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ABSTRACT 

The e l e c t r o n d e n s i t y i n a plasma j e t has been determined as a 

f u n c t i o n of p o s i t i o n i n the j e t by measurements of the coherent s c a t t e r i n g 

of l a s e r l i g h t . The e l e c t r o n d e n s i t y p r o f i l e s thus obtained are compared 

w i t h p r o f i l e s obtained from measurements of s p e c t r a l l i n e i n t e n s i t i e s . 

The r e s u l t s of these two d i a g n o s t i c methods are seen to agree w i t h i n 

experimental e r r o r . For the experiment described here, the s c a t t e r i n g 

i s from c o r r e l a t e d motion of the e l e c t r o n s , and the s c a t t e r e d l i g h t 

spectrum has d i s t i n c t e l e c t r o n s a t e l l i t e s . I t i s shown t h a t the width 

of these s a t e l l i t e s , observed i n e a r l i e r work by Chan and Nodwell (1966), 

may be accounted f o r by the e l e c t r o n d e n s i t y gradients i n the plasma. 

This t h e s i s gives a short review of techniques and r e l e v a n t theory, w i t h 

emphasis on experimental problems. A b r i e f d i s c u s s i o n of p e r t u r b a t i o n 

of the plasma by the l a s e r l i g h t i s a l s o i n c l u d e d . 
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CHAPTER I - INTRODUCTION 

In recent years the s c a t t e r i n g of l a s e r l i g h t by a plasma has 

receiv e d much a t t e n t i o n , both t h e o r e t i c a l l y and experimentally. This 

i n t e r e s t i s duo at l e a s t i n p a r t t o the advantages of us i n g l i g h t 

s c a t t e r i n g as a plasma d i a g n o s t i c t o o l , the most important of these 

being the good r e s o l u t i o n i n space and time -which can be obtained. 

Besides t h a t there i s the p r a c t i c a l , and perhaps b a s i c advantage t h a t 

the r e l i a b i l i t y of t h i s d i a g n o s t i c method does-not depend on intermediate 

t h e o r i e s and assumptions about the nature and p r o p e r t i e s of the plasma -

the weak p o i n t i n most other d i a g n o s t i c methods. 

The theory' of the s c a t t e r i n g of l i g h t has been derived and 

discussed by a number of authors such as S a l p e t e r ( i 9 6 0 ) , and Rostoker 

and Rosenbluth (1962). The case of the p a r t i c u l a r experiment described 

i n t h i s t h e s i s i s discussed by Wil l i a m s o n et a l (1966), and by P.W. Chan (1966) 

When the plasma e l e c t r o n s a c t independently, the p r o f i l e of the sc a t t e r e d 

l i g h t i s e s s e n t i a l l y Gaussian, due t o doppler broadening by the thermal 

motion of the e l e c t r o n s . When the e l e c t r o n s act cohe r e n t l y , the sc a t t e r e d 

l i g h t p r o f i l e c o n s i s t s of a c e n t r a l peak, and of weak e l e c t r o n s a t e l l i t e s , 

s h i f t e d t o e i t h e r side of the c e n t r a l l i n e by approximately the plasma 

frequency. The s a t e l l i t e s h i f t thus gives a measure of e l e c t r o n d e n s i t y . 

This l a t t e r case of coherent s c a t t e r i n g holds f o r the experiment 

described here. 

Among the experimental problems a s s o c i a t e d w i t h s c a t t e r i n g 

the low i n t e n s i t y of the sc a t t e r e d l i g h t i s of o v e r r i d i n g importance. 

For the experiment described here, the i n t e n s i t y of the observed 
-14 

s c a t t e r e d l i g h t i s down by a f a c t o r of about 10 from the i n t e n s i t y 

of the i n c i d e n t l i g h t . 
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Several workers have reported the use of s c a t t e r i n g as a 

d i a g n o s t i c t o o l . Among these are Rflhr (1967) vfho used the s a t e l l i t e 

6 h i f t t o give a measure of e l e c t r o n d e n s i t y ; Izawa et a l (1966) who 

used s c a t t e r i n g to o b t a i n e l e c t r o n d e n s i t i e s i n a shock f r o n t ; and, 

most important f o r the present purposes, Chan and Nodwell (1966) who 

f i r s t observed the s a t e l l i t e s f o r s c a t t e r i n g from a l a b o r a t o r y plasma, 

(plasma j e t ) and showed t h a t the observed s a t e l l i t e s h i f t was i n good 

agreement w i t h the expected values of the plasma parameters. The 

work described i n t h i s t h e s i s i s a c o n t i n u a t i o n of the work reported 

by Chan and Nodwell. 

One problem encountered by Chan and Nodwell was th a t the observed 

s a t e l l i t e width was much l a r g e r than t h a t expected from the theory. 

This broadening was t e n t a t i v e l y a t t r i b u t e d to e l e c t r o n d e n s i t y g r adients 

i n the s c a t t e r i n g volume. At f i r s t the purpose of the continued work 

was t o v e r i f y t h i s assumption. A f t e r some time i t became apparent t h a t 

t o accomplish t h i s purpose, e l e c t r o n d e n s i t y p r o f i l e s of the plasma j e t 

must be obtained. This c o n s i d e r a t i o n , together w i t h the f a c t t h a t 

s a t e l l i t e width could not be measured very r e l i a b l y , changed the emphasis 

of the experiment towards plasma d i a g n o s t i c s , u s i n g the s a t e l l i t e s h i f t 

to determine e l e c t r o n d e n s i t y . 

In connection w i t h t h i s d i a g n o s t i c approach, e l e c t r o n d e n s i t y 

p r o f i l e s of the plasma j e t were a l s o obtained using s p e c t r a l l i n e 

i n t e n s i t y measurements, w i t h a technique s i m i l a r t o t h a t of Olsen (1963). 

These measurements allowed a comparison of the two d i a g n o s t i c methods, 

both w i t h regard to r e s u l t s and w i t h regard t o a p p l i c a b i l i t y and r e l i a b i l i t y . 

In a d d i t i o n of course such an independent measurement of plasma parameters 

makes i t p o s s i b l e to v e r i f y t h a t the s a t e l l i t e s h i f t i s indeed t h a t 



p r e d i c t e d by the theory. A d e t a i l e d agreement of s c a t t e r i n g observations 

w i t h independently measured plasma parameters has as yet not been 

reported i n the l i t e r a t u r e . 

F i n a l l y , the e l e c t r o n d e n s i t y p r o f i l e s obtained by the d i a g n o s t i c 

methods mentioned above were used t o determine what pa r t of the observed 

s a t e l l i t e widths could be a t t r i b u t e d to e l e c t r o n d e n s i t y gradients i n 

the plasma. 

This t h e s i s r e p o r t s and compares the r e s u l t s obtained by the 

two d i a g n o s t i c methods one using s c a t t e r i n g of l i g h t , and the other 

u s i n g s p e c t r a l l i n e i n t e n s i t i e s . Some r e s u l t s as t o s a t e l l i t e widths, 

and p e r t u r b a t i o n of the plasma by the l a s e r l i g h t are a l s o given. 

Chapter I I gives a summary and simple p h y s i c a l explanation of the 

r e l e v a n t s c a t t e r i n g theory, and a l s o discusses, the apparatus and 

experimental techniques used i n s c a t t e r i n g observations. This 

d i s c u s s i o n i s f o r a l a r g e p a r t a c o n t i n u a t i o n of the d i s c u s s i o n given 

i n P.W. Chan's t h e s i s . Chapter I I I contains a short p r e s e n t a t i o n of 

the theory and techniques used i n the s p e c t r a l l i n e i n t e n s i t y measurements 

Chapter IV r e p o r t s and analyzes the experimental r e s u l t s on e l e c t r o n 

d e n s i t y g r a d i e n t s , s a t e l l i t e w i d t h , and p e r t u r b a t i o n of the plasma. 

Chapter V gives some conclusions based on these r e s u l t s , and a l s o gives 

some suggestions as.to f u t u r e work. 

The work reported i n t h i s t h e s i s has been published r e c e n t l y , 

(Nodwell and van der Kamp, 1963). 



CHAPTER I I - SCATTERING OF LIGHT FROM A PLASMA 

.The theory f o r the s c a t t e r i n g of l i g h t from a plasma has become 

w e l l e s t a b l i s h e d i n recent years. In f a c t , p a r t l y because of the 

d i f f i c u l t i e s i n h erent i n the observation of s c a t t e r i n g , the theory 

i s at present w e l l ahead of experiment, being e a s i l y capable of 

accounting f o r a l l experimental r e s u l t s obtained up t i l l now. For 

th a t reason the d i s c u s s i o n of s c a t t e r i n g i n t h i s chapter w i l l emphasize 

the p r a c t i c a l problems i n v o l v e d i n t h i s p a r t i c u l a r experiment. 

A - Theory of S c a t t e r i n g . 

.From a t h e o r e t i c a l p o i n t of view the s c a t t e r i n g of l i g h t by a 

plasma i s a complex phenomenon. Some r a t h e r i n v o l v e d mathematics i s 

re q u i r e d to describe i t i n f u l l d e t a i l . The complete theory has been 

der i v e d and discussed by a number of authors, i n c l u d i n g f i r s t of a l l 

S a l p e t e r ( i 9 6 0 ) , and Rostoker and Rosenbluth (1962). Williamson et a l (1966) 

analyzes the p a r t i c u l a r case of the experiment described i n t h i s t h e s i s , 

i n c l u d i n g a F o r t r a n program to c a l c u l a t e the spectrum of the s c a t t e r e d 

l i g h t . A complete t h e o r e t i c a l d e r i v a t i o n i s a l s o given i n the t h e s i s 

by P.W. Chan (1966) who d i d the f i r s t work i n t h i s experiment. 

The f u l l theory w i l l not be reproduced here, since the t h e o r e t i c a l 

r e s u l t s r e l e v a n t to the experiment can be simply summarized and 

q u a l i t a t i v e l y explained on the b a s i s of p l a u s i b l e p h y s i c a l arguments. 

More d e t a i l can be found i n the references given above. 

The r e s u l t s of the f u l l theory may be roughly summarized as 

f o l l o w s . We consider a plasma w i t h e l e c t r o n d e n s i t y N e, e l e c t r o n 

temperature T e, i o n temperature T^, and e l e c t r o n Debye length L ̂ - j 

where K-j-, i s Boltzmann constant and e the e l e c t r o n i c charge. I t turns 

out t h a t the nature of the sc a t t e r e d l i g h t spectrum i s c h a r a c t e r i z e d by 
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the parameter cx — ^ A l < J \ _ j " v v f t e r e & k ^ s t ' n e d i f f e r e n c e between the 

wave v e c t o r s of the i n c i d e n t and the s c a t t e r e d l i g h t . As we w i l l see, 

t h i s parameter, o<, has a simple explanation i n terms of plasma waves. 

Some t y p i c a l s c a t t e r e d l i g h t spectra are shown i n F i g . 1. The 

case cx« | corresponds roughly t o the case of the wavelength of the 

i n c i d e n t l i g h t being much smaller than the Debye l e n g t h . The e l e c t r o n s 

a c t i n d i v i d u a l l y and the s c a t t e r e d spectrum approaches t h a t of Thomson 

s c a t t e r i n g , doppler broadened by the thermal motion of the e l e c t r o n s . 

In the case c< I the s c a t t e r i n g i s by c o l l e c t i v e motion of the 

e l e c t r o n s . The s c a t t e r e d spectrum has a narrow c e n t r a l peak, and weak 

e l e c t r o n " s a t e l l i t e " peaks separated from the c e n t r a l peak by approximately 

the plasma frequency. More p r e c i s e l y , the theory p r e d i c t s t h a t the 

s a t e l l i t e s h i f t A CJ i s given by 

where o., i s the plasma frequency and the Eoltzmann constant. The 

case oi^n | has c h a r a c t e r i s t i c s l y i n g somewhere between the two extreme 

cases given above. We are p a r t i c u l a r l y concerned w i t h the case ) I . 

The theory a l s o p r e d i c t s t h a t f o r a p a r t i c u l a r s c a t t e r i n g angle 
2 

\ + c< 
and s o l i d angle, the t o t a l s c a t t e r e d i n t e n s i t y i s p r o p o r t i o n a l t o | ^ ^ ̂  , 
w h i l e the i n t e g r a t e d i n t e n s i t y of each s a t e l l i t e i s p r o p o r t i o n a l t o -7— r. 

The r a t i o of the i n t e n s i t y of each s a t e l l i t e to t h a t of the c e n t r a l peak 

i s thus * ^ • which approaches —ro f o r l a r g e e< . 

These r e s u l t s can be q u a l i t a t i v e l y understood i f we consider t h a t 

the c o l l e c t i v e motions of the e l e c t r o n s are j u s t plasma waves, so t h a t 

i n the case c< yy \ , t h 9 s c a t t e r e d l i g h t spectrum i s determined by the 

spectrum of the plasma waves. In p a r t i c u l a r , consider the diagram shown 
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A X ( A 0 ) A X ( A 0 ) 

F i g u r e 1 - T y p i c a l s c a t t e r e d l i g h t spectra f o r the argon plasma j e t . 
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<— cx 

k - y 

on the l e f t (Holt and H a s k e l l , 

1965, p. 364). Only plasma 

waves w i t h wave number k - & k 

c o n t r i b u t e to the s c a t t e r i n g . For 

k » ^*=^~Q « l j no plasma 

waves e x i s t , since the wavelength 

i s l e s s than the Debye length L^. 

For the corresponding values of c< 

we would expect the spectrum of 

the s c a t t e r e d l i g h t to be c h a r a c t e r i s t i c 

of u n c o r r e l a t e d e l e c t r o n motion. For k<£—j^o<= j^TJ^)') plasma waves 

can e x i s t and produce s a t e l l i t e s w i t h frequency s h i f t s a t i s f y i n g the 

d i s p e r s i o n equation of the plasma waves (Eq 2-1). The s p e c t r a l w i d t h of 

the s a t e l l i t e s i s r e l a t e d t o the Landau damping of the waves, which i n 

t u r n depends on the d e r i v a t i v e of the one-dimensional v e l o c i t y d i s t r i b u t i o n 

f u n c t i o n at ~ (the phase v e l o c i t y of the plasma wave). A l s o , s i n c e K 

the e l e c t r o n s most e f f e c t e d by the waves are the ones which t r a v e l w i t h 

i t a t i t s phase v e l o c i t y , the i n t e n s i t y of the s a t e l l i t e s depends on the 

v a l u e of the v e l o c i t y d i s t r i b u t i o n at ^ . Thus both the width and 

i n t e g r a t e d i n t e n s i t y of the s a t e l l i t e s i n c r e a s e w i t h decreasing oi ( i n c r e a s i n 

Using t h i s p i c t u r e one can e a s i l y see how the i n t e n s i t y of the 

s a t e l l i t e s can be enhanced through e x c i t a t i o n of the plasma waves which 

do the s c a t t e r i n g , t h a t i s by an increase of the number of super-thermal 

e l e c t r o n s t r a v e l l i n g w i t h the wave at i t s phase v e l o c i t y . 

The r e s t of the e l e c t r o n s are not c o r r e l a t e d to'each other, since 

t h e i r random thermal v e l o c i t i e s are too h i g h , but to the ions. Thus the 
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c e n t r a l peak e x h i b i t s a s p e c t r a l d i s t r i b u t i o n dependent on the ion 

motion, i . e . dependent on i o n thermal v e l o c i t i e s and ion waves. 

B - A p p l i c a t i o n t o D i a g n o s t i c s . 

Yftien s c a t t e r i n g of l i g h t i s .used f o r plasma d i a g n o s t i c s , the 

problem i s t o determine the unknown plasma parameter from the observed 

s c a t t e r e d spectrum. The s c a t t e r e d s i g n a l u s u a l l y i s very weak, so t h a t 

only some of the grosser parameters of the s c a t t e r e d spectrum such as 

s a t e l l i t e s h i f t , i n t e g r a t e d i n t e n s i t i e s , and h a l f w i d t h s can be measured. 

Consequently only a few plasma parameters such as temperatures and d e n s i t i e s 

can be determined. 

In the experiment described here the s c a t t e r i n g parameters t h a t 

were measured were the s a t e l l i t e s h i f t and h a l f w i d t h . For l a r g e o< the 

s a t e l l i t e h a l f w i d t h which i s s t r o n g l y dependent on e l e c t r o n temperature, 

i s too small to measure a c c u r a t e l y . However, since the temperature 

dependence of the s a t e l l i t e s h i f t i s s m a l l , see Eq. l - 2 ) a rough 

estimate of temperature, obtained from e l e c t r o n d e n s i t y through the Saha 

equation, i s s u f f i c i e n t t o a l l o w an accurate e v a l u a t i o n of e l e c t r o n 

d e n s i t y from the observed s a t e l l i t e s h i f t . In p r a c t i c e equation ( l ) 

f o r the s a t e l l i t e s h i f t i s found to be not s u f f i c i e n t l y accurate f o r 

small c<, The exact r e l a t i o n between e l e c t r o n d e n s i t y and s a t e l l i t e 

s h i f t can be determined by d i r e c t computer c a l c u l a t i o n of the s c a t t e r e d 

l i g h t spectrum (Williamson et a l 1966) w i t h temperature dependent on 

e l e c t r o n d e n s i t y through the Saha equation. Table 1 gives plasma and 

s c a t t e r i n g parameters f o r argon and helium at atmospheric pressure, and 

a s c a t t e r i n g angle of 45°. Values intermediate between those given i n 

the t a b l e were obtained by g r a p h i c a l methods, and by i n t e r p o l a t i o n . 



Table 1 - Plasma and s c a t t e r i n g Parameters f o r 
Argon and Helium J e t s 

TEMP 
(°k) 

ARGON 

8000 
9000 

10000 
11000 
12000 
13000 . 
14000 
15000 
16000 
17000 
18000 
19000 

HELIUM 

12000 
13000 
14000 
15000 
16000 
17000 
18000 
19000 
20000 
21000 
22000 
23000 

EL DEN NEUTRALS DM PARTITION FN ALPHA SAT SHIFT 
(om-3) (cm" 3) (A°) 

.14-5E16 

.535E16 

.151E17 

.346E17 

.667E17 

.109E18 

.152E18 

.184E18 

.199E18 

.202E18 

.197E18 

.190E18 

.914E18 

.805E18 

.704E18 

.599E18 
;480E18 
.349E18 
.224E18 
.125E18 
.643E17 
.325E17 
.172E17 
„987E16 

1.000 
1.000 
1.000 
1.001 
1.003 
1.006 
1.014 
1.030 
1.063 
1.124 
1.231 
1.409 

0.89 
1.61 
2.57 
3.71 
4.93 
6.06 
6.91 
7.34 
7.39 
7.21 
6.93 
6.63 

15.5 
22.3 
30.2 
39.7 
49.7 
58.1 
63.7 
66.3 
66.8 
66.2 
65.2 

.621E15 
•159E16 
.355E16 
.713E16 
.130E17 
.220E17 
.344E17 
.503E17 
.686317 
.873E17 
.104E18 
.117E18 

.610E18 

.561E18 

.517E18 

.475E18 

.433E18 

.388E18 

.339E18 

.28 6E18 

.230E18 

.175E18 

.125E18 

.843E17 

1.000 
1.000 
1.000 
1.000 
l.OCO 
1.000 
1.000 
1.000 
1.001 
1.002 
1.003 
1.005 

.48 

.73 
1.05 
1.44 
1.89 
2.38 
2.89 
3.40 
3.88 
4.27 
4.56 
4.73 

18.2 
23.0 
27.7 
32.7 
36.9 
41.9 
46.3 
50.0 
52.7 

Note: These data are f o r pressure of 1 atm. Argon composition data 
are from Popenoe and Schumaker (1965), Helium data from 
Drawin and Felenbok (1965). 
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C - Apparatus and Technique. 

A diagram of the experimental arrangement f o r the observation 

of s c a t t e r i n g i s given i n F i g . 2. As has been mentioned before, t h i s 

experiment i s a c o n t i n u a t i o n of the work done by P.W. Chan, and the apparatus 

and technique are e s s e n t i a l l y those which Chan used. Thus the f o l l o w i n g 

d i s c u s s i o n w i l l be l a r g e l y confirmed to v a r i o u s improvements Tfhich have 

been made, and the reader i s asked t o r e f e r t o Chan's t h e s i s f o r comparison 

or a d d i t i o n a l i n f o r m a t i o n . 

(a) Laser. The l a s e r used was a TRG Model 104A Q-switched ruby 

l a s e r , w i t h a Daly-Sims attachment. The Daly-Sims accessory shortens the 

time d u r i n g which l a s i n g can take p l a c e , and thus increases the power 

o f the l a s e r p u l s e , w h i l e e l i m i n a t i n g the p o s s i b i l i t y of m u l t i p l e p u l s e s . 

The combined u n i t s are rated f o r a pulse-width of 30 nanoseconds, beam 

divergence o f 10 m i l l i r a d i a n s , and peak power of 30 megawatts. The 

TRG Model 104 l a s e r used by Chan was r a t e d f o r a peak power of 10 megawatts. 

Thus the model 104A represents an important improvement i n l a s e r power, 

and i n the r e s u l t a n t i n t e n s i t y of s c a t t e r e d l i g h t . 

(b) Plasma J e t . The plasma j e t i s s i m i l a r to the one used by 

Chan. I t g i v e s a r e p r o d u c i b l e plasma w i t h an e l e c t r o n d e n s i t y between 

10 and 10 cm" and a temperature of 1 t o 2 ev. The j e t i s operated 

a t atmospheric pressure w i t h a c u r r e n t of 150 t o 300 amperes and a gas 

(argon or helium) f l o w r a t e of 75 t o 150 m i l l i l i t r e s per second. As the 

f l o w r a t e through the j e t i s increased to about 100 ml/sec there i s a 

marked t r a n s i t i o n from laminar t o t u r b u l e n t flow. Most of the experimental 

work was done i n the laminar f l o w regime because i t gives a much s t e a d i e r 

and more r e p r o d u c i b l e plasma. For more d e t a i l on the c o n s t r u c t i o n , o p e r a t i o n , 



Figure 2 - Schematic of the Experimental Arrangement 
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and p r o p o r t i e s of the j e t , the reader i s r e f e r r e d to the t h e s i s by 

P.W. Chan (196$ and -E.M, M o r r i s (1968). The j e t was mounted on a base 

which allowed c o n t r o l l e d motion of the j e t i n any d i r e c t i o n , so t h a t , 

-by-moving the j e t , the l a s e r focus could be p o s i t i o n e d a t any p r e - s e l e c t e d 

p o i n t i n the j e t t o w i t h i n .02 m i l l i m e t r e s . 

(c ) 1,-Ionoohromator. The monochromator, a J a r r e l l - A s h 82-010, 

was the same as the one used by Chan. I t has an f number of 10, and a 

r e c i p r o c a l d i s p e r s i o n of 16 Angstroms per m i l l i m e t r e at 6700 Angstroms. 

The monochromator i s b l a z e d at 7500 A°, so t h a t u l t r a v i o l e t l i g h t 

e n t e r i n g the monochromator appears mostly i n the second order, t h a t i s 

i n the red and i n f r a r e d . Thus f o r observation of l i g h t - s i g n a l s a.bove 
u O 

about 6500 A , a red t r a n s m i t t i n g f i l t e r was u s u a l l y needed t o absorb the 

u l t r a v i o l e t l i g h t . 

(d) P h o t o m u l t i p l i e r . The p h o t o m u l t i p l i e r used i n a l l the work 

was an EM I 9558B. I t i s l i n e a r f o r a dc anode current up t o 1 ma, 

and f o r up t o f i v e times greater v a l u e s of current under pulsed c o n d i t i o n s . 

The p h o t o m u l t i p l i e r has a peak quantum e f f i c i e n c y of 50% at 5500 A°, and 

an e f f i c i e n c y of about Z% at the l a s e r wavelength. 

(e) O p t i c a l System and Reduction of S t r a y L i g h t . Not 

s u r p r i s i n g l y . , i t was found t h a t the s i m p l i e s t o p t i c a l system was most 

s a t i s f a c t o r y . The l a s e r beam was focussed on the plasma through a simple 

convex l e n s w i t h 10 cm f o c a l l e n g t h . (Doublet lenses could not be used 

Iri the d i r e c t l a s e r beam because the glue at the i n t e r f a c e was' soon 

burned through a b s o r p t i o n of the beam). A f t e r passing through the plasma 

the l a s e r l i g h t was absorbed i n a l a r g e box, painted d u l l b l a c k i n s i d e , 

and s u i t a b l y b a f f l e d . A f a s t - r i s e photo diode, i n s i d e the box, monitored 
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"the l a s e r p u l s e , and provided a t r i g g e r i n g pulse f o r the CRO. This 

p u l s e a l s o gave a u s e f u l check on the l a s e r i n t e n s i t y , so long as the 

diode was operated i n the l i n e a r r e g i o n of small s i g n a l s ( l e s s than 1 v o l t ) . 

The plasma was focussed on the monochromator entrance s l i t through 

a p a i r of achromat doublets, w i t h approximately one-to-one m a g n i f i c a t i o n . 

B a f f l e s t o reduce s t r a y l i g h t seemed t o be more harmful (probably 

through r e f l e c t i o n and d i f f r a c t i o n ) than b e n e f i c i a l , and since they 

were r a t h e r a hindrance during alignment, they were f i n a l l y dispensed 

w i t h a l t o g e t h e r . In any case, by f a r the most serious source of s t r a y 

l i g h t s i g n a l s was found t o be a t the j u n c t i o n between the photomultiplier 

and the e x i t s l i t of the monoohromator. The only other important 

concerns i n the r e d u c t i o n of s t r a y l i g h t were t h a t the l a s e r beam should 

not s t r i k e the top of the j e t , and should not r e f l e c t o f f the f r o n t 

surface of the absorbing box. And even when t h i s occurred, most of the 

s t r a y l i g h t entered the p h o t o m u l t i p l i e r d i r e c t l y through the gap 

between i t and the e x i t s l i t , and not through the monochromator. The 

reason f o r t h i s i s t h a t the s a t e l l i t e frequency i s r e l a t i v e l y f a r 

removed from the l a s e r l i n e . Any s t r a y l i g h t e n t e r i n g through the 

monochromator entrance s l i t shows up mainly as p a r t of the c e n t r a l 

peak. P a r t l y f o r t h i s reason, and p a r t l y through c a r e f u l s h i e l d i n g , 

s t r a y l i g h t could be reduced t o n e g l i g i b l e p r o p o r t i o n s . 

( f ) S t a t i s t i c a l methods. The one problem which c h a r a c t e r i z e s 

the whole experiment i s the weakness of the s c a t t e r e d l i g h t s i g n a l . For 

a t y p i c a l experimental s i t u a t i o n , the i n t e n s i t y of s c a t t e r e d s i g n a l i n 
-12 

one s a t e l l i t e i s about 10 of the i n c i d e n t l i g h t , and the number of 

photons a c t u a l l y observed i s of the order of 100. Taking i n t o c o n s i d e r a t i o n 

the s i g n a l f l u c t u a t i o n s due t o the cascade i n the p h o t o m u l t i p l i e r , plus 
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the n o i s e due t o s t r a y l i g h t and background l i g h t from the j e t , we see 

t h a t the expected s i g n a l - t o - n o i s e r a t i o may be l i t t l e b e t t e r than u n i t y . 

S t a t i s t i c a l methods can be a p p l i e d i n v o l v i n g many shots a t each 

wavelength s e t t i n g , but the number of shots i s l i m i t e d because the 

e l e c t r o d e s of the plasma j e t begin t o d e t e r i o r a t e a f t e r a few hours. 

Thus s a t e l l i t e observations must be done q u i c k l y , w i t h as few l a s e r 

shots as p o s s i b l e . 

I f s t a t i s t i c a l methods have l i m i t e d u s e f u l n e s s , the next step 

•is t o maximize the s c a t t e r e d s i g n a l , and minimize s t r a y l i g h t and 

background l i g h t from the j e t . We w i l l enumerate the v a r i o u s p o s s i b i l i t i e s 

p o i n t by p o i n t . 

(g) I n t e n s i t y of s c a t t e r e d s i g n a l . We have f o r the i n t e g r a t e d 

i n t e n s i t y of each s a t e l l i t e 

ri i s the number of s c a t t e r e d photons observedo 

TJ i s the t o t a l energy of the i n c i d e n t l i g h t and 

hv i s the energy of each i n c i d e n t photon. 

U i s l i m i t e d by the a v a i l a b l e power, and by p e r t u r b a t i o n of the plasma 

by the l a s e r , 

L i s the length of s c a t t e r i n g volume. 

I t i s determined by the width of the entrance s l i t and the m a g n i f i c a t i o n 

of the o p t i c a l system. I n c r e a s i n g L decreases the s p a t i a l r e s o l u t i o n , 

and increases the broadening of the observed s a t e l l i t e s due t o d e n s i t y 

g r a d i e n t s i n the plasma. 

r - 2.82 x 10 x cm i s the radius of the e l e c t r o n , o 
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Y i s the angle between the plane of p o l a r i z a t i o n of the 

i n c i d e n t l i g h t and the s c a t t e r e d plane. In t h i s case X =. ' a n d 

s i n 2 J = 1. 

n e i s t h e e l e c t r o n d e n s i t y . For l a r g e o< the term n & ^ i s 
2 

p r a c t i c a l l y constant, independent of n g , si n c e i s p r o p o r t i o n a l 

t o n e . 

q i s the quantum e f f i c i e n c y of the p h o t o m u l t i p l i e r , approximately 

.03. f o r the EMI 9558 B . 

i s the s o l i d angle i n t o which the l i g h t i s s c a t t e r e d . 

In p r i n c i p l e A i l could be maximized by p l a c i n g a l a r g e powerful 

c o l l i m a t i n g l e n s v e r y c l o s e t o the plasma. Angular r e s o l u t i o n would 

be decreased, but the e f f e c t of t h a t on the s c a t t e r e d spectrum i s s m a l l , 

•&n& moreover s p a t i a l r e s o l u t i o n could be improved 

( i ) Reduction of background r a d i a t i o n from the plasma. 

Plasma l u m i n o s i t y i s due t o s p e c t r a l and continuum r a d i a t i o n . S p e c t r a l 

r a d i a t i o n can be avoided by not working at wavelengths near s p e c t r a l l i n e s , 

and by choozing a gas w i t h few s p e c t r a l l i n e s near the l a s e r wavelength. 

The continuum due t o recombination r a d i a t i o n and bremstrahlung i s 

dependent mainly on the temperature and d e n s i t y of the e l e c t r o n . I t 

can not be avoided, but i t s e f f e c t can be g r e a t l y reduced by working 

a t low e l e c t r o n d e n s i t i e s ( s a t e l l i t e i n t e n s i t y i s independent of n e 

f o r l a r g e c< ) and by r e s t r i c t i n g observation t o regions where the 

plasma column, equal t o plasma e m i s s i v i t y i n t e g r a t e d along the l i n e 

of s i g h t . 

P o s i t i o n i n g of S c a t t e r i n g Volume i n J e t . One important 

purpose of the experiment was t o measure the s a t e l l i t e s h i f t as a 
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f u n c t i o n of the p o s i t i o n of the s c a t t e r i n g volume i n the j e t , the 

s c a t t e r i n g volume being d e f i n e d as t h a t p a r t of the focussed l a s e r 

beam from which s c a t t e r e d l i g h t passes through the monochromator. 

Thus i t was important t o have accurate measurements of the d i s t a n c e 

of the s c a t t e r i n g volume from the c e n t r a l a x i s of the j e t . This was 

done i n the f o l l o w i n g manner. Consider the diagram. The j e t moves, w h i l e 

C the s c a t t e r i n g volume, l y i n g a t the 

i n t e r s e c t i o n of AB and CD, remains f i x e d 

i n the coordinate system xyz (The y a x i s 

l i e s i n the d i r e c t i o n of the sc a t t e r e d 

l i g h t . The z a x i s i s p a r a l l e l to the 

c e n t r a l a x i s of the j e t ) . 

The h e i g h t z of the s c a t t e r i n g 

volume above the cathode t i p of the j e t 

i s e a s i l y measured w i t h v e r n i e r ^ c a l i p e r s . I f the p o s i t i o n of the j e t 

a x i s i s given by the coordinates (x' , y ' ) , we want the va l u e s , x Q and 

y Q , of x' and y' when the s c a t t e r i n g volume l i e s on the j e t axis<> 

Moving the j e t along the x - a x i s gives a p r o f i l e of the dc l i g h t from the 

j e t as a f u n c t i o n of x 1 , w i t h a c l e a r maximum at x 0 . To determine y Q 

we use the f a c t t h a t i n argon the Ar I I l i n e s can be s t r o n g l y e x c i t e d 

by the l a s e r l i g h t . The r e s u l t a n t l a r g e s i g n a l , measured as a f u n c t i o n 

of y' has a maximum at y Q . For any p o s i t i o n (x' , y*) of the j e t , 

Lasers 
A - — -J^- -— - - B 

(xo,yo) \ • 

X ^ 

the separation o f the s c a t t e r i n g volume from the a x i s i s j u s t 
2 

The whole procedure must of course be repeated from time to 

time w h i l e the j e t i s being run, so t h a t allowance can be made f o r 

changes i n p o s i t i o n of the j e t due t o the changes i n the elec t r o d e s . 



'CAPTER I I I - MEASUREMENTS OF EXCITATION TEMPERATURES. 

Jix c o n j u n c t i o n w i t h use of s c a t t e r i n g f o r plasma d i a g n o s t i c s , 

another method was used, namely t h a t of measuring e x c i t a t i o n temperature 

through plasma e m i s s i v i t y . The purpose was t o compare the r e s u l t s 

obtained by s c a t t e r i n g w i t h those obtained by a more e s t a b l i s h e d method, 

and a l s o t o compare the p o t e n t i a l u s e f u l n e s s of the two methods. Since 

the primary concern of the experiment was s c a t t e r i n g , and not e x c i t a t i o n 

temperature measurements, the l a t t e r w i l l be t r e a t e d r a t h e r q u i c k l y 

here, only a short menti on of the d i f f i c u l t i e s i n v o l v e d . The method 

\ may be o u t l i n e d as f o l l o w s . The p h o t o m u l t i p l i e r i s c a l i b r a t e d f o r 

a b solute i n t e n s i t y measurements w i t h a standard source. I n t e n s i t y 

p r o f i l e s of the j e t are taken u s i n g the p h o t o m u l t i p l i e r , and are unfolded 

by the Abel transform to g ive r a d i a l emission p r o f i l e s . The emission 

of the plasma i s i n t u r n r e l a t e d t o i t s temperature. The method i s 

v e r y s i m i l a r t o t h a t used by Olsen (1963), who a p p l i e d i t t o the 

mesurement of atomic t r a n s i t i o n p r o b a b i l i t i e s . 

A - Theory. 

(a) E m i s s i v i t y as Function of Temperature. For the e m i s s i v i t y 

of a plasma due t o one atomic s p e c t r a l l i n e we have 

£ i s the e m i s s i v i t y per u n i t angle. 

E and E are the energies of the upper and lower s t a t e s f o r m n a r r 

t h i s t r a n s i t i o n ; 

A ^ i s the atomic t r a n s i t i o n p r o b a b i l i t y f o r the t r a n s i t i o n , and 

n f f l i s the number d e n s i t y of atoms i n the upper energy s t a t e . 

( T r a n s i t i o n p r o b a b i l i t i e s f o r helium were taken from t a b l e s of atomic 

t r a n s i t i o n p r o b a b i l i t i e s p ublished by the U.S. Department of Commerce 

- 17 -
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"{Wlese et a l - 1966). These are t h e o r e t i c a l l y c a l c u l a t e d values 

w i t h an estimated p o s s i b l e e r r o r of about lO?o. For the t r a n s i t i o n 

p r o b a b i l i t y of the Argon I 6965 l i n e the v a l u e measured by Popenoe and 

Schumaker (1965) v/as used. The p o s s i b l e e r r o r quoted f o r i t i s 11%.) 

I f we assume t h a t c o l l i s i o n a l processes predominate over 

•spontaneous r a d i a t i o n a l t r a n s f e r i n e x c i t a t i o n of the upper s t a t e , then 

HJJJ i s determined by the energy d i s t r i b u t i o n of the c o l l i d i n g p a r t i c l e s . 

C r i t e r i a given by Griem (1966) show t h a t . f o r t y p i c a l values of 

n e and T i n the plasma j e t , t h i s assumption holds f o r a l l energy l e v e l s , 

w i t h p r i n c i p a l quantum greater than 1. I n t h i s case n^ i s given by 

. h m = n oxTf) e ( 3 - 2 ) 

n^ i s the d e n s i t y of atoms i n the ground st a t e 

g m i s the degeneracy of the upper s t a t e 

Z(T) i s the p a r t i t i o n f u n c t i o n of the atom 

T i s the e x c i t a t i o n temperature of the upper s t a t e j 

T i s the same f o r a l l s t a t e s f o r which the above assumption h o l d s , 

and should a l s o be equal t o T g , the e l e c t r o n temperature, si n c e e l e c t r o n 

c o l l i s i o n s predominate i n the process of e x c i t a t i o n . The d e n s i t y n Q of 

p a r t i c l e s i n the ground s t a t e , e f f e c t i v e l y equal to the d e n s i t y n & of 

n e u t r a l s , i s dependent on the temperature of the v a r i o u s species i n 

the plasma. The value of n a i s governed by the f o l l o w i n g equations; 

n e u t r a l i t y 

n e * n • = o ( 3 - 3 ) 

gas law 

Saha 
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and Z a are the p a r t i t i o n s of the s i n g l y i o n i z e d and 

n e u t r a l s t a t e s . 

E a i s the i o n i z a t i o n of the n e u t r a l atom, c o r r e c t e d f o r plasma 

i n t e r a c t i o n s . 

T i n the Saha equation i s e s s e n t i a l l y e l e c t r o n temperature T Q, 

s i n c e i o n i z a t i o n i s mainly "by c o l l i s i o n w i t h e l e c t r o n s . In order to 

s o l v e these equations, we must assume complete thermal e q u i l i b r i u m , 

t h a t i s vre assume t h a t the energy d i s t r i b u t i o n s of a l l v a r i o u s 

species are c h a r a c t e r i z e d by the same temperature T. Using eq. 3-3 

eq. 3-4 then becomes . * 

( ^ e + h a ) k b T = P (3-6) 
Equations 3-5 and 3-6 are two equations i n three unknowns n Q , n a and 

T, (P = 1 atmosphere) which can be solved f o r n & as a f u n c t i o n of T. 

The d e t a i l e d c a l c u l a t i o n has been done (Popenoe and Schumaker (1965), 

Drawin and Felenbok (1965)) and the r e s u l t s are t a b u l a t e d i n Table I . 

The c o n d i t i o n t h a t T s T. g T_ i s a s t r i n g e n t one, s i n c e the 
e I a ° * 

e q u i l i b r i a t i o n time f o r e l e c t r o n s and ions or n e u t r a l s i s r e l a t i v e l y 

l o n g , due mainly t o the d i f f e r e n c e i n mass. There are i n d i c a t i o n s t h a t 

t h i s c o n d i t i o n does not h o l d f o r the helium plasma j e t (Morris 1968). 

F i n a l l y combining the equations given above, we o b t a i n f o r 

the e m i s s i v i t y : 
c - y n l k m - t n ) A n v n -jjfTj g, r i -e (3-7) 

the v a l i d i t y of t h i s equation being subject to the h a r s h c o n d i t i o n of 

complete thermal e q u i l i b r i u m . The equation can be r e a d i l y i n v e r t e d 

by g r a p h i c a l techniques, t o give T, and t h e r e f o r e a l s o n e , as a 

f u n c t i o n of £ . 
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I I The-Abel Transform. 

.. We have seen i n the previous s e c t i o n how emission i s r e l a t e d t o 

temperature i f the plasma i s i n complete thermal e q u i l i b r i u m . Thus . 

we may determine the plasma temperature by measuring emission. But 

temperature and t h e r e f o r e emission are f u n c t i o n s of p o s i t i o n i n the 

plasma, and i n a c t u a l f a c t we are l i m i t e d t o observing t o t a l emission, 

i . e . i n t e n s i t y , from a r e g i o n w i t h v a r y i n g emission. From such data 

emission as a f u n c t i o n of p o s i t i o n , can be obtained by means of the 

Abel transform. 

I n our p a r t i c u l a r case we may assume a plasma w i t h c y l i n d i s o a l 

symmetry. 
t 1(Y) 

For the experimental arrangement shown i n the diagram we have : 

2 

0 
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l ( y ) i s the observed i n t e n s i t y as a f u n c t i o n of y 

£(r) i s the emission c o e f f i c i e n t as a f u n c t i o n of r 

Equation 3-8 holds only i f the plasma i s o p t i c a l l y t h i n . Using 

the estimates given by Griem (1965) we f i n d t h a t the assumption of 

o p t i c a l thinne§s i s v a l i d f o r the case of the plasma j e t . The s p e c t r a l 

p r o f i l e s of some of the more i n t e n s e l i n e s do however show sosie signs 

of s e l f - a b s o r p t i o n , amounting i n some cases t o about 5 t o 10 per cent 

.of the t o t a l i n t e n s i t y of the l i n e . 

The i n v e r s i o n of equation 3-8 t o f i n d 6 (r) i s accomplished 

by means of.the Abel t r a n s f o r m : 

D i r e c t numerical i n t e g r a t i o n methods f o r determining £ ( r ) 

are not very s a t i s f a c t o r y because of the d e r i v a t i v e i n the integrand. 

The observed f u n c t i o n l ( y ) has v a r i o u s e r r o r s , random and otherwise, 

imposed on i t , which cause the d e r i v a t i v e dX(y)/cly t o be p o o r l y 

d e f i n e d . A more s a t i s f a c t o r y method i s t o approximate l ( y ) by s u i t a b l e 

l e a s t - s q u a r e - f i t polynomials and perform the i n t e g r a t i o n a n a l y t i c a l l y . 

I n general we w r i t e ^ 

I (Y ) = -to a, F^y) 

F^(y) are the expansion polynomials, 

a^ are c o e f f i c i e n t e t o be determined by f i t t i n g . 

The Abel transform F^(r) of the F^(y) can be found a n a l y t i c a l l y . 
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and then 

£(.<•) = .1 a ( ( r ) 
1=0 

which i s the r e q u i r e d s o l u t i o n . 

The choice of the F^(y) depends on the nature of the experiment. 

One t r i e s t o s e l e c t them such t h a t they w i l l not give u n p h y s i c a l maxima, 

minima, or i n f l e c t i o n p o i n t s . For the "bell-shape" i n t e n s i t y p r o f i l e 

of the plasma j e t Freeman and Katz (i960) used 
F L ( y ) = ( R o Z - y 2 ) 1 (3-.o) 

where R o i s the d i s t a n c e from the center of the j e t to the poin t where 

the i n t e n s i t y drops t o zero. The index i v a r i e s from zero to about 

s i x . These are the polynomials used i n the s o l u t i o n of the Abel 

transform f o r t h i s experiment. 

A r o u t i n e i n t e g r a t i o n (Eq. 3-9) y i e l d s f o r the transform F^(r) ; 

The problem now remaining i s t o f i n d the c o e f f i c i e n t s a^ by 

means of a l e a s t squares f i t . The q u a n t i t y t o be minimized i s 

I [ 0 ( R j ) - ? a i F ^ R j ) ] 1 

O(Rj) i s the observed i n t e n s i t y at the poin t 

Rj , and F i ( R j ) i s given by Eq 3-10. 

The a l g e b r a i c manipulations i n v o l v e d are r o u t i n e and need not be 

reproduced here. 

The a c t u a l computation was done by computer, using a For t r a n 

program w r i t t e n f o r the purpose. I t was found t h a t .the best f i t was 

obtained f o r a f i t t i n g polynomial of the form 

F(y) = V Q. (C-y1)' 
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- S t a r t i n g t h e summation at i ; 2 f o r c e s F and i t s f i r s t d e r i v a t i v e 

t o zero at the end p o i n t y r R D . This c o n d i t i o n corresponds to the 

expected p h y s i c a l s i t u a t i o n . I f F i s of higher order i ) 5, i t 

begins t o f i t the n o i s e on the i n t e n s i t y p r o f i l e , and a p h y s i c a l l y 

u n t r u s t w o r t h y emission p r o f i l e r e s u l t s . The transform was a p p l i e d 

t o each h a l f of the i n t e n s i t y p r o f i l e s e p a r a t e l y , since the j e t i s 

not' l i k e l y t o be completely symmetric. With t h i s procedure small 

p h y s i c a l l y i m p o s s i b l e d i s c o n t i n u i t i e s w i l l occur at the centre of 

the emission p r o f i l e , which can however be l a r g e l y e l i m i n a t e d by a 

j u d i c i o u s choice f o r the centre of the i n t e n s i t y p r o f i l e . 

I l l - Absolute I n t e n s i t y C a l i b r a t i o n . . 

The f i n a l problem i n determining e x c i t a t i o n temperature from 

i n t e g r a t e d l i n e i n t e n s i t y , i s t o r e l a t e the e l e c t r i c a l s i g n a l from 

the p h o t o m u l t i p l i e r t o the absolute i n t e n s i t y of the r a d i a t i o n emitted 

by the source. To do t h i s , we use a standard source, the carbon a r c , 

which may be assumed t o be a blackbody r a d i a t o r w i t h a temperature of 

3800° k. The carbon arc i s placed i n the p o s i t i o n of the j e t , so t h a t 

l i g h t from e i t h e r soxirce i s c o l l e c t e d through the same o p t i c a l system. 

For the i n t e n s i t y of l i g h t per u n i t s o l i d angle from the carbon 

arc we have : 

\ 

X 2~ ^ j i s the width of the e x i t s l i t i n angstroms 

the energy f l u x from a blaokbody per u n i t s o l i d angle 
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given by 

For the i n t e g r a t e d i n t e n s i t y of the l i n e r a d i a t i o n we have: 

. » / i ( A) d X 
The e x i t s l i t w idth equals 2 & , and should be made l a r g e enough t o 

envelop most o f the l i n e , i ( A ) . (This c o n d i t i o n may be d i f f i c u l t t o 

s a t i s f y - i f the l i n e p r o f i l e i s L o r e n t z i a n , a s l i t w i t h a width of 

10 f u l l l i n e h a l f , widths would s t i l l miss 6% of the t o t a l l i n e 

r a d i a t i o n ) . 

I f the p h o t o m u l t i p l i e r i s l i n e a r , the v o l t a g e output s i g n a l 

i s p r o p o r t i o n a l to the i n t e n s i t y of incoming r a d i a t i o n . We have f o r 

the v o l t a g e due to the carbon arc continuum r a d i a t i o n 

V C(X)= k(X) I c (A) on. 
k ( X ) i s a c a l i b r a t i o n f a c t o r 

i s the s o l i d angle of l i g h t accepted by the o p t i c a l system 

S i m i l a r l y f o r 1^ we have 

We 

U I A) A .a 
= I c (M V L / V C ( , \ ) ( 3 - 1 3 ) 

measure and V (X) , and compute I Q (X) usin g equations 

3-11 and 3-12. Thus the i n t e g r a t e d l i n e i n t e n s i t y 1^ i s determined. 

1^ i s measured as a f u n c t i o n of the p o s i t i o n y of the j e t . This 

i n t e n s i t y p r o f i l e 1^ (y) i s converted t o a r a d i a l emission p r o f i l e 

£^(r) usi n g Abel transform, ^ ( r ) i n t u r n gives teperature T(r) through 

equation 3-10. 
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B - Apparatus and Technique. 

(a) Carbon Arc. The carbon arc used i n the absolute i n t e n s i t y -

c a l i b r a t i o n was a standard piece of apparatus, and has been adequately 

described elsewhere (see N u l l and L o z i e r (1962) and Maclatchy (1966) ). 

Under the proper c o n d i t i o n s of e l e c t r o d e p o s i t i o n s and arc c u r r e n t , as 

described i n the l i t e r a t u r e , the arc w i l l operate very q u i e t l y and 

s t e a d i l y , and the i n t e n s i t y of l i g h t coming from the anode surface i s 

then w e l l r e p r o d u c i b l e and c h a r a c t e r i s t i c of a blackbody w i t h 

e m i s s i v i t y of one and a temperature of 3800°k. The arc was placed i n the 

p o s i t i o n of the plasma j e t , as the best and.simplest assvirance t h a t 

the same optica.1 system was used f o r . l i g h t coming from the j e t and from 

the a r c . The p o s i t i o n of the arc was adjusted so t h a t the image of 

the monochromator entrance s l i t was focussed on the centre of the 

anode surface of the a r c . 

(b) C a l i b r a t i o n o f n e u t r a l d e n s i t y f i l t e r s . The vo l t a g e 

s i g n a l due t o the carbon arc continuum was measured over a range of 

wavelengths from 4000 A° t o 8000 A 0 i n small steps of wavelength. For 

most of t h i s range, the i n t e n s i t y of the carbon arc l i g h t was enough t o 

saturate the p h o t o m u l t i p l i e r , and absorbing f i l t e r s were needed. The 

f i l t e r s used were g e l a t i n e Wratten ND f i l t e r s . Their d e n s i t y i s 

wavelength dependent, and thus i t was a l s o necessary t o measure t h i s dea s i t y 

as a f u n c t i o n of wavelength. I t turns out th a t i f we represent the d e n s i t y 

of a f i l t e r by 
d( x) = m(x)a 0 

o . 
d Q i s the d e n s i t y at some p a r t i c u l a r wavelength, (5000 A i n our case) 

then m(X) i s the same f o r a l l f i l t e r s , independent of d e n s i t y . 
The r e s u l t s f o r m(X) are given i n F i g . 3 . This same c a l i b r a t i o n 
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F i g u r e 3 - C a l i b r a t i o n of absorbtion f i l t e r s r r " ' ^ x = <,->oy ) 

i s u s e f u l f o r the measurement of i n t e n s i t y of l i g h t coming from the 

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

many cases enough t o saturate the p h o t o m u l t i p l i e r . The a c t u a l v o l t a g e 

V c or used i n equation 3-13, i s then c a l c u l a t e d from the observed 

v o l t a g e V 1 by 

• V l , c = V C c » ° 

d Q i s the t o t a l d e n s i t y (at 5000 A 0) of the absor p t i o n f i l t e r s 

used i n reducing the l i g h t i n t e n s i t y . 

(c) Integrated l i n e i n t e n s i t y as f u n c t i o n of p o s i t i o n . In order 

t o do the Abel u n f o l d i n g , i n t e g r a t e d l i n e i n t e n s i t i e s have to be measured 

as a f u n c t i o n of p o s i t i o n y across the j e t . A potentiometer was mechanically 

connected to the mechanism f o r moving the j e t , i n such a manner t h a t 

_ m ( M d0 
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" h o r i z o n t a l p o s i t i o n of the j e t was l i n e a r l y r e l a t e d t o change i n v o l t a g e 

a t the potentiometer t a p . With t h i s v o l t a g e fed to the h o r i z o n t a l input 

of an o s o i l l o s c o p e , and the s i g n a l from the p h o t o m u l t i p l i e r simultaneously 

f e d t o the v e r t i c a l i n p u t , continuous i n t e n s i t y p r o f i l e s could be very 

e a s i l y obtained. 

I n order t o a l l o w f o r the background continuum of the j e t , 

i n t e n s i t y p r o f i l e s were taken a t wavelength of the centre of each l i n e , 

and a t some wavelength near the l i n e but w e l l away from a l l s p e c t r a l l i n e s . 

The i n t e n s i t y of the background continuum was much l e s s than the i n t e n s i t y 

of the s p e c t r a l l i n e s , so that e r r o r s i n measurements of the background 

were not v e r y important. S u b t r a c t i n g the background p r o f i l e from the 

observed l i n e i n t e n s i t y p r o f i l e , gives the t r u e l i n e i n t e n s i t y p r o f i l e . 

During most of the f i n a l experimental work observations of l i n e i n t e n s i t i e s 

were done between observations of s c a t t e r i n g . This procedure gave 

repeated quick checks on f l u c t u a t i o n s i n p o s i t i o n and temperature o f 

the j e t , so t h a t the e f f e c t of f l u c t u a t i o n s could be allowed f o r 

and minimized. . 



IV - RESULTS. 

The important r e s u l t s of t h i s experiment came from the f i n a l 

• s e r i e s of experimental runs, which i n v o l v e d a combination of s c a t t e r i n g 

observations and e x c i t a t i o n temperature measurments. During e a r l i e r 

work some i n t e r e s t i n g data and observations on s a t e l l i t e h a l f w i d t h s and 

p e r t u r b a t i o n of the plasma were obtained, and these are reporte d i n t h i s 

chapter along w i t h the p r i n c i p a l r e s u l t s . 

P e r t u r b a t i o n o f the Plasma. I t i s t o be expeoted t h a t the 

extreme i n t e n s i t i e s of l i g h t i n the focussed l a s e r beam w i l l have some 

p e r t u r b i n g e f f e c t on the plasma, and such e f f e c t s were indeed observed. 

Heati n g of the plasma due t o abso r p t i o n of l a s e r l i g h t i s 

evidenced by a momentary i n c r e a s e i n the continuum r a d i a t i o n when the 

l a s e r i s f i r ed, and by the appearance o f s p e c t r a l r a d i a t i o n from 

species of higher i o n i z a t i o n . Under c o n d i t i o n s of high l a s e r power and 

l a r g e e l e c t r o n d e n s i t i e s such h e a t i n g s i g n a l s were observed. Some 

rough graphs of t h e i r dependence on l a s e r power and e l e c t r o n d e n s i t y 

are given i n F i g . 4. 
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Figure 4 - P e r t u r b a t i o n of plasma by l a s e r . C i r c l e s are experimental p o i n t s . 
(a) shows the dependence of the increase of continuum s i g n a l on 

l a s e r power. 
(b) shows the v a r i a t i o n of the i n t e n s i t y of Ar I I r a d i a t i o n w i t h 

e l e c t r o n d e n s i t y a t constant power-of l a s e r . 
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The mechanism of t h i s h e a t i n g e f f e c t i s not w e l l understood. 

S p i t z e r (1962) gives a formula f o r the a b s o r p t i o n of photons by f r e e 

e l e c t r o n s i n an i n v e r s e bremstrahlung process. I t has the form : 

5 x . o - 3 6 ^ 2 T , / 2 c m " ' 

k i s the a b s o r p t i o n c o e f f i c i e n t . With a maximum heat i n g e f f e c t , 

Ar I I I r a d i a t i o n does not appear, w h i l e Ar I I r a d i a t i o n i s momentarily 

s t r o n g l y i n evidence. From t h i s f a c t we can deduce an approximate 

f i g u r e f o r the a b s o r p t i o n of l a s e r energy by the 'electrons, and the 

r e s u l t agrees w i t h i n an order of magnitude Yritb/that computed from 

the above equation. Only a small f r a c t i o n , about 10"** , of the i n c i d e n t 

l i g h t i s absorbed, so t h a t the amount of a b s o r p t i o n i s d i f f i c u l t t o 

measure d i r e c t l y . The curve i n F i g . 4-(b) could p o s s i b l y be i n 
2 

agreement w i t h the n Q dependence given i n the above equation, but 

the r e s u l t s i n f i g u r e 4-(a) seem t o i n d i c a t e a n o n - l i n e a r i t y w i t h 

respect to l a s e r power, though there i s no i n d i c a t i o n of such a 

n o n - l i n e a r i t y i n the equation. 

The h e a t i n g s i g n a l i t s e l f presents a problem because i t tends 

t o obscure s i g n a l due t o s c a t t e r e d l i g h t . A more b a s i c problem i s 

of course t h a t d i a g n o s t i c r e s u l t s obtained by l a s e r s c a t t e r i n g cannot 

be immediately t r u s t e d s i n c e the s c a t t e r i n g volume i s i n e v i t a b l y 

perturbed t o some degree by the l a s e r . In the experiment described here 

these p e r t u r b a t i o n e f f e c t s were avoided as much as p o s s i b l e by use of l a s e r 

powers w e l l below the bend i n the curve given i n F i g . 4-(a). The heating 

s i g n a l has one advantage, i n t h a t i t allows an accurate determination of 

the p o s i t i o n of the s c a t t e r i n g volume i n the j e t . (see chapter I I ( j ) ). 
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One other p e r t u r b a t i o n e f f e c t i s the momentary decrease i n the 

i n t e n s i t y of some Ar I s p e c t r a l l i n e s due t o passage of l a s e r l i g h t 

through the plasma. This decrease i s of the order of 5 t o 10 per cent 

of t h e t o t a l l i n e i n t e n s i t y , but s i n c e most of the observed l i n e 

r a d i a t i o n comes from plasma regions o u t s i d e the s c a t t e r i n g volume, the 

small decrease or "negative emission" probably represents a very l a r g e 

decrease i n the i n t e n s i t y of l i n e r a d i a t i o n emitted from the s c a t t e r i n g 

•volume. The'negative emission" e f f e c t may w e l l be r e l a t e d t o the h e a t i n g 

s i g n a l s described above through a general increase o f e l e c t r o n and e x c i t a t i o n 

temperatures i n the s c a t t e r i n g volume. 

B - P r e l i m i n a r y S c a t t e r i n g R e s u l t s . 

As was mentioned i n the i n t r o d u c t i o n , the o r i g i n a l purpose 

of t h i s experiment was t o determine what p a r t of the observed s a t e l l i t e 

w i d t h could be a t t r i b u t e d t o e l e c t r o n d e n s i t y g r adients i n the 

s c a t t e r i n g volume. At f i r s t i t was attempted t o achieve t h i s purpose 

by v a r y i n g the s i z e of the s c a t t e r i n g volume, w h i l e keeping i t s 

p o s i t i o n i n . t h e j e t f i x e d . The r e s u l t s , i t was hoped, would show a 

decrease of s a t e l l i t e width wit h decrease i n length of s c a t t e r i n g volume, 

tending t o the t h e o r e t i c a l s a t e l l i t e width f o r a uniform plasma at 

zero s c a t t e r i n g volume l e n g t h . The a c t u a l r e s u l t s were not c o n c l u s i v e , 

though they were compatible w i t h the expected r e s u l t . A decrease of 

s a t e l l i t e width w i t h decrease i n the length of the s c a t t e r i n g volume 

was observed, but the expected r e s u l t s were obscured by poor 

s i g n a l - t o - n o i s e r a t i o s i n the s a t e l l i t e observations, and by f l u c t u a t i o n s 

i n the plasma j e t , both during and between runs. The method was 
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abandoned as u n s a t i s f a c t o r y , and the o r i g i n a l object of the experiment 

was obtained by the determination of e l e c t r o n d e n s i t y p r o f i l e s i n 

the plasma j e t . 

C - Plasma Diagnosis R e s u l t s * 

During the f i n a l experimental runs observations of s c a t t e r i n g 

•were combined w i t h measurements of s p e c t r a l l i n e i n t e n s i t i e s . The 

same o p t i c a l system was used f o r both methods, except t h a t a wider 

e x i t s l i t was used f o r the i n t e n s i t y measurements. The two methods 

are described i n Chapters I I and I I I . 

Figure 5 shows the v a r i a t i o n of e l e c t r o n d e n s i t y w i t h r a d i a l 

p o s i t i o n at a f i x e d h e i g h t (12.5 mm) above the cathode of an argon j e t 

operated at a c u t r e n t of 280 amperes. The e l e c t r o n d e n s i t i e s as 

determined by s c a t t e r i n g are i n d i c a t e d by the experimental p o i n t s 

w i t h e r r o r bars i n d i c a t e d . The e l e c t r o n d e n s i t i e s as determined by 

t h r e e separate measurements of the Ar I 6965 l i n e are a l s o shown. 

These p r o f i l e s were taken i n between s c a t t e r i n g observations, and the 

d i f f e r e n c e s between the three are an i n d i c a t i o n of the magnitude of the 

f l u c t u a t i o n s i n the j o t . The d i s c o n t i n u i t y at the centre of these 

p r o f i l e s i s due t o f i t t i n g and Abel i n v e r s i o n as described i n Chapter I l l ( b ) . 

F i g u re 6 shows s i m i l a r curves f o r e l e c t r o n d e n s i t y i n the helium 

j e t at a f i x e d h e i g ht of 6.6 mm and a current of 220 amperes. No 

e r r o r bars are given f o r the p o s i t i o n of the s c a t t e r i n g observations 

because the p o s i t i o n of the s c a t t e r i n g volume could not be completely 

determined due t o l a c k of h e a t i n g s i g n a l i n the helium j e t . The 

plasma was q u i t e r e p r o d u c i b l e i n t h i s case, as shown by the two 
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F i g u r e 5. E l e c t r o n d e n s i t i e s i n the argon plasma j e t . E r r o r bars i n d i c a t e 
estimated e r r o r s f o r p o i n t s determined by s c a t t e r i n g . Continuous 
curves represent l i n e i n t e n s i t y measurements. 
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Figure 6. E l e c t r o n d e n s i t i e s i n the helium plasma j e t . E r r o r bars i n d i c a t e estimated 
e r r o r s f o r p o i n t s determined by s c a t t e r i n g . Continuous curves represent 
l i n e i n t e n s i t y measurements. 



t y p i c a l p r o f i l e s obtained from the i n t e n s i t y of the He I 5016 l i n o , 

but d i f f e r e n t s p e c t r a l l i n e s g i ve d i f f e r e n t e l e c t r o n d e n s i t i e s . 

Comparing the r e s u l t s o f the two methods, we see t h a t there i s \ 

agreement as t o the shape of the p r o f i l e , much f l a t t e r f o r helium 

than f o r argon, but there i s a l s o a systematic discrepancy, the cause o f 

which i s d i f f i c u l t t o determine. The d e n s i t i e s as determined by 

s c a t t e r i n g are measured d i r e c t l y w i t h small p o s s i b l e e r r o r s , and are 

dependent only s l i g h t l y on the assumption t h a t e l e c t r o n temperature 

and d e n s i t y are r e l a t e d through the Saha equation. These s c a t t e r i n g 

r e s u l t s are consequently much more r e l i a b l e than the r e s i i l t s obtained 

by the l i n e i n t e n s i t y method which i n v o l v e s absolute c a l i b r a t i o n of 

the d e t e c t o r system {+_ 10%), i n t e g r a t e d l i n e i n t e n s i t i e s (+_ 5%), approximate 

t r a n s i t i o n p r o b a b i l i t i e s (+_ 10%), Abel u n f o l d i n g (+_ 5%), and the 

assumptions of complete l o c a l thermal e q u i l i b r i u m and an o p t i c a l l y t h i n 

plasma. A thorough d i s c u s s i o n of the e r r o r s i n v o l v e d i n the spectroscopic 

temperature measurement can be found i n the papers by Olsen (1963) and 

Popenoe and Schumaker (1965). The t o t a l p o s s i b l e e r r o r may be as high 

as ZQ%or more, s u f f i c i e n t to account f o r the d i s c r e p a n c i e s noted above. 

Figure 7 shows a more complete set of e l e c t r o n d e n s i t y p r o f i l e s 

f o r the argon j e t operated at 280 amperes. The curves shown are a 

combination of r e s u l t s from s c a t t e r i n g and l i n e i n t e n s i t y measurements. 

D - S a t e l l i t e Widths. 

The e l e c t r o n d e n s i t y p r o f i l e s obtained from the s a t e l l i t e s h i f t s 

were used to p r e d i c t the s p e c t r a l shape of the observed s a t e l l i t e s . 

In p a r t i c u l a r , the observed p r o f i l e of a s a t e l l i t e v / i l l be a c o n v o l u t i o n 
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F i g u r e 7. E l e c t r o n d e n s i t i e s i n the argon plasma j e t . Current i s 280 A. 
z i s the d i s t a n c e along the j e t a x i s measured from the cathode 
t i p . r i s the s e p a r a t i o n from the center of the j e t . C i r c l e s 
r e present s c a t t e r i n g measurements. Dashed curves are p r o f i l e s 
from s p e c t r o s c o p i c measurements normalized t o f i t the e l e c t r o n 
d e n s i t y as determined from s c a t t e r i n g . 

of the instrument p r o f i l e , the s a t e l l i t e p r o f i l e f o r a uniform plasma, 

and the broadening due t o gradients i n the s c a t t e r i n g volume. 

Fi g u r e 8(a) shows an observed s a t e l l i t e f o r the helium j e t . Here 

the e l e c t r o n d e n s i t y i s p r a c t i c a l l y constant over the s c a t t e r i n g volume, 

- a n d no c o r r e c t i o n f o r v a r i a t i o n i n e l e c t r o n d e n s i t y need be a p p l i e d . 

The t h e o r e t i c a l curve i s thus c a l c u l a t e d by conv o l u t i o n of the monochromator . 

response p r o f i l e w i t h the s a t e l l i t e p r o f i l e f o r a uniform plasma. The 

experimental p o i n t s f i t the p r e d i c t e d curve v e r y w e l l . In f a c t the 

wid t h of the observed s a t e l l i t e f i x e s the e l e c t r o n temperature at 

17000 +_ 3000 °k, i n good agreement with the value of 17000°k 

c a l c u l a t e d from the e l e c t r o n d e n s i t y through the Saha equation. 

Figure 8(b) shows an observed s a t e l l i t e f o r the argon j e t . Here 

the s a t e l l i t e p r o f i l e f o r a uniform plasma i s q u i t e narrow (about .4 A 0 
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F i g u r e 8. Comparison of observed and p r e d i c t e d s a t e l l i t e p r o f i l e s . 
E r r o r bars represent standard d e v i a t i o n s f o r experimental p o i n t s ; 

instrument p r o f i l e ; - - - s c a t t e r e d l i g h t p r o f i l e for 
uniform plasma; c o n v o l u t i o n of instrument p r o f i l e , s c a t t e r e d 
l i g h t p r o f i l e , and broadening due t o e l e c t r o n - d e n s i t y g r a d i e n t s . 
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h a l f w i d t h ) , and the broadening i s ' p r i m a r i l y due t o e l e c t r o n d e n s i t y 

g r a d i e n t s i n the s c a t t e r i n g volume. Again the experimental p o i n t s are 

i n good agreement w i t h the t h e o r e t i c a l l y expected r e s u l t s . Thus i t i s 

v e r i f i e d t h a t the observed broadening of the s a t e l l i t e s can be accounted 

f o r by the s p a t i a l inhomogeneity of the plasma. 



"CHAPTER V - CONCLUSIONS. 

D i s c u s s i o n of R e s u l t s . 

We have seen i n the previous chapter t h a t the width of the 

s a t e l l i t e s , f i r s t observed by Chan and Nodwell (1966) can indeed be 

accounted f o r by the v a r i a t i o n s i n e l e c t r o n d e n s i t y w i t h i n the 

s c a t t e r i n g volume. Because of poor s i g n a l - t o - n o i s e r a t i o s encountered 

i n the s a t e l l i t e o b s e rvations, these r e s u l t s are not e n t i r e l y c o n c l u s i v e 

but they make any l a r g e discrepancy from the theory h i g h l y u n l i k e l y . 

I t has a l s o been shown t h a t the values f o r plasma parameters 

obtained from s c a t t e r i n g and from l i n e i n t e n s i t i e s agree w i t h i n the 

p o s s i b l e experimental e r r o r of about 30/S. Thus i t i s confirmed t h a t 

the observed valvie of the s a t e l l i t e s h i f t agrees w i t h the t h e o r e t i c a l 

v a l u e w i t h i n t h i s range of accuracy. 

On the whole, the s c a t t e r i n g method of plasma diagnosis i s 

more d i r e c t and r e l i a b l e , but the l i n e i n t e n s i t y method i s f a s t e r and 

e a s i e r , and thus allows more complete data gathering. The i n t e n s i t y 

method however depends on the assumption of complete l o c a l thermal 

e q u i l i b r i u m i n the plasma. The r e s u l t s given here, and those 

obtained by M o r r i s (1968), i n d i c a t e t h a t t h i s c o n d i t i o n does not 

s t r i c t l y h o l d f o r the helium j e t . I t i s d i f f i c u l t to determine how 

v a l i d the r e s u l t s of the l i n e i n t e n s i t y method are, but i n any case 

we have here a p o i n t i n favour of the s c a t t e r i n g method of plasma 

d i a g n o s i s , which does not depend on questionable assumptions about 

the nature of the plasma. 

Sugge st ions f o r f u t u r e work.^ 

The method of us i n g l i g h t s c a t t e r i n g t o ob t a i n e l e c t r o n 

d e n s i t i e s described i n t h i s t h e s i s could perhaps be improved by 
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- a measurement of the i n t e g r a t e d i n t e n s i t y of the s c a t t e r e d l i g h t because 

t h i s i n t e n s i t y i s roughly p r o p o r t i o n a l t o the e l e c t r o n d e n s i t y . 

I f the de t e c t o r system i s c a l i b r a t e d by Ray l e i g h s c a t t e r i n g , or by 

means of a standard source, one or two shots of the laser-would, be 

s u f f i c i e n t t o determine e l e c t r o n d e n s i t y . The s i g n a l would be much 

l a r g e r than f o r s a t e l l i t e o b s e r v a t i o n s , and n o i s e problems would 

t h e r e f o r e be c o n s i d e r a b l y l e s s . S t r a y l i g h t of course would be more 

important. E l e c t r o n d e n s i t y p r o f i l e s could be very e a s i l y obtained 

by t h i s method, and i t would i n any case be u s e f u l i n determining the 

p o s i t i o n of the s c a t t e r i n g volume i n the j e t by the method described i n 

chapter I I ('j). 

Another p o s s i b l e method of observing s c a t t e r e d l i g h t would be by 

p h a s e - s e n s i t i v e d e t e c t i o n techniques. The problem of the low i n t e n s i t y 

of s c a t t e r e d l i g h t could probably be overcome, but f l u c t u a t i o n s i n the 

plasma could a l s o give d i f f i c u l t i e s . An i n t e r e s t i n g p o s s i b i l i t y i s 

the use of an image converter camera to take p i c t u r e s of the e n t i r e 

s c a t t e r e d l i g h t spectrum. I f such an approach were s u c c e s s f u l i t 

could y i e l d a great deal of i n f o r m a t i o n about the plasma under 

i n v e s t i g a t i o n . 
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