
3 Y45b 055Llb4 8 

. 



I 
~~ .......... . .. .i_ ____ .. . . 

1 ! 
I 
I 

I 

-- .................... ~~~ ... .... ~. 

c 



ORNL /'I'M- 7 4 8 6 
:Llist. Category  uc-20 a. ,f  

C o n t r a c t  N o .  W-7405-eng-26 

F U S I O N  ENEKCY DIVISION 

AN EXPERIMENTAL INVESTIGATION OF SOLID HYDROGEN PELLET ABLATION 
IN HIGH-TEMPERBTUKE PLASNAS U S I N G  HOLOGRAPHIC INTERFEROMETRY 

AND OTHER D IAGNO S'C TC S" 

Date Puhl. ished: March 1981 

* 
D ~ c t o r i I .  dissertation: Massac1musett:s I n s t i t u t e  of Technology. 

P repa red  by the 
OAK RIDGO NLZTLONAL LABORATORY 

Oak Ridge,  Tennessee 37830 
u p e r a t  ed by 

U N I O N  CARBIDE CORPORATION 
f o r  t h e  

I3EPhR.lXENT OF ENERGY 
3 4456 05511bV B 





Table  of Con ten t s  

Page 

A b s t r a c t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  V 

Acknowl-edgment s . . . . . . . . . . . . . . . . . . . . . . . .  v i i  

List of Tab les  . . . . . . . . . . . . . . . . . . . . . . . .  i x  

L i s t o f  F i g u r e s  . . . . . . . . . . . . . . . . . . . . . . . .  x i  

Chapter  1: I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . .  1 

References  4 

Chapter  2 :  Exper imenta l  Apparatus  . . . . . . . . . . . . . . .  5 

2 . 1  The ISX-B Tokamak and I ts  D i a g n o s t i c s  
2 .2  The P e l l e t  I n j e c t o r  
2.3  The Holographic  I n t e r f e r o m e t e r  
2.4 Summary of Chapter  2 

5 
7 
8 

5 1  

References  52  

Chapter  3 :  Theory . . . . . . . . . . . . . . . . . . . . . . .  54 

3.1 A Krief  R e v i e w  of t h e  E x i s t i n g  T h e o r e t i c a l  Work on 

3 . 2  I>i.scussion of E x i s t i n g  Theor i e s  i n  t h e  L i g h t  of 
Hydrogen P e l l e t  A b l a t i o n  in High-Tempera t u r e  Plasmas 

Exper imenta l  Work 57 

References  59 

54 

Chapter  4 :  Exper imenta l  K e s u l t s  . . . . . . . . . . . . . . . .  6 1  

4 . 1  
4.2 

1 n t r oduc t i on 
Data from September 6 ,  1979 (Low ne, High Te) 

61 
62 

105 4 . 3  Data from September 11, 1979 (High n Low Te) 

4.5 Summary of Chapter  4 135 

e’ 
4.4 Time-Exposure Photographs of P e l l e t  A b l a t i o n  I33 

References  138 

iii 



P a g e  

Chaprer 5: Ana lys i s  of  Data . . . . . . . . . . . . . . . . . 139 

5 . 1  P e l l e t  ' l ' r .TjPctories 
5.1 E f f e c * t n  of Nonthermal Electron.: 
5.3 Charge Exchange L o s s e s  
5.4 Analys i s  o f  I1 Data 

5.5 A n a l y s i s  of  ~ n t e r f e r o g r a n r s / S h a d o w g r a p b ~  
5. 6 5iimniary of Chapter  5 

c1 

References  

1 3  9 
l-l! 5 
1 4  8 
1 4  9 

165 
202 

204 

205 Chapter  6 :  Conclus ions ,  Summary, and Recommendatioris . . . . . 
6.1 Conclusions 
6. 2 Suintnary 
6 . 3  Recommendations f o r  Further Work 

205 
208 
21.2 

Keferences  214 

Appcndix: Index o f  Refraction - latrrsction of 69/43 PA . . . , 215 
0 

(Ruby Laser) L i g h t  w i t h  Neutral Hydrogen a d  
Plasma 

References 218 

i.V 



by 

ABSTRACT 

Tticsis Supervisor: Professor P. A. P o l i t z e r  

T i t 1  e :  Associate Professor of Nuclear  E o g i i ~ c e r i n g  





Acknowl ed p e n t  s 

Many p e o p l e  ha.vr? he lped  w i t h  the iniork p r e s e n t e d  i n  th i . s  t h e s i s .  I 

w i l l  t r y  t o  say thanks  t o  them a l l  and hope t h a t  I do n o t  n e g l e c t  

anyone. 

My a d v i s o r ,  P ro fes so r  P e t e r  P o l . i t z e r ,  h a s  been a s t r o n g  and s t e a d y -  

i n g  infI.uence ovc.~: the las t  f i v e  y e a r s .  N e  has  a lways been t h e r e  when I 

needed ’ne1.p and has t a u g h t  m e  more t h a n  ha l f  of t h e  plasma p h y s i c s  1 

know 

Stan  Milora and C h r i s  Fost .er  had t h e  i n s i - g h t  t o  s u p p o r t  an experi .-  

rnent t h a t  many s a i d  wnu1.d no t  work and b u i l t  and o p e r a t e d  t h e  p e l l e t  

ihj ec.t.or iiseti i n  t h e s e  experiments 

My c.ol.l.eague a t  M . I . T .  , Mn.rk McKinstry, f i r s t  i n t roduced  m e  t o  

hol.ographic i n t e r f e r o m e t r y  a.nti sugges t ed  t h e  lmsic p r i n c i p l e  of t h e  

v e l o c i m e t e r /  t i m e r ,  which w a s  a cri.ti.ca1 p a r t  of t h e  exper iment .  

Vex-n Lunsford ,  Te r ry  Brooks, J i m  Walters, and J i m  P i n g  s p e n t  many 

l.ong hour s  on t h e  mechanica l  d e s i g n  o f  t h e  s t a n d  and boom. I t  i s  a 

t r i b u t e  to t:l.iem t.hat: e v e r y t h i n g  fi.t t o g e t h e r ,  1i.ned up, and o p e r a t e d  as 

desi .gned. 

§am Decamp gave a g r e a t  d e a l  of good a d v i c e  and s u p e r v i s i o n  i n  

g e t t i n g  t h e  i n t e r f e r o m e t e r  and e l e c t r o n i c s  mounted on  t h e  tokamak. 

Gene Purdy, Doc. Turner ,  C l i f f  McCullough, J o e  Campbell, T .  D. 

Muhammad, T. C. Moore, J i m  Webb, .Jim W i l l i a m s ,  Gary King, Max Hol land ,  

J i m  Wi lkerson ,  a n d  Andy Anderson d i d  e x c e l l e n t  work assembl ing  and 

m a i n t a i n i n g  t h e  i n t e r f e r o m e t e r  and p e l l e t  gun. 

v i i  



Lonzic  P a t t e r s o p l ,  Jim Sexton ,  and K i c k  R u t t e r  d i d  a b e a u t i f i r 1  job 

of  b u i i d i u g  t h e  e l e c t r o n i c  systems.  

< J .  J .  K l u e n d r r ,  B .  R .  K i t t s ,  and a p p r e n t i c e s  s e t  t h e  s t a n d  5quarp 

and true. 

A s p e c i a l  thanks t o  Frank Bunner,  37ho h u i l  t a p a r t  of himsel: i n t o  

t ;L(J  i r r t e r f  erorw<_er  - 
J a c k  Mar t in  and J a n i c e  Cox performed ) lours  of  ex(-1-uciating work 

d i g i t i z i n g  t h e  i n t e r f e r o g r a m s  f o r  cornputel a n a l y s i s .  I t  w i l l  be  obvious  

from t h e  f i g u r e s  t h a t  e h e i r  work was e x c e l l e n t .  

P e t e  Forman ai Los  Alamos S c i e n t i f i c  Labora to ry  (LAST) provided  

i n v a l u a b l e  a d v i c e  on o p e i a t i n g  t h e  i n t e r f e r o m e t e r ,  and he and 

B .  Woodworth made a v a i l a b l e  t o  m e  t h e  I*ASL i n t e r f e r o g r a m  a n a l y s i s  sofl-- 

w a r e .  Many thanks  also t o  t h e  JASL programmer:; who wro te  t h e  s o f i w d r e .  

<John Wilgen, Don Hutchinson ,  C h a r l i e  Bush ,  Ed L a z a r u s ,  P h i l  King, 

Dave Swain, and Masanori  Murakami a l l  provided  d a t a  from t h e i r  d i a g  

n o s t i c s  and c o n s u l t a t i o n  on t h e  i n t e i p r e t a t i o n  of  t h e  d a t a .  

K a t h i e  % e l l  h a s  done a c o n s i s t e n i l y  e x c e l l e n t  job of p r e p a r i n g  the 

t y p e w r i t t e n  v e r s i o n  of t h e  t h e s i s  and has always been c h e e r f u l  and r e a d y  

t u  h e l p  d u r i n g  t h e  f o u r  y e a r s  L have knowli h e r .  

Teresa Yow e d i t e d  t h e  manuscr ip t  t o  make i t  c o n s i s t e n t  and r e a d -  

a b l e ,  Gene Watkin,  Susan S t o c k b r i d g e ,  Cindy Johnson,  J a n e  M a r t i n ,  

.Judy Neeley,  and Sandra Schwartz worked over t ime producing  the ex t ra  

n i c e  f i g u r e s  s c a t t e r e d  throughout  t h e  t e x t .  

L a s t ,  and iiiost of all. ,  t-hanks t o  my Mother and F a t h e r .  

v i i i  



L i s t  n f Tables  

Page 

T a b l e  4.1. Linc-averaged d e n s i t y  immediatelly before  and . . . . 85 
a f t e r  p ~ 1 1  e t  i n j e c t i o n ,  sequ~nce of S ~ p t e m b c r  
6 ,  197'3 

T a b l e  4 . 2 .  T o t a l  local radiated c n ~ r e y  drirjng p e l l e t  . . . . . . 9 1  
i n j e r t i o n ,  Sept.emhez 6, 1979 

Table 4 , 3 .  Line-averaged  d e n s i t y  i.mmeil:i.a~eIy be fo re  and . . . . 1.25 
a f t e r  pel l -e t  inject:i.on, seq'lenc" o f  Se.ptciloller 
11, 1.973 

'Cable 5.1. Experinontally observed o r  ioferred quantities - . - 157 
at time of  inter<erograrn f o r  Sc-p t rmhrr  6 ,  1 9 7 3  

T,nl.Ae 5 a 2 Expcr imentaily observed or inferred q ~ i n n t i t  ies . . . J 58 
at. time of  intcrferograrn f o r  S@ptembe+ 13 1979  

.-.. 
Table 5 . 3 .  ComparPson of A n  measrrred by mj.crowave/FTR I . . . . 165  

e 
interferometer with tha  inferred f.rom the 
1.1 da ta  f o r  SG!ptt.mber 6, 19.19 u 

'1:ahIe 5 . 4 *  Coropari.son o f  On measured with FIR interferometer. . 1 6 7  
F: 

w i t h  t h a t  i n fe r r ed  from d a t a  f o r  September 1.1, 
1.979 (RCA = 6 cm> 

Iy 





Lis! .  of F igures  

Fig.  2.1. 

F i g .  2 . 2 ,  

Fig.  2 * 3 .  

Fig .  2 . 4 .  

F i g .  2.5.  

F i g ,  2 - 6 .  

F5.g. 2 . 7 .  

F i a .  2 .8 .  

Fig. 2 . 9 .  

F i g .  2.10" 

Fig.  2.11. 

Fig. 2.12. 

Fig. 2.13. 

F ig .  2 . 1 4 .  

Fig. 2.15. 

ISX-B tsk.a.mak scllernat i c  

Pel l .e t  i n j e c t i o n  l i n e  scheniatic 

S i m p l e  hol.ographic sys t en 

Schematic o f  hcnl.ograpliic ruby 1 m e r  system 

La s e r p u l  t3 e tf e t ec t a r  c i. rc. 1.1 i. t s c I-lema t i c 

Far-f ie ld .  pat: tern of ruby laser 

Holographic i.nterr'erurne I:er o p t  icaL sc.hemat i.c 

Ptis Lograph of lower ~ ? p  tical t a b l e  look:! ng a t  ou tp i i t  

c ta l .on  of ruby laser 

Photograph o E  u p p e r  o p t i c a l  t a b l e  (some camponeairs nut: 

i n s t a l l e d )  looking from back of  p1iotug.rapfii.c pla!:e 

holder 

Phutograpli  of holograph:i.c interferometer assenibled but  

170t installed on ISX-'fr; 

Photograph o f  %nterferometer arid pellet gun i n s t . a l l e t l  

on LSX-B 

Schema Lic of ha X o g r  am r ep lay  sys tern 

Photograph of author r e p l a y i n g  tml.ogram 

Schematic  f o r  araal.ysis o f  magn.ificnt3.m error due t o  

f o c u s s i n g  errors 

Schematic f o r  a n a l y s i s  of magnification errors due t o  

replay wi.t.11 spherical waves at a different wavelength 

x i  



Fig. 2.16. 

F ig .  2 . 1 7 .  

F i g .  2 . 1 8 .  

F i g .  2.19. 

L;i.g. 4.1 

b i g .  4.3. 

Fig. 4 . 4 .  

F i g .  4.5. 

F i g ,  4 . 6 .  

F i g .  4 . 7 .  

Schematic t o  i l l  us t ra te  p r i n c i p l e  of  v e l o c i t y - d e p c n J e ~ l i  

d i  g i  ea: d i a g n o s t i c  timer 

am of ve loc imctc i  / v e l  o r i  f y -  dcpendc-nt d i g i t a l  

d i a g i i o s l i  r timer 

Vacu:iiri h o l o g r a p h i c  inisLferogra1i i  t eplayt-i l  a t  t h r e c  

d i  rFere.it microscope m a g n i f i c a t i o n s  

Tn t r r f e rog ram of I-mn by I-mi .netal t a r g e t  i t i  liariiiim 

charn1:~r of  tokamak 

Thoiilsofi s c a t t e r i n g  rl c c i  roil d e n s i t y  and t e m p e r a c u r e  

1 rns b e f o r e  p e l l r t  i t i jerLinl i ,  sequence of Septciibf-r 6 ,  

1979 

Thoiason scaLtPriLk2 e l e c t r o n  d e n s i t y  and t~rni)rr,?iiil-C 

1 m s  a f t p r  p e l l e i  i i i j e c t i o n ;  sequelice of S:,pter,ilier 5 dnd 

6 ,  1979 

T,ilir -averaged d e n s i t y  vs  t irne F o r  three s h o t s  from 

~ ~ l J ~ L ? i i i b k ~ ~  5, 1919, w i t h  pe l  l e t  i l i j e c t i o n  

Lypica! n d e n s i t y  p l o t  vs T i r u e  w i thou t  p e l l e t  i r i j ec t io t l  

f r o m  September 6 ,  1979 

I l l u s t r a t i o n  of p y i ~ r l  e c l - r i c  d e t e c t o r  geometry 

Pellcf radinmeteL d a t a  f rom s h o i s  1 5 6 6 7 ,  1 5 6 1 9 ,  iflid 

15681 

P e l l e t  rad iometer  data F r o m  s h o t s  15682, 15697, an3 

15698 

- 
1 

e 

xii 



Fig .  4 . 8 ,  

F i g .  4 . 9 .  

- 1  r1g.  4.10 .  

P i g ,  4.11. 

Ff.g, 4"1 .2 ,  

Fig .  4 . 1 3 .  

F i g .  4 . 1 4 .  

Fi.g. 4.15. 

Fi.g. 4.1.6- 

F i g ,  4 - 1 7 ,  

F i g .  4 . 1 8 ,  

Fig. 4.19. 

F'ig. 4.20, 

Fig.  4 . 2 1 .  

F i g .  4 . 2 2 ,  

F i g .  4 . 2 3 .  

F i g .  4 . 2 4 ,  

F i g .  4 . 2 5 .  

Fig..  4 . 2 6 .  

F i g *  4 * 2 7 .  

6 with  p e l . l e t  i n j  e c t  i o n  

S c 1 i m ~ i t - i ~  of N detector 

AhLati.on ratin (at:oms/s> f o r  s h o t s  1.5675 and  15679 

Ablat ion rate (a tor~ns /s )  for shots  IS680 and 15681. 

A b l a t i o n  rate (atoms/s> f o r  shots 1.5683 a u t l  1.5684 

Abl.atian r a t e  (atomsls) f o r  sht~ts 15685 a n d  15686 

A b l a t i o n  rate (atorns/s) for s h o t s  1 5 6 9 5  and 156r37 

A b l a t i o n  rate (iit~ms/s$ f o r  s h o t s  15698 arid 15699 

a 

A b l a t i o n  rate (ntoms/s) Eor shot. 15700 

H o s c i l l o s c o p e  traces for s1-ii:)t:s 14436 1.4455 

Average ablat- ion rate (ntoms/s> f o r  September 6 ,  1979 

Interferograms f o r  shots 1 4 4 3 6 ,  14455, and 1.5679; 

shadowgraph fo-c shot 15679 

a 

Tntc:rfervgrarns and shadowgraplt f o r  shot  15678 

Interferogram and shadowgraph f o r  shots 15680 and 15681 

Lnterf erogrnm and skiadowgraph f o r  shors 1.5683 a i d  1.5684 

Interferogram and shadowgraph f o r  s h o t s  1.5685 and 15686 

Interferogram and si~idowgrapl-r  f o r  i;hoe;s 15695 and  1.5697 

Interferogram and shadowgraph f o r  s h o ~ s  1.5698 and 15699 

I n t e r f e r o g r a m  and shadowgraph f o r  s h o t  1.5700 

x i i i  



Fig .  4.28. 

Fig .  4 . 2 9 ,  

Fig. 4.30. 

Fig. 4.31.. 

E’1.g. 4.32, 

Fig .  4 , 3 3 .  

Fig .  4.34. 

Fig .  4.35. 

Fig.  4.36. 

E’i.g. 4.37. 

F i g .  4.38. 

Fig .  4.39. 

E’ig. 4.40. 

Fig.  4 . L d .  

Fig.  4 . 4 2 .  

Magni f i ca t  i o n s  of metric machinist ’ 4 s c a l e  

Thom.;on s c a t t e r i n g  electron d e n s i t y  and l empera tu i e  

1 ms befo re  pellet i n j e r t i o n ,  sequence of ScptPriiber 1.1, 

1 9 1 9  

Thomson s c a t  ce r ing  ~1 e c t r o n  d e n s i i y  and tcmperature 1 

m s  a f t e r  p e l l e t  i n j e c t i o n ,  sequt .we o f  September 71, 1979 

F i K  lascr l i ne -ave raged  d e n s i t y  data from s h o t s  15858, 

15861, and 15872 

P e l l e t  r ad iomete r  d a t a  from shots 15875, 15888, a n d  

15889 

Pellet radiometer d a t a  f rom s h o t s  15896, 15897, and 

15838 

Ablation r a t e  ( a toms / s )  f o r  s h o t s  15860 and 15861 

Ablation r a t e  (atoms/s) f o r  s h o t s  15862 2nd 7.5864 

Ablation r a t e  (atorns/s) f o r  shots 1.5870 2nd 15873 

Ablation ra te  (ai-orns/s> for shots 15874 and 15876 

A 4 b l a t i a n  r a t r  (atoms/s> f o r  s h o t s  15873 and 15881 

Ablation rate (atoms/s) f o r  s h o t s  15882 and 15885 

Ablation r a t e  ( a toms / s>  f o r  s h o t s  15888 and 15897 

Ablation r a t e  ( a toms / s )  f o r  s h o t  15838 

Average ablation ra te  (a i  o i , l S / s )  inferred from I1 s i g n a l s  

f o r  September  11, 1 9 7 9  

ct 

x iv  



Fig .  4.43.  

Fig .  4 . 4 4 .  

Fig. 4 . 4 5 ,  

Fig .  ii.46. 

Fig. 4 .47 .  

Pig .  4 . 4 8 ,  

.la. 4 . 4 9 .  n "  

Fig .  4.58. 

Fig .  4.51. 

Fig .  4 . 5 2 .  

Pig. 5.1. 

F ig .  5 . 2 .  

Fig .  5.3. 

F ig .  5.4.  

Fig .  5.5. 

El OSCi I1.OScope traC.t?S f o r  ShOtS 1.5863, 15e72 ~ $?Xkd 15886 
n 

Interferograms and shad.owg.raph fu.r s h o t s  l 5 8 6 0  and 15861 

I n t e r f e r o g r a m s  and shadowgraphs f o r  shots 25862 .ma 15863 

In te r f r~ragrams a n d  shadowgl-aphs for :311of:s 1.5864 a t d  15870 

Intesferog-9-ams and shadowgraph:; for shots 15872 and 15873 

Interferograms f o r  sEiots 1.5874, 1.5876, 15879, and 15881 

I n t e r f e r o g r a m s  €or  sho-t:s 15882,  15885, and 15886; 

shadowgraph f o r  shut 15854 

Interferograms f o r  sho t s  15588, 15897, and 15898 

Skiadowgraph and t i m e  exposure of p d l e t .  f o r  shot 

149.56 

T i m e  exposure of €3 l i g h t  from pel.1.ek made w i t h  sliadowgraph 

opt:i.cs f o r  s h o t  14950 

Photograph of p e l l e t :  t rajecrtary 

Average p o s t p e l l e t  n and T c a l c u l a t e d  from. p e l . l . e t  

a b l a t i o n  rate data  from September 6, 1979 

a 

e e 

Average po!;t.pel.ler-, n and T c a l c u l a t e d  € rum pel..a.et 
e E! 

ablation r a t e  data from Septembe.r 11, 1979 

Theo.e-etical c a l c u l a t i o n  of pc.l.l.et: a.bl.ation rate f o r  

plasma profi1.e~ o f  Sep~sernlser 6 ,  1979,  us ing  the aon-sel.f- 

Iimit.:i .iig neutral s h i e l d i n g  model of M i l u s a  and. Foster. 

P~?l . le t  r i ~ d i ~ ~  is assumed to b e  e>:..:panding f o r  7.owel: p l o t  

Thhetzret ical  c a l c u l a t i o n  o f  p e l l e t  a b l a t i o n  rat e 

g l a ~ w a  p r ~ f i l e f i  G E  Sept~emhcr 5, 1.979, using the  se1.f- 

l imi t :  Lny; neutral s la ie ld ing  model of Mil.ora e.t al. I 



Fi-g. 5 .6 .  

F i g .  5 .7 .  

F i g .  5.8.  

F ig .  5 .9 .  

/ 1  lhe.oretii.a1 c a l c i i 1 a t i o n  of  p e l l e L  d b l a t i o u  ra te  f o r  

p l a q m a  p r o f i l t s  of  Septemb-r 11; i ' E / Y ,  u s i n g  b o t h  n o n -  

s e l f - l i m i t i l i g  and s e l f - l i m i t i n g  n e u t r a l  s h i p l d i n g  models 

Experimcntal  s h i e l d  f a c t o r  p l o t  f o r  d a t a  of  September 5 ,  

1979. Upper p l o t  a s s u w s  solid p e l l e t  d ~ n s i r  y ;  l O w ? r  

p l o t  assumes expanding p e l l e t  r a d i u s  

Kat io  of  expprfmmgrlt a1  t o  theor . , t  j c a l  s h i e l d  facf o r  for 

d a t a  of S e p t m b e s  6. The p e l l ~ i -  r a d i u s  i s  assiiitied t o  b e  

expanding 

Average expe r imen ta l  s h i e l d  f a c t o r  p l o t  (uppcr)  and 

r a t i o  of  "u!,rriinelital t o  t h c o r r t i c a l  s h i e l d  f a c t o r  f o r  

d a t a  of Septeiilber 11, 1979. No te  t h a t  upper x - s c a l e  

i s  d i s t a n c e  from l i n i j t e r  and lower i s  d i s t n n c n  fro111 

p l a s m a  c e n t e r .  C a l c u l a t i o n  f o r  lower p l o t  i s  c u t  o f f  a t  

r - S c m  
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c 
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c o n t o u r s  of  c o n s t a n t  nn x 9, f o r  s h o t b  15700, 15683, and 

15654 

L 

Fig .  5 .12 .  Computp-r r e c o n s t r u c t i o n  of i n t e r f e r o g r a m s  and p l o t s  of  

conLours oE c o n s t a n t  11 x ,Q, f o r  s h o t s  15699, 15685, a n d  

15695 

t 
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Chapter 1 

Introduction 

The t hnology that i the leading candidate f o r  the refuelin of a 

fusion reactor i s  the high-velocity injection of solid hydrogen pellets. 

Until recently very little experimental data on pellet refueling existed. 

The first injection of solid hydrogen pellets into a plasma was performed 

on the Puffatron device at RTSO in 1974.' 

were injected at a velocity of 10 m/s into a rotating E 24 13 plasma with 

an ion temperature oE %400 eV. 

1995 and 1976 pellets 100 and 200 vm i n  diameter were injected at a 

velocity of 100 m/s into the Oak Ridge Tokamak (ORMAK) at Oak Ridge 

National Laboratory (ORNL). The pellets barely penetrated the surface 

of the discharge, and no detectable fueling was achieved. In 1977 

pellets were dropped into the Pulsator experiment at Gar~hing,~ and the 

discharge was initiated around the pellet. In 1978 the first detectable 

fueling of an established tokamak discharge was achieved at ORNL. 

Pe l l e t s  p ~ 6 0 0  pm in diameter were Injected into a n  established discharge 

at a velocity of 350 m/s. A fueling effect of ~ 3 0 %  was achieved with a 

stable discharge. 

Pellets %250 Dm in diameter 

+ - +  

-+ 
The 2 x B discharge lasted ~5 p s .  In 

2 

4 

Experimental studies of pellet fueling are important to the fusion 

program. Before pellet Iueling can be successfully used on a reactor 

o r  long-pu l se  experimental device, the physical. processes involved must  

1 



2 

b e  we1 1 unders tood .  ' T h e o r e t i c a l  s c a l i n g  1.awf; € o r  t h e  r e q u i r e d  

fiicl.i-ng r a t e ,  p e l l e t  ve loc i . t y ,  and f u e l i n g  p r o f i l e  must be expert--  

m e n t a l l y  v a l i d a t e d ,  o r  experimental .  s c a l i n g  laws must h e  developed.  

The e f f e c t s  o f  p e l . l e t  f u e l i n g  on p la sma  conf inement ,  t r a n s p o r t ,  and 

prof  i1e.s must- be  e x p e r i m e n t a l l y  explored .  I n t e r t w i n e d  w i t h  the n e c e s s i t y  

of F'xperiinental understaii&i.ng i s  t h e  requireinent  of devel.oping a p p r o p r i a t e  

technology f o r  t h e  p roduc t ion  of  s o l i d  hydrogen p e l l e t s  a t  t h e  c o r r e c t  

f requency ,  s i z e ,  and v e l o c i t y .  'The r a n g e s  of r e q u i r e d  i n j e c t i o n  f r e q u e n c y ,  

p e l l e t  s i z e ,  and  p e l l e t  v e l - o c i t y  m w t  3e known i.n o r d e r  t o  detiermine whether  

r e f i n e m e n t s  of e x i . s t i n g  technol.ogy a re  adequa te  o r  whether  new t e c h i o l ~ o g y  

must b e  developed.  A t  t h e  same ti.me, s u i t a b l e  d e v i c e s  must be made 

a v a i l a b l e  f o r  expe r imen ta l  work.  

'Yhe problem of  reacEor  r e f u e l i n g  w i t h  p e l l e t s  can  b e  d i v i d e d  

int:o two p a r t s ,  t h e  ab la t i -on  of the p e l ~ l e t  by e n e r g e t i c  pl~asma p a r t i c l e s  

and t h e  r e s p o n s e  of  the p l a s m a  t o  t h e  s d d i t i o n  of c o l d  f u e l .  The work 

t o  b e  r e p o r t e d  h e r e  i s  a microscopic  and macroscop i.c exper imenta l  s t u d y  

of t h e  a b l a t i o n  ( o r  e v a p o r a t i o n )  of  t h e  p e l l e t .  For  t h e s e  s t u d i - e s  

p e l - l e t s  ~1 mm i n  d i a m e t e r  were i n j e c t e d  i n t o  t h e  I m p u r i t y  Study Experi-  

ment ( I S X - B )  tokamak a t  a v e l o c i t y  of  1.000 m / s .  An examinat ion o f  t h e  

porise w a s  a l s o  made f o r  t h i s  same ;et o f  exper iments  and i s  

r e p o r t e d  s e p a r a t e l y .  The microscopic  p a r t  o f  t h e  a b l a t i o n  s t u d i e s  

c o n s i s t s  0 :  examining t h e  p e l l e t  and i t s  immediate e n v i r o n  w h i l e  i t  

i s  a b l a t i n g  u s i n g  ho lograph ic  i n t e r f e r o m e t r y  and shadowgraphy. The 
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d e t a i l s  o f  t h e s e  t e c h n i q u e s  w i l l  be di.scu.r;sed i n  Chaps.  2 and 4 ,  biit 

1m:;:ically t h e y  measure t h e  electron d e n s i t y  around [:he p e l l e t  and the 

remaining area of h i g h - d e n s i t y  neutral hydrogen. Holographic  i.nterr'eso- 

m e t r y  was f i r s t  used t o  s t u d y  plasma-pellet i n t e r a c t i o n  by McKinstry, 

who s t u d i e d  t h e  a b l a t % u n  of polystyreae pellets i n  a. z-pinch d i s c h a r g e  

No exte.nsive r c v i . e w  of p rev ious  experimentai. and theore . t ica l  work 

6 

w i l l  be g iven .  Other workers have recently done thorough reviews o f  

p e l l e t  fue . l i ng .  '' The expe r imen ta l  a p p a r a t u s  used  w i l l  be described i n  

Chap. 2. The a p p l i c a b l e  a s p e c t s  nE theory w i l l  be d i scussed  i.11 Chap. 3. 

Chapter 4 p r e s e n t s  t h e  b a s i c  experimental- resul-ts, and t h e  d a t a  i s  

ana lyzed  i n  Chap. 5 Conclus ions ,  a siimmary, and recoininendations lor 

f u r t h e r  work w i l i  be gi.ven in Chap. 6 .  
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Chapter 2 

Experimental Apparatus 

2.1 The ISX-B Tokamak and Its Diagnostics 

ISX-B is a very flexible and moderate-sized tokamak with moderate 

1 magnetic fields. Its nominal major radius is 0.93 m, and the minor 

radius i s  0.27  m. The maximum design toroidal magnetic field on axis is 

1.8 T produced by 18 rectangular coils. The ohmic heating current of up 

to 200 kA is produced by an iron core transformer. The plasma position 

is feedback controlled both vertically and horizontally, and there is a 

shaping coil system to produce noncircular plasmas, but all experiments 

described here are with nearly circular cross section (b/a = 1.2). The 

nominal pulse length is 250 ms or less at high plasma currents. Plasma 

parameters for the experiment will be discussed in Chap. 4 .  Figure 2 . 1  

is a schematic of the tokamak and its diagnostics. 

ISX-€3 i s  equipped with standard tokamak diagnostics. A Rogowski 

coil measures plasma current, and a 2-ntm horizontal and vertical micro- 

wave system measures line-integrated electron densities. A far-infrared 

(FIR) laser system was used during some of the pellet experiments to 

measure line-integrated electron density. 

Thomson scattering system gives time and space-resolved electron temp- 

erature and relative electron density. There i s  a pyroelectric radio- 

meter system f o r  measuring power loss from the plasma to the walls and 

2 
A four-pulse ruby laser 
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an i n . f r a r e d  camera f o r  measur ing  energy  t o  the limiters. A P I N  d iode  

s o f t  x-ray de tec tmr  measures t t i e  line i n t e g r a l .  oE s o f t  x-ray emission 

al-oog a v e r t i c a l  c e n t r a l  chord ,  and t h e r e  are  magnetic prohr-s wound t o  

detect  v a r i a t i o n s  i n  t h e  polo-idal magnc!t:ic f-i-eld f u r  8fHI:l s t u d i e s .  A 

hard x-ray monitor looks at high-energy  x rays caused by runawa.y e l r c -  

t rons  impacti-ng the  l.i.miters or vacuum vessel  . A charge exchange analyzer 

measures i o n  tempe-t-atrure. 

Lrr a d d i t i o n  t o  t h e  above, a pyroelectr i.c radiometer was i .nstal l i i td  

i n  t h e  same sector as the p e l - l e t  i r1jec: tur  to s t t t d y  1oca.l. power loss to 

the w a l l s  due t o  p e l l c t  i n j e c t i o n .  

2 . 2  The P e l l e t  It1.jectou 

Reference 3 i s  a comp].~!tt? d j - scuss i an  of  t h e  pneumatj.c p e l l e t  

i n j e c t o r  used  f o r  t h e s e  experiments on ISX-13. 

of t h e  inject:or wi.11 b e  g iven  h e r e .  

0nl.y a br:ief d e s c r i p t i o n  

The inject :or  produces nominal I.-inm-diam by 1.1-mm-l.ong cylindrical 

hydrogen pellets. 

p e l l e t  i n  a h o l e  i.n a r o t a t i n g  d i s k .  

w:i . th  a gun bar re l ,  arid a f a s t  so7enoic l  valve a p p l i e s  hi .gh-pressure 

bel-ium gas to f i r e  t h e  p e l  l.et CJhtn the a p p a r a t u s  i s  working w ~ . l l ,  the 

p e l l e t :  v e l a c i t y  i s  970 m / s  w i t h  a s t a n d a r d  d e v h t i o n  of 60 m/s at a 

heli.um gas pressure of ~ 2 4  a t m ,  

L iqu id  hel.ium i s  used t:o f r e e z e  t h e  s o l i d  hydrogen 

T h e  d isk .  is thf i i  r o t a t e d  in-1. i .n~ 
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Between. t h e  p e l l e t  i n j e c t o r  and t h e  tokaiiiak i.s a d r i f t  s t r i n g  

c o n s i s t i n g  of t w o  f a s t  soleno-Ld valves and a d i f f e r e n ~ i a l l y  pumped 

s e c t  ion.  The f a s c  v a l v e s  are opened momentar i ly  wlien the i n j e c t o r  i.s 

f i r e d .  T h i s  dr i . E t  1 i n e  serve- t o  i s o l a t e  t h e  tokamak from tlhe hel.iurn 

gas p r o p e l l a n t  used t o  a c c e l - e r a t e  t h e  p e l l e t .  A l s o  l o c a t e d  on  t h e  d r i f t  

l ~ i n e  are  two lamp, l e n s ,  and photodi.ode a s sembl i e s  used t o  d e t e c t  t h e  

p e l l e t  i n  f l i g h t .  When t h e  p e l l - e t  breaks t:he 1.ight b e a m s  t o  t h e  photo- 

d i o d e s ,  vol-tiage pulses  a ~ ' e  produced t h a t  t r i g g e r  a d i  gl.t:aI. velocj.nrei:er/ 

d i - a g n o s t i c  tiine~t- ~ The v e l . o c i m e t e r / t i m e r  will be  d i s c u s s e d  l a t e r .  

F i g u r e  2 . 2  i s  a schemat ic  of t h e  p e l l e t  i n j e c t o r  and d r i f t  l i n e  on t h e  

tokamak . 

2 .  3 The Hol-ngraphic Lnterfrromcier 

2-3.1 R r i c f  review of  ho log raph ic  i n t e r f e r o m e t r y  

4 
Holography- was i n v e n t e d  i.n 1948 by Gabor. W i  tl-I e x t r a o r d i n a r y  

i n s i g h t  Gabor r e a l i z e d  t h a t  i t  was possi-ble  t o  r e c o r d  n o t  o n l y  the 

ampl i tude  b u t  a l s o  t h e  phase of  a c o h e r e n t  wave (hence hol.ography, f t j r  

"the whole ching") by b e a t i n g  t h e  wave of  i n t e r e s t  a g a i n s t  a c o h e r e n t  

refe-rerice wave arid recording the r e s u l - t i  ng ampl i tude .  Gabor a l s o  found 

t h a t  the o r i  g i  rial- wave€roni  cou ld  h e  recmis t r u c t e d .  Holography l angu i shed  

a f t e r  Gabor 's  i n i t i a l  work u n t i l  t h e  developiwnt  of h i g h l y  c o h e r e n t  

l i g h t  s o u r c e s  ( l a s e r s ) .  developed n 

v a r i a n t  of  Gabor 's  t e c h n i q u e  using laser beams.  T h i s  method, known as 

In 1.962 Lei th  and llpatn i.eks5 ' 
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"si.deband" holography,  i s  t h ~  h a s i c  Lechnique used i n  c o n s t r u c t i u g  

holog-capiiic i n t e r f e r o g r a m s .  For a n  exrt.11 e n t  ( i f  h i  y h l y  1 1 i a Z : ? a n d I  i c a l )  

i n t r o d u c t i o n  t o  ho lography,  see t h e  works by T,pi-th and Upatnieks r e i -  

erP1ncr.d above and the  book by Dcvelis and keyno lds .  
7 

8 
Holographic  inteiEerorncErv w a s  i n v e n t e d  a t  TRW 1 9 6 5  and p e r  

f e c t e d  as R pla.sma d i a g n o s t i c  a t  i as  Alamos S c i e n t i f i c  Labora tory  

(LASL) . 9 k i g u r e  2 . 3  i s  a schematic. oT a s i m p l e  ho log raph ic  systrm. To 

form t h e  hol-ographic  i n t e r f e r o g r a m  the plw~og:r-sphic  p l a t e  i s  exposed  

twice (two holograms a rc  formed on t h e  same photographic  p l a t e ) .  

f i r s t  hologram i s  f o r m : a d  w i t h  no o b j e c t  p r e s e n t .  Then t h c  second ho lo -  

The 

gram i s  formed by exposiLig Llir photographic  p l a t e  a g a i n  w i t h  a n  o b j e c t  

i n  t h e  o b j e c t  beam path. 7hp m i r r o r  i s  t i l t e d  s l i g l i t l y  bt-tween t h e  two 

cxposures .  When t h e  h o l o g r m  i s  r e p l a y e d ,  b o t h  obj?Ci  wavps arc  r ~ c r e a t c d .  

The o b j e c t  wave fro111 the I i rs t  hologram w j 1 1  h e  a plane W ~ V P  bu t  tile 

o b j e c t  wave from t h e  second hologra~lr w i l l  d i f f e r  from t h e  f i r s t  by Tile 

opiLcal  p a t h  l e n g t h  of whatever  ob jp r i -  wac i n s e r t e d .  The two waves w i l l  

t h u s  i n t e r f p r t ?  w i t h  each  o t h e r ,  and c11ei.r int!-!rft:rence f r i n g e s  w i l l  

r e p r e s e n t  t h e  o p i - i c a l  patl i  l e n g t h  of  t h e  o b j e c t .  ' i l l L i 1 g  t h c  m i r r o r  

between exposure:, p r o d u c e s  l i n e a r  background f r i n g e s  which makt i t  

p o s s i b l e  t o  measure f r a c t i o n a l  f r i n g e  s h i f t s .  For a thorough i n t r o d u c -  

t i o n  t o  ho log raph ic  i n t e r f  e rometry ,  see thr works by H e f l i n g e r ,  Wuerker, 

and Vest . and Brooks, '  Jahnda e t  a l . ,  
11 9,lO 
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1~ 0 
A s  d i s c u s s e d  by Jahoda arid Siemon, the most impor t an t  e lement  i n  

producing high-qual- i ty  i n t e r f e r o g r a m s  i s  t h e  l a se r .  The laser shou ld  

have b o t h  h i g h  s p a t i a l  and h igh  temporal coherence.  I f  t h e  l aser  beam 

i s  riot: spa t i . a l . ly  and tempora1I.y c o h e r e n t  Lo a g r e a t  d e g r e e ,  t hen  i t  will 

i n t e r f e r e  w i t h  itse1.f i n  an 711q1t:ediCtahl~? tlianner resul.-i-.i.rrg i n  poor 

quali.ty (or even undec: ipherab1.e) h t e r f  esograrns + The lasei: used will. be  

d e s c r i b e d  l a t e r .  

The temporal  and s p a t i a l  r e s o l u t i o n s  of t h e  system are i m p o r t a n t .  

'The t i h e  r e s o l u t i o n  i s  l i m i t e d  by t h e  p u l s e  wid th  of t h e  l a se r ,  which 

s i i ~ x i l ~ d  be  much s h o r t e r  than t h e  t : i [ iw  scale  of  t h e  event b e i n g  studied. 

Spa t i . a l  r e s o l u t i o n  i-s a f f e c t e d  by f o u r  f ac to r s :  

1) f i . l m  resolution, 

2 ) 

3 )  I.ens a b e r r a t i - o n s  and 

4 )  o b j e c t  vel.oc-i.ty. 

d i f f r ac t i  o n 1 i . m i  t a t  i o n  

7 
Devc1.i.s arid R-eynolds show t h a t  t h e  film r e s o l u t i . o a  limits the o b j e c t  

Yes 0 1 u t  i o  fl t 0 

a 
(2.1) 

0 
= 1 . 6 4 ( 9 .  - ---I li.nes/m, 

RLobj 1 x 
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whert. 

k1 

rx = ang le  of i r ic idencc  of r e f e r e n c e  bcam (radians) ,  and 

r e s o J u t i o n  1 i m i t  of f i l m  ( l inec , /m) ,  

0 

X wavelength  of laser used t o  form htsl.ogram (m). 

For Agfa Gaevert 10E7.5 p l a t e s  t h a t  resoI.ve ~3 

has t h e  imp l i ca t . i on  t h a t  t h e  hologram is  ~2 m i n  e x t e n t .  Fo r  holograms 

smaller t h a n  this ,  t h e  d i f f r a c t i o n  s p o t  s i z e  gives the  ul.ti.mate theore- 

10' l ines lm,  E q .  ( 2 . 1 )  

7 
t i ca l  l i m i t  on t h e  o b j e c t  resolutS.on: 

where A is as R ~ C I V ~ ,  

z E distance from o b j e c t  p1.ane o r  imaging ].ens t o  'nologram 

p l a n e ,  and 

d smal.l.er of d i ame te r  of iniagi.ng l e n s  system o r  hologram. 

For z = 3 m, d = 0.08 m, arid A -- 0.7 x l o w 6  rn (pa rame te r s  t y p i c a l  of 

t h i s  expe r imen t ) ,  t h e  d i f  fract:i.c~n-li.mi.ted o h j  e c t  resolut : i .on i s  %7 x 

10 l ines/rn o r  $15 urn. I n  p r a c t i c e  the  i n t e r f e r o m e t e r  reso l -u t ior i  will 

a lmos t  a lways be l i m i t e d  by e i t h e r  l e n s  aber ra t ions  or  o b j e c t  ve1oci.ty. 

'The o b j e c t  v e l o c i t y  i s  impor t an t  because  i f  t h e  o p t i c a l  p a t h  l eng th  

through any p o r t i o n  (sf the o b j e c t  changes more t h a n  X/8 d u r i n g  the 

4 

exposure ,  t h e  i n t e r f e r o g r a m  will be  washtzd o u t  i n  t h i s  area, For an 

o b j e c t  t r a v e l i n g  a t  1 km/s perpendicular  t o  the in t e r f e ro i i i e t e r  and a 50- 

ns laser p u l s e ,  t h i s  i m p l i e s  that t h e  g rad ien t  of t h e  o p t i c a l  p a t h  

l e n g t h  m u s t  b e  less than %500 m/m. 
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V i b r a t i o n  m u s t  he c o n s i d e r e d  when desi.gtairrg tile i.nt.etrferometer f o r  

t h e  same r e a s o n  that. o b j e c t  tr~ot:i.on mus be c o n s i d e r e d .  :If any o p t i c a l  

component moves more t h a n  A/8 d u r i n g  t h e  laser p u l s e ,  

be  washed o u t .  ?hen u s i n g  a s h o r t - p u l s e  (50-ns) l aser ,  t h i s  i s  n o t  

i-mportant.  The aulilaor clamped a vacuum pump t o  h i s  o p ' i i c a l  loench, ~ i , t : h  

at1 unbalanced wei.ght a t t a c h e d  t o  t h e  pump piil.I.ey. T h i s  caused t h e  

o p t i c a l  c o i ~ p o ~ ~ e n t : ~  t o  have a v i - b r a t i o n  amp1.i.tzrde of %2 tiiiii a t  400 Hz, 

which had no e f f e c t  on t h e  quality of t h e  holograms produced. For  a n  

o b j e c t  t o  move h / 8  i n  50 ns ( A  = 0 .7  x 10 m), i t  must iiavc? a v e l o c i - t y  

of s2 m/s. 

quency o f  1 kIIz. i f  t h e  systeiii i s  Jesigned w i t h  any  mass a t  a l l ,  i t  i s  

v e r y  d i . E f i c u l t  t o  spoi l -  the hologram. 

t h e  hologram w i l l  

-6 

F o r  a vibrat . i .on amp1-i.tutle of  2 n i in  this would i.inp1.y a f r e -  

R e f r a c t i o n  o f  t h e  laser beam by t h e  o b j e c t  i s  of conce rn .  The 

o b j e c t  f r i n g e s  can b e  d i s p l a c e d  f r o m  t h e i r  t r u e  p o s i t i o n  by o b j e c t  

r e f r a c t i o n .  This can  be c o r r e c t e d  by imaging t h e  o b j e c t  on t h e  hologram 

p l a n e  w i t h  a l e n s .  L f  t h e  l e n s  i s  p e r f e c t l y  I o ~ i i s s e d ,  t h e n  refracf1ion 

e r r o r  i s  ze ro .  I n  t h e  expe r imen t s  under d i . s c u s s i m ,  i t  wou1.d be  impossi-  

b l e  t o  a c h i e v e  p e r f e c t  f o c u s s i n g  w i t k t  a f i .xed l e n s .  Thi.s i s  because 

t h e r e  was some j i t ter  i n  t h e  peI.I.c:t t r a j e c t o r y  ( a  i- ~ 1 . 3  cm) and because 

w i t h  a p l a s m a  p r e s e n t  t h e  p e l l e t ' s  t r a j e c t o r y  curved downward (more of 

t h i s  l a t e r ) .  I n  any e v e n t ,  r e f r a c [ : i v r  e r r o r s  can s t i l l  he c o r r e c t e d .  

Because t h e  ho1.ograrri recreates t h e  o r i g i n a l .  o b j e c t  wave, i t  i s  p o s s i b l e  

t o  r e f o c u s  . . .. . .. . . __ . .. . . t h e  o h j  ec t  wave when r e p l a y i n g  t h e  hologram, t h e r e b y  s1.iminati.ng 

10 - 

0 
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r e f r a c t i v e  e r r o r s .  Th i s  i.s a tremendous advan tage  of t h e  hol .ographic  

i n t e r f e r o g r a m  ove r  o t h e r  forms of i n t e r f e r o m e t r y .  

2 - 3 . 3  Laser sys tem d e s i g n  
I__..._.- 

Because t h e r e  are a number of  manufac tu re r s  of ruby laser  sys tems 

and ruby laser  components, design c.oiisisted o f  assembl ing  a set  of 

coniponents c a p a b l e  o f  producing  the d e s i r e d  sys tem performance.  Ifiiat 

performance w a s  des i - red?  A s  p r e v i o u s l y  d i s c u s s e d ,  h i g h  s p a t i a l  and 

tempora l  coherence  is  n e c e s s a r y .  I n  t h i s  case, "high" means t h a t  t h e  

laser beam should  have o n l y  TEM t r a n s v e r s e  mode s t r u c t u r e  and t h a t  i t  

shou ld  have  a l i n e  wid th  of less t h a n  0.05 A (which co r re sponds  t o  a 

00 
0 

2 
coherence  length of L = X / A h  = 0.10 m). It w a s  n e c e s s a r y  t h a t  t h e  

l a s e r  p u l s e  t iming  havc a j i t t e r  - < I  us t o  p r o v i d e  tempora l  r e s o l u t i o n  

and t h a t  t h e  p u l s e  l e n g t h  be  - <50 tis t o  e l i m i n a t e  t h e  e f f e c t s  of o b j e c t  

v e l o c i t y  and sys tem v i b r a t i o n .  F u r t h e r ,  t h e  laser  had to p r o d u c e  a 

minimum ene rgy  of 2.50 mJ t o  expose t h e  pho tograph ic  p l a t e  and had t o  be 

c a p a b l e  of two  p u l s e s  i n  s i x  minutes .  F i g u r e  2 . 4  i s  a schemat ic  of  t h e  

laser s y s t e m .  

C 

The laser system o p e r a t i o n  w i l l  b e  b r i e f l y  d e s c r i b e d .  A l l  t h a t  i s  

n e c e s s a r y  t o  make a s i m p l e  ruby l a s e r  i s  a ruby rod ,  f l a sh lamp ,  100% 

rear r e f l e c t o r ,  and p a r t i a l l y  r e f l e c t i n g  o u t p u t  r e f l e c t o r .  The f l a s h -  

lamp pumps t h e  chromium atoms i n  t h e  ruby c r y s t a l  t o  t h e  

l eve l s .  

4 4 
F1 and F2 

These t h e n  decay t o  t h e  laser l e v e l ,  which decays  t o  t h e  2E 
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ORNL-DWG 80-2913 FED 

71 crn -- -...-d 
I 
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E LECT R ON I CS 
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FOR FLASH- ---- 

li 
+ l o - V  TRIGGER + l o - V  TRIGGER 
IN HERE I N  HERE 

M1 - LASER CAVITY 100% REAR REFLECTOR 

81, 8 2  - BREWSTER STACKS 
RLH - RUBY LASER HEAD, CONTAINS HELICAL 

P - POCKEL'S CELL Q -  SWITCH 

FLASHLAMP AND 4" x 3/8" HOLOGRAPHIC 
RUBY LASER ROD 

P1 - 1 . 7 - m m - D I A M  PINHOLE 
OE FOUR -PLATE TEMPERATURE TUNED 

SAPPHIRE OUTPUT ETALON (LASER CAVITY 
OUTPUT REFLECTOR) 

Fig. 2.4 Schematic of holographic ruby laser system. 
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level .  T h i s  is  t h e  lasPr t r a n s i t i o n .  I f  t h e  m i r r o r s  are a l i g n e d  

pa ra l l e l  t o  t h e  ruby rod  and t h e  f l a sh lamp  is pumped ha rd  enough t o  

a c h i e v e  p o p u l a t i o n  invers-ion i n  t h e  ruby  rod ,  t h e n  t h e  laser o s c i l l a t e s .  

Because t h e  g a i n  c o e E f i c i e n t  f o r  a ruby c r y s t a l  is  much h i g h e r  a l o n g  one 

a x i s  t h a n  a l o n g  the o t h e r ,  t h e  o u t p u t  of  a ruby laser i s  n a t u r a l l y  

p o l a r i z e d .  T h i s  n a t u r a l  p o l a r i z a t i o n  a l l o w s  t h e  laser o u t p u t  t o  b e  a 

s i n g l e  g i a n t  p u l s e .  T o  a c h i e v e  t h i s  an o p t i c a l l y  act ive c r y s t a l  and 

p o l a r i z a t i o n  e l emen t s  are i n s e r t e d  i n t o  t h e  laser c a v i t y .  When h i g h  

v o l t a g e  i s  a p p l i e d  t o  t h e  o p t i c a l l y  act ive c r y s t a l  (Pockel's c e l l ) ,  i t  

r o t a t e s  t h e  p l a n e  of p o l a r i z a t i o n  of l i g h t  p a s s i n g  through i t .  The 

Brewster a n g l e  s t a c k s  a r e  a l i g n e d  t o  p a s s  t h e  h igh-ga in  p o l a r i z a t i o n  of 

t h e  ruby rod ,  b u t  t h e  r e t u r n  r a d i a t i o n  from t h e  rear c a v i t y  r e f l e c t o r  

h a s  had i t s  p l a n e  of p o l a r i z a t i o n  r o t a t e d  by  t h e  Pockel's c e l l .  The 

Brewster a n g l e  s t a c k s  t h e n  r e f l e c t  t h i s  r a d i a t i o n .  The g a i n  of t h e  

c a v i t y  is  v e r y  low. I n  ana logy  t o  e l e c t r o n i c s  one s a y s  t h a t  i t  has  l o w  

Q. LE rhe v o l t a g e  on t h e  P o c k e l ' s  c e l l  i s  now r a p i d l y  brought  t o  z e r o ,  

t h e  r e t u r n  r a d i a t i o n  from t h e  rear c a v i t y  r e f l e c t o r  h a s  i t s  o r - ig ina l  

p o l a r i z a t i o n  and  is  n o t  r e f l e c t e d  by t h e  B r e w s t e r  s t a c k s .  The c a v i t y  is 

suddenly  a h igh-ga in  c a v i t y  (h-igh Q > .  I f  s u f f i c i e n t  p o p u l a t i o n  i n v e r -  

s i o n  has been ach ieved  be fo re  t h e  Q-switch, t h e  laser o s c i l l a t i o n  w i l l  

b u i l d  up v e r y  r a p i d l y ,  and t h e  laser ene rgy  w i l l  b e  r e l e a s e d  as a s i n g l e  

g i a n t  (Q-switched) p u l s e .  Th i s  i s  known as pulse-of f  Q-switching because 

t h e  h i g h  v o l t a g e  i s  suddenly  b rough t  t o  ground. For a b e t t e r  d i s c u s s i o n  

of 'Lasers, ruby lasers, and Q-switching,  see Yariv. 
12 
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The laser  system components w i l l  now be  descr i -bed ( s e e  F ig .  2 . 4 ) .  

The r a i l  f o r  mounting t h e  laser  o p t i c a l  components was an aluminum I- 

beam s u p p l i e d  by Korad. The mount f o r  t h e  rear r e f l e c t o r  i t s e l f  w a s  

a l s o  s u p p l i e d  by Korad, and the rear r e f l e c t o r  was s u p p l i e d  by C V I  Lase r  

Corpora t ion .  The Pockel's c e l l  and Hrewster s t a c k s   ere from A p ~ l L o  

L a s e r s ,  and t:he l a s e r  head and ruby r o d  were s u p p l i e d  by Korad. The 

ruby rod  w a s  a s p e c i a l  s e l e c t  h o l o g r a p h i c  q u a l i t y  r o d ,  4-in.  l ong  by 

3/8- in .  d i ame te r .  The 1 . 7 - m m  i n t e r n a l  c a v i t y  p i n h o l e ,  purchased f rom 

Korad, w a s  a movable a p e r t u r e  (micrometer ad jus tmen t )  t o  l i m i t  t h e  

t r a n s v e r s e  mode c o n t e n t  of  the laser c a v i t y  and t o  s e l e c t  t h e  b e s t  

p o r t i o n  of  t h e  rod (best: b e i n g  t h e  p o r t i o n  gi-ving t h e  most uniform 

t r a n s v e r s e  mode s t r u c t u r e ) .  The temperature- tuned four-pl.ate s a p p h i r e  

o u t p u t  e t a l o n ,  s u p p l i e d  by Korad, was used t o  g i v e  t h e  laser  good temp- 

o r a l  coherence ( long  coherence l e n g t h ) .  'The c a v i t y  l e n g t h  o f  t h e  e t a l o n  

(and t h e r e f o r e  t h e  al lowed l o n g i t u d i n a l  laser  mode) was v a r i e d  by changing 

t h e  t empera tu re  of t h e  cool-ing wa te r  t h a t  flowed through t h e  elialon. An 

ApoLlo power s u p p l y  and Q-switching e l e c t r o n i c s  ( f o r m e r l y  used f o r  

Thomson s c a t t e r i n g )  were used t o  d r - ive  t h e  P o c k e l ' s  c e l l  and laser head 

xeEon f lashlamp ~ The water c i r c u l a t o r / t e m p e r a C u r e  r e g u h t o r  w a s  suppl- ied 

by Korad. It cool-ed t h e  laser head between p u l s e s  and r e g u l a t e d  t h e  

t empera tu re  of t h e  o u t p u t  e t a l o n .  Water t empera tu re  was main ta ined  

w i t h i n  +O. - 5 ° C .  

The Laser system performed r e l i a b l y .  With t h e  i n t e r n a l .  1.7-1nill 

p i n h o l e ,  f o u r - p l a t e  s a p p h i r e  o u t p u t  eta]-on, and f l a sh la rnp  power supp ly  
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100 V above t h r e s h o l d  € o r  l a s e r  o p e r a t i o n ,  a 50-11s f u l l  wCdth a t  h a l f  

maxiinurn (FWHM) Q - s w i t c h  laser p u l s e  w a s  produced w i t h  a riominaL e n e r g y  

o€  40  mJ. The scatter i n  che ene rgy  w a s  210% (any givcn d a y ) .  Thc 

pial.;e w i d t h  w a s  measured u s i h g  a Un i t ed  D e t e c t o r  Techno1 ogy PlN-liTL 

pho tod iode  and t h e  c i r c u i t  of F ig .  2 .5 .  

w i t h  a Control n a t a  Corpora t ion  t h e r m o p i l e  and a Hewlett-Packard micro- 

The laser energy was measured 

v o l  tmeter * 

The cohe rence  l-ength of t h e  laser  w a s  e x p e r i m e n t a l l y  Eound t o  be  

>70 crn because c lear  b r i g h t  i h t e r f e rog ra ius  w e r e  made w i t h  p a t h  d i f  Earences 

g r e a t e r  t h a n  t h i s .  

F i g u r e  2.6 i s  an example o f  t he  typical .  f a r - f i e l d  p a t t e r n  of t he  

l aser .  C l e a r l y  i t  i.s no t  a sirnp1.e TEM mode p a t t e r n .  1% s p i t e  of 

t h i s  ~ b r i g l i t  c lear  in t e r f e rog - rams  were achieved w i t h  no broken,  s p l i t ,  

00 

or wavy f r i n g e s ,  

2 . 3 . 4  O p t i c a l  system d e a n  __ - 

F i g u r e  2 . 7  i s  a schemat i c  of t h e  o p t i c a l  system f o r  t h e  i n t e r f e r o -  

meter. L i s t e d  below are the  component symbols and a d e s c r i p t i o n  of 

each:  

Ne-Me 2-mW p o l a r i z e d  he l ium neon l a s e r  used f o r  a l ignmen t  

( O r i e l  Corpora t ion )  

RLS ruby laser system as p r c v i o u s l y  d i sc i l s sed ,  
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F i g .  2.6 Fa r - f i e ld  pattern of ruby laser .  
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ACL : autoco1l.imator on k inemat i c  r o t a t i n g  mount for  laser aligrirnent 

( Newpor t: Re 5: ear eh Co r p o  ra t ion)  , 
LKJ E laser pul.se d e t e c t o r  prev: i .oi .~Iy d i s c u s s e d ,  

B S l  f 50/.50 dit.l.ectric beam splitter ( C V I  Laser C o r p o r a t i o n ) ,  

BEX 5 50-to-1 beam expander (Me3.les (> r io t ) ,  

MI &-in., ?iy 5-in. aluminum f irst-surface m i r r o r  w i t h  c r ~ ~ i i e r s  

chopped and mormted O R  6113ing mount (mirror from Edmuntfs) , 

M2 2 s a m e  CTS MIL, 

L 1  E achromat i c  t inuble t  l e n s  wi.th 1185-mm fot:al l e n g t h  (Me1 les G r i o t )  , 

F1 neut ra l  d e n s i t y  f i l t e r  (Kodak w r a t  ten gel-at in)  , 

I,3 E -7(~-mm focal 1engf:h lens (Edmuritls) , 
ES 5 PI  e c t r o n i c  shiitter (Unib l . i . t z )  

PFII P o l a r o i d  iilm h o l d e r ,  aid 

PDl,  PD2 - pho tod iodes  f o r  d e t e c t i n g  the hydrogen  pe l l tBt  jn f l i g h t  

(UDT PIN-IO)  . 



The funcl l ion of t h e  o p t i c a l .  sys tem will.  b e  d i s c u s s e d  1)riefl .y.  The 

IIc--Ne laser  was used t o  a l i g n  the e n t i r e  o p t i c a l .  system. It  was mounted 

on a twn-ri .ng h o l d e r  on a vertical .  and t r a n s v e r s e  t r a n s l a t o r .  The ruby 

1 aser was mounted on a t h r e e - p o i n t  inourit on v e r t i c a l  and t r a n s v e r s e  

t r a n s l a t o r s .  A f t e r  t h e  op t i . ca1  s y s t e m  w a s  a l i g n e d  on t h e  He-Me laser-, 

the ruby laser was a l i g n e d  w i t h  t h e  He-Ne laser.  F i n a l  adj i is tment  f o r  

paral.J.eli.sm of  a l l  o p t i c a l  s u r f a c e s  i n  Liie ruby  laser  cav i ty  was made 

with a k i n e m a t i c a l l y  mounted a u t o c o l l i m a t o r  t h a t  cou ld  be swung iw-3. i h e  

w i t h  t h e  r u b y  laser. The beam s p l i t t  fol-lowing t h e  au tocol l . imator  

s p l i t  t h e  laser beam i n t o  a "scene" and "refcn-rence" beam. The s c e n e  

beam w a s  immediately expanded t o  a p p r o x i h a t e l y  75 rum. The r e f e r e n c e  

beam was k . c p t  unexpanded u n t i l  jus t  b e f o r e  recombining i t  w i t h  t h e  s c m e  

bean. M i r r o r s  Ml aild $12 w e r e  mounted on s l i d i n g  mounts i n  booms ex- 

tended below and above t h e  tokamak. 'The s l id i . ng  mounts  were a d j u s t a b l e  

s o  t h a t  i t  wa.s p o s s i b l e  t o  view all of  the plasma f rom iiiinor r a d i u s  r = 

22 c m  t o  r = -7 .5 cm.  Lenses  LI and J22 imaged t h e  c e n t e r l i n e  of  t h e  

pl.asma on the  ho1.ographi.c p l . a t e  snd  P o l a r o i d  f i l m .  The f o c a l  l e n g t h s  of 

t h e  l e n s e s  arid thei.r s e p a r a t i o n  were chosen s o  t h a t  an  image rnagriif ica- 

t i o n  oE o m  was main ta ined .  With t h e  sys tem set up as shown t h e  d i s t a n c e  

fx-om tile p lasma c e n t e r l . i n e  t o  L1 w a s  3.556 m w i t h  a n  estiinated maximum 

error oE <?25 nim. The d i s t a n c e  irom L2 t o  L l  was 2 . 0 2 5  ill w i t h  an es r i -  

raated inaximurrr error of __ ck-2 mm. The d i s t a n c e  from L2 t.o i:hc: ho lograph ic  

- 
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p l a t e  was 0 , 4 9 5  m w i t h  a n  e s t i m a t e d  maxirniim e r r o r  of - <+l mm. 

t h e  v iewing  p a t h  of t h e  i n t e r f e r o m e t e r  w a s  changed t h e  p0sit:ion.s of I-ens 

L7 and m i r r o r s  M3 and M4 were a d j u s t e d  t o  keep a l l  p a t h  I.engths as 

d e s c r i b e d  above. F i l t e r  2 2  k e p t  s t r a y  plasma. l i . gh t  from expos ing  the 

h o h g r a p h i c  p l .n te .  Beam s p l i t t e r  852 s p l i t  o f f  a p o r t i o n  of t he  scene  

beam t o  form a shadowgraph of t h e  p e l l e t  OR p o l a r o i d  f i l m .  The elec- 

tronic: s h u t t e r  w a s  c l o s e d  d u r i n g  t h e  r e f e r e n c e  s h o t  €o r  t h e  i n t e r f e r a -  

g r m  so t h a t  t h e  p o l a r o i d  f i l m  f o r  t h e  shadowgraph woul:d n o t  be exposed. 

M i r r o r s  M.5, M6, N7,  7-18, M9, M10, and MI1 were used  f o r  t r a n s l a t i n g  tihe 

reEerence heaiii and p a t h  l e n g t h  e q u a l i z a t i o n .  The  r e f e r e n c e  and scene  

beam p a t h  lengths  were equal.:ized w i t h  a n  e s t i m a t e d  maximum e r r o r  of _- ~ 2 5  

mm. T,ens L3 expanded t h e  r e f e r e n c e  beam t o  approx ima te ly  t h e  same s i z e  

as t h e  scene beam. F i l t e r  FL was used  t o  a d j u s t  t h e  intensity of the 

r e f e r e n c e  beam so t h a t  i t  w a s  app rox ima te ly  e q u a l  t o  t h e  scene  beam 

ih t ens  i t y  . 

Whenever 

L i g h t - t i g h t  covers were des igned  for t h e  upper  and lower o p t i c a l  

t a b l e s ,  and l i g h t - t i g h t  sh rouds  ex tended  from t h e  booms t o  t h e  tokamak. 

These l i g h t - t i g h t  c o v e r s  p reven ted  i n j u r y  t o  innocen t  b y s t a n d e r s  f r o m  

t h e  ruby laser p u l s e  and a l s o  prevente.d t h e  h o l o g r a p h i c  p l a t e  and 

P o l a r o i d  f i l m  from b e i n g  exposed by room l i g h t .  81.1 removable c o v e r s  

were doub1.e e l e c t r i c a l l y  i n t e r l o c k e d  w i t h  t h e  ruby laser power supp ly  t o  

p r e v e n t  t h e  laser  from b e i n g  f i red  w i t h  a cover  removed. 
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The mount f o r  m i r r o r  M11 w a s  s p e c i a l l y  modi f ied  t o  al.l.ow t i l t i n g  

between t h e  re feren-ce  and o b j e c t  s h o t s  f o r  t h e  i n t e r f e r o g r a m  ( t o  p r o v i d e  

background f r i n g e s ) .  A n  e l e c t r i c a l l y  h e a t e d  wire, as d e s c r i b e d  by 

Jahoda and Siemon,’.’ w a s  iused t o  t i l c  t h e  m i r r o r .  

are photographs o f  t h e  lower and upper  o p t i c a l  t a b l e .  

Figures 2 . 8  and 2 .9  

2 .3 .5  Starid and boom d e s 2 n  - 

F i g u r e  2.10 i s  a p i c t u r e  of t h e  conpl .e te ly  assembled i.iiterferomeIrer 

si t t i r i g  i n  t h e  high-bay area o u t s i d e  t h e  TSX-B experiment  % A temporary 

box h a s  been extended from t h e  lower t o  the upper  boom t o  p r o t e c t  passers- 

by F r c m  tlie l a s e r .  The p e l l e t  gun, which r i d e s  on t h e  I:WO ra i ls  between. 

t h e  upper  and l o w e r  o p t i c a l  t a b l e s ,  had n o t  y e t  been i n s t a l l e d  when t h i s  

pict:i.ire w a s  t aken .  F i g u r e  2 . 1 1  i.s a photograph o f  t h e  cornpl-ete i .nterfero- 

mi: 1: e r / pe 1.1 e t  gun s y  s t e m  i n s t a l l e d  on T SX-B . 
T i n  dcsigriirig t h e  s t a n d  and booms t h r e e  o b j e c t i v e s  w e r e  k e p t  i n  

m i n d .  

1) The sys tem should  n o t  v i b r a t c  e x c e s s i v e l y .  

2 )  The sys tem must c o n t a i n  t ? p e l l e t  i n j e c t o r  and i n t e r f e r o  

m e t e r  and f i t  i.n t h e  s p a c e  provided .  

3 )  The sys tem should  n o t  move under  t h e  i n f l u e n c e  of r a p i d l y  

v a r y i n g  magnet ic  f i e l d s .  

To p r e v e n t  excessi .ve v i b r a t i o n  t h e  s t a n d  was des igned  t o  have mass 

and t o  b e  r i g i d .  The o p t i c a l  t a b l e s  w e r e  l . - i n . - t h i c k  aluminum s h e e t s ,  
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Fig .  2 .8  Photograph of lower optical t a b l e  look ing  a t  output 

e t a l o n  of ruby l a s e r .  
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not  i n s t a l l e d )  l o o k i n g  from back of pho tograph ic  p l a t e  ho lde r .  
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Fig. 2.10 Photograph of holographic interferometer assembled 

but not i n s t a l l e d  on ISX-B. 
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and the legs and braces were constructed from 4-in. aluminum channel. 

The structure was cross-braced in all directions, and a 0.5-in.-thick 

aluminum plate was welded on each end to add rigidity in the transverse 

direction. 

The main concern with the booms was that they might react to the 

rapidly varying magnetic fields. A test boom 5 ft long was constructed 

of 4-in.-diam stainless pipe with a 1/16-in.-thick wall. The boom was 

rigidly mounted at one end with the other end over the tokamak viewing 

ports to be used for the experiment. A mirror was mounted on the end of 

the boom. A He-Ne laser beam was bounced off a mirror on the end of the 

boom onto a target mounted on the wall. The position of the laser beam 

on the target was observed during several tokamak shots. There was no 

observable motion. The booms were therefore constructed from 1/16-in.- 

thick 316 stainless steel sheet spot-welded together. This provided 

adequate rigidity and high enough resistivity so that the time-varying 

magnetic fields caused no motion of the booms. So that motion of the 

tokamak would not move the booms, the light shrouds extending from the 

tokamak to the booms were designed so as not to actually touch the boom. 

Great care was taken in designing the stand and booms so that 

everything would fit together in the allotted space. More than 30 

engineering drawings were produced. Fabrication of the stand, booms, 

and light shrouds was done in the shops of the Y-12 plant of Union 

Carbide Nuclear Division in Oak Ridge. 



2.3.6 Hologram replay system 

Figure 2.12 is a schematic of the hologram replay system. Figure 

The hologram 2.13 is a photograph of the author replaying a hologram. 

replay system was very simple. 

coherent light. Immediately after the beam left the laser, a 35-mm lens 

expanded the beam into a spherically diverging wave. 

to deflect the laser beam onto the developed hologram (the holograms 

were developed and bleached as described by Jahoda and Siemon''). 

hologram then diffracted the incident light into converging and diverg- 

ing reconstructions, as indicated. The author found that using the con- 

verging wave for replay provided superior reconstructions. The reason 

for this is trivial- because the wave converges it is possible to get 

more of the diffracted beam into the microscope input optics. The 

microscope used for focussing the reconstructed image onto the Polaroid 

camera was supplied by Wilde-Heerbrugg. It was equipped with a five- 

axis mount that allowed x-y-z translation and rotation about a vertical 

and horizontal axis. This facilitated aligning the microscope with the 

reconstructed wavefront. 

A He-Ne laser was used as a source of 

A mirror was used 

The 

Whenever a hologram was reconstructed, the microscope was carefully 

focussed to eliminate all diffraction lines around the reconstructed 

image. It was usually quite clear when the best focus was achieved 

because obvious diffraction rings would be present on a poorly focussed 

, 
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Fig.  2 .13  Photograph of a u t h o r  r e p l a y i n g  hologram. 
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interferogram of a pellet. After the best focus was found the distance 

from the microscope input lens to the holographic (photographic) plate 

was carefully measured to the nearest millimeter. This measurement 

allowed the error in focussing and magnification (due to the downward 

curvature of the pellet's trajectory) to be calculated. 

had been in the same horizontal plane on every shot, then the focal 

distance from the microscope to the holographic plate would have been 

the same for every shot. 

were made at three different microscope magnifications (7.5 X, 15 X, or 

31.2 X) and at multiple exposure lengths to achieve the most accurate 

replay of each interferogram. Replay normally took about one hour per 

interferogram. 

If the pellet 

Polaroid pictures of the reconstructed image 

2.3.7 Calculation of errors in interferogram magnification 

Errors in magnification of the reconstructed interferogram are 

introduced in two ways. The first source of error is the change in the 

ratio of object-to-lens and lens-to-image distances due to imperfect 

focussing of the object on the photographic plate. The second source of 

error is due to replaying the hologram with a spherically diverging wave 

and using a spherical wave for the reference beam in forming the holo- 

gram. The error in magnification due to all of these sources goes to 

zero if the object is perfectly focussed on the holographic plate (the 

image plane of the lens corresponds to the plane of the photographic 

plate). 
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The first source of error examined will be that due to the change 

in ratio of image-to-lens and object-to-lens distances. 

Consider Figure 2.14.  There is a lens system consisting of two 

lenses that images an object (arrow at the object plane) onto an image 

plane. There is more than one way to analyze this lens system, but one 

simple way is to consider it as a relay lens system. Lens L 1  with focal 

length f l  images the object at distance R 1  onto an image plane at dis- 

tance R4.  Then lens L2 images the image at distance (R2 - R 4 )  onto the 

image plane at 

1 1 - + - =  
R 1  R4 

1 
( R 2  - R 4 )  

R4 
M1 = - 

R 1  ’ 

R 3 .  The equations describing the system are 

1 
fl ’ 
- 

+ - = -  1 1  
R 3  f2 ’ ( 2 . 4 )  

and (2 .5 )  

(2 .6 )  
R 3  M =  

2 (R2 - R 4 )  * 

Equations (2 .3)  and (2.4) are the conditions necessary for focussing the 

object on the image plane, and E q s .  (2.6) and (2.7) give the magni- 

fication of lens L 1  and lens L2. The magnification of the total lens 

system is 

M = (M If2). (2.7) 1 

Now suppose that the object was not exactly distance R 1  from lens L1 but 

was at distance ( R 1  + AR1) from lens L1.  This would cause an error AR4 

in the location of the image plane of lens L 1  and an error AR3 in the 

. 

. 
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ORNL-DWG 50 -2917  F E D  
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AH I f, 

L 1  
f 2  
L 2  

Fig. 2.14 Schematic f o r  analysis of magnification error due  170 

f o c u s s i n g  errors. 
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location of the image plane of lens L2. The equations that describe the 

lens system now are 

1 - 1 
__ll_l__... 

( R 4  I- AR‘iT - It’T ’ 

1 -+---.-...__..I._._ - - 1 1 __ 
R2 - (R4 + AR4) ( R 3  + AR3) f2 ’ 

R4 + AR.4 M’ = ~ 

1 R1 + AR1 ’ 

, and 
R 3  3- AR3 

M; R2 - (R4->TR7y 

( 2 . 8 )  

(2.9) 

(2.10) 

(2.11) 

M’ = (Mi M;). (2.12) 

M and M are the new magnifications of lens L1 and L2, and M’ i s  now 

the t o t a l  magnification of the system. The above l e n s  system is exactly 

1 2 

like the focussing optics f o r  the holographic interferometer (Fig. 2.7). 

The interferometer optics focus the midplane of t h e  tokariiak on the 

holographic plate. If the pellet is above o r  below the inidplane,  there 

is a focussing error AR19 leading to an erl-or AR3 in t h e  focussing of 

the interferogram on the photographic plate. A s  discussed above, AR3 is 

measured when the hologram is replayed. Because A R 3  i s  a known quantity, 

Eqs. ( 2 . 8 ) - ( 2 . 1 1 )  are a system of four equations i n  four unknowns, A R l ,  

AR4, Mi, M;. Solving for the unknowns, 

-1 R 3  + -- , 
1 / f 2  - i / ( ~ 3  -t- AK~T M~ 

A R 4  = (2.13) 

(2.14) 
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Mi = (1 C AR3/R3)/(1/M2 - AR4/AR3), and ( 2 .  1.5) 

14; = (PI + AR4/Rl) / ( l  +- A R ~ / R ~ ) .  ( 2 . 1 6 )  

Note t h a t  AR3, A X 4 ,  and AR1 are s i g n e d  q u a n t i t i e s  and t h a t  AK3 > 0 

i m p l i e s  AR'. > 0 impl ies  ARl < 0. 

J. 

The second s o u r c e  of err9-r i n  i n t e r f  rrograrri m a g n i f i c a t i o n  w i  11 now 

7 be anal.yzec4. Cons ider  F i g .  2 .15 .  D e V e 1 . i ~  and Reynolds show t h a t  using 

sphe r i ca l .  waves and r e c o n s t r u c t i n g  t h e  hologram w i t h  a d i f  ferenl: wave- 

l e n g t h  t h a n  i t  w a s  formed w i t h  changes t h e  f o c u s s i n g  c o n d i t i o n  and 

m a g n i f i c a t i o n .  I f  A K 3  i s  the d i s t a n c e  from t h e  image p l ane  t o  t h e  

pho tograph ic  p l a t e  w h i l e  forming the hologram, RO i s  t h e  r a d i u s  oE 

c u r v a t u r e  of t h e  r e f e r e n c e  wave as it  s t r i k e s  t h e  pho tograph ic  pJ-ate ,  R5 

i s  the  r a d i u s  or' c u r v a t u r e  of t h e  repl-ay wave as i t  s t r i k e s  t h e  deve1.- 

oped hol.ogram, %3 i s  t h e  d i s t a n c e  from t h e  hologram t o  t h e  r e c o n s t r u c t e d  

image p l a n e ,  and A l  and A2 are  t h e  wavelengths  used f o r  hologram forma- 

t i o n  and hologram r e p l a y ,  t h e n  t h e  f o c u s s i n g  c o n d i t i o n  f o r  t h e  convergent  

r e c o n s t r u c t e d  wave i s  

and t h e  m a g n i f i c a t i o n  of t h e  sysliem i s  

M3 = [I. - AR3/RO - A 1  AR3/(A2 R5)]- ' .  

Solving E q .  (2.17) f o r  AR3 g i v e s  

( 2. .L 7 )  

( 2 , l 8 )  

(2 1-9) 
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HOLOGRAM SYSTEM ( X 1 )  

REPLAY SYSTEM ( X 2 )  

PHOTOGRAPHIC PLATE \ 

__. 
------.-__ I---- --------.-._ __-_. 

-___- 
L 4  
f 4  

CONVERGENT 
R E CO N ST Fa UCT i 0 N 

Fig .  2.15 Schematic f o r  analysis of rndgni f i rd t ioa  errors due to 

r e p l a y  w i t h  s p h e r i c a l  W A V ~ S  nt a d i f fe rc lu t  wnvelength. 
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Equa t ions  ( 2 * 1 3 ) - ( 2 * 1 6 ) ,  (2 .18) ,  and (2.19)  are a comple t e  d ~ s ~ r i p t j ~ n  

o f  the knom m a g n i f i c a t i o n  and f o c u s s i n g  errors .  Note that if the e r r o r  

i n  f o c u s s i n g  goc .~  to z e r o ,  the syc;~.em rnagnj I I c a t i o n  rctslrns t o  i t s  

des ign  value. The e x p e r i m e n t a l l y  measurable q u a n t i t y  i n  t h e  above 

e q u a t i o n s  i.s Z3,  t he  d i s t a n c e  f r o m  the hologram t h e  iinage p l a n e  byhen 

rcconstcucting the  hologram. Given 23 ,  E q s .  (2 .18)  and ( 2 - 1 9 )  c a n  br  

so lved  f o r  A R 3  and M Given AR3,  Kqs. (2 .13)-(2.10)  are  s o l v ~ d ,  and 

the final. s y s t e m  inagnif i c a t i o n  i s  

3 ‘  

(2.20) 

An example t y p i c a l  of the paramrt c = r s  of the i n t e r f e r o m c t c r  system 

w i J . 1  now be ca l cu la t rd .  If 23 i s  measured as 0 . 0 8  m and ii 

0 

A l  = 6 9 4 3  A ,  
0 

A2 = 6328 A ,  

Rl. = 3.556 m ,  R 2  = 2.02.52 w, 

R 3  = 0 . 4 9 5 3  m, 

M1 = 0 . 5 ,  M, = 2 ,  and 
L 

f l  = 1.185 rn, f 2  = 0.165 ni, 

then us ing  E q s .  (2-18) arid (2 .19 )  g ives  

AX3 = 0.0635 in9 

$1 = 1 . 7 4 4 .  
3 

Using t h e  above result f o r  AR3 in E q s .  (2.13)-(2.16) and (2.20) glues 



AR4 = 0 .  (1135 m, 

A R l  = -0.056 m, 

Mi = 0.5118, 

M; = 2.386.5, arid 

M = 1.397.  
SYS 

A measured d i s t a n c e  of 8 c m  from t h e  hologram t o  i t s  image p l a n e  

i n d i c a t e s  t h a t  t h e  image is  1 . 3 9 7  t i m e s  l a r g e r  t h a n  the desigri  magni.Ei- 

c a t i o n  and tha t  t h e  p e l l e t  w3s 5 . 6  CITI above the  Leas f o c u s  (plasma 

midplane) .  

2.3” 8 ‘l’iming and f i r i n g  ___- - d i g i t a l  . - v e l o c i m e t e r  
deo endeii t d i as nil s t i c .  t .i.uie Î  .... d -__. ................. __ 

TimLrig was c r i t i c a l  i n  t h i s  experiment .  The laser had t o  be f i r e d  

when t h e  p e l . I . e t  was i n  the f i e l d  of view of t h e  i n t e r f e r o m e t e r .  However, 

n o t  o n l y  was i t  n e c e s s a r y  t o  have t h e  pel.l.et i n  t h e  f i e l d  of view; i t  

w a s  a l s o  n e c e s s a r y  t o  have the pel.lelr a t  a sei-ected p l a c e  i n  t h e  f i e l d  

o f  view withi.n 4-5 ..- nim. Thi.s would allow i n t e r f e r o g r a m s  t o  be  c o n v e n i e n t l y  

made of  l:he pel.I.et a t  d i f f e r e n t  s p a t i a l  l o c a t i o n s .  ‘The i n t e r f e r o m e t e r  

f i e l d  of  vi.ew w a s  approx ima te ly  75 mm; t h e r e f o r e ,  t h e  above c o n d i t i o n  

w a s  much more r e s t r i c t ive  than  j u s t  r e q u i r i n g  the pe l le t  t o  b e  i n  t h e  

f i e l d  of view. Because t h e  j i t t e r  i n  t h e  p e l l . e t  ve1.ocity cou ld  h e  as 

much as  300 m / s  (al-though on a good day  t h e  s t a n d a r d  d e v i a t i o n  f o r  the 

v e l o c i t y  was 60 m / s ) ,  a ve loc i ty -dependen t  d i a g n o s t i c  t imer  was des igned  

and bui.1.t 



43  

The p r i n c i p l e  of t h e  d i agnos t i r  t i m e r  i s  q u i t e  s imple .  Consider  

F ig .  2-16.  Suppose t h a t  a d i g i t a l  up/doim counter s t a r t s  coun t ing  l i p  

f rom z e r o  whpm t h e  p e l l e t  passes pholzodiode PD1 and c o u n t s  up a t  f re -  

quency F When t h e  p e l l e l  passes pho tod iode  PD2, {-he c o u n t e r  s tar ts  

r o i m t i n g  down at f r equency  F The d i s t a n c e  D2 t ha t  t h e  p e l l e t  w i l l  be  

from pho tod iode  PD2 when the c o u n t e r  a g a i n  r e a c h e s  z e r o  i s  g iven  by 

I' 

2 '  

D 2  = D 1  Pe/F2, (2.21) 

where D1 i s  t h e  d i s t a n c e  between pho tod iodes  PD1 and PD2. I n  W Q ~ ~ S ,  t h e  

r a t i o  of t h e  d i s t a n c e s  112/Dl i s  e q u a l  t o  t h e  r a t i o  of t h e  f r e q u p n c i e s  

Fl/F2. I f  F i.s a f i x e d  f r equency  and F i s  c o n t i n u o u s l y  v a r i a b l e ,  t hen  

t h e  d i s t a n c e  D 2  can  b e  c o n t i n u o u s l y  v a r i e d  by v a r y i n g  t h e  frequency E' 

F u r t h e r ,  because  F2 i s  a l i x e d  f r equency  any d e s i r e d  d i a g n o s t i c  can  be 

p r e t r i g g e r e d  by comparing a d e s i r e d  time t o  t h e  t i m e  i n  t h e  c o u n t e r .  

7 1 

1' 

When t h e  c o u n t e r  t i m e  i s  less than o r  e q u a l  to t he  p r e s e t  t i m e  t h e  

comparator  p r o v i d e s  a t r i g g e r  to t h e  diagnost i .c ,  The comparator  must be  

i n h i b i t e d  from o p e r a t i o n  u n t i l  a f t e r  t h e  s i g n a l  Erom photodiode PD2 i s  

r e c e i v e d .  

F i g u r e  ( 2 . 1 7 )  i s  a b l o c k  diagram of t h e  e l e c t r o n i c s  f o r  t h e  v e l o c i -  

m e t e r j d i a g n o s t i c  t i . m e r .  PDI and PD2 are t h e  pho tod iodes  t h a t  produce a 

s i g n a l  when t h e  pel le t  i n t e r r u p t s  t h e i r  l i g h t  sourrc?.  A vo l t age  com- 

p a r a t o r / p u l s e  g e n e r a t o r  f o ~ ~ o w s  t h e  pho tod iodes .  The s i g n a l  f rom t h e  

pho tod iodes  i s  t y p i c a l l y  30-300 mV and must be  c l e a n e d  up  and . u u p l i f i e d  

t o  be compa t ib l e  w i t h  t h e  rest of t h e  v e l o c i m e t e r ,  whi.ch i s  a l l  transis- 
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J!ig. 2 I 1 7  Block diagrain OF vel ~c ime tc r /ve loc i ty -dependen t  d i g i i a i  

d iaznostic timer. 
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t o r - t r a n s i s t o r  l o g i c  (TTI,) . T h e  compara to r lpu l se  g e n e r a t o r  i s  des igned  

t o  put: o u t  a 'TTL-compatible 5-V, 20-111s pul -se  when i t  receives a s i g n a l  

v o l t a g e  above i t s  cornparator t h r e s h o l d .  The comparator  t:hreshold i s  

ad jus tab le  from 10-500 mV. 'The f requency  g e n e r a t o r s  F arid F f eed  i n t o  

t h e  f requency  c o n t r o l  l o g i c .  When a T p u l s e  i s  r e c e i v e d  (from PDl )  t h e  

f requency  c o n t r o l  l o g i c  uses  F f o r  t h e  c l o c k  p u l s e  u n t i l  a T p u l s e  i s  
1 2 

recei-ved (from PDZ) .  A f t e r  T, i.s r e c e i v e d  t h e  f requency  c o n t r o l  l o g i c  

uses F f o r  t h e  c l o c k  p u l s e .  The d i g i t a l .  c o u n t e r  s tarts coun t ing  cl.ock 

p u l s e s  when s igna l .  T i s  recei .ved.  When T is r e c e i v e d  t h e  c o u n t e r  1 2 . -  

r e v e r s e s  mode and starts coun t ing  down e v e r y  t i m e  a c l o c k  p u l s e  i s  

r e c e i v e d .  The c o u n t e r  changes s t a t e  on t h e  l e a d i n g  ed-ge of each  c l o c k  

p u l s e .  On t h e  t r a i l i n g  edge of each c l o c k  p u l s e  the  d i g i t a l  comparator  

compares t h e  number i n  i t s  s t o r a g e  r e g i s t e r  ( f o u r - d i g i t  thumbwheel s e t )  

w i t h  t h e  number i n  t h e  counter. I f  t h e  number i n  t h e  c o u n t e r  i s  less 

than o r  e q u a l  t o  t h e  number i n  t h e  comparator  and i f  b o t h  piilses T and 

T have been r e c e i v e d ,  t hen  t h e  comparator  f i . r e s  i t s  t r i g g e r  p u l s e  t o  

whatever d i a g n o s t i c  i s  d e s i r e d .  There are f o u r  cornparator boards  and 

t h r e f o r e  f o u r  p o s s i b l e  t r i g g e r s  e 

1 2 

1 

L 

2 

1. 

2 

P u l s e s  T and 'T are  a l s o  used t o  s tar t  and s t o p  a t ime-o f - f l i gh t  I 2 

co i in te r ,  which u s e s  a l-Niz c r y s t a l  o s c i l l a t o r  t o  count t h e  t i m e  of  

f l i g h t ,  i n  us, between T 

peI. l .et  v e l o c i t y  on each  s h o t .  

and T2. This  p r o v i d e s  a measurement of the 
1 

For t h e  exper iment  on ISX-B t h e  d i s t a n c e  hetweeiz PDI and PD2 was 

1-1-38 m I i- 1 mm and t h e  d i s t a n c e  from PD2 t o  t h e  c e n t e r l i n e  o f  t h e  t o r u s  

(nominal plasma c e n t e r )  was 2 . 4 2 5  m .t 5 mm. . 
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The ve loc ime- te r  performed q u i t e  w e l l  d u r i n g  t h e  expe r imen t s ,  Fre-  

quency F w a s  set a t  5 MUz, and f requency  F w a s  v a r i e d  around 10 MHz t o  

a c h i e v e  t h e  d e s i r e d  t iming .  The measured maximum j i t t e r  i n  t h e  p e l l e t  

pos i t i -on  was 1 5  mm, and t h e  s t a n d a r d  d e v i a t i o n  CJE t h e  j i t t e r  w a s  6 ~ilui 

f o r  20 vacuum s h o t s  ( p e l l e t  f i r e d  i n t o  t h e  t o r u s  w i t h  no p lasma) ,  

co r re spond ing  t o  a j i t t e r  i n  t iming  of %6 us. The j i t t e r  i n h e r e n t  i n  

t h e  sys tem is one  c l o c k  p u l s e  o r  0 . 2  us. The d i f f e r e n c e  between t h e  

i n h e r e n t  j i t t e r  i n  t h e  sys tem and t h e  observed  j i t t e r  is a t t r i b u t e d  t o  

the nonuniform i l l u m i n a t i o n  of  t h e  photodiodes  and t h e  f i n i t e  s l i t  wid th  

of t h e  pho tod iodes ,  r e s u l t i n g  i n  a j i t t e r  i n  T and T of 2-3 11s each .  

2 1 

1 2 

The a u t h o r  would l i k e  t o  acknowledge t h e  c o n t r % b u t i o n  t o  t h i s  

d e s i g n  of Dr. M. L. McKinstry,  who sugges t ed  t h e  b a s i c  p r i n c i p l e  f o r  t h e  

v e l o c i m e t e r / t i m e r  and he lped  w i t h  s e v e r a l  of  t h e  c i r c u i t s .  D r .  Mc- 

K i n s t r y  was a g r a d u a t e  s t u d e n t  w i t h  t h e  a u t h o r  a t  M.E.T. a t  t h e  t i . m e  o f  

t h e  v e l o c i m e t e r  c o n s t r u c t i o n  and now does  r e s e a r c h  a t  t h e  N a t i o n a l  

Bureau of S t anda rds  i n  Washington, D.C .  

2 . 3 . 9  .._____ Exper imenta l  performance o f  t h e  i n t e r f e r o m e t e r  .lll__ 

F i g u r e  2 .18  shows a vacuum (no p e l l e t  o r  plasma i n  t h e  t o r u s )  

i n t e r f e r o g r a m  rep layed  a t  t h r e e  m a g n i f i c a t i o n s .  A s  p r e v i o u s l y  d i s -  

cussed ,  t h e  background f r i n g e s  are  produced by t i l t i n g  a m i r r o r  between 

t h e  two laser p u l s e s  t h a t  form t h e  i n t e r f e r o g r a m .  The p o i n t  of t h i s  
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ORN1.-DWG 80-7921 F E D  

7.5 x MAGNIFICATION 

15 x MAGNIFICATION 

1 rnm * 

31.25 x MAGNIFICATION 

F i g  I 2.18 Vacuum holographic interferogram replayed a t  three 

different microscope magnifications. 
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f i g u r e  i s  t h a t  t h e  f r i n g e s  are clear and b r i g h t  and t h a t  t h e r e  are no 

broken ,  s p l i t ,  o r  i r r e g u l a r  f r i n g e s .  Noise  i s  p r e s e n t  on t h e  f r i n g e s  a t  

about  t h e  0.1. - f r inge level.. The a l e r t  r e a d e r  w i l l  n o t i c e  a sma.l .1 

s y s t e m a t i c  c u r v a t u r e  of t h e  f r i n g e s  a t  t h e  top  of each  photo .  Th i s  i s  

n o t  p a r t  of t h e  i n t e r f e r o g r a m  b u t  i s  a t t r i b u t e d  t o  t h e  l e n s  of t h e  

P o l a r o i d  camera a f f i x e d  t o  t h e  microscope  used f o r  r e p l a y .  Th i s  curva-  

t u r e  i s  p r e s e n t  on all. of  t h e  i n t e r f e r o g r a m s  p r e s e n t e d  i n  t h i s  work and 

con t r ibu t t z s  a s y s t e m a t i c  e r r o r  of %0.1 f r i n g e  a t  t h e  upper  p o r t i o n  of 

t h e  i n t e r f e r o g r a m .  

Although n o t  shown, r e p l a y  of t h e  o u t e r  5 mm of  any i n t e r f e r o g r a m  

would reveal a large i r r e g u l a r i t y  and c u r v a t u r e  of t h e  f r i n g e s  due t o  

lens e r r o r  and d i f f r a c t i o n .  Th i s  p o r t i o n  o f  any i n t e r f e r o g r a m  w a s  

unusab le .  T h e  c i r c u l a r  a p e r t u r i n g  on t h e  7.5-X photograph  i s  produced by 

t h e  microscope  i n p u t  o p t i c s  and i s  n o t  caused by t h e  edge of t h e  hologram. 

F i g u r e  2 .19  i s  an  i n t e r f e r o g r a m  of  a metal t a r g e t  suspended on a 

f i n e  wire and i n s e r t e d  i n t o  t h e  f i e l d  of view of t h e  i n t e r f e r o m e t e r  i n  

t h e  t o r u s .  The t a r g e t  w a s  on the  o r d e r  o€ 1 mm by 1 mm and t h e  w i r e  w a s  

approx ima te ly  75 urn t h i c k .  The f a c t  t h a t  t h e  w i r e  is v i s i b l e  p l a c e s  an 

upper  l i m i t  of %70 pm on t h e  e x p e r i m e n t a l  r e so l .u t ion  of t h e  i n t e r f e r o -  

meter. A s  will b e  s e e n  i n  v iewing  t h e  p e l l e t  i n t e r f e r o g r a m s ,  t h e  e x p e r i -  

mental  r e s o l u t i o n  is  probably c l o s e r  t o  30 urna 

r e so luCion  of the i n t e r f e r o m e t e r  p r e v i o u s l y  d i s c u s s e d  would be  %15 pm. 

The d i f f r a c t i o n - l i m i t e d  
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ORNL-DWG 80-2922 FED 

Fig. 2.19 Interferogram of l--m by 1-mm metal target in vacuum 

chamber of tokamak. 



2.4 Summary of Chapter  '2 

I n  Sec t .  2 . 1  t h e  ISX-B tokamak and i t s  d i a g n o s t i c s  were d e s c r i b e d ,  

S e c t i o n  2.2 d i s c u s s e d  t h e  pneumatic  hydrogen p e l l e t  i n j e c t o r .  

S e c t i o n  2 . 3  went o v e r  b r i . e f l y  t h e  t h e o r y  of ho log raph ic  i n t e r f e r o -  

metry and d e t a i l e d  t he  d e s i g n  and c o n s t r u c t i o n  of t h e  i n t e r f e r o m e t e r  

sys tems.  I n  p a r t i c u l a r ,  Sect .  2 .3 .7  c a l c u l a t e d  t h e  m a g n i f i c a t i o n  e r r o r s  

i n h e r e n t  i n  t h e  sys tem i f  t h e  p e l l e t  i s  not- a t  t h e  focus  of t h e  i n t e r f e r o -  

meter. I t  was shown t h a t  a 5.6--cm d i f f e r e n c e  i n  t h e  p e l l e t  p o s i ~ t i o n  and 

tine i n t e r f e r o m e t e r  f o c u s  could  I.ead t o  a m a g n i f i c a t i o n  error of  M Q 1 . 4  

i n  r e p l a y i n g  the hologram. A l s o ,  Sect:. 2 .3 .8  d e s c r i b e d  t h e  t iming  and 

f i r i n g  sys tems arid p r e s e n t e d  t h e  experi .menta1 r e s u l t  o f  a 6 - p s  j i t t e r  i n  

t h e  t ime of t r i -gger i i ig  t h e  i n t e r f e r o m e t e r  laser .  S e c t i o n  2 .3 .9  d i s c u s s e d  

t h e  expe r imen ta l  performance of t h e  i n t e r f e r o m e t e r  as a whole and gave 

expe r imen ta l  ev idence  f o r  a lower 1.imit of %70 pm on t h e  i n t e r f e r o m e t e r  

r e s o l u t i o n  b u t  i n d i c a t e d  that:  t h e  i n t e r f e r o g r a m s  t o  b e  p r e s e n t e d  I . a t e r  

w i l l  show that  t h e  expe r imen ta l  r e s o l u t i o n  i s  ~ 3 0  pm compared w i t h  a 

d i f f r a c t i o n - l i m i t e d  r e s o l u t i o n  of 15 urn. 
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Chapter  3 

Theory 

3 . 1  4 Br ie f  R e v i e w  of t h e  E x i s t i n g  T h e o r e t i c a l  Work on Hydrogen 
Pe l le t  A b l a t i o n  i n  High-Temperature P l a s m a s  

The r e f u e l i n g  of f u s i o n  r e a c t o r s  by t h e  i n j e c t i o n  of l i q u i d  o r  

s o l i d  hydrogen was f i r s t  proposed hy S p i t z e r  e t  a l .91  and they  a l s o  made 

t h e o r e t i c a l  estimates of t h e  p e l l e t  ablat.i.on ra te .  I n  making t h e i r  

estimate, they  c o n s i d e r e d  many of t h e  p r o c e s s e s  t h a t  are  fundamental  t o  

inore r e c e n t  t h e o r i e s .  I n  p a r t i c u l a r ,  t h e y  mention s h i e l d i n g  of t he  

p e l l e t  from t h e  i n c i d e n t  plasma energy  f l u x  by t h e  a b l a t e d  n e u t r a l  

molecules  and i o n s ,  p o s s i b l e  n e g a t i v e  cha rg ing  ( e l e c t r o s t a t i c  s h i e l d i n g )  

of t h e  a b l a t a n t  and p e l l e t ,  and r e t a r d a t i o n  of t h e  i o n i z e d  a b l a t a n t  f low 

a c r o s s  t h e  magnet ic  fie1.d. The fo l lowing  quo te  from t h i s  work i s  p a r t i -  

c u l a r l y  p e r t i n e n t :  

The d i r e c t  conc lus ion  i s  t h a t  a c loud  of  c o o l  gas  due t o  
v a p o r i z a t i o n  would form immediately and ac t  as a s h i e l d  f o r  
t h e  enc losed  g l o b u l e .  Th i s  n e u t r a l  mo lecu la r  gas  c loud  
would t h e n  s u f f e r  i o n i z a t i o n  and d i s s o c i a t i o n ,  t he reby  
a t t e n u a t i n g  t h e  energy  of t h e  impinging p l a s m a  p a r t i c l e s ,  
and c r e a t i n g  a l o c a l  i o n i z e d  c loud  deve lop ing  ou t  of  t h e  
n e u t r a l  one.  

2 
In  1968 an  a d d i t i o n a l  s h i e l d i n g  mechanism was proposed by Rose, 

who assumed t h a t  t h e  a b l a t e d  material  from t h e  p e l l e t  would form a 

dense ,  h i g h l y  i o n i z e d  b l a n k e t  around t h e  pe l l e t  and t h a t  t h i s  dense ,  

h i g h l y  i o n i z e d  plasma would exc lude  t h e  magnet ic  f i e l d .  Because in -  

c i d e n t - p a r t i c l e  t r a j e c t o r i e s  would now b e  d i r e c t e d  around t h e  p e l l e t ,  
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a b l a t i o n  would b e  due t o  h e a t  conduc t ion  t o  t h e  p e l l e t  th rough t h e  

a b l a t i o n  c loud  from t h e  background plasma. 

Chang3 modi-fied Rose ' s  zero-d imens iona l  (0-1)) model by making i.t 

1 - D  and assumi.ng t h a t  t h e  magnet ic  f i e l d  would p a r t i a l l y  p e n e t r a t e  t h e  

a b l a t e d  pel .1 .e~ material. Other  magnet ic  s h i e l d i n g  models were proposed 

by Y o l i t z e r  and Thomas4 arid by Lengyel., 
S 

6 
GraLnick assumed t h a t  the material a b l a t e d  from t h e  p e l l e t  would 

b e  f u l l y  i o n i z e d ,  n e g l e c t e d  magnet ic  f i e l d  e f f e c t s ,  and cons ide red  

s h i e l d i n g  of the p e l l e t  by t h e  s lowing  down of t h e  i n c i d e n t  h o t  plasma 

p a r t i c l e s  on t h e  c o l d ,  dense ,  a b l a t e d  p l a s m a  su r round ing  t h e  pel.1.et. 

The s h i e l d i n g  t h e o r i e s  t h a t  

expe r imen ta l  results 60 d a t e  arc  

8 
and Pa rks ,  T u r n b u l l ,  and F o s t e r  

have most s u c c e s s f u l l y  d e s c r i b e d  

t h e  n e u t r a l  s h i e l d i n g  models.  Vaslow 

independen t ly  devel  oped scail ing 1 a w s  

7 

t h a t  are a lmost  i d e n t i c a l . .  These models assume t h a t  t h e  m a t e r i a l  

a b l a t e d  from t h e  pel le t  comes oEf as neut ra l .  gas  and t h a t  t h e  i n c i d e n t  

ho t  p l a s m a  p a r t i i c l e s  l o s e  most o f  t h e i r  energy  through i n e l a s t i c  and 

e l a s t i c  c o l l i s i o n s  w i t h  t h e  n e u t r a l  gas .  

' T h e  n e u t r a l  s h i e l d i n g  model was modi.fied by Pa rks  and Turnbul19 and 

independen t ly  by Mi lo ra  and Foster'' t o  account  f o r  t h e  e f f e c t s  of 

s u p e r s o n i c  f low as the a b l a t e d  m a t e r i a l  s t reamed away from t h e  p e l l e t .  

The s c a l i n g  laws developed are v e r y  similar. The seal-ing law g iven  by 

Pa rks  and Turnbu l l  f o r  plasma t empera tu res  i n  t h e  r ange  1-30 keV i s  
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where 

G 3 a b l a t i - o n  r a t e  ( a toms / s ) ,  

n S d e n s i t y  of  s o l i d  hydrogen (atorns/cc) = 5 . 2  x 10 , 

r c p e l l e t  r a d i u s  (cm), 

n 5 background plasma d e n s i t y  (cm ) ,  and 

2, 22 
S 

P 

-3  
eo 

background plasma t e m p e r a t u r e  (ev).  

(3.1) 

The r e s u l t s  of Mi lo ra  and F o s t e r  are e s s e n t i a l l y  the samp. 

I1 
The n e u t r a l  s h i e l d i n g  model was extelzded by Felherr e t  al. to  

i n c l u d e  t h e  e f f e c t s  of i o n i z a t i o n ,  d i s s o c i a t i o n ,  arid r a d i a t i o n .  They 

ca lcu laLed t h a t  a d d i i i o n a l  energy absorbed  by these p r o c e s s e s  extended 

p e l l e t  l ifetimes by 10-20%. 

P a r k s l 2  and Gi l . l i a rd  and Kin?3  ex tended  t h e  n e u t r a l  s h i e l d i n g  model. 

t o  i n c l u d e  t h e  e f f e c t s  of d e c r e a s e  of incidei7.L plasma power due t o  the 

e x c l u s i o n  of the magnet ic  fi.el.d by the a b l a t a n t  f low.  T h e i r  c a l c u l a t i o n s  

show t h e s e  e f f e c t s  t o  be  modest,  i n c r e a s i n g  p e l l e t  l i f e t i m e s  o n l y  f r a c -  

ti.onal 1.y. 

14 
Milo ra  e t  al. have r e c e n t l y  devel.oped a " s e l f - l i m i t i n g "  a b l a t i o n  

model t h a t  a c c o u n t s  f o r  t h e  p e r t u r l s a t i v e  e f f e c t s  of  mass ive  p e l l e t  

i n j e c t i o n  on t h e  background plasma. Th i s  model assumes [:hat t h e  m a t e r i a l  

a b l a t e d  from t h e  p d l e t  cools  t he  background plasma. 



3.2 D i s c u s s i o n  o f  E x i s t i n g  'Theories  i n  t h e  L i g h t  of Exper imenta l  
wo ark 

The ear l ie r  t h e o r i e s  of p e l l e t  a b l a t i o n  were plasma p h y s i c s  models.  

They assumed t h a t  t h e  f u e l  pe l l e t :  was immediately immersed i n  a f u s i o n  

plasma and c h a t  t h e  a b l a t a n t  was comple t e ly  i o n i z e d  as i t  ].eft t h e  

pe l  1 e t  arid t h e r e f o r e  p r e d i c t e d  a b l a t i o n  ra tes  much smaller than s e e n  

exper imcnta l ly  i n  any plasma t o  d a t e .  These m o d ~ l s  were developed f o r  

high-T cases f o r  which t h e  assumpt ion  of i o n i z a t i o n  i s  l i k e l y  t o  be e 

c o r r e c t .  

The n e u t r a l  s h i e l d i n g  modcls go t o  t h e  o t h e r  extremcb; they assume 

that:  t h e  a b l a t a n t  does  n o t  become i o n i z e d  unt i l .  i t  i s  so far from the 

p p l l c t  s u r f a c e  t h a t  i t  no l o n g e r  matters, which i s  probably  t r u e  f o r  l o w  

The work of F e l b c r  e t  a l . ,  P a r k s ,  and G i l l i a r d  and Kim, rnakes an 

e x c e l l e n t  a t  tempt a t  marry ing  t h e  a tomic  p h y s i c s  and plasma p h y s i c s  

a s p e c t s  of t h e  problrm.  However, the  r e c e n t  exper imenta l  d a t a  from 

ISX-E, t o  b e  p r e s e n t e d  i n  Chaps. 4 and 5,  show t h a t  t h e r e  i s  a d i f f i c u l t y  

with t h e i r  models.  They assume t h a t  t h e  ionization f r a c t i o n  of the 

abl .a ted material can be tal-culated from t h e  Saha equi.l.ibn-iurn e q u a t i o n  

u s i n g  a s i n g l e - t e m p e r a t u r e  nodel. These c a l c u l a t i o n s  based on Saha 

e q u i l i b r i u m  show t h a t  t h e  i o n i z a t i o n  f r a c t i o n  c lose t o  t he  p e l l e t  s u r -  

face i s  negZigih1.y s m a l l .  In Chap. 5 i t  w i l l  b e  shown f r o m  e x p e r i m e n t a l  

d a t a  t h a t  t h e  ave rage  i o n i z a t i o n  f r a c t i o n  of t h e  a b l a t a n t  n e a r  t h e  



p e l l - e t  s u r f a c e  i s  2.20%. I t  seems that t h e r e  i s  t r o u b l e  w i t h  t h e  way t h e  

i o n i z a t i o n  f r a c t i o n  i s  be ing  ca1cdat:cxl I 

extended  tr, a l l o w  f o r  a separate e l e c t r o n  tamperacure ,  o r  el.se t h e  

i o n i z a t i o n  f r a c t i o n  should  be  c a l c u l a t e d  by e q u a t i n g  t h e  rates of ioni---  

z a t i o n  and recombina t ion  a t  a g iven  r a d i u s .  

The rnodel.3 shou ld  probably  b e  

The s i g n i f i c a n c e  of the h i g h  ion iza t : ion  f r a c t i o n  is  i n  t h e  e x c l u s i o n  

of  the magnet ic  f i e l d  and a l s o  i n  t h e  r e t a r d a t i o n  of t h e  ab la tan t :  f l ow 

across t h e  magnet ic  f i e l d .  I f  t h e  a b l a t a n t  i s  f o r c e d  t o  stream away i n  

one o r  oae and one-ha1.E d imens ions ,  r a t h e r  t h a n  t h r e e ,  t h e r e  w i l l  be  

more a b l a t e d  material s h i e l d i n g  t h e  peJ- le t  froin tihe h o t  background 

plasma. Exc lus ion  of magnet ic  f l u x  will f o r c e  soine of t h e  i n c i d e n t  h o t  

plasma p a r t i c l e s  t u  stream around r a t h e r  t han  through t h e  a b l a t e d  m a t e r i a l .  
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Chapter  4 

Exp e r :i i n e n  t a 1 Re. sul t s 

4 . l In t roduc  t i QA 

The pi.~'c~pose of t h i s  c h a p t e r  i s  tro p r e s e n t  t h e  g e n e r a l  c o n d i t i o n s  of  

t h e  exper iment  and the expe r imen ta l  r e s u l t s .  The d a t a  a.re p r e s e n t e d  

with as I . i t t l e  man ipu la t ion  as i s  r e a s o n a b l e ,  A n a l y s i s  of  t h e  d a t a  w i l l  

be p r e s e n t e d  i n  the next c h a p t e r .  

The i n t e r f e r o m e t e r  and p e l l e t  gun were f i r s t  o p e r a t e d  t o g e t h e r  on 

1%-R on May 1 6 ,  1979,  and exper iments  con t inued  u n t i l  November 

1979.  During t h i s  p e r i o d  t h e  i n t e r f e r o m e t e r  and pe1.l.et gun were o p e r a t e d  

t e n  days  when t h e  tvkaiiiak was running .  On several of t h o s e  days  o n l y  a 

few shots were t aken  w i t h  p e l l e t s / i n t e r E ~ r o m e t r y ,  and on several o t h e r s  

t h e  Thomson s c a t t e r i n g  I.aser w a s  i n o p e r a t i v e .  On t h r e e  days  (September 

5, 6 ,  and 1.1.) t h e  p e l l - e t  gun, i n t e r f e r o m e t e r ,  tokamak, and Thomson 

sca t te r ing  laser were a l l  o p e r a t i v e  s o  t h a t  a w e l l - c h a r a c t e r i z e d  and 

d iagnosed  exper iment  w a s  performed.  U n f o r t u n a t e l y ,  t h e  i n t e r f e r o g r a m s  

from September 5 d i d  n o t  coiiiet o u t  because  of misaiigIirnent of thc r e f e r e n c e  

beam. The data p r e s e n t e d  wi.1.1 b e  frcliu September 6 and 11, 1979.  

F i f t e e n  i u t e r f e r o g r a t n s  and a s soc i . a t ed  d a t a  w i l l  b e  p r e s e n t e d  from 

 lie September 6 expe r imen t ,  Two of t h e s e  are  actual1.y t aken  from a v e r y  

s i m i l a r  exper iment  on Augusl: 2 ,  when t h e  i n t e r f e r o m e t e r  w a s  i n  a d i f f e r -  

ent s p a t i a l  l .ocatian.  The September 6 sequence was a t  r e l a t i v e l y  low 
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__ ... 3 
e l e c t r o n  d e n s i t y  arid h i g h  e l e c t r o n  t empera tu re ,  n 

T ( r  = 0 )  = 1500 e V .  On t h i s  d a t e  runaway e l e c t r o n s  were p r e s e n t  i.1-1 t h e  

d i s c h a r g e  on most of t h e  s h o t s .  The p e l l e t s  were g e n e r a l l y  s topped  w e l l .  

slro-rt of t h e  magne t i c  c e n t e r  of  t h e  p l a sma ,  and a s t a b l e  h i g h - d e n s i t y  

plasma w a s  ach ieved  a f t e r  p e l l e t  i n j e c t i o n .  

= 0.8 x los9 ni and 
e 

e 

The September 11 r u n  w a s  made a t  a h i g h e r  e l e c t r o n  d e n s i t y  and 

-3 - 
lower  e l e c t r o n  t empera tu re ,  n 

E igh teen  i n t e r f e r o g r a m s  and a s s o c i a t e d  d a t a  w i 7 . 1  be  p r e s e n t e d  from t h i s  

sequence.  I n  g e n e r a l ,  t h e  p e l l e t  went al.1. t h e  way p a s t  t h e  c e n t e r  of 

the pl-asma and was s topped  on t h e  f a r  s i d e .  La rge  d e n s i t y  i n c r e a s e s  

w e r e  s e e n ,  b u t  t h e  plasma always e x h i b i t e d  l a r g e - s c a l e  MHI) o s c i l l a t i o n s  

(minor d i s r u p t i o n s )  w i t h i n  10 m s  a f t e r  ptzlI.et: i n j e c t i o n .  Whether t h e  

MHD o s c i l l a t i o a s  were due t o  i n j e c t i o n  of t h e  p e l . l e t  o r  were s imply t h e  

r e s u l t  of  exceeding t h e  s t a b l e  o p e r a t i n g  p a r a m e t e r s  of t h e  machine i.s 

unknown. 

= 3 . 2  x 10s9 m and T (r = 0 )  = 1 keV. 
e e 

- 
4.2 Data from September 6 ,  1.979 (Low ne,  High Te) 

4 . 2 . 1  Thornson s c a t t e r i n s  .____.. d a t a  from September G 

A s  d i s c u s s e d  p r e v i o u s l y ,  t h e  Thomson s c a t t e r i n g  system on LSX-B h a s  

a f o u r - p u l s e  ruby laser .  T h i s  means that  on any s i n g l e  tokamak s h o t  i t  

i s  p o s s i b l e  t o  g e t  d a t a  from OIIC s p a t i a l  l o c a t i o n  a t  € o u r  d i f f e r e n t  

times d u r i n g  t h e  d i s c h a r g e .  The e n t i r e  laser system can be moved bc- 

L~7eer-1 d i s c h a r g e s  t o  look  a t  d i f f e r e n t  s p a t i a l  l o c a t i o n s .  A t r i g g e r  was 
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prov ided  t o  t h e  Thomson s c a t t e r i n g  laser  from t h e  v e l o c i m e t e r l t i m e r  so 

t h a t  t h e  timi.ng of t h e  Thomson s c a t t e r i n g  laser system w i t h  r e s p e c t  t o  

thc: a r r iva l  of t h e  p e l l e t  i n  t h e  plasma was r e p e a t a b l e  w i t h i n  Q5 p s .  

F i g u r e  4 . 1  shows e l e c t r o n  d e n s i t y  and t empera tu re  p r o f i l e s  made 1 

m s  p r i o r  t o  p e l l e t  i n j e c t i o n  f o r  t h e  Sept:ember 6 ,  1979,  sequence.  The 

nomirial p e l l e t  i n j e c t i o n  t iming  was a t  36 m s  i n t o  t h e  d i s c h a r g e .  The 

d i s c h a r g e  c u r r e n t  w a s  1-13 kR, t h e  magnet ic  f i e l d  on a x i s  was 1 .5  T ,  t h e  

1.in.e-averaged e l e c t r o n  d e n s i t y  was 0.8  x 1 0  m , and ilhe s a f e t y  f a c t o r  

q a t  t h e  l i m i t e r  was 5.1. The plasma 2 i n f e r r e d  from Thomson scat ter-  

i n g  w a s  7 . 1  (h igh  Z due t o  vacuum opening  immediately b e f o r e ) .  A l l  

of  the Thomson s c a t t e r i n g  d a t a  are  p r e s e n t e d  c o u r t e s y  of E:. A .  Laza rus ,  

P.  R ,  King, and M. Murakami of  OKNL. 

19  -3  

e f f  

e f  f 

F igu re  4 . 2  shows t h e  e l e c t r o n  d e n s i t y  and t empera tu re  1 ms a f t e r  

p e l l e t  i n j e c t i o n  f o r  t h e  September 5 and 6 ,  1979,  sequence.  These 

sequences  w e r e  a lmost  e x a c t l y  a l i k e .  Because t h e  p e l l e t s  w e r e  s topped  

short: of t h e  c e n t e r ,  t h e  dens i . t y  p r o f i l e  is  hol low.  La ter  i n  t i m e  i t  

w i l l  f i l l  i n  t h e  c e n t e r .  S i m i l a r l y ,  t h e  e l e c t r o n  t empera tu re  i s  peaked 

a t  t h e  c e n t e r .  Because t h e  p e l l e t  d i d  n o t  reach t h e  c e n t e r ,  t h e  c e n t e r  

w a s  n o t  coo led  as much a s  t h e  o u t e r  r e g i o n s  of  t h e  pl-asma. The d a t a  

from Lhe September 5 sequence are  inc luded  because  i t  has  a c e n t r a l  d a t a  

p o i n t  whereas  t h e  September 6 sequence does n o t .  The e r r o r  b a r s  shown 

on the  Thomson s c a t t e r i n g  d a t a  are  from photon-count ing s t a t i s t i c s .  
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F i g .  4.1 Thornson s c a t t e r i n g  electron d e n s i t y  and temperature 

1 ms b e f o r e  p e l l e t  i n j e c t i o n ,  sequence of  September 6 ,  1979.  
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F i g .  4 . 2  Thomaon s c a t t e r i n g  e lectron d e n s i t y  and tcmperature 1 

m s  afLc?r p e l l e t  i n j e c t i o n ,  sequence of Sep tember  5 and 6, 1973.  
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4 . 2 . 2  Line-averaged density data from September 6 ___ ___._ 

During the experiments three interferometers were operative on the 

tokamak. There were microwave interferometers with vertical and hori- 

zontal paths through the plasma and a F I R  interferometer with a vertical 

path through the pl-asma. The two microwave interferometers operated at 

a wavelength of 2 mm, and the FIR interferometer opersted at a wave- 

length of %400 Um. 

microwave interferometers and %7 x 10 m for the FIR interferometer. 

The horizontal microwave interferometer could respond to a maximum 

The cutoff density was %2.8 x 10 *' m-3 for the 

21 -3 

density rate of change of n = 1.0 x 10 23 m -3  s -1 , the vertical e 

mi.crowave interferometer could respond to a maximum density rate of 

change of n = 2.0 10 m s , and the FIR interferometer could 

respond to a maximum density rate of chinge of n = 1.0 x 10 m s . 

24 -3 -1 
e 

24 -3 -1 - 
e 

Typical density changes for September 6, 1979, were A; = 2.4 x e 

lo1' m-3 in 200 p s .  

normally could not follow the density change. A s  previously discussed, 

the configurati.on of the poloidal field system used in this experiment 

produces slightly elongated plasmas. The ratio of the fringe shifts 

from the vertical microwave interferometer to the horizontal intcrfero- 

meter j u s t  before pellet injection gives the elongation. For September 

6 and 11, 1979, the elongation was 1.2. Because of  this elongation a 

64.8-cm path length is assumed for the vertical interferometer. 

This means that the hori.zonta1 interferometer 
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F i g u r e  4 . 3  shows t h r e e  typ ica l .  p l o t s  o f  d e n s i t y  v e r s u s  t i m e  f o r  

p e l l e t  i n j e c t i o n  on September 6 ,  1979.  All i n t e r f e r o m e t e r  d a t a  are  

c o u r t e s y  of J. Wilgen and D. Hutchinson of ORNL. 

The upper  and midd le  p l o t s  of F ig .  4 . 3  are ve r t i ca l  2 - m  microwave 

d a t a ,  and the bot tom p l o t  i s  FIR d a t a .  The "noise"  on t h e  F IX d a t a  i s  

the r e s u l t  of  mechanical  v i b r a t i o n .  On s h o t s  where the p e l l e t  pene- 

t r a t e d  deep i .nto t h e  plasma c e n t e r ,  o n l y  t h e  F I R  i n t e r f e r o m e t e r  cou ld  

follow t h e  d e n s i t y  change. The 2-mrn systems l o s t  s i g n a l  due t o  refrac- 

t i o n  and r e f l e c t i - o n .  

F i g u r e  4.4 i.s a t y p i c a l  2-nim d e n s i t y  trace .from September 6 withouc 

p e l l e t  i n j e c t i o n .  The p o i n t  of i n t e r e s t  on t h e  d e n s i t y  Gata i s  r.he 

maximum n i m m e d i a t d y  f o l l o w i n g  p e l l e t  i n j e c t i o n .  In t h e  next c h a p t e r  

t h e  measured n from t h e  i n t e r f e r o m e t e r  w i l l  b e  compared w i t h  t h e  n 

ca l cu l . a t ed  by i n f e r r i n g  a p e l l e t  a b 1 a t i . m  ra te  from Balmer-alpha (W ) 

l i g h t  e m i t t e d  by t h e  p e l l s t  as  i t  a b l a t e d .  

.... 

e 
- 

e e 

a 

Tab le  4 . 1  l i s t s  s h o t  numbers and maximum seen by t h e  F I R  o r  
e 

m:icrowave i n t e r f e r o m e t e r  immediately a f t e r  p e l l e t  i n j e c t i o n .  

4 . 2 . 3  Loca l  energy -. l o s s  d u r i n g  i n j e c t i o n  

A p y r o e l e c t r i c  r a d i o m e t e r  w a s  l o r a t e d  unde rnea th  t h e  same s e c t o r  

where the p e l l e t  i n j e c t o r  w a s  i n s t a l l e d  on ISX-B.  A p y r o e l e c t r i c  de- 

t e c t o r  i s  s e n s i t i v e  t o  i n c i d e n t  power; t h e r e f o r e ,  t h e  p y r o e l e c t r i c  

r a d i o m e t e r  measured a l l  l o c a l  power l o s s ,  b o t h  r a d i a t i o n  and cha rge  



68 

ORNL-DWG 80-2925 F E D  

h 

?E v 

a, 
IC 

0 :i 1 

st-189. 15679 

h 

TE 
v 

Q, 

IC 

SHOT 15682 1 

I\ SHOT 15685 

Fig. 4.3 Line-averaged d e n s i t y  vs t i m e  f o r  t h r e e  s h o t s  from 

September 6, 1979, w i t h  p e l l e t  i n j e c t i o n .  



69 

4 x 1Qi9 

3 
,..% 

c 
2 

E ..._.- 
a> 

IC 

1 

0 

ORNL-DWG 88 -2926 FED 

0 100 200 

t (ms) 
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f rom September 6 ,  1979 .  
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Table  4.1. Line-averaged d e n s i t y  immediately before and a f t e r  
pel-let i n j e c t i o n ,  sequence of September 6, 1979 

Shot  I 

I 

n (prepellet) 
e 

- 
n ( p o s t p e l l e t )  

e 

15633* 
15 6 3 8 k 
15639" 
15641" 
15642 
15643 
15644" 
15646 
15647 
15649" 
15651* 
15656* 
15657 
15661 
1.5664* 
15 6 6 5 
15667 
15668A 
15669 
15 6 7 2 9; 

15678 
15679 
15681* 
15682* 
15683* 
15685 
15686* 
15687 
15690 
15697 

0.9 
0.8 
0.8 
0.9 
0.8 
0.9 
0.8 
0.8 
0.9 
0.8 
9.9 
0.9 
0.8 
0.9 
0.8 
0.8 
0.9 
0.9 
0.8 
0.9 
0.8 
0.8 
0.8 
0.8 
0.9 
0.8 
0.8 
0.9 
0.8 
0.8 

3.3 
3.9 
3.3 
2.9 
4.3 
4.2 
2.9 
2.9 
3.5 
3.3 
3.3 
3.3 
4.2 
2.4 
2" 5 
2.8 
3.8 
2.8 
3.9 
3.0 
3.0 
3+1 
2.9 
2.9 
3" 3 
4.0 
3 . 1. 
2,s 
2.2 
3.1 

2-4 
3.1 
2.5 
2.0 
3.5 
3.3 
2.1 
2 - 1  
2.6 
2 , 5  
2 * 4 
2,4 
3.5 
1 . 5  
1.7 
2.0 
2.9 
1.9 
3.1 
2.0 
2.0 
2 * 3  
2.1 
2.1 
2 . 4 
3.2 
2.3 
1.6 
1.4 
2.3 

19 -3 (AT )AVG = ( 2 . 4  +/-0.6) x 10 m 
e 4 

a * i n d i c a t e s  Thomson s c a t t e r i n g  d a t a  t-aken t h i s  sho t .  



1 
exchange n e u t r a l s ,  d u r i n g  p e l l e t  i n j e c t i o n .  The p y r o e l e c t r i c  d iag-  

n o s t i c  w a s  bui1.t and o p e r a t e d  3y C .  E .  Bush of ORNL, and all radi.oiiieter 

d a t a  are  c o u r t e s y  of him. F i g u r e  4,5 i l 1 . u s t r a t r . s  t h e  geometry o f  t h e  

p y r o e l e c  t r i c  d e t e c t o r ,  which ~7as c e n t e r e d  underneath.  t h e  vacuum v e s s e l  

w i t h  a v e r t i c a l  d i s t a n c e  t o  t h e  vacuum vessel cen tc+r l ine  of 56 ciii and a 

h o r i z o n t a l  d i s t a n c e  to t h e  l i m i t e r  of 2 7  cm. 

A t r a n s i e n t - e v e n t  r e c o r d e r  was n o t  a v a i l a b l e  t:o r eco rd  and d i g i  t i z e  

t h e  d a t a  f o r  analysis, so the d a t a  are  p r e s e n t e d  and  ana lyzed  frcm 

oscil l .oscope t r a c e s .  F i g u r e s  4.6 and 4.7 g i v e  s i x  oscil.1.oscope traces 

showing power e m i t t e d  by t h e  p e l l e t  as i t  t r a v e r s e d  t h e  plasma. The 

t o t a l  power eiiii-tted by t h e  p e l l e t  a t  t i m e  t i s  

2 

a t  A’ C ’  
p = dE z 4-rrr S ( t )  (4.1) 

where 

r 5 d i s t a n c e  froiu p e l l e t  t o  d e t e c t o r ,  

S ( t )  = radi .omrter  v o l t a g e  ai; time t ,  

C + ca1.ibrati .on f a c t o r  f o r  r ad iomete r  = 11.07 V / W ,  

A’ 5 e f f e c t i v e  d e t e c t o r  a r e a  = A c o s  (91, and 

A : d e t e c t o r  a r e a  = 7 . 0 7  x 10 m . -6 2 

T h e  power s c a l e  on t h e  f i g u r e s  i s  found by assumiiig r = c o n s t a n t  = 

[ ( 1 2 ) 2  + (56)2]1’2 ::: 57 .3  crn and 0 = t a n  

lower trace oil t h e  f i g u r e s  i s  from a photodiode  d e t e c t i n g  t h e  I-I l i g h t  

e m i t t e d  by t h e  p e l l e t  as i t  t r a v e r s e d  t h e  plasma ( d i s c u s s e d  be low) .  

-1 ( 7 2 / 5 6 )  --- 0.211 r a d i a n s .  The 

c1 

It can  be skown t h a t  t h e  e r r o r  f a c t o r  i n  assuming a constant .  

radius is 
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Fig.  4 . 5  Illustration of p y r o e l e c t r i c  detector geometry. 
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Fig. 4 . 6  P e l ] - e t  radiometer data from s h o t s  15667,  15679,  and 

15681. 
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F i g .  4.7 P e l l e t  radiometer data  from s h o t s  15682, 15697,  and 

15693. 
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3 
9 ( l 4 .2 )  

cos  ( e ’ )  d0 .= ~- True  power a 1 -._.. 
3 

cos  ( 8 )  
- C a l c u l a t e d  power (r = c o n s t )  

where 0 i s  t h e  a c t u a l  a n g l e  t o  t h e  r ad iomete r  and 8’ i s  t h e  a n g l c  a t  r 

= r’ = c o n s t a n t  ( 0 ’  = 0.211 r a d i a n s ) .  The e r r o r  i n  t h e  above assumption 

ranges from A = 1 . 2 8  a t  minor r a d i u s  a = 27 c m  t o  A = 0.93 a t  minor 

r a d i u s  a = 0. The e r r o r  f a c t o r  a t  a = 1 2  c m  is  A = 1 .00  (no e r ro r ) .  

Tab le  4 .2  g i v e s  t h e  l o c a l  energy  r a d i a t e d  d u r i n g  p e l l e t  a b l a t i o n  

found by i n t e g r a t i n g  t h e  power from F i g s .  4.6 and 4 . 7 .  The e r r o r  f a c t o r  

i n  c a l c u l a t i n g  t h e  energy  t h i s  way is  found by m u l t i p l y i n g  E q .  ( 4 . 2 )  by 

t h e  s i g n a l  s t r e n g t h  and i n t e g r a t i n g  

( 4 . 3 )  

I f  S ( 0 )  were a c o n s t a n t ,  t h e  maximum e r r o r  f a c t o r  would be ( p e l l e t  

s topped  a t  a = 7 cm) 

A = 1.09. J- 
Because S ( 9 )  i s  peaked n e a r  a = 1.2 c m ,  t h e  a c t u a l  e r r o r  i n  f i n d i n g  

t h e  energy  t h i s  way is  less t h a n  10%.  

4 . 2 . 4  Evidence f o r  r u n a w a I e l e c t r o n s  _.___I._ i n  p lasma - d u r i n g  ._._..-. sequence 
o f  September 6 ,  1 9 7 9  

I n  o r d e r  t o  d i agnose  t h e  p re sence  of  runaway e l e c t r o n s  a ha rd  x-ray 

d e t e c t o r  i s  l o c a t e d  on t h e  w a l l  of t h e  ISX-B e n c l o s u r e .  The d e t e c t o r  i s  

a s c i n t i l l a t i o n  d e t e c t o r  and looks a t  t o t a l  photon o u t p u t  ( i t  i s  not- a 
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Table  4 . 2 .  Total l o c a l  r ad ia t ed  ene rgy  d u r i n g  
pe1J.et i n j e c t i o n ,  September 6 ,  1979 

Shot  number T o t a l  l o c a l  radiated energy 
(J> 

............................ I_ ..___..._.. .. ._._..l_..l. 

15667 1 7  

15679 18 

15681 1 7  

15682. 15 

15697 27 

15698 1 7  

= (18 +/-2) J 
E~~~ 



pulse-height:  a n a l y s i s  o r  energy  s p e c t r o s c o p y  system) . When runaway 

e1.ectron.s h i p a c t  the 1imit:ers of t h e  tokamak, ba rd  x r ays  are e m i t t e d  

with ene-cgy p r o p o r t i o n a l  to t h e  runaway e l e c t r o n  encbrgy. The LSX-R 

d e t x c t n r  is s e n s i t i v e  Lo x r ays  i n  t h e  0.5-3 MeV r ange ,  and the s i g n a l  

from t h e  d e t e c t o r  i s  p r o p o r t i o n a l  t o  the t o t a l  number of x r a y s  i n  t h i s  

energy r ange  arid t o  t:heir e n e r g y  spec t rum.  Nard x-ray d a t a  are  c o u r t e s y  

of D. $17. Swai-n oE O W L .  

F t g u r e  4.8 shows ha rd  x-ray da ta  f o r  f i v e  s h o t s  from t h e  Seprember 

6 sequence  w h e n  p e l l e t s  were n o t  in: jected i n t o  t h e  machine. Not:e t h e  

l a r g e  p o s i t i v e  s p i k e  a t  t h e  end of t h e  s h o t  (around t = 180 ms) on t h r e e  

of t h e  traces and a small. p o s i t i v e  s p i k e  on t h e  o t h e r  two traces. 

F i g u r e  4.9 shows h a r d  x-ray d a t a  from f i v e  s h o t s  on September 6 

whe.ii pell.ets were i n j e c t e d .  Note t h a t  t h e r e  i s  no ha rd  x-ray s p i k e  a t  

the end of t h e  s h o t  n o r  any a s s o c i a t e d  wi.th t h e  p e l l e t  i n j e c t i o n  a t  t -- 

96 m s .  

Twenty-two o u t  ( i f  t h i r t y  sho t s  w i t h o u t  p e l l e t  i n j e c t i o n  on Sept-  

ember 6 e x h i b i t e d  a hard  x-ray s p i k e  a t  t h e  end of t h e  s h o t .  None o f  

the 45 s h o t s  with pel - le t  i n j e c t i o n  on September 6 e x h i b i t e d  a hard x-ray 

s p i k e  a t  the end of t h e  s h o t .  The i n f e r r e d  r e s u l t  i s  t h a t  p e l l e t  in- 

j e c t i o n ,  l i k e  gas p u f f i n g ,  removes runaway e l e c t r o n s  from t h e  d i s c h a r g e .  
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F i g .  4 .8  Hard x-ray d a t a  f o r  f i v e  s h o t s  from sequence of September 

6 w i t h o u t  p e l l e t  inject : ioi l .  
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Fig. 4 . 9  Hard x-ray d a t a  f o r  f i v e  shotis f r o m  sequence of September 

6 with p e l l e t  i n j e c t i o n .  
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4.2.5 Pellet  a b l a t i o n  ra te  i n f e r r e d  from I1 l i n e  1-adiation 
U ___ __...__ ~ ..._........__l _____ ... ..........l.l.. 

F o s t e r  e t  a1.2 f i r s t  sugges ted  u s i n g  hydrogen l i n e  r a d i a t i o n  as a 

iii:-.ans of i n f e r r i n g  p e l l e t  ab la t io t i  rates.  The r a t i o n a l e  i s  t h a t  the 

r a t i o s  of t h e  cross s e c t i o n s  f o r  photon em+.ssi.on and i o n i z i n g  e v e n t s  are 

approximate ly  cons tarit ove r  t h e  e l e c t r o n  energy  r anges  of iriteres t 

To d a t e ,  t h i s  l inear  r e l a t i o n s h i p  has  been e x p e r i m e n t a l l y  found t o  be 

~ o r r e c t , ~ ’  a l t h o u g h  i.t m.y n o t  c o n t i n u e  t o  b e  v a l i d  as energy d e n s i t i e s  

i n c i d e n t  on t h e  p e l l e t  r ise.  The c o e f f i c i e r i t  found by Mi lo ra  e t  al. i s  

%0.02 H photons r a d i a t e d  p e r  atom a b l a t e d  from t h e  p e l l e t .  

394  

4 

1 3 1  

F i g u r e  4.10 is  a schemat ic  of t h e  W d e t e c t o r  pos i t . i on  on ISX-B and 
ci 

i t s  c o n s t r u c t i o n .  The o p t i c s  f o r  t h e  d e t e c t o r  were des igned  by t h e  

a u t h o r ,  and t h e  wideband t rans impedance  a m p l i f i e r  was des igned  by J. W. 

Pearct. and S.  L. Mi lo ra  of 0R.NL. 

The o u t p u t  of  t h e  11 d e t e c t o r  was reco rded  wi th  a t r a n s i e n t - e v e n t  a 

r e c o r d e r  a t  a d i g i t i z a t i o n  rate of  one d a t a  poi-nt p e r  microsecond.  

F i g u r e s  4.11-4.1.7 show H traces from September 6 ,  1579,  f o r  which 
ci 

i n t e r f e r o g r a m s  were made, 

acco rd ing  t o  E q .  ( 4 . 4 )  t o  g i v e  a b l a t i o n  ra te  r a t h e r  t h a n  vel-ts: 

The o r i g i n a l  d a t a  have been t r ans fo rmed  

2 
( 4 ~ r  ) 

= S ( t )  .____ ‘2‘3, 
..-... dNH 
d t  ACl 

where 

N atoms of  hydrogen i n  p e l l e t ,  
H 

( 4 . 4 )  

S(t) z 1-I d e t e c t o r  v o l t a g e  a t  t i m e  t ,  a 
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F i g .  4.10 Schematic of H d e t e c t o r ,  
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F i g .  4 .12  Ablat ion r a t e  (atoms/s) f o r  s h o t s  15680 and 15681. 
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Fig .  4 . 1 3  Ablation ra te  (atoms/.s)  f o r  shots  15583 and 1.5684. 
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r : d i s t a n c e  from d e t e c t o r  t o  p e l l e t  a t  t:i.are t ,  

. .. 1 lo,-19 &, c E (energy of one ?-I photon) = (3.07- 
3 a 

1 C E c o n s t a n t  aceount ing f o r  detii!ctor quantum ef Eiciency,  lime 

filter ef€ici.ericy, betiifi spli.trte-h e f f i c i e n c y ,  vacuum window 

r e f l e c t i . o n ,  and a m p l i f i c a t i o n  = 38 (V/W) 
-4 

A 1-: ac t ive area of photodiode = 1. x 10  m , and 

C a t o m  ab1at:ed p e r  H photon e m i t t e d  = 4 6 .  
2 -  a 

The d i s t a n c e  scale  s.;'tmm i s  the  aominal d i s t a n c e  of the p e l l e t  from the  

l i n i i t e ~  c d c t u l a t e d  by t ak ing  the t i m e  r eco rded  by the  t r a n s i e n t - e v e n t  

r e c o r d e r  and m u l t i p l y i n g  by tIie p e l l e t  v e l o c i t y .  I t  does  not  accoun t  

for any  c u r v a t u r e  of the pellet's trajectory. 

T h e  arrow on I:be Mi traces i n d i c a r e s  t h e  p o i n t  i n  che pel.J .et 's  
a 

abl.a.ti on a t  whtch the holographic. Interferogram was made. 

O n  ench of the computer-anal.yzed traces i .s  a l so  recorded t h e  i.ni- 

t i a l  p e l l e t  "Z" ( t o t a l  hydrogen atom c o n t e n t ) ,  i n i t i a l  p e l l e t  d i a m e t e r ,  

arid p e l l e t  ve loc i ty .  The Z of t h e  p e l l e t  i s  i n f e r r e d  from i n t e g r a t i n g  

t h e  HIS: trace. T h e  pellet diarnefier i s  an q u i - v a l e n t  s p h e r i c a l  d iameter  

assi.imning s o l i d  d e n s i t y  a(: 4 . 2  R ,  inferred from Z. The v e l o c i t y  i s  t h a t  

measwed  by t h e  ve loc imeter / t fmer  d iscussed  i n  Chap. 2.  

F i g u r e  4.18 shows 1x0 tI o s c i l l o s c o p e  traces f rom t he  data of 

August 2, 1979 .  The sp ike  on the  upper trace i s  a signal from. t he  

holographic  laser i r i t l icat ing when i.t w a s  f i r e d ,  These traces are f o r  

t he  o the r  two interferograms that wil.1 be  p r e s e n t e d  as typica l .  of the 

d a t a  of September 6,  1979.  

a 
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Fig. 4.18 H o s c i l l o s c o p e  traces f o r  s h o t s  14436 and 14455.  a 
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F i g u r e  4.19 i s  t h e  average  a b l a t i o n  ra te  c u r v e  i n f e r r e d  from a l l  of 

t h e  s h o t s  where p e l l e t s  w e r e  i n j e c t e d  on September 6 .  The s o l i d  curve  

i s  t h e  average .  

d ev i a  t i o n  e 

The dashed c u r v e s  are t h e  average  +/- t h e  s t a n d a r d  

4 .2 .6  Interferogr_ams - and shadowgraphs 

The format ion  of shadowgraphs w a s  n o t  d i s c u s s e d  i n  Chap. 2 because 

t h e  m o d i f i c a t i o n  t o  t h e  i n t e r f e r o m e t e r  t o  form a shadowgraph and i n t e r -  

ferogram s i m u l t a n e o u s l y  i s  almost  t r i v i a l .  The m o d i f i c a t i o n  i s  shown, 

however, on F ig .  2.7. A beam s p l i t t p r  (RS2), an e l e c t r o n i c  s h u t t e r  

(ES), and a P o l a r o i d  f i l m  h o l d e r  (PFR) are i n d i c a t e d  on t h e  f i g u r e .  The 

beam s p l i t t e r  s p l i t s  o f f  a p o r t i o n  of t h e  o b j e c t  beam a f t e r  t h e  l a s t  

l e n s  and d i r e c t s  i t  through t h e  s h u t t e r  on to  t h e  P o l a r o i d  f i l m  h o l d e r ,  

which i s  p laced  t h e  same o p t i c a l  d i s t a n c e  from t h e  l a s t  l e n s  a s  t h e  

holographic  p l a t e  h o l d e r  so t h a t  o b j e c t s  i n  t h e  f i e l d  of view a t  t h e  

midplane o f  t h e  tokamak w i l l  b e  i n  f o c u s  on t h e  P o l a r o i d  film. P o l a r o i d  

Type 57 3000-speed 4-in.  by 5-in.  s h e e t  f i l m  was used i n  t h e  P o l a r o i d  

f i l m  h o l d e r .  S o l i d  hydrogen o r  v e r y  h i g h  d e n s i t y  p1asm.a w i l l  r e f r a c t  

t h e  laser l i g h t  o u t  of t h e  system so t h a t  a n  image of t h e  p e l l e t  made 

from t h e  i n t e r f e r o m e t e r  o b j e c t  beam w i l l  be  d a r k  i n  t h e s e  areas ( t h e r e -  

f o r e  "shadowgraph") . The P o l a r o i d  shadowgraph p r o v i d e s  i n s t a n t  v e r i f  i c a -  

t i o n  o f  whether t h e  p e l l e t  w a s  i n  t h e  f i e l d  of v i e w  of t h e  i n t e r f e r o m e t e r  

and a l s o  p r o v i d e s  q u a l i t a t i v e  i n f o r m a t i o n  about  t h e  i n t e r a c t i o n  of t h e  
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laser beam w i t h  t h e  abl .a ted material and p e l l e t .  The e1.ectroni.c s h u t t e r  

is  c losed  d u r i n g  forinatiion o f  t h e  f i r s t  hologram and open d u r i n g  forma.-- 

t i o n  of the second s o  t h a t  the pol.arnid film i.s e-+:posed oi2ly when the  

p e l l e t  i s  i n  t h e  i n t e r f e r o m e t e r  f i e l d  of view. 

The i n t e r a c t i o n  of laser I . ight w i t h  neI.l'r7:al hydrogen and e l e c t r o n s  

i s  discisssed i t a  t h e  Appendix. For 

(phase s h i f t  o f  ?IT) is produced by 

( a t  X 2 1  m.-2 
of (ne x a )  = 3.2 x 10 

e l e c t r o n s ,  a s h l f t  of one f r i n g e  

an electron d e n s i t y  t imes p a t h  l eng th  

-- 6943 A ) ,  and a s h i f t  of one Eringe 
0 

i s  produced by a molecular  hydrogen d e n s i t y  ti.mes p a t h  l e n g t h  of 

It should  a l s o  be kept  i n  mind t h a t  e l e c t r o n s  produce a negati-ve phase 

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

F i g u r e s  4.20-4.27 are i n t c r f  erograms and shadowgraphs wade 011 

September 6 ,  1979. Shadowgraphs are n o t  i n c l u d e d  f o r  s h o t s  where trhe 

p e l l e t  was inore than 1 cm from the f ocus  of  the interferorneLer ( h o r i -  

zontal midplane of  t he  vacuum v e s s e l ) .  The shadowgraphs i n c l u d e d  are 

f o r  q u a l i t a t i v e  r a t h e r  t h a n  q u a n t i t a t i v e  i n f o r m a t i o n .  Some f e a t u r e s  

show i.ip more c l e a r l y  on t h e  shadowgraphs t h a n  on the i n t e r f e r o g r a m s .  

D i s c o n t i n u i t i e s  i n  refracti-ve i n d e x  ( s h o c k s ? ) ,  f o r  i n s t ance ,  are much 

clearer on t h e  shadowgraphs t h a n  on t h e  i n t e r f e r o g r a m s ,  a l t h o u g h  once 

l o c a t e d  on the shadowgraphs, t-liey are  c l e a r l y  v i s i b l e  on thc  i n t e r -  

ferograms.  
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SHOT 14455 MAG = 31.25 x 
ne = 9 x i O  m T, = 500 eV 48 -3 

= 14 cm FOCUS = 2.i cm plasma 

ORNL- DWG 80-2942 FED - ~ %.. JII- 

SHOT 14436 MAG = 34.25 x 
n e  = 6  x i 0  m T, = 300 eV 40 -3 

= 48 cm FOCUS = 4.2 cm plasma 

DIRECTION OF t FLIGHT 

SHOT 15679 

% = LO 4019 m-3 T, = 650 e V  

plasma = 14.6 cm FOCUS = 9.4 cm 

F i g .  4.20 Interferograms for shots  1 4 4 3 6 ,  1 4 4 5 5 ,  and 1 5 6 7 9 ;  

shadowgraph for sho t  1 5 6 7 9 .  
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SHOT 15680 M A G =  15 x 
T, = 7 0 0 e V  i9 -3 ne = I . !  x 4 0  m 

rp lasma=i i . i  cm FOCUS= 9.0 cm 

MAG = 15x 
---s c- 

= 10.8cm t FLIGHT plasma 

ne = 1 . 1  x 4 0  19 rn -3  T, = 700 eV 
DIRECTION OF 

FOCUS = 9.2 cm 

Fig.  4.22. Interferogram and shadowgraph f o r  shots 1.5680 and 15681. 
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FOCUS = 8.7 cm 

J F T  
+ +-- 

UlWECTlON OF t FLlGH T 

SHOT 15684 MAG= 15 x 
89 -3 ne = 4.1 x io M T, = 700 eV 

= 44.2 CM FOCUS 9.2 cm plasma 

F i g .  4 . 2 3  - Interferogram and shadowgraph f o r  shots 15683 and 15684 e 
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SHOT 15685 MAG= 45 x 
ne = 1.0 x 4 0  m T, = 650 eV i9 -3  

= 41.9 cm I" p l a s m a  FOCUS = 9.0 cm 

& 

J gT 

DIRECT ION t FLIGHT 

--.)f- 

F i g .  4.24 

SHOT 15686 M A G =  15x 
ne = 1.4 x 

I" plasma 

rn-3 1, = 650 eV 
= l j . 4  cm FOCUS = 9.1 cm OF 

Interferogram and shadowgraph f o r  shots  15685 and 15686. 
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ORNL-DWG 80 -2947  F E D  

SHOT 15695 M A G =  1% 
T, = 650 eV 

F5CUS = 9.3 cm 

19 - 3  ne  = I . O x l O  m 

= 11.7 cm plasma 

SHOT 45697 MAG= 1 5 x  
ne ~ 1 . 0  x 1019rnm-3 

‘plCX3mo =11.6 crn FOCUS=I .O crn 

T, = 6 5 0  eV 

a 

d KT 
---9-- 

OlRECTlON t FL- I GH T 
OF 

Fig .  4.25 Interferogram and shadowgraph €or shots 15695 and 15697. 
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O R N L - D W G  8 0 - 2 9 4 8  FED 

SHOT 15698 MAG=15 x 

ne = P, = 6 5 0  ev 

= 44.7 crn plasma 

+ 
J gT 

OlRECTlON OF t FLIGHT 

----w- - SHOT 15699 M A G = I E i x  

ne = 1 . 1  x ~ ~ 1 9 m - 3  T, = ~ Q Q  e v  

= 4 4 . Q  crn FOCUS 29.1 cm plasma 

F i g .  4.26 Interferogram and shadosggraph f o r  sho t s  15698 and 15699. 
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ORNL- 0 0-2949 FED 

- 
J gT SHOT 45?00 M A G =  45x 

--e----- ne = 0.9 ~ 4 0  m T, = 600 e V  

DIRECTION OF = 13.0 cm FOCUS = 9.0 crn t FLIGHT p h s m a  

F i g .  4.27 Interferogram and shadowgraph f o r  shot: 15700. 
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There is noise present on the shadowgraphs and the interferograms. 

On the shadowgraphs the noise is in the f o r m  of  variations in intensity 

of the laser beam and smal-1 white specks visi-ble on some of the shadow- 

graphs. The intensity variations on the laser beam appear after it passes 

through the vacuum windows of the tokamak and are presumably due to 

imperfect ions in the vacuum windows. 

Noise on the interferograms is in the form of diffraction rings 

from small particles of dust on the replay optics and from very small 

imperfections in the emulsion on the photographic plate. Because in 

general these dust parti.cl.es and imperfections are not in focus, they 

produce a series of diffraction rings on the photograph of the replayed 

interferogram when the hologram is replayed in coherent light. Noise is 

also present on the interferogram for shot 15861 because the pell.et was 

very close to the  edge of the lens, causing some waviness of the hack- 

ground f riiiges * 

Noted with each interferogram/shadowgraph is the shot number, 

magnification, distance from the microscope focussing lens when in 

focus ,  plasma minor radius where the interEerogram was made, and plasma 

electron density and temperature, inferred from Thomson scatt:eririg, at 

that minor radius. 

The interferograms are oriented on the page so that a downward 

fringe shift indicates a negative phase shift due to electron density. 
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The d i r e c t i o n  o F i n c r e a s i n g l d e c r e a s i n g  phase  on t h e  i n t e r f e r o g r a m  i s  

controlled by the d i r e c t i o n  of t h e  m i r r o r  t i l t  between t h e  format ion  of 

Lhr. two holograms f o r  t h e  t n t e r f e r o g r a m .  The intcrferograms/shadow- 

graphs are p r e s e n t e d  i n  o r d e r  of s h o t  number u n l e s s  i t  w a s  necessary  t o  

p r e s e n t  t h e m  o u t  of o r d e r  t o  minimize t h e  number of f i g u r e s .  

F i g u r e  4.28 i s  a scale r e f e r e n c e  for the interferograms/shadow- 

graphs.  The same microscope used t o  r e p l a y  t h e  hol.ogram9 and blow up 

t I i c :  shadowgraphs was used t o  makc photographs of a m a c h i n i s t  ' s met r j c 

srnl e.. The sca1.c- Tor t h e  interferograms/shadowgr~iphs can be found by 

choosing the corr(.'ct m a g n i f i c a t i o n  of t h e  m a c h i n i s t ' s  s c a l e .  (The d i s -  

c u s s i o n  of t h e  m a g n i f i c a t i o n  of t h e  i n t e r f e r o g r a m s  i n  Chap.  2 should be 

kept i n  mind.) T h e  t r u e  scalck f o r  t h e  shadowgraphs can be found by 

coinparing w i t h  t h e  c o r r e c t  m a g n i f i c a t i o n  of t h e  machin is t  ' s  scale 

because  t h e  shadowgraphs p r e s e n t e d  w e r e  a t  t h e  approximate f o c u s  of t h e  

i n t e r f e r o m e t e r ;  t h e  m a g n i f i r a t i o n  i s  t h e r e f o r e  t r u e .  

The f o c u s  of t h e  mirroscope w a s  9 .2  c m  from t h e  i n p u t  l e n s .  The 

focus l i s t e d  under each  i n t e r f e r o g r a m  i s  t h e  a c t u a l  d i s t a n c e  from the 

hologram f i l m  plane t o  t h e  microscope when t h e  i n t e r f e r o g r a m  was i n  

focus .  A s  d i s c u s s e d  in Chap. 2 ,  the d i f f e r e n c e  between these t w o  

numbers i s  p r o p o r t i o n a l  t o  t h e  d i s t a n c e  t h e  p e l l e t  w a s  from t h e  d d p l a n e  

of t h e  tokamak when t h e  i n t e r f c r o g r a m  w a s  made. 
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QRNL-DWG ao-- 2950 FED 

b-4 
1 mm 

M A G =  7.5 x 

F i g .  4.28 Magnificati-ans of rn9tri.c machinis t ' s  scale.  
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It may be n o t i c e d  t h a t  port . ions of t h e  shadowgraph that appear very 

d a r k  have c lear  f r i n g e s  on the i n t e r f e r o g r a m .  The e x p l a n a t i o n  i s  t h a t  

t h e  i.iiterferograrn w a s  pre.-exposed (by format ion  o f  the. f i r s t  hologram) 

am1 w a s  t h e r e f o r e  nuch iimre s e t i s i . t i v e  t o  law light le-vel.; than t h e  

shadowgraph. 

F i g u r e  4 .  29 shows electron temperatrxre and d e n s i t y  p r o f i l e s  m a d e  I 

111s p r i o r  t.0 p e l l e t  i-njecticmn. f o r  t h e  Sept:eml,er 1.1, 1979,  sequence. 'The 

noininal p e l l e t  i r i j e c t i o n  t i m i n g  5 . 7 ~ ~  at 1.00 rns i n t o  the discharge .  The 

di.sc.hasge c u r r e n t  w a s  150 kA, t h e  t o r o i d a l  magnet:i.c f l e l d  on axis w a s  

1 9  m-3 1,s T ,  the  l ine-averaged  e l e c t r o n  d e n s i t y  w a s  3 . 2  x 10 , and k h e  

s a f e ty  factor  q a t  the. I . imiter  was 4 . 0 .  The p l a s m  Z i n f e r r e d  from 

Thomson s c a t t e r i n g  was 5 . 3 -  

Figure  4.30  shows the e l e c t r o n  detisi.ty and temperature 1 ms a f t e r  

pe l . l e t  i n j e c t i o n  f o r  tbe September 1.1 sequence.  T h e  p e l l e t s  p e n e t r a t e d  

a l l  the way p a s t  t h e  c e n t e r  of t h e  p 1 a s m a  and w e r e  s t o p p e d  a t  r JI -13 

cm.. The d i s c h a r g e  evol-ved f o r  a few mi l l i s econds  a f t e r  pe l l . e t  i n j  ecti.on 

nird t h e n ,  a s  p r e v i o u s l y  d i s c u s s e d ,  exper ienced  la.rge-scale MHD n c t . i v i t y  

and r a p i d  loss  of confinement.  

by pellet injection o r  by exceeding t h e  o p e r a t i n g  parameters  for which 

the machine w3.s s tab le  QLI that day. 

e f f  

It is  n o t  known wbether  t h i s  w a s  t r i g g e r e d  
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Fig. 4 . 3 0  Thomson sca t te r ing  electrorl density and temperature 1 ms 

a f t e r  p e l l e t  in jec t ion ,  sequence o f  September 11, 1979.  



4 . 3 . 2  T>ine-averaged d e n s i t y  d a t a  f rom ._ September  _____._ 11 

On September  11 nei-cher of  the HI rowave i n t e r f e r o m e t e r s  c o u l d  

f o l l o w  t h e  d e n s i t y  change  duc  t o  the  p e l l ~ e t .  The d e n s i t i e s  a c h i e v e d  

p r o b a b l y  d i d  n o t  s e a c h  i h e  c u t o f €  d e n s i t i e s  f o r  the 2-mm microwave 

i n t e r f e r o m e t e r s  b u t  came c l o s e  cnougli so that r e f l e c t i o n  and r e f  P a c t i o n  

caused  severe l o s s  of s i g n a l .  

The FIR i n t e r f e r o m e t e r  was ope ra t i . ve ;  however ,  t h e r e  w e r e  some 

n o i s e  problems due  t o  v ib ra t - i . oo ,  and t h e  FIR d a t a  are  p r e s e n t e d  w i t h  t.he 

f o l l o w i n g  d i s c l a i m e r  f r o m  t h e  r e s p o n s i b l e  p h y s i c i s t s  : “Data j.s riot 

e n t i r e l y  b e l i e v a b l e !  Reconstruction i-s l a r g e l y  a good giicss and f r i .nges  

may have  been  mis sed  o r  added  i n  t h e  wrong place.”  With t h e  above  kept: 

i n  mind, t h e  d a t a  *rill be p r e s e i l t e d  and used .  

E’i.gure 4 . 3 1  shows t h r e e  d e n s i t y  traces from September  11 s h o t s  w i t h  

p e l l e t  i n j e c t i o n .  T a b l e  4 . 3  l i s t s  maximum l i n e - a v e r a g e d  d e n s i t y  iimed- 

i a t s l y  a f t e r  p e l l e t  i n j e c t i o n  f o r  a number of  s h o t s .  A p a t h  l e n g t h  of 

55 c m  i s  assumed f o r  b o t h  F i g .  4 . 3 1  a n 3  T a b l e  4 . 3  i n  c a l c u l a t i n g  no.  
- 

.-. 

4 . 3 . 3  Local. energy ....................... on  September  11 - .... 

F i g u r e s  4 . 3 2  and L E .  33 are p y - r o e l e c t r i c  r a d i o m e t e r  traces from 

September  11, 1 9 7 9 .  The comwnts made c o n c e r n i n g  the September 6 d a t a  

are  a g a i n  a p p l i  c a b l e  h e r e .  T a b l e  4 . 4  g i v e s  i n  t:c:graired !~ower ( e n e r g y )  

f o r  t h e  s h o t s  shown i.n Figures 4 . 3 2  and 4 .33 .  An a v e r a g e  minor  r a d i u s  

o f  I.?. cm i s  again assumed i n  making t i l e  power and  e n e r g y  c a l c u l a t i o n s ,  

as  d i s c u s s e d  w i t h  t h e  September 6 d a t a .  
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Fig. 4 . 3 1  FIR laser line-averaged density data  f r o m  shots 15858, 

15861, and 15872. 



1.10 

T a b l e  ' 1 . 3 "  Line-averaged  d e n s i t y  immedia t e ly  before  and 
a f t e r  p e l l e t  i n j e c t i o n ,  s equence  of September  
6 ,  1979 (assumes  65-cm pa th  I c n g t h )  

- - __ 
A 11 e 

n ( p o s t p e l l e t )  
e 

Shot  n ( p r e p e l l e t )  
t? 

15858h  

15860k 

1.5 8 6 1 * 
15869" 

15872k 

15873 

15874k 

15875 

15877" 

158853~ 

15888* 

15889" 

3 . 3  

3.4 

3 .5  

3 .1  

3.2 

3 . 0  

3.0 

3.0 

2.9 

3.1 

3 . 1  

3 . 0  

4 . 8  

4.8 

5 .2  

4.9  

4 .9  

4.4 

4.3 

5.2 

4 . 8  

4.6 

5 . 5  

4 . 2 

1 . 5  

1.4 

1 . 7  

1 . 8  

I. 7 

1 . 4 
1 . 3  

2 . 2  

1 . 9  

2 . 5  

2 , 4  

1 - 2  

P o s t p e l l e t  a v e r a g e s  

19 m-3 
(Te)AVG = ( 4 . 8  +/-0.4) x 1 0  

( n  - ")AVG = ( 4 . 8  +/-0.4) x 1.0 1 9  m-3 
e 

(AGe)AVG = (1.8 +/-0.4) x 1 0  J.9 m - 3  

a * i n d i c a t e s  s h o t  where Thomsori s c a t t e r i n g  d a t a  were t a k e n .  
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SHOT '15875 

5 4  k W  

7- RADIOMETER T R A C E  

H a  T R A C E  

SHOT 15888 

I -  I 
54 kW 

RADIOMETER T R A C E  7 
H a  T R A C E  

SHOT 15889 

RADIOMETER 

H, T R A C E  

54 k W  

7- 
T R A C E  

F i g .  4 . 3 2  P e l l e t _  radiometer d a t a  Erom shots 15875,  1.5888, and 

15889. 



11.2 

ORNL-DWG $0 -2955  F E D  

SHOT 15896 

' I  

F i g .  4 .33  P e l l e t :  radiometer data f rom shots 15896, 1.5897, and 

15898. 



Table  4 . 4 .  Tota l  l o c a l  radiated energy 
pel le t  i n j e c t i o n ,  September 

d u r h g  
11, 1979 

Shot  number Total loca l  r z d i a t e d  energy 
(J) 

~- - 

15875 

15888 

15889 

1.5890 

15897 

15898 

18 

20 

18 

2 3  

1 6  

2 1  

= (19 + / - 3 )  J EAVG 
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4 . 3 . 4  P e l l e t  a b l a t i o n  ra te  i n f e r r e d  f rom I1 l i n e  r a d i - a t i o n  
a ___ .... ~ ~. ........... ~ 

on S e l t e a b e r  11 
I._____ 

I n f e r r i n g  p e l l e t  a b l a t i o n  ra tes  f rom H d a t a  was d i s c u s s e d  w i t h  t h e  
a 

September  6 d a t a .  

F i g u r e s  4 . 3 4 - 4 . 4 1  are p l o t s  of  t h e  p e l l e t  a b l a t i o n  ra tes  i n f e e r e d  

f rom I1 r a d i a t i o n  f o r  t h e  s h o t s  where i n t e r f e r o g r a m s  were made on 

September  11. 'The a r r o w  on the. p l a t  i n d i c a t e s  t h e  p o i n t  a t  which t h e  

CI 

i n t c r f e r o g r a m  w a s  made. The nominal  c e n t e r  oi: t h e  pl-asrna wocild be  a t  27  

c m  on t h e  p l o t s .  However, t h e  p e l l e t  may n o t  have  gone t h r o u g h  t h e  

p l a s m  c e n t e r .  T h e  f e e d b a c k  controls were se t  t o  h o l d  t h e  plasm,? a t  a 

nominal  p o s i t i o n  of  2 c m  below t h e  h o r i z o n t a l  m i d p l a n r  of  t h e  vacuum 

v e s s e l ,  and t h e  nominal  t r a j e c t o r y  of  t h e  p e l l e t  w a s  4-6 c m  above  t h e  

midp lane ,  i n  vacuum. However, as p r e v i o u s l y  d i s c u s s e d ,  t h e  p e l l e t  

t r a j e c t o r y  c u r v e s  down when a b l a t i r i g  i n  a p lasma.  T h e  p e l l e t  t r a j e c t o r y  

w i l l  bp d i s c u s s e d  f u r t h e r  i n  t h e  n e x t  c h a p t e r .  

T h e  r e l a t i o n s h i p  of p e l l e t  i n j e c t i o n  t o  MH1) a c t i v i t y  (minor  d i s -  

r u p t i o n s )  h a s  been  d i s c u s s e d  by M i l o r a  e t  a l e  ln c o l d  p l a smas  i t  i s  

p o s s i b l e  f o r  r e l a t i v e l y  massive p e l l e t s  t o  t r i g g e r  d i s r u p t i o n s .  T h i s  i s  

4 

p r o b a b l y  n o t  i m p o r t a n t  f o r  a reac'ror. 

- .  Pigure  4 . 4 2  i s  t h e  a v e r a g e  a b l a t i o n  ra te  f rom a l l  o f  t h e  p e l l e t  

s h o t s  on September  11 where t h e  p lasma w a s  n o t  immedia t e ly  d i s r u p t i v e  on 

p e l l e t  i n j e c t i o n  and the p e l l e t  d i d  n o t  p e n e t r a t e  t h e  e n t i r e  p lasma 



115 

I 

6 

I 

5 

- SHOT IS864 

0.948 mrn 

( b l  
I 

PELLET DlAM= 

VELOCITY = 9 5 2  m/s _. 

2 

0 

7 ~ 1 0 ~ ~  

e; 

5 

ORNL-DWG 80-2956 FED 

1 S H O T  15860 
PEL-I-ET DlAM = 

0.880 m m  
VELOCITY =a44 m/s 
z = 9.864 x4049 

W 

k 
E 4  

1 

0 
0 40 2 0  30  40 50 60 

DEPTH ( c m )  

F i g ,  4 . 3 4  A b l a t i o n  rate (atoms/s) f o r  s h o t s  15860 and 15861. 
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F i g .  4.36 Ablation rate ( a t o m s / s )  f o r  shots 15870 and 15873. 
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F i g .  4 .37  Ablation ra te  (atoms/s) f o r  s h o t s  15874 and 15876.  
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121 

7 x 1 0 2 5  - I I 

( 0 )  
SHOT 15888 
PELLET DlAM= 
0.946 mrn 

6 -  I 

5 -  VELOCITY =815 m/s 

-I z =2.314 x 1 0 4 9  

t- 

a, 
3 3  
a 

2 

0 
7 x f Q 2 3  

SHOT 15897 
PELLET DlAM= 
0.847 mrn 

6 
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Fig. 4.40 Ablation rate (atoms/s) f o r  shots 15888 and 15897. 
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F i g .  4.41 A b l a t i o n  r a t e  (atoms/s> f o r  s h o t  15898. 
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Fig .  4 .42  Average ablation r a t e  (atoms/s) i n fe r r ed  from W a 

s i g n a l s  f o r  September 11, 1979. 



1 2 4  

column and s t r i k e  t h e  w a l l  of t h e  vacuum v e s s e l .  The dashed 1-ines 

i n d i c a t e  t h e  a v e r a g e  +-I- t h e  s t a n d a r d  d e v h t i u n .  

A s  b e f o r e ,  measured p e l l e t  v e l o c i t y  arid p e l l e t  Z and diamct-r  

( c a l c u l a t e d  from i n t e g r a t i n g  tihe a b l a t i o n  r a t e )  are p r e s e n t e d  on each 

p l ~ o t .  

The computer-s tored d a t a  were n o t  a v a i l a b l e  f o r  s h o t s  1.5063, 15872, 

and 1 5 8 8 7 ,  and t h e  o s c i l l o s c o p e  t r a c e s  a r e  p r e s e n t e d  in s t ea -d  ( F i g .  4 . 4 3 )  

t o  i n d i c a t e  t h e  t iming of t h e  i n t e r f e r o g r a m .  

The s ignal .  p r e s e n t  on t h e  H p l o t s  f o r  I- ,.- > 54 c m  i s  i r i d i c a t i u e  Qf 
a 

t h e  p e l l e t  hav ing  passed a l l  t h e  way through t h e  p l a s m a  and s t r i k i n g  the  

vacuum vessel on t h e  f a r  s i d e .  

Because of  t h e  l o w  l e v e l  o f  t h e  s i g n a l  as t h e  p e l - l e t  e n t e r e d  t h e  

plasma on September 11, there i .s approx ima te ly  a 2-cm j i t t e r  i n  d e t e r -  

mining where the H trace starts (and t h u s  the p o s i t i o n  of t h e  plasma 

edge ) .  E t  shou ld  a l s o  be  no ted  from examining F i g u r e  4 . 4 3  t h a t  the 

placeoient of the arrow i n d i c a t i n g  where t h e  h t e r f e r o g r a m  w a s  made on 

F i g s .  4 . 3 4 - 4 . 4 1  h a s  some u n c e r t a i n t y  i n  i t  and t h a t  t h e r e  will .  t h e r e f o r e  

be  some u n c e r t a i n t y  i n  t h e  e x a c t  a b l a t i o n  r a t e  a t  t h e  t i m e  t h e  i n t e r f e r o -  

gram was made. 

0: 

4 . 3 . 5  - I n t e r f e r o k r a m s  and shadowgraphs from Septernlser ...~ ...............l._-l 11, ____ 1979  

F i g u r e s  4 .44-4 .50  are  t h e  i n t e r f  el-ogi-ams and shadowgraphs made on 

September 11, 1979. Again shadowgraphs nre n o t  p r e s e n t e d  i f  t h e  p e l l e t  
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Fig .  4.43 H oscilloscope t r a c w  for  s h o t s  15863, 15872,  and 15886. 
0 



1 2 6  

ORNL-DWG 80-2966 F E D  

rDlRECTION OF FLIGHT 

SHOT 15860 
ne  = 4.5 x t 0 ' 9 m - 3  

fp lasma = 9.3 crn 
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F i g .  4.44 Interferograms and shadowgraphs f o r  s h o t s  15860 and 15861. 
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F i g ,  4.45 In te r fe rograms arid shadowgraphs f o r  shots 15862 and 15863. 
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Te = e 5 0  eV 

P i g .  4.46 Interferograms and shadowgraphs f o r  shots 15864 and 15870. 
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n e  = 4.5 x io”,-3 
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T, = 7 5 0  e V  
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F i g .  4.47 Interferograms and shadowgraphs far  s h o t s  15872 and 15873. 



130 

O R N L - D W G  8 0 - - 2 9 7 0  F E D  

f DIRECTION OF FLIGHT 

st-101 15874 M A G  = 3 ( . 2 5  x 
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SHOr i 5 8 8 1  M A G  = 34.25 K 

rp losmo = 9.8 c m  F O C U S = 6 . 0  cm 
n e  =4 .4  x toi9,-3 re = ~ O O  e~ 

Fig .  4.48 Interferograms for- s h o t s  158'14,  15876, 1 5 8 7 9 ,  and 15881. 



OHNL-DWG 80-297 f  FED 

MAG = 31.25 x 
T, =500 e V  
FOCUS= 9.0 cm 

Ei.g. 4.49. Interferograms f o r  s h o t s  15882, 158S.5, and 15886; shadow- 

graph f o r  s h o t  15886. 
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OMNL-DWC 8 0 - 2 9 7 2  F E D  

t DIRECTION OF FLIGHT 

- .?- - -. 

SHOT 15888 MAG = 31.25 x 
n e  =4 .2  x 10‘9m-3 
rp losma = 11.3 c m  FOCUS= 1 . 1  crn 

T, = 500 eV 

SHOT 15898 M A G  = 31.25 x 
ne  = 4.3 x 10 ‘9m-3 
r p l o s m a  = 10.5 c m  

T, = 6 5 0  e V  
F O C U S = O . 4  ern 

Fig. 4.50 Interferograms for shots 15888, 1.5897, and 15898. 
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w a s  more t h a n  1 e m  from t h e  i n t e r f e r o m e t e r  f o c u s .  The g e n e r a l  comments 

made i n  d i s c u s s i n g  t h e  September 6 d a t a  as t o  o r i e n t a t i o n ,  scale F a c t o r s ,  

n o i s e ,  e tc .  , are still a p p l i c a b l e .  

4 . 4  Time-Exposure Photographs of P e l l e t  A b l a t i o n  

F i g u r e  4 .51  i s  a shadowgraph of a p e l l e t  superimposed on a t i m e -  

exposure photograph of t h e  l i g h t  e m i t t e d  by t h e  n e u t r a l s  i n  the v i c i n i t y  

of t h e  p e l l e t .  T h i s  photograph was made by removing t h e  ruby laser l i n e  

f i l t e r  from t h e  i n t e r f e r o m e t e r  o p t i c s .  Thus, t h e  shadowgraph became a 

t i m e  exposure  of t h e  l i g h t  e m i t t e d  by t h e  n e u t r a l s  a b l a t e d  from t h e  

p e l l e t ,  and t h e  shadow of che p e l l e t  i s  a l s o  v i s i b l e  from f i r i n g  t h e  

ruby laser. 

The H trace from the s h o t  is  shown above t h e  shadowgraph a l o n g  a 

w i t h  t h e  t r i g g e r  p u l s e  t h a t  f i r e d  t h e  ruby laser. 

It can be s e e n  t h a t  p e l l e t  end-of - l i fe  occur red  i n  t h e  f i e l d  of 

view of t h e  shadowgraph. The p o i n t  of i n t e r e s t  i s  t h e  v e r y  s h o r t  scale 

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

them. The t iming  on t h e  H trace i n d i c a t e s  t h a t  t h e  p e l l e t  vanished  a t  

a minor r a d i u s  of 8 c m  (approximately 10 u s  a f t e r  t h e  shadowgraph w a s  

made). 

8 c m ,  i n d i c a t i n g  t h a t  t h e  a b l a t i o n  p r o d u c t s  are r a p i d l y  i o n i z e d  t o  H 

a 

The f i l m  a p p e a r s  t o  b e  r e l a t i v e l y  unexposed f o r  minor r a d i u s  r - < 

+ 
-3. 
2 and B and c o n t a i n e d  on magnet ic  f i e l d  l i n e s .  ASA 4011-speed co lo r  f i l m  

w a s  used f o r  thir; photo.  



1.3 4 

L A S E R  T R I G G E R  

6 -  

7 -  

8 -  

PELLET - g - 
SHADOW 

12 - 
I S  - 

14 - + 
I 
P L A S M A  MINOR RADIUS ( c m )  

F i g .  4.51 Shadowgraph  a n d  t i m e  exposurk’ of p t 3 l l t . t  f o r  s h o t  111956. 
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Chapter  4 presents the  e.xperimc.nta.1 d s t a  w i t h  m h i . n i a i  ana lys i  s and. 

c.oivinent. Data a n a l y s i s  w i l l  be dotie in Chap,  5 .  

Secr ion  4 -  2 gives t h e  d a t a  f r o m  Sc+pt-c>inl>e?: 6 ,  1979 ,  and Sec t .  4 , 3  

gives the  d a t a  f r o m  Septr.-mber 11, 1.979- 'The da ta  consi.st. of Thoinsan 

s c a t t e r i n g  p r o f i l e s  of t h e  elect.rcsn d~n~: i : ty  arid t r m p e r a t u r e  1 mr, before  

and 1 ms a f t e r  pellet i n j e c t i o n ,  iixtantaneou:; pellet a b l a t i o n  ra tes  

inferred f r o m  B photon emisSj.on, l ine-averaged d e n s i t y  before  and a f t e r  

i n : j  e c t i o n ,  l o c a l  power and energy l o s s  d u r i n g  i n j e c t i o n ,  h a r d  x.-rny dat :a  

showing the presence or absence of runaway t%lec.trons,  arid :i.nterferogr:i.mr;w 

and sltadowgrapbs 0.F .pellets taken a t  var:ious rninor raiiii. and a b l a t i o n  

cl 

rat es .  

Section 4 . 4  d i s c u s s e s  t ime-exposure pho tographs  of  the p e l l c t  abla- 

t i o n  made using the  shadowgraph optics with Lhr-1 ruby laser  l i r i e  f i l t e r  
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ti, TRACE SHOT t 4 9 5 1  H T R A C E  stio'r 44949 

TI  M E  
6 -. 

7 -  

8 

9 -  

to - 
1 1  - 

12 -- 

13 - 

44 - 

f 

--------..I 1- 5 0 ,u s 

EXPOSUFQE: O F  t - 3 .  LIGHT FHQM P E L L E T  

P L A S M A  M I N O R  R A D I U S  ( c m )  

F i g .  4.52 T i m e  exposure o f  I1 . l i g h t  from p e l l e t  made w i t h  shadow- 
ct 

graph o p t i c s  for shot 14950.  



3.37 

removed from the system. 'Uhe point  of i n t e r e s t  j.s t he  apparent r a p i d  

confinement of ablation products  on magnetic f i e l d  l i n e s .  
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Chapter  5 

Anal.ysi.5 of Data 

J S a t a  a n a l y s i s  will begin  wi th  a d i s c u s s i o n  of  t h e  downward curva- 

t u r e  of t h e  p e l l e t  t r a j e c t o r y  i n  S e c f i o n  5.1. T h e  e f f e c t  of s u p e r t h e r m a l  

e l e c t r o n s  on t h e  peellet  ab l a t ion  ra te  w i l l  be ana lyzed  i n  S c r t .  5 . 2 .  

S e c t i o n  5 . 3  w i l l  show tha t  c-harge exchange L o s s e s  due t o  p e l l e t  i n j e c t i o n  

are s m a l l .  P e l l e t  a b l a t i o n  r a t e s  i n f e r r e d  f r o m  emission o €  H photons  

will be  compared with d a t a  f r o m  o t h e r  d i a g n o s t i c s  i n  t h e  f i r s t  p a r t s  of 

Sect,. 5 .4 ,  and will be compared with tile predictions of n e u t r a l  s h i e l d i n g  

t h e o r y  i n  t h e  l a s t  p a r t s  o f  Sec t .  5 . 4 .  Results of  computer analysis of 

t h y  i n t e r f  erograiiiv w i l l  be d i s c u s s e d  i n  Sect.. 5 .5 ,  a long w i t h  the presence  

of d i s c o n t i n u i t i e s  on t h e  shadowgraphs and  i n t e r f e r o g r a m s .  F i n a l  l y ,  a n  

energy loss  e q u a t i o n  and n x R d a t a  f r n m  the interferogr , i rns  w i l l  be 

used t o  c a l c u l a t e  t h e  i o n i z a t i o n  f r a c t i o n  O F  t h e  a b l a t e d  p e l l e t  m a t e r i a l .  

a 

P 

5.1  P e l l e t  T r a j e c t o r i e s  

As mentioned i n  Chap. 4 ,  the p e l l e t  t r a j e c t o r i e s  were observed t o  

c u r v e  downward and p a r a l l e l  t o  t h e  mgnet.:Lc f i e l d  i n  t h e  direct,i.on of  

t h e  cl.ectron d r i f t  v e l o c i t y .  The c u r v a t u r e  para l le l  t o  the magnet ic  

f i d d  tias been previously observed and expl.ained i n  terms o f  d i f f e r -  

e n t i a l  a b l a t i o n  pressure . '  

H l i g h t  e m i t t e d  as the p e l l e t  t r a v e r s e d  the plasma. Thi:.. downward 

c u r v a t u r e  is observable .  

F i g u r e  5 . 1  is a t a n g e n t i a l  photograph of  the  

a 
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O R N L - D W G  7 9 - 2 8 !  1 FED 

F i g .  5 . 1  Photograph  of p e l l e t  t r a j e c t o r y .  



As p r e v i o u s l y  d i s c u s s e d ,  t h e  v e r t i c a l  d i s t a n c e  of t h e  pe l  l e t  Erom 

t h e  h o r i z o n t a l  midplane of t h e  tokamak can be caLcula ted  from the f o c a l  

p o i n t  of the h o l o g r a p h i c  interferogram of t h e  pel.let. Tables  5.1. and 

5 .2  l i s t  the experirnentaS1.y observed o r  i n f e r r e d  q u a n t i t i e s  at t h e  t i m e  

of t h e  hologram format ion .  T h e  column l a b e l e d  T i.s the. vcx t i ea l  

d i s t a n c e  of t h e  p e l l e t  f rom t h e  tokamak h o r i z o n t a l  midp1.an.e a t  t h e  t i m e  

of hol.ogram format ion .  'Che norni.nal. injectri-on t r a j e c t o r y  i n  vacuum was 

?.T em above t h e  tokamak midp.l.ane w i t h  a s t a n d a r d  d e v i a t i o n  of 1- cm. It 

can be s e e n  from t h e  d a t a  t h a t  t h e  p e l l e t  t r a j e c t o r y  curved sha rp ly  

downward as t h e  p e l l e t  p e n e t r a t e d  t h e  plasma. 'There were no observa- 

t i o n s  of t h e  p e l l e t  a c t u a l l y  dropping below t h e  tokamak h o r i z o n t a l  

midplane.  The downward drop c o r r e l a t e s  wi . t l i  t h e  decrease i n  p e l l e t  

r a d i u s  r . The pel.l.et r a d i u s  l i s t e d  i.s found by i n t e g r a t i n g  t h e  a b l a -  

t i u n  rate i n f e r r e d  from t h e  H s i g n a l .  The p e l l e t  t r a j e c t o r y  i s  ob- 

s e r v e d  t o  drop 4-5 c m  i n  a h o r i z o n t a l  d i s t a n c e  of cm as t h e  p e l l e t  

n e a r s  t h e  c e n t e r  of  t h e  plasma (I- = 8-13 cm) 

V 

P 

a 

The curvature of the p e l l e t  t r a j e c t o r y  made l i t t l e  d i f f e r e n c e  i n  

t h e  e f f e c t  of t h e  pel le t r  on t h e  plasma. On September 6 t h e  p e l l e t  w a s  

comple te ly  a b l a t e d  a t  an average  d i s t a n c e  of 1.5 c m  from t h e  p l a s m a  

c e n t e r ;  t h e r e f o r e ,  i t  d i d  n o t  matter if t h e  pe1.l.e'~ t r a j e c t o r y  missed t h e  

plasma c e n t e r  by 4 e m .  O n  September 11, as has been shown i n  Chap. 4 ,  

the p e l l e t  a b l a t i o n  ra te  w a s  s m a l l  t o  zero  as i t :  passed through t h e  

c e n t r a l  p o r t i o n  o f  t h e  plasma; thus, m i s s i n g  illie plasma cen te r  would 

have v e r y  l i t l l l e  e f f e c t  on the experimeatal l .y  ohservable q u a n t i - t i e s .  
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The. f o r c e  n e c e s s a r y  t o  c a u s e  t h e  downward c i l n a ~ u r e  can  be e s t i -  

mated,  If one  assumes a t y p t c a l  a v e r a g e  mass (whei-p t h e  c u r v a t u r e  i s  

i m p o r t a n t )  or‘ 0 .75  x 1 0  p ~ o t o n s ,  a d i s t a n c e  o f  5 ci?i, and a t i m r  of SO 
1 3  

Q S ,  then the necessary a v e r a g e  foice a t  c o n s t a n t  a c c e l c r a t i o n  is  %0.3 N .  

Oter  a n  area of ‘ ~ 1  iiifn ~ t h i s  i s  a p r e s s u r c  of  Q J ~  y 10  P a ,  o r  %3 aim. 
2 5 

T h i s  i s  very d i f f i c u l t  t o  expla in .  i i i  terms of  d i f f e r e n t i a l  a b l a t i o n  

p r e s s u r e ,  n o t  o n l y  because of t h e  magni tude  of the  Earce,  b u t  a l s o  

because  of  the d i r e c t i u n .  The f0rr.e F r o m  d i f f z r e n t i a l  a b l a t i o n  would be  

a l o n g  t h e  h e l i c a l  magne t i c  f i e l d  lines, and any  f o r c e  a long  che f i e l d  

lines s u f f i c i e n t  t o  move rhe p e l l e t  d o m  5 cm woiild a l s o  have s w p t  i t  

o u t  of  t he  7.5-cm f i e l d  o f  view of  t h e  i n t e r f e r o m e t e r .  

One might  s p e c u l a t e  [:bat a c u r r e n t  f rom front :  t o  back of t h e  

___ - 
p e l l e t  c a u s e s  i he  dotviaward f o r c e .  Us:’ng = L R  x B ,  t h e  n e c e s s a r y  

c u r r e n t  (Tor  B = 1.5  T) i s  X = 200 A.  For a n  a r m  a f  1 izi t h i s  implios 

a current densisy of  2 x 10  A - m  . Cf t h e  a b l a t e d  hydrogn-n w a s  20% 

? 
i o n i z e d ,  its c o n d u c t i v i t y  would b? 

2 

8 -2 

, (5 .1 )  _.. I. ..l_l._.........-_ ~ __I 

(1 - f i )  3- 5.18 x 10-5f.T-3’2 RnA] - - -6T1/2 
1 

[2.38 x 10 

+ 
uherc the resistivities due  t o  e- - H and e- - H c o l l i s i o n s  have been  

added and 

2 



f ne/(ne + n ) 5 i o n i z a t i o n  f r a c t i o n ,  
f i  0 

-3'2n IlnA :i el-ectron-ion c o l l i s i o n  t i m e ,  and -1.2 
e v = 2.91 x 10 

ei 

v = n CI V z electron-H. c o l l i s i o n  frequency.  eo o eo e 2 

For I - e V  electrons and LS 2 LO-'' m2, then3 (wi th  ItnA = 3)  
eo 

% 3 -1 
CT 6 . 4  10 (Q-m) . 

T h i s  i m p l i e s  a n  e lectr ic  f i e l d  

E = J / o  = 3 x 10 V/m 
2, 4 

o r  a p o t e n t i a l  d i f f e r e n c e  

'L 
V = El? = 30 v. 

T'nis k ind of f ront- to-back p o t e n t i a l  d i f f e r e n c e  and d r i v e n  c u r r e n t  seems 

p l a u s i b l e  and is one p o s s i b l e  e x p l a n a t i o n  f o r  the downward c u r v a t u r e  of  

t h e  p e l l e t  t r a j e c t o r y .  This p o t e n t i a l  d i f f e r e n c e  i s  t h e  same o r d e r  of  

magnitude as t h e  thermal  g r a d i e n t .  

5 . 2  Effec ts  of Nonthermal E l e c t r o n s  

It was shown i n  Chap. 4 t h a t  superthermal e l e c t r o n s  were p r e s e n t  i n  

t h e  d i s c h a r g e  on September 6 .  Over the c o u r s e  of t h e  experiments  t h e  

p re sence  of runaway e l e c t r o n s  w a s  c o r r e l a t e d  w i t h  a d rama t i c  growth i n  

t h e  effective area o f  t h e  p e l l e t  as the p e l l e t  p e n e t r a t e d  t h e  p l a s m a ;  

the p e l l e t  area is i n f e r r e d  from the  dark  area on t h e  shadowgraphs and 

the area of d i s t u r b e d  f r i n g e s  on t h e  interferogram. The  column l a b e l e d  



1-46 

R i n  T a b l e  5.1 is the efEective l e n g t h  of t h e  pellet p e r p e n d i c u l a r  t o  

the magne t i c  f i e l d  found by measu r ing  the  1engt:ii o f  the 3 7 : m  o f  indis i : -Lni :~ 

f r i n g e s  011 t h e  i.ml:erferogram perpendi .cul  ar t o  ?he magnet  i t: f i e l d  arid 

c o r r e c t i n g  f o r  m a g n i f i ~ c a t i - o n .  The data nhow t h a t  o v e r  a d i s t a n c e  of  %5 

c.m t h e  e f f e c t i . v e  perpendi.cu1 a i  l e i l g t h  of  t h e  p e l l e t  i n c r e a s e s  f rom ~1 rnm 

t o  Q2 mm w h i l e  t h e   actual^ mass of t h e  pe l - l ec  d e c r e a s e s  a b o u t  a f a c t o r  of 

2 .  The column l a b e l e d  r shows what  t h e  spher l : . ca l  radius of the p e l l c t  

would b e  i f  i t  had s o l i d  hydrogen  d e n s i t y .  T h i s  i s  found by subtra.i:t%ng 

t h e  i n t e g r a l .  o f  t h e  p e l l e t  a b l a t i o n  ra te  f rom t h c  o r i g i n a l  p e l l e t  iilass, 

which  is  assumed t o  be  t h e  t o t a l  i n t e g r a l  of  t h e  a b l a t i o n  r a t e .  Because 

t h e  p e l l e t  r a d i u s  i n c r e a s e d  ~ 0 . 5  inm i n  eb50 us, t h e  v e l o c i t y  of: c!xparisioii 

is %lo m/s. 

P 

P 

T h i s  v e l o c i t y  w i l l  be  used i n  l a t e r  ca l . cu7a t ions .  

4 From the e m p i r i . c a l  for i i iulas  p r e s e n t e d  by  Evans i t  can  be ca l -  

c i i h t c d  that el.ecr.rons w i t h  e n e r g y  less t h a n  %lo0 keV c a n  be  s t o p p e d  by 

l-im of so l - id  hydrogen .  This i s  s u b j e c t  t o  l a r g e  s t a t i s t i c a l  f l u c t u a -  

t i o n s ,  however ,  due  t o  t h e  Occur rence  of e l e c t r u i i - c l e c t r u n  col.l.iisions i n  

which  l a r g e  e n e r g y  losses c a n  be  e x p e r i e n c e d -  

T h e  e n e r g y  n e c e s s a r y  t o  c a u s e  t h e  p e l l e t  e x p a n s i o n  can  be  e s t i -  

mated. Because  t h e  n e u t r a l  hydrogen  h a s  expanded a b o u t  a f ac t -o r  of  20 

i n  volume o v e r  i t s  s o l i d  d e n s i t y ,  assume t h a t  i t  is a f l u i d  near  tlir 

thermodynamic c r i t i c a l  p o i n t  (where t h e  comprpss ih i  1 i t y  i s  h i g h ) .  The 

e n t h a l p y  a t  t h e  c r i t i c a l  p o i n t  i s5  7 7 . 6  J/mole? aiicl f o r  solid hydrogen  

a i  1 3  K,  h = - 7 4 0 . 2  J/mole o r  
% 
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% 
Ab = 800 .J/moI.e. 

- 5  
There are q.3 x 10 moles  o f  hydrogen reinai.ning so t h a t  

AE % 2 . 5  x I O m 2  J .  

Asstrming SOO---keV runaways d e p o s i t i i ~ g  a l l  tlwir e n e r g y  ( f o r  instranc.e) , 

this corresponds t o  3 . 1 3  x 10 runaway e l e c t r o n s  compared t:o a t o t a l  
11 

runnway e l ec t ron  c u r r e n t  of 

crimparcd t o  a t o t a l  p lasma ciurrrent of  1.10 kA. C l e a r l y  i t  does no.? take  

many run.a.wny electrons d e p c s i t i i l g  e:iergy deep  i.n the  p r l l e t  t o  cause i t  

to  expand a t  a h i g h  ra te .  

This p r o c e s s  i s  impor t an t  because  t h e  plasma power i n c i d e n t  on the 

p e l l e t  increases as t h e  s q u a r e  of the p e l l e t  r a d i u s .  Neut ra l -  sh ie l .d i -ng  

theory  p r e d i c t s  that the t o t a l  ab l a t ion  rate C, increase:;  as the  4 / 3  

g o w ~ r  of the p e l 1 . e ~  radius.  Iiowever, at s ~ m e  p o i n t  ;is t-he pe l le t  increases 

i ii radi.iis the p e l l e t  becomes unshieltled because  there i s  no l o n g e r  

enough m n . t e r i a 1  t o  main ta i .n  a s h i e l d i - n g  c l o u d s  At: tihis p o i n t  the  

peI . le t ' s  l i f e  comes t o  a carastropic end. T h i s  d e s c r i p t i o n  be.ars ii 

s t r i k i n g  reseml,l.ance t o  the September 6 ,  1979,  a b l a t i o n  data. 



148 

5.3 Charge Exchange l.,osses 

An estimate of l o c a l  cha rge  exchange l o s s e s  due t o  pel 1 . e ~  i . n j ec t i~on  

w i l l  be made by comparing t h e  estimated power l o s t  i n  r a d i a t i o n  io the 

measured l o c a l  energy l o s s .  

It was shorn in Chap. 4 t h a t  t h e  l o c a l  energy l o s s  d u r i n g  p e l l e t  

injection w a s  abou t  18 J .  T h e  r a t i o  of t h e  c r o s s  section f o r  t h e  pro- 

ducti-on of Lyman-alpha r a d i a t i o n  t o  t h a t  f o r  [ h e  p r o d u c t i o n  of Balmer- 

a l p h a  r a d i a t i o n  by d i s s o c i a t i v e  e x c i t a t i o n  i s  dboiut. a factor of  1 5  f o r  

3 
e l e c t r o n  e n e r g i e s  from 100 e V - l  keV. Assuming 0.02 H photons p e r  atom 

a b l a t e d  (expzrimenta3. d a t a ) ,  t h i s  i m p l i e s  0 .3  Lyman-alpha phoi:0"s p e r  

pa r t i c1 . c  a b l a t e d .  Using an a v e r a g e  of  3 x lOI9 atoms p e r  p e l l e t  and a 

photon energy of 10.2 e V ,  t1ii.s i m p l i e s  a radiat ied power of %15 J and a 

l o c a l  cha rge  exchange l o s s  duri.ng p e l l e t  injeci:i.on of 1.3 J (18 J minus 

1 5  J ) .  

t h i s  co r re sponds  t o  a 1-oss of 2 x 1 0  parti .cl .es t o  cha rge  exchange 

d u r i n g  p e l l e t  i n j e c t i o n  compared w i t h  %l.O p a r t i c l e s  i n  t h e  pl.asrn.3. 

a 

Assuming a n  ave rage  energy of 1 keV p e r  cha rge  exchange l o s s ,  

1 6  

19 

Note t h a t  the above c a l c u l a t i o n  i s  r a t h e r  e r u d c  and t h a t  t h e  cha rge  

exchange l o s s e s  cou1.d he much smaller thail t h e  above f i g u r e .  Tn any 

e v e n t ,  t h e  l o s s  of energy and p a r t i c l e s  due to  c h a r g e  exchange d u r i n g  

p e l l e t  i n j e c t i o n  i s  ma11 ( t o o  s m a l l  t o  measure wi.thin t h e  accu racy  of  

t h e  a v a i l a b l e  d i - a g n o s t i c s ) .  



S . 4  A n a l y s i s  of 11 Data  
c1 

It was s1-rom-i i n  C?aa.p. 4 how pel.Z.et ahI.nt.ion rates were derlva?d f r o m  

t.he emission of  3 photons d u r i n g  pellet  injection, The f i r s t  two parts 

of Sect. 5.4 w i l l .  compare q u a n t i t i e s  i n f e . r r e d  f rom W a b l a t i o n  r a t e  da ta  

wi-f:h o the r  e x p e r i m e n t a l l y  observable qixmti.ties. The rema.i.nder of S e c t .  

5 .4  wil . . l  d i s c m s  the exper imenta l ly  observed a b l a t i o n  rates and compare 

t h e m  w i t h  t h e o r y .  

a 

11 

'I.'ables 5 . 3  and 5 4 give a shot-by-shot eompar ison  of the  l ine- 

averaged d e n s i t y  r ise %I u r e d  by f h e  microwave/FIR j nterFeromet.er xnd 

Arb c a l c u l a t e d  from the H data. The calculated l ine--averaged densl.ty 

increme w a s  found niimerical1.y by mul1:iplyi.n;; the a b l a t i o n  ra te  by the  

t i m e _  t o  c r o s s  a different:i.a!. volume i n  t:he t-okamak and by assuudng tha t  

the! An thus  der ived  was added to n i n  the  d i f f e r e n t i a l  volume. 

..._ 

e c1 

e e 

The agKFC3Ilel7 t between t h e  aeasured 1.i.ne-averaged density r%se and 

t h a t  calculated froin the H da ta  i s  good (as seen i.n the small d i f f e r e n c e  

(A)AVG in t h e  tabl.es) The error bass O I I  the measured 1.ine-averaged 

d e n s i z y  rise a r e  on the o r d e r  of  0.5 x IO1' m 

the agreement between t h e  two  measurements i s  very good. 

(X 

-3  . Given tlliis error bar  



TaSle 5 . 3 .  Corrparison 0;  Ane -.easured by mi-rowave/FIR -nt?cEerometes 

w i t h  t:?x i::Ferrec €ror h d a t a  for S e p r e r i a e r  5 ,  :?79 
c1 

- - 

Shot Ane (from interferometer) A n  (crorn 3 d a t r )  (A) e c1 

15633 
i5638 
15639 
15641 
15542 
15543 
15641: 
1 5 6 4 6 
15647 
15649 
15551 
15556 
15557 
1566:- 
15667 
15668 
15669 
15576 
15679 
2L568l 
15682 
15483 
15655 
15686 
15587 
15690 
15697 

2 . 4 
3.1 
2.5 
2.0 
3.5 
3.3 
2.1 
2.1 
2.6 
2.5 
2.4 
2.4 
3.5 
1.5 
2.9 
1.9 
3.1 
2.0 
2.3 
2.1 
2.1 
2.4 
3.2 
2.3 
1.6 

2.3 

, I  
I . Li 

3.7 
3.6 
3.9 
2 . 4 
3.7 
3.5 
3.0 
3.2 
3.0 
2.8 
2 . ‘I 
2 . 6  
3 . 9  
I. =? 
2 . 6  
1.9 
3.2 
2.6 
2.7 
2.1 
1 . 54 
4.1 
3.0  
2 . 4 

1.1 
3.0 

7 -  1.3 

1.3 
0. 5 
1.3  
0 . 4  
0.2 
G. 2 
ci.  0 
1 . 1 
0 . ‘4 
0 7  

c4 . 0 
0.2 
6 . 4  
0. 4 
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0. 4 
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-0.2 

1:. 7 
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F i g u r e  5 . 2  sliows a v e r a g e  p u s t p e l 3 . e t  n and T p r o f i l e : ;  ca l c i i l a  Led 

froin II p e l l e t  a 'n la t ion rate da-ta f o r  tlhe September  6 ,  1979 ,  scqucnr-e. 

The caIcu1.ar:ion of n E r t m  t h e  dat:a was dcscrilsed above, aird T was 

found by assumi.ng that the p r o d u c t  (n 'r ) on any Elux surface was 

constant  (loc-a]. conservatjun of energy)  . T h i s  f i g u r e  Sh:li.Il.d be comparcid 

e e 

a 

e 2 

e e 

wi.th the  ti and T p r o f i l e s  found f rom Thornson scatterin.8 1. 111s after 

p e l l e t  in jec t - ion  (F ig .  4.2 of Chap. 4 ) .  

e e 

Fi.gure 5 . 3  shows a v e r a g e  pos tpe l l . e t :  t i  and T grsf-il.es c a l c u l a t e d  e e 

from ablation rate data f r o m  September  11, 1979. T h e  u p p e r  p l o t  ~" issumes  

t h a t  t h c  p e l l e t  t r a j e c t o r y  w a s  through tIie c e n t e r  of t h e  plasva. T h c  

lower: p l . ~ t  assumes t h a t  the  pe1.l.e~ trajectory in:issed t h e  c.e.nter of t i l e  

plasnm hy 6 ern. These p l o t s  s h o u l d  b e  compared w i t h  the postpellet 

Thomson srnttering data in  FLg. 4.30 of Chap .  4 .  
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Fig. 5 . 2  Averagr postpellet 11 sl id Ii calculaL-d from p e l l e t  
e e 

a b l a t i o a  rate dnfa f r o m  September 6 ,  1 9 7 9 .  
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F i g .  5 .3  Average  postpellet n and T ca lcu la ted  From pcl l .e t  e e 
a b l a t i o n  r a t c  da ta  from September  11, 1979.  



The Thornson s c a t t e r i n g  and c a l c u l a t e d  p r o f i l e s  are q u a l i t a t i v e l y  

q u i t e  s i m i l a r ,  a l t h o u g h  t h e  Thornson s c a i L e r i n g  p r o f i l e s  a re  ~ndrked ly  

r e l a x e d  f rom i I IP c a l c u l a t e d  profiles. I h i s  i s  n o t  suq9ri.3Ing. Given 

i t i t '  s t c c p  gradient.: shown 1 111s i s  a b i s n i f i c s a t  p e r j o d  of  t i m e  t o  allot.- 

f o r  r e l a x a t  jon.  

The averazc Lotd l  nurnbcr of e l e c t r o n s  i n  the p l a s m a  c a l c u l a t e d  f rom 

t h e  :I 

Thomson s c a t t e r i n g  was 3 - b  x 1 0  . I'hp a v e r a g e  t o t a l  number of e l r c -  

L C U C I ~  i n  tht. plasma cal_culated f r o m  H d a t a  from September 11 war, 6 . 0  x 

10 , and thdi ca lc i i la ted  from Thornson s c a t t e r i n g  was 5.9 x IO . 

d a t a  on S e p t m b e r  6 was 3 .8  x l d 9 ,  and Chat c a l c u l a t e d  from 
a 

1 9  

a 
1 9  19  

Wi th in  i 1 - r ~  error bars of t h e  experiment  t h e  agteemcnt between t h e  

Thorns~,n s c a t t e r i n g  d a t a  and t h e  H a b l a t i o n  ra te  d a t a  i s  very good. 
CI 

5 . 4 . 3  Comparison of a v e r a g e  a b l a t i o n  ra te  i n f e r r e d  from H 
a. ________ . ....................... ................ 

.............. s i g n a l  _~..__s w i t h  ___._ n e u t r a l  s h i e l d i r i g  t heo ry  

F i g u r e  5.4 shows t h e  t h e o r e t i c a l  prrl.7.et ctb1.a.t ion rate c a l c u l a t e d  

u s h g  t h e  non- - se l f - l imLt ing  n e u t r a l  s h i e l d i r i g  lriotle!. of  Mi.lora and 

The pl-asma d e n s i t y  and t e m p e r a t u r e  profil.r.s used were +aken 
.. 6 
k ' o s t e r -  

from ctirvcs f i l r t e d  t o  t h e  September 6 Thomson scat ter ; -ng d a t a ,  and t h e  

pc!l-l.ef s Lze and v e l o c i t y  used are t h e  a v e r a g e  p e l . l e t  s.i.ze and v e l o c i t y  

from the Sep tenhe r  6 d a t a .  The cal.cul.atioii f o r  the  upper  p l o t  asslimes 

t h a t  t h e  p e l l e t  d e n s i t y  remains t h a t  of so!-id hydrogen. The cal.cii l .at ion 

f o r  t h e  lower p l o t  assumes that  t i l e  p e l l e t  r a d i u s  blows up a &  t h e  race 

o f  10 m / s  f o r  p e n e t r a t i . o n  d e p t h s  g r e a t e r  t h a n  1 3  mi- 
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Fig .  5.4 Theoretical  c .a lculat ion of p e l l e t  a .b la t ion  ra te  f o r  
pP;:isma prof  iLes o f  Septetnbe.1- 6 ,  1379, usi.ng the non-sen.f-limiti.ng 
iwutral shieldl  tig inode1 of Milara and Pos t e r .  P e l l e t  r a d i u s  3.s a:;siimed 
tc3 be e.xpanaing f o r  iowfr  p~ -o t .  



t han  13 cm. 

I f  o n e  review..: t h e  a b l a t i o n  d a t a  from S e p t e i h e r  6 ,  1979, F i g s .  

4 . 1 1  4.19, t h e  s e l f  - l i m i t i n g  ah1 alt i o r ~  model i n  which t h e  p e l l e t  r a d i u s  

i s  al lowed 1 I) blow ~ i p  - : e m s  t o  most  c l o s e l y  rc.;emble tile A i t a .  One 

i n f e r s  from t h e  ha rd  x-ray d a t a  i n  Chap. L tilai: soillt’ s h o t s  had more 

rumway el P C  Lroit3 than  o t h e r s .  T h i s  coli1 (1 cxpl ai.([ i he l a r g e  ShOt-LQ- 

s h o t  diFferc.nce i n  pesk a b l a t i o n  r d L c n  f o r  the September 6 ,  1 9 7 9 ,  sc- 

qllerlc e .  

F i g u r e  5 . 5  shows 11h1- t h e o l e t i c a l  p e l l e t  ablation r n t t -  f o r  t h e  

Septei:i’iler 11, 1 9 7 9 ,  s e q u ~ n c c . .  Fhe u p p e r  p l o t  u s e s  t h e  non-sel f - I i i i i i t i i ~ g  

n e i i t r a l  s h i e l d i n g  modcl, a n d  t h e  lower p l o L  uses t h e  sel f-1 i r r i i  t i n g  

m o d e l .  The unab la t cd  ? P I  1r.t mac‘erial i s  assumed t o  rcmaiir so l  i d .  

The S c p t c n b e r  1 1  1 9 7 3 ,  expel i m e n t a l  a b l a i  ~ O L I  t lata,  Figs - L!.3L- 

L - 1 1 3 ,  are  d i f r c i r r i !  f iorn bo th  m a d e l s .  lhc  a b l n t i o n  r a t e  is less  than 

p r e d i c t e d  by t h e  t h e o r e i i c a l  models .  

5.4.4 D i s r u s s i o n  of s p i k i n e s s  of  H da t a  
2 

T u  examining t h e  n b l n t i o n  raid d a t a  (3 data) i t  can  Le seen t h a t  
tY 

tiler? arp l a r g e  o s c i l l a t i o n s  ( sp ikcc , )  o n  ihe  ablation r a i  1 ‘ .  The o s c i l l a  - 

t i o n s  have about  R 3-11.; pt’i-ic~d. The cause  of t h c  oscil 1 . i t i o l i s  i s  
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F i g .  .5.5 ‘ T h e o r e t i c a l  calcul.at:ion of p e l l e t  a b l a t i o n  rate f o r  
pl.as?-na p ro f  i1 .e~  of Septiember 6 ,  1.979 
shield:i.ng model of  I4i lora  et al.. 

u s i n g  t l ie self-1irni . t ing nelutra.4 
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b i g .  5 .6  T h e o r e t i c a l  c a l c u l a L i o l i  o f  p e l l e t  ablation rate f o r  
plasma p r o f i l e s  of Septerril~er 11, 1979, us ing  b o t h   ion-self-] imiting and 
self-limi t i n g  neutral shiclcl ing models .  
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unknown, b u t  one can specu l . a t e  on two p o s s i b l e  causes .  The f i r s t  is  a 

g r a n u l a r i . t y  of tire plasma p r o f i l e  (perhaps due t o  magnet ic  i s l a n d s ? )  

w i t h  a scale  l eng th  of about  3 nun. The  second p o s s i b l e  c a u s e  is an 

o s c i l l a t i o n  i n  t h e  p r o t e c t i v e  a b l a t a n t  l a y e r  aroiind the p e l l e t  a T h e  

t r ans i r .  t i . m e  f o r  a b l a t e d  inaterial through the a b l a t a n t  l a y e r  i s  on the 

o rde r  of 3 ys (say ~ 1 . . 5  m at %500 m/s), consistent with t h e  o s c i l l a t i o n  

p e r i o d .  

There i s  n o t  enough avai.1.abJ.e i n f o r m a t i o n  t o  v a l i d a t e  o r  e o n t r a -  

i n d i c a t e  e i t l i c r  of t h e s e  p o s s i b i l i t i e s  I 

5.4 .5  Comparison of s h i e l d i n g  f a c t o r  i n f e r r e d  from N d a t a  
a l._._.-._lll_. __.II ~ 

w i t h  t h e o r e t i c a l  s h i e l d i n g  _. factor ~ 

An i n s t a n t a n e o u s  s h i e l d i n g  f a c t o r  f o r  an a b l a t i n g  pe l l e t  may be 

def ined as 

WIlere 

P ( r )  2 power i n r i d e n t  on the pellet a t  plasma minor r a d i u s  r 

i n  eV/s, 

G ( r )  3 a b l a t i o n  rate of the p e l l e t  a t  plasma minor r a d i u s  r i n  

atoms/.;. 

F i g u r e  5.7 shnws the c a l c u l a t e d  average  exper imenta l  s h i e l d i n g  f a c t o r  

for ehe Septemlier 6, 1979, data, w h e r e  
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F i g .  5 . 7  Experimental s h i e l d  f a c t o r  plot f o r  data of September 6, 
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expand ing  p e l l e t  r a d i u s .  



163 

n and 'I' are ixken f r o m  t h e  Tlzomsori s c a t t e r i n g  d a t a ,  G(r) i s  taken  from 

t h e  1-1 al: lat-: iori  r a t e  data, and T i s  t h e  p e l l e t  r ad ius .  For t h e  upper 

p l o t  I- was c.alcjulated from tiif a b l a t i o n  r a t e  d a t a  assuming ti le p e l l e t  

reir1aine.d s o l i d ,  Fo r  the lower plot: t he  p e l l e t  r a d i u s  was allowed t o  

expand. a t  I:he ra te  of 1 0  n / s  f o r  penet:rat:i.on d e p t h s  g r e a t e r  t h a n  1.3 cm 

e e 

a P 

i n t o  the p:l.nsma. 

With t h e  p d l e t  rad: ius  expandj.ng, the s h i e l d i n g  fac tor  i s  s e e n  t o  

i n c r e a s e  approximate ly  e x p o n e n t i a l l y  as the p e l l e t  p m e r r a t e s  t h e  p l  asma 

u n t i l  j u s t  b e f o r 2  the pe1.l. d i s a p p e a r s  (i.ee, a s t r a i g h t  l i n e  i s  a 

reasonable approxima.t..i on t o  t h e  shieldi-.iig f a c t o r  curve on this log- 

l i n e a r  p l o t ) .  

It i s  also poss1.bl.e t o  calcuiatch a theore t ica l  s h i e l - d i n g  factors 

F i g u r e  5.8 i.s t h e ?  r a t i o  of the average: experimental .  s h i e l d i n g  f a c t o r  t o  

the theoret: i.cal s h i e l d i n g  f ac ro r  f o r  t h e  experiment  of S e p t a ~ i b e r  6 ,  

1979.  T h e  f:.luz.oreti.eal model u sed  i s  t h e  n o n - s e l f - l i m i r i n g  model o-f 

Mi lora  and F o s t e r .  I n  cnJ.culating the  t h e o r e t i c a l  s h i e l d i n g  f a c t o r ,  t h e  

p e l l e t  r a d i u s  and plasma p r o f i l e s  used are  the. same as those used i n  

c a l c u l a t i n g  t h e  e x p e r i m e n t a l  sh ie l .d ing  f a c t o r  f o r  the lower p l o t  of F i g .  

5.7. The o n l y  d i f f e r e n c e  between t h e  t w o  c a l c u l a t i o n s  i s  t h a t  the. 

theoret ic 'a l .  r a t h e r  t h a n  the experimental. a b l a t i o n  r a t e  i s  used .  This  

means t h a t  F i g .  5.5 c.an a l s o  be d i r e c t l y  i n t e r p r e t e d  a s  the  r a t i o  of t h e  

t h e o r e t i c a l -  t o  t h e  exper imenta l  a b l a t i o n  ra te .  The c a l c u l a t i o n  was c u t  
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F i g .  5.8 R a t i o  of e x p e r i m e n t a l  t o  t h e o r e t i c a l  s h i e l d  Factor fo r  
da t a  of September  6. The p e l l e t  radius is assumed t o  be expand ing .  



o f f  a t  a minor r a d i u s  of 3 cn because he.yond t h i s  p o i n t  t h e  e r r o r  bars 

irn the 2verage ex-peri.me.nt-aL .r;hizld:i.ng facL0r make L h e  calculat i .on mean--- 

i n g l e s s  * 

T'ric? u p p e r  p l o c  of  F % g .  5. 9 is t h e  experii i iental  sh i .ePding  fac tor  f o r  

the experiment  of September  3.1, 1979-  T h e  lower  pl-ot  of Fig. 5.9 i s  the 

ra<::io of  the e:q~erIrruznti~l. L a  t h e  the f i r e t i ca l .  s h - i e l d i  ng, f a c t o r  f o r  this 

experiment. Again the  e r r o r  bars on %Ire average experimentaP shiel.tliilg 

f a c t o r  are w ~ r y  l a r g e  Cor plasma mirror r a d i i  less t.l-ian 9 cm. For t h i s  

ca l cu la t inn  the pe2l.et  was assumed t o  remain at: ~ i o l i d  densit .y,  arid a s  -in 

F i g  5.8 f:he r a t i o  can alga be in ts rprcced  direct1.y- as the  rat.:i.o of 

tiirtorret i.i:al t o  experimental ablation rates.  

T h e  i n t e r f e r o g r a m s  m a d e  on September 6 an.d .i.I., 1 9 7 9 ,  WETE? dig i t - l . zed  

a n d  ana lyzed  with t h e  computer.  D i g i t i z a t i o n  was accomplished w i t h  a 

Gerber Scie.iitifi.c x-y d i g i t i z e r  e The x-y c o o r d i n a t e s  of each f r i n g e  

we.re d i g i t i - z e d  a'i enough p o h t s  f o r  the  ctimputer t o  make a reasonable 

reco,nstruct i .an of the. i n t e r f e r o g r a m .  From the d i g i t i z e d  i n t e r f e r o g r a m s ,  

n x R ( d e c t r o n  d e n s i t y  t:i.mes p a t h  l eng th )  bras c a l c u l a t e d  f o r  a m a t r i x  

o f  100-by-1.80 p o i n t s  covering the intorferogra-m. The f i r s t  t w o  p a s t s  of 

Sect.  5 .5  w i l l  d i scuss  computer reduc.%ion of t h e  i n t e r f e r o g r a m s  to  

contours of c o n s t a n t  n x P, and i n f e r e n c e  of e lect . ron densities by curve  

f i t t i n g .  The remaining p a r t s  of Sect. 5.5 w i l l  d i scuss  in te rpre ta t i -on  

e 

e 
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C a l c u l a t j u n  for lower plot is c u t  off at r 



-'. 2 
n x 9, ~2 ( shL f t  in f r i n g e s )  ( 3 . 2  1.02.') ~ i i  . (5.4) 
e 

index o f  re:E-ract:irsn i s  dominated by c1-w c-tlectrori dens i - ty .  I f  t h e  e1.c~- 

~ r o n  density is less t h a n  -202 of (:he neutral derisi ty, then t h e  cor rec-  

should be  taken i n t o  account. T h e  changes  i n  refrdc tivc i n d e n  dine to 

e3.ectrons a n d  neutra.1.s .art._ exactly equal and oppc j s i t e  :ipi s i g n  (at. A = 

6343 A )  whcii  t he  electr'on d e n s i t y  is %2.3YX of  the neutral  dt?nsl ty.  
3 

ferograrns and the  plot:^ of c o n t o u r s  of c:onstar~tr n x ,e. Because real  

d a t a  paints were available on3.y rsiiert? f r i n g e s  ex i s t ed  on t h e  intcsr- 

e 

ferogram, !.he vnlue  of n x 9, between fr i i iges  W R ~ ~  found by solving 
e 
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L a p l a c e ' s  equation u s i n g  t h e  actr ia l  d a t a  p o i n t s  as boundary c o n d i t i o n s  a 

Both t h e  idea of i.nterpoolati.ng i n  t h i s  manner and t h e  computer program 

t o  d o  i t  are t h e  r e s u l t  o f  work a t  The h e l p  of P .  Forman and U .  

IJondwortli a t  LAST,, who provided the prr>gram, and of t h e  people  a t  IAST., 

who m o t e  t h e  program is  g r a t e E i i l l y  acknowledged - 
S o l v i n g  I ,npJ.~ice's  e q u a t i o n  u s i n g  t h e  d i g i t i  zed f r i n g e  d a t a  p o i n t s  

as bouildary corid:it i.ons g u a r a n t e e s  an i n t c r p o l n t i o n  that i n t r o d w e s  no 

t?xlrrt.!na; however, i t  does not prevent  sndd1.e p o i n t s ,  and where values 

atre c11.angi.ng rnpi .d ly  arid t h e  distance between f r i n g e s  i s  r e l a t i v e l y  

large, t h i s  efFect can occur. The " s c a l l o p i n g "  o f  t h e  countours  of n 

x R ev ident  in t h e  p7.ots a t  some p l a c e s  i s  due to t h i s  e f f e c t  m d  r e p r e -  

sc11t.s a numer ica l  error i n  a.nnl.ysis of the  d a t a .  T h e  e r ror  i s  n o t  

pa r t l . cu l a r ly  s ign j . f  ica.rat because i t  i n t r o d u c e s  a r e l a t i v e l y  sma1.1 

change i n  t h e  p o s i t i o n  of tlie n x R c o n t c u r .  

e 

e 

I n s i d e  t h e  f i r s t  c l o s e d  contour  on an  i n t e r f e r o g r a m  the  d i r e c t i o n  

of phase  change i s  aiiibiguous. I n  sone phys ica l  s i t u a t i . o n s  i t  i s  c lear  

t h a t  c l o s e d  frS.nges i n s i d e  of c l o s e d  f r i . n g c s  r e p r e s e n t  d e c r e a s i n g  phase 

and i n c r e a s i n g  n x R .  In  the experiments  p r e s e n t e d  here ,  however, i t  

i.s p o s s i b l e  t h a t  cl.osed f r i n g e s  i n s i d e  o f  c l o s e d  f r i n g e s  r e p r e s e n t  

a d d i t i o n a l  neut-ral d e n s i t y  and t h e r e f o r e  i n c r e a s i n g  phase.  However, 

examining the i n t e r f e r o g r a m s  where c l o s e d  c o n t o u r s  are mot p r e s e n t ,  i t  

i s  s e e n  tha t  RS one  p e n e t r a t e s  t h e  h igh-dens i ty  r e g i o n ,  t h e  . f r inges  a r e  

always s h i f t e d  i n  t h e  d i - r e c t i o n  of d e c r e a s i n g  phase;  t h e r e f o r e ,  a l l  

closed f r i n g e s  i n s i d e  o f  c l o s e d  f r i .nges  are i n t e r p r e t e d  as b e i n g  i n  t h e  

d i r e c t i o n  of d e c r e a s i n g  phase and r e p r e s e n t i n g  a d d i t i o n a l  n x 9.. 

> 

e 

e 



The problem of c o r r e c t i n g  f o r  neutral .  d e n s i t - y  has n o t  been so lved .  

The approximate number of neutrals retiiai iiii-ig when t.he i n t e r f  erog-rarns w a s  

made  i s  known, but their  dist:ribut:i.on over t h e  i n t e r f e r o g r a m  i s  n o t  

known. 'i'lie n x R ca lcu l .a ted  and p l o t t e d  i s ,  t h e r e f o r e ,  a lower l i m i t  

on t h e  actual .  n x k .  

e 

e 

The computer-analyzed i n t e r f e r o g r a m s  from September 6 are  p r e s e n t e d  

i.n o r d e r  of i n c r e a s i n g  a b l a t i o n  ra te .  The intpr:f  erograiiis from September 

Il. are pre;ented .in o r d e r  of d e c r e a s i n g  remaining pe1.lc.t mass. 



5. 5.2 Ci.ir:ve f i t t i n o  ca l .cu la t ion  of el-ectron density f rom ... I__ L.lls ................................. I___ ...I._- 

n x 9, d a t a  
,p 

1.f symmetx-y of sa3iine forrri i s  assumed then it  is p n s s i b l e  t o  tal- 

CULXLC: electron densities f i r o m  the n x R d a t a .  Suppose t:Ftat: OW. 

assumes r"l (r) has t h e  fol.low-tng funct ional .  form: 

e 

c 

Eqcial-ion ( 5 . 6 )  i s  justr. the i n t e g r a l  of electron d e n s i t y  a long  the  p a t h  

~ l "  t h e  ray. K i k i r ) g  t h e  substitutfons 

r' = ( r / r  >, 
1' 

p t p / r  
P '  

t h e  i.ntegra1 becomes 
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Using  t h e  above  f u n c t i - o n  f o r  n x R ,  c u r v e s  have  been  F i t t e d  t o  t h e  n y 

L ( r )  d a t a  f rom t h e  i n t e r f e r o g r a m s .  For  e a c h  i n i : c ~ r F e r o ~ s a m  n x k ( r )  i s  

p l o t t e d  i n  f o u r  d i f f e r e n t  d i r e c t i o n s  away from the poi.nt of maximum n x 

a ,  whj.ch i s  a r b i t r a r i l y  t a k e n  t o  b e  t h e  p e l ] - e t  c e n t e r .  Then a n o n l i n e a r  

l e a s t - s q u a r e s  curve-fit:iri.ilg prograin i s  used  t o  f i t  Eq. (5 .7 )  t o  iihe d a t a  

i n  each  d i r ec t : i . on .  The f i . t t i n g  i s  done  i t e r a t i v e l y  u s i n g  a T a y l o r  

ser ies  ar1aJ~yti.c expans  ion for c h i - s q u a r e ,  t h e  weiglr ted sum of t h e  s q u a r e s  

o f  t l re  error be tween t h e  f i t t e d  c u r v e  a r ~ d  the d a t a .  The computer- 

pro<qram u s e d  to do t h e  c u r v e  f.i.t:t:irig aiad so lve  f o r  t h e  p a r a m e t e r s  A ,  B ,  

r and y was w r i t t e n  by E. A .  L a z a r u s  of ORNL. 

e e 

e 

e 

9 

2' 

The f o u r  d i r e c t i o n s  chosen  to f i t  c u r v e s  were t h e  d i - r e c t i o n s  p a r a -  

l l e l  and p e r p e n d i c u l a r  t o  the  t o r o i d a l  magne t i c  f i e l d .  The d i r e c t i o n  

c a l l e d  fo rward  i s  the d i r e c t i o n  of  t h e  p e l l e t ' s  f1.izlit toward t h e  c e n t e r  

of  t h e  tok.amak. 'The d i r e c t i o n  c a l l e d  backward i s  o p p o s i t e  t o  fo rward .  

The d i r e c t i o n  c a l l e d  e l -ec t ron  s i d e  i s  a n t i p a r a J . J . t l  t o  t h e  t o r o i d a l  

m a g n e t i c  f i e l d  on the s i d e  of t h e  p e l l ~ c t  t h a t  would see t h e  e l e c t r o n  

dri.ft: vel.oc-i.t:y. The d i r e c t i o n  cal.J.ed i o n  s i d e  i s  opposite t o  e l ~ e c t r o n  

s i d e .  E q u a t i o n  (5 .7 )  w a s  e v a l u a t e d  a t  e a c h  f i t t e d  d a t a  p o i n t  o n  each 

i t e r a t i o n  by performi-ng the i n d i c a t e d  i n t e g r a l  n u m e r i c a l l y .  X t t o o k  

a p p r o x i m a t e l y  two h o u r s  of CPU t i m e  on the ORNJ., Fus ion  Energy D i v i s i o n  

DEC-10 t o  f i t  f o u r  c u r v e s  to an i -n t e r f e rog ram.  
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F t u  ORNL-DWG 8 0  3 0 5 6  

I I " ]  I 1 T I-- 

i ~ S A C Y W A W  FIT 
rp=051; x i 0  A Z O  ! 5 x 1 0 4  3 1 0  36x40' 

r2  5 0 83 1 y = 0 16 

u ~ , ~ P / M A x ,  M A Y  o ~ G ~ ~ G ~ ~ ~ - ~  

0 FIT l O ( n , x L " / M A X ,  x L = 0 6 2  
4 

3 1 r TI -T SAOT 1445; tUt t ' * i \oD F IT  I S X - R  

r p = O  50x10 A -  4 2 3 = 6! 

1 .O r 2 = 0 1 3 x 1 0 6  y = 2  

0 n , x P / M A X ,  M h X - C ) 1 6 ~ 1 0 * ~ r n - ~  

0 FIT TO ( n , x a ) / ~ h x ,  x 2  2 

0 6  

._ 

0 =24 
,.* I E L E C T R D R ~  S I ~ E  F;T 

Q r p = O  5 0 x 1 0  A . 9 7  > 
\ - a: 1 . 0  
x 

QJ 

5 0.8 

4 r 2 = 0 6 9  y . 0 2 5  

h 0 n , x Q / M A X ,  M A X - 0 . 1 6 ~ 1 0 ~ ~  

0.6 

0.4 

0 . 2  

0 
0 1 2 3 4 5 

r / r p  
0 1 

d L 1  I 1 - I  
2 3 4 5 

r / r D  

E'ig. 5 . 2 1  Curves  fitted t o  [in x P, data i.ti four directions f o r  sho t  
L 14455. 
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2 1.2 

rx! i.0 

I 
\ - 
x 
D 

-5 0.9 

0. G 

0.4 

0 . 2  

0 

I I 
. . . . . . . . . . . , . . . . . . . . ,..... ... , ~ _ ~ l  

~ ION S I D E  F I I  I 1  

rp=0.43x10-3 A =  1.3 D 1 2 2  

r2 = 4.1 y = 1.3 
i 

0 n , x : / M A X , M A X = 0 1 6 ~ 1 O " " r n . ~  

0 FIT TO ( n , x P ) / M A X ,  x 2 = 0 6 8  

0 1 P 3 4 5 0  i 2 3 4 5 
r / r p  r / r D  

P i g .  5 .23  Curves L i f t e d  C ~ J  11 x E da ta  i n  f o u r  d i r c c t i o n c ,  f o r  s h o t  
e 15485. 



ORN1.- D'PIG 80-3059 F E D  

~ i g .  5 . 2 4  Cal.culated n (r) i n  four  d i r e c t i o n s  f r o m  pel_l.et  c e n t e r ,  
e 

SI10 t 1568.5. 
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ORNL DWG 8 0 - 3 0 6 0  F E D  

'i111 

n e x P / M P X , M A X - 0 1 3 x l  I 1  n,xP/MAX, MAX 0 i 3 ~ 1 0 ~ ~  in-' 

0 H I  I O  ( ~ , ~ P ) / M A x ,  X 2 - 0 a d  0 FIT T O ( ~ , ~ P ) / M A X , ~ * - O ~ ~  

72 

E LE 
~ T . R O N ~ D ~ ~ ~  .................... 

Q E ~ rp = 0.43 I A = 0.13 s =0.11~10-~ '1 .. - 
~ 1.0 

0. E 

0.4 

0 . 2  

...~ ...... T- . . . . . . . . . . , , . . . . . . . . . , . . . . . . , 
I O N  SIDE F I T  1 r p = 0 . 4 3 x 1 U 3  A.O.17 f? -0 .23  

0 
0 2 3 4 5 0  1 2 3 4 5 

r / r p  r / r ,  

I I  big- 5 . 2 5  CUKVP_S fitted t o  n x R d a l a  i u  f o u r  d i r e c t i o n s  f o r  s h o t  
e 15515. 
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c" 0.8 
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T - ~ I  

RAC.KWARD FIT 

ne (mnx) = 0.80 i( 4026 0-3 
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................ 

............... ......... I.I~~~ ........,. ___. 

.... 

ION 5 IDE F I T  

..... n, (max)=0.25 x i 0 2 5  m-3 
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I- 

.. -.. '- ... --....-.] 
( d )  -.- 

0 4 2 3 4 5 G 

I ............... ............. 1 .................I ..... 1 ................ 

r / r p  r / r p  

Fig.  5.26 Calcu la ted  xi ( r )  i n  f o u r  directions from p e l l e t  eeY2ter, 
shot 15678. e 



riiagnei ic  f io!.'. B c c a u s e  syumet ry  was ashmi l sd  jn L a l c u l a t i n g  [I (r), t h e  

a c t u a l  asymmetry i s  pro 'uahly l a Ig{>f  than  c a l c i l 1 a t e d .  lhe dssuniptiori of 

symmetry ti'ncls t o  irrdsk a s y m e t r y .  

c 

FiguLeL, 5.27 5.32 are  iii:. n x 1! d d t a ,  f i t t c d  c u r v e s ,  and r a l c u -  
e 

l a t e d  n _ ( r )  f o r  t h r e c  c j p i c a l  i I l terfeibgraLii5 f r o u  t h e  Sc.ptrnbc,-  11, 

13!9, d a t a .  

A g - n e r d l  comment i s  i n  order b e r v r e  d i s c u s s i n g  the Srpternber  11 

f i i - r  ed riirves In examj iliilg a1 1 of t h e  i n t e r f  erograrrrs and shzdowgraphs 

f t  urn SepLt::nber 1 1 ,  t h e  'area of s o l i d  p e l l e t  mass appears i o  bc e l o n g a t e d  

p e r ? e n d i c u l a r  to t h e  lnagnet ic  f i e l d .  That  i s ,  i t  a p p w r s  t h a t  the 

p e l l c i  is ab la t ed  f a s i e r  f r o n  the s i d e s  iiian the ends .  With t h i s  o b s e r -  

v a t i o n  i n mind, t h e  sauie ge i i e ra l  conirnents ulade c o u c e r n i  iig t h c  S e p t m h e r  

6 daicl are  s t i l l  a p p l i r a b l e .  The kilnre r a p i d  f a l l o f f  of t h e  e l e c t r o n  

d r n s i t y  p s r p e n r l i r u l a f  as opposed t o  p a r a l l e l  t o  t h e  m a g n e t i c  f i e l d  ran 

s t i l l  be  s e e n  i n  t h e  or ig- lna l  i n t c r f e r o g r a l l i s ,  b u t  i t  t p n d s  L O  be  masked 

in t h e  n x R p l o ~ s  by i i i ~  e l o n g a t i o n  O F  t h r  r , o l id  p r l l e e  i l l a te r ia l  

p e r p r n d i c u l a r  t o  t he  magiiet ic  € i e l d .  

e 

Again t h e  d a t a  p~c l sen i~ , r l .  are t y p i c a l  of  earlier i n  t h e  a b l a t i o n  and 

toward the  midd le  and c l o s e  t n  t h p  pnd o €  the p " ! l e t ' s  l i f e  ( s h o t s  

15888, 1 5 8 7 6 ,  and J i 8 i L ) .  

It s h o u l d  bc k e p t  i i i  mind t h a t  110 a t ~ e m p ~  has  been made t o  r o r r e c i  

t11e d a t , i  f o r  1 u t r a l  hydroge:: d e n s i t y .  Close t o  al-d i n s i d e  t h e  r - r 

su r face ,  thrl.se c o r r e c t i o n s  c o u l d  be large and [ ~ ~ i g l i t  11.~3lie t h e  in f t . rLed  n 

x !?, alid n (r) up t o  a n  o r d e r  o i  I n ~ g n i l c l d e  larger. lhe c o r i e c t i o n  i s  noL 

P 

P 

P 
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Fig .  5.27 Curves f i t t e d  t o  n x 9, data i n  fou r  a i rec t i -ons  f o r  shot  e 
15888 
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1 

0 4 2 3 4 5 6 0  1 2 3 4 5 6 
r / r p  r / r p  
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x 
a, 

.5 0.8 

0.6 

0.4 

ORNIL 3WG SO-3064 FED 
r---1 I 1 ..,.. ~ ~ ~ - - ~ . . .  

rp=B.2Gx10'3 A.0.32 D 20.97 x 1 0 - '  

n , x P / M A X ,  M A X = 0 . 1 ? ~ 1 0 ' ~ r n - ~  I DACKWARD FIT 

r2 = 2 .O y = 3.8 

0 FIT -ro ( n e  x D ) / M A X ,  -&+.j 

0 .2  

0 
0 1 2 3 4 5 

r / r p  

Fig. 5.29 Curves  f i t t e d  to n x R (lata in foul- directions for s h o t  
e 15876. 



ORNL-DWG 80-3065 

FORWARD F I T  B A C K W A R D  F IT  
n e  ( r n a x ) =  0.17 x I O z 6  iK3 n e  ( m a x )  = 0.75  x 4025 111-3 

0.6 

,.-. 
2 0.4 -- 
al 
c 
0 

- 

.- 
* 0.2  
R, 

. . .. ( a )  E - 0 L I - g 1.0 
E 

= 0.8 

..~ 
a 

\ - 
L - 
c" 0.6 

0.4 

0.2  

0 

5 6 0  1 2 3 4 5 5 0 1 3 4 

r / r p  r / r ,  

Fig. 5.30 Calculated n (r) in f o u r  directions f rom pellet center., 
e 

s h o t  15876. 
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I f 
..... --i--"-f 

1.2 L .  1 SWOT 15872 FORWARD FIT 
rp=0.15 x m3 A = 0 . ? P , x t 0 7  B = O . 2 3 x 4 0 8  

I .O r2=4.6 y =0.19 

0 .8  

0.6 

E 0.4 
- 
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c 
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.: 0.2 
c 
.u 
g o  
9 

ORNL-DWG 8G -3066 F E D  
I I 

.. rp=0..18 x ~ O - ~  

__.._.I 

.. B A C K W A R D  FIT 

r2= 2.i  y = 0.39 - 
- 

c7 n , x l / M A X ,  M A X = O . 4 I  

0 FIT TO ( n , x P ) / M A X ,  

F i g .  5.37. Curves fitted to n x R d a t a  i n  four  directions f o r  s h o t  
e 15872 
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; ’ O r  I ---n i ~ 1 7 -  1 --7 

ION S IDE F I T  
n e ( m a x l - O  2 4  x ! O Z 6  m 

~ ~- I-’ E 

c 0 8  

% 0 i 2 3 A 5 6 0  

v 1 E L E C I H O N  SIDE FIT 
n e ( m a x ) = O  91 x i 0 2 5  in 

\ 

__ 

0 2  
( c )  -. . 

0 -i--IIl__i 1 - _ _  

F i g .  5.32 Calculated n (r) in f o u r  d i r e c t i o n s  from p e l l e t  cp17tclr, 
e shot 1 5 8 7 2 .  



5. 5 .  3 l ) i s l - : ~ . l s 5 ; ~ . t : ~ I i  of  ai;ymmeri-ie:; ~ - -  . . -. -. -. . . . . . . . . . .... .. . .. . .. .. . . . . . . . . . . . . . . .. . . 

(5.10) 

V e r y  c lose  t o  t.he p e l l e t  surface t h e  ab la t an t  pKeSSUrC? dominates;  

~ O W P V C L . ,  a f a c t o r  of 2 1n.c.rease i n  terriperature, dec.rease i n  d e n s i t y ,  and 

increase  in v e l o c i t y  wi.11. make them the s a m e  o r d e r  of magnitride. It 



198 

+ r f  
t a k e s  relati.ve1.y l i t t l e  h e a t i n g  a.nd exparision f o r  t h e  J x H f o r c e  t o  

s i g n i f i . c a n t l y  impede f 7.ow p e r p e n d i c u l a r  t o  t h e  magnet ic  f i e l d .  'The 

experimental .  d a t a  show s t r o n g  d i s c o n t i n u i t i e s  i n  e l e c t r o n  d e n s i t y  ( s e e  

S e c t .  5.5.4) precedi-rig and €01-lowing t h e  p e l l e t .  These d i s c o n t i n u i t i e s  

are on t h e  o r d e r  of a t h i r d  of a p e l l e t  r a d i u s  from t h e  p e l l e t  s u r f a c e .  

E v i d e n t l y  tfie J x k' f o r c e  r a p i d l y  becomes i m p o r t a n t .  
+ 

'There are  al .so s i g n i f i c a n t  a s y m m e t r i e s  i n  n x 9, a long  t h e  two 
e 

dimensions p a r a l l e l  t o  t h e  magnet ic  fie1.d. On t h e  s i d e  of t h e  p e l l e t .  

f a c i n g  t h e  e l e c t r o n  d r i f t  v e l o c i t y ,  n x seeins t o  i n c r e a s e  smoothly 

and c o n t i h u o u s l y  i n t o  t h e  p e l l e t  s u r f a c e ;  on t h e  side f a c i n g  t h e  iorn 

d r i . E t  v e l o c i . t y ,  t h e r e  i s  g e n e r a l l y  a s h a r p  d i s c o n t i n u i t y  a t  t h e  p r e -  

sumpti.ve boundary of the p e l l e t .  Also,  once o u t s i d e  t h e  s o l i d  boiundary 

n x R seems t o  f a l l  o f f  more r a p i d l y  on t h e  e l - e c t r o n  s i d e  than  on t h e  

i o n  s i d e .  Th i s  asymmetry p a r a l l e l  t o  t h e  magnet ic  f i e l d  can be exp la in -  

ed o n l y  iil terms of some asymmetry of t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  

o r  pe rhaps  by a r o t a t i o n  of t h e  p l a s m a  3s a whole.  Whatever t h e  c a u s e ,  

i t  a p p e a r s  t h a t  t h e  a b l a t a n t  i s  a f l .uid above t h e  c r i t i c a l  p r e s s u r e  on 

t h e  s i d e  of e l e c t r o n  d r i f t  v e l o c i t y  i m p a c t ,  where t h e r e  are  g e n e r a l l y  

n o t  d i . s c o n t i n u i . t i e s ,  b u t  t h a t  i t  does n o t  exceed tfie c r i t i - c a l  p r e s s u r e  

on t h e  i o n  s i d e ,  where t h e  d i s c o n t i n u i t y  i s  obvi-ous. 'The more r a p i d  

f a l l o f f  of ne x R o u t s i d e  t h e  s o l i d  boundary on t h e  e l e c t r o n  s i d e  cou ld  

be  caused by more r a p i d  h e a t i n g  and  t h e r e f o r e  a c c e l . e r a t i o n  of f l o w  on 

t h e  e l e c t r o n  s i d e .  

e 

e 
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5 .5 .4  D i s c u s s i o n  o f  d i s c o n t i n u i t i - e s  i n  n x ,e p r e c e d i n g  
e ..._I ._ l__l. ........................................... 

a n d  ......................... fol.l.owkng the pel.l.et . 

i n  the fri i igc3s on the i n t e r f e r o g r a m s  e Considering t h a t  we are  l.ook-ing 

at .  t he  i n t e g r a l  o f  n d e ,  the f a c t  [:hat t h e  d i s c o n t i n u I t . y  i s  v i s i b l e  

at. a l l  means tlhat i t  i s  a s t r o n g  3i.scont:i.riuity. The discont.j.niiiiiy rc ight  

be explained in terms of t he  J x B fo rce  o f  t h e  pri?vioi.is s e c t i o n ,  One 

p o s s - i . b i l i t y  i.s that the  back pressurt? f rom the J x B force i s  causing 

e 

-z +- 

+ - +  

tihe abla- ta i i t  v e l . o c I ~ y  to go f rom sli,pcraoni c t o  s u b s o n i c  ( i  e a shock.)  . 
The other p o s s i b i l i . t : y  i s  t l u t  i t  is a magnetic disccintir,ui.ty where  t he  

a b l a t a n t  pressuri?.  i s  be ing  taken i.ip by a t1i-i.n ciisrent shee t ;  i e e e ,  Qp 

=: .T x 13 and J exists in a t1i:i.n shee t .  
-f -> -f 

5.5.5 'T)iseussion of a p p a r e n t  large ............ e l e c t r o n  d e n s i t i e s  I__ i n  .-__ 
t h e  r eg ions  of d e n s e  neutra.l hydrogen  -__ _l___ll___.____. ... -̂  

Perhaps the most s u r p r i s i n g  and p u z z l i n g  feature  o f  t he  i n t c r f e r o -  

grams i s  that: they show ,lipparent ln rap f r e e - e l e c t r o n  d e n s i t i e s  i r 2  t he  

r e g i o n  of h igh -dens i ty  neu t r a l  hydrogen m a t e r i a l .  Rnowi ng that the 



% 
i = 1/11 a = 0.03 x 1 0 F  5 .  

c 

Al l  es t imate  can b e  l a d e  O F  t he  i o n i z n t i o i i  f r a c t i o n  o f  t h o  m a t e r i a l  

a b l a t r d  froilL t i l e  p r l l c t .  An P : : P L - ~ ~  l o s c  + q u a i  i t n i i ,  t h e  i n c i d c i l t  elect i u i i  

teinpcrature, ailcl t h e  observpd value o i  n x P a t  t h e  p p l l e t  s ~ r F a c e  a re  

s u t  i I r i en t f c~ r t h i s  c 7 t i m a  t e. 

e 
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(5.11) 

E:p. (5 .11)  becones 

(5.15) 
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U s i n g  parameters t y p i c a l  of t h e  d a t a  f r o m  September 5 and Septcmbei- l l >  

1 9 7 9 ,  

Ee = 2000 e V ,  

24 -3 ~ 1 x 1 0  n , 
(3 

21 -2 
n x 2 = 3 . 2  x 10 m , 

e 

one  f i n d s  t h a t  

% 
- 0.23. 

f i  

Thc above c a l c u l a t  ion  can on ly  be d e s c r i b e d  as  a n  estimate of t l l t ,  

i o n i a d t  i o n  f ra r t  ion o f  the ablation mater ia l ,  b u t  i t  does i n d i c a t e  t h a t  

the-. abJ a t e d  m a t e r i 3 l  i s  s i g n i f i c a n t l y  i o n i z e d .  

T h i s  c a l c u l a t i o n  i s  based on t h e  preiiti50 t h a t  approx ima te ly  100% of 

t he  incoming plasma cnergy i s  absorbed by the  a h l a t e d  inaterial, T h i s  

assumption i s  e x p e r i m e n t a l l y  j u s t i f i e d .  

5 . 6  Summary o f  Chapter  5 

S e c t i o n  5.1 d i s c u s s e d  tlic downward c u r v a t u r e  of t h e  p e l l e t  t r a j e c t o r y  

and showed tliait i t  cou ld  be  e x p l a i n e d  by a f ron t - to -back  c u r r e l i t  i n  t h e  

ab1 a t e d  material .  

S e c t i o n  5 . 2  d i s c u s s e d  t h e  ~ f f r c i s  of runaway e l e c t r o n s  on a s o l i d  

hydrogen p p l l e t  aild showed t h a t  a r e l a t i v e l y  small runaway c u r r c n t  could 

c a u s e  a r a p i d  i n c r e a s e  i n  t h e  p e l l e t  r a d i u s  ( d e c r e a s e  i n  dc r i s i j y  of t h e  

pel  1 et  mater ia l )  - T h i s  p r o c e s s  i s  important 13(>cnuse i t can g r e a t l y  

i n c r e a s e  the  a b l a t i o n  ra te  of the p e l l e t .  



In S e c t .  5.3 i t  w a s  shown t h a t  charge exchange losses due t o  p e l l e t  

i n j  e c t i a n  were t o o  sinal1 Lo measure w i t h  t h e  avail.able d i .agnos t ics .  

P e l 1  e t  ab1n.t:i.m rates inferred from B photon e r n i . ~ s i o n  were d i s -  
u 

cussed  i n  Sect ,  5 . 4 .  I n  the f:i.rst two part:; o f  Sec t .  5.4 i t  was shown 

t h a t  t h e  i .n fer red  a b l a t i o n  rates w e r e  cons i s t en t  w i t h  tlie measurements 

of o t h e r  diagnosr;:i.cs, I n  the remainder of S e c t .  5 . 4  t h e  exper imenta l  

a b l a t i o n  r a t e  w a s  compared w i t h  tihe neut: t-a1 shielding t h e o r e t i c a l  model., 

aid i t  w a s  shown t h a t  a t  hi.gh 'T the exper imeota l  a b l - a t i o n  rai:es we.rE a. 

f a c t o r  of 2-5 lower t h a n  t h e  t h e o r e t i c a l .   model^ would p r e d i c t .  

e 

S e c t i o n  5.5 w a s  devoted t o  t h e  ana1ysi .s  o f  i n t e r f ~ r o g r n m s .  T h e  

i n t e r f e r o g r a m s  were d i g i t i z e d  and ana lyzed  w i t h  t h e  coiiipiiter t o  produce 

p l o t s  o f  n x 9,. Curves were t h e n  f i t t e d  t o  t h e  n x II d a t a ,  and e l e c -  

t r o n  d e n s i t y  was i n f e r r e d  assumlng s p h e r i c a l  symmetry. It was fc;und 

t h a t  t he  a c t u a l  da ta  were r a t h e r  asymmetric,  w i t h  s lower f a l l o f €  of 

el.ectron d e n s i t y  para l . l e l  t o  magnet ic  f i e l d  1-iries. T h e  more r a p i d  

f a l l o f f  of n x 9, p e r p e n d i c u l a r  t o  t h e  m.agriet:ic f i e l d  w a s  expla ined  i n  

terms of the J x B f o r c e  on t h e  a b l a t e d  m a t e r i a l .  T h e  f a c t  t h a t  di-scon-- 

t i n u i t i s s  i n  n x R a r e  observed was d i s c u s s e d ,  and i t  w a s  sugges ted  

t ha t these d i s con t i n u i  t i es re 11 res en t ed e i the r sl-io c ks o r  ma grie t i c d i s c o  I).- 

t:i .nuit:ies, The a p p a r e n t  large number of f r e e  e l e c t r o n s  i n  t h e  high-  

d e n s i t y  n e u t r a l  hydrogen w a s  d i s c u s s e d  and d e s c r i b e d  as anomalous. An 

energy lo s s  e q u a t i o n  and exper imenta l  d a t a  w e r e  used t o  estimate t h e  

i o n i z a t i o n  f r a c t i o n  of t h e  a b l a t e d  inaterial. I t  was found t h a t  f 'L 

0.23. 

e e 

e 
+ +  

e 

i 
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5) The t ime-cxposurc  pho tographs  (Srci. ’ t . ’ ~ ) ,  t h e  low level o f  

c h a r g e  exchange  e n e r g y  IOSS, t h e  i n t c r p r e l d r  io11 t h e  downward r i i i v d  - 

tiire o f  t h e  p e l l e t  t r a j e r t o r y ,  and t h c  R x 9 d a t a  f rom tlit. i n t e i - [ e ro -  

g~aatils d l 1  add up t o  i rn t l i r a t e  t h a t  a t  hj,ghtAr a b l a t i o n  ~ d L e s  t h e  rnd te r i a l  

a b l a t e d  f rom t h c  prllet i s  s i g n i f i r a n t l y  i o n i z p d ,  rvei i  v e r y  c l o s e  t o  

t h e  p e l l e L  s u r f a c e .  

e 

6 )  A n ~ i l y s i s  of t h c  j n t e r f e r o g r a m s  i i l d i r a  tes t h a t  a t  liigher a b l a -  

t i o n  f a t e s  t h c  f l o w  o f  z b l a t a n t  away r i  o m  t he  pe l1e . t  s w i a c e  p e r p e n d i c u l a r  

t o  t h e  magne t i c  f i e l d  i s  impedpd. I h i s  i s  a p n q q i h l e  e x p l a n a t i o n  f o r  

t h e  o b s e r v e d  e n l ~ a n r e d  s h i e l d i n g  of t h e  p e l l e t .  

7 )  rhe p r e s e n c e  01 high-energy  e l cc t ro i i s  h a s  becn s e e n  t o  c a u s e  

t h e  p ~ l l ~ t  t o  blow un arid g r e a t l y  inc-r IS& t h e  a b l a t i o r i  ra te .  However, 

t h i s  s h o u l d  n o t  c a u s e  d i f f i c u l t y  f o r  a d e v i c e  i h d &  is c o n t r n u o u s l y  

f u c l c d  by p e l l e t  i n j p c t i o n .  The h a r d  x-ray daLd show t h a t  t h e  i n j e c t i o n  

of a p e l l e t  removes 11 i sh -energy  el rr t r o n s .  U n l e s s  some mechanism i s  

p r e s e n t  t h a t  coni- inr iously p r o d u c r s  a s i g n i f i c a n t  h i g h  ene rgy  ta i  1 , o n l y  

t h e  f i r s t  p e l l e t  01 two in jmct  ed s h o u l d  see  a l ly  nonthermal  e l e c t r o n s .  

8) It has  beell shor>m tha t  l o c a l  c h a r g e  exchange  losses due  t o  

p e l l e t  i i i j P r t i o n  are  vpry  small, on i-iicl o r d e r  of  0 . 1 %  o r  less. Theqe 

losses were t o o  small t o  b e  rneasurcd ~ r i t h i i i  t h r  a r c u r a r y  o f  t h c  i v a i l  

a h l e  d i a g n o s t i c s .  

9)  Th?  p e l l e t  ablarion r a t e  was o b s e r v e d  t o  have, very f a s t  

(%?I us) l a r g e  a m p l i t u d e  o s c i l l a t i o n s .  Thes? o s c i l l a t i o n s  c o u l d  be 

d u e  e i t h p r  t o  s h o r t  s c a l  c’ l e l i g th  f l u c t i r a r i o n s  i n  thc plasma t empcra tu r f ,  



and d e n s i t y ,  o r  fro o s c i l l a t i o n s  i n  t h e  s h i e l d i n g  c loud  around the. 

p e l l e t .  

1.0) The ioferred prescincie of l a r g e  numbers of f r e e  e l e c t r o n s  

i - n  t h e  h i g h - d e n s i t y  n e u t  1 r a . l  hydrogen r e g i o n  r e g a i n s  R p u z z l i n g  and 

unso lved  mys te ry .  

J - I )  T h e  h i g h  fraci:i.ortal. i o n i z a t i o n  o f  the, a b l - a t a n t  ca l . cu la t ed  

from the n x !?, data shows t h a t  t h e o r e t i c a l  rnodel.ing w h i c h  assi.iriies Snha 

eyu i l ib r i . um a t  a single teiiigerature i s  n o t  a p p r o p r i h t e .  I n s t e a d ,  t h e  

i o n i z a t i o n  f r a c t i o n  of t h e  n b l a t a n t  shou ld  b e  c a l c u l a t e d  by e x t e n d i n g  

t h e  t h e o r e t i c a l  model t o  allow f o r  a s e p a r a t e  e l e c t r o n  t e m p e r a t u r e  o r  

by b a l a n c i n g  t h e  rates of  r ecombina t ion  and i o n i z a t i o n .  

e 

12)  The e x p e r i m e n t a l  results and eoncl .us ions  p r e s e n t e d  h e r e  s1miil.d 

be  t aken  f o r  what t hey  are: a prel.irninary i n v e s t i g a t i o r i  of t h e  use and 

usefulness of r e f u e l i n g  plasmas w i t h  s o l i d  hydrogen p e l l e t s .  A g r e a t  

deal. o f  work r ema ins  t o  be done b e f o r e  p e l l e t  i n j e c t i o r i  becomes a n  

eve ryday  tool.  f o r  c~i i t in i io i i s  r e f u e l i n g ,  a n d  t h e  r e s u l t s  p r e s e n t e d  must 

s t a n d  t h e  t es t  of additi .ona?.  e x p e r i m e n t a l  i n v e s t i g a t i o n .  However, 

what h a s  been seen i s  v e r y  encourag ing  f o r  the f u t u r e  o f  p e l l e t  

rcr?fue.l.ing,. T h e  observa l : ions  of enhanced s h i e l d i n g  p r e s e n t e d  h e r e ,  t a k e n  

w i t h  t h e  work o.F o t h e r s  on t r a n s p o r t  a f t e r  p e l l e t  i n j e c t i o n , l Y 2  i n d i c a t e  

t h a t  t h e  r e f u e l i n g  of f u s i o n  r e a c t o r s  can  b e  accompl ished  by r e f i n i n g  

tlw e x i s t i n g  tec:hric:~l.ogy - no new technol-og:i.cal. breakt:h roiighs w i l l  be 

requi.rP-d. 
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6 . 2  Summary 

Chap. 1 i n t r o d u c e s  L h r ,  p roblem of  p ~ l l ~ t  f u e l i n g  of f u ,  

P r i o r  i o  1 9 7 h  t h e r e  was no experiment  d f  d g t a  c o n c r r n i i i s  tllr in t .> ' rac i  inir  

o f  p l a smas  w i t h  solid hydrogen .  S i t i c e  19,"~ thprc h'ive been rxpr:-i i l lr i ts  

r r p o r t e d  a t  K I S O ,  Gal I ; l i n g ,  and O H K L .  The :xpcrSiilnk?tal Tmrk p r e s e n t e d  

L I P !  e u s e s  new and e x i s t i n g  d i a g n o s t i c  cechniqucr ,  f o r  zn experillit ntal 

s t u d y  of  the a b l a t  io11 of  rr~m s o J i d  hydrogcn  p e l l e t s  injeciec! i n t o  t h -  

ISX-B tokamak a t  v r l o c i t i e s  01 1000 m/s. Thc liel~ d iagnos i  i c  rechniquc,?  

used  are  h o l o g r a p h i c  i n t e r f c r o n i c t r y  and shadowgraphy of  L ~ I C  p e l  l e t  as 

i t  a b l a t e s .  T h e s e  t e c h n i q u e ?  n e a s u r c  t h e  local e l c c t r u t i  d e n s i t y  ai ~ i u i i d  

t h e  p e l l e t  4iid t h e  r e m a i n i n g  a r e a  of s o l i d  hydrogc , : -  rhe p e l l c i  a b l n  

t j u n  i s  a l s o  d i a g n o s e d  by o b s e r v i n g  11 pho ton  emiss io l i ,  aiitl by ilairig 

conven? i 0 1  Id1 tobarnak d i a g n o s t i c s  (microwave / F I R  i n t  a c f rome t r y  , Tlioiuson 

s ca t i  ~ r . i n g ,  r a d i o m e t r y ) .  

a 

The experimefl ta l  a p p a r a t u s  i s  d c s c ~ i b e d  i n  Chap. 2 ,  Design of  the 

h o l o g r a p h i r  i n t e r f e r o n e t : > r  i s  based  oil wol-k done a t  I'KW and a t  T,ASI;. 

H c l o g r a p h i c  i n t e r f e r o g r a m  are  n o r m a l l y  f o c u s s r d  a t  the p l a n g  o f  the 

p h o t o g r a p h i c  p l a t c ,  however ,  i f  t l i : y  a re  o u t  of  fo r t i s  due  t o  d i s p l a c e m e n t  

of t h e  object, t h e  r r p l a y e d  wave c a n  b e  r e f o c u s s e d .  ' I l n i s  i s  a i remeudous 

advanc asp of ho lograph  i c i n t e r f e ro i i i c ' r ry  o v c r  o t h c ~ r  Forms of i n t e i f  e romet ry  . 
The d o ~ n w n r d  c u r v a i u r e  of t h e  p ~ l 1  e t  t r a j e c t o r y  would havp o t h e r w i s e  mtle 

L h f l  experiment  i m p o s s i b l e .  An a n a l y s i s  i s  p r e s e n t e d  of  the  c o r r e c t i o n s  

t o  b e  made i n  m g n i E i c a t i o n  of the p e l l e t ,  d i i r  to disp lacy-ne i i t  of t h e  
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by the a b l a t i n g  p e l l e t  are  p r e s e n t e d .  These photographs were made u s i n g  

the shadowgraph op t - i c s  of t h e  i n t e r f e r o m e t e r ,  w i t h  t h e  ruby laser l i n e  

f i . l  t e r  removed. These photographs exhib.i t b r i g h t  streaks al-oog t h e  

1nagneti.c F i e l d  l ~ i n e s  which c o r r e l . a t e  w i  t h  t h e  observed o s c i l l - a t i o n s  i n  

p e l l - e t  a b l a t i o n  r a t e  ( d i s c u s s e d  i n  Chap. 5 ) .  

Data a n a l y s i s  i s  done i n  Chap. 5. The expe r imen ta l  ev idence  of 

dovmward c u r v a t u r e  of t h e  p e l l e t  t r a j e c t o r y  i s  d i s c u s s e d .  It i s  shown 

t h a t  a f r o n t  t o  back v o l t a g e  p o t e n t i a l  i l l  t h e  a b l a t i - o n  cl.oud approxi inately 

e q u a l  t o  t h e  t empera tu re  g r a d i e n t  could dr i .ve enough c u r r e n t  t o  cause  

t h e  observed c u r v a t u r e  of t r a j e c t o r y .  P o s t p e l l e t  l i n e - a v e r a g e  d e n s i t y  

and d e n s i t y  and temperacure p r o f  i l  es are  c a l c u l a t e d  from t h e  experimental l -y  

i n f e r r e d  i n s t a n t a n e o u s  a b l - a t i ~ o n  ra tes .  These c a l c u l a t e d  quan t i t -Les  a re  

compared w i t h  the  microwave/FLK i n t e r f e r o m e t e r  and Tliomson s c a t t e r i n g  

measurements and found t o  be i n  good agreement.  The e x p e r i m e n t a l l y  

i - n f e r r e d  a v e r a g e  p e l l e t  abl .a t ion ra tes  arid s h i e l d i n g  f a c t o r s  are  con- 

pared w i t h  t h e  p r e d i c t i o n s  of t h e  n e u t r a l  shieI.di.ng t h e o r e t i c a l  model. 

It i s  found tha t .  a t  h i g h e r  e l e c t r o n  t e m p e r a t u r e s  t h e  a b l a t i o n  ra te  i s  

two t o  e i g h t  t i m e s  1-ess t han  p r e d i c t e d  by t h e  t h e o r e t i - c a l  model. The 

observed l a r g e  ampl i tude  f a s t  t i m e  scale o s c i l l a t i o n s  of t h e  p e l l e e  

a b l a t i o n  r a t e  are  d i s c u s s e d .  It  i s  sugges t ed  t h a t  t h e y  are  due e i t h e r  

t o  plasma d e n s i t y  and ~ e m p e r a t u r e  f l u c t u a t i o n s  O i l  a %3 inm spati-al .  

scale,  o r  t o  o s c i l l a t i o n s  i n  t h e  s h i e l d i n g  c loud  around t h e  p e l l e t .  

Computer a n a l y s i s  of  t h e  i n t e r f e r o g r a m s  i s  p r e s e n t e d .  P l o t s  of c o n t o u r s  
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of c o n s t a n t  n x !.?, are g iven  f o r  each i n t e r f e r o g r a m .  T h e  n x R 

data i s  used t o  c a l c u l a t e  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  f o u r  d i r e c t i o a s  

from the  c e n t e r  of the pel le t : .  The p r o f i l e s  are  found t o  be asymri~c:-tri.c.. 

Exanzination of the o r i g i n a  1 inLerferograms and. shadowgraphs  shows t:liat 

the  f low of abl .a ted mater ia l .  away from the p e l l e t  i s  irnpcxled pe rpend i -  

c u l a r  t o  the  iiisgnetic f i e l d .  1l)iscont:inuities i n  t h e  r e f r a c t i v e  index 

art? observed and t h e s e  are i n t e r p r e t e d  as  e i t h e r  shocks  or  magnet:ic 

d i s c o n t i n u i t i e s  due t o  the  .J x K fo rce ,  An energy l o s s  e q u a t i o n  i s  used  

e e 

-5 3 

t o  S ~ Q W  that t h e  i o n i z a t i o n  f r a c t i o n  o F the  ablated material cl.ose t:o 

the  p e l l e t  is %20%. T h i s  i s  a low e s t i m a t e ,  s i n c e  i t  L I S ~  t h e  pe rpond i -  

c1.il.ar n x 9, (rather t h a n  p a r a l l e l ,  wl1ic.h would be l a r g e r ) ,  and does 

n o t  account  f o r  e l a s t i c  s c a t t e r i n g  energy l o s s e s .  These c o r r e c t i o n s  

would make t h e  i o n i z a t i o n  f r a c t i o n  'nigher.  A l s o ,  o n l y  a n  average., not: 

t h e  iiia:~imurn, v a l u e  of n x R i s  used i n  the ca l .cu la t ion .  The apparent  

l a r g e  f r e e  e l e c t . r o n  d e n s i t . i e s  i.n the r e m a i n i n g  h i g h  d e n s i t y  n e u t r a l  

hydrogen  a re  d i s c u s s e d  and d e s c r i b e d  as anomaI.ous. 

(31 nc  7.u s i o  11s inmed i a  t. e ly 1) r (* c ed e this summa r y  . 

e 

e 
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6.3 Recommendations f o r  Fur ther  Work 

1) I%:- s t u d y  of conti1uicJclS f u e l i n g  w i t h  p ~ 1  1 P !  s should be g i v r i ~  

h i g h  p r i o r i t y .  The e f f c c l  -, o f  b o t h  t h e  p e l l e i  on tlie p l a s m a  and i h  

p1;:sm on t h e  pellct need t o  b e  thoroughly  s t i d j e d .  i n  o r d c r  C o  accoin 

p l i s h  t h i s ,  re1  i ab l  e p e l l e t  i n j c c i  ion devices  c a p a b l e  of cont inuous  

r e f u e l i n g  must b e  de-veloped. I ' h i s  woik i s  under way ai OKhL an& should 

b e  pursued v i g o r m i s l y .  

2)  The inLer .act ion of p e l 1  1 w i  Sir Ileiitral beams aid n e u t r a l -  Sean- 

hea ted  p l a s m a s  shoiil d be cxanined - Somp pinel iminary WOL k has  a1 ready 

been done a t  OKNT,. 

3) An advanced holographic  jatrrreiometer should b r  designed and 

used f o r  a b l a r i o n  s t u d i e s  on on? oT the l a t e s t  generaiioii of experimental  

d e v i c e s  ( ISX-C,  PDX,  Doublet-ILL, ...). Some of t h e  f e a i u r c s  of t h i s  

i u t e r f e r o m e t w -  W O ~ J I  d b e  producLion of m u 7  i - i p l e  interferograi i is  f o r  each 

p e l l e t ,  spaccd i n  t i m e ,  and two-frequency holographic  i n t  TfJroinetq 

(suggest i.d by C.  7 .  Chang, p r i v a t e  coiniiiunication, 1 9 7 5 )  which would 

unambigiioiis.1 y g i v e  simul i-aneous e l e c t r o n  and nc:itf a1 d e n s i t y  p r o f i l c s .  

4 )  A f a s t  i i i n c  scale Thomson s c a t L e i i n g  rxpcrirrwnt should be  

performed. E l e c t r o n  d e n s i t y  should be measured. at c-ach p l a s m a  r a d i i l s  i t 7  

$100 11s i n t e r v a l s  101 lowing  p e l l e t  injection. 'lhis wovld give m p c r i - -  

men ta l  d a t a  on f a s t  ' t i a n s p o r t  p r o c e s s e s  and a l so  a l l o w  a b c t t c r  r x p p r i -  

mental  v e r i f  j CR Lion of t h e  Ha i n f  e r r 4  pc3 let a b l a t i o n  r a t c  
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d c o s . i t y  g i v e s  

( A .  2 )  

eciilrs of hydrogen p e r  e u h i . ~  rri~ter 

where  N i s  t he  inclcx of refraction of  w a v c ~ e o g t h  X and  o i s  the density 

i n  kg m . S o l v i n g  f ~ i r  N [ d r o p  terms i n  ( p r A )  1 , 
A 
- 3  2 

A 

' L 3  1.) = - p r  2 A' 



( A .  5) 

C 3 
r h ( 6 9 3 9  A)  = 1.018 (cx /L;), 

( A .  7) -30 
( N  - 1 )  9, 7 ( 5 . 1 3  x 10 )lI 1 - A ,  

11) I! 



(C. 9)  

(M - 1) -- - 2 . 1 5  x n . ( A .  1.0) e 

(A. 1 J . )  

S l i l f t  o f  m i n u s  one f r1 r ,ge .  
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