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Abstract The change o f  the  p o l a r i z a t i o n  s t a t e  o f  an e l e c t r o m a g n e t i c  
wave (E .M.w. )  propagat ing across a  magnetized plasma may be used t o  de- 
termine plasma parameters. I n  a  plasma machine o f  the Tokamak type, the  
Faraday r o t a t i o n  of the E.M.W. a l lows f o r  the d e t e r m i n a t i o n o f t h e  prod- 
u c t  o f  the  plasma e l e c t r o n i c  dens i t y  by the  po lo ida l  magnetic f i e l d .  I n  
t h i s  paper we propose a  novel o p t i c a l  con f i gu ra t i on  which permits sim- 
ultaneous measurements o f  these two parameters w i thout  t h e  u s e  o f  a n  
a u x i l i a r y  i n te r fe rome t r i c  se t  up. By choosing appropr ia te  laser  wave- 
length  t h i s  method can be used i n  Tokamaks ( A  > lmm) and  a1 so  i n  0 -  
- P i n c h e s  p lasmas  (A = 10pm). We discuss the app l i ca t i on  o f  these re-  
s u l t s  t o  plasma machines now i n  opera t ion  i n  B r a z i l ,  l i k e  the Tokamak/ 
/USP and 0-Pinch/UNICAMP, using lasers  developed a t  UNICAMP. 

1. INTRODUCTION 

Electromagnetic waves ( E  .M.W.) propagating through an aniso- 

t r o p i c ,  b i r e f r i n g e n t  and o p t i c a l l y  a c t i v e  plasma medium may be used t o  

determined the plasma e lec t ron  dens i ty  and the interna1 magnetic f i e l d  

s t rength  w i thou t  per turb ing  the plasma by analysing the change o n  t h e  

p o l a r i z a t i o n  s t a t e  o f  the  propagat ing  electromagnetic ~ a v e s " ~ '  3. 

We ~ i l l  b r i e f l y  review t h i s  d iagnosis method, f o l l ow ing  the 

work i n  Tokamaks by Ascol i e t  aZ' and De Marco and segre2, and extend 

the work t o  the  l i n e a r  8-Pinch systems. 

We a l ço  propose, an o p t i c a l  apparatus where the simultaneous 

measurements o f  the  e lec t ron  dens i ty  and the po lo ida l  magnetic f i e l d a r e  

poss ib le  both i n  a  Tokamak and i n  a  8-Pinch. The . ln f ra red (l.R.)and Far 

I n f ra red  (F. I .R.) Lasers needed f o r  these measurements were b u  i i t a t  

our I n s t i t u t e  and diagnosis parameters are  analysed i n  two machines, 

the Tokamak and the 8-Pinch i n  opera t ion  a t  USP and UNICAMP, respect-  

i ve l y .  

+ Work p a r t  ia1 1 y  supported by FINEP, CNEN, FAPESP and CNPq (Braz  i l i a n  
Government ~ g e n c i e s ) .  
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2. ELECTROMAGNETIC WAVE POLARIZATION STATE EVOLUTION THROUGH AN 
ANISOTROPIC, BIREFRINGENT AND OPTICALLY ACTIVE MEDIUM 

The evo lu t i on  o f  the  p o l a r i z a t i o n  s t a t e  o f  an E.M.W. can be 

carac ter ized completely by the two parameters represented i n  f i g .  1, Y 

( the azimuthland x ( re la ted  t o  e c c e n t r i c i t y  E) where 

w i t h  

and the + o r  - i s  associated w i t h  the counter clockwise 

r o t a t i o n .  

(1 

o r  c l o c k w i s e  

I n  the  case where h (E.M.w. wavelength) i s  much smal l e r  than 

the  c h a r a c t e r i s t i c  lengths o f  the medium, each propagation d i r e c t i o n  

can be associated w i t h  two E.M.W. w i t h  d i f f e r e n t  phase v e l o c i t i e s  and 

orthogonal p o l a r i z a t i o n  vectors
g 

, named ord inary  and  e x t  r a o r d  i na r y  

waves. These waves possess phase v e l o c i  t ies c/vi and e/p2, where and 

p2  a re  l o c a l l y  def ined r e f r a c t i o n  ind ices  w i t h  v1 > p2. These i n d i c e s  

depend on z, t he  d i r e c t i o n  o f  propagation o f  the  E.M.W.. For a  t y p i c a l  

plasma lenght L ,  these two waves w i l l  have d i f f e r e n t  phase v e l o ç i t i e s  

which leads t o  a  phase s h i f t  A@ given by 

The two waves a re  then recombined t o  g i ve  a  wave whose po la r -  

i z a t i o n  s t a t e  i s  A@ dependent. I n  order  t o  represent the evo lu t i on  o f  

t h i s  p o l a r i z a t i o n  state,  the Poincarê sphere4" ( f i g .  2 )  i s  used. This 
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Fig .  2  - ~ o i n c a r ê  sphere rep- 
resenta t ion  o f  p o l a r i z a t i o n .  

i s  a  sphere o f  u n i t  rad ius  where each s t a t e  o f  p o l a r i z a t i o n  i s  uniquely 

represented by a  p o i n t  P on the surface whose l a t i t u d e  and long i tude 

a re  2X an 2y ( f i g .  2 ) .  The evo lu t i on  o f  the p o l a r i z a t i o n  dur ing  propa- 

ga t i on  may be represented on the Poincare sphere by i n f i n i t es i rna l  ro -  

t a t i o n s  about an a x i s  passing through the  po in t s  r e p r e s e n t  i n g  t h e  

c h a r a c t e r i s t i c  po la r i za t i ons ,  the angle o f  r o t a t i o n  being 

Thus the evo lu t i on  o f  the p o l a r i z a t i o n  may be represented 

where 

I SI = COS 2x COS 2Y 

;S = < S2 = cos 2X sen 2y 

S3 = sen 2x 

equal t o  A$. 

by 

i s  the p o l a r i z a t i o n  vec tor  i n  terms o f  Stoke's parameters SI, S2 and S, 

which are  the ca r tes ian  coordinates o f  the poín t  P i n  f i g u r e  2.The vec- 
+ 

t o r  R has rnodulus 

and the d i r e c t i o n  o f  the f a s t e s t  wave, $t2 : 
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From eqs. 1 and 3 we get :  

and 

s2 
y = 0.5 a rc  tan  (-1 si. 

Let 3, = 3(0) be the i n i  t i a 1  p o l a r i z a t i o n  vector :  Solv ing eq. 

(2) up t o  second order  i n  6, we have6: 

where 

3. WAVE PROPAGATION IN A NONUNIFORM PLASMA WITH MAGNETIC FIELD 

So far ,  we have assumed tha t  the E.M. wavelength s h o u l d  b e  

much smal ler  than the c h a r a c t e r i s t i c  lengths of the  p lasma,  a s  f o r  

example, the scale length  o f  the plasma dens i ty  g rad ient .  Nevertheless, 

f o r  many app l i ca t i ons ,  i t  i s  a l s o  t r u e  t h a t  the  E.M.W. frequency ~JJ i s  

much l a rge r  than the plasma frequency w ( o 2  >> 9, g iv ing ,  t he re fo re  
P 

Ali,, << 1 and $(z) << i. Furthermore, i f  f o r  s i m p l i c i t y  we ignore, c o l -  

l i s i o n s ,  i on  mouvements and thermal e f f e c t s ,  we can consider the i -esu l ts  

o f  an electromagnet ic wave propagating through the e lec t ron  d o i n i n a n t  

plasma7 t o  f i n d  8 ( z l 6 :  
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+ 
where B B and B a r e  the components o f  the magnetic f i e l d  B .  From eq. 

x' Y z 
8 we get:8 

w3 
SI = s o l  - w 3  '502 - 7 S 0 1  V2 s03 

where 

-+ 
Equations (10) g i v e  us the output  values o f  S as a  func t i on  

-+ 
o f  the input  parameter So and the plasma parameter o f  the  medium. 

4. ELECTRON DENSITY AND MAGNETIC FIELD MEASUREMENTS USING THE POLARIMETRY 

Consider, i n  the  t o r o i d a l  conf igura t ion ,  the wave propagating 

through a  v e r t i c a l  cord, and the y a x i s  i n  the t o r o i d a l  d i r e c t i o n
g
.  As- 

sume t h a t  the plasma e lec t ron  dens i ty  and the cu r ren t  dens i ty  dependent 

on r = (x2+2" )'I2 i n  such a  way t h a t  the po lo ida l  magnetic f i e l d  pos- 

sess a  pure ly  azimuthal component. I n  the  c y l i n d r i c a l  approximation i t  

can be w r i t t e n  as1': 

B ( r )  = BI b ( r )  
P (1 1) 

where B = 21T/ac i s  the  po lo ida l  magnetic f i e l d  a t  the outer  rad ius  o f  I 
the plasma, and I the po lo ida l  plasma cu r ren t .  Then the fo l l ow ing  ex- T 
pressions can be w r i t t e n :  
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where b ( r )  and f (z) a re  the p ro f  i l e  funct ion  o f  the  B f i e l d  and the den- 

s i  t y ,  respect i v e l  y. 

Since f o r  the Tokamak conf igura t ions f (z)  and h(z)  are even 

funct ions o f  (z), and g(z) i s  an odd func t i on  o f  (z) ,  we can f ind  the 
-+ 

expressions f o r  ~ ( z )  as: 

I Zo 

W i  = M 

w(z) = W2 = O 

and 

where CGS u n i t s  were used. 

We can see from the above eqs. t ha t  W1 behaves as A' whereas 

W, behaves as 12, suggesting tha t  the  wavelength o f  the incident beam 

should be as long as possible,  but  keeping i n  mind tha t  w2 >> w From 

these considerations, i n  the case of  the Tokamaks (n  - 10 '  Ai3) the  

beam wavelenght should be on F.I.R. region. Furthemore, we should po in t  

out  t ha t  from the measurements o f  Wi we can ob ta in  the e lec t ron density, 

n (z ) ,  and from W3 the  product n(z)  B (z ) ,  which gives thesimul taneous 
Z 

measurernents o f  densí ty and po lo ida l  magnetic f i e l d .  
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However, so far, as to our knowledge, these measurements have 

been done using only the independent measurements of W, or i?, and using 
11-14 auxiliary interferometer techniques . The simultaneous measurements 

of W l  and W J  has been suggested by segre15 using a high resolution el- 

lipsometer and electro-optical system to induce the necessary externa1 

birefringency to measure the eccentricity. Meanwhile, this kind of 

measurement i nvolves high qual i ty optical equipment (~olari zers, quarter 

wave plates, ferri te and detector) , which is not easi ly obtained at the 
F. I .R. region. We propose here a way to overcome these requ irements us i ng 

a much simpler optica) ser up and less sophisticated equipment. 

4b - Optical Set up and Measurements 
The key question for simultaneous measurements of density and 

magnetic fields is the determination of the variables Wl and W 3 .  lt 

has been shown that under certain conditions of the input polarization 

vector, the plasma behaves either as a birefringent medium, for which 

the eccentricity changes without changing the azimuth angle (~otton - 
-Motton Effect), or as an opticaliy active medium,for which the azimuth 

angl e changes wi thout a change in the eccentr ici ty  a arada^ effect) 16. 
However, if we define the input polarization state in.such a 

way as to define the medium as birefringent and optically active, wecan 

measure W 1  and Wg simultaneously. The optical set up proposed for this 

is: 

1 - 

whe 

lat 

I me 

2 - 

Define the input wave polarization state 

-+ 
S, = (0, sen 2Y, 0) (17) 

re Ji = w t,which implies on a rotating polarizer with w as a modu- r r 
ion frequency which in turn can give the resolution of the polar- 

ter. 

From equation (10) and using BI << B T ,  the output wave polarization 

state is 

-+ w ; 
S = (- W3 sen 2Y, (1 - 2) sen 2Y, W1 sen 2Y) 
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At  t h i s  p o i n t  we can use a  beam sp 

beams which can be coupled t o  two po la r i ze rs  

a) Se t t i ng  the  f i r s t  p o l a r i z e r  t o  be pa ra le l  

1 i t t e r  i n  order t o  'get two 

+ 
P1 = (1,0,0) , 

b) and the second a t  45' w i t h  respect t o  BT o r  
-+ 
PZ = (0,1,0) , 

the o u t p u t  i n  t h i s  case w i l l  be: 

a) from the f i r s t  po la r i ze r :  

which gives us informat ion about the product n ( z ) ~ ~ ( z )  ; 

b) from the second p o l a r i z e r :  

which gives us in format ion  about the densi t y  n ( z ) .  

Th i s  con f i gu ra t i on  i s  shown i n  f i g u r e  3 and can be analyzed 

i n  a  mul t ichannel  system. 

Fig.3 - Mult ichannel system conf igur -  
a t i o n  f o r  simultaneous measurements o f  
e l e c t r o n i c  dens i ty  and po lo ida l  mag- 
n e t i c  f i e l d  i n  Tokamaks by the po lar -  
ime t r i c  technique. 



Revista Brasileira de Flsica, Vd. 16, n? 1, 1986 

For the s p e c i f i c  app l i ca t i on  on USP's Tokamak w i  t h  p r o p a -  

gat ion  along the diameter (L = 16cm, n-1012 -t l 0 I 3  ~ m - ~ ,  BT = 5.0 KG), 

and using the FIR laser l i n e  w i t h  X = 3030.O~m o f  a  CD30H laser op- 

t i c a l l y  pumped by a C02 laser  (both b u i l t  by UNICAMP's laser  group'7) ,  
O 

w i l l  r e s u l t  i n  an equivalent  r o t a t i n g  angle o f  -8.7 . 

4c - For the case o f  UNICAMP's 8-Pinch 

I n  t h i s  case we assume t h a t  the  magnetic f i e l d  i n  the z-di-  

rec t i on  i s :  

r f  = (O,O,B ) (23) 

which from eq. (9) as gives the value o f  z ( z ) :  

4d - Opt icat  Set up and Measurements 

I f  the input l i g h t  i s  l i n e a r l y  po lar ized a t  90° w i t h  respect 

t o  BZ, i.e., p a r a l l e l  t o  the Y ax is ,  f o r  example l e t  the input polar-  
+ 

i z a t i o n  s t a t e  vector be given by S, = (1,0,0), then the output  po lar-  
-+ 

i z a t i o n  vector (using W(z) << 1) w i l l  be given by 

From eq. (6) we have def ined the value o f  W g  which, i n  t h i s  s p e c i f i c  

case, i s  a  pure ly  Faraday ro ta t i on .  This angular r o t a t i o n  o f  the  po lar -  

i z a t i o n  s t a t  

Th 

i s  given by: 

y = (q) A' r n Bo dl (27) 
O 

s resul  t i s  the same found by Turner e t  aZ18 wi t h  ne i ther  

the i n f i n i t e s i m a l  r o t a t i o n  approximation nor the Poincaré sphere rep- 

resentat ion.  For the po la r ime t r i c  measurement, we place a t  the end o f  

8-Pinch, a po la r i ze r  perpendicular t o  the input po la r i ze r .  This o p t i c a l  
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set up is shown in fig. 4. Using the usual formula of two crossed 

polarizers we find: 

I = To sen2 Ji 

where the output intensity (I) is given in terms of the input int:ensi ty 

(10) and of the rotation angle ($) . 

Laser Beam 

0, - \ d e t r c t o r  

8 Pinch 

Fig.4 - Optical configuration for polarimetric measurements of 
electronic density in 8-Pinches. 

The output intensity versus electronic density is plotted in 

figure 5 for the plasma parameters of the 0-Pinch, UNICAMP ( B ~  = 8,10, 

12 kG; L = 100 cm) for three wavelenghts: X = 10.6pm ( ~ 0 ~  laser l ine) , 
A = 7 5 . 6 ~ ~  (CH30H laser line) and A = 118.8pm (CH~OH laser 1 ine). 
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F i g . 5  - O u t u p u t  i n t e n s i t y  versus e l e c t r o n i c  
densi ty f o r  the UNICAMP-6-Pinch parameters. 
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the " lnternat ic inal  J.  

Resumo 

A mudança do estado de polar ização de uma onda eletromagnêti - 
ca propagando-se através de um plasma magnetizado pode ser u t i l i z a d a  pa- 
r a  a determinação de parâmetros desse. Num Tokamak, a rotação de Faraday 
permite a determinação do produto densidade e le t rôn i ca  por campo magné- 
t i c o  po lo ida l .  Propomos aqui, uma apropriada configuração Õ p t i c s ,  que 
permite a medi da desses parâmetros independente e s imul taneamente, sem 
o uso de um in ter ferõmetro  auxi  l i a r .  Para nosso caso, medidas podem ser 
f e i t a s  tanto  em Tokamaks como em 8-Pinches, u t i l i zando- se  Lasers ino IVL 
(X>lmm) no IV ( h  ~10 .O~ im)  respectivamente. Analiza-se a v iab i l i dade  
dessas rned i das, u t  i 1 i zando-se parãmetros t í p i c o s  das máquinas em opera- 
ção no Bras i l (~okamak-USP e 8-~inch-UN I CAMP) , e lasers construídos no 
Grupo de Lasers e Aplicações da UNICAMP. 


