h  p u l s e  dusa t ion  up t o  7ms, and t h e  

t o r o i d a l  magnetic f i e l d  can be v a r i e d  f rom 4 t o  5 k6. Phe vacuumchamber 

(316 LSS) i s  3 mm t h i c k ,  wh ich  g i v e s  an  a t t e n u a t i o n  o f  a p p r o x i m a t e l y  

13 db f o r  s i g n a l s  i n  the  kHz range. There fo re ,  we have d e s  i g n e d  t h e  

d i a g n o s t i c  system w i t h  the  p i c k- u p  c o i l s  i n s i d e  t h e  vacuum chamber t o  

p r e v e n t  a t t e n u a t i o n  and d i s t o r t i o n  o f  t h e  s i g n a l s .  

Two types o f  c o i l s  a r e  used: t h e  r a d i a l  c o i l s  t h a t  measure t h e  

r a d i a l  component o f  t h e  p o l o i d a l  magnet ic  f i e l d  and t h e t a n g e n t i a l  c o i l s  

t h a t  measure the  az imuthal  component. The t a n g e n t i a l  c o i l s  a r e  made o f  

56 t u r n s  o f  @ 0.13 mm copper w i r e  d i r e c t l y  wound on two I$ 12.7 mm n y l o n  

tubes.  The r a d i a l  c o i l s  a r e  made o f  130 t u r n s  o f  the  same w i r e  wound on 

m a l 1  spools t h a t  a r e  then i n s e r t e d  i n  t r a n s v e r s a l  o r i f i c e s  i n t h e n y l o n  

tubes. Thr s i z e  o f  the  c o i l s  and the  assembi ing scheme á r e  i n d i c a t e d  i n  

F i g .  2a. The two n y l o n  tubes a r e  then  covered w i t h  h e a t - s h r i  n k  i s o -  

i a t i o n ,  bent  i n  s e m i c i r c l e s  o f  9.7 mm r a d i u s  ( f i g .  2b),  and i n s e r t e d  

i n t o  s t a i n l e s s  s t e e l  s e m i c i r c u l a r  tubes o f  19 rnm i n t e r n a 1  d iamete r  and 

0.3 mm th ickness.  One end o f  t h e s e  s u p p o r t i n g  tubes i s  c l o s e d  w i t h  a  

vacuum t i g h t  metal p l u g  and t h e  o t h e r  end i s  so ldered t o  a  s t r a i  g h t  
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Fig.2 - Sketch o f  t he  tangent ia l  and rad ia l  p ick  
-up co i  1 s  and the  assembl i ng  scheme (a) and the 
two bent nylon tubes before  i n s e r t i o n  i n  thesup- 
p o r t  i ng metal tubes (b) . 

tube t h a t  can s l  ide  ins ide  a feedthrough i n  the  vacuum f lange (f ig .  3 ) .  
During d ischarge c1 eaning, the  vacuum chamber and metal 'surfaces 

i ns ide  i t  get  very hot. I n  order  t o  avo id  me l t i ng  o f  the i s o l a t i o n o f  the  

pick- up c o i l s ,  coo l ing  a i r  i s  fo rced i n t o  the  ny lon  tube and re tu rns  

through the space between the  ny lon  and support ing tubes, as i nd i ca ted  

i n  f i g .  3b. A p i c t u r e  o f  the e n t i r e  assembly i s  shown i n  f i g .  4 .  Th is  

type o f  const ruc t  ion cons iderab l  y f a c i  1 i ta tes  the  i nse r t i on  o f  the d iag- 

n o s t i c  system i n t o  the  vacuum chamber, i n  s p i t e  o f  the small s i z e  of t he  

d iagnost ic  po r t s  o f  TBR-I. By r o t a t i n g  the  support ing tubes, thetwo semi 

- c i r c l e s  can be brought c l ose  together and then inserted i n t o  the vacuum 

chamber. Once the f lange i s  i n  p lace,  the  two tubes a re  ro ta ted back t o  

the proper pos i t ions. 

The e f f e c t i v e  areas o f  the  pick-up c o i l s  have been d e t e r m i n e d  
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I RADIAL COIL 
TANSEWTIAL COIL 

Fig.3 - Sketch o f  t h e  s t a l n l e s s  s tee l  support ing 
tubes showlng the  r e f r i g e r a t i o s i  system (a) and 
pos i t i on  o f  éhe pick-up c o i l s  i n s i d e  the vacuum 
chamber ( b ) .  

i n  a  standard Helmholtz c o i l  fed  w i t h  a  60 H n  cw eurrent .  The measured 

values a r e  given i n  t a b l e  1 .  I n  the acteial experiment, the s  i gna 1 o f  

each c a i  1 has t o  be integrated.  We have des igned a  ver v e r s a t i l e  ac t i ve  

i n t e g r a t o r  t ha t  can operate e i t h e r  as d i f f e r e n t i a l  o r  u n i  p o l a r  ampl i -  

f i e r 1 7 .  There i s  one i n teg ra to r  f o r  each c o i l .  The s igna ls  from the i n -  

t eg ra to rs  a re  d i g i t a l  ized i n  Le Croy 2264 modules and s tored i n  Le Croy 

8800A and 8800/8 memories f o r  l a t e r  d i sp lay ing  i n  an o s c i  l l o s c o p e  o r  

f u r t h e r  computer processing. The reading r a t e  o f  the modules I s  f i x e d  a t  

2.5 ps.  The gains o f  the  i n teg ra to rs  have been ca l  ib ra ted using a  known 

input  s i gna l  and a  50R load, corresponding t o  the  input  impedance o f  

the CAMAC modules. The actual  gains used f o r  each c o  i 1  a r e  s  hown i n  

t a b l e  1. 
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Fig. 4 - P ic ture  o f  t h e  d iagnost ic  system. 

The to ro ida l  magnetic f i e l d  i n  TBR-1 has a strong r i p p l e  due t o  
2 2 

the  discreteness o f  the to ro ida l  f i e l d  c o i l s  . This produces a r a d i a l  

magnetic f i e l d  component t ha t  i s  detected by the rad ia l  pick-up c o i l s  . 
- The corresponding s ignal  i s  so intense t h a t  i t  completely saturates the  

CAMAC modules. To e l iminate  t h i s  e f f e c t ,  we have added a c o n s t a n t  d c  

vo l tage t o  the  output  o f  the a c t i v e  i n teg ra to rs  t h a t  are  c o n n e c t e d  t o  

the r a d i a l  d iagnost ic  c o i l s .  Furthermore, we co r rec t  t he  s ignal  o f  these 

c o i l s  by subt rac t ing  out  the  spurious s igna l  t ha t  i s  measured i n  the ab- 

sence o f  plasma, by puls ing on l y  the t o r o i d a l  f i e l d  c o i l s .  

4. RESULTS 

We have analysed var ious discharges i n  TBR-1 w i t h  the plasma 

cu r ren t  vary ing from 5.5 t o  10.5 kA and w i t h  a discharge durat ion o f  ap- 

proximately 6.5 ms. I n  t h i s  paper we r e p o r t  the  resul  t s  obtained f o r  two 

discharges, one w i t h  a current  o f  8.7 kA and the other w i t h  a current  o f  

10 kA. These discharges are  t y p i c a l  w i t h i n  t h e  range o f  parameters t h a t  

have been used. ~ i s c h a r ~ e s  w i t h  cur rents  smal ler  than 9 kA usua l ly  have 

a low magnetohydrodynamic a c t i v i t y  whereas discharges w i t h  currentsabove 

10 kA have s t rong a c t i v i t y 1 4 .  
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Table 1 
used i n  
i n  f i g .  

- E f f e c t i v e  area o f  the pick-up c o i l s  and gain o f  the i n teg ra to rs  
each c o i l  . The l abe l s  o f  t he  c o i l s  correspond t o  the Iabe l s  used 

rad ia1 

c o i  1 

e f t e c t i v e  area I ga in  (s-l' 
T I  

t a n g e n -  
t i a 1  

c o i l  

T i  

Tâ 

T3 

T4 

r 5  

T6 

T7 

T 

e f f e c t i v e  area 

(I O-'mL) ("0.08 

ga in  ( s " ' )  

O u  t " =nz 

To i l l u s t r a t e  the experimental procedure, we w i l l  g i v e  the  raw 

data on ly  f o r  the - 7  kA discharge; the  data f o r  the o ther  d ischarge a r e  

q u i t e  s i m i l a r .  I n  f i g .  5 we show the main parameters o f  the discharge; 

namely, loop voltage, plasma cu r ren t ,  r a d i a l  p o s i t i o n  o f  t h e  p l a s m a  

column, hard X-ray emission, and cu r ren ts  i n  the v e r t i c a l  f i e l dandohmic  

hea t i ng  c s i l s .  The rad ia l  p o s i t i o n  o f  t he  plasma co lumn  i s  g l o b a l  l y  

measured by sensing c s i  1s ou ts ide  the  vacuum chamber 2 3  The s igna l s  de- 

tec ted by the pick-up c o i l s  a re  shown i n  f i g .  6 f o r  the azimuthal and i n  

f i g .  7 f o r  the rad ia l  c o i l s .  We note  t h a t  whereas t h e  s i g n a l s  o f  t he  

azimuthal c s i l s  very c l o s e l y  resemble the  s igna l  o f  the t o t a l  p l a s m a  

cu r ren t ,  as they should, the  s igna l s  o f  t he  rad ia l  c o i l s  seem very d i s-  

t o r t e d ,  due t o  the r i p p l e  o f  t he  t o r o i d a l  magnetic f i e l d ,  as p rev ious l y  

mentioned. This can be seen by the  s igna l s  detected by the  r a d i a l  c o i l s  

when on ly  the to ro ida l  c o i l s  a r e  pulsed, w i thout  plasma. These s igna ls  

a r e  a l s o  shown i n  f i g .  7. 

Using the values o f  t he  po lo ida l  magnetic f i e l d  measured by the  
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Fig.5 - Main parameters o f  t he  
t ítrns/divl 8.7 kA discharge: loop v01 tage 

(a), r ad ia l  pos i t i on  (b),plasma 
cur rent  (c), hard X-ray emiss'ion 
(d) , cur ren t  i n  ohmic heat ing  
transform, (e), and cu r ren t  i n  

kA/div) the v e r t i  ca l  f i e l d  c o i  \ s ( f )  . 

'''O Fig.6 - F i e l d  measured -by the tangent ia l  
f i e l d  c o i l s  i n  the  8.7 kA discharge. The 

0.09 l abe l s  T I  t o  TI0 correspond t o  the c o i  1s 
whose p o s i t i o n s  a re  indicated i n  f i g .  3 b .  

t (lm/div) 
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Fig.7 - Field measured by the radial field 
.7 kA discharge. The labels R I  

to R1 0 correspond to the coi 1 s wbse pos i t lons 
are indicated in fig. 33. The dashed l ines 
correspond ta the signalã obtained without 
plasma and which are due to tke ripple of the 
toroidal Pield. 

pick-up coils, we can de,terrnine the plasma cross section and other equi- 

Iibrium quantities, as discussec! in sectian 2, The time evolution of the 

shape of the plasma cross section is shswn in figs. 

10 kA discharges, respectively. In the fsrmer case, the plasma column Is 

first displaced towards the outside of the torus and then towards the 

inside. For the latter, the plasma eolumn is continuously displaced 

towards the inside of the torus. In both cases, however , the plasma 
column shows a downward displacement and shrinks in minor radius towards 

the end of the discharge. The radial displacement of tlie plasma col umn 

can be more quantitatively çeen by plotting the position of thegeometric 

center of the pZasma filaments as a function of time. This is shown in 

fig. 10. In the same picture we also show the position o f  the plasma 

column asmeasured by theradial positi~ncoils~~. It is clear that 

although the two measurements qualitatively agree, there is a constant 

shif t between the. two resul ts. Thi s is probabl y due to a smal 1 asymmetry 

in the radial position coilç. If we correct for this asymmetry by making 
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Ims 

Fig.8 - Time evolution of the cross section 
of the plasma column in the 8.7 k A  dis- 
charge. Four f ilaments were used to çimulate 
the plasma current. The x denotes the pos- 
ition of the geometric center of the fila- 
ments. The symrnetry axis of the torus is to 
the left of the figures. Time is computed 
from the beginning of the discharge. 

a uniform shift in the results of these coils, the two sets of meas- 

urements also quantitatively agree17. 

The downward displacement of the plasma coluriin can be seen by 
plotting the vertical position of the geometric center of its cross 

section as a function of time. This is shown in fig. 11. We see that 

the plasma column is almost one centimeter downward d i splaced at the 
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Fig.9 - 
the cross 
olasma co 

Time cvo lu t i on  o f  
sec t i on  o f  the 

lumn i n  the 16 kA 
d i  scharge. Four f i  laments 

were used t o  s imulate the plasma cu r ren t .  The x 
denotes the p o s i t i o n  o f  t l ie  geometric c e n t e r  o f  
the f i laments .  Tlie symmetry ax i s  o f  the to rus  i s  
t o  the l e f t  o f  the f i gu res .  Time i s  cornputed from 
tke  beginning o f  the discharge. The small inden- 
t a t i o n  i n  the plasma cross sec t i on  a t  t = 5 ms i s  
probably not  a rea l  fea ture  b u t a  numerical inac- 
curacy due t o  the closeness o f  the p 1 asma f i la -  
ments . 

end o f  the discharge. Considering tha t  the i n i t i a l  minor rad ius  o f  the 

plasma column i s  on l y  8 cm, t h i s  displacement i s  q u i t e  substant ia l .Fur -  

thermore, i t  makes the  ho t  plasma s t rong ly  i n t e r a c t  w i t h  the cu r ren t  

l i m i t e r ,  producing the  copious hard X-ray emission shown i n  f i g .  5 a t  

the end o f  the discharge. The compression o f  the plasiiia colunin i n  hoth 

minor and major r a d i  i i s  probably due to  the value o f  the externa1 v e r -  

t i c a l  f i e l d  becoming l a r g e r  than necessary. The downward displacement, 

on the other hand, i s  probably due t o  an asymmetry i n  t h e v e r t i c a l  f i e l d  

c o i l s  o r  incomplete c a n c e l l a t i o o  o f  the v e r t i c a l  s t r a y  f i e l d  produced 

by the to ro ida l  f i e l d  c o i l s .  This downward displacement has a l s o  been 

measured by Ueta u s i  ng sens ing  co i  1s outs ide the vacuum chamberL3. 

Because the t o t a l  plasma cur rent  i s  kept a p p r o x i m a t e l  y con -  

stant  and the cross sec t i on  o f  the plasma column dirnishes du r i ng  t he  
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Fig.10 - Radial position of the geometric 
center of the p l a s m a  f i 1 aments (e) as a 
function of time for the 8.7 k A  (a) and 10 
kA (b) discharges. The open c i  rcl es represent 
the center of the plasma colurnn deterrnined 
from the radial position coilsZ3. 

i a )  

Fig.11 - Vertical position of the geometric 
center of the plasma cross section as a func- 
tion of time for the 8.7 kA (a) and 10 kA 
(b) discharges. 

d ischarge, the current dens i ty prof i 1 e has to become s teeper, i ncreas ing 

the interna1 indutance R. (eq.(3)). This is secn in fig. 12 where the 
2. 

parameter A (eq. (4)) is plotted as a function of time. Clearly, the 

value of A can also increase due to an increase in the value of B 
P' 

caused by compressional heating by the vertical inagnetic f i e1 d. The 

maximuni possi ble heating occurs under the condi tion of ad i abat i c com- 

pression. In this case, conservation of poloidal and toroidal magnetic 
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Resumo 

Um sistema de diagnóstico para determinar a forma da secçao 
transversal da coluna de plasma no tokamak TBR-l é descrito. O sistema 
é baseado numa têcnica desenvolvida por Swain e Neilson e utiliza medi- 
das das componentes radial e azimutal do campo magnético na entorno da 
coluna de plasma. Com este sistema foi verificado que 
gas normais a coluna de plasma apresenta um deslocamento sistemátleopa- 
ra baixo do plano equatorial da máquina e encolhe tanto em relação ao 
r a i o  maior coma ao ra io  menor. 


