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A B S T R A C T

M ethods f o r  th e  p ro d u c tio n  and d e te c t io n  o f  shock waves a re  rev iew ed  

w ith  p a r t i c u l a r  em phasis on th e  p ro d u c tio n  o f  shock waves by  ex p lo d in g  w ire s  

and hy  th e  a b s o rp t io n  o f  energy  from  a p u ls e d  l a s e r  system .

An ex p lo d in g  w ire  system  i s  d e s c r ib e d  f o r  th e  g en era tio n »  o f  shock 

waves in  p e rsp e x  p l a t e s .  O b se rv a tio n  i s  made u s in g  th e  s t r e s s  induced  b i -  

r e f r ig e n c e ,  and 't im e  i n t e g r a t e d '  p h o to g rap h s  o f  shock waves a re  p ro d u ced .

At low er e n e rg ie s  th e  ex p lo d in g  w ire  p ro d u ces  a m ix tu re  o f  w ire  vapour and 

m o lten  d r o p le t s .  The d i s i n t e g r a t i o n  o f  th e  d r o p le t s  i s  sho\m and d e s c r ib e d  

in  te rm s o f  th e  mechanism shown by  Lane and E d w a r d s t o  o p e ra te  f o r  

w a te r  d r o p le t s .
' ' ,

A m o d ified  K e rr  c e l l  s h u t t e r  w ith  an unsym m etric e le c tr o d e  geom etry

i s  d e s c r ib e d  w ith  r e f e re n c e  to  p o s s ib le  u se  a s  a f a s t  l i g h t  s h u t t e r  fo r  

m easuring  shock ivave v e l o c i t i e s .  A developm ent o f  t h i s  s h u tte r i :h a s  one 

o f  th e  e le c tr o d e s  in  th e  K err c e l l  c o n s is t in g  o f  a s ta c k  o f  r a z o r  b la d e s .  

L ig h t which h a s  been  d i f f r a c t e d  from  an e l e c t r o s t r i c t i v e l y  induced  phase  

g r a t in g  n e a r  th e  b la d e  edges, h as  been  d e te c te d .  A number o f mechanisms 

a re  d e s c r ib e d  w hich ta k e  e f f e c t  w i th in  th e  m o d ified  c e l l .

A system  f o r  th e  p ro d u c tio n  and d e te c t io n  o f  shock waves by  a 

Q -sw itched  ru b y  l a s e r  i s  d e s c r ib e d . Shock waves a re  p roduced  in  l iq u id s  

b o th  by  e l e c t r i c a l  breakdown and by  e v a p o ra tio n  o f  th e  s u rfa c e  m a te r ia l  

from  a m eta l t a r g e t .  E x p e rim en ta l r e s u l t s  show th e  p ro d u c tio n  o f  shock 

waves w ith  v e l o c i t i e s  up to  10^ m /s in  w a te r . The a b la t io n  wave p roduced  

•vdaen th e  s u rfa c e  o f  a  m eta l w ire  i s  ev a p o ra te d  by a l a s e r  h as  been p h o to 

g rap h ed . T h is  shock wave a c c e le r a te s  a s  i t  moves tow ards th e  c e n tre  o f 

th e  w ire . F in a l ly ,  th e  p ro c e s s  o f  s t im u la te d  E r i l l o u i n  s c a t t e r in g  i s  

d e s c r ib e d  as  th e  p u lse d  l a s e r  i s  focused  in to  a l i q u i d .

-  2 -



C O N T E N T S

Page

C H A P T E R  I  

I N T R O D U C T I ON

f
1 .1  EARLY WORK 6

1 .2  WEAK AND STRONG SHOCK WAVES 7

1 .3  THE THICKNESS OF SHOCK WAVES 8

1 .4  THEORY FOR CYLINDRICAL AND SPHERICAL SHOCK WAVES 9

1 .5  MEASUREMENTS OF WAVES IN SOLIDS 11

1 .6  OPTICAL METHODS OF SHOCK DETECTION 13

C H A P T E R  I I

MECHANISMS FOR THE PRODUCTION OF SHOCK WAVES

2 .1  SURVEY OF METHODS 16

2 .1 .1  Chem ical E x p lo s iv e  16

2 .1 .2  N u c lea r E x p lo s io n  16

2 .1 .3  Spark Shock F o rm a tio n : T hunderclap  17

2 .1 .4  H y person ic  and S u p e rso n ic  Flow 18

2 .1 .5  Shock Tubes 18

2.1>6 E xplod ing  W ires ' 21

2 .1 .7  Im pact Phenomena : L iq u id  and S o lid  P r o j e c t i l e s  23

2 .1 .8  Development o f  N o n -L in e a r ity  : B re a k e r  E f f e c ts  23

2 .1 .9  Energy A b so rp tio n  by  P a r t i c l e s  in  a L ase r Beam 24

2 .1 .1 0  Focused L a se r  E nergy A b so rp tio n  from  26
a Q -sw itched  P u lse

2 .2  DISCUSSION AND COMPARISON OF TECHNIQUES : 27
ISOLATION OF AN EXPLOSION (DEBRIS CONFINEMENT)

-  3 -



C O N T E N T S
(c o n tin u e d )

C H A P T E R  I I I  

DESCRIPTION OF APPARATUS FOR INITIAL SHOCK WAVE STUDIES

Page

3 .1  DISCHARGE CIRCUIT FOR EXPLODING WIRE 29

3 .2  EXPLODING WIRE CAVITY 32

3 .3  WIRE DEBRIS CONTAINMENT : THE SHOCK WAVE GENERATING CYLINDE^ 34

3 .4  TRANSFER OF THE SHOCK WAVE INTO A PERSPEX PLATE 36

3 .5  PHOTOGRAPHIC SYSTEM 38

3 .6  TRIGGERING AND SYNCHRONISATION  ̂ 41

C H A P T E R  IV 

INITIAL INVESTIGATIONS AND RESULTS

4 .1  DESCRIPTION OF DISCHARGES, ENERGIES FOR VAPOURISATION 42

4 .2  CORRESPONDENCE OF OPTICAL MEASUREMENTS TO WIRE ENERGY 44

4 .3  PHOTOGRAPHIC OBSERVATIONS OF WIRE EXPLOSIONS 47

4 .4  OTHER PHENOMENA PRODUCED BY EXPLODING WIRES 48

4 .4 .1  Damage Caused by  Wire D e b ris  59

4 .4 .2  F ib re  P ro d u c tio n  59

4 .4 .3  B la s t  Induced  Damage to  C y lin d e rs  and D iscs  61

4 .5  TIME INTEGRATED PICTURES OF SHOCK WAVES IN A PERSPEX DISC 64

C H A P T E R  V 

DEVELOPMENT OF A HIGH SPEED OPTICAL SHUTTER

5 .1  REQUIREMENTS FOR A SHUTTER 70

5 .2  THE KERR CELL 71

5 .3  METHOD FOR PRODUCING A NUMBER OF RAPID 72
LIGHT PULSES USING A KERR CELL

5 .4  PRODUCTION OF A HIGHLY NON-UNIFORM FIELD -  74
THEORETICAL CONSIDERATIONS

5 .5  DESCRIPTION OF EXPERIMENTAL KERR CELL 79

5 .6  SOME ADVANTAGES AND DISADVANTAGES OF THE 83
MODIFIED KERR CELLS

5 .7  EXPERIMENTAL INVESTIGATION 84

-  4  -



C O N T E N T S
(c o n tin u e d )  Page

C H A P T E R  VI

INVESTIGATION INTO THE ELECTROSTATIC FIELD NEAR 
A RAZOR BLADE STACK ELECTRODE

6 .1  INTRODUCTION 92

6 .2  POSSIBLE MECHANISMS AT WORK IN THE KERR CELL % 93

6 .2 .1  Thermal E f f e c t s  93

6 .2 .2  E l e c t r o - s t r i c t i o n  93
6 .2 .3  K e rr  E f f e c t  94
6 .2 .4  S low er E f f e c t s  95
6 .2 .5  Thermal D efocusing  99

6 .3  INTERACTION OF ARGON LASER PROBE BEAM WITH PHASE GRATING 99

6 .4  EXPERIMENTAL SYSTEM 101

6 .5  INVESTIGATIONS INTO THE EFFECT OF THE FIELD STRUCTURE 104
6 .5 .1  Beam D e f le c t io n  108

C H A P T E R  V II

DIRECT PRODUCTION AND OBSERVATION OF SHOCK WAVES 
by  a Q-SWITCHED RUBY LASER

7 .1  OUTLINE OF THE TECHNIQUE USED 110
17 .2 ; EXPERIMENTAL DETAILS 111

7 .3  RESULTS OF INVESTIGATIONS 116
I

C H A P T E R  V III

GENERAL CONCLUSIONS

GENERAL CONCLUSIONS 129

A P P E N D I C I E  S

A pp.I STIMULATED BRILLOUIN SCATTERING 131

A p p .II  LIST OF SYMBOLS USED IN VARIOUS CHAPTERS 133

REFERENCES 135

ACKNOWLEDGEMENTS 140

-  5 -



C H A P T E R  I

I N T R O D U C T I O N

1 .1  EARLY WORK

The mechanism o f  shock wave p ro d u c tio n  h a s  been  e x te n s iv e ly  in v e s 

t i g a t e d  d u r in g  th e  l a s t  130 y e a r s .  S to k es  ( l8 4 S )^ ^ ^ n o te d  t h a t  in  th e  

c l a s s i c a l  th e o r y  o f  sound, th e  le a d in g  edge o f  a l a r g e  am p litu d e  wave would 

te n d  to  s te e p e n  a s  th e  wave v e lo c i ty  in c r e a s e s  w ith  th e  d e n s i ty  o f  th e  

medium. The e q u a tio n s  o f  m otion in  a p e r f e c t l y  e l a s t i c  medium assum e^: 

t h a t  th e  a d ia b a t i c  e l a s t i c  m oduli a re  in d ep en d en t o f  th e  com pression . In  

th e  ca se  o f  r e a l  m a te r ia ls  t h i s  i s  a p p ro x im a te ly  t r u e  o n ly  f o r  v e ry  sm all 

d is tu r b a n c e s .  I n  o rd e r  to  o b ta in  more e x a c t s o lu t io n s  one must assume 

t h a t  th e r e  a re  some n o n - l in e a r  te rm s in  th e  v e lo c i ty .  A pproxim ate so lu 

t i o n s  o f  th e  n o n - l in e a r  e q u a tio n s  show, t h a t  f o r  l a r g e  a m p litu d e s , th e  

le a d in g  edge o f  th e  wave s te e p e n s  u n t i l  i t  d e v e lo p s  in to  a d i s c o n t in u i ty .  

M eanw hile, th e  back fa c e  becomes l e s s  s te e p . S to k es  su g g ested  t h a t  th e  

l im i t in g  s te e p n e s s  o f  a  wave depends on th e  therm odynam ical p r o p e r t ie s  o f  

th e  f l u i d  in  w hich th e  d is tu rb a n c e  i s  ta k in g  p la c e .  I n  p a r t i c u l a r ,  h e a t  

c o n d u c tio n  and th e  v is c o u s  damping f a c to r  would a f f e c t  th e  th ic k n e s s  o f  th e  

t r a n s i t i o n .

An e x a c t s o lu t io n  o f  th e  more g e n e ra l  e q u a tio n s  can be o b ta in e d  i f  

a s te a d y  p ro p a g a tio n  o f  an  unchanging  p r o f i l e  i s  p o s s ib le .  The p r o f i l e  

was l a b e l l e d  by  Lord R ay le ig h , ( l 9 1 0 ) a s  th e  perm anent reg im e p r o f i l e ,  

and i t s  e x is te n c e  i s  dependen t on E arn sh aw 's  r e l a t i o n ,  ig n o r in g  i r r e v e r s i b l e
/^2 p \ /g \

p r o c e s s e s ,  ^ b e in g  s a t i s f i e d  a c ro s s  th e  shock f r o n t '  ' .

I n  a  medium, a shock wave i s  a r e g io n  o f  v e ry  sm all th ic k n e s s

a c ro s s  which th e  therm odynam ic p r o p e r t ie s  o f  th e  medium a l l  change. Flow

(4)u p s tre a m  from  th e  shock wave i s  s u p e rs o n ic ' , and dow nstream  th e  flow  i s  

su b so n ic . The th ic k n e s s  o f  th e  shock t r a n s i t i o n  i s  found to  d e c re a se  w ith
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th e  in c r e a s in g  s t r e n g th  o f  th e  wave, and f o r  s tro n g  shock waves i t  i s  o n ly  

s l i g h t l y  l a r g e r  th a n  th e  mean f r e e  p a th  in  th e  m a te r i a l .

E ankine ( l8 7 0 )  and H ugonio t ( l8 8 9 ) fo rm u la ted  th e  r e l a t i o n s h ip s  

betw een th e  shock w a v e 's  v e l o c i t y  and th e  therm odynam ic e q u a tio n  o f  s t a t e  

f o r  a p o ly t r o p ic  gas^^  . The shock a d ia b a t i c , a ls o  known a s ' t h e  

H ugonio t R e la tio n  d e s c r ib e s  th e  shock wave in  te rm s o f  th e  therm odynam ical 

v a r i a b le s  o f  th e  medium. I t  i s  d e r iv e d  from  th e  R ankine-H ugonio t r e l a 

t i o n s  w hich a re  a  s ta te m e n t o f  th e  c o n s e rv a tio n  law s a c ro s s  th e  shock wave, 

and i s  o f  th e  form  :

Gi - Gg  + + = 0 . . . .  ( l . l . l )

The f i r s t  two R ankine-H ugonio t r e l a t i o n s  fo r  a t r a v e l l i n g  shock 

f r o n t  a re  d e r iv e d  o n ly  from  th e  c o n s e rv a tio n  o f  momentum and mass and th u s  

a p p ly  even when en erg y  i s  b e in g  g e n e ra te d  in  th e  medium, a s  i s  th e  ca se  

w ith  d e to n a t io n  w aves.

( 7)
The f o u r th  c o n d it io n  a c ro s s  th e  shock f r o n t '  i s  t h a t  e n tro p y  i s  

d is c o n tin u o u s . We have

I Pa S g T g -  a 0 . . . . ( 1 . 1 . 2 )

Thus a shock wave i s  a means w hereby energy  i s  d i s s ip a te d  in  id e a l  f l u i d  

flow , th e  d i s s i p a t i o n  ta k in g  p la c e  t o t a l l y  w i th in  th e  v e ry  narrow  re g io n  

d e f in e d  b y  th e  th ic k n e s s  o f  th e  shock f r o n t .

1 .2  WEAK AND STRONG SHOCK WAVES

The H ugonio t r e l a t i o n  i s  a g e n e ra l  e q u a tio n  which h o ld s  f o r  shock 

waves o f  a l l  s t r e n g th s .  W h ils t in  th e  case  o f  a  s tro n g  shock wave th e  

v a lu e s  o f  p ^  , p ^  and can u s u a l ly  be  n e g le c te d , f o r  a  weak shock

wave th e  d i s c o n t in u i t i e s  in  a l l  th e  v a r i a b le s  a re  sm a ll. The H ugoniot
V

can th u s  be tra n s fo rm e d  and expanded in  term s o f  th e  pow ers o f  th e  sm all 

d i f f e r e n c e s .  As a r e s u l t  o f  th e  second o rd e r  te rm s o f  p g - p ^  c a n c e l l in g

-  7 -



o u t ,  th e  d i s c o n t in u i ty  in  e n tro p y  i s  t h i r d  o rd e r  o f  sm a lln e ss  compared to  

th e  p r e s s u r e  d i s c o n t in u i ty .  The c o n ^ r e s s ih i l i t y  d e c re a s e s  w ith

in c r e a s in g  p r e s s u r e  so ( ~ " ^ g  ^ 0 •

From momentum c o n s e rv a tio n  c o n s id e ra t io n s  = (pg -  Pj. ) /(V^  ̂ -  Vg ) 

f o r  a weak shock wave t h i s  can he w r i t t e n  so t h a t  “ ~ v f v ) s  ’ th u s th e
S '

v e l o c i t i e s  v^ and Vg a re  a p p ro x im a te ly  e q u a l, and hence :

n _ =  V3 = V = jV = J [ -  v = ( ^ )  J = . . . . ( 1 . 2 . 1)

T his i s  th e  v e lo c i ty  o f  sound, i . e .  v = c ,  a t  t h i s  l i m i t  we can see t h a t  

a weak shock wave decays to  p roduce  a sound wave.

1 .3  THE THICKNESS OF SHOCK WAVES

T ay lo r and M accoll ( 1 9 3 5 ) c ons i de r e d  th e  f l u i d  a s  co n tin u o u s  

a c ro s s  th e  shock f r o n t  and y ie ld e d  f ig u r e s  f o r  th e  shock f r o n t  th ic k n e s s  

hy  assum ing t h a t  th e  th e rm a l c o n d u c tiv i ty  and v i s c o s i t y  a re  l i n e a r  in  

te rm s o f  th e  v e lo c i ty  and th e rm al g r a d ie n ts .  These v a lu e s  showed t h a t  f o r  

a shock f r o n t  w ith  a p r e s s u r e  r a t i o  a c ro s s  th e  t r a n s i t i o n  re g io n  o f  1 .1 5 , 

th e  f r o n t  was 3 X 1 0 “^ cm t h ic k .  A s tro n g  shock w ith  a p r e s s u r e  r a t i o  o f  

8 a c ro s s  th e  shock, h as  a th ic k n e s s  ~10~® cm .

These c a lc u la t io n s  were f o r  a i r ,  and a s  10"® cms i s  ap p ro x im ate ly  

th e  mean f r e e  p a th  in  a i r ,  a  number o f  w orkers approached  th e  problem  

c o n s id e r in g  c l a s s i c a l  k i n e t i c  th e o ry . T h is  approach  p ro d u ces  th e  r e s u l t  

t h a t  th e  shock f r o n t  th ic k n e s s  i s  n ev e r  sm all conpared w ith  th e  mean f r e e  

p a th ,  b u t  fo r  e x trem e ly  s tro n g  shocks th e  M axw ellian d i s t r i b u t i o n  o f  

m o le c u la r  v e l o c i t i e s  i s  n o t  adhered  to  and one m ust c o n s id e r  th e  r e l a x a t io n  

t im e s  o f  th e  in d iv id u a l  m o lecu le s , a s  t h i s  p ro d u ces  a l i m i t a t i o n  on th e  

r a t e  a t  w hich energy  can be t r a n s f e r r e d .
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1 .4  THEORY FOR CYLINDRICAL AND SPHERICAL SHOCK WAVES

The prob lem  c o n s id e re d  in  t h i s  t h e s i s  i s  th e  g e n e ra tio n  and d e te c 

t i o n  o f  shock waves in  l iq u i d s  and s o l id s ,  and th e  m easurem ent o f  shock 

wave v e l o c i t i e s .  I n  th e  e x p e rim e n ta l w ork , shock waves a re  p roduced  by  

means o f  a l a s e r  induced  p lasm a and from  ex p lo d in g  w ire s .

. . T a y lo r^ ^ '^ ^ )  h as  c o n s id e re d  th e  id e a l iz e d  p rob lem  o f  a  f i n i t e  

amount o f  energy  su d d en ly  r e le a s e d  in  an i n f i n i t e l y  c o n c e n tra te d  form .

T h is  work, c a r r ie d  o u t d u r in g  th e  second w orld  w ar, g iv e s  th e  m athem atics 

f o r  such  a shock wave p roduced  from  an a tom ic  e x p lo s io n . In  such an 

e x p lo s ^ io n ,  th e  p a r t i c l e  v e lo c i ty  i s  f a r  in  ex cess  o f  th e  sm a lle r  am p li

tu d e  wave v e lo c i ty  o f  th e  medium.

. ' ■ > 
The r a d iu s  o f  th e  shock wave i s  r e l a t e d  to  th e  tim e  e la p se d  s in c e

i t s  c r e a t io n  by th e  e q u a tio n  :
) .

R =  S ( y) t ^  E ^  . . . .  ( 1 .4 .1 )

T a y lo r 's  a n a ly s i s  i s  f o r  a s tro n g  e x p lo s io n  in  a i r .  Most o f  th e  a i r  w ith in  

th e  shock f r o n t  i s  fo rc e d  in to  a t h in  s h e l l  j u s t  in s id e  t h a t  f r o n t .  As 

th e  f r o n t  expands, th e  maximum p re s s u re  d e c re a s e s , and below  10 a tm o s ., 

th e  e q u a tio n  i s  no lo n g e r  a c c u r a te .  ^

I n  th e  id e a l  p roblem , th e  maximum p re s s u r e  i s  p r o p o r t io n a l  to  R“® 

and t h i s  i s  found e x p e r im e n ta lly  to  be t r u e  in  th e  re g io n s  c lo s e  to  a h ig h  

e x p lo s iv e  d e to n a t io n . At g r e a t  d is ta n c e s  R from  th e  c e n tr e  o f  th e  

e x p lo s io n , th e  p r e s s u r e  decays a s  in  a sound wave, p r o p o r t io n a l  to  R~  ̂ .

In  t h i s  ty p e  o f  shock wave, th e  i n t e n s i t y  d e c re a s e s  a s  th e  r a d iu s  

g e ts  l a r g e r ,  b u t  th e  t o t a l  energy  w ith in  th e  wave rem ains c o n s ta n t .  For 

t h i s  wave, th e  s i m i l a r i t y  assu m p tio n s can be made so t h a t  :

p r e s s u r e ,  p /P q ~ ^  ’
d e n s i ty ,  p /p ^  = if ,

r a d i a l  v e lo c i ty , .  u  = E“  ̂ cp  ̂ ,

—  9 —



w here R i s  th e  r a d iu s  fo rm ing  th e  o u te r  edge o f  th e  d is tu rb a n c e ;

and a r e  th e  p r e s s u r e  and d e n s i ty  in  th e  u n d is tu rb e d  re g io n . I f

r  i s  th e  r a d i a l  c o o rd in a te , T] = r /R  and f  ^ , cp  ̂ and a re  fu n c t io n s  

o f  T) . These a ssu m p tio n s  a r e  c o n s is t e n t  w ith  th e  e q u a tio n s  o f  s t a t e ,  

m otion and c o n t in u i ty .

i  1 2 )L in ' '  h a s  ex tended  T a y lo r 's  a n a ly s i s  to  th e  c y l in d r i c a l  c a se .

I n  L i n 's  p roblem , th e  f i n i t e  amount o f  en erg y  i s  in s ta n ta n e o u s ly  r e le a s e d  

a lo n g  a s t r a i g h t  l i n e  o f  i n f i n i t e  e x te n t .  The c a lc u la t io n  o f  p r e s s u r e ,  

d e n s i ty  and v e l o c i t y  a r e  c a r r ie d  o u t u s in g  a s e t  o f  s i m i l a r i t y  assu m p tio n s 

s im i la r  to  T a y lo r 's .

p r e s s u r e  , p /p ^  = f̂  ̂ (rj) R“^

d e n s i ty  , p /p ^  = $ (n )

v e l o c i t y ,  u = R“  ̂ .

The assu m p tio n s h o ld  f o r  m o d era te ly  s tro n g  shock w aves. As an assum ption  

o f  c o n s ta n t s p e c i f i c  h e a t  i s  made , th e  r e s u l t s  shou ld  n o t be  v e ry  

a c c u ra te  where d i s s o c i a t io n  ta k e s  p la c e .  However, T a y lo r obse rv ed  a 

s u r p r i s in g ly  good agreem ent betw een th e o ry  and experim en t f o r  v e ry  in te n s e  

e x p lo s io n s . The n e g le c t io n  o f  h e a t  c o n d u c tio n  and r a d i a t i o n  shou ld  a ls o  

make th e  e q u a tio n s  l e s s  a c c u ra te  fo r  v e ry  in te n s e  waves. The e q u a tio n s  

f o r  th e  flow  b eh in d  a c y l in d r ic a l  shock wave a re  :

ÔU ÔU 1 ÔP 
a t  + *  3 r  -  p  a r (1 . 4 . 2)

and

(e q u a tio n  o f  m otion)

“  | ? +  P ( I 7  + 7)  = 0 • • •  (1 -4 .3 )

(e q u a tio n  o f  c o n tin u i ty )(& + "&) . . .  ( i . 4 . 4)

(E q u a tio n  f o r  therm odynam ic p ro c e s s  o f  th e  flow )
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u  , p , p  a re  th e  v e lo c i ty ,  p r e s s u r e  and d e n s i ty  o f  th e  flow  a t  r a d iu s  r  

and tim e  t  . y i s  th e  r a t i o  o f  th e  s p e c i f i c  h e a t s .

S u b s t i tu t in g  th e  s i m i l a r i t y  a ssu m p tio n s , th e  d ecay  law  f o r  th e

r a d i a l  v e lo c i ty  o f  th e  shock wave can be o b ta in e d  ;
%

^  ^  ~ 0 .505  t   ̂ , . . .  (1 . 4 . 5)

where A i s  a  c o n s ta n t  hav in g  d im ensions o f  le n g th  tim e s  v e lo c i ty .

S im ila r  e x p re s s io n s  can be o b ta in e d  to  d e s c r ib e  th e  p r e s s u r e  and te n p e r a tu r e  

o f  th e  wave.

1 .5  MEASUREMENTS OF WAVES IN SOLIDS

S ince  th e  second w orld  w ar, work h as  been  c a r r ie d  o u t on th e  

d e te rm in a tio n  o f  th e  e q u a tio n s  o f  s t a t e  by  th e  s tu d y  o f  th e  p ro p a g a tio n  o f  

shock waves i n  s o l id s .  The dynamic com pression  o f  th e  medium a f f o r d s  

h ig h e r  p r e s s u r e s  th a n  had h i th e r to  been  a v a i l a b le  and w ith  much l e s s  

cumbersome a p p a ra tu s  th a n  t h a t  which i s  r e q u i r e d  to  p roduce  p r e s s u r e s  o f  

th e  o rd e r  o f  0 .3  m egabars s t a t i c a l l y  . The f i r s t  s tu d ie s  were

made on m e ta ls^ ^ ^ ^ . Walsh and C h ris tia n ^ ^ ^ ^  a p p lie d  th e  R ankine-H ugonio t 

t re a tm e n t  w ith  shock wave p r e s s u r e s  o f  up to  100 k i lo b a r s .  B efo re  such 

an  approach  i s  p o s s ib le ,  some b a s ic  assu m p tio n s must be  made.

The ty p ic a l  shock p r e s s u r e s  a re  many hundreds o f  t im e s  g r e a te r  

th a n  th e  b u lk  s t r e n g th  o f  th e  m a te r ia ls ,  and a ty p e  o f  e q u a tio n  o f  s t a t e  

f o r  a  f l u i d  i s  a p p lie d .  In  t h i s  case  an u n s p e c i f ie d  f u n c t io n a l  r e l a t i o n 

sh ip  betw een P , V and T can be c o n s id e re d  to  r e p r e s e n t  th e  m eta l 

a d e q u a te ly . These assu m p tio n s a v o id  t r e a tm e n t  o f  e f f e c t s  due to  th e

r i g i d i t y  o f  th e  m a te r ia l ,  and sh e a r  e f f e c t s  p la y  a n e g l ig ib le  p a r t  in  th e  

d e s c r ip t io n  o f  th e  s t a t e  o f  th e  m etal a t  t h a t  p r e s s u r e  ra n g e . When th e  

shock wave i s  r e f l e c t e d  a t  th e  edge o f  a sample s o l id ,  th e n  th e  measurement 

o f  th e  shock wave v e lo c i ty  and th e  f r e e  s u rfa c e  v e lo c i ty  g iv e s  adequate
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d a ta  f o r  th e  a p p l i c a t io n  o f  th e  f i r s t  two R ankine-H ugonio t e q u a tio n s .

The p a r t i c l e  v e lo c i ty  in  th e  shock f r o n t  can he deduced from  th e  m easured 

f r e e  s u rfa c e  v e lo c i ty .  T h is  v e lo c i ty  r e s u l t s  from  norm al shock wave 

r e f l e c t i o n  a t  th e  f r e e  s u r f a c e .  There m ust be zero  p r e s s u r e  d i f f e r e n c e  

a c ro s s  th e  f r e e  s u rfa c e  boundary , which r e q u i r e s  t h a t  a wave m ust be 

r e f l e c t e d  w ith  equal am p litu d e  b u t o p p o s ite  s ig n . The c o n d it io n s  g iv e  

th e  s u r fa c e  a v e lo c i ty  a p p ro x im a te ly  tw ic e  th e  p a r t i c l e  v e lo c i ty  in  th e  

shock f ro n t^ ^ ^ ) .

M easurem ents o f  shock and f re e  s u rfa c e  v e l o c i t i e s  in  p e rsp e x  can 

y i e ld ,  by  th e  same te c h n iq u e , th e  H ugonio t e q u a tio n  o f  s t a t e  fo r  t h a t  

medium. Shock p r e s s u r e s  o f  up to  13 X 10^° dynes/cm ^ g iv e  a maximum shock 

v e l o c i t y  o f  5 .4 7 m m /|isec. A ty p ic a l  shock v e lo c i ty  in  p e rsp e x  i s  o f  th e  

o rd e r  o f  a few m il l im e tre s  p e r  m icrosecond , and th e  com pression  r a t i o  

~  1 .2 5 -  2 .

A v a r i e t y  o f  te c h n iq u e s  have been  u sed  to  d e te c t  th e  shock 

w aves^^^’^^ Pack ( l9 4 8 )(^ ^ ^  h a s  u sed  a system  o f  e l e c t r i c a l  p in

c o n ta c ts  which a re  b ro u g h t to g e th e r  b y  th e  d i s t o r t i o n  o f  th e  m eta l p roduced  

b y  th e  shock wave. U sing  t h i s  te c h n iq u e  he h a s  made s t r a i g h t  d e te rm in a 

t io n s  o f  shock wave v e l o c i t i e s  in  b o th  s t e e l  and le a d .

/ 25)
S tre a k  cam eras can be u s e d ' to  show th e  a c c e le r a t io n  o f  th e  

shock away from  an e x p lo s io n  w h ile  th e  wave g a in s  energy . The u se  o f  a 

fram ing  camera^^^^ ( f o r  example a f a s t  image c o n v e r te r  can p roduce fram ing  

r a t e s  o f  up to  10® sec“^) g iv e s  a more c o n ç le te  p i c tu r e  o f  th e  form and 

d i s t r i b u t i o n  o f  th e  wave p ro p a g a tio n .

I n  o rd e r  to  p roduce  a sh a rp  p h o tog raph  which 'f r e e z e s '  th e  movement

o f  th e  shock wave, a fram ing  r a t e  w ith  exposu res o f  l e s s  th a n  a m icrosecond

(27)i s  n e c e s s a ry . T h is  le n g th  o f  exposure i s  o b ta in a b le  w ith  a K err c e l l '  

though  in  th e  p a s t ,  camera system s have made u se  o f  a b a t t e r y  o f  s in g le
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K e rr  c e l l  cam eras, and th e  c in e m a tic  e f f e c t  h a s  been  b u i l t  up from such a 

s e r i e s  o f  s e p a r a te ly  t r i g g e r e d  d e v ic e s . The image c o n v e r te r  i s  a  more 

a d a p ta b le  cam era.

( 28)The 'open  f l a s h '  m ethod o f  p h o to g ra p h y ' '  o b v ia te s  th e  need  fo r  

e i t h e r  o f  th e s e  p ie c e s  o f  equipm ent. I n  t h i s  system  th e  le n g th  o f  th e  

exposure  i s  r e g u la te d  by  th e  speCd o f  an i l lu m in a t in g  f l a s h ,  w h ile  th e  

camera s h u t t e r  i s  h e ld  open. A s u i t a b le  b r ig h t  and f a s t - s w i tc h in g  l i g h t  

so u rc e  cou ld  be a p u ls e d  l a s e r .  The ty p ic a l  o u tp u t from  some com m ercial 

dye l a s e r s  i s  j u s t  ab o u t e x a c t ly  th e  l .O ja se c  p u ls e  w hich i s  r e q u ir e d  to  

' f r e e z e '  th e  m otion o f  th e  shock wave, b u t  in  m ost o f  th e s e  l a s e r s  th e  

r e c o v e ry  r a t e  i s  n o t s u f f i c i e n t l y  f a s t  to  a llo w  more th a n  a s in g le  exposure  

in  th e  tim e s c a le  d e f in e d  by  th e  shock wave v e lo c i ty .

The u se  o f  a s in g le  l i g h t  p u ls e  b o th  to  p roduce  th e  shock wave 

and to  d e te c t  i t ,  h a s  s e v e ra l  a d v an tag es  ov er a  system  wtiere th e  d e te c t io n  

l i g h t  p u ls e  h as  to  be sy n ch ro n ized  to  th e  e x p lo s io n . Such a system  com

p l e t e l y  e l im in a te s  th e  p roblem s o f  j i t t e r ,  th e  d e la y  tim e  betw een th e  

e x p lo s ^ io n  and th e  shock wave p h o tog raphy  i s  m easured d i r e c t l y  from th e  

o p t i c a l  d e la y  p a th  t r a v e l l e d  by  th e  p h o to g ra p h ic  p a r t  o f  th e  beam. A 

Q -sw itched  ru b y  l a s e r  w hich i s  pow erfu l enough to  p roduce  shock waves, 

t y p i c a l l y  h a s  an o u tp u t p u ls e  le n g th  < 20-30 n s e c . ,  w hich i s  e a s i l y  w i th in  

th e  p u ls e  le n g th  l i m i t  n e c e s s a ry  to  p roduce  a c le a r  p i c t u r e .

1 .6  OPTICAL METHODS OF SHOCK DETECTION

A lthough shock waves o f  s u f f i c i e n t l y  g r e a t  i n t e n s i t y  (> 10  a tm o s.)  

a r e  d i r e c t l y  v i s i b l e  due to  th e  a s s o c ia te d  r a d i a t i o n ^ ^ ^ ’ moder a t e l y  

s tro n g  shock waves can be ren d e re d  v i s i b l e  by  a v a r i e t y  o f  te c h n iq u e s .

The shock wave p ro d u ces  in  th e  m a te r ia l  a s ig n i f i c a n t  change in  r e f r a c t iv e  

in d ex , and s c h lie re n ^ ^ ^ ^  and s h a d o w g r a p h t e c h n i q u e s  a re  a p p l ic a b le .  

These te c h n iq u e s  r e q u i r e  a u n ifo rm  i l lu m in a t io n  over th e  com plete a re a  o f
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i n t e r e s t  and th e  wave i s  pho to g rap h ed  a s  a n e g a t iv e .  The r e f l e c t i o n  o f  

l i g h t  from  th e  shock in d u ced  r e f r a c t i v e  in d ex  i n c r e a s e ^ ^ ^ ’ i s  o f  specu

l a r  n a tu r e  i n d ic a t in g  th e  sm oothness o f  th e  f r o n t .  By t h i s  m ethod, shock 

f r o n t  d e n s i t i e s ^ ^ ^ ’ can he d e te rm in ed  a s  w e ll  a s  v e lo c i t i e s ^ ^ ^ ^ .

P ro b in g  th e  shock wave w ith  p o la r iz e d  l i g h t a n d  a c ro s se d  

P o la ro id  system  p ro d u ces  a  p o s i t i v e  image o f  d is tu rb a n c e  i f  th e  wave p ro 

duces any  o p t i c a l  r o t a t i o n .  In  l i q u i d s  t h i s  i s  n e a r ly  alw ays th e  c a se .

In  an o p t i c a l l y  a c t iv e  s o lu t io n  such a s  a g lu c o se  s o lu t io n ,  th e  r o t a t i o n  

i s  dependen t on th e  su g a r  c o n c e n tra t io n  which in c r e a s e s  w ith  th e  p re s s u r e  

o f  th e  shock wave. I n i t i a l  o p t ic a l  a c t i v i t y  i s  n o t ,  how ever, v i t a l  in  

o rd e r  t h a t  th e  shock wave p ro d u ces  o p t ic a l  r o t a t i o n ,  f o r  in  n o rm a lly  

o p t i c a l l y  in a c t iv e  m edia, doub le  r e f r a c t i o n  can be induced  b y  a number o f  

m echanism s.

The p re se n c e  o f  l a r g e  v e lo c i ty  g r a d ie n ts  beh in d  th e  shock f r o n t  

p ro d u ces  an e f f e c t  s im i la r  to  th e  L ucas^^^’ ^^^ e f f e c t  in  u l t r a s o n i c s ,  where 

th e  la r g e  p re s s u r e  in  th e  waves in d u ces  an a n is o tro p y  in  th e  m a te r i a l .

Many m a te r ia ls  which show no Lucas e f f e c t  in  u l t r a s o n i c s  undergo t h i s  d e fo r 

m ation  when s u b je c te d  to  v e ry  much l a r g e r  shock p r e s s u r e s .  L a rg er 

m o lecu le s  can be b o th  d i s t o r t e d  and a lig n e d  by  th e  p re se n c e  o f  th e  v e lo c i ty

gradient(38.39)_

B ire f r in g e n c e  induced  by  some o f  th e s e  mechanisms h a s  been observed  

in  w a te r^ ^ ^ )  a s  w e ll  a s  in  m ethane and a v a r i e t y  o f  l a r g e r  o rg a n ic  molcT 

c u le s ^ ^ ^ ) , none o f  which show any o p t ic a l  a c t i v i t y  in  th e  p re se n c e  o f  

u l t r a s o n i c  w aves.

I n  p r a c t i c e ,  s tro n g  shock waves can be pho tog raphed  b y  th e  combina

t i o n  o f  r e f l e c t i o n  and r e f r a c t i o n  which i s  bound to  ta k e  p la c e  i f  th e  d i s 

tu rb a n c e  i s  o f  s u f f i c i e n t  i n t e n s i t y .  David and Ewald^^^^ have pho tographed  

shock waves in  w a te r  w ith  shock p r e s s u r e s  o f  up to  100,000 a tm ospheres.
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I n  t r a n s p a r e n t  s o l id s ,  th e  same g e n e ra l  p r in c i p l e s  fo r  shock wave 

p h o to g rap h y  a p p ly  a s  f o r  l i q u i d s .  The b i r e f r in g e n c e  in  p e rsp e x  caused  by  

th e  induced  a n is o tro p y  where i t  i s  s t r a in e d ,  i s  w e ll  k n o w  and h as  long  

been  u sed  fo r  making s t r e s s  p a t t e r n s  v i s i b l e  w ith  s t a t i c  d e fo rm a tio n . A

( 31)number o f  o th e r  p l a s t i c s  and g la s s e s  show t h i s  phenom enon' '  when s t r e s s e d ,  

Under dynamic com pression  th e  mechanism i s  s l i g h t l y  d i f f e r e n t ,  b e c au se  in  

th e  p re se n c e  o f  s tro n g  shock waves th e  e l a s t i c  l i m i t  i s  exceeded and th e  

b i r e f r in g e n c e  i s  caused  b y  p l a s t i c  com pression  and flow . The sh e a r  s t r e s s  

i n  th e  s o l id  can be ig n o re d . T h is  b i r e f r in g e n c e  a llo w s  pho to g rap h y  o f  

shock waves in  p e r s p e x ^ ^ ^ ’ p r ov i de d  t h a t  a s h o r t  enough l i g h t  p u ls e  i s  

a v a i l a b l e .

F rïïn g e l e t  have u sed  s c h l ie r e n  te c h n iq u e s  coup led  w ith  a

( 44)h ig h  speed s tro b o s c o p e ' ' i n  o rd e r  to  p roduce  m u lt ip le  p h o to g rap h s  o f 

shocks u s in g  th e  shock induced  o p t ic a l  s t r a i n .
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C H A P T E R  I I  

MECHANISMS FOR THE PRODUCTION OF SHOCK WAVES

2 .1  SURVEY OF METHODS

2 .1 .1  Chemical E x p lo s iv e

A lthough th e  e x p e rim e n ta l work on t h i s  t h e s i s  does n o t  in c lu d e  th e  

u se  o f  chem ical e x p lo s iv e s , th e s e  a re  h i s t o r i c a l l y  by  f a r  th e  most in p o r -  

t a n t  means f o r  th e  a r t i f i c i a l  p ro d u c tio n  o f  shock w aves, and m ust be p la c e d  

f i r s t  in  any su rv e y  o f  te c h n iq u e s . In  th e  p a s t ,  m ain ly  on a c co u n t o f  th e  

m i l i t a r y  a p p l i c a t io n s ,  th e y  have re c e iv e d  most a t t e n t i o n .

D e to n a tio n  w ith in  a mass o f  chem ical e x p lo s iv e  i s  n o t  in s ta n ta n e o u s , 

I f  a  f r a c t i o n  o f  th e  e x p lo s iv e  i s  i g n i t e d ,  th e  com bustion  p ro d u ces  a shock 

wave which h e a ts  th e  rem ain in g  e x p lo s iv e  a s  i t  p a s s e s  th ro u g h  i t .  When 

th e  shock wave i s  s u f f i c i e n t l y  s tro n g , i . e .  i f  th e  energy  p roduced  p e r  

u n i t  volume o f  e x p lo s iv e  i s  g r e a t  enough, th e n  th e  wave w i l l  i g n i t e  th e  

m a te r ia l  a s  i t  p a s se s  th ro u g h  i t ,  and g a in  energy  a s  i t  t r a v e l s .  Behind 

th e  shock wave th e  gas b u rn s , and i f  th e  tim e  f o r  a l l  th e  gas  to  be b u rn t  

=  T , th e n  th e  w id th  o f  t h i s  zone = V t  . F o r a  s u f f i c i e n t l y  f a s t  shock 

wave, th e  wave f r o n t  i s  a d i s c o n t in u i ty  zone o f  b u rn t  and u n b u rn t m a te r ia l ,  

such a s u rfa c e  i s  th e  d e to n a t io n  wave. D i f f e r e n t  d e to n a t io n  shapes can be 

a c h ie v e d  by  u s in g  e x p lo s iv e s  o f  d i f f e r e n t  com bustion r a t e s .

2 .1 .2  N u c lear E x p lo s io n

U n lik e  th e  shock wave p roduced  by  chem ical e x p lo s iv e s , a n u c le a r  

e x p lo s io n  i s  c h a r a c te r is e d  by  b e in g  p r a c t i c a l l y  in s ta n ta n e o u s .  The 

n u c le a r  e x p lo s iv e  can be c o n s id e re d  a s  a p o in t  sou rce  o f  energy , and th e  

r e s u l t i n g  b l a s t  wave does n o t c o n ta in  th e  d e b r is  to  be found in  th e  wave 

from  c o n v e n tio n a l e x p lo s iv e s . N u c lear d e v ic e s  can c o n ta in  ~M to n s  

e q u iv a le n t  o f  TNT . T h is  r e s u l t s  in  c o n s id e ra b le  h e a tin g  in  th e  in te n s e  

shock f r o n t  d u rin g  th e  e a r ly  s ta g e s  o f  i t s  fo rm a tio n . The consequence
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i s  t h a t  w ith  b l a s t  wave p r e s s u r e  o f  10 atm os. and g r e a t e r ,  c o n s id e ra b le  

e n erg y  i s  l o s t  in  h e a t .  At 20 atm os. a s  much a s  45% o f  th e  energy  i s  

w asted  in  h e a t ,  and t h i s  means t h a t  th e  a tom ic  bomb i s  o n ly  h a l f  a s  e f f i 

c ie n t  a s  a c o n v e n tio n a l bomb in  which th e  i n i t i a l  e x p lo s io n  i s  sp re a d  ov er 

a  l a r g e r  volum e.

T a y lo r 's  s i m i l a r i t y  e q u a tio n s  and a n a ly s i s  can be a p p lie d  to  such 

an e x p lo s io n  w ith  rem ark ab le  a c cu ra cy . Com parison o f  p h o to g rap h s  o f  an 

a tom ic  b la s t^ ^ ^ ^  and th e  t h e o r e t i c a l  p r e d i c t i o n s  shows t h a t  over th e  f i r s t  

2 0 0 m,  (R ^ t"^ ) was a c o n s ta n t .  T h is  c o n s ta n t  e n a b le s  a c a lc u la t io n  o f  

th e  i n i t i a l  en e rg y  o f  th e  e x p lo s io n  to  be made. In  t h i s  ca se  th e  ex p lo 

s iv e  energy  was e q u iv a le n t  to  ~ 2 0 K  to n s  o f  TN T .

The c h a r a c t e r i s t i c  mushroom shaped c loud  p roduced  b y  an a tom ic  

e x p lo s io n  i s  n o t a shock phenomenon. I t  i s  p roduced  b y  th e  c o n v e c tio n  

a s  th e  volume o f  v e ry  h o t  gas l e f t  b eh in d  a f t e r  th e  e x p lo s io n  r i s e s  th ro u g h  

th e  a tm osphere . T h is  low d e n s i ty  a i r  b u b b le  can r i s e  w ith  a v e r t i c a l  

v e l o c i t y  o f  35m /s b e fo re  i t  i s  b roken  up b y  th e  t u r b u le n t  m ixing o f  th e  

h o t  a i r  w ith  th e  su rro u n d in g  co ld  a i r .  The m easured v e lo c i ty  a ls o  c o r r e s 

ponds e x a c t ly  to  th e  t h e o r e t i c a l  r a t e  o f  r i s e .

2 .1 .3  Spark Shock F orm ation  ; T hunderclap

M a th e m a tic a lly  t h i s  can be t r e a t e d  s im i la r l y  to  a n u c le a r  ex p lo 

s io n . D e to n a tio n  i s  a lm o st s im u ltan eo u s  a lo n g  a l i n e .  T a y lo r 's  a n a ly 

s i s  h a s  been  m o d ified  by L in  ( l9 5 4 ) , to . g iv e  a r e l a t i o n  d e s c r ib in g  th e

r a d iu s  o f  th e  s tro n g  c y l in d r ic a l  shock p roduced  by  a spa rk  a s  a fu n c t io n  

o f  th e  tim e  ( t )  ;

R = S ( ~ ) ^  ( t  -  tg )2  . . . .  ( 2 . 1 . 1)

T h is  fu n c t io n  o n ly  h o ld s  b e fo re  th e  p o in t  when th e  shock wave h as  decayed 

so th e  p re s s u re  r a t i o  a c ro s s  th e  shock i s  no lo n g e r  l a r g e  (~ 1 0 ) .  F o r weak
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shock waves th e  d e n s i ty  r a t i o  a c ro s s  th e  f r o n t  i s  no lo n g e r  c o n s ta n t and 

h i s  s i m i l a r i t y  assu m p tio n s a re  n o t  fo llo w e d .

Any mechanism w hereby e n e rg y  r e l e a s e  i s  a x i a l l y  i n s t a n t  and sim u l

ta n e o u s  can be d e s c r ib e d  b y  t h i s  fo rm u la . One ty p ic a l  p ro c e s s  i s  th e  

th u n d e r  shock wave caused  by  a l ig h te n in g  s t r i k e .

2 .1 .4  H yperson ic  and S u p e rso n ic  Flow

A s u p e rso n ic  p r o j e c t i l e  moving th ro u g h  th e  a tm osphere  push es
\

ahead o f  i t  a shock wave, b ecau se  th e  p r e s s u r e  wave w hich th e  m is s i le  

p ro d u ces  in  th e  a tm osphere i s  n e v e r  a b le  to  g e t  away from  th e  body. F o r 

s u p e rso n ic  (Mach number 1 6 )  b o d ie s  a c o n ic a l  wave i s  p roduced  w ith  a 

l a r g e  a n g le  to  th e  body.

I n  th e  case  o f  h y p e rso n ic  m is s i le  (M > 4) a s tro n g  shock wave i s  

p roduced  Avhich a t t e n u a te s  a s  i t  moves away from  th e  body, a long  way from  

th e  nose  i t  d e g e n e ra te s  to  a wave w ith  a sm all a n g le . F o r s u f f i c i e n t l y
( 12)

h ig h  Mach numbers th e  a x ia l  flow  may be n e g le c te d ' ' and th e  s i m i l a r i t y  

s o lu t io n s  fo r  a c y l in d r ic a l  shock wave a p p ly .

The energy  t r a n s f e r r e d  to  th e  atm osphere  by  th e  shock wave g iv e s  

th e  aerodynam ic d rag  o f  th e  m is s i l e .

2 .1 .5  Shock Tubes

The shock tu b e  i s  a t  p r e s e n t  a w id e ly  u se d  to o l  fo r  s tu d y in g  th e  

chem ical p h y s ic s  o f  g a ses  a t  h ig h  te m p e ra tu re s . When a co ld  gas i s  h e a te d  

by  a shock v a r io u s  p ro c e s s e s  ta k e  p la c e  w ith in  th e  h e a te d  gas ( e .g .  e x c i ta 

t i o n  o f  m o lecu la r v ib r a t io n s ,  d i s s o c i a t io n ,  io n iz a t io n ,  e t c . )  th e  e x te n t  

o f  th e s e  p ro c e s s e s  depends on th e  te m p e ra tu re  and d e n s i ty .

The common form  o f  c l a s s i c a l  shock tu b e  (a s  d i s t i n c t  from  an e le c t r o 

m agnetic  shock tu b e )  c o n s is t s  o f  a lo n g  tu b e  w ith  c i r c u l a r  o r  r e c ta n g u la r  

c r o s s - s e c t io n .  The tu b e  i s  d iv id e d  in to  two p a r t s  by a t h in  diaphragm  

s i t u a te d  a c ro s s  th e  tu b e .
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The p r e s s u r e s  in  th e  two s e c t io n s  o f  th e  shock tu b e  a r e  g r e a t ly  

d i f f e r e n t .  The low p r e s s u r e  chamber i s  f i l l e d  w ith  a  t e s t  gas a t  a 

p r e s s u r e  u s u a l ly  o f  th e  o rd e r  o f  a few c e n tim e tre s  o f  m ercury .

On th e  o p p o s ite  s id e  o f  th e  d iaphragm  th e  h ig h  p re s s u r e  chamber 

i s  f i l l e d  w ith  th e  d r iv e r  gas  w ith  a p r e s s u r e  o f  te n s  o r  hund reds o f  

a tm o sp h e res . T y p ica l shock tu b e  d im ensions would be such t h a t  th e  tu b e

i s  s e v e ra l  m e tre s  lo n g  w ith  th e  in s id e  d ia m e te r  o f  a few c e n tim e tre s .

\
The shock tu b e  i s  o p e ra te d  b y  b re a k in g  th e  d iaphragm  so t h a t  th e  

h ig h  p r e s s u r e  d r iv e r  gas flow s in to  th e  lo n g  low  p r e s s u r e  cham ber. The 

p r e s s u r e  d i s t r i b u t i o n  i s  shown in  F i g .2 .1 .  A shock wave d ev e lo p s  and i s  

p ro p a g a te d  in to  th e  low  p r e s s u r e  g as , w h ile  a c o rre sp o n d in g  r a r e f a c t i o n  

wave moves th ro u g h  th e  d r iv e r  g a s ^ ^ ^ \  F i g .2 .1  shows th e  p r e s s u r e  and

te m p e ra tu re  d i s t r i b u t i o n  a s  th e  wave moves down th e  tu b e  and i s  r e f l e c t e d  

from  th e  end.

The maximum shock v e l o c i t i e s  o b ta in a b le  by  t h i s  te c h n iq u e  a re  

l im i te d ,  and newer ty p e s  o f  shock tu b e s  have been  in tro d u c e d . These 

o p e ra te  on d i f f e r e n t  p r i n c i p l e s .  Fow ler^^^^ h as  c o n s tru c te d  a T -shaped 

tu b e  in  w hich th e  gas i s  r a p id ly  h e a te d  by  e l e c t r i c a l  d isc h a rg e  a c ro s s  

e le c t r o d e s  in  th e  h o r iz o n ta l  b a r  o f  th e  T . The h e a te d  gas i s  e x p e lle d  

a t  h ig h  v e lo c i ty  in to  th e  'v e r t i c a l ' p a r t  o f  th e  T , and a shock wave i s  

c re a te d  ahead o f  i t .

K o l b ^ ^ ' h a s  p roduced  a T -tu b e  in  w hich th e  p lasm a i s  a c c e le r a te d  

b y  a 'm a g n e tic ' p i s to n .  O ther shock tu b e s  u s in g  m agnetic  a c c e le r a t io n  

have been  d e s c r ib e d  by  K holev and Po ltavchenko  and Jo sep h so n , and many 

v a r i a t i o n s  e x i s t .

-  19 -



DHIViiK

ÙàS.

DIAPimG-iïL
_________

W T  OàS.
(a )

IiaTLâL STATE.

. -  . .........  -  ...................Pjj ...................

W

■V,

(o)

(a)

p 3
(e)

(f)

PREoSUaS Al'j) ïE.,u?ERATU3E C?iül^i3 I13IDE A SHOCK TUBE.

FIGURE 2-1 .

- 2<0 -



2 .1 .6  E xp lod ing  W ires

E a r ly  e x p e rim e n ta l work b y  A nderson e t  on exp lo d in g  w ire s

was concerned  p r im a r i ly  w ith  th e  s tu d y  o f  th e  spectrum  e m itte d  by  th e  h ig h  

p r e s s u r e  vapou r p roduced  by  th e  e x p lo s io n .

The ty p ic a l  p a ra m e te rs  o f  ex p lo d in g  w ire  ex p erim en ts  c o n s is t  o f  a 

w ire  0 . 5 -» 5 .0  cms in  le n g th  and ^ 0 .1  cm d ia m e te r . The w ire  i s  exploded  

by  e l e c t r i c a l  d is c h a rg e  w ith  energy  ~ 1 0 ® J  dumped in  th e  w ire  from  h ig h  

v o l ta g e  (5 -5 0 kV) c a p a c i to r s  in  a low in d u c ta n c e  c i r c u i t .

W hile i t  i s  s t i l l  lum inous, th e  shock wave can be pho tog raphed  

d i r e c t l y  by  c o n v e n tio n a l r o t a t i n g  m ir ro r  cam era^^^ 56)^ A f te r  abou t one 

m ic ro -seco n d  th e  shock f r o n t  i s  c o m p le te ly  s e p a ra te d  from  th e  c o n ta c t  s u r 

fa c e  w ith  th e  w ire , and i s  no lo n g e r  lum inous. Com parison o f  shock wave 

m otion  w ith  th e  p r e d i c t i o n s  from  L in ?s  th e o r y  shows t h a t  d u rin g  th e  e a r ly  

s ta g e s  o f  i t s  p ro p a g a tio n , th e  shock wave i s  s t i l l  r e c e iv in g  energy  from  

th e  d is c h a rg e . The shock wave t r a j e c t o r y  obeys more a c c u r a te ly  th e  L in  

m ath em a tica l fo rm u la tio n  when i t  i s  no lo n g e r  g a in in g  energy^^^^ . A

p l o t  o f  (2R)^ a g a in s t  t  p ro d u ces  a s t r a i g h t  l i n e  g raph  f o r  a p e r io d  o f
i

s e v e ra l  m icroseconds a f t e r  th e  f i r s t  m icrosecond , b u t  L i n 's  s o lu t io n  w ith  

i t s  a s s u n p tio n  o f  i n s t a l l o n s  en erg y  r e l e a s e  canno t a p p ly  co m p le te ly  

a c c u r a te ly  i n  t h i s  c a se .

C o r r e la t io n  o f  th e  o p t ic a l  and e l e c t r i c a l  m easurem ents d u rin g  th e  

w ire  ex p lo s io n ^ ^ ^ ) shows th e  e f f i c i e n c y  o f  th e  p ro c e s s  fo r  th e  p ro d u c tio n  

o f  shock waves.

A p e r ip h e r a l  a rc  i s  formed a f t e r  th e  w ire  h as  s t a r t e d  to  expand 

and d u r in g  th e  r a p id  e x p lo s io n  o f  th e  w ire . As th e  w ire  ex p lo d es , th e  

v o l ta g e  a c ro s s  i t  r e a c h e s  a peak , b u t  t h i s  r a p id ly  f a l l s  as th e  a rc  i s  

e s ta b l i s h e d .  Most o f  th e  en erg y  i s  d e p o s ite d  in  th e  w ire  d u r in g  th e  tim e  

o f  th e  v o l ta g e  p eak . A sedond, a x ia l ,  a rc  can o ccu r a f t e r  th e  w ire
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e x p lo s io n  h as  g o t u n d er way and th e  m a te r ia l  d e n s i ty  a lo n g  th e  a x is  i s  

red u ced  s u f f i c i e n t l y .  T h is  a r c  w i l l  i l lu m in a te  b o th  th e  outw ard  going  

shock wave p roduced  by  th e  expanding w ire  m a te r ia l  and th e  inw ard going  

o n e ^ ^ ^ ). I f  th e  r a t e  o f  en erg y  d e p o s i t io n  i s  n o t  s u f f i c i e n t l y  g r e a t ,  

th e n  th e  i n i t i a l  p e r ip h e r a l  a r c  may n o t s t r i k e  and th e r e  i s  a c e r t a i n  

'd w e l l ' tim e  b e fo re  th e  w ire  a b so rb s  enough en erg y  f o r  i t  to  ex p lo d e . I f  

th e  w ire  i s  l a r g e  enough th e  d isc h a rg e  en erg y  may be i n s u f f i c i e n t  to  p ro 

duce com plete v a p o u r is a t io n  o f  th e  w ire , th e  e x p lo s io n  may th e n  be caused  

by  th e  w ire  form ing m olten  d r o p le t s  w ith  co n n e c tin g  a r c s .  The d r o p le t s
( 57 )

a re  throw n o f f  a s  a shower o f l iq u e f i e d  wave m a te r ia l '-  ' ,

The ease  w ith  which a w ire  can be exp l oded^^^’ depends  n o t o n ly  

on i t s  d im ensions, b u t  a ls o  on i t s  su b lim a tio n  energy  and m echan ica l 

s t r e n g th .  Thus, a w ire  o f  c o n s ta n ta n  exp lodes in  l e s s  tim e  and a t  a low er 

energy  th a n  a copper w ire  o f  i d e n t i c a l  d im en sio n s.

The m ost e f f i c i e n t  d isc h a rg e  ta k e s  p la c e  when th e  c a p a c i to r  i s  

co m p le te ly  d isc h a rg e d  d u rin g  th e  e x p lo s io n  due to  th e  c u r r e n t  p u ls e  th ro u g h  

th e  w ire , i . e .  when th e r e  a re  no r e - s t r i k e  phenom ena^^^). G e n e ra lly , 

how ever, o n ly  abou t one t h i r d  o f  th e  energy  from  th e  c a p a c i to r s  i s  t r a n s 

f e r r e d  in to  th e  shock wave^^^ 63)^ S m alle r  d ia m e te r  w ires^^^^  a re  

g e n e r a l ly  more e f f i c i e n t  shock wave p re 4 u e t^  th a n  th ic k  w ire s .  The w ire  

i t s e l f  u s u a l ly  has  a r e s i s t a n c e  com parable to  t h a t  o f  th e  sp a rk -g a p  sw itch  

which i s  u sed  to  c o n tro l  th e  c i r c u i t .  A pprox im ately  h a l f  o f  th e  energy  

d isc h a rg e d  from  th e  c a p a c i to r  i s  th u s  d i s s ip a te d  in  th e  sp a rk -g a p , a n o th e r  

one s ix th  o f  th e  energy  i s  u sed  in  th e  p ro d u c tio n  o f  th e  r a d i a t i o n  accom

pany ing  th e  exp lod ing  w ire , t h i s  le a v e s  a p p ro x im a te ly  one t h i r d  o f  th e  

energy  s to re d  in  th e  c a p a c i to r s  which i s  t r a n s f e r r e d  in to  th e  shock wave.

Taking in to  a llo w an ce  th e  energy  lo s s e s  in  th e  sw itc h  and assum ing 

conq)lete v a p o u r is a t io n  o f  th e  w ire , McGrath^^^’ ha s  m easured shock wave
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p r e s s u r e s  from  ex p lo d in g  w ire s , and by com parison w ith  th e  d a ta  fo r  chemi

c a l  e x p lo s iv e s  ( TNT) ,  h as  p roduced  a s c a l in g  f a c to r  so t h a t  th e  e q u iv a le n t  

charge  o f  TNT (m easured in  '^.-pounds ' ) can be c a lc u la te d  from  th e  known 

e l e c t r i c a l  p a ra m e te rs  o f  th e  c i r c u i t  and th e  l a t e n t  h e a ts  o f  th e  w ire . .

2 .1 .7  Im pact Phenomena ; L iq u id  and S o lid  P r o j e c t i l e s

At im pact v e l c o i t i e s  g r e a t e r  th a n  400 m /s th e  damage e f f e c t  o f  

l i q u i d  and s o l id  p r o j e c t i l e s  becomes v e ry  s im i la r .  The l i q u i d  drop  w i l l  

behave more l i k e  an e l a s t i c  s o l id ,  a lth o u g h  k eep in g  i t s  flow  p r o p e r t ie s ^ ^ ^ ^ .  

At t y p ic a l  o rd in a n c e  v e l o c i t i e s  (~ 1 ,1 0 0 m /s) th e  im pact p ro d u ces  two waves 

r e l a t e d  to  th e  e l a s t i c  and p l a s t i c  wave v e l o c i t i e s  in  th e  t a r g e t  p la te ^ ^ ^ ^ . 

F o r g iv en  p r o j e c t i l e  and p l a t e  m a te r ia l  th e  c r a t e r  volume p e r  u n i t  p ro 

j e c t i l e  k i n e t i c  energy  h a s  been  found to  be c o n s t a n t a n d  a fu n c t io n  o f  

inq)act v e lo c i ty ^ ^ ^ ’

F o r im p ac ts  in  th e  h y p e rv e lo c i ty  (> 2 ,5 0 0  m /s) range^^^^ when f i r i n g  

alum inium  p r o j e c t i l e s  a t  a n n ea led  s t e e l  p l a t e  t a r g e t s ,  o n ly  one wave v e lo 

c i t y  h as  been  d e te c te d .  At t h i s  h ig h e r  im pact v e lo c i ty ,  th e  r e l a t i o n s h ip  

betw een c r a t e r  volume on k i n e t i c  energy  i s  s t i l l  found to  h o ld , a lth o u g h  th e  

d i s i n t e g r a t i o n  o f  th e  h y p e rv e lo c i ty  p r o j e c t i l e  makes i t s  re c o v e ry  n o t 

p o s s ib l e .  " .

2 .1 .8  Development o f  N o n -L in e a r ity  ; B reaker E f f e c ts

A ccord ing  to  S t o k e s s h o c k  waves may develop  from  a norm al com

p r e s s io n  wave b ecause  o f  th e  n o n -c o n s ta n t c o m p r e s s ib i l i ty  o f  th e  medium.

In  t h i s  case  th e  changing v e lo c i ty  p r o f i l e  i s  ana logous to  th e  e f f e c t  o f  

th e  t i d a l  b o re ^ ^ ^ '^ ^ ) .

I n  t h i s  case  th e  t i d a l  movements a re  p ro p ag a ted  f a s t e r ,  th e  deep er 

th e  w a te r  in v o lv e d . Thus th e  d i f f e r e n c e  o f  w a te r  l e v e l  betw een low and 

h ig h  t i d e  can be p ro p ag a ted  up a r i v e r  w ith  th e  r e a r  p a r t s  o f  th e  wave 

c a tc h in g  up th e  forw ard a s  th e  f r o n t  o f  th e  wave moves in to  sh a llo w e r
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w a te r . I n  m ost c a se s  th e  f r i c t i o n a l  e f f e c t s  o f  th e  r i v e r  hed  a t te n u a te  

th e  wave, h u t  t h i s  e f f e c t  can he le s s e n e d  a s  th e  r i v e r  becomes n a rro w er 

h ig h e r  u p s tre a m . I n  some c a se s  b o re s  o f  s e v e ra l  f e e t  can fo rm ^ ^ ^ \  The 

tu rb u le n c e  in  th e  f r o n t  o f  th e  b o re  d i s s i p a t e s  i t s  ene rgy .

2 .1 .9  E nergy A b so rp tio n  by  P a r t i c l e s  in  a L a se r  Beam

The power d e n s i ty  a t  th e  i n te r a c t io n  a re a  and th e  n a tu r e  o f  th e  

s u r f a c e  o f  th e  p a r t i c l e s  a re  im p o rta n t in  t h i s  c a se . F o r low power 

d e n s i t i e s  w ith  p u lse d  l a s e r s  which a re  n o t Q -sw itched , damage may be p ro 

duced, b u t  th e  c r i t i c a l  f lu x  d en s ity ^ ^ ^ ^  i s  ~ 10^  V/cm^. Much work h as  

been  c a r r ie d  o u t on th e  a b s o rp t io n  o f  l a s e r  r a d i a t i o n  by  opaque s u r f a c e s  

on l a r g e  m eta l ta r g e ts ^ ^ ^  83)^ The r e s u l t s  o f  t h i s  r e s e a rc h  can be 

e a s i l y  a p p lie d  to  th e  ca se  o f  s m a lle r  p a r t i c l e s .

Below th e  c r i t i c a l  f lu x  d e n s i ty ,  th e  t h in  la y e r  on th e  s u r fa c e  o f  

th e  m a te r ia l  which i s  a b so rb in g  th e  r a d i a t i o n ,  undergoes a phase  t r a n s f o r 

m ation  p ro v id e d  s u f f i c i e n t  energy  i s  s u p p lie d . At v e ry  low power d e n s i

t i e s  th e  s u rfa c e  u nder i r r a d i a t i o n  may m e lt, b u t  n e a re r  th e  c r i t i c a l  power 

th e  s u r fa c e  i s  e v a p o ra te d .

F o r low power l e v e l s ,  th e  h e a tin g  e f f e c t s  can be t r e a t e d  by  o rd in 

a ry  therm odynam ics and th e  a s s o c ia te d  shock wave a s  th e  m eta l vapour plume 

expands in to  th e  a i r  h a s  been pho tographed  b o th  b y  c o n v e n tio n a l h ig h -sp e e d  

m ethods and by  u s in g  a l a s e r  to  g iv e  a s e r i e s  o f  Q -sw itched  l i g h t  p u ls e s .  

An a s s o c ia te d  a c o u s t ic  wave h a s  a ls o  been  p h o to g rap h ed ^ ^^ ’^ ^ \  The m etal 

vapou r plume i s  g e n e ra l ly  t r a n s p a r e n t  a t  low te m p e ra tu re s  and so does n o t 

i n t e r f e r e  w ith  th e  incom ing l a s e r  beam.

Above th e  c r i t i c a l  f lu x  d e n s i ty ,  ex p erim en ts  have been  perform ed 

up to  th e  10® W/cnf ra n g e . T h is  has  n e c e s s i ta te d  th e  u se  o f  h ig h  powered 

Q -sw itched  l a s e r s .
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The u se  o f  th e  Q -sw itched  l a s e r  r e s u l t s  in  e x tre m e ly  f a s t  r a t e s  

o f  e n e rg y  d e p o s i t io n  so t h a t  h y  th e  tim e  th e  s u r fa c e  o f  th e  m a te r ia l  

ex p lo d e s , i t  i s  in  f a c t  no lo n g e r  r e c e iv in g  any  energy  from  th e  l a s e r  

p u ls e .  The t o t a l  q u a n t i ty  o f  th e  energy  can he  d e l iv e re d  to  th e  s u rfa c e  

in  a p u ls e  < 20-30 n s  lo n g , th u s  a lth o u g h  th e  plume o f  vapou r e m itte d  from  

th e  m a te r ia l  i s  n o t  n e c e s s a r i l y  t r a n s p a r e n t  to  th e  l a s e r  beam a t  th e s e  

e n e rg ie s ,  i t  in  no way a f f e c t s  th e  a b s o rp t io n  o f  energy  by  th e  s u rfa c e ^ ^ ^ ^ . 

M easurement o f  th e  plume v e l o c i t y  in  t h i s  c a s e ' '  shows t h a t  i t  i s  v e ry  

d i f f e r e n t  from th e  plume p roduced  a t  low er pow ers. L ig h t i s  ab so rb ed  by 

m e ta ls  b y  r a i s in g  e le c t r o n s  to  h ig h e r  en erg y  s t a t e s  in  th e  c o n d u c tio n  

b a n d (^ ^ ) . The mean f r e e  tim e  betw een e le c t r o n  c o l l i s i o n s  in  a good con

d u c to r  i s  10“^® 8, th u s  d u r in g  th e  p e r io d  o f  th e  in p u t  l i g h t  p u ls e

(~  10~® s) th e r e  w i l l  have been  many c o l l i s i o n s ,  so t h a t  th e  energy  abso rbed  

by  one e le c tr o n  w i l l  be sp re a d  around  th e  m e ta l. W ith in  th e  a re a  a t  which 

th e  l i g h t  i s  ab so rb ed , th e  t r a n s f e r  in to  h e a t  can be c o n s id e re d  to  be 

in s ta n ta n e o u s .  R eady^^^’^^^ found t h a t  th e  m a te r ia l  b e n e a th  th e  s u rfa c e  

re a c h e d  v a p o u r is a t io n  te m p e ra tu re  b e fo re  th e  s u r fa c e  had ab so rb ed  th e  l a t e n t  

h e a t  o f  v a p o u r is a t io n .  T h is r e s u l t s  in  a h ig h  p r e s s u re  p u ls e ,  and su p e r

h e a t in g  o f  th e  u n d e r ly in g  m a te r ia l  u n t i l  th e  te m p e ra tu re  r i s e s  above th e  

c r i t i c a l  te m p e ra tu re ^ ^ ^ '^ ^ ) .  A f a s t ,  h o t  p lasm a j e t  i s  e m itte d  in  th e  

d i r e c t i o n  o f  th e  l i g h t  so u rce^ ^ ^ ^ , though w ith in  a l a r g e  s o l id  a n g le ^ ^ ^ '^ ^ ^ ; 

by  r e a c t io n ,  a shock wave i s  g e n e ra te d  which p a s s e s  in to  th e  u n d is tu rb e d  

p a r t  o f  th e  s o l id .  Some l i q u i d  m eta l may a ls o  be e je c te d ,  th e  r e s u l t  i s  

a  c r a t e r  scoured  o u t on th e  s u rfa c e  o f  th e  t a r g e t .

T h is  p ro c e s s  can e a s i l y  be a p p lie d  to  sm all p a r t i c l e s  (~ 10”^ cm 

in  d ia m e te r)  when i t  i s  seen  t h a t  th e  h e a t  flow  i s  r a p id  enough f o r  th e  

w hole o f  th e  p a r t i c l e  to  re a c h  v a p o u r is a t io n  te m p e ra tu re  and th u s  le a d  

to  s u p e rh e a tin g  a t  th e  c e n tre  o f  th e  p a r t i c l e ,  w h ile  th e  l a t e n t  h e a t  o f 

v a p o u r is a t io n  i s  ab so rb ed  a t  th e  s u r f a c e .
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2 .1 .1 0  Focused L a se r  E nergy  A b so rp tio n  from  a Q -Sw itched P u lse

The mechanism o f  shock wave p ro d u c tio n  by  d i e l e c t r i c  breakdown 

induced  in  a l iq u i d  a t  th e  fo cu s  o f  a Q -sw itched  l a s e r  h a s  been  examined 

by  a number o f  wor ke r s ^ ^ ^ ’ 98, 102)^ Shadow p h o to g rap h y  in  c o n ju n c tio n  

w ith  sp a rk  l i g h t  so u rc e s  t r i g g e r e d  by  th e  incom ing l a s e r  l i g h t  h as  been  

u se d , b u t  th e  te c h n iq u e  o f  p a s s in g  th e  l i g h t  beam used  f o r  shock wave 

p ro d u c tio n  around  a d e la y  p a th  a f t e r  p ro d u c tio n  o f  th e  wave, and r e - u s in g  

i t  to  p h o to g rap h  th e  waves, g iv e s  s h o r te r  d e la y  tim es  betw een wave p roduc

t i o n  and p h o to g rap h y .

A verage shock v e l o c i t i e s  o f  up to  0 .7 0  cms/jas can be p roduced , 

though co u p lin g  i s  b e t t e r  i f  th e  l a s e r  beam i s  fo cu sed  on to  a m etal 

t a r g e t  ( c f .  p re c e d in g  s e c t io n ) .

Im p u r i t ie s  p la y  a m ajor r o l e  in  l a s e r  induced  e l e c t r i c a l  d i e l e c t r i c  

breakdown p r o c e s s e s .  The a d d i t io n  o f  o n ly  m inu te  q u a n t i t i e s  o f  A lg0  ̂ , f o r  

exam ple, can le a d  to  m u lt ip le  p o in ts  o f  breakdown a lo n g  th e  a x is  o f  th e

(97)l a s e r  beam, even away from  th e  fo c a l  p o i n t '  , To en su re  t h a t  th e  shock

waves a re  p roduced  s o le ly  by  breakdown and n o t  by  th e  a b s o rp t io n  o f  l i g h t
!

e n e rg y  by  v e ry  f in e  p a r t i c l e s ,  i t  i s  e s s e n t i a l  t h a t  v e ry  p u re  l iq u id s  a re  

u se d . I t  i s  a ls o  n e c e s s a ry  to  en su re  t h a t  th e  l i q u i d  i t s e l f  does n o t 

ab so rb  l i g h t  o f  th e  w aveleng th  u se d .

T h resh o ld  v a lu e s  fo r  breakdown show a w ide ran g e^ ^ ^ ^ . Breakdown 

th re s h o ld  h as  been  obse rv ed  by  Roach to  v a ry  from  4 MW to  33 MW l a s e r  

o u tp u t power o v e r a ran g e  o f  e ig h t  o rg a n ic  l i q u i d s .  The breakdown could  

be ob se rv ed  v i s u a l l y  a s  a g low ing bubb le  o f  gas i s  p roduced , b u t i t  i s  

a ls o  accom panied b y  an a u d ib le  c ra c k .

I n  th e  case  o f  a l i q u i d  where l i g h t  a b s o rp t io n  ta k e s  p la c e ,  an

( 97)a x ia l  c y l in d r ic a l  a c o u s t ic  wave i s  g e n e ra te d ' \  i n d ic a t iv e  o f  a f a i r l y  

u n ifo rm  a b s o rp t io n  a lo n g  th e  p a th  o f  th e  beam. When a ru b y  l a s e r  i s
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u se d  f o r  r e t i n a l  c o a g u la tio n  in  th e  eye^^^ lO l)^  th e r e  i s  a lm ost c e r t a i n l y  

such  an a s s o c ia te d  p ro d u c tio n  o f  p r e s s u r e  waves in  th e  re g io n  o f  i n t e r 

a c t io n .

2 .2  DISCUSSION AMD COMPARISON OF TECIÎNIQUES ;

ISOLATION OF AN EXPLOSION (DEBRIS CONFINEMENT)

The m ethods o f  shock wave p ro d u c tio n  w hich a re  m ost e a s i l y  u sed  in  

th e  la b o r a to r y  a re  chem ical e x p lo s iv e s , th e  spa rk  shock, ex p lo d in g  w ire s  

and th e  l a s e r  p roduced  phenomena. We a re  concerned  h e re  w ith  ex p lo d in g  w ire s  

and l a s e r  p roduced  shock w aves. The p ro d u c tio n  o f  shock waves from  l a s e r

induced  d i e l e c t r i c  breakdow n and by  th e  a b s o rp t io n  o f  l a s e r  l i g h t  energy  

by  m ic j^ sc o p ic  p a r t i c l e s  can be l ik e n e d  to  a n u c le a r  e x p lo s io n  on th e  

m ic ro s c a le , in  so f a r  a s  th e  e x p lo s io n  p ro d u ces  l i t t l e  o r  no d e b r is  and a 

f i n i t e  q u a n t i ty  o f  en erg y  i s  e f f e c t i v e l y  dumped a t  a m a th em atica l p o in t  

a lm o st in s ta n ta n e o u s ly .  I n  t h i s  ca se  th e  T a y lo r  s i m i l a r i t y  th e o ry  fo r  

s p h e r ic a l  shocks i s  a p p l ic a b le  a lth o u g h  th e  wave i s  n o t  s tro n g  enough to  

lo s e  much o f  i t s  energy  th ro u g h  r a d i a t i o n ,  i n  th e  ca se  o f  th e  method o f  

e v a p o ra tio n  o f  m a te r ia l ' from  a m eta l t a r g e t ,  th e  T ay lo r th e o ry  cannot be 

a p p lie d  becau se  o f  th e  absence  o f  s p h e r ic a l  symmetry, a ls o  th e  shock wave 

may g a in  energy  from  th e  m eta l vapour d u rin g  th e  i n i t i a l  s ta g e s  o f i t s  

c r e a t io n .  ^Vhen th e  shock wave has  rea c h e d  maximum s tr e n g th ,  and as i t  

s t a r t s  to  decay , th e  norm al R ankine-H ugonio t e q u a tio n s  may be a p p lie d  to  

th e  m otion  o f  th e  p la n e  shock wave which i s  p roduced  norm al to  th e  s u rfa c e  

o f  th e  t a r g e t .  I n  th e  ca se  o f  shock wave p ro d u c tio n  by  e v a p o ra tio n  from 

a t a r g e t ,  th e  a s s o c ia te d  m eta l vapour ’d e b r is  which i s  p roduced , may 

h in d e r  th e  o p t i c a l  m easurem ent o f  th e  o u tg o in g  shock wave.

B oth l a s e r s  and exp lo d in g  w ire s  a s  w e ll a s  spark  so u rc e s , have th e  

adv an tag e  t h a t ,  a s  w e ll  a s  b e in g  on th e  m ic ro -s c a le , th e  amount o f  energy  

b e in g  p ro v id e d  f o r  th e  shock wave p ro d u c tio n  i s  e a s i l y  c o n tr o l le d  and 

m easured . B io e le c t r i c  breakdown p ro d u ces  a h ig h ly  u n ifo rm  s p h e r ic a l  shock,
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w h i l s t  ex p lo d in g  w ire s  and sp ark  so u rc e s  p roduce  h ig h ly  u n ifo rm  c y l in d r ic a l  

w aves. The sp a rk  shock so u rce  h as  a lr e a d y  been  shown to  obey L i n 's  th e o ry  

f o r  c y l in d r i c a l  w aves. When i t  h a s  p a s se d  i t s  maximum s t r e n g th ,  and i s  in  

th e  p ro c e s s  o f  decay , th e  ex p lo d in g  w ire  p roduced  wave a ls o  fo llo w s  L i n 's  

c a lc u la te d  m otion . D uring th e  fo rm a tio n  o f  th e  shock wave from  a w ire  th e  

shock wave g a in s  energy  ov er a s h o r t  p e r io d  o f  tim e  (~  p,s) b u t  th e  energy  

i s  a p p lie d  u n ifo rm ly  and s im u lta n e o u s ly  a lo n g  th e  a x is  o f  th e  w ire .

As i s  th e  case  w ith  m eta l e v a p o ra tio n  by  a l a s e r ,  th e  ex p lo d in g  

w ire  a ls o  p ro d u ce s  d e b r i s .  T h is  d e b r i s ,  w hich c o n s is t s  o f  m eta l v ap o u r, 

r a d i a t e s  energy  over a r e l a t i v e l y  lo n g  p e r io d  o f  tim e  (~m s) . I f  th e  

'open  f l a s h '  exposure  te c h n iq u e  o f  p h o to g rap h y  i s  to  be u sed  to  p h o to g rap h  

th e  shock wave, th e n  th e  p re se n c e  o f  th e  h o t ,  r a d i a t i n g  m eta l vapour w i l l  

o b scu re  th e  shock wave and i t  becomes n e c e s s a ry  to  c o n ta in  th e  w ire  in  some 

form  o f  l ig h t - p r o o f  box w hich w i l l  a llo w  th e  p a ssa g e  o f  th e  shock wave, b u t  

n o t  th e  a s s o c ia te d  w ire  vapour and l i g h t .

In  o rd e r  to  p roduce  an e f f i c i e n t  c o u p lin g  o f  shock wave en erg y  betw een 

two m edia, i t  i s  n e c e s s a ry  f o r  th e  shock wave v e lo c i ty  to  be s im i la r  in  each 

medium. I f  th e  w ire  i s  exploded  in  a i r ,  t h e r e  w i l l  n o t  be a v e ry  e f f i c i e n t  

t r a n s f e r  o f  shock wave en erg y  in to  a n e ig h b o u rin g  s o l id .  I t  i s  th e r e f o r e  

advan tageous to  exp lode th e  w ire  in  a l i q u i d  and su rround  t h i s  a x i a l l y  by 

a s o l id  c o n ta in e r  w ith  s im i la r  m echan ica l p r o p e r t i e s .  I t  h a s  a lr e a d y  been 

shown t h a t  b ecau se  o f  th e  h ig h  p r e s s u r e  c re a te d  b y  shock waves in  s o l id s ,  

th e  s o l id  i s  deform ed p l a s t i c a l l y  by  th e  wave, and th e  e f f e c t s  o f  sh e a r  

s t r e s s  can be ig n o re d . Thus th e  s o l id  a c t s  s im i la r l y  to  a l iq u i d  in  th e s e  

c irc u m stan c e s  and ty p ic a l  shock wave v e l o c i t i e s  in  s o l id s  a re  n o t f a r  d i f 

f e r e n t  th a n  f o r  l i q u i d s .  I t  i s  n e c e s s a ry , how ever, f o r  th e  s o l id  to  be 

such t h a t  i t  w i l l  flow  p l a s t i c a l l y ,  and i s  n o t l i a b l e  to  b r i t t l e  f r a c tu r e .  

F o r shock wave t ra n s m is s io n  from one s o l id  to  a n o th e r  th e  same c r i t e r i a  

a p p ly , and an in t im a te  c o n ta c t  betw een th e  two s o l id s  i s  n e c e s s a ry .
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C H A P T E R  I I I  

DESCRIPTION OF APPARATUS FOR INITIAL SHOCK WAVE STUDIES

3 .1  DISCHARGE CIRCUIT FOR EXPLODING WIRE

For t h e  i n i t i a l  i n v e s t i g a t i o n s  t h e  exp lod ing  w ire  te c h n iq u e  was 

u se d  a s  a shock wave s o u rc e .  T h is  r e q u i r e s  th e  r a p i d  dumping -into t h e  

w ire  o f  enough e l e c t r i c a l  energy  to  v a p o u r iz e  th e  w ire  co m p le te ly .  The 

method u sed , t h e  d i s c h a r g e  o f  e l e c t r i c i t y  from s to r a g e  c a p a c i to r s ,  r e q u i r e s  

t h a t  t h e  c a p a c i to r s  a re  charged  to  a h ig h  v o l t a g e  i n  a low in d u c ta n ce  c i r c u i t  

i f  t h e  d i s c h a rg e  i s  to  be s u f f i c i e n t l y  r a p id  to  v a p o u r iz e  t h e  w i r e .

The a v a i l a b l e  c a p a c i to r  (Bonar Long E l e c t r o n i c  Rapid D ischarge)  was 

r a t e d  a t  lOpF and 2 0 kV , I n  u s e ,  t h e  c a p a c i to r  was n e v e r  charged above 

11 kV so t h a t  t h e  c o n ta in ed  energy  was always l e s s  th a n  605 J  . Fo r  o b s e r 

v a t i o n s  o f  t h e  e x p lo s io n  o f  t h e  w i r e ,  a range  o f  low er e n e rg ie s  was a l s o  

used  ( ~ 8 0 J  a t  4 . OkV i n  th e  c a p a c i to r )  to  p roduce  an e x p lo s io n  o f  m olten  

w ire  m a t e r i a l .  The 1 0 pF c a p a c i to r  was l a t e r  r e p la c e d  by  t h r e e  s to ra g e  

c a p a c i to r s  o f  38 pF r a t e d  a t  8 kV. The s e r i e s  c a p a c i ta n c e  o f  th e s e  t h r o e  

was 1 2 . 5 pF .

The d i s c h a rg e  c i r c u i t  i s  shown i n  F i g . 3 .1 .  The Brandenburg power

su p p ly  (Type MRSO/RA) produced  up to  1 . 0 mA a t  5 0 kV and th e  r e c h a rg in g  

o f  t h e  c a p a c i to r s  took  some m in u te s .

A 4 0 Q dump r e s i s t o r  was pe rm an en tly  i n  p a r a l l e l  w i th  th e  w ire .

T h is  ensu red  th e  complete d i s c h a rg e  o f  th e  c a p a c i to r  ev e ry  t im e ,  by d i s s i 

p a t i n g  th e  s u rp lu s  energy  a f t e r  th e  w ire  had blown. A h ig h  r e s i s t a n c e  

p o t e n t i a l  d i v id e r  100:1 r a t i o  and 22 . 2 MQ was a l s o  i n  p a r a l l e l  w i th  th e  

exp lod ing  w ire ,  and was used  to  measure t h e  in s ta n ta n e o u s  d i sc h a rg e  v o l ta g e  

a c ro s s  t h e  w ire  d u r in g  th e  cou rse  o f  t h e  e x p lo s io n .

The d isc h a rg e  c i r c u i t  was sw itched  b y  a t r i g g e r e d  a i r  spark-gap  

s w i tc h .  The spa rk -gap  had a t y p i c a l  r e s i s t a n c e  o f  3 Q when i n  th e  'o n '
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Fig. 3 - 1.
D i s c h a r g e  Ci r c u i t  f o r  E x p l o d i n g  Wi r e .  
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c o n d i t io n .  The tu n g s t e n  t r i g g e r i n g  e le c t r o d e  was i n s i d e  and c o n c e n t r ic  

to  t h e  e l e c t r o d e  on th e  low v o l t a g e  s id e  o f  th e  sw i tc h  ( F i g . 3 . 2 ) ,  The 

w ire  to  he exploded was a l s o  p o s i t i o n e d  on th e  low v o l t a g e  s id e  o f  t h e  

sw itc h  and was th u s  h e ld  s a f e l y  a t  e a r t h  p o t e n t i a l  u n t i l  t h e  d i s c h a r g e .

The o u tp u t  t h y r a t r o n ,  i n  t h e  p u l s e  g e n e r a t i n g  c i r c u i t  s w itc h e s  150V 

i n  5 0 n s  . T h is  p u l s e  i s  p a s se d  th ro u g h  a p u l s e  d e la y  c i r c u i t  b e f o r e  e n t e r 

ing  th e  F e r r a n t i  P . T . 6 0 . ( l 0 0 ; l )  p u l s e  t r a n s f o r m e r .

The in d u c ta n ce  o f  t h e  d i s c h a rg e  c i r c u i t  was k e p t  to  a minimum and 

th e  d i s c h a rg e  t im e  ~  5 jis . The v o l t a g e  was m on ito red  on one beam o f  a 

Telequipm ent dua l beam o s c i l l o s c o p e  t r i g g e r e d  by  th e  d i s c h a r g e .  The second 

beam o f  th e  o s c i l lo s c o p e  was used  to  m on ito r  t h e  p h o t o f l a s h  used  to  i l l u 

m ina te  t h e  shock waves.

A number o f  w ire s  were exploded . At low v o l t a g e s  f o r  l i q u i d  drop 

o b s e rv a t io n s  28 S ¥ G  s t e e l  p iano  w ire  was used  a s  w e l l  a s  29 SWG 'E u re k a ' 

(C ons tan tan  ; 60^ Cu, 40^ Ni a l l o y ) .  Eureka w ire  has  a v e r y  much low er 

m e l t in g  p o i n t  and l a t e n t  h e a t  th a n  s t e e l  w ire  and so th e  energy  r e q u i r e d  

to  explode i t  i s  g r e a t l y  red u ced .

3 .2  EXPLODING WIFE CAVITY . '

In  o r d e r  to  s tu d y  th e  w ire  e x p lo s io n s  d i r e c t l y ,  a d u ra i  c a v i t y  o f  

c y l i n d r i c a l  c r o s s - s e c t i o n  was c o n s t r u c te d  to  c o n ta in  t h e  fragm ents  o f  t h e  

exploded w i re .  The i n t e r n a l  d iam e te r  o f  t h e  c a v i t y  was 4^" and o u t s id e  

d ia m e te r  7", i t s  dep th  was 2" .  The to p  and bo ttom  o f  t h e  c a v i t y  were 

s e a le d  by  %" t h i c k  p l a t e  g l a s s  windows 6 " d iam e te r  and clamped t i g h t l y  on 

to  n e a p r in  0- r i n g s  r e c e s s e d  on th e  end o f  th e  c a v i t y  cy jc linders  in  o rd e r  

to  make th e  c o n ta in e r  w a te rp ro o f .

The a x i s  o f  th e  c a v i t y  was s e t  v e r t i c a l ,  and th e  l e a d s  to  th e  two 

e le c t r o d e s  h o ld in g  th e  w ire  were l e d  th rough  th e  w a l l s  by vacuum t i g h t
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s e a l s .  The w ire  was clamped v e r t i c a l l y  betw een th e  two e le c t r o d e s  whose 

s e p a r a t i o n  was f " .  The e l e c t r o d e s  were ex tended  in to  t h e  c a v i t y  so t h a t  

t h e  w i re  was h e ld  2 .5  cms from t h e  w a l l  o f  th e  c a v i t y  t h u s  p e r m i t t in g  a 

u n ifo rm  e x p lo s io n .

The l i g h t  from t h e  w ire  a s  i t  was abou t to  explode was s h ie ld e d  

from th e  camera b y  an alum inium  p l a t e  p la c e d  betw een th e  camera and th e  

to p  e l e c t r o d e  a c r o s s  t h e  l i n e  o f  a x i s  o f  t h e  w i r e .  T h is  s h i e l d ,  which was 

rem ovable , a l s o  p r o t e c t e d  th e  windows from m olten  p a r t i c l e s  o f  w ire  thrown 

up a t  t h e  ends o f  t h e  w i re  where th e  e x p lo s io n  i s  n o t  c y l i n d r i c a l .

P r o v i s io n  was madé i n  t h e  c a v i t y  so t h a t  i t  cou ld  be f i l l e d  w ith  

l i q u i d  th ro u g h  i n l e t s  i n s e t  i n to  t h e  w a l l  o f  t h e  c a v i t y  a d ja c e n t  t o  t h e  

e l e c t r o d e  m ountings, and th u s  o u t  o f  th e  ' l i n e  o f  f i r e '  o f  exp lod ing  w ire  

p a r t i c l e s .  When th e  c a v i t y  was f i l l e d  w i th  a i r ,  t h e s e  a c te d  as  a p r e s s u r e  

r e l e a s e .

When th e  c a v i t y  i s  f i l l e d  w i th  w a te r ,  t h e  main r e f l e c t i v e  s u r f a c e  

f o r  any shock waves t r a v e l l i n g  th ro u g h  th e  l i q u i d  i s  a t  t h e  e x te r n a l  fac e  

o f  t h e  c a v i t y  w a l l ,  a t  which p o i n t  o b s e rv a t io n  o f  t h e  shock waves i s  n o t  

p o s s i b l e .  Fo r  t h i s  r e a s o n  th e  c a v i t y  was c h i e f l y  u sed  to  c o n ta in  w ire  

e x p lo s io n s  a t  low e n e rg ie s  i n  a i r .  ,

I n  a d d i t i o n  to  t h e  w ire  c o n ta in in g  c a v i t y  j u s t  d e s c r ib e d ,  a l a r g e  

box 2 ' X 2 ' X 3 '  was c o n s t r u c te d  from hard b o a rd ,  and th e  e l e c t r o d e s  to  ho ld  

th e  exp lod ing  w ire  were mounted i n s i d e  w i th  t h e  w ire  mounted v e r t i c a l l y .  

The to p  o f  t h e  e n c lo s u re  was c o n s t r u c te d  w i th  a g l a s s  window so t h a t  th e  

camera could  be mounted above , to  pho tog raph  an a re a  o f  abou t one square  

f o o t  ab o u t  t h e  w i r e .  Th is  e n c lo s u re  was o f  such a s i z e  t h a t  t h e  d r o p le t s  

o f  w ire  h i t t i n g  t h e  w a l l  and b e in g  bounced back could  be n e g le c te d .  The 

w ire  was p o s i t i o n e d  n e a r  th e  c e n t r e  o f  th e  e n c lo su re  so t h a t  by  th e  tim e 

w ire  p a r t i c l e s  reach ed  th e  w a l l s  th e y  had slowed to  a v e l o c i t y  w i th
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i n s u f f i c i e n t  energy  f o r  them to  r e t u r n ,  a l s o  t h e  c o e f f i c i e n t  o f  r e s t i t u t i o n  

o f  t h e  m at t  f a c e  o f  t h e  h a rd b o a rd  was c o n s id e r a b ly  l e s s  th a n  t h a t  o f  th e  

d u r a i  c a v i t y .

By p l a c in g  a sm all  a p e r t u r e  ( 0 .5  cms d ia m e te r )  abou t  2" from th e  

w i re  i t  was p o s s i b l e  to  s e l e c t  d r o p l e t s  t r a v e l l i n g  in  a chosen d i r e c t i o n  

and aim them a t  a s e l e c t e d  t a r g e t  which was mounted v e r t i c a l l y  i n s i d e  t h e  

e n c lo s u re  a t  a d i s t a n c e  o f  ~ 1 0 "  from th e  w i r e .  Some t a r g e t s  were p la c e d  

im m edia te ly  a d ja c e n t  to  t h e  w ire  i n  o r d e r  to  r e c e iv e  p a r t i c l e s  a t  t h e i r  

maximum energy .

3 .3  m W  DEBBIS CONTAINMENT; THE SHOCK WAVE GENERATING CYLINDER

The re a s o n s  f o r  e n c lo s in g  th e  exp lod ing  w ire  have a l r e a d y  been 

covered in  C hap ter  I I ,  S e c t io n  2 . I n  o r d e r  to  be a b le  to  v iew  th e  

maximum a re a  o f  i n t e r e s t  i t  i s  n e c e s s a ry  f o r  t h e  c y l i n d r i c a l  c o n ta in e r  

su rro u n d in g  th e  w ire  to  have a small d ia m e te r .  Also t h e  e l e c t r o d e s  l e a d 

ing  i n to  and su p p o r t in g  t h e  c y l in d e r  must be k e p t  sm a l l .  An optimum 

c y l in d e r  s i z e  e x i s t s  such t h a t  t h e  c y l in d e r  h as  a d ia m e te r  sm all enough n o t  

to  i n t e r f e r e  w i th  t h e  f i e l d  o f  view, b u t  n o t  so sm all  t h a t  i t  i s  n o t  s t ro n g  

enough to  c o n ta in  th e  b l a s t  o f  t h e  w ire  e x p lo s io n .

The f i r s t  c y l in d e r  to  be c o n s t ru c te d  was des ig n ed  to  c o n ta in  a 

1 .95cm  long  w i re .  The i n t e r n a l  d iam e te r  was and th e  e x te r n a l  d iam e te r  

0 ,6 5 "  . The e l e c t r o d e s  h o ld in g  th e  w ire  were h e ld  by  a ny lon  i n s u l a t o r  i n s id e  

aluminium end caps which were screwed on to  t h e  m ild  s t e e l  c y l in d e r  w i th  

a screw  t h r e a d .  T h is  was found to  be i n s u f f i c i e n t  to  c o n ta in  th e  p r e s s u r e  . 

b u i l t  up d u r in g  th e  e x p lo s io n ,  th e  screw th r e a d  b e in g  too  f i n e .  The 

rep lacem en t  shock g e n e ra t in g  c y l in d e r  was c o n s t r u c te d  w i th  o u t s id e  

d ia m e te r  and i n t e r n a l  d iam e te r  ( se e  F i g . 3 . 3 ) .  The screw th re a d  to  h o ld  

on t h e  caps was s tr e n g th e n e d  to  a c o a r s e r  t h r e a d  which was s tro n g  enough.

The w ire  was mounted a x i a l l y  w i th in  th e  c y l in d e r  by  th r e a d in g  i t  th rough
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t h e  4mm o u t s id e  d ia m e te r  h o l lo w  h r a s s  e l e c t r o d e s .  The e l e c t r o d e s  were 

so shaped t h a t  t h e  w ire ,  when fed  th ro u g h  t h e  low er e l e c t r o d e ,  was d i r e c t e d  

i n to  t h e  narrow  h o le  i n  t h e  end o f  t h e  second ( to p )  e l e c t r o d e .  I n  t h i s  

way, w i re  rep lacem en t  was made p o s s i b l e  w i th o u t  t h e  n e c e s s i t y  o f  d i s 

m an t l in g  t h e  c o n ta in e r .  When t h e  w ire  was h e ld  i n  p o s i t i o n ,  t h e  c o n ta in e r  

was f lu s h e d  o u t  h y  a s tre a m  o f  w a te r  e n te r in g  th ro u g h  th e  low er e l e c t r o d e  

and l e a v in g  th ro u g h  th e  to p .  The e l e c t r o d e s  were c o n s t r u c te d  to  p r o j e c t  

in to  t h e  c a v i t y  so t h a t  t h e  b l a s t  from th e  exp lod ing  w ire  was k e p t  away 

from t h e  ends o f  t h e  c a v i t y  and d id  n o t  damage t h e  i n s u l a t i n g  m a te r i a l  

between th e  e l e c t r o d e s  and t h e  o u t e r  s t e e l  c a s in g .  The e l e c t r o d e s  them

s e lv e s  were i n  t h e  p a th  o f  t h e  exp lod ing  w ire  and th u s  l i a b l e  to  damage.

T his  n e c e s s i t a t e d  t h e  o c c a s io n a l  remaking o f  th e  e l e c t r o d e  t i p s  where t h e  

w ire  b l a s t  had d i s t o r t e d  t h e  b r a s s .

Nylon s p a c e r s  around th e  e l e c t r o d e s  on th e  o u t s id e  o f  th e  c y l i n d e r s  

ensu red  t h a t  t h e r e  was no e l e c t r i c a l  breakdown betw een th e  c y l in d e r  and 

i t s  m ountings. Sharp edges were avo ided  because  o f  th e  h ig h  v o l t a g e s  o f  

th e  d i s c h a r g e s .  E l e c t r i c a l  breakdown was n o t  a s e r io u s  prob lem  however,
i

becau se  t h e  v o l t a g e  was p u ls e d  and n o t  c o n t in u o u s .  A f t e r  t h e  w ire  has  

b lo im , t h e r e  i s  a p o s s i b i l i t y  o f  c u r r e n t  p a s s in g  from th e  e l e c t r o d e s  down 

th ro u g h  th e  body o f  t h e  c y l in d e r ;  t h i s  would i n  f a c t  be  an advan tage  in  

t h a t  i t  would h e lp  to  d i s s i p a t e  any  s u rp lu s  charge  l e f t  on th e  c a p a c i to r s .

3 .4  TRANSFER OF THE SHOCK WAVE INTO A PERSPEX PLATE

I n  o r d e r  t h a t  shock waves a r e  t r a n s m i t t e d  e f f i c i e n t l y  from one 

s o l i d  to  a n o th e r ,  i t  i s  n e c e s s a r y  f o r  t h e  two s u r f a c e s  to  be clamped t i g h t l y  

t o g e t h e r  ( c f .  C hap ter  I I ,  s e c t i o n  2 ) .  The o u t s id e  s u r f a c e  o f  t h e  shock 

wave g e n e ra t in g  c y l in d e r  d e s c r ib e d  in  th e  p re v io u s  s e c t i o n  was g iven  a 

s l i g h t  t a p e r  so t h a t  i t  was a t  i t s  maximum d ia m e te r  o p p o s i te  t h e  s e c t io n  

r e c e iv i n g  th e  b l a s t  o f  t h e  exp lod ing  w i re .  I n  o rd e r  to  obse rve  th e  s t r e s s
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induced  in  p e rs p e x  by  th e  waves, a number o f  p e rs p e x  d i s c s  each had a 

h o l e  whose d ia m e te r  i s  equal t o  th e  o u t s id e  d ia m e te r  o f  t h e  c y l in d e r ,  

d r i l l e d  th ro u g h  a p o i n t  2 . 5 ” cms from th e  edge o f  t h e  d i s c ,  a c c u r a t e l y  

p e r p e n d ic u l a r  to  t h e  d i s c ' s  s u r f a c e .  The d i s c s  were o f  a s e l e c t i o n  o f  

chosen th i c k n e s s e s ,  & , & , s ' , §  in c h e s .

A number o f  methods were t r i e d  i n  o r d e r  t o  en su re  a t i g h t  f i t  

betw een th e  s t e e l  c y l in d e r  and th e  su rro u n d in g  p e r s p e x .  By d r i l l i n g  a 

h o le  whose d iam e te r  was g r e a t e r  th a n  th e  d ia m e te r  o f  t h e  c y l in d e r ,  th e  

gap was more e a s i l y  f i l l e d  in  w i th  p e rs p e x  cement w h i le  th e  c y l in d e r  was 

clamped i n  p o s i t i o n  i n  t h e  c e n t r e  o f  t h e  h o l e .  T h is  method was found to  

be  u n s a t i s f a c t o r y  because  t h e  l i q u i d  cement s h r in k s  by  abou t 25^ volume 

when i t  s e t s ,  and th u s  a i r  b u b b le s  form i n  t h e  gap betw een c y l in d e r  and 

p e rs p e x .

The te c h n iq u e  o f  f o rc in g  t h e  s t e e l  c y l in d e r  i n  w h i l s t  coo led  in  

l i q u i d  n i t r o g e n  was a l s o  u sed , b u t  i t  was found to  be  u n n e c essa ry ,  a s  w i th  

a c c u r a te  ream ing , th e  d i s c  can be f o rc e  f i t t e d  around th e  c y l in d e r  so t h a t  

th e  t i g h t e s t  f i t  i s  o p p o s i te  t h e  w i r e .  During th e  course  o f  a few exp lo

s io n s ,  t h e  c y l in d e r  d i s t o r t s  p l a s t i c a l l y  t o  g ive  a v e ry  t i g h t  f i t  i n to  th e  

p e rs p e x .  The s t r e s s  induced  i n  t h e  p e rsp e x  b y  t h e  d i s t o r t i o n  o f  t h e  

c y l in d e r  was e a s i l y  v i s i b l e  i n  p o l a r i z e d  l i g h t ,  and was r e l e a s e d  w ith  t h e  

removal o f  th e  c y l i n d e r .  (See F i g . 4 .1 1 ) ,

The p l a t e s  b e in g  a d e q u a te ly  supported  by  th e  c y l i n d e r / p l a t e  i n t e r 

fa c e ,  t h e r e  was no need f o r  any e x te r n a l  clamps to  h e lp  h o ld  them. Thus 

t h e  p e r i m e t r a l  edge o f  each d i s c  does n o t  have to  touch  any o th e r  s o l i d  

s u p p o r t s  so t h a t  t h e  r e f l e c t i o n  o f  t h e  shockwave can be l o c a l i z e d  to  t h e  

p e rs p e x  a i r  i n t e r f a c e  a t  a l l  p o i n t s  around th e  c irc u m fe re n c e .  To ensu re  

t h a t  a u n ifo rm  r e f l e c t e d  wave was produced , th e  edge o f  each p e rsp e x  d i s c  

was m i l le d  a c c u r a t e l y  so a s  to  be p e rp e n d ic u la r  to  t h e  fa c e  o f  each p l a t e ,  

and p o l i s h e d  to  produce a smooth f i n i s h  on th e  s u r f a c e .
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3 .5  PHOTOGRAPHIC SYSTEM

During th e  i n i t i a l  i n v e s t i g a t i o n s ,  two p h o to g ra p h ic  te c h n iq u e s  

were u se d  t o  r e c o r d  th e  w ire  e x p lo s io n .  As t h e  w ire  exp lodes  i t  r e a c h e s  

a v e r y  h ig h  te m p e ra tu re  ~ 3 X 1 0 ^  °C and em its  a s  b road  band spectrum  o f  

r a d i a t i o n .  Thus, f o r  o b s e r v a t io n s  o f  t h e  exp lod ing  w i re ,  i t  i s  p o s s ib l e  

t o  v iew  th e  w ire  by  i t s  own l i g h t .  The l i q u i d  d ro p s  o f  w ire  were t r a c e d  

b y  t h e i r  l i g h t  p a th s ,  and a l l  t h a t  was n e c e s s a r y  t o  t a k e  a pho tog raph  was 

f o r  t h e  camera s h u t t e r  to  be h e ld  open d u r in g  t h e  p e r io d  o f  t im e  t a k e n  f o r  

t h e  com ple tion  o f  t h e  e x p lo s io n .

cJ
The camera was p o s i t i o n a l m  v e r t i c a l l y  above th e  w ire ,  and looked  

a lo n g  th e  w ire ,  focused  a t  t h e  d i s t a n c e  o f  th e  m id -p o in t  o f  t h e  w i r e .  A

Kod a k ^ - p l a t e  camera was used  w i th  Kodak P . 300 p l a t e s  and a p e r t u r e  a t  
'

f = 8 . T h is  gave a s u f f i c i e n t  d ep th  o f  focus  to  cover  t h e  4 ” long

w i r e .  I n  o r d e r  to  cu t  r e f l e c t i o n s  from th e  low er window o f  t h e  c y l i n 

d r i c a l  o b s e r v a t io n  c a v i ty ,  i t  was covered  by  a l a y e r  o f  b la c k  p a p e r  d u r in g  

t h i s  ty p e  o f  p ho tog raphy . I n  th e  l a r g e r  h a rd b o a rd  e n c lo s u re  no such p r e 

c a u t io n s  were n e c e s s a ry .

i  '  ■ .
I n  o r d e r  t o  p roduce  p h o tog raphs  o f  th e  shock waves produced  in  

p e rs p e x ,  th e  b i r e f r i n g e n c e  induced  i n  th e  p e rs p e x  was obse rved  by  p l a c in g  

th e  d i s c / c y l i n d e r  com bina tion  between c ro s se d  p o l a r i z e r s  ( se e  F i g . 3 . 4 ) .

I n  t h e  normal u n s t r a in e d  c o n d i t io n  o n ly  a sm all background r a d i a t i o n  could 

p a s s  th ro u g h  t h e  system  from t h e  f l a s h l i g h t .  During th e  p a s sa g e  o f  a 

shock wave, th e  b i r e f r i n g e n c e  in  t h e  p e rs p e x  a llow ed  p a ssa g e  o f  l i g h t  

th ro u g h  th e  system  in  t h e  a r e a s  c o rre spond ing  to  t h e  s t r e s s .  The 'open 

f l a s h '  method o f  pho tog raphy  was u se d .

A v e r y  f a s t  f l a s h l i g h t  was u n a v a i l a b l e ,  b u t  a  E o l l e i  ty p e  E .55 

( l a t e r  r e p la c e d  by  ty p e  E . 66) was used  to  g iv e  a 1 ms f l a s h .  T h is  f l a s h  

l e n g th  i s  over  t h r e e  o r d e r s  o f  magnitude lo n g e r  th a n  t h a t  r e q u i r e d  to  p ro 

duce a sharp  p i c t u r e .  A t y p i c a l  shock wave w i th  v e l o c i t y  ~ 5 X 1 0 ^  m/s
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would t r a v e l  ~ 5  m e tre s  and have decayed to  an a c o u s t i c  wave in  t h a t  t im e. 

The r e s u l t i n g  pho tog raph  from t h i s  l e n g t h  o f  exposure  shows a t im e  i n t e 

g r a t e d  p i c t u r e  o f  th e  p e r s p e x  s t r a i n  p a t t e r n .  The f l a s h l i g h t  p roduces  a 

w h i te  f l a s h ,  h u t  in  o r d e r  t h a t  t h e  s t r a i n  f r i n g e s  co rrespond  to  o p t i c a l  

r o t a t i o n  o f  o n ly  one w ave leng th ,  a b lu e  f i l t e r  was p u t  in  th e  system .

An e l e c t r o - p h o to n i c s  dye l a s e r  was t r i e d  a s  a l i g h t  sou rce  i n  o rd e r  

t o  p roduce  s h o r t e r  ex p o su res .  I n  t h e  l a s e r ,  two f l a s h  lamp c a p a c i to r  con

f i g u r a t i o n s  a r e  p o s s ib l e  so t h a t  t h e  in s t ru m e n t  g iv e s  a cho ice  o f  two o u t 

p u t  power r a t i n g s .  The SÜA 1 c o n f ig u r a t io n  g iv e s  2 0 k ¥  f o r  1 p,s , th e  

SU A 2 system s in t r o d u c e s  a l a r g e r  c a p a c i to r  i n to  t h e  f l a s h  lamp d is c h a rg e  

c i r c u i t  so t h a t  th e  l a s e r  o u tp u t  i s  r a i s e d  to  120 kW f o r  ^  2 p.s . During 

t h i s  p e r io d  o f  t im e  th e  shock wave t r a v e l s  1-^2 cms, b u t  t h i s  power o u tp u t  

l e a d s  to  reduced  f l a s h  tu b e  l i f e .  The S U A l  c o n f ig u r a t io n  was used  f o r  

th e  s h o r t  p u l s e  l i g h t  s o u rc e .  The a c t i v e  medium was Ehodamine 6 G, and

th e  l a s e r  was tu n ed  by  u s in g  an o p t i c a l  g r a t i n g  a s  one o f  t h e  c a v i t y  m ir ro r s ,  

The w aveleng th  used  ~  590nm i s  i n  th e  c e n t r e  o f  t h e  dye l a s e r  o u tp u t  

spectrum , th e  maximum tu n in g  range  w i th  Rhodamine 6 G b e in g  570-610 run . 

During th e  1 |js o f  th e  l a s e r  p u l s e  th e  shock wave shou ld  move ~  0 . 5 ^

1 .0  cms . I f  n e g l i g i b l e  shock f r o n t  t h i c k n e s s  i s  assumed, th en  a s in g le  

exposure  o f  t h i s  l e n g th  g iv e s  a measurement o f  t h e  v e l o c i t y  o f  t h e  shock 

f r o n t .  The a p p a re n t  t h i c k n e s s  o f  t h e  shock f r o n t  a s  photographed , d iv id e d  

b y  th e  exposure  t im e ,  g iv e s  t h e  v e l o c i t y .

The r e c e iv e d  l i g h t  i n t e n s i t y  from th e  dye l a s e r  was found to  be 

much l e s s  th a n  from th e  f l a s h l i g h t .  The main r e a s o n  f o r  low er i n t e n s i t y  

was t h e  n e c e s s i t y  to  expand th e  beam to  6"  d ia m e te r .  I t  was found t h a t  i t  

was n e c e s s a ry  t o  r e p l a c e  t h e  p l a t e  camera by  a p o l a r o id  camera so t h a t  a 

f a s t ,  h ig h  c o n t r a s t  2 ,000  A SA  f i lm  could  be u se d .
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3 .6  TRIGGERING AM) SYNCHRONISATION

The c a p a c i to r  d i s c h a rg e  c i r c u i t  i s  sw itched  hy  th e  spa rk -gap  sw itch  

which i s  t r i g g e r e d  from a p u l s e  g e n e ra t in g  c i r c u i t .  No sy n c h ro n iz in g  

c i r c u i t s  a r e  needed f o r  d i r e c t  pho tog raphs  o f  t h e  exp lod ing  w ire ,  h u t  when 

th e  f l a s h  l i g h t  i s  u sed , a d e la y  c i r c u i t  i s  in t ro d u c e d  betw een th e  p u l s e  

g e n e r a to r  and th e  spa rk -gap  sw itch  ( se e  F i g . 3 . l ) .  The f l a s h  l i g h t  and 

p u l s e  g e n e r a to r  a r e  t r i g g e r e d  s im u l ta n e o u s ly ,  b u t  t h e  f l a s h  l i g h t  has  a 

n a t u r a l  d e la y  t im e  of  4 -+ 5 |is  between t r i g g e r i n g  and d i s c h a r g e .  Th is  

d e la y  i s  compensated f o r  by  a d e la y  on th e  sp a rk -g a p  t r i g g e r  p u l s e .  T h is  

p u l s e  i s  de layed  12p,s betw een th e  p u l s e  g e n e r a to r  and spa rk -g ap  sw itch ,  

and th u s  e n su re s  t h a t  t h e  tim e  i n t e g r a t e d  ph o to g rap h  shows th e  complete 

e x p lo s io n .  When th e  dye l a s e r  i s  u se d ,  t h e  d e la y  l i n e  i s  no lo n g e r  

n e c e s s a r y  as  t h e  dye l a s e r  h as  i t s  own b u i l t  i n  v a r i a b l e  d e la y  u n i t .  A 

d e la y  o f  10“® 1 0  se cs  can be p roduced  betw een t h e  t r i g g e r i n g  o f  t h e  l a s e r  

and th e  o u tp u t  l i g h t  p u l s e .

O s c i l lo s c o p e  r e c o r d in g s  o f  t h e  d i s c h a rg e  v o l t a g e  show t h a t  th e  

maximum v o l t a g e  a c ro s s  th e  w ire  b u i l d s  up i n  ~  3 |is  , t h e  w ire  i t s e l f  

exp lodes  a t  t h i s  t im e  and t h e  d e la y  r e q u i r e d  on th e  l a s e r  i s  2 |is lo n g e r  

th a n  t h i s  p e r i o d .  Synch ron iz ing  th e  l a s e r  was made d i f f i c u l t  by  th e  

e l e c t r i c a l  n o i s e  produced  by th e  c a p a c i to r  d i s c h a r g e .  The l a s e r  was l i a b l e  

t o  d i s c h a r g e  p r e m a tu re ly .  A P I N  d iode  d e t e c t o r  was p o s i t i o n e d  to  moni

t o r  t h e  l a s e r  o u tp u t ,  t h i s  was d i s p la y e d  on a te le q u ip m e n t  dual-beam  

o s c i l l o s c o p e ,  t o g e t h e r  w i th  t h e  v o l t a g e  a c ro s s  th e  w i r e .  _  _

The P I N  phd tod iode^^^^)  was a s o l i d  s t a t e  d e v ic e  w i th  an i n t r i n s i c  

r i s e  t im e  o f  < ns  when used  w i th  a 50 ohm lo a d .  The power req u irem e n t  was 

s u p p l ie d  by  a d ry  c e l l  w i th  a sm all s to r a g e  c a p a c i ty .  T h is  produced  an 18V 

n e g a t iv e  b i a s  on th e  p h o to d io d e .  T h is  system  was s u f f i c i e n t  to  d r iv e  th e  

O s c i l lo s c o p e  w ith  a v e r t i c a l  s e n s i t i v i t y  o f  5 . 0 V/cm, The u se  o f  t h i s  

d e v ic e  enab led  th e  amount o f  j i t t e r  i n  th e  s y n c h ro n iz a t io n  to  be measured.
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C H A P T E R  IV

INITIAL INVESTIGATIONS AND RESULTS

4.1  DESCRIPTION OF DISaiARGES, ENERGIES FOR VAPOURISATION

The maximum r a t e  o f  d e p o s i t io n  o f  energy  in to  an exp lod ing  w ire  i s  

dependent on th e  r e s i s t a n c e  o f  th e  w ire  and s u h s id u a ry  c i r c u i t  and on th e  

v o l t a g e  to  which t h e  s to r a g e  c a p a c i to r s  a r e  charged . P ro v id ed  t h a t  th e  

c a p a c i ta n c e  i s  g r e a t  enough to  c o n ta in  t h e  c r i t i c a l  q u a n t i t y  o f  energy  

which i s  r e q u i r e d  to  explode th e  w ire ,  th e n  t h e  a c tu a l  v a lu e  o f  t h e  c a p a c i 

t a n c e  i s  n o t  im p o r ta n t  a s  i t  i s  no lo n g e r  a l i m i t i n g  p a ra m e te r  i n  t h e  

d e te r m in a t io n  o f  t h e  maximum power d i s s i p a t i o n .  The energy  needed in  o rd e r  

to  explode  th e  w ire  i s  dependen t on th e  th e rm al  c a p a c i ty  and l a t e n t  h e a t s  

( o r  more a c c u r a t e l y  t h e  s u b l im a t io n  energy) o f  t h e  w ire .

Two d i f f e r e n t  w ire  m a t e r i a l s  were u s e d .  A ’Eureka* a l l o y  w ire  

o f  29 S WG ( 0 . 345mm d ia m e te r )  and hav ing  a r e s i s t a n c e  o f  4 .3 2 0  m"^ was 

exp loded . T h is  w ire  had a sm all  s u b l im a t io n  energy  and th u s  exploded in  

l e s s  t im e  th a n  w ire s  o f  g r e a t e r  m echan ica l  s t r e n g t h .  The second w ire  to  

be  u se d  was a s t e e l  p iano  w ire  w i th  28 SWG (0 .0 1 4 8 ”) d ia m e te r .  The r e s i s 

ta n c e  o f  t h e  s t e e l  p ian o  w ire  was 1 .46  Qm“  ̂ which t o g e t h e r  w i th  t h e  h ig h e r  

s u b l im a t io n  energy  p roduces  a more d e lay ed  e x p lo s io n .  The r e l a t i v e l y  

h ig h  b o i l i n g  p o i n t  o f  t h i s  m a te r i a l  (> 3 ,070  °C) makes i t  p o s s ib l e  to  

explode  th e  w ire  i n  such a way as  to  produce  a m ix tu re  o f  w ire  vapour and 

m olten  d r o p l e t s .  I t  i s  a l s o  p o s s ib l e  to  p roduce  th e  same form o f  exp lo

s io n  w i th  Eureka w ire ,  b u t  o n ly  over  a low er range  o f  d i s c h a rg e  e n e rg ie s .

The w ire  d r o p le t s  from a Eureka w ire  g e n e r a l l y  ap p ear  to  be sm a l le r  th a n  

th o s e  produced by  th e  s i m i l a r  e x p lo s io n  o f  a s t e e l  w ire ,  and a ls o  more 

l i a b l e  to  d i s i n t e g r a t i o n .

The d i sc h a rg e  v o l t a g e  a c ro s s  th e  w ire  was re c o rd e d ,  and F i g . 4 .1  

shows th e  p l o t  o f  v o l t a g e  a g a in s t  t im e  a s  measured on th e  h ig h  v o l ta g e
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s id e  o f  an  exp lod ing  Eureka w i re .  The c a p a c i to r s  a r e  d isc h a rg e d  h o th  w ith ,  

and w i th o u t  t h e  w ire  i n  p o s i t i o n .  The Telequ ipm ent o s c i l l o s c o p e  was 

u se d  i n  c o n ju n c t io n  w i th  a p o t e n t i a l  d i v i d e r  ( se e  F i g . S . l ) .  F i g .4 .1 ( c )  

shows th e  o u tp u t  o f  t h e  d e t e c t o r  m o n ito r in g  th e  f la sh la m p  and shows th e  

r i s e  t im e  o f  t h e  f l a s h  o u tp u t .  Because o f  th e  l e n g t h  o f  th e  f l a s h  r i s e

t im e ,  a t im e  d e la y  was in t ro d u c e d  betw een th e  t r i g g e r i n g  o f  t h e  f la sh lam p

and th e  t r i g g e r i n g  o f  t h e  w ire  e x p lo s io n .  The c a p a c i to r s  i n i t i a l l y  had 

an energy  o f  245 J  .

When th e  w ire  was removed from th e  d i s c h a rg e  c i r c u i t ,  t h e  c a p a c i to r s  

d i s c h a rg e d ,  dumping th e  energy  d i r e c t l y  i n to  th e  dunç) r e s i s t o r  which was 

p e rm a n en t ly  i n  p a r a l l e l  w i th  t h e  w ire .  In  F i g . 4 . 1 (a)  i t  can he seen t h a t  

t h e r e  i s  a p p a r e n t l y  no f u r t h e r  a r c  a c ro s s  th e  w ire  a f t e r  abou t 1 0 |i s  from

th e  t im e  th e  d i s c h a rg e  s t a r t s ,  so th e  v o l t a g e  b u i l d s  up a s  t h e  new e q u i l i 

b r ium  i s  reach ed  and th e n  f a l l s  more s lo w ly  a s  t h e  rem ain ing  charge  goes 

i n to  t h e  p a r a l l e l  dunç) r e s i s t o r .

I n  o rd e r  to  o b t a in  t h e s e  o s c i l lo s c o p e  t r a c e s ,  c a re  had to  be ta k e n  

to  s c re e n  th e  o s c i l l o s c o p e  and th e  l e a d s  i n  o r d e r  to  s to p  th e  p ic k -u p  o f  

s p u r io u s  s ig n a l s  d u r in g  th e  h ig h  v o l t a g e  d i s c h a r g e .

I
4 .2  COERESPONBENCE OF OPTICAL >IEASUREMENTS

TO m m  ENERGY

The energy  dumped in to  t h e  exp lod ing  w ire  i s  d i s s i p a t e d  by  two 

mechanisms. F i r s t ,  i t  i s  u sed  in  th e  s u b l im a t io n  and l a t e n t  h e a t s  o f  th e  

w ire  so as  to  p roduce  t h e  r e s u l t a n t  e x p lo s io n ,  and second ly ,  some o f  th e  

rem ain ing  energy i s  d i s s i p a t e d  as  l i g h t  r a d i a t i o n  and a s  t h e  k i n e t i c  energy  

o f  t h e  w ire  d e b r i s .

The comparison o f  pho tog raphs  o f  a s e r i e s  o f  e x p lo s io n s  w ith  s im i

l a r  appearance ,  when th e  s i z e  o f  t h e  r a d i a t i n g  c loud  o f  vapour produced 

by th e  w ire  i s  i d e n t i c a l  f o r  d i f f e r e n t  ty p e s  o f  w ire ,  shows t h a t  ~ 4 0 J
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l e s s  energy  s to r e d  i n  t h e  c a p a c i to r  i s  r e q u i r e d  to  p roduce  a c loud  o f  g iven  

volume from a c o n s ta n ta n  w i re ,  th a n  t h a t  r e q u i r e d  f o r  a s t e e l  p iano  w ire .

The c r o s s - s e c t i o n a l  a r e a  o f  t h i s  luminous c loud  i s  v e r y  ro u g h ly  p r o p o r t io n a l  

to  t h e  energy  s to r e d  i n  t h e  c a p a c i to r  f o r  e n e rg ie s  n e a r  t h e  c r i t i c a l  minimum 

to  p roduce  an e x p lo s io n .  From th e  o b s e rv a t io n s ,  t h e  energy  r e q u i r e d  to  

exp lode  th e  w i r e ,  can be deduced from th e  i n t e r c e p t  on th e  energy  a x i s  o f  

a g raph  o f  energy  v. in c a n d e s c e n t  a r e a .  F o r  c o n s ta n ta n  w ire  ~ 6 4 ± 5 J  

and f o r  s t e e l  p iano  w i re  105 ± 5 J  must be d i s c h a rg e d  from th e  s to r a g e  c a p ac i

t o r s .  The m easurements can o n ly  be v e ry  app rox im ate ,  becau se  any m easure

ment i s  n e c e s s a r i l y  com p lica ted  by th e  f a c t  t h a t  a t  low e n e rg ie s  t h e  . 

e l e c t r i c a l  d i s c h a rg e  p roduces  a  com bination  o f  l i q u i d  d rops  and vapour.

Thus t h e  c r o s s - s e c t i o n a l  a r e a  o f  th e  vapour  c loud , w h i l s t  i t  g iv e s  some 

measurement o f  th e  v e l o c i t y  and th e  tem p e ra tu re  which th e  vapour h as  reached  

by  m easuring  th e  d i s t a n c e  i t  t r a v e l s  w h ile  i t  i s  e m i t t in g  v i s i b l e  r a d i a t i o n ,  

does n o t  t e l l  t h e  f u l l  s t o r y .  Glowing d r o p le t s  o f  th e  m olten  w ire  t r a v e l  

v e r y  much f u r t h e r  th a n  th e  r a d i a t i n g  v a pou r .  T h is  i n p l i e s  t h a t  e i t h e r  

t h e  r a t e  a t  which th e  v e l o c i t y  o f  t h e  drop d e c re a s e s  due to  v i s c o u s  drag  

i s  v e r y  much l e s s  th a n  th e  d e c e l e r a t i o n  o f  t h e  vapour c loud , o r  e l s e  t h e  

l i q u i d  d rops  s t a r t  w i th  a h ig h e r  v e l o c i t y  o r  te m p e ra tu re .  O bviously  th e  

i n i t i a l  te m p e ra tu re  o f  t h e  d r o p l e t s  must be low er th a n  th e  e q u iv a le n t  vapour 

te m p e ra tu re .  Eveh i f . t h e  l i q u i d  d r o p le t s  were to  s t a r t  w i th  a h ig h e r  

i n i t i a l  v e l o c i t y  ( which i s  u n l ik e ly )  th e  v i s c o u s  r e t a r d a t i o n  i s  p ro p o r 

t i o n a l  to  v^ |F = k v^ p ] so any small v a r i a t i o n  would n o t  have such 

e f f e c t .

From th e  p h o tog raphs  ( F i g . 4 .2 )  i t  i s  seen  t h a t  w h i le  t h e  average  

d ia m e te r  o f  th e  vapour  c loud  i s  <10 cms th e  p a th s  o f  th e  m olten  d r o p le t s  

can i n  some c a se s  be t r a c e d  a s  f a r  as  50 cms . T h is  i s  e a s i l y  ex p la in ed  

by  th e  r e l a t i v e l y  g r e a t  momentum o f  th e  d r o p l e t s .  The v i s c o u s  d rag  on
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t h e  d e b r i s  i s  p r o p o r t i o n a l  t o  r^ f o r  each p a r t i c l e ,  and th e  iiiass i s  

«  r® th u s  th e  r e l a t i v e l y  l a r g e r  d r o p l e t s  r e c e iv e  p r o p o r t i o n a l l y  l e s s  drag  

p e r  u n i t  mass.

From F i g .  4 .2  i t  can a l s o  be seen  t h a t  t h e r e  i s  a r e l a t i o n  between 

th e  n a tu r e  o f  th e  w ire  d r o p l e t s  p roduced , and th e  energy  o f  t h e  e x p lo s io n .  

W hile t h i s  r e l a t i o n s h i p  cannot e a s i l y  be q u a n t i f i e d ,  i t  i s  c l e a r  t h a t  a t  

low e n e rg ie s  th e  w ire  h a s  a g r e a t  ten d e n c y  to  explode  n o n -u n ifo rm ly ,  and 

produce  a g r e a t  number o f  l a r g e r  slow moving l i q u i d  d r o p l e t s .  As th e  

energy  o f  t h e  d i sc h a rg e  i n c r e a s e s ,  th e  s i z e  o f  t h e  p a r t i c l e s  d e c re a s e s  

w h i l s t  t h e i r  v e l o c i t y  i n c r e a s e s .  At h ig h e r  e n e rg ie s  t h e r e  i s  a f a r  

g r e a t e r  u n i fo r m i ty  i n  t h e  e x p lo s io n ,  a s  indeed  t h e r e  must be i f  momentum) 

i s  to  be conserved . When l e s s  energy  i s  s u p p l ie d  to  th e  w ire ,  th e  momen

tum c o n s e rv a t io n  i n  an a p p a r e n t ly  non -un ifo rm  e x p lo s io n  can o n ly  be e x p la in ed  

i f  p a r t  o f  t h e  w ire  i s  presumed to  have m elted  and exploded w h i le  t h e  main 

body o f  th e  w ire  i s  s t i l l  i n  s i t u  to  abso rb  t h e  r e a c t i o n ,  t h i s  must c l e a r l y  

have been  th e  case  i n  F i g . 4 . 2 ( a ) .

4 .3  PHOTOGRAPHIC OBSERVATIONS OF WIRE EXPLOSIONS

P h o to g rap h ic  r e c o r d in g s  o f  th e  in c a n d e s c e n t  l i q u i d  d rops  thrown 

o f f  by  an exp lod ing  w i re ,  show t h a t  t h e r e  i s  a d i s t i n c t  d i f f e r e n c e  between 

th e  e f f e c t s  produced  by  th e  e x p lo s io n  o f  a c o n s ta n ta n  w ire ,  and th e  explo

s io n  o f  a s t e e l  w ire .  The p h y s ic a l  d i f f e r e n c e s  i n  t h e  s o l i d  m a t e r i a l s  o f  

t h e  w i r e s  — l a t e n t  h e a t s  and m e l t in g  p o i n t s  — a re  r e f l e c t e d  i n  t h e  l i q u i d  

p r o p e r t i e s .  The s u r f a c e  t e n s i o n  o f  th e  l i q u i d  i s  a s i g n i f i c a n t  p a ram ete r  

a s  i t  r e l a t e s  to  t h e  i n i t i a l  s i z e  o f  t h e  d rop . This  s i z e  t o g e t h e r  w i th  

th e  v e l o c i t y ,  d e te rm in e s  t h e  b e h a v io u r  o f  t h e  drop on inq^act w i th  a s o l i d  

t a r g e t .

In  F i g s . 4 .3  and 4 .4  t h e  e x p lo s io n s  o f  c o n s ta n ta n  w i re s  u s in g  c a p a c i 

t o r s  c o n ta in in g  e n e rg ie s  o f  110 J ,  9 5 J ,  and 80 J ,  r e s p e c t i v e l y ,  a re  shown.
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The w i re s  were en c lo se d  i n  th e  d u ra i  chamber w i th  t h e  g l a s s  cover p l a t e  in  

p o s i t i o n .  At t h e s e  e n e rg ie s  a w ire  does n o t  a lw ays explode u n i fo rm ly .  In  

F i g . 4 , 3 (a )  i t  can he seen t h a t  a s i z e a b le  segment o f  th e  s u r f a c e  o f  t h e  wire  

h a s  been  blown o f f  i n  one d i r e c t i o n  b e fo r e  t h e  main e x p lo s io n .  T h is  p rim ary  

e x p lo s io n  c o n s i s t s  o f  ab o u t  tw e lv e  l a r g e  d r o p l e t s  which move n o t  o n ly  r a d i 

a l l y ,  b u t  a l s o  a x i a l l y  upwards tow ards  th e  g l a s s  cover  p l a t e .  On s t r i k i n g  

th e  cover  p l a t e  a s e r i e s  o f  secondary  e x p lo s io n s  i s  p roduced  as  th e  d r o p le t s

d i s i n t e g r a t e .  D i s in t e g r a t i o n  may, however, have been produced  by th e  a c t io n  

o f  th e  a tm osphere , by th e  mechanism a s  d e s c r ib e d  on page 55. I n  F i g .4 .3 ( b )  

a s im i l a r  e f f e c t  can be seen w i th  th e  d r o p l e t s  t h i s  t im e  s t r i k i n g  th e  w a l l  o f  

t h e  c a v i t y .  I t  can be seen  t h a t  a g a in  th e  l a r g e r  d rops  d i s i n t e g r a t e  to  p ro 

duce a ’s p l a s h '  appearance  on im pac t.  The s m a l le r  d ro p s ,  however, a r e  

r e f l e c t e d  o f f  th e  s u r f a c e  w i th o u t  g iv in g  r i s e  to  any  secondary  d r o p l e t s .  

Indeed  a s  F i g . 4 .4  shows, t h e s e  d r o p l e t s  have a sm all c o e f f i c i e n t  o f  r e s t i t u 

t i o n  w ith  th e  d u ra i  w a l l s  (~ 0 .1 ? )  and i n  F i g . 4 .4  t h e  p a th  o f  one d r o p le t  

can be t r a c e d  around n e a r l y  one q u a r t e r  o f  th e  c ircu m fe ren ce  o f  t h e  c a v i t y .

Also on t h i s  p l a t e  i t  can be seen t h a t  two o f  t h e  d r o p le t s  have a 

p e r i o d i c  v a r i a t i o n  in  t h e  i n t e n s i t y  o f  t h e  e m i t te d  r a d i a t i o n .  The 

p e r i o d i c i t y  i s  c o n s ta n t  over  t h e  complete p a th  covered  i n s i d e  t h e  c a v i ty ,  

and so i t  cannot be u sed  to  g iv e  a measurement o f  th e  d e c e l e r a t i o n  o f  th e  

p a r t i c l e .  The v e l o c i t y  o f  th e  p a r t i c l e  must be a p p ro x im a te ly  c o n s ta n t  

ove r  t h e  p a th  i f  a u n ifo rm  p e r i o d i c i t y  can be assumed. There a r e  two 

p o s s i b l e  mechanisms f o r  p roducing  th e  p e r i o d i c i t y .  F i r s t ,  i t  may have 

been  caused  by  th e  d r o p le t  o s c i l l a t i n g  and changing th e  shape o f  th e  p ro 

f i l e  f a c in g  th e  f i lm ;  second ly ,  i f  t h e  p a r t i c l e  c o n s i s t e d  o f  s o l i d  m ate r

i a l  th e n  a r o t a t i o n  o f  an asymm etric  p a r t i c l e  would produce  th e  same 

e f f e c t .  Any i n t e r a c t i o n  w ith  th e  g l a s s  cover p l a t e  can be r u le d  o u t  a s  

th e  p e r i o d i c i t y  s t a r t s  o n ly  ~  0 .75  cm from th e  w i r e .  For a p a r t i c l e  to  

r e a c h  th e  g l a s s  t h i s  c lo s e  to  t h e  a x i s  o f  t h e  w ire  a h ig h  a x i a l  v e l o c i t y  

would be n e c e s s a ry .  I f  t h i s  had been th e  case  t h e  p a r t i c l e  would have
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had s u f f i c i e n t  impact v e l o c i t y  to  bounce c l e a r  o f  th e  cove r .  The l i k e l i h o o d  

o f  i n t e r a c t i o n  w i th  t h e  g l a s s  cover i s  a l s o  l e s s e n e d  because  i n  s im i l a r  c i r 

cumstances in  F i g . 4 . 3 (a )  when i n t e r a c t i o n  w i th  th e  g l a s s  cover may have been 

o b se rved , t h e r e  i s  no consequen t p e r i o d i c i t y .

F i g . 4 .5  shows f u r t h e r  p l a t e s  produced  b y  t h i s  t e c h n iq u e .  The main 

d e t a i l s  o f  t h e  pho tog raphs  a r e  p o in te d  o u t  on th e  p l a t e s .  However, no 

s a t i s f a c t o r y  e x p la n a t io n  can be produced to  e x p la in  t h e  m otion o f  th e  

p a r t i c l e  in  p l a t e  (b ) ,  i t  may be t h a t  t h i s  i s  a v e r y  slow moving d r o p le t  

whose m otion i s  a l t e r e d  by  an o x id a t io n  p r o c e s s .

O b se rv a t io n s  were a l s o  made o f  t h e  p a th s  o f  p a r t i c l e s  from th e  

exp lod ing  s t e e l  w i r e s .  F o r  th e s e  o b s e rv a t io n s  t h e  l a r g e  c o n ta in e r  was 

used , and a r e s t r i c t i n g  a p e r t u r e  was p la c e d  n e x t  to  th e  w ire  making p o s s i 

b l e  t h e  o b s e rv a t io n  o f  t h e  p a th s  o f  in d iv id u a l  d r o p l e t s  o f  w ire  unimpeded 

by  th e  mass o f  d e b r i s  a l s o  f l y i n g  around th e  e n c lo s u re .  The s u r f a c e  

t e n s i o n  o f  s t e e l  i s  h ig h e r  th a n  t h a t  o f  c o n s ta n ta n ,  and th u s  d i f f e r e n t  

r e s u l t s  were expected  w i th  r e g a rd  to  t h e  s i z e  and s t a b i l i t y  o f  d rops p ro 

duced b y  e q u iv a le n t  e x p lo s io n s .

F i g . 4 .6  shows some o f  t h e  p l a t e s  o b ta in e d  by t h i s  method. The l a r g e  

d r o p le t  in  F ig .4 .6 (& )  i s  th e  r e s u l t  o f  an e x p lo s io n  w ith  c a p a c i to r  energy 

n e a r  t h e  c r i t i c a l  minimum r e q u i r e d  to  explode th e  w ire ,  ( l 2 5 J  ) .  The 

im pact w i th  th e  t a r g e t  causes  th e  d r o p le t  to  d i s i n t e g r a t e  in to  seven secon

d a ry  d r o p l e t s .  The s in g l e  d r o p le t  which i s  s e p a ra te d  by th e  a p e r tu r e  i n
(g)

F i g .4 .6 p 5 j  i s  r e f l e c t e d  o f f  th e  same s h e e t  o f  aluminium. This  sm a l le r  

d r o p le t  does n o t  d i s i n t e g r a t e  im m edia te ly  on im pact,  as  th e  d r o p le t  slows 

down i t  a p p e a rs  b r i g h t e r .  F i g . 4 .7  shows th e  same e f f e c t .

I n  a l l  t h r e e  ca ses  i t  i s  seen  t h a t  a secondary  e x p lo s io n  t a k e s  

p l a c e  a f t e r  impact w i th  t h e  t a r g e t  p l a t e .  The h ig h ly  u n s t a b l e , l a r g e ,  slow 

moving drop d i s i n t e g r a t e s  v i r t u a l l y  on th e  s u r f a c e  o f  th e  p l a t e .  As th e
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energy  o f  t h e  e x p lo s io n  i s  in c r e a s e d ,  th e  s m a l le r ,  f a s t e r  d rops explode a t  

a d i s t a n c e  from th e  s u r f a c e  in d e p e n d e n t ly  o f  any f u r t h e r  i n t e r a c t i o n .

The a p p a r e n t l y  spon taneous  d i s i n t e g r a t i o n  o f  w ire  d r o p le t s  may be 

th e  p r o d u c t  o f  a number o f  mechanisms. O therw ise  s t a b l e  d r o p le t s  may be 

re n d e re d  u n s t a b l e  by  i n t a c t  on to  t h e  t a r g e t .  When a drop s t r i k e s  a s o l id  

s u r f a c e ,  a com pressive  wave i s  produced  which moves th ro u g h  th e  drop from 

i t s  f o rw a rd - fa c in g  to  i t s  b ac k w a rd - fac in g  s u r f a c e .  A ccording to  

B a r n e t t t h e  r e f l e c t i o n  o f  t h e  wave from th e  back s u r f a c e  c r e a te s  a 

t e n s i l e  wave which p ro d u ces  i n s t a b i l i t y  w i th in  t h e  d rop , and l e a d s  to  th e  

l i k e l i h o o d  o f  c a v i t a t i o n  and d i s i n t e g r a t i o n .  I t  shou ld  be emphasised h e re  

t h a t  many o f  t h e  d rops ap p ear  to  d i s i n t e g r a t e  sp o n ta n e o u s ly .  B a r n e t t ’s 

mechanism canno t  a p p ly  f o r  t h e s e  c a se s ,  excep t  f o r  some o f  t h e  d r o p le t s  

which may have undergone an im pact w i th  p a r t  o f  th e  e le c t r o d e  s t r u c t u r e  

su p p o rt in g  t h e  w i r e .  The impact mechanism d e s c r ib e d  by  B a r n e t t  could 

well a c co u n t  f o r  t h e  d i s i n t e g r a t i o n  shown i n  F i g . 4 . 6 ( a ) ,  b u t  f o r  spontan

eous d i s i n t e g r a t i o n ,  two o t h e r  mechanisms rem ain .

Lane e t  have shown th e  a c t i o n  o f  th e  atm osphere on a
I

l i q u i d  drop  p r o j e c t i l e  t o  be such a s  to  produce  th e  d i s i n t e g r a t i o n  o f  th e  

d r o p l e t .  A r e l a t i o n s h i p  can be de te rm ined  between th e  v e l o c i t y  o f  th e  

d r o p le t  moving th ro u g h  th e  a i r ,  and a c r i t i c a l  d iam e te r  above which th e  

d r o p le t  w i l l  be  u n s t a b l e  a t  t h a t  p a r t i c u l a r  v e l o c i t y .  The c r i t i c a l  

d iam e te r  o f  th e  d r o p l e t  i s  dependent on th e  s u r fa c e  t e n s io n  o f  t h e  l i q u i d .

I t  i s  found t h a t
u^ . d = c o n s ta n t  • • •  ( 4 . 3 . l )

where u  = maximum v e l o c i t y  th rough  th e  medium a t  which th e  d r o p le t  i s  s ta b le ,  

d = d ia m e te r  o f  t h e  d r o p le t .

The r e l a t i o n s h i p  f o r  t h e  s u r f a c e  t e n s io n  i s  a l s o  a simple one :

VL = k  , p )  ( 4 . 3 . 2 )
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where y = s u r f a c e  t e n s i o n ,

CT,p = d e n s i t y  o f  l i q u i d  and a i r  r e s p e c t i v e l y ,  and

k = c o n s ta n t .

As th e  d r o p le t  t r a v e l s  th ro u g h  th e  a i r  i t  becomes i n c r e a s i n g ly  

f l a t t e n e d  on th e  f r o n t  s u r f a c e  and expands l a t e r a l l y .  F i g . 4 .8  shows a 

s e r i e s  o f  pho tog raphs  ta k e n  b y  Lane to  show drop d i s i n t e g r a t i o n .  As th e  

d r o p l e t  expands l a t e r a l l y  th e  f r o n t  s u r f a c e  i s  blown in  so t h a t  a ho llow  

bag i s  formed w i th  a ro u g h ly  c i r c u l a r  r im . The ho llo w  bag expands to  a 

s i z e  many t im es  t h a t  o f  t h e  o r i g i n a l  d r o p le t  u n t i l  e v e n tu a l ly  t h e  bag 

b u r s t s ,  p roducing  a shower o f  s m a l le r  d ro p s .

A f t e r  th e  bag h a s  b u r s t ,  t h e  r im  rem ains  i n t a c t  f o r  a s h o r t  t im e  

b e fo r e  d i s i n t e g r a t i n g  i n to  a number o f  d r o p l e t s  which a re  much l a r g e r  th a n  

th o s e  c re a te d  by  th e  b u r s t i n g  bag . The mass o f  t h e  drop i s  d iv id e d  so 

t h a t  ap p ro x im a te ly  70^ o f  t h e  mass i s  c o n ta in ed  i n  t h e  r i n g .  The rem ain

ing  30^ o f  t h e  mass i s  c o n ta in e d  in  t h e  s u r f a c e  o f  t h e  bag . Thus, a t  th e

moment b e fo r e  i t  b u r s t s ,  t h e  bag h a s  an e x trem e ly  sm all t h i c k n e s s .  I n  th e  

case  o f  t h e  d r o p le t  shown i n  F i g . 4 .8  t h e  th ic k n e s s  i s  ~ 1 0  m icrons.

I n  t h e  case  o f  l a r g e  d r o p l e t s ,  th e  s t a b i l i t y  i s  reduced  and o s c i l l a 

t i o n s  a re  l i a b l e  to  u p s e t  t h e  d i s i n t e g r a t i o n .  I n  many c a se s ,  th e  bag may 

deve lop  a l o c a l  th ic k e n in g  which p roduces  a c e n t r a l  s t a l k  which s u rv iv e s  

t h e  d i s i n t e g r a t i o n  o f  t h e  bag. The s i z e  o f  d r o p l e t s  thrown o f f  by  th e  

exp lod ing  w ire  i s  u n l i k e l y  to  be l a r g e  enough f o r  t h i s  to  happen.

Assuming t h a t  th e  r e l a t i o n s h i p  between u  and d h o ld s  good 

ove r  a wide range  o f  drop s i z e ,  th e  c r i t i c a l  v e l o c i t y  f o r  a w a te r  d r o p le t ,  

t h e  same d iam e te r  a s  t h e  w ire  i s  ~ l 7 5 m / s .  As th e  r e l a t i o n s h i p  w ith  

s u r f a c e  t e n s io n  i s  square  r o o t  dependent,  t h i s  v a lu e  p ro b a b ly  h o ld s  f o r  

w ire  d r o p le t s  to  w i th in  an o rd e r  o f  m agnitude. T h is  range  o f  p a r t i c l e  

v e l o c i t y  i s  q u i t e  e a s i l y  o b ta in e d  from exp loding  w ire s ,  though i f  th e  w ire
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energy  in c r e a s e s ,  t h e  d r o p l e t  v e l o c i t y  a l s o  i n c r e a s e s  h u t  t h e  d r o p le t  

d ia m e te r  d e c r e a s e s .  Thus t h e  c r i t i c a l  v e l o c i t y  w i l l  he in c r e a s e d .

When d r o p l e t s  a r e  s u b je c te d  to  h ig h  v e l o c i t y  t r a n s i e n t  a i r  h l a s t ,  

where t h e  v e l o c i t y  i s  v e r y  much g r e a t e r  th a n  t h a t  c r i t i c a l  f o r  t h e  drop 

s i z e ,  a d i f f e r e n t  d i s i n t e g r a t i o n  mechanism o p e ra te s ^ ^ ^ ^ ^ .  The d r o p le t s  

become s u b je c t  to  a s h a t t e r i n g  p ro c e s s  which causes  t h e  d r o p l e t  to  b re a k 

up by  removal o f  l i q u i d  i n i t i a l l y  from th e  s u r f a c e .

The mechanism f o r  d i s i n t e g r a t i o n  i n  t h e  manner a s  shoim in  F i g . 4 .8  

can be e x p la in e d  by  normal f l u i d  m echanics . Measurements o f  t h e  d i s t r i 

b u t io n  o f  p r e s s u r e  over  a sphere  in  an a i r  f low  show t h a t  a p o s i t i v e  p r e s 

su re  e x i s t s  i n  f r o n t  o f  t h e  sp h e re  and a reduced  p r e s s u r e  a t  t h e  s id e s  and 

r e a r ^ ^ ^ ^ ) .  T h is  t e n d s  to  p roduce  a d e fo rm a t io n  which i s  opposed by  th e  

f o rc e  o f  s u r f a c e  t e n s io n ^ ^ ^ ^ ^ . The g r e a t e s t  p r e s s u r e  t a k e s  e f f e c t  on th e  

c e n t r e  o f  th e  f r o n t  o f  t h e  drop , so t h i s  i s  where a d e p re s s io n  would be 

l i k e l y  to  form.

The development o f  th e  bag, and th e  expansion  o f  th e  r in g  d iam e te r  

i s  l i k e l y  to  have been  induced  by v o r te x  m otion developed  i n  t h e  drop by  

f r i c t i o n a l  f o rc e s  w i th  th e  a i r .

Thomson and Newall^^^^^ have found v o r t e x  a c t i o n  p roduc ing  a more 

s t a b l e  r i n g  shape when s tu d y in g  l i q u i d  d rops  in  l i q u i d s .  The b reak -up  o f  

t h e  r i n g  in to  d r o p le t s  may be e x p la in ed  in  term s o f  R a y le ig h 's  law concern

ing  th e  s t a b i l i t y  o f  a l i q u i d  column' , S u rface  t e n s io n  p roduces  

i n s t a b i l i t y  i n  a column i f  t h e  l e n g th  i s  more th a n  e lev en  t im es  t h e  d i a 

m e te r .  I f  t h e  r im  th ic k n e s s  i s  sm all compared to  t h e  d ia m e te r ,  t h i s  

c o n d i t io n  i s  a p p ro x im a te ly  t ^ / e .

Due to  f r i c t i o n a l  f o rc e s ,  th e  drop must i n e v i t a b l y  slow down, and 

f o r  t h i s  r ea so n  appear  to  b r ig h t e n .  I t  i s  p o s s ib l e  w i th  h o t  w ire  drop

l e t s ,  t h a t  t h e  b r ig h te n in g  may be due to  th e  drop g e t t i n g  h o t t e r  by  a p ro c e s s
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o f  o x i d i z a t i o n .  In  t h i s  ca se ,  t h i s  p ro c e s s  might a l s o  c o n t r ib u te  to  th e  

e x p lo s io n  which t e r m in a te s  v e r y  many o f  t h e  t r a j e c t o r i e s .

4 .4  OTHER HIENOMENA PRODUCED BY EXPLODING WIRES

4 .4 .1  Damage Caused b y  Wire D eb ris

S u r fa c e s  im pacted b y  f l y i n g  w ire  d r o p l e t s  were examined m icro

s c o p ic a l l y ,  and i n t e r f e r o m e t r y  was u sed  i n  o r d e r  to  d e te rm in e  th e  e f f e c t  

o f  t h e  im pac t.  I n  most c a se s  t h e  damage to  th e  s u r f a c e  was found to  be 

n e g l i g i b l e .  I n  t h e  case  when a g l a s s  s u r f a c e  i s  h e ld  c lo s e  to  a low energy 

w ire  e x p lo s io n ,  damage i s  produced  by th e  a c t i o n  o f  t h e  h o t  w ire  d r o p le t s  

e tc h in g  th e  s u r f a c e  o f  th e  g l a s s .  At h ig h e r  e n e rg ie s ,  where t h e  i n d i v i 

dua l  d r o p l e t s  a r e  s m a l le r ,  n e g l i g i b l e  damage r e s u l t s  from th e  b l a s t  o f  th e  

exp lod ing  w ire  vapour.  - I n  o rd e r  to  d e te rm ine  th e  damage produced  from 

t h e  vapour,  a com parative  method was u se d .  A p o r t i o n  o f  t h e  s u r f a c e  under 

e x am ina t ion  was p r o t e c t e d  from th e  b l a s t  by  a m eta l  s h e e t .  A f t e r  th e  

e x p lo s io n ,  when th e  l a y e r  o f  w ire  d u s t  had been  removed from th e  exposed 

p a r t  o f  th e  s u r f a c e ,  t h e  two a re a s  on th e  s u r f a c e  were compared.

F i g . 4 . 9 (a)  shows th e  im pact c r a t e r  c r e a te d  i n  g l a s s  by a drop o f  

m olten  c o n s ta n ta n  from a w ire  w i th  c a p a c i to r  d i s c h a rg e  energy  ^ 1 2 0 J  . I t  

can be seen  t h a t  around t h e  c r a t e r  t h e r e  i s  a complete absence o f  any h i l l  

o f  d i s p l a c e d  m a t e r i a l ,  showing t h a t  t h e  a c t i o n  o f  t h e  d r o p le t  was to  remove 

t h e  m a te r i a l  by  e v a p o ra t io n  and n o t  m ere ly  to  d i s p l a c e  t h e  s u r f a c e  by  fo rc e  

o f  t h e  im pact.

4 . 4 .2  F ib r e  P ro d u c tio n

When th e  Eureka w ire  was exploded a t  r e l a t i v e l y  h ig h  e n e rg ie s  

( ~ 2 4 5 J ) ,  t h e  d e b r i s  from th e  exp loding  w ire  s e t t l e d  o u t  o f  th e  atm osphere 

a s  a v e ry  f in e  d u s t .  T h is  d u s t  i s  s l i g h t l y  c o hes ive ,  and under c e r t a i n  

ex p e r im en ta l  c o n d i t io n s  i t  was observed  to  s e t t l e  i n  th e  form o f  long 

f i b r e s .
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T hese  o b s e r v a t i o n s  w ere  t h e  b i - p r o d u c t  o f  e a r l y  a t t e m p t s  t o  exp lode  

t h e  w i r e  and t r a n s m i t  t h e  p r e s s u r e  wave d i r e c t l y  i n t o  a p e r s p e x  d i s c  b y  

p a s s i n g  t h e  w i r e  th r o u g h  t h e  d i s c  i n  a  2 X 10“^ in c h  h o l e  d r i l l e d  th ro u g h  

th e  s u r f a c e .  T h is  m ethod d oes  n o t  s to p  any  l i g h t  p ro d u c e d  b y  t h e  e x p lo 

s io n  from  r e a c h in g  t h e  camera l e n s ,  and an y  e f f e c t s  due to  b i r e f r i n g e n c e  

i n  t h e  p l a t e  a r e  swamped b y  t h e  s u r p l u s  l i g h t .  I f  t h e  e l e c t r o d e s  and 

d i s c  a r e  examined a f t e r w a r d s  ( s e e  F i g .  4 . 9 ( b ) )  t h e  f i b r e s  a r e  se en  to  s t r e t c h  

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

The d i a m e te r  o f  t h e  f i b r e s  i s  t y p i c a l l y  ~ 0 . 0 1  ems . The l o n g e s t  f i b r e  

shown h e r e  i s  ~  0 .9  cms lo n g .  The f ra g m e n ts  on t h e  s u r f a c e  o f  t h e  p e r s p e x  

a r e  from  t h e  a r e a  im m e d ia te ly  a ro u n d  t h e  h o l e  w here t h e  s u r f a c e  h a s  b een  

s h a t t e r e d  b y  t h e  b l a s t  wave.

The mechanism f o r  t h e  fo rm a t io n  o f  t h e s e  d e l i c a t e  f i b r e s  i s  p ro b a 

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

e l e c t r o d e s  a s  t h e  w i r e  v a p o u r  s e t t l e s .  A c h a in  o f  w i r e  d u s t  p a r t i c l e s  

f a l l i n g  on t h e  ch a rg e d  s u r f a c e  o f  t h e  d i s c  would be  r e p e l l e d  from  t h e  

s u r f a c e .  I n  t h i s  p l a t e  i t  can be  seen  t h a t  t h e  f i b r e s  s ta n d  away from  

t h e  s u r f a c e  and j^b)n a b r i d g e  c o n n e c t in g  t h e  s u r f a c e  to  t h e  sh a rp  edge o f  

t h e  e l e c t r o d e ,  a t  w h ich  p o i n t  t h e  e l e c t r i c  f i e l d  was a t  i t s  s t r o n g e s t .

A lth o u g h  t h e  f i b r e s  w ere  p ro d u ce d  b y  some mechanism o f  t h i s  t y p e ,  

m ost o f  t h e  d u s t  from  t h e  w ire  s e t t l e s  o u t  a s  a  u n i fo r m  l a y e r  o v e r  t h e  

exposed  s u r f a c e s .  The p r o c e s s  i s  n o t  v e r y  e f f i c i e n t ,  and f i b r e s  a r e  o n ly  

p ro d u ce d  where t h e  e l e c t r i c  f i e l d  was a t  a maximum, and t h e  d u s t  c o n c e n t r a 

t i o n  l i k e l y  t o  be  a t  i t s  h i g h e s t .

4 . 4 . 3  B l a s t  In d u ce d  Damage t o  C y l in d e r s  and D is c s

E v id e n ce  o f  t h e  power o f ,  and d e s t r u c t i o n  caused  b y  t h e  b l a s t  wave 

from  an e x p lo d in g  w i r e  can be  seen  i n  F i g . 4 . 1 0 ( a ) ,  These  c y l i n d e r s  were 

f r a c t u r e d  when t h e  i n i t i a l  e n e rg y  i n  t h e  s to r a g e  c a p a c i t o r  was 6 1 0 J .  The
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c y l i n d e r s  were made from  an e x t ru d e d  m ild  s t e e l  b a r  from  w hich t h e  c e n t r e  

h a s  b een  d r i l l e d  o u t .  Such a b a r  can c o n ta i n  a w eakness  a lo n g  i t s  l e n g t h  

I ro m  f la w s  p ro d u c e d  d u r in g  t h e  e x t r u s i o n  p r o c e s s .  A c y l i n d e r  c o n s t r u c t e d  

from  an  i m p e r f e c t l y  made b a r  sh o u ld  s p l i t  p r e f e r e n t i a l l y  a lo n g  t h e  l i n e s  o f  

w e a k n e ss .  F i g . 4 . 10 (b )  shows t h e  damage i n  t h e  s u r r o u n d in g  p e r s p e x  d i s c  

r e s u l t i n g  from  t h e  f r a c t u r e  o f  one o f  t h e  c y l i n d e r s .  The p h o to g ra p h ,  t a k e n  

i n  p o l a r i z e d  l i g h t ,  shows t h e  r e s i d u a l  s t r a i n  i n  t h e  p e r s p e x  a f t e r  t h e  

f r a c t u r e .

At lo w er  e n e r g i e s ,  when t h e  p r e s s u r e  was i n s u f f i c i e n t  t o  f r a c t u r e  

t h e  c y l i n d e r ,  r a d i a l  p l a s t i c  f low  was o b s e rv e d .  I t  i s  t h i s  f lo w  w hich , a s  

m en t io n ed  i n  S e c t io n  3 .4 ,  p ro d u c e s  t h e  t i g h t  f i t  o f  t h e  c y l i n d e r  i n t o  t h e  

p e r s p e x  d i s c .  A f t e r  a number o f  e x p lo s io n s ,  t h e  p l a s t i c  f lo w  p ro d u c e s  a 

r e s i d u a l  s t r a i n  i n  t h e  p e r s p e x  d i s c  ( s e e  F i g . 4 . 1 l ) .  The e f f e c t  o f  t h e  

s t r a i n  i n  t h e  d i s c  p r o d u c e s  no p e rm an en t  damage, and i t  i s  o n ly  n e c e s s a r y  

"to remove t h e  c y l i n d e r  i n  o r d e r  to  r e l e a s e  t h i s  in d u ce d  s t r a i n .  I f  t h e  

h o l e  t h ro u g h  w hich  t h e  c y l i n d e r  i s  p o s i t i o n e d  i s  t h e n  e n la r g e d ,  t h e  sy s tem  

can t h e n  be  r e - u s e d  a s  t h e  p e r s p e x  f u l l y  r e c o v e r s  e l a s t i c a l l y  t o  i t s  o r i g i 

n a l  s t r a i n  f r e e  c o n d i t i o n s .

4 .5  TIME INTEGRATED PICTUSES OF SHOCK WAVES IN A
PERSPEX DISH

The o p t i c a l  and e l e c t r i c a l  sy s tem s  u s e d  i n  t h i s  p a r t  o f  t h e  e x p e r i 

m ent w ere  d e s c r i b e d  i n  C h ap te r  I I I .  I t  was found  t h a t  i n  o r d e r  to  p ro d u c e  

a v i s i b l e  s t r a i n  p a t t e r n  i n  t h e  p e r s p e x  d i s c ,  i t  was n e c e s s a r y  t o  i n c r e a s e  

c o n s i d e r a b l y  t h e  e n e rg y  o f  t h e  c a p a c i t o r  d i s c h a r g e  when e x p lo d in g  t h e  w i r e ,  

from  a p p ro x im a te ly  1 0 0 J  w hich  was r e q u i r e d  t o  p ro d u c e  t h e  e x p lo s io n s  i n  t h e  

p r e v i o u s  s e c t i o n s  o f  t h i s  c h a p te r  t o  ~  5 0 0 J  . T h is  h i g h e r  e n e rg y  o f  d i s 

ch a rg e  p ro d u ce d  a f a s t e r  e x p lo s io n  so t h a t  t h e  p o s s i b i l i t y  o f  a n o n -u n ifo rm  

e x p lo s io n  co u ld  be r u l e d  o u t .  The e a r l y  o b s e r v a t i o n s  had  shown t h a t  e x p lo 

s io n s  w i th  more t h a n  ~ 1 5 0 J  i n  t h e  c a p a c i t o r s ,  were c y l i n d r i c a l l y  u n i fo rm
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The i n c r e a s e d  e n e rg y  p ro d u ce d  a p r e s s u r e  wave s u f f i c i e n t l y  s t r o n g  to  p a s s  

th r o u g h  t h e  s t e e l  c y l i n d e r  i n t o  t h e  p l a t e .  The r e s u l t a n t  s t r a i n  p a t t e r n s  

i n  t h e  d i s c  can be  se en  i n  F i g . 4 .1 2 ;  F i g . 4 . 1 2 ( a )  shows t h e  backg round  

i l l u m i n a t i o n  o f  t h e  s t r a i n - f r e e  p l a t e  when t h e  f l a s h l i g h t  a lo n e  was o p e ra te d ,  

I t  can  be se en  t h a t  v e r y  l i t t l e  b ackg round  l i g h t  i s  t r a n s m i t t e d  b y  t h e  

sy s te m  when th e  d i s c  i s  i n  t h i s  c o n d i t i o n .  When t h e  w i r e  was exp lo d ed ,  

t h e  f la s h la m p  was t r i g g e r e d  t o  f i r e  a  few m ic ro se c o n d s  b e f o r e  t h e  s t a r t  o f  

t h e  e x p lo s io n ,  so t h a t  t h e  com ple te  s t r e s s  h i s t o r y  was p h o to g ra p h e d .  As 

t h e  p l a t e  s e t t l e d  i n t o  i t s  s t r e s s - f r e e  c o n d i t i o n  a g a in ,  no l i g h t  c o u ld  p a s s  

t h ro u g h  t h e  sys tem , so t h a t  even i f  t h e  l i g h t  f l a s h  had  been  p r o lo n g e d  f o r  

l o n g e r  t h a n  t h e  m i l l i s e c o n d  o f  i t s  d u r a t i o n ,  t h e  r e s u l t a n t  p h o to g ra p h  would 

have  rem a in e d  u n a l t e r e d  a p a r t  f rom  a d e c r e a s e  i n  c o n t r a s t .

When t a k i n g  t h e  p h o to g ra p h s ,  some d i f f i c u l t i e s  were e n c o u n te re d  i n  

p ro d u c in g  s u f f i c i e n t  c o n t r a s t  on t h e  p h o to g ra p h .  The P . 300 p l a t e s  w hich 

were u s e d  d id  n o t  have  h ig h  c o n t r a s t ,  and t h e  u s e  o f  H .P .3  d id  n o t  l e a d  to  

much im provem ent.

The f i v e  p l a t e s  shown i n  F i g . 4 .1 2 ,  4 .1 3  and 4 .1 4 ( a )  co v e r  t h e

e n e rg y  r a n g e  320 J 610 J .  The l i g h t e r  a r e a s  a r e  a r e a s  o f  g r e a t e r  s t r a i n .
. I

When i n t e r p r e t i n g  t h e  p i c t u r e s  i t  must be  remembered t h a t  s t r a i n  i n  t h e  

d i r e c t i o n  p a r a l l e l  t o  t h e  p o l a r i z a t i o n  o f  t h e  l i g h t  does  n o t  p ro d u c e  

o p t i c a l  r o t a t i o n .  T h i s  i s  d e m o n s t ra te d  b y  th e  r a d i a l  d a rk  a r e a s  i n  

F i g . 4 .1 1 .  I n  t h e  p l a t e s ,  t h e  p l a n e  o f  p o l a r i z a t i o n  i s  a s  i n d i c a t e d ,  a t  

f o r t y - f i v e  d e g re e s  t o  t h e  d i a m e te r  o f  t h e  d i s c  th ro u g h  w hich  th e  w i r e  p a s s e s .  

I n  s p i t e  o f  t h e  g r e a t  r a n g e  o f  d i s c h a r g e  e n e r g i e s  u s e d ,  t h e  g e n e r a l  f e a t u r e s  

o f  t h e  r e s u l t a n t  s t r a i n  p a t t e r n s  a r e  common t o  a l l  t h e  e x p lo s i o n s .  T here  

a p p e a r  t o  be  l i n e s  o f  maximum and minimum s t r e s s  p a r a l l e l  t o  t h e  edge o f  

t h e  d i s c  a t  t h e  '3  o - c l o c k '  and ’9 o - c l o c k '  p o s i t i o n s .  I n  t h e  m i r r o r  

image p o s i t i o n  t o  t h e  e x p lo d in g  w i r e  t h e s e  a r e a s  come t o g e t h e r  i n  a  d i f f u s e  

a r e a  o f  maximum s t r e s s .  A x ia l  symmetry a c r o s s  t h e  d : ^ ^ e r  w hich i n c l u d e s  

t h e  w i r e  can be s e e n  t o  e x i s t  i n  a l l  t h e s e  c a s e s .
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SHOCK WAVE 3TRAIM IM PERSR2C DISCS. 

PICIIRE 4 -1 2 .
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(a )  403 J o u le s  energy  im  c a p a c i to r

m

:X^

(b) 300 J o u le s  energy  i n  c a p ac ito r*
J

jBÎHÎIgiinmfGElKE IN EERSPEX I ^ C y  PRODUCED BY SHOCK WAVËSV

FIGURE 4- 13*
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(a )  605 J o u le s  energy  im  c a p a c i to r

#

%  %■. # #

(b )  500 J o u le s  
(HÆ f iP  t h e  h o le  d r i l l e d  i n  th e  p e s  spex)

SHOCK nOUCSD M-41ÜPRIMMCE IM PERSPEX DISCS. 

FIGURE W 4 .
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The main p rob lem  which t h e s e  r e s u l t s  c r e a t e  i s  t h a t  o f  d e te r m in in g

w h e th e r  t h e  s t r a i n  p a t t e r n s  a r e  in d e e d  t i m e - i n t e g r a t e d  p h o to g ra p h s  o f  t h e

shock wave p a t h s ,  o r  m e re ly  t h e  s t r e s s  p a t t e r n s  c r e a t e d  i n  t h e  p l a t e  when
in

i t  i s  s e t  i n t o  o s c i l l a t i o n  b y  th e  f o r c e  o f  t h e  e x p lo s io n .  -Th5 t h i s  c a s e  

t h e  s t e e l  c y l i n d e r  would i n i t i a l l y  p r o v id e  t h e  im p u ls e s ,  b u t  would t e n d  to  

a c t  a s  a damping f o r c e  d u r in g  t h e  p e r i o d  o f  t h e  o s c i l l a t i o n s  and would 

t h u s  be  s i t u a t e d  a t  a node . F i g . 4 . 1 4 (b )  how ever, shows t h e  same main 

s t r a i n  p a t t e r n  w i th  a  h o l e  d r i l l e d  i n  t h e  d i s c  a t  t h e  p o i n t  w here t h e  maxi

mum s t r e s s  i s  e x p e c te d .  I f  t h e  s t r a i n  p a t t e r n  was caused  b y  o s c i l l a t i o n  

t h i s  change i n  g eo m etry  sh o u ld  a l t e r  t h e  o u t l i n e  o f  t h e  p a t t e r n .  As t h e  

change to  t h e  s t r a i n  i s  n o t  v e r y  g r e a t ,  i t  can  b e  conc luded  t h a t  t h e  s t r e s s  

was c r e a t e d  b y  t h e  a c t i o n  o f  a dynamic shock wave p a s s e d  a lo n g  th e  p l a t e .
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C H A P T E R  V 

DEVELOPMENT OF A HIGH SPEED OPTICAL SHUTTER

6 .1  REQUIREMENTS FOR A SHUTTER

The r e s u l t s  o f  t h e  i n i t i a l  s t u d i e s  w i th  e x p lo d in g  w i r e s  and a s i n g l e  

p u l s e  o f  l i g h t  w i th  w hich  t o  i l l u m i n a t e  and p h o to g ra p h  t h e  shock waves show 

t h a t  such  a sy s tem , w h i l s t  i t  shows t h e  a r e a s  i n  t h e  p l a t e  u n d e r  maximum 

s t r e s s ,  g i v e s  i n s u f f i c i e n t  i n f o r m a t io n  a b o u t  t h e  p a t h  o f  t h e  shock wave.

-A lthough  a l l  t h e  i n f o r m a t io n  i s  r e c o r d e d  on t h e  p h o to g ra p h ,  i n t e r p r e t a t i o n  

i s  d i f f i c u l t  and a h ig h  t im e  r e s o l u t i o n  i s  r e q u i r e d .  I d e a l l y ,  a  s e r i e s  o f  

s h o r t  e x p o s u re s  (< 1 |js)  i s  needed  so t h a t  a  co m p le te  p i c t u r e  showing t h e  

deve lopm en t o f  t h e  shock wave can b e  r e c o r d e d .

T y p i c a l  shock x^ave v e l o c i t i e s  i n  p e r s p e x  a r e  ~ 5  X iC^m. 

and t h u s  t o  p ro d u c e  a s e r i e s  o f  e x p o s u re s  d u r in g  w hich  t h e  wave h a s  moved 

an a p p r e c i a b l e  d i s t a n c e ,  t h e  s e p a r a t i o n  be tw een  t h e  e x p o s u re s  n e e d s  t o  be 

1 [is , w i th  t h e  i n d i v i d u a l  e x p o s u re s  th e m s e lv e s  b e in g  more t h a n  one o r d e r  

o f  m agn itude  s m a l l e r  t h a n  t h i s .  I d e a l l y ,  a b o u t  f o u r  o r  f i v e  e x p o s u re s  

would be  r e q u i r e d  so t h a t  t h e  r a t e  o f  change o f  v e l o c i t y  o f  t h e  wave can be 

a c c u r a t e l y  m easured  a s  w e l l  a s  i t s  p a t h .

One o f  t h e  f a s t  image c o n v e r t e r  cam eras  w hich  a r e  a t  p r e s e n t  a v a i l 

a b l e  on t h e  m ark e t  i s  w e l l  s u i t e d  to  t h i s .  Such a camera was n o t  o b t a i n 

a b l e ,  b u t  a d a p t a t i o n s  o f  e l e c t r o - o p t i c a l  s h u t t e r  a r e  e q u a l l y  s u i t a b l e  f o r  

such  a s i t u a t i o n ,  a l t h o u g h  a v e r y  much g r e a t e r  l i g h t  i n t e n s i t y  i s  r e q u i r e d .  

H igh  l i g h t  i n t e n s i t i e s  a r e  f o r t u n a t e l y  a v a i l a b l e  w i t h  t h e  a d v e n t  o f  t h e  

l a s e r ,  o th e r w i s e  i t  would be n e c e s s a r y  t o  a c h ie v e  t h e  r e q u i r e d  i n t e n s i t y  by  

u s in g  a s i n g l e  t r i g g e r e d  f la s h la m p  g a te d  b y  t h e  r a p i d l y  sw i tc h e d  e l e c t r o -  

o p t i c a l  s h u t t e r .  The u s e  o f  a  l a s e r  h a s  c e r t a i n  a d v a n ta g e s ,  a l t h o u g h  i t  

c a n n o t  be u s e d  f o r  t h e  p h o to g ra p h y  o f  s e l f - l u m in o u s  e v e n ts  i n  t h e  way t h a t  

t h e  image c o n v e r t in g  camera can be  u s e d .
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The f i r s t  a d v a n ta g e  o f  a l a s e r  i s  i t s  h i g h l y  c o l l im a te d  beam w hich 

r e d u c e s  t h e  number o f  o p t i c a l  x o irp o n e n ts  r e q u i r e d  and makes f o r  e a se  o f  

a l i g n m e n t .  S e c o n d ly ,  i f  a  c o n t in u o u s  l a s e r  i s  u s e d ,  o n ly  a s i n g l e  d e v ic e  

n e e d s  t o  be t r i g g e r e d  i n  o r d e r  t o  p ro d u c e  t h e  r a p i d  t r a i n  o f  l i g h t  p u l s e s .  

The u s e  o f  e i t h e r  t h e  f la s h la m p  sy s tem  o r  a p u l s e d  l a s e r  would r e q u i r e  two 

t r i g g e r i n g  p u l s e s ;  one t o  s w i tc h  t h e  l i g h t  s o u rc e ,  and t h e  second  to  

t r i g g e r  t h e  e l e c t r o - o p t i c a l  s h u t t e r .  Such d i f f i c u l t i e s  can , o f  c o u rs e ,  

be  overcome b u t  t h e  s i m p l i c i t y  o f  a s i n g l e  c o n t in u o u s  l a s e r  c i r c u m v e n ts  

t h e s e  p ro b le m s  a l t o g e t h e r .

5 .2  THE KEBE CELL

The K e r r  e l e c t r o - o p t i c a l  e f f e c t  was f i r s t  o b s e rv e d  b y  K e r r  i n  1895. 

I t  i s  t h e  e f f e c t  w hereby  many l i q u i d s  u n d e r  t h e  i n f l u e n c e  o f  an  e l e c t r i c  

f i e l d ,  beh av e  a s  u n i a x i a l  c r y s t a l s  w i th  t h e  o p t i c  a x i s  p a r a l l e l  to  t h e  l i n e  

o f  t h e  f i e l d .  The o b s e rv e d  b i r e f r i n g e n c e  can be  c a l c u l a t e d  from  t h e  equa

t i o n  in t r o d u c e d  b y  K e r r  :

-  Hg = k  X E^ . . .  ( 5 . 2 . 1 )

From t h i s  we see  t h a t  t h e  a n g u la r  p h a se  d i s p l a c e m e n t  o f  t h e  two p o l a r i z a 

t i o n s  o f  t h e  em ergen t l i g h t  = 6 , w here

6 = 2 n k L E ®  . . . .  ( 5 . 2 . 2)

The p h a s e  d i f f e r e n c e  depends  on t h e  l e n g t h  o f  t h e  i n t e r a c t i o n  a r e a ,  and on

t h e  s t r e n g t h  o f  t h e  a p p l i e d  f i e l d .  I f  t h e  i n c i d e n t  l i g h t  i s  i n i t i a l l y

p o l a r i z e d  a t  4 ^  t o  t h e  a p p l i e d  f i e l d  w i th  t h e  a n a l y s e r  s e t  a t  90° t o  t h e

( i l l  112)
p l a n e  o f  p o l a r i z a t i o n ,  t h e n  t h e  i n t e n s i t y  o f  t h e  t r a n s m i t t e d  l i g h t '  j ’ 

i s  g iv e n  ;

I  = I q sin® ( r r k L E ^ ) .  . . .  ( 5 . 2 . 3 )

The f i e l d  r e q u i r e d  t o  p ro d u c e  a r o t a t i o n  o f  t h e  p l a n e  o f  p o l a r i z a t i o n  b y  9CP 

( i . e ,  6 = tt) i s  g iv e n  :

E = ',   . . . . ( 5 . 2 . 4)
V 2 tt L

The s h u t t e r  i s  u s u a l l y  s w i tc h e d  b y  a s i n g l e  s q u a re  v o l t a g e  p u l s e .  The
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m ost u s u a l  l i q u i d  u s e d  i n  t h e  K e r r  c e l l  i s  n i t r o b e n z e n e ,  t h i s  h a s  a h ig h  

r e s i s t a n c e  o n l y  when i n  a s t a t e  o f  ex trem e p u r i t y .  The K e r r  c o n s t a n t  f o r  

n i t r o b e n z e n e  i s  r e l a t i v e l y  l a r g e  ( 2 .2  X 10“^ e s u )  , b u t  more im p o r ta n t  f o r  

K e r r  c e l l  s h u t t e r s ,  i s  t h e  speed  a t  w hich  t h e  l i q u i d  s w i tc h e d .  F o r  p o l a r  

m o le c u le s ,  w here t h e  e f f e c t  changes t h e  moment o f  t h e  m o le c u le s  and where 

t h e r e  i s  some r e - o r i e n t a t i o n  o f  t h e  m o le c u le s ,  t h e  d e l a y  be tw een  t h e  a p p l i 

c a t i o n  o f  t h e  e l e c t r i c  f i e l d  and t h e  o b s e r v a t i o n  o f  t h e  K e r r  e f f e c t  may be  

o f  t h e  o r d e r  o f  a  few s e co n d s .  F o r  n i t r o b e n z e n e  t h e  t im e  t a k e n  to  s w i tc h  

i s  s e c s .  Xn n i t r o b e n z e n e  t h e  mechanism o f  t h e  e f f e c t  i s  s l i g h t l y

d i f f e r e n t ,  and t h e  in d u ce d  e l e c t r i c  moment i s  ca u se d  b y  t h e  a p p l i e d  f i e l d  

d i s t o r t i n g  t h e  m o le c u le s .

S t u d i e s  o f  e x t r e m e ly  f a s t  s w i tc h in g  sp e ed s  have  b e e n  made when t h e  

c e l l  i s  s w i tc h e d  b y  t h e  e l e c t r i c  f i e l d  from  a s h o r t  h ig h  power o p t i c a l  

p u l s e ^ ^ ^ ^ ) .  The c e l l  i s  p ro b e d  b y  a second  beam w i th  a f r e q u e n c y  d i f f e r 

e n t  from  t h a t  o f  t h e  s w i tc h in g  p u l s e .  As t h e  s w i tc h in g  and p ro b e  beams 

a r e  c o a x i a l ,  a f i l t e r  i s  p l a c e d  o v e r  t h e  d e t e c t o r  so t h a t  t h e  s w i tc h in g  beam 

i s  n o t  d e t e c t e d .  M ode-locked  neodymiun l a s e r s  have  b een  u s e d  to  s w i tc h  

o f f  t h e  p ro b e  beam a t  t h e  second  ha rm on ic  f r e q u e n c y .  By t h i s  method th e  

v e r y  f a s t e s t  r e l a x a t i o n  t im e s  can be  m easu red . The m ost r a p i d  s w i tc h in g  

mechanism  i s  t h e  K e r r  e f f e c t  p ro d u ce d  b y  d i s t o r t i o n  o f  t h e  e l e c t r o n  c lo u d  

w i t h i n  t h e  m o le c u le s .  T h is  i s  t h e  mechanism a t  work i n  ca rb o n  d i s u l p h i d e ,  

w here t h e  r e l a x a t i o n  t im e  i s  o f  t h e  o r d e r  o f  1 .8  p. s .

5 .3  METHOD FOR PRODUCING A NUMBER OF RAPID LIGHT
PULSES USING A KERR CELL

Two m ethods a r e  c o n s id e r e d  h e r e  f o r  p r o d u c in g  a number o f  r a p i d

( l l 4 )p u l s e s .  A d c -  b i a s e d  K e r r  c e l l '  '  can be made to  o p e r a t e  g i v in g  a con

t i n u o u s  m o d u la t io n  i f  a  r a d i o  f r e q u e n c y  s ig n a l  i s  imposed on to p  o f  t h e  d c .  

A l a r g e  d c b i a s  r e d u c e s  t h e  amount o f  power needed  a t  r a d i o  f re q u e n c y ,  

b u t  h e a t i n g  e f f e c t s  can be  s e r i o u s  u n l e s s  t h e  n i t r o b e n z e n e  i s  v e r y  h i g h l y
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p u r i f i e d .  I f  impure n i t r o b e n z e n e  i s  u s e d ,  t h e  v o l t a g e  r e q u i r e d  to  cause  

e l e c t r i c a l  breakdown i s  c o n s i d e r a b l y  r e d u c e d .  When t h e  c e l l  i s  f i l l e d ,  i f  

any  sm a l l  a i r  b u b b le s  become t r a p p e d  i n  t h e  l i q u i d ,  t h e  b u b b le s  can become 

a g i t a t e d  i n  t h e  p r e s e n c e  o f  t h e  a p p l i e d  v o l t a g e ,  and cause  e l e c t r i c a l  b r e a k 

down. I f  t h e  e q u a t io n s  f o r  th e  t r a n s m i t t e d  l i g h t  a r e  m o d if ie d  t o  i n c lu d e  

t h e  r a d i o f r e q u e n c y  m o d u la t io n  on to p  o f  a  d c b i a s  t h e  e x p r e s s io n  f o r

I  / _ / l  i n c l u d e s  te rm s  i n  2 O) a s  w e l l  a s  it .max/mod o

M o d u la t io n  > 50^ f o r  t h e  fu n d am e n ta l  can be o b t a i n e d  from  a  s u i t 

a b l e  d c b i a s  w i t h  r  f  m o d u la t io n  o f  o n ly  15^  o f  t h e  d c e x t i n c t i o n  

v o l t a g e ;  w i t h  t h e  same r  f  v o l t a g e  and a t  a h i g h e r  d c b i a s  i t  i s  p o s s i 

b l e  t o  o b t a i n  second  harm onic  m o d u la t io n  > 20^.

T h is  t e c h n i q u e ,  however, r e q u i r e s  t h e  u s e  o f  an  r  f  g e n e r a t o r  

c a p a b le  o f  p ro d u c in g  > 10® V r  f , and i f  t h e  n e c e s s a r y  p u r i t y  o f  t h e  n i t r o 

b e n z en e  ca n n o t  be  o b t a i n e d ,  t h e  c u r r e n t  r e q u i r e m e n ts  a r e  c o n s id e r a b l y  

i n c r e a s e d .  I t  i s  n e c e s s a r y  i n  t h i s  c a se  to  p ro d u ce  a K e r r  c e l l  w i t h  a 

b u i l t - i n  c o o l in g  sys tem , a s  t h e  K e r r  c o n s t a n t  i s  t e m p e r a tu r e  d e p e n d e n t .

The second  t e c h n i q u e  a v o id s  some o f  t h e s e  d i f f i c u l t i e s .  I n  t h i s  t e c h n i q u e ,

w hich  was t e s t e d  e x p e r im e n ta l l y ,  a  p u l s e d  v o l t a g e  was p u t  i n to  t h e  c e l l .

I n  t h i s  manner t h e  c o o l in g  sy s tem  was made r e d u n d a n t ,  and a l th o u g h  a h ig h  

breakdown v o l t a g e  was s t i l l  n eeded , t h e  p r e s e n c e  o f  r e s i d u a l  c o n d u c t i v i t y  

i n  t h e  c e l l  was n o t  a s  d i s a d v a n ta g e o u s  a s  would have  been  t h e  c a se  w i th  t h e  

c e l l  h e l d  a t  a  c o n s t a n t  d c  b i a s .

We have  se en  t h a t  t h e  t r a n s m i t t e d  l i g h t  i n t e n s i t i e s  i s  E® depen 

d e n t  ( l  = I q sin® ( n k L E ® ) ) ,  t h u s  i f  t h e  v o l t a g e  a c r o s s  t h e  c e l l  i s  r a i s e d  

above t h e  v a lu e  f o r  t h e  f i r s t  minimum t r a n s m i s s i v i t y ,  a  number o f  f u r t h e r  

t r a n s m i s s i o n  maxima co u ld  be  o b t a i n e d .  Thus i f  t h e  c e l l  i s  h e ld  a t  a  v e r y  

h ig h  v o l t a g e  and r a p i d l y  e a r th e d ,  t h e  t r a n s m i t t e d  l i g h t  w i l l  p a s s  th ro u g h  

a number o f  maxima t o  g iv e  a s e r i e s  o f  p u l s e s .  O b v io u s ly  t h e  a p p l i c a t i o n
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o f  a  s i n g l e  v o l t a g e  p u l s e  o f  t h i s  v a lu e  w i l l  p ro d u c e  tw ic e  t h i s  number o f  

p u l s e s  a s  t h e  f i e l d  r i s e s  an d  f a l l s .  I d e a l l y  t h e  a p p l i e d  v o l t a g e  would 

need  t o  b e  p a r a b o l i c  i n  o r d e r  t o  g iv e  a r e g u l a r  s e r i e s  o f  e q u a l l y  long  

p u l s e s ,  b u t  t h i s  i s  n o t  a v i t a l  c o n s i d e r a t i o n .

I n  such  a s i t u a t i o n ,  t h e  main p ro b le m s  t h a t  a r e  e n c o u n te re d  

r e s u l t  from  t h e  compromise w hich  i s  n e c e s s a r y  i n  a p p ly in g  such  a l a r g e  

v o l t a g e  a t  sp e ed .  The r e q u i r e d  v a lu e  o f  t h e  a p p l i e d  v o l t a g e  may be  red u c e d  

i f  t h e  l e n g t h  o f  t h e  K e r r  c e l l  i s  i n c r e a s e d ,  b u t  t h i s  can o n ly  be  done a t  

t h e  expense  o f  i n c r e a s i n g  t h e  c a p a c i t a n c e  o f  t h e  K e r r  c e l l .  The i d e a l  

c e l l  i n c o r p o r a t e s  b o th  t h e s e  p r o p e r t i e s .  A number o f  n o v e l  e l e c t r o d e  

g e o m e t r i e s  w i t h i n  t h e  c e l l  have  been  i n v e s t i g a t e d  w i th  t h e  v ie w  t o  r e d u c in g  

t h e  c a p a c i t y  o f  t h e  c e l l  w h i l s t  p r o d u c in g  a h ig h  f i e l d  from  a r e l a t i v e l y  

low  a p p l i e d  v o l t a g e .

5 . 4  PRODUCTION OF A HIGHLY NON-UNIFORM FIELD -
THEORETICAL CONSIDERATIONS

Ve c o n s id e r  h e r e  t h e  e l e c t r i c  f i e l d  b e tw e en  a s i n g l e ,  t h i n  ch a rg e d  

w i r e  a t  a  d i s t a n c e  (h )  from  an e a r t h e d  c o n d u c t in g  p l a n e .  The p ro b le m  i s  

b e s t  c o n s id e r e d  b y  t h e  method o f  im ages , t h e  t h i n  l i n e  o f  c h a rg e  h a s  an 

e l e c t r i c a l  image a t  a  d i s t a n c e  (h )  on t h e  o p p o s i t e  s i d e  o f  t h e  c o n d u c t in g  

p l a n e .

L e t  each  w i r e  have  r a d i u s  ( a )  so t h a t  2h »  a  ( s e e  F i g . 5 . l ) ,  and 

l e t  t h e  c h a rg e  p e r  u n i t  l e n g t h  b e  + ct and -  CT r e s p e c t i v e l y .  The f i e l d

Xp a t  P due  t o  one o f  t h e  w i r e s  ( s e e  d iag ram ) i s  g iv e n :

Xp = (b y  Gauss th eo rem ) . ,  ( 5 . 4 . 1 )

V = -  J X d r  . . . .  ( 5 . 4 . 2 )

The p o t e n t i a l  a t  P  due to  one w i r e  A i s  :
r

=  - ~  J  ( l o g ^ r - l o g g R )  . . .  ( 5 . 4 . 3 )
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S i m i l a r l y ,  t h e  c o n t r i b u t i o n  t o  t h e  p o t e n t i a l  a t  P from  v i r e  B i s  :

e

Hence t h e  combined p o t e n t i a l  a t  P ,

-  lo g g R )  • . . .  ( 5 . 4 . 4 )

V = §  lo g e  •« .  ( 5 . 4 . 5 )

B u t
= r^  -  2rX(Cos 9 . . . .  ( 5 . 4 . 6 )

Vp = ~  ̂ l o g ( r ^  + -  2 r d  cos  9) 2 lo g  rj- . . .  ( 5 . 4 . 7 )

The f i e l d  E i s  r e l a t e d  t o  Vp by:

E = - 7  Vp . . . .  ( 5 . 4 . 8 )

I n  r e c t a n g u l a r  c a r t e s i a n  c o o r d i n a t e s  w i t h  t h e  o r i g i n  a t  B , and AB = x  -  

a x i s ,  X = r  cos  9 » y  = r  s i n  9 , + y^ = r ^  .

= f  . . . ( 5 . 4 . 9 )

2(j(f X -  d x \ *  /  y  y
%  = -  ®P = T i l /  + ( x - d ) "  "  ( x " + / ) - ' "  ^ 1 /  + ( x -d ) "  ■ +

. . .  ( 5 .4 .1 0 )

t h e r e f o r e  o n i\

l®pl = " ^E p x  + EpV . . . ( 5 . 4 . 1 1 )

^(x® + y®)|y® + (x -d )® ^J  ^ e . s . u .  . . .  ( 5 .4 .1 2 )

T h i s  e x p r e s s io n  g i v e s  t h e  s t r e n g t h  o f  t h e  e l e c t r i c  f i e l d  a t  an y  p o i n t  i n  

t h e  K e r r  c e l l  v h e n  a c h a rg e  o f  a  p e r  u n i t  l e n g t h  i s  h e l d  on t h e  v i r e .

The c a p a c i t a n c e p e r  u n i t  l e n g t h  i s

C =  ^ . . . .  ( 5 .4 .1 3 )
4 1ogg  ( d / a )

Then t h e  a p p l i e d  v o l t a g e  r  can  q u i t e  e a s i l y  be  e x p re s s e d  i n  te rm s  o f  a  •

The i n t e n s i t y  o f  t h e  l i g h t  t r a n s m i t t e d  a t  an y  p o i n t  i n  t h e  c r o s s -

s e c t i o n  o f  t h e  K e r r  c e l l  i s  I  , v h e re :

I  = I „  s i n " { - ° " y  ’^ - (x" + / ) ( y "  + [ x - d ] : ) }  . . . .  ( 5 .4 .1 4 )
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Thus l i n e s  o f  e q u a l  v a l u e s  o f  E ^ ( e l e c t r o s t a t i c  i s o d y n e s )  c o r r e s p o n d  to  

l i n e s  o f  e q u a l  K e r r  s w i tc h in g .  L in e s  o f  c o n s t a n t  e l e c t r i c  f i e l d  (vE = O) 

a r e  p l o t t e d  c o r r e s p o n d in g  t o  v a l u e s  o f  E so t h a t  6 = 2tt , 4 r r , 6rr . . .  .

I n  F i g .  5 .2  t h e s e  g r a p h s  a r e  s h o w  f o r  two v a l u e s  o f  t h e  v o l t a g e  (v )  . The 

i s o d y n e s  i n  t h e s e  f i g u r e s  c o r re s p o n d  t o  a r e a s  w here t h e  minimum l i g h t  i s  

t r a n s m i t t e d  th ro u g h  t h e  c e l l .

The g ra p h s  i n  F i g . 5 .2 ,  w hich  a r e  f o r  an  e l e c t r o d e  g e o m e try  c o n s i s t 

in g  o f  a  w i r e  and a p l a t e ,  can q u i t e  e a s i l y  he  e x te n d e d  t o  d e s c r i b e  t h e  

e x p e r im e n ta l  c e l l .  I n  t h e  e x p e r im e n ta l  a r r a n g e m e n t ,  t h e  p l a n e  e l e c t r o d e  

re m a in s  i n  p o s i t i o n  a s  i n  t h e  t h e o r e t i c a l l y  d e te rm in e d  c a s e .  The t h i n  

w i r e  e l e c t r o d e  i s  r e p l a c e d  b y  a lo n g  r a z o r  b l a d e  w i th  i t s  edge to w a rd s  t h e  

p l a n e .  On t h e  r a z o r  b l a d e ,  t h e  s t r o n g e s t  f i e l d  i s  on t h e  s u r f a c e  a t  t h e  

p o s i t i o n  o f  maximum c u r v a t u r e ,  i . e .  t h e  f i e l d  i s  a t  t h e  t i p ,  t h e  e l e c t r i c a l  

image o f  t h e  b l a d e  t h u s  c o r r e s p o n d s  to  t h e  lo n g  t h i n  w i r e  w i th  a l i n e  o f  

-charge p ro d u c in g  a s t r o n g  f i e l d  a lo n g  t h e  r a z o r  b l a d e  t i p .  T h i s  i s  an  

i d e a l i z e d  s i t u a t i o n .  O b v io u s ly  t h e  e l e c t r o d e  m oun tings  w i l l  p ro d u c e  some 

d i s t o r t i o n  t o  t h e  i s o d y n e  s t r u c t u r e  i n  t h e  r e g i o n  b e h in d  t h e  t i p  o f  t h e  

b l a d e .  However, i n  t h e  r e g i o n  b e tw een  t h e  r a z o r  b l a d e  and t h e  p l a n e  

e l e c t r o d e ,  t h i s  d i s t o r t i o n  w i l l  be  v e r y  much l e s s .  As t h i s  r e g i o n  i s  t h e  

u s e f u l  p a r t  o f  t h e  c e l l ,  t h e  e q u iv a le n c e  o f  t h e  r a z o r  b l a d e  and w i r e  i n  

t h i s  r e g i o n  makes t h i s  a p p ro x im a t io n  t a k e n  i n  t h e  c a l c u l a t i o n ,  a  v a l i d  o ne .

The movement o f  t h e  iso d y n e  when an  i n c r e a s i n g  v o l t a g e  i s  a p p l i e d  to  

t h e  sy s te m  i s  such  t h a t  a  s e r i e s  o f  maximum and minimum l i g h t  t r a n s m i s s i o n  

f r i n g e s  sweeps a c r o s s  t h e  f ie ld  o f  v ie w .  U sing  F i g . 5 . 2 ( b )  f o r  a  d e m o n s tra 

t i o n ,  t h e  i s o d y n e s  shown on t h i s  p l a t e  a r e  f o r  eq u a l  i n c r e a s i n g  in c r e m e n ts  

o f  so t h a t  E ^  = k  on A and  A^; 2k on B, B^; 3k on C ,  C'

and  4k on D .  As t h e  f i e l d  i s  i n c r e a s e d ,  an  i s o d y n e  s t a r t i n g  a s  a  sm a l l  

c i r c l e  ( d) j u s t  a ro u n d  t h e  p o s i t i o n  o f  t h e  k n i f e - e d g e  ( y) expands r a d i a l l y  

o u tw a rd .  As t h e  v o l t a g e  i s  f u r t h e r  i n c r e a s e d  t h e  i so d y n e  d i s t o r t s  and
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d i v i d e s  i n t o  two s e p a r a t e d  l i n e s  (C and C ')  so t h a t  i t  makes c o n ta c t  

n o r m a l ly  w i th  t h e  e a r t h e d  p l a t e  (X ) . The two h a l v e s  o f  t h e  i so d y n e  move/' 

ou tw ard  a c r o s s  t h e  s u r f a c e  o f  t h e  p l a t e  (B B^) and f i n a l l y  s e p a r a t e  from  

i t  (A ,A ^). From t h e s e  g ra p h s  i t  can he  seen  t h a t  t h e  a r e a  o f  m ost u n i fo r m  

f i e l d  i s  t h e  r e g i o n  j u s t  o f f  t h e  s u r f a c e  o f  X and  im m e d ia te ly  o p p o s i t e  

Y , f o r  i t  i s  h e r e  t h a t  t h e  iso d y n e  s p a c in g  i s  a t  a  maximum. The a r e a  

w i t h  t h e  s t r o n g e s t  e l e c t r i c  f i e l d  i s  j u s t  o f f  t h e  t i p  o f  t h e  k n i f e - e d g e  Y, 

h u t  a t  t h i s  p o i n t  t h e  i so d y n e  s p a c in g  i s  v e r y  sm a l l  and t h e  r a d i a l  r a t e  

o f  change o f  (e ) i s  a t  i t s  h i g h e s t .

At t h e  t i p  o f  Y t h e  f i e l d  i s  a t  i t s  maximum and i t  i s  h e r e  t h a t  

e l e c t r i c a l  breakdow n o f  t h e  d i e l e c t r i c  w i l l  t a k e  p l a c e  p r e f e r e n t i a l l y .

T h i s  can be a v o id e d  i f  (y) i s  r e p l a c e d  b y  a c o n d u c to r  whose s u r f a c e  i s  

s i t u a t e d  a lo n g  t h e  l i n e  o f  one o f  t h e  i s o d y n e s .  As t h e s e  a r e  a p p ro x im a te ly  

c y l i n d r i c a l  a ro u n d  t h e  p o i n t  Y, t h e  u s e  o f  a  c y l i n d r i c a l  e l e c t r o d e  w i l l  

p ro d u c e  a p p r o x im a te ly  t h e  same iso d y n e  c o n f i g u r a t i o n  ac^*r^s t h e  r e s t  o f  t h e  

f i e l d  o f  v iew .

5 .5  DESCRIPTION OF EXPEBIMENTAL KERR CELL

A number o f  K e r r  c e l l s  w ere  c o n s t r u c t e d  t o  t a k e  a d v a n ta g e  o f  t h e  

h i g h  f i e l d s  c r e a t e d  i n  t h e  h i g h l y  n o n -u n i fo rm  s i t u a t i o n  d e s c r i b e d  i n  t h e  

p r e v i o u s  s e c t i o n .

( l )  A K e r r  c e l l  was c o n s t r u c t e d  i n  w hich  one o f  t h e  norm al e l e c t r o d e  

p l a t e s  had  b e e n  r e p l a c e d  b y  a k n i f e  edge . T h is  e l e c t r o d e  was made from  

two r a z o r  b l a d e s  mounted i n  c o n t a c t  and end t o  end. T h is  p ro d u ce d  an  edge

7 .2  cms lo n g .  The r a z o r  b l a d e s ,  whose edge r a d i u s  o f  c u r v a t u r e  was 50 nm 

w ere  made o f  s t a i n l e s s  s t e e l  w i t h  a  n i c k e l  edge c o a t i n g .  The p l a s t i c  

s u r f a c e  c o a t in g  n o r m a l ly  p u t  on t h e s e  b l a d e s  was n o t  p r e s e n t  i n  t h i s  c a s e .

The e l e c t r o d e  c o n f i g u r a t i o n  had  t h e  u s u a l  p l a n e  c a th o d e  , t h e  

anode was p o s i t i o n e d  w i t h  t h e  edge f a c i n g  t h e  c a th o d e  and p a r a l l e l  t o  i t .
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A beam o f  p l a n e  p o l a r i z e d  l i g h t  was p a s s e d  th ro u g h  t h e  c e l l  p a r a l l e l  t o  t h e  

k n i f e  edge and w i th  t h e  p l a n e  o f  p o l a r i z a t i o n  making an a n g le  o f  45° to  t h e  

s u r f a c e  o f  each  o f  t h e  two e l e c t r o d e s ,  t h e s e  s u r f a c e s  b e in g  a t  r i g h t  a n g le s  

t o  each  o t h e r .  The k n i f e  edge anode was f i x e d  on a m oveable mount so t h a t  

t h e  e l e c t r o d e  s e p a r a t i o n  i n  t h e  c e l l  c o u ld  be a d j u s t e d .  A p h o to g ra p h  o f  

t h e  c e l l  i s  sho^vn ( F i g . 5 . 3 ) .

W ith in  t h e  r e g i o n  b e tw een  th e  e l e c t r o d e s ,  t h e  e l e c t r i c  i s o d y n e s  f o r  

t h i s  g e o m e try  a r e  i d e n t i c a l  t o  t h e  l i n e s  computed i n  t h e  p r e v i o u s  s e c t i o n ,  

t h e  g r e a t e s t  f i e l d  b e in g  j u s t  above t h e  s u r f a c e  o f  t h e  k n i f e  edge . I t  i s  a t  

t h i s  p o i n t  t h a t  any  breakdow n i n  n i t r o b e n z e n e  i s  l i k e l y  to  t a k e  p l a c e .  The 

c e l l  was c o n s t r u c t e d  from h ig h  d e n s i t y  p o l y th e n e ,  t h e  end windows were 

s e a l e d  on to  t h e  c e l l  b y  t h e  means o f  m e ta l  t i e - b a r s  ru n n in g  t h e  l e n g t h  o f  

t h e  c e l l .  These b a r s  s e rv e d  t o  p u l l  t h e  g l a s s  do^vn on to  t h e  k n i f e - e d g e d

r i d g e s  w hich  had been  t u r n e d  on t h e  end o f  t h e  body o f  t h e  c e l l .  T h is  r e n 

d e re d  t h e  sy s tem  l i q u i d - t i g h t .  The c e l l  was mounted on a h o r i z o n t a l  t a b l e  

w hich  c o u ld  be a d j u s t e d  i n  a l l  d i r e c t i o n s  and r o t a t e d  a b o u t  a v e r t i c a l  a x i s .  

F i l l i n g  t h e  c e l l  was f a c i l i t a t e d  b y  two f i l l i n g  h o l e s  i n  t h e  t o p  o f  t h e  

c e l l .  These h o l e s  were ta p p e d  so t h a t  a s p e c i a l l y  made fu n n e l  c o u ld  be 

sc rew ed  down i n t o  t h e  c e l l  t h ro u g h  one o f  t h e  h o l e s .  The second  h o le  a c te d  

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

l e s s  s t e e l  sc rew  s t o p p e r s .  I n  a s se m b lin g  t h e  c e l l  i t  was n e c e s s a r y  to

t a k e  c a re  t o  p r o t e c t  t h e  s e a l i n g  r i d g e s  on t h e  ends o f  t h e  p o l y th e n e .

T hese w ere  l i a b l e  t o  damage and t h u s  a l l o w  th e  le a k a g e  o f  n i t r o b e n z e n e  from 

t h e  c e l l .  When t h e  c e l l  ŵ as d i s m a n t l e d  i t  was n e c e s s a r y  t o  remake t h e  

r i d g e s  b e f o r e  t h e  c e l l  c o u ld  b e  r e f i l l e d ,  a s  t h e  d e fo r m a t io n  p ro d u ce d  by 

t h e  p r e s s u r e  a s  t h e  windows were p u l l e d  t i g h t ,  was p e rm a n e n t .

, ( 2) A b i - c y l i n d r i c a l  K e r r  c e l l  was c o n s t r u c t e d .  T h is  c e l l  had  s e v e r a l

im provem ents  o v e r  t h e  k n i f e - e d g e d  c e l l .  The two e l e c t r o d e s  were p a r a l l e l  

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

w ere i n  e s se n c e  t h e  same a s  f o r  t h e  k n i f e - e d g e d  K e r r  c e l l  ( s e e  F i g . 5 . 2 ) .
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As t h e  a r e a  o f  v e r y  h ig h  e l e c t r i c  f i e l d  im m e d ia te ly  a t  t h e  t i p  o f  t h e  r a z o r  

i n  t h e  k n i f e - e d g e d  c e l l  had  b e e n  l i a b l e  to  g iv e  r i s e  t o  e l e c t r i c a l  b r e a k 

down i n  t h e  n i t r o b e n z e n e ,  t h i s  p ro b le m  no l o n g e r  e x i s t e d .  The l a r g e r  

r a d i u s  o f  c u r v a t u r e  o f  each  o f  t h e  c y l i n d e r s  ( 0 . 4  cm) made t h e  m ost i n t e n s e  

e l e c t r i c  f i e l d s  u n o b t a i n a b l e .  T h i s ,  how ever, was o f  no d i s a d v a n ta g e  a s  t h e  

a r e a  o f  e x t r e m e ly  h ig h  f i e l d  a t  t h e  r a z o r  edge was to o  sm all  t o  u s e .  T h is  

c e l l  was c o n s t r u c t e d  o f  P T F E  , ,  " t h e  s t a i n l e s s  s t e e l  c y l i n d e r s  and end caps 

w ere  c le a n e d  e l e c t r o l y t i c a l l y  and s e a l e d  on to  t h e  ends o f  t h e  P T F E  body 

b y  c o o l in g  t h e  P T F E  i n  l i q u i d  n i t r o g e n  and  f o r c e  f i t t i n g  t h e  ends w h i le  

t h e  body  was s t i l l  i n  a  s t a t e  o f  c o n t r a c t i o n .  T h is  p ro d u ce d  a c o m p le te ly  

l e a k - p r o o f  f i t .  The end windows w ere  f i t t e d  t o  t h e  end caps  b y  b e in g  

screw ed  on t o  a  P T F E  J m i f e  edged s e a l i n g  r i n g  w hich was sunk i n t o  t h e  

s t e e l  e n d p l a t e s .  The P T F E  p r o v id e d  a f a r  b e t t e r  s e a l  t h a n  t h e  h ig h  

d e n s i t y  p o ly th e n e  u s e d  i n  t h e  p r e v i o u s  c e l l ,  and  no d i f f i c u l t i e s  o f  l e a k a g e  

w ere  e n c o u n te re d .

The a r e a  o f  t h e  c e l l  u s e d  f o r  K e r r  s w i tc h in g  was t h e  a r e a  a ro u n d  t h e  

m id - p o in t  b e tw e e n  t h e  c y l i n d e r s .  A t t h i s  p o i n t  t h e  f i e l d  i s  a t  i t s  most 

u n i fo rm .

The l e n g t h  o f  t h e  c e l l  was 12 cm w hich  was l a r g e r  t h a n  t h e  k n i f e -  

edged c e l l  and had  t h e  a d v a n ta g e  o f  r e d u c in g  t h e  f i e l d  r e q u i r e d  to  p ro d u c e  

a  g iv e n  r o t a t i o n  o f  t h e  p o l a r i z a t i o n  o f  t h e  p r o b in g  beam. The volume o f  

t h e  c e l l  was c u t  to  a  minimum t h u s  r e d u c in g  t h e  amount o f  n i t r o b e n z e n e  

r e q u i r e d .  The d i s t a n c e  be tw een  t h e  c y l i n d e r s  c o u ld  be  chosen  and a l t e r e d  

when t h e  end caps  were p l a c e d  on t h e  c e l l .  By r o t a t i n g  one o f  t h e  end

c a p s ,  t h e  c y l i n d e r s  moved c l o s e r  t o g e t h e r .  The maximum d i s t a n c e  be tw een

t h e  c y l i n d e r s  was 1 .0  cms .
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5 . 6  SOME ADVANTACiES AND DISADVANTAGES OF THE

MODIFIED IŒRR CELLS

The a d v a n ta g e s  o f  t h e s e  c e l l s  s tem  from  t h e  n o n -u n i fo rm  f i e l d  d i s t r i 

b u t i o n ,  and w i t h  t h e  k n i f e - e d g e d  c e l l  i t  i s  p o s s i b l e  to  p ro d u c e  f i e l d s  

s e v e r a l  t im e s  g r e a t e r  t h a n  would be  p o s s i b l e  i f  t h e  same c o n t r o l l i n g  v o l 

t a g e  w ere  t o  be a p p l i e d  t o  a  c o n v e n t io n a l  K e r r  c e l l .  U n f o r t u n a t e l y  t h e  

a r e a  o f  v e r y  h ig h  f i e l d  i s  e x c e e d in g ly  s m a l l ,  and  t h e  m ost u s e f u l  p a r t  o f  

t h e  c e l l  i s  f u r t h e r  away from  t h e  edge o f  t h e  r a z o r  b l a d e s .  I n d e e d ,  t h e  

s t r o n g  f i e l d  r i g h t  a t  t h e  t i p s  o f  t h e  b l a d e s  can  be a p o s i t i v e  d i s a d v a n ta g e  

b e c a u s e  when a p p ly in g  to  t h e  c e l l  a  v o l t a g e  w h ich  i s  h ig h  enough t o  p ro d u ce  

an  e f f e c t i v e  f i e l d  i n  t h e  u s e f u l  a r e a  o f  t h e  c e l l ,  t h e  f i e l d  a t  t h e  t i p  o f  

t h e  r a z o r  b l a d e  can exceed  t h e  breakdow n v o l t a g e .  The m o d i f i c a t i o n  u s in g  

c y l i n d r i c a l  e l e c t r o d e s  s o lv e s  t h i s  p ro b le m .

The a r e a  o f  t h e  c e l l  w here t h e  f i e l d  d i s t r i b u t i o n  i s  a t  i t s  most

u n i fo r m  i s  midway be tw een  t h e  e l e c t r o d e s ,  b u t  u n i f o r m i t y  e x te n d s  o n l y  o v e r  

a  v e r y  sm a l l  r e g i o n .  T h is  i s  why i t  i s  n e c e s s a r y  to  u s e  a h i g h l y  c o l l i -  

n a t e d  l a s e r  beam, b e c a u s e  any  p a r t  o f  t h e  hearn o f f  t h e  a x i s  o f  t h e  c e l l  i s  

s w i tc h e d  b y  a s l i g h t l y  d i f f e r i n g  amount. At t h e  m id p o in t  be tw een  t h e  

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

v o l t a g e  i s  i d e n t i c a l  t o  t h a t  i n  a c o n v e n t io n a l  p l a n e  e l e c t r o d e  K e r r  c e l l .

I n  te rm s  o f  f i e l d  s t r e n g t h  t h e r e  i s  no a d v a n ta g e  i n  u s in g  c y l i n d r i c a l

e l e c t r o d e s .  T here  i s ,  how ever, a  second  a d v a n ta g e  w hich  we have  n o t  y e t

c o n s id e r e d  and t h a t  i s  t h e  r e d u c e d  e l e c t r o s t a t i c  c a p a c i t y  w hich  i s  a 

p r o p e r t y  o f  t h e s e  c e l l s .  Hence t h e r e  i s  a  g r e a t e r  e a se  o f  a p p ly in g  a 

r a p i d l y  c h an g in g  c o n t r o l l i n g  v o l t a g e  p u l s e  t o  t h e s e  c e l l s .

The e f f e c t i v e n e s s  o f  t h e  c e l l  a s  a  s h u t t e r  f o r  o p t i c a l  im ag ing  i s  

r e d u c e d  b e c a u s e  o f  t h e  sm a ll  u s e f u l  a r e a  o f  t h e  c e l l ’ s c r o s s - s e c t i o n .  The 

c e l l  i s  more u s e f u l  f o r  s w i tc h in g  an i l l u m i n a t i n g  l i g h t  s o u rc e ,  a s  a 

d i s t o r t i o n  i n  t h e s e  w a v e f ro n t s  does  n o t  e f f e c t  t h e  f i n a l  im aging  i n  a
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cam era . T h is  r e s t r i c t i o n  l e a d s  t o  t h e  r e s u l t  t h a t  i f  t h e  c e l l  i s  to  he

u s e d  i n  a p h o to g r a p h ic  sys tem , i t  c a n n o t  be a p p l i e d  t o  t h e  p h o to g ra p h y  o f  

s e l f - l u m in o u s  e v e n t s .

The a d v a n ta g e s  o f  a  sy s tem  w hereby  t h e  K e r r  c e l l  i s  t r i g g e r e d  to  

p a s s  a  s e r i e s  o f  l i g h t  p u l s e s  when o n l y  a s i n g l e  v o l t a g e  p u l s e  i s  a p p l i e d ,  

a r e  c l e a r .  A s i n g l e  p u l s e  may e a s i l y  be a p p l i e d  by , f o r  example, a  c a p a c i 

t o r  d i s c h a r g e ;  w h e re as  i f  one v o l t a g e  p u l s e  p e r  l i g h t  p u l s e  was r e q u i r e d ,  

a more r e f i n e d  sy s tem  would be n e e d ed .  The sh a p in g  and t h e  s e p a r a t i o n  o f  

t h e  s w i tc h e d  l i g h t  p u l s e s  can be  a d j u s t e d  b y  chang ing  t h e  shape o f  t h e  

a p p l i e d  v o l t a g e  p u l s e .  A r e g u l a r ,  u n i fo r m  s e r i e s  o f  p u l s e s  i s  n o t  a lw ays  

an  a d v a n ta g e .  I n  t h e  c a s e  o f  a c c e l e r a t i n g  m o tio n ,  more a c c u r a t e  m easu re 

m ents  o f  t h e  a c c e l e r a t i o n  may be d e te rm in e d  i f  t h e  l i g h t  p u l s e s  a r e  spaced  

so a s  t o  p ro d u ce  a more r a p i d  s w i tc h in g  a s  t h e  m otion  sp e ed s  u p .  I n  t h e  

c a se  o f  a  s low ing  shock wave, f o r  example, t h e  r e v e r s e  i s  t h e  c a s e .  ' As 

t h e  wave s low s down a g r e a t e r  t im e  gap b e tw een  t h e  a d j a c e n t  p u l s e s  i s  an 

a d v a n ta g e .  T h is  i s  t h e  shape o f  t h e  o u t p u t  when t h e  a p p l i e d  v o l t a g e  i s  

p ro d u ce d  from  a c a p a c i t o r  d i s c h a r g e ,

5 .7  EXPERIMENTAL INVESTIGATION

The e x p e r im e n ta l  i n v e s t i g a t i o n  i n t o  t h e  m o d if ie d  K e r r  c e l l s  was 

d i v id e d  i n t o  two p a r t s :

( i )  An i n v e s t i g a t i o n  o f  t h e  f i e l d  s t r u c t u r e  i n  t h e  c e l l  

a s  d e m o n s t ra te d  b y  t h e  K e r r  e f f e c t ;

( i i )  The e x a m in a t io n  o f  t h e  o p t i c a l  s w i tc h in g  p r o p e r t i e s  o f  

t h e  c e l l s .

( i )  The f i e l d  s t r u c t u r e  i n  t h e  k n i f e - e d g e d  K e r r  c e l l  was t h o r o u g h ly

exam ined . The a p p a r a tu s  ( F i g . 5 .4 )  u s e d ,  c o n s i s t e d  o f  a U n iv e r s a l  L ab o ra 

t o r i e s  He-Ne l a s e r  w i th  an o u tp u t  power o f  2 -3  mW, g iv in g  p l a n e  p o l a r i z e d  

l i g h t  a t  6 3 2 . 8 nm w a v e le n g th .  The beam o f  l i g h t  was b ro ad en ed  to  2 cm 

d ia m e te r  b y  u s e  o f  a  m ic ro sco p e  o b j e c t i v e ,  and c o l l im a te d  so t h a t  t h e  beam

— 84  —



a

— I ,

3  k

I f '+a > 
S  A

O

KTaFZ-ED::ZD KERR CELL: TRAIN CF TRANSi.JTTED LIGHT PULSES,

F I G U R i ‘U..



p a s s e d  do\m t h e  c e l l  i l l u m i n a t i n g  t h e  com ple te  c r o s s - s e c t i o n  o f  t h e  c e l l  

i n c l u d i n g  t h e  e l e c t r o d e  s t r u c t u r e .  I n i t i a l l y  t h e  r e s i s t a n c e  o f  t h e  c e l l  

was m easu red  f o r  d i f f e r i n g  s e p a r a t i o n s  o f  t h e  e l e c t r o d e s .  I t  was found 

t h a t  t h e  r e s i s t a n c e  o f  t h e  c e l l  c o u ld  he  i n c r e a s e d  b y  a p p ly in g  t h e  v o l t a g e  

w i th  a  g r a d u a l  b u i l d - u p  o v e r  t h e  p e r i o d  o f  a few h o u r s  u n t i l  t h e  maximum 

v o l t a g e  was r e a c h e d .  T h i s  a p p a r e n t l y  r e s u l t s  i n  t h e  rem oval b y  e l e c t r o 

l y s i s  o f  some o f  t h e  c o n ta m in a n ts  i n  t h e  n i t r o b e n z e n e . The 

b u i l d - u p  i n  v o l t a g e  h a s  to  be slow  i n  o r d e r  t o  m in im ize  t h e  e f f e c t s  o f  

h e a t i n g  i n  t h e  c e l l .

The v o l t a g e  a c r o s s  t h e  c e l l  was h e ld  a t  a  number o f  chosen  v a l u e s  

f rom  0 -» 2 2 k V  w h i le  shadow -graph  p h o to g ra p h s  o f  t h e  a r e a s  o f  maximum and 

minimum t r a n s m i s s i o n  were t a k e n .  The p i c t u r e s  t h u s  o b t a i n e d  show t h e  s t a t i c  

f i e l d  s e t  up i n  t h e  c e l l  f o r  any  p a r t i c u l a r  v a lu e  o f  t h e  a p p l i e d  v o l t a g e .

The a n g le  w hich  t h e  p o l a r i z a t i o n  o f  t h e  i n c i d e n t  l i g h t  makes w i t h  t h e  a p p l i e d  

f i e l d  d oes  n o t  a f f e c t  t h e  p o s i t i o n s  o f  t h e  t r a n s m i s s i o n  maxima and minima on 

t h e  v o l t a g e  v e r s u s  t r a n s m i s s i o n  c u rv e .  The r e s u l t  o f  r o t a t i n g  t h e  d i r e c t i o n  

o f  t h e  a p p l i e d  f i e l d  from  t h e  i d e a l  a n g le  o f  rr/4  -to t h e  p l a n e  o f  p o l a r i 

z a t i o n  i s  a  d e c r e a s e  i n  t h e  a b s o l u t e  v a lu e  o f  t h e  maximum i n t e n s i t y  o f  t h e  

t r a n s m i t t e d  l i g h t .  At t h e  i d e a l  a n g le ,  t h e  o r d i n a r y  and e x t r a o r d i n a r y  r a y s  

a r e  o f  e q u a l  m a g n i tu d e .  R o t a t i o n  o f  t h e  f i e l d  a l t e r s  t h e i r  c o m p a ra t iv e  

a m p l i t u d e s ,  so t h a t  when t h e  f i e l d  i s  s t r o n g  enough t o  p ro d u c e  a p h a se  

d i f f e r e n c e  o f  tt b e tw e en  t h e  E -  and 0 - r a y s ,  t h e  a m p l i tu d e  o f  t h e  r e s u l t a n t  

wave, r e s o l v e d  i n  t h e  p l a n e  o f  p o l a r i z a t i o n  o f  t h e  a n a l y s e r ,  i s  r e d u c e d .

F i g . 5 .5  shows t h e  s t r u c t u r e  o f  t h e  f i e l d  a round  t h e  e l e c t r o d e s  a s  

shown b y  t h e  K e r r  e f f e c t .  As t h e  v o l t a g e  i s  i n c r e a s e d ,  t h e  t r a n s m i s s i o n  

o f  l i g h t  f i r s t  becomes v i s i b l e  i n  t h e  a r e a s  where t h e  l i g h t  p o l a r i z a t i o n  

i s  optimum, b u t  w i t h  h i g h e r  v o l t a g e s ,  t h e  d a rk  f r i n g e s  ( a r e a s  w here t h e  

p h a se  d i f f e r e n c e  i s  0 ,  2tt , 4 rr , . . . )  can be se en  to  c o rre s p o n d  to  t h e  

e l e c t r o s t a t i c  i s o d y n e s  a s  p l o t t e d  i n  F i g . 5 .2  f o r  a  l i n e  c h a rg e  and an
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e a r t h e d  p l a t e .  The c o rre s p o n d e n c e  o f  t h e s e  p h o to g ra p h s  t o  t h e  t h e o r e t i c 

a l l y  p r e d i c t e d  i s o d y n e s  i s  n o t  c o m p le te ly  a c c u r a t e .  The t h e o r e t i c a l  

c a l c u l a t i o n  i s  f o r  an  i n f i n i t e  l i n e  ch a rg e  and an  i n f i n i t e  p l a t e .  I n  t h e  

p r a c t i c a l ,  o b s e rv e d  c a se  t h e  r a z o r  b l a d e  does  n o t  a p p ro x im a te  p r e c i s e l y  to  

a l i n e  c h a rg e  and t h e  f i e l d  i s  f u r t h e r  d i s t o r t e d  b y  t h e  b u lk  o f  t h e  m ounting  

f o r  t h e  r a z o r  b l a d e .  N e v e r th e l e s s ,  o v e r  t h e  a r e a  i n  w hich  we a r e  i n t e r 

e s t e d  — t h a t  i s  t h e  f a i r l y  n a rro w  a r e a  be tw een  b l a d e  and p l a t e ,  i g n o r i n g  

t h e  edge e f f e c t s  — t h e  f i e l d  i s  a s  e x p e c te d .  I n  t h e  c o n f i g u r a t i o n  w here 

t h e  e l e c t r o d e s  t a k e  t h e  form  o f  c y l i n d e r s ,  t h e s e  a p p ro x im a t io n s  do n o t  a l l  

a p p ly .  Mien a v o l t a g e  o f  2 2 kV i s  a p p l i e d  to  t h e  c e l l ,  a  p h a se  d i f f e r e n c e  

o f  up to  8t t  c o u ld  be  d e t e c t e d  by  c o u n t in g  a c r o s s  t h e  c o n to u r s  o f  t h e  

i s o d y n e s .  These  v e r y  h ig h  f i e l d s  in d u c e d  a f lo w  i n  t h e  l i q u i d  w hich 

r e s u l t e d  i n  a  d i s t o r t i o n  o f  t h e  im ages o f  t h e  e l e c t r o d e s .  F o r  t h i s  

r e a s o n  t h e  s i l h o u e t t e s  o f  t h e  e l e c t r o d e s  have  been  s u p e r- im p o se d  on t h e  

p h o to g ra p h s  so t h a t  t h e  e l e c t r o d e  p o s i t i o n s  a r e  c l e a r l y  d e f i n e d .  The 

in d u ce d  f lo w  d id  n o t  e f f e c t  t h e  s t a b i l i t y  o f  t h e  i s o d y n e s .  The u s e  o f  a 

He-Ne l a s e r  a s  t h e  i l l u m i n a t i n g  s o u rc e ,  r e s u l t e d  i n  t h e  need  f o r  ex p o su re  

o f ^ , ^ l  s e c ,  and i t  can be  se en  t h a t  t h e  p o s i t i o n s  o f  t h e  i s o d y n e s  must 

have  b e e n  s t a b l e  o v e r  t h a t  p e r i o d  o f  t im e .  I f  t h e  c e l l  w ere  t o  be  u s e d  

a s  a  s w i tc h in g  d e v ic e ,  o b v io u s ly  a v e r y  much more p o w e rfu l  l i g h t  s o u rc e  

w ould be  n eed ed  i n  o r d e r  t o  p e r m i t  p h o to g ra p h y  w i th  t h e  d e v ic e .

( i i )  The o p t i c a l  s w i tc h in g  p r o p e r t i e s  o f  t h e  c e l l  were examined b y  

p u t t i n g  a  p u l s e d  v o l t a g e  a c r o s s  t h e  c e l l .  The c i r c u i t  i s  shown i n  

F i g . 5 .4 .  The v o l t a g e  was a p p l i e d  b y  t h e  r a p i d  d i s c h a r g e  o f  h ig h  v o l t a g e  

c a p a c i t o r s  a c r o s s  t h e  c e l l .  The v o l t a g e  a t  an y  t im e  was m easu red  th ro u g h  

a  p o t e n t i a l  d i v i d e r  and d i s p l a y e d  on a  T e k t r o n i x  Type 454 o s c i l l o s c o p e .

The r a t e  o f  d i s c h a r g e  was g overned  b y  th e  v a l u e  o f  a second r e s i s t o r  i n  

p a r a l l e l  w i th  t h e  c e l l .  As t h e  r e s i s t a n c e  was r e d u c e d ,  t h e  r a t e  o f  d i s 

c h a rg e  i n c r e a s e d .  The sy s tem  was s w i tc h e d  b y  t h e  s p a rk -g a p  s w i tc h  d e s c r i b e d
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i n  C h a p te r  I I I ,  c o n s e q u e n t ly  t h e  v o l t a g e  r i s e  t im e  was v e r y  f a s t  w h i l s t  t h e  

p e r i o d  o f  t h e  d i s c h a r g e  co u ld  he  v a r i e d  from  ^ s - » m s .  As t h e  s p a rk -g a p  

s w i tc h  was t r i g g e r e d ,  t h e  amount o f  r a d i o  n o i s e  c r e a t e d  h y  t h e  t r i g g e r i n g  

sy s te m  swamped any  s i g n a l  w hich  was d e t e c t e d  a t  t h a t  t im e ,  h u t  t h e  n o i s e  

i s  s h o r t - l i v e d ,  and t h e  s u b s e q u e n t  v o l t a g e  and o p t i c a l  t r a n s m i s s i o n  changes 

c o u ld  be d i s p l a y e d  c l e a r l y .

D uring  t h i s  p a r t  o f  t h e  e x p e r im e n t ,  t h e  He-Ne 2 m i l l i w a t t  l a s e r  beam 

was u s e d  to  p ro b e  a chosen  a r e a  o f  t h e  c e l l ' s  c r o s s - s e c t i o n .  F o r  t h i s  p u r 

p o s e  t h e  beam was n o t  expanded and t h e  chosen  a r e a  was t h u s  d e f i n e d  b y  th e  

b e a m 's  w id th .  A second a d v a n ta g e  o f  u s in g  t h e  unexpanded beam was t h e  g r e a t e r  

power p e r  s q u a re  c e n t i m e t r e  c r o s s - s e c t i o n  a v a i l a b l e .  The d e t e c t i o n  sy s tem  -  

t h e  P I N  d io d e  — was w ork ing  a t  t h e  l i m i t  o f  i t s  s e n s i t i v i t y  and so a maxi

mum e f f i c i e n c y  had  to  be  o b t a in e d  w i t h i n  t h e  p ro b e d  r e g i o n  o f  t h e  c e l l .

The p h o to g ra p h s  o f  t h e  o s c i l l o s c o p e  r e c o r d i n g s  a r e  s h o w  i n  F i g . 5 .6 .  As 

i s  shown, t h e  c e l l  v o l t a g e  f o l lo w s  t h e  e x p e c te d  e x p o n e n t i a l  form  a s  t h e  

c a p a c i t o r  d i s c h a r g e s .  The r a t e  o f  s w i tc h in g  i s  a t  i t s  g r e a t e s t  when 

d ( V ^ ) / d t  i s  g r e a t e s t ,  i ; e .  n o t  o n ly  when d V /d t  i s  maximum b u t  a l s o  t h e  

a b s o l u t e  v a lu e  o f  V. These  two maxima b o th  c o in c id e  d u r in g  t h e  e a r l y  

p a r t  o f  t h e  d i s c h a r g e .  The e x t e n t  o f  t h e  s w i tc h in g  m o d u la t io n  depends  on 

t h e  w id th  o f  t h e  p ro b e  beam, and i f  a  b ro a d  beam i s  u s e d  t h e  m o d u la t io n  

d e c r e a s e s  a s  a  g r e a t e r  number o f  i s o d y n e s  a r e  c r o s s e d  b y  t h e  beam. From 

t h e  p h o to g ra p h s  i t  can  a l s o  b e  se en  t h a t  a s  t h e  speed  o f  t h e  d i s c h a r g e  i s  

i n c r e a s e d ,  so a l s o  t h e  c o n t r a s t  b e tw een  t h e  maximum and minimum t r a n s m i s 

s io n  d e c r e a s e s .  At t h e  l i m i t  s h o w ,  t h e  e f f e c t  o f  t h e  f i e l d  p ro d u c e s  l e s s  

t h a n  a  1 0 ^  m o d u la t io n  on t h e  t r a n s m i t t e d  l i g h t .  I t  was n o t  p o s s i b l e  to  

d e te rm in e  w h e th e r  t h i s  i s  due t o  a d i s t o r t i o n  i n  t h e  d e t e c t e d  s i g n a l  o r  

w h e th e r  i t  i s  a  f a i l u r e  o f  t h e  c e l l  t o  o p e r a t e  c o r r e c t l y  a t  t h i s  sp eed . 

D i f f i c u l t y  was e x p e r ie n c e d  i n  p ro d u c in g  t h e s e  t r a n s m i s s i o n  c u rv e s  due to  

t h e  v e r y  low l i g h t  l e v e l s  in v o lv e d ,  and  t h e  d e t e c t o r  was w ork ing  a t  t h e
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l i m i t  o f  i t s  s e n s i t i v i t y ,  w hich may h e  t h e  r e a s o n  f o r  t h e  low p e r c e n ta g e  

l i g h t  m o d u la t io n .  On t h e  o t h e r  hand a second  p o s s i b l e  cau se  f o r  t h e  slow

speed  o f  t h e  c e l l  c o u ld  h e  t h e  p r e s e n c e  o f  i m p u r i t i e s  i n  t h e  n i t r o b e n z e n e .

I f  a more p o w e rfu l  l i g h t  so u rc e  had b e e n  a v a i l a b l e  a t  t h e  t im e ,

t h e  i n v e s t i g a t i o n  o f  t h e  v e r y  f a s t  s w i tc h in g  r a t e s  would have  b een  g r e a t l y

f a c i l i t a t e d .  However, t h e  r e s u l t s  do show t h a t  t h i s  p r i n c i p l e  h a s  p ro m ise  

a s  a  f a s t  d e v ic e  u t i l i z i n g  t h e  h ig h  f i e l d s  and th e  r e d u c t i o n  i n  c a p a c i t a n c e  

w hich  r e s u l t s  from  t h i s  geom etry .
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C H A P T E R  VI

INVESTIGATION INTO THE ELECTROSTATIC FIELD NEAR 

A RAZOR BLADE STACK ELECTRODE

6 .1  INTRODUCTION

I n  t h i s  c h a p te r  we lo o k  i n  more d e t a i l  a t  t h e  e l e c t r o s t a t i c  f i e l d  

c o n f i g u r a t i o n  s e t  up be tw een  a p l a n e  c o n d u c to r  and t h e  edges o f  a s t a c k  

o f  r a z o r  b l a d e s .  The r a z o r  b l a d e s  a r e  s t a c k e d  so t h a t  t h e  b l a d e  l o c a t i n g  

h o l e s  a r e  c o l l i n e a r ,  and so t h a t  t h e  edges o f  t h e  b l a d e s  a l l  l i e  i n  a p l a n e  

w h ich  i s  p a r a l l e l  to  t h e  p l a n e  c o n d u c to r  and s e p a r a t e d  from  i t  b y  a d i s 

t a n c e  o f  7mm.  The s e p a r a t i o n  o f  a d j a c e n t  b l a d e  edges i s  0 .1  mm .

A p r o b in g  l i g h t  beam i s  d i r e c t e d  a c r o s s  t h e  s t a c k  so t h a t  i t  p a s s e s  

' t h r o u g h  s p a t i a l l y  p e r i o d i c  r e g i o n s  o f  h ig h  and low f i e l d  i n t e n s i t i e s  when 

a p o t e n t i a l  d i f f e r e n c e  i s  m a in ta in e d  b e tw een  t h e  e l e c t r o d e s .  The t h e o r y  

c o n s i s t s  o f  an  e x te n s io n  o f  t h e  iso d y n e  c o m p u ta t io n  from  s e c t i o n  5 .4 .  The . 

f i e l d  a t  a p o i n t  due to  a w i r e  and a p l a n e  e l e c t r o d e  h a s  b een  g iv e n  :

E = — ^ ( x^  + y^ ) j^y^ + ( x -  “ e s u  . . . .  ( 6 . 1 . 1 )

I t  h a s  b e e n  shoivn i n  C h a p te r  V t h a t  t h i s  e q u a t io n  i s  a p p ro x im a te ly  

t r u e  i n  t h e  r e g i o n  be tw een  t h e  e l e c t r o d e s ,  b u t  t h a t  t h e  d i s t o r t i o n  caused  

b y  t h e  e l e c t r o d e  m ounting  c a n n o t  be d e s c r i b e d  b y  t h e  e q u a t io n .

I n  t h i s  c a se  t h e  e l e c t r o d e  c o n s i s t s  o f  a  s t a c k  o f  1 ,2 0 0  r a z o r  b l a d e s  

s id e  b y  s i d e .  The v e r y  c lo s e  p r o x im i t y  o f  n e ig h b o u r in g  b l a d e s  f u r t h e r  

r e d u c e s  t h e  a r e a  o f  n o n -u n ifo rm  f i e l d .  The u s e f u l  r e g i o n  o f  t h e  c e l l  i s  

such  t h a t  > ' ^ x < a  w here a i s  t h e  t h i c k n e s s  o f  one r a z o r  b l a d e .  The 

f i e l d  i s  a t  a  maximum when x = b and y  = 0 , a  , 2a , 3a , . . .  when t h e  

x - a x i s  i s  d e f i n e d  a s  t h e  p e r p e n d i c u l a r  from  t h e  end r a z o r  b l a d e  to  t h e  

f a c e  o f  t h e  p l a n e  e l e c t r o d e ,  and b i s  t h e  t i p  r a d i u s  o f  c u r v a t u r e ,

/ K  sfQl dxô rOî
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6 .2  POSSIBLE irECITANISMS AT WORK IN THE CELL

6 .2 .1  Thermal E f f e c t s

The th e rm a l  e f f e c t s  i n  t h e  c e l l  a r e  d i r e c t l y  r e l a t e d  to  i t s  rej).^- 

t a n c e .  As e v e ry  e f f o r t  was made to  i n c r e a s e  t h e  c e l l ' s  r e s i s t a n c e  t h e s e  

e f f e c t s  s h o u ld  he  a t  a  minimum. N e v e r t h e l e s s ,  a t  t h e  t i p s  o f  t h e  r a z o r  

b l a d e s  t h e  le a k a g e  c u r r e n t  a c r o s s  t h e  c e l l  i s  c h a i ^ l l e d  t h ro u g h  t h e  r e g i o n s  

o f  s t r o n g e s t  f i e l d .  The o b v io u s  r e s u l t  o f  t h e  h ig h  c u r r e n t  c o n c e n t r a t i o n  

i s  t h e  h e a t i n g  o f  t h e  l i q u i d  a t  t h e  r a z o r  b l a d e  t i p s ,  and an a r r a y  o f  h ig h  

and low  t e m p e r a tu r e  l i n e s  w i l l  be  s e t  up b y  t h e  f i e l d .  The r e s u l t i n g  

e x p a n s io n  o f  t h e  l i q u i d  a lo n g  th e  t i p s  l e a d s  to  l i n e s  o f  low d e n s i t y .  I f  

t h e  f i e l d  were t o  be h e ld  on t h e  a r r a y  f o r  a n y  l e n g t h  o f  t im e  a c o n v e c t io n  

c u r r e n t  would b e  s e t  u p .  T h is  c u r r e n t  can be  m in im ised  i f  t h e  b l a d e s  a r e  

p o s i t i o n e d  above t h e  p l a t e  so t h a t  t h e  low d e n s i t y  r e g i o n s  w i l l  a l r e a d y  be 

a t  t h e  t o p  o f  t h e  c e l l .  The r e l a x a t i o n  t im e  f o r  a th e rm a l  g r a t i n g  when 

i t  i s  o p t i c a l l y  in d u ce d  i s  ~  10“'’' -  10~® s e c s . ^ ^ ^ ^ \  T h is  i s  many o r d e r s  

o f  m agn itude  f a s t e r  t h a n  t h e  f i e l d s  a p p l i e d  t o  t h e  c e l l  i n  t h i s  i n v e s t i g a 

t i o n ,  and so would n o t  l i m i t  t h e  speed  a t  w hich  t h e  c e l l  s w i tc h e s  i n  t h i s  

c a s e .  O th e r  th e rm a l  e f f e c t s ,  such  a s  a v a r i a t i o n  i n  t h e  a m b ie n t  t e m p e ra 

t u r e  a r e  f a r  to o  s low  t o  be  w o r th  c o n s id e r in g  h e r e .  We s h o u ld  n o t e ,  

how ever, t h a t  some o f  t h e  o t h e r  m echanisms w hich  we a r e  c o n s id e r in g ,  ( e . g .

K e r r  e f f e c t ) ,  a r e  t e m p e r a t u r e  d e p e n d e n t .

6 . 2 . 2  E l e c t r o - s t r i c t i o n

The e l e c t r o s t r i c t i v e  f o r c e s  i n  t h e  l i q u i d  can be  c a l c u l a t e d  from  

t h e  f i e l d  and t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  m a t e r i a l .

F o r  t h e  two l i q u i d s  u n d e r  c o n s i d e r a t i o n ,  t h e  d i e l e c t r i c  c o n s ta n t  

Kg i s  ~ 8 1  f o r  w a te r  and ~ 37 f o r  n i t r o b e n z e n e .  These a r e  t h e  s t a t i c  

v a l u e s .  A t o p t i c a l  f r e q u e n c i e s  Kg f o r  w a te r  f a l l s  to  1 . 8 .  The l a r g e  

s t a t i c  v a lu e  i s  due to  t h e  r e o r i e n t a t i o n  o f  a  p e rm an en t  d i p o l e  moment i n  

w a te r ,  b u t  t h e  r o t a t i o n a l  i n e r t i a  i s  to o  g r e a t  to  f o l l o w  t h e  o p t i c a l
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r e s p o n s e .  What i s  r e q u i r e d  f o r  a f a s t  r e s p o n s e ,  i s  t h e  p r e s e n c e  o f  an 

in d u c e d  e l e c t r o n i c  d i p o l e  moment i n  t h e  l i q u i d .  The e x c e s s  p r e s s u r e  i n  a 

p a r a l l e l  p l a t e  c o n d e n se r  due to  t h e  a p p l i e d  e l e c t r i c  f i e l d  i s  p -  Pg , where

( K g - 1 ) E 2
P -  Po = Eg --------- 2  • . . .  ( 6 . 2 . 1 )

(Symbols a r e  e x p la in e d  i n  A p p . I I . )  T h is  i s  c a l c u l a t e d  from  t h e  f o r c e  e x p e r 

i e n c e d  by  t h e  d i p o l e s  i n  t h e  n o n -u n i fo rm  f i e l d  a t  t h e  edge o f  t h e  c a p a c i t o r .  

The f o r c e  on t h e  d i p o l e  i s  :

F = ( P .  v )E , . . .  ( 6 . 2 . 2 )

w here  P i s  t h e  d i p o l e  moment o f  t h e  l i q u i d .

I n  t h i s  c a se  Kg » 1 , t h e r e f o r e

KeE® KgE®
P -  P„ = dp “■ Eq - g — = • • • •  ( 6 . 2 . 3 )

C o m p r e s s i b i l i t y  o f  t h e  l i q u i d

^ “ V ' i p  . . .  ( 6 . 2 . 4 )

C = 5X 10~^ b a r   ̂ f o r  w a t e r .  T h e r e f o r e

n - r i  K ^ E ^  A n „
 2. ^  M  = cap  = - | —  X îlO -^  = —  . . . . ( 6 . 2 . 5 )

T h is  shows t h e  r e l a t i o n s h i p  be tw een  t h e  i n c r e m e n ta l  change i n  r e f r a c t i v e  

in d e x  and t h e  v a lu e  o f  t h e  f i e l d .  T h is  i s  an  E^ d e p e n d en t  e f f e c t  and 

t h e r e f o r e  any  m o d u la t io n  o f  t h e  p ro b e  beam due t o  t h i s  e f f e c t  w i l l  b e  a t  

tw ic e  t h e  f re q u e n c y  o f  t h e  a p p l i e d  f i e l d .  T h is  i s  a  f a s t  e f f e c t ,  r e l a x a 

t i o n  t im e s  ~  10“^ -  10“^ ° s e c s  a r e  r e c o r d e d  f o r  o p t i c a l l y  in d u c e d  é l e c t r o 

s t r i c t i o n .

6 . 2 . 3  K e r r  E f f e c t

The K e r r  e f f e c t  h a s  a l r e a d y  b een  g e n e r a l l y  co v e red  i n  s e c t i o n  5 .2 .  

I t  to o  h a s  an  E^ dependency . As t h e  p o l a r i z a t i o n  o f  t h e  i n c i d e n t  l i g h t  

i s  im p o r ta n t  i n  t h i s  c a s e ,  i t s  e f f e c t  i s  m in im ised  b y  making t h e  p o l a r i z a 

t i o n  o f  t h e  i n c i d e n t  l i g h t  e i t h e r  p a r a l l e l  t o  p e r p e n d i c u l a r  t o  t h e  f a c e s
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o f  t h e  e l e c t r o d e s .  The K e r r  e f f e c t  i s  t h e  most r a p i d  o f  t h e  e f f e c t s  con

s i d e r e d  h e r e ,  a s  i t  i s  t h e  r e s u l t  ( i n  n i t r o b e n z e n e  w hich  h a s  a h ig h  K e r r

c o n s t a n t )  n o t  o f  m o le c u la r  r e o r i e n t a t i o n  b u t  o f  e l e c t r o n  c lo u d  d i s t o r t i o n

e f f e c t s .  The r e l a x a t i o n  t im e  i n  t h ^  c a se  i s  10“^^ t o  10“^^ se c o n d s .

I n  w a te r ,  on t h e  o t h e r  hand , t h e  K e r r  e f f e c t  can be ig n o re d  a s  t h i s  l i q u i d

h a s  a  v e r y  much lo w e r  K e r r  c o n s t a n t .

6 . 2 . 4  S low er E f f e c t s

Under t h i s  h e a d in g  come e f f e c t s  w i t h  r e l a x a t i o n  t im e s  s e v e r a l  o r d e r s  

o f  m agn itude  g r e a t e r  t h a n  i n  t h e  p r e v i o u s  s e c t i o n .  C o n v e c t io n  c u r r e n t s  

due t o  h e a t i n g  b y  t h e  e l e c t r i c  f i e l d  have  b e e n  r e f e r r e d  t o  i n  s e c t i o n  6 . 2 . 1 .  

These  can  c a u se  a g r o s s  d i s t o r t i o n  o f  t h e  beam and l e a d  t o  d e f o c u s in g .  The 

r e l a x a t i o n  t im e  f o r  t h i s  e f f e c t  can b e  o f  t h e  o r d e r  o f  s e v e r a l  s e c o n d s .  A 

second  s low  e f f e c t  i s  p ro d u ce d  b y  th e  p r e s e n c e  o f  a i r  b u b b le s  i n  t h e  c e l l .  

L ik e  t h e  c o n v e c t io n  c u r r e n t s ,  t h i s  e f f e c t  a l s o  i n c o r p o r a t e s  t h e  b u lk  t r a n s 

p o r t  o f  l i q u i d ,  and t h i s  i s  t h e  r e a s o n  f o r  t h e  slow  r e l a x a t i o n  t im e s .  The 

l i q u i d  a c t s  a s  th o u g h  t h e r e  a r e  r e g i o n s  o f  a b n o rm a l ly  h ig h  c o m p r e s s i b i l i t y  

a t  t h e  p o i n t s  o c c u p ie d  b y  th e  b u b b l e s .  T h is  i s  due to  t h e  d i s t o r t i o n  o f  

t h e  b u b b le .  I f  t h e  b u b b le s  c o l l e c t  a lo n g  t h e  t i p s  o f  t h e  r a z o r  b l a d e s  i n  

t h e  s t a c k ,  t h e  maximum d e fo r m a t io n  t a k e s  p l a c e  n e a r e s t  t h e  t i p .  At t h e  

l i q u i d / a i r  i n t e r f a c e  t h e r e  i s  a  h ig h  change o f  r e f r a c t i v e  in d e x ,  so t h a t  

an y  a l t e r a t i o n  to  t h i s  g e o m e try  e f f e c t s  t h e  d i r e c t i o n  o f  t h e  p r o b in g  l i g h t  

beam. E l e c t r o s t r i c t i v e  d i s t o r t i o n  o f  t h e s e  b u b b le s  would bend  t h e  beam 

i n  t h e  f o l lo w in g  m anner. I n  t h e  a b se n c e  o f  an  e l e c t r i c  f i e l d ,  a p p r o x i 

m a te ly  s p h e r i c a l  b u b b le s  c o l l e c t  a lo n g  t h e  t i p s  o f  t h e  b l a d e s .  Mhen t h e  

e l e c t r i c  f i e l d  i s  a p p l i e d ,  t h e  g r e a t e s t  f i e l d  i s  a t  t h e  t i p s ,  and t h e  f a l l -  

o f f  i s  h i g h e r  ( s e e  F i g . 6 . 1 ( a ) )  i n  t h e  x - d i r e c t i o n  t h a n  i n  t h e  z - d i r e c t i o n .  

The b u b b le  w i l l  t h u s  e x p e r ie n c e  a s t r o n g e r  f o r c e  i n  t h i s  d i r e c t i o n  and w i l l  

be  d i s t o r t e d ,  F i g . 6 . 1 ( b )  and ( c ) ,  t o  an  e lo n g a te d  sh ap e . T h is  p ro d u c e s  a 

change i n  p o s i t i o n  o f  t h e  l i q u i d / a i r  i n t e r f a c e  w i t h  t h e  r e s u l t  t h a t  t h e  

p ro b e  i s  d e f l e c t e d  up to w a rd s  t h e  r a z o r  b l a d e s .

-  95  -



( a )  E l e c t r o s t a t i c  Isod^/nes  n e a r  a  Razor B lade  S t a c k  E le c t ro d e »

j MtuaEJSKafflsgtgBwmwwia ‘P la iie  E le c t ro d e *

►Lines o f  c o n s t a n t  e l e c t r i c
f i e l d .

'E a z o r  B la d e  S ta c k  xU sc trode*

(b )  A i r  B u bb le s  a t  t h e  R azo rs  * T ip s .

4—

H a n e  E l e c t r o d e .

Pj3.zor B lade  S ta c k  E le c t ro d e ,

( c )  Bubble  D i s t o r t i o n  b y  a n  a p p l i e d  f i e l d .

-P lane  E l e c t r o d e ,

'R azor  B la d e  S ta c k  E le c t ro d e *

KIG-rlLY ELECTRIC PIEU) RAZOR BLADE STACK.

FIIURE 6 - 1 .

»  9 6  —



f m

PiaOHE 6-2 .

.♦̂sBwrasaisKLJfv ;









6 . 2 . 5  Thermal D e focusing

T h is  i s  a n o th e r  s low  e f f e c t .  Thermal d e fo c u s in g  i s  d e p e n d en t  on 

t h e  r a t e  o f  a b s o r p t i o n  o f  e n e rg y  from  th e  p ro h e  heam, and t h u s  i s  i n c r e a s e d  

when a l o n g e r  c e l l  i s  u s e d .  The h e a t i n g  o f  t h e  heam p ro d u c e s  a r e g i o n  

w i t h  a r a d i a l  r e f r a c t i v e  in d e x  g r a d i e n t  i n  t h e  heam c r o s s  s e c t i o n .  The 

heam i s  d e f l e c t e d  away from  t h e  a x i s  and p ro d u c e s  a s e r i e s  o f  i n t e r f e r e n c e  

r i n g s  a round  t h e  o r i g i n a l  a x i s ^ ^ ^ ^ ’ The e f f e c t  h u i l d s  t o  a maximum 

i n  f o u r  to  f i v e  se co n d s ,  a f t e r  w hich a c o n v e c t io n  e q u i l i b r i u m  i s  e s t a b l i s h e d .  

Cool l i q u i d  i s  drawn i n  from  b e n e a th  a h o r i z o n t a l  beam. The l i q u i d  h e a te d  

b y  t h e  beam l e a v e s  from t h e  t o p .  When t h e  e q u i l i b r i u m  i s  e s t a b l i s h e d ,  t h e  

maximum a n g le  o f  t h e  d e f o c u s in g  can be r e l a t e d  t o  t h e  i n c i d e n t  beam pow er. 

The i n t e r f e r e n c e  r i n g s  d i s t o r t  b e c a u s e  t h e  r e f r a c t i v e  in d e x  g r a d i e n t  i s  no 

lo n g e r  sy m m e tr ic a l  a b o u t  t h e  a x i s .  I n  n i t r o b e n z e n e  w hich  h a s  a c o e f f i c i e n t  

o f  a b s o r p t i o n  ( a t  5 1 4 .5  nm) o f  ~ 0 . 0 5  cm~^ t h e  e f f e c t  i s  r e a d i l y  o b se rv e d  

and can o n l y  be m in im ized  b y  r e d u c in g  th e  beam power to  ~  mW. I n  w a te r ,  

how ever, t h e  c o e f f i c i e n t  o f  a b s o r p t i o n  a t  514-5  nm i s  a p p r o x im a te ly  z e ro ,  

and  so v e r y  much g r e a t e r  power may be u s e d  w i th o u t  e x h i b i t i n g  t h i s  e f f e c t .  

The b u i l d  up o f  t h i s  e f f e c t  i s  shown i n  F i g s . 6 .2  and 6 .3  f o r  d i f f e r e n t  

v a l u e s  o f  power i n  t h e  a rg o n  l a s e r  beam p a s s i n g  th ro u g h  n i t r o b e n z e n e .

6 . a  INTERACTION OF ARGON LASER PROBE BEAM WITH PHASE GRATING 

F o r  c o n s t r u c t i v e  i n t e r f e r e n c e  b y  Bragg r e f l e c t i o n  :

2 D cos 8 = ^  (Bragg e q u a t io n )  . .  ( 6 . 3 . l )

I n  t h e  c a se  o f  t h e  r a z o r  b l a d e  s t a c k ,  t h e  r e f l e c t i o n  t a k e s  p l a c e  a t  a 

maximum w here t h e r e  i s  a  maximum r a t e  o f  change o f  r e f r a c t i v e  in d e x .  

U n f o r t u n a t e l y  t h e  r a t e  o f  change o f  r e f r a c t i v e  in d e x  depends  n o t  o n ly  on 

t h e  d i s t a n c e  a c r o s s  t h e  in d u ce d  p h a s e  g r a t i n g ,  b u t  a l s o  t h e r e  i s  a  depen

dence  on th e  d i s t a n c e  from t h e  t i p s  o f  th e  r a z o r  b l a d e s .  N ear t h e  t i p  o f

each  r a z o r  b l a d e ,  t h e  e l e c t r i c  f i e l d  i s  a t  a  maximum. A p ro b e  beam w hich
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i s  d i r e c t e d  a c r o s s  t h e  t i p s  o f  t h e  b l a d e s  i n  t h e  r a z o r  s t a c k ,  would p a s s  

t h ro u g h  a r e g i o n  o f  r a p i d l y  i n c r e a s i n g  r e f r a c t i v e  in d e x  fo l lo w e d  a lm o s t  

im m e d ia te ly  by  a s i m i l a r  r e g i o n  o f  r a p i d l y  d e c r e a s in g  r e f r a c t i v e  in d e x .  

T h i s  would happen  a s  each  r a z o r  b l a d e  t i p  i s  p a s s e d .  The g r a t i n g  s p a c in g ,  

how ever, i s  d e te rm in e d  b y  th e  d i s t a n c e  b e tw een  a d j a c e n t  b l a d e  t i p s .  The 

r e s u l t  o f  t h e  d o u b le  change i n  r e f r a c t i v e  in d e x  a t  each  b l a d e ,  i s  a  do u b le  

g r a t i n g .  The f i r s t  g r a t i n g  c o r r e s p o n d s  t o  r e g i o n s  o f  r a p i d l y  i n c r e a s i n g  

r e f r a c t i v e  in d e x ,  and t h e  second  g r a t i n g  c o r r e s p o n d s  to  r e g i o n s  o f  r a p i d l y  

d e c r e a s in g  r e f r a c t i v e  in d e x .  On r e f l e c t i o n  from  t h e  second  g r a t i n g ,  t h e  

l i g h t  u n d e rg o e s  a p h a s e  change . The r e l a t i v e  p o s i t i o n s  o f  t h e  two g r a t 

in g s  v a r i e s  a c r o s s  t h e  gap b e tw een  t h e  two e l e c t r o d e s ,  so t h a t  d i f f e r e n t  

p a r t s  o f  a p ro b e  beam would se e  t h e  two g r a t i n g s . w i t h  d i f f e r e n t  s p a t i a l  

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

I n  t h e  c a se  o f  t h e  e x p e r im e n ta l  r a z o r  b l a d e  s t a c k ,  D = 10“  ̂ mm .

I f  t h e  w a v e le n g th  o f  t h e  i n c i d e n t  l i g h t  i s  600 nm t h e n  t h e  f i r s t  o r d e r  o f  

maximum B ragg r e f l e c t i o n  o c c u r s  a t  an  a n g le  o f  i n c i d e n c e  0^ = 89° 5 2 '

(1 .5 6 8  r a d i a n s ) .
1

As th e  l e n g t h  o f  each  r a z o r  b l a d e  i n  t h e  s t a c k  i s  o n ly  3 .6  cm such  

an a n g le  o f  i n c i d e n c e  would n o t  be p o s s i b l e  i f  t h e  beam i s  t o  c r o s s  more 

t h a n  one p l a n e  o f  h ig h  r e f r a c t i v e  in d e x .  Even w i th  an a n g le  o f  i n c id e n c e  

0Q = 74° a maximum o f  a b o u t  f i f t y  p l a n e s  would be t r a v e r s e d .  T h is  a n g le  

c o r r e s p o n d s  t o  ~ 120^b B ragg  maximum.

As t h e  a n g le  f o r  s u c c e s s iv e  B ragg  maxima h a s  a  c o s in e  dependency , 

t h e  a n g u la r  s p a c in g  be tw een  a d j a c e n t  maxima i n c r e a s e s  f o r  sm a l l  0q .

When 0Q i s  ~ 7 °  3 '  t h e  B ragg  o r d e r  i s  440. The a n g u la r  s e p a r a t i o n  o f  

a d j a c e n t  o r d e r s  i s  ~  58 ' a t  t h i s  a n g le  compared t o  ~ 1 0 ' f o r  lo w e r  o r d e r s .  

The com ple te  i n t e r a c t i o n  r e g i o n  ( a l l  1 ,2 0 0  r a z o r  b l a d e s )  i s  o n l y  f u l l  u se d  

when 0 < 11° 3 0 ' .
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Bragg r e f l e c t i o n  i s  a  m u l t i p l e  beam i n t e r f e r e n c e  e f f e c t ,  t h e  sp a c in g  

o f  t h e  g r a t i n g  t h u s  p l a y s  a  v e r y  im p o r ta n t  r o l e ,  and any  i r r e g u l a r i t i e s  

i n  t h i s  s p a c in g  would have  a  l a r g e  r e s u l t  on t h e  p o s s i b i l i t i e s  o f  d e t e c t i n g  

Bragg  r e f l e c t e d  l i g h t .  I t  i s  on t h i s  c r i t e r i o n  t h a t  t h e  r a z o r  b l a d e  s t a c k  

f a i l e d  a s  i t  was n o t  p o s s i b l e  t o  p ro d u c e  a r e g u l a r  s p a c in g  to  w i t h i n  a 

f r a c t i o n  o f  a  l i g h t  w a v e le n g th  a c c u r a c y .

I f  t h e  r e q u i r e d  r e g u l a r i t y  i n  s p a c in g  w ere  t o  be o b t a i n a b l e ,  t h e  

a n g u la r  w id th  o f  each  maximum would b e  o f  t h e  o r d e r  o f  a  few se co n d s  o f  

a r c ,  w hich  would l e a d  to  a  v e r y  sm a l l  i n t e n s i t y  i n  t h e  r e f l e c t e d  l i g h t .

However, a s  t h e  B ragg  c o n d i t i o n s  c o u ld  n o t  be a d e q u a t e l y  f u l f i l l e d ,  

t h e  b a c k s c a t t e r e d  l i g h t  would have  a f a i r l y  u n i fo r m  d i s p e r s i o n .  An 

i n c r e a s e  i n  t h e  b a c k s c a t t e r e d  l i g h t  sh o u ld  be  d e t e c t a b l e  when t h e  f i e l d  i s  

a p p l i e d  a c r o s s  t h e  r a z o r  b l a d e  s t a c k  c e l l .

I n  t h e  c a se  o f  d i f f r a c t i o n ,  t h e  l i m i t i n g  c r i t e r i a  a r e  n o t  a s  s t r i n 

g e n t  a s  t h o s e  f o r  Bragg r e f l e c t i o n .  Some d i f f r a c t i o n  o f  t h e  t r a n s m i t t e d  

p a r t  o f  t h e  p ro b e  beam s h o u ld  be  p ro d u c e d  b y  t h e  in d u ce d  s t r u c t u r e  i n  t h e  

l i q u i d  i n  t h e  c e l l .  Any such  c o a r s e  d i f f r a c t i o n  s h o u ld  be  o b s e r v a b l e  a s  

more l i g h t  i s  d e v i a t e d  i n  t h e  fo rw ard  d i r e c t i o n  t h a n  can  p o s s i b l y  be  b a c k -  

s c a t t e r e d  from  t h e  g r a t i n g .  T h is  d i f f r a c t i o n  o f  t h e  t r a n s m i t t e d  beam sh ou ld  

p ro d u c e  a  l a r g e  number o f  c l o s e l y  sp aced  o r d e r s .

6 . 4  EXPERIMENTAL SYSTEM

The d e s ig n  o f  t h e  c e l l  c o n ta i n in g  t h e  r a z o r  b l a d e  s t a c k  was b a s e d  

on know ledge g a in e d  from  t h e  n o n -u n ifo rm  K e r r  c e l l .  A p h o to g ra p h  o f  t h e  

e x p e r im e n ta l  c e l l  i s  shown i n  F i g . 6 , 4 ( a ) .  The body  o f  t h e  c e l l  was made 

from  P T F E  and t h e  end windows w ere  s e a l e d  w i t h  P T F E  0 - r i n g s .
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The c e l l  was b u i l t  i n  o r d e r  t o  s tu d y  b o th  Bragg a n g le  r e f l e c t i o n  

and d i f f r a c t i o n  from th e  in d u ce d  f i e l d  s t r u c t u r e  i n  t h e  l i q u i d .  The c e l l  

co u ld  be  f i l l e d  e i t h e r  w i t h  n i t r o b e n z e n e  o r  d e - i o n i z e d  w a t e r .  I n  o r d e r  

t o  a v o id  c o n ta m in a t io n  o f  t h e  l i q u i d ,  t h e  e l e c t r o d e s  and m oun tings  were 

made from  s t a i n l e s s  s t e e l  w hich  had  b een  e l e c t r o - p o l i s h e d  to  p r o v id e  c le a n  

r u s t l e s s  s u r f a c e s .  As t h e  f i g u r e  shows b o t h  e l e c t r o d e s  w ere  mounted on 

t o  t h e  same end o f  t h e  c e l l  so a s  t o  a f f o r d  g r e a t e r  e a se  o f  a c c e s s . '

B ragg  r e f l e c t i o n  s t u d i e s  r e q u i r e d  t h e  e l i m i n a t i o n  o f  s t r o n g  r e f l e c t 

in g  s u r f a c e s  and  a w ide  a n g u la r  a p e r t u r e .  F o r  t h e s e  r e a s o n s  t h e  f r o n t  

window o f  t h e  c e l l  co v e re d  t h e  w hole  c r o s s  s e c t i o n  and was o f f s e t  a s  

a p p r o x im a te ly  t h e  B r e w s te r  a n g le .

The c e l l  was m ounted so a s  t o  f a c i l i t a t e  a d ju s tm e n t  a lo n g  a l l  t h r e e  

o r th o g o n a l  s p a t i a l  a x e s  a s  w e l l  a s  r o t a t i o n a l  a d ju s tm e n t s  a ro u n d  t h e  two 

ax e s  p e r p e n d i c u l a r  to  t h e  d i r e c t i o n  o f  t h e  p r o b in g  l i g h t  beam ( F i g . 6 . 4 ( a ) ) .

The e l e c t r o d e s  w ere  mounted w i t h  t h e  r a z o r  s t a c k  u p p e rm o s t  i n  o r d e r  

t o  m in im ize  any  c o n v e c t io n  c u r r e n t s  ca u se d  b y  h e a t i n g  a lo n g  t h e  t i p s  o f  t h e  

r a z o r  b l a d e s .

F o r  t h e  g r e a t e r  p a r t  o f  t h e  e x p e r im e n t ,  t h e  c e l l  was f i l l e d  w i t h  

d e - i o n i z e d  w a te r .  The w a te r  was c i r c u l a t e d  a ro u n d  a  sy s te m  d e s ig n e d  to  

remove an y  a i r  i n  t h e  c e l l  and t o  d e io n i z e  t h e  w a t e r .  A p e r i s t a t i c  pump 

was u s e d  so t h a t  t h e  minimum number o f  c o n ta m in a t in g  s u r f a c e s  was b r o u g h t  

i n t o  c o n t a c t  w i th  t h e  l i q u i d .  As F i g . 6 .6  shows, t h e  w a te r  was c i r c u l a t e d  

th ro u g h  a r e f l u x  sy s tem  so t h a t  t h e  a i r  was d r i v e n  o u t  o f  s o l u t i o n ,  and 

t h e n  p a s s e d  th ro u g h  a  c o o l in g  c o n d e n se r  b e f o r e  e n t e r i n g  t h e  p e r m u t i t  

d e - i o n i z e r .  I t  was t h e n  r e c i r c u l a t e d  th ro u g h  t h e  c e l l  c o n t a i n i n g  t h e  

r a z o r  b l a d e s .

An a rg o n  io n  l a s e r  (b y  C o h e ren t  R a d i a t i o n  L a b o r a t o r i e s )  c a p a b le  

o f  p ro d u c in g  a  maximum o f  one w a t t  o u t p u t  i n  t h e  514 .5nm  g re e n  l i n e  was
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u s e d  a s  a p r o b e .  T h is  power i s  g r e a t  enough to  p ro d u ce  a l a r g e  th e r m a l  

d e f o c u s in g  e f f e c t  i n  n i t r o b e n z e n e ' '  . The maximum power i n  t h e  l i g h t  

beam was k e p t  t o  0 . 5 #  so t h a t  t h e  th e rm a l  d e f o c u s in g  e f f e c t s  i n  w a te r  

c o u ld  be ig n o r e d .  I t  was n e c e s s a r y  t o  keep  t h e  c r o s s - s e c t i o n  o f  t h e  p ro b e  

beam to  a minimum so t h a t  t h e  maximum power c o u ld  be  p a s s e d  th ro u g h  t h e  

r e g i o n  o f  h i g h e s t  f i e l d  v a r i a t i o n  n e a r  t h e  t i p s  o f  t h e  b l a d e s  w i t h o u t  much 

l i g h t  b e in g  s c a t t e r e d  o f f  t h e  a d j a c e n t  ed g e s .

The e l e c t r o d e  s e p a r a t i o n  was 5 .0 m m , The sy s tem  f o r  a p p ly in g  a 

f i e l d  i n  t h e  c e l l  was k e p t  as  s im p le  a s  p o s s i b l e .  A m ains  f r e q u e n c y  

t r a n s f o r m e r  s u p p ly in g  7 . 0 kV a c r o s s  t h e  c e l l  was w i r e d  d i r e c t l y  t o  t h e  

e l e c t r o d e s .  T h i s  made f o r  s i m p l i c i t y  i n  d e t e c t i n g  any  e f f e c t s  p ro d u c e d  

b y  t h e  f i e l d .  A P I N  p h o to d io d e  was u se d  i n  c o n ju n c t io n  w i th  a 

T e k t r o n i x  551 o s c i l l o s c o p e  to  d e t e c t  t h e  d i f f r a c t e d  l i g h t .

6 . 5  IM^STIGATIONS INTO THE EFFECT OF THE FIELD STRUCTUEE

The i n v e s t i g a t i o n s  were d i v id e d  i n to  two main p a r t s :

( i )  S tu d y  o f  l i g h t  r e f l e c t e d  back  from  t h e  s t r u c t u r e .

( i i )  O b s e r v a t io n s  on t h e  e f f e c t  o f  t h e  e l e c t r i c  f i e l d  on

t r a n s m i t t e d  l i g h t .

( i )  The c e l l  was f i l l e d  w i t h  n i t r o b e n z e n e .  An e l e c t r o - p h o t o n i c s  dye 

l a s e r ,  p ro d u c in g  20 k¥s  a t  590 nm , was u se d  t o  p ro b e  t h e  i n t e r a c t i o n  

r e g i o n  ( F i g . 6 . 5 ) .  The beam o f  l i g h t  was d i r e c t e d  a c r o s s  t h e  t i p s  

o f  t h e  r a z o r  b l a d e s  a t  an  a n g le  a lm o s t  p e r p e n d i c u l a r  to  t h e  h ig h  

f i e l d  l i n e s .  The l a s e r  o u t p u t  v a r i e d  w id e ly  from  s h o t - t o - s h o t ,  so a  

c o r r e l a t i o n  was so u g h t  be tw een  t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  l i g h t  p u l s e ,  

and t h a t  o f  t h e  c o r r e s p o n d in g  b a c k - r e f l e c t e d  p u l s e .  The i n c i d e n t  beam 

was s l i g h t l y  d i v e r g e n t  so t h a t  more t h a n  one B ragg  maximum was in c lu d e d  

i n  t h e  a n g le  o f  d iv e r g e n c e .  F o r  t h e  a n g le  o f  i n c i d e n c e  u s e d  ( '^ Id O m rad s )

t h e  a n g u la r  s e p a r a t i o n  o f  t h e  Bragg maxima i s  " '^17mrads , and t h e  a n g u la r

w id th  a t  h a l f  r e f l e c t i v i t y  was ~  0 .1 3  m rads t h u s  w i t h  lOO^o r e f l e c t i v i t y
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0.76% o f  t h e  i n c i d e n t  beam would be  r e f l e c t e d .  The back  s c a t t e r e d  l i g h t

was fo c u s e d  on t o  a p h o t o d e t e c t o r  b y  a second  c y l i n d r i c a l  l e n s .  T here  

was some s l i g h t  e v id e n c e  f o r  an i n c r e a s e  i n  t h e  b a c k - s c a t t e r e d  l i g h t  when 

a v o l t a g e  o f  7kV was a p p l i e d  t o  t h e  n i t r o b e n z e n e  f i l l e d  c e l l ,  b u t  t h i s  

c o u ld  n o t  be v a l i d a t e d  s t a t i s t i c a l l y .  T here  was a mean i n c r e a s e  o f  9% 

i n  t h e  i n t e n s i t y  o f  t h e  b a c k - s c a t t e r e d  l i g h t  when t h e  e l e c t r i c  f i e l d  was 

a p p l i e d .  However, o v e r  t h e  r a n g e  o f  m easurem ents  t a k e n ,  t h e r e  was a v e r y  

wide r a n g e  i n  t h i s  i n t e n s i t y .  T h is  was due i n  some m easure  to  t h e  d i r e c 

t i o n  o f  t h e  i n c i d e n t  beam v a r y i n g  from  s h o t  t o  s h o t .  These p ro b lem s

c o u ld  be  a v o id e d  b y  u s in g  a c o n t in u o u s  p ro b e  sy s te m  w i th  a m o d u la ted  

v o l t a g e  s u p p l i e d  a c r o s s  t h e  c e l l .

( i i )  O b s e r v a t io n s  on t h e  t r a n s m i t t e d  l i g h t . The c e l l  was s e t  up a s  i n

F i g . 6 . 6 .  The p ro b e  beam was t h e  5 1 4 .5 nm a rg o n  l i n e .  The i n t e n s i t y  o f  

t h e  i n c i d e n t  l i g h t  was h e ld  c o n s t a n t  and a chang ing  f i e l d  was a p p l i e d  t o  

t h e  c e l l .  When t h e  a rg o n  l a s e r  was u s e d  t o  p ro b e  t h e  c e l l ,  a  l i m i t a t i o n  

on t h e  i n c i d e n t  power had  to  be  imposed b e c a u s e  o f  th e rm a l  d e f o c u s in g .

The n a rro w  a p e r t u r e  be tw een  t h e  e l e c t r o d e s  l e d  t o  a d i s t o r t i o n  from  

t h e  norm al r i n g  f r i n g e  s t r u c t u r e  p ro d u c e d  b y  t h i s  e f f e c t .

I n  n i t r o b e n z e n e  t h e  th e rm a l  d e f o c u s in g  l e d  t o  an  e x t r e m e ly  s t r i c t  

l i m i t a t i o n  on t h e  beam e n e rg y  u s e d .  T h is  was m a in ly  due t o  t h e  l e n g t h  o f  

t h e  c e l l  ( l 2  cms) . B ecause  o f  t h i s  r e s t r i c t i o n ,  n i t r o b e n z e n e  was n o t  u se d  

i n  t h e  c e l l  d u r in g  th e  d i f f r a c t i o n  o b s e r v a t i o n s  a s  t h e s e  r e q u i r e d  a h ig h  

e n e rg y  i n  o r d e r  to  p ro d u ce  enough d i f f r a c t e d  l i g h t  f o r  an y  m easu rem en ts .  

When a p u l s e d  l a s e r  i s  u s e d  t h i s  power r e s t r i c t i o n  does  n o t  a p p ly .

F o r  w a te r ,  t h e  a b s o r p t i o n  o f  t h e  a rg o n  l a s e r  l i g h t  i s  low  enough 

f o r  t h e r e  t o  be no a p p r e c i a b l e  d e f o c u s in g ,  even a t  pow ers o f  0 .5 W .  Thus, 

d e io n i z e d  w a te r  r a t h e r  t h a n  n i t r o b e n z e n e  was u s e d  f o r  t h e  e x p e r im e n ts  in  

w hich  h ig h  power was needed  from t h e  a rg o n  beam.
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I t  was found t h a t  even w i t h o u t  t h e  a p p l i c a t i o n  o f  an e l e c t r i c  

f i e l d ,  t h e r e  was enough s c a t t e r e d  l i g h t  d i f f r a c t e d  from  t h e  t i p s  o f  t h e  

r a z o r  b l a d e s ,  f o r  a s i g n a l  t o  h e  r e g i s t e r e d  h y  t h e  p h o t o d e t e c t o r  w hich was 

m o n i to r in g  t h e  d i f f r a c t e d  l i g h t .  When t h e  3,500V, 5 0 Hz p o t e n t i a l  d i f 

f e r e n c e  was a p p l i e d  t o  t h e  c e l l ,  t h e r e  was an  i n c r e a s e  i n  t h e  d i f f r a c t e d  

l i g h t  i n t e n s i t y  accom panied  h y  a m o d u la t io n  a t  lOOHz . F i g . 6 . 4 (h )  shows

t h i s  i n t e n s i t y  m o d u la t io n .

I n  t h e  d i f f r a c t i o n  p a t t e r n  p ro d u ce d  from  t h e  s t a c k  o f  r a z o r  b l a d e s ,  

t h e  i n d i v i d u a l  l i n e s  a r e  so c l o s e l y  sp a ce d  a s  t o  merge i n t o  an  a lm o s t  con

t i n u o u s  h a n d .  As t h e  f i e l d  was h e ld  on t h e  c e l l  f o r  some s e co n d s ,  

th e rm a l  c o n v e c t io n  c u r r e n t s  p ro d u c e d  some d i s t o r t i o n  o f  t h i s  d i f f r a c t i o n  

p a t t e r n .

6 . 5 . 1  Beam D e f l e c t i o n

On t h e  a p p l i c a t i o n  o f  an e l e c t r i c  f i e l d ,  c o n s id e r a b l e  beam d e v ia 

t i o n  was o b s e rv e d  (~  10 m rads) i n  t h e  d i r e c t i o n  to w a rd s  t h e  r a z o r  b l a d e s .  

As t h e  f i e l d  was h e l d  on, t h e  beam rem ained  s t e a d y  and d id  n o t  o s c i l l a t e  

a t  t h e  5Ô Hz o f  t h e  v o l t a g e  a p p l i e d  to  t h e  c e l l .  On rem oval o f  t h e  f i e l d ,  

c o n s id e r a b l e  d i s t o r t i o n  o f  t h e  beam to o k  p l a c e .  T h is  was p ro d u c e d  b y  t h e  

c o n v e c t io n  c u r r e n t  w hich  had  b e e n  h in d e r e d  b y  t h e  e l e c t r o - s t r i c t i v e  e f f e c t s  

d u r in g  t h e  p e r i o d  o f  t h e  f i e l d ' s  a p p l i c a t i o n .  The beam d e v i a t i o n  was p r o 

duced  s o l e l y  b y  e l e c t r o - s t r i c t i v e  d i s t o r t i o n  o f  t h e  a i r - b u b b l e s .  Any 

th e rm a l  e f f e c t s  would t e n d  to  bend  t h e  beam i n  t h e  o p p o s i t e  d i r e c t i o n ,  a s  

t h e  t e m p e r a t u r e  i s  a t  a  maximum on t h e  b l a d e  t i p s .  When t h e  a i r - b u b b l e s  

w ere  removed from  t h e  sy s tem , some s l i g h t  beam d e f l e c t i o n  m ig h t  s t i l l  be  

e x p e c te d  from  t h e  é l e c t r o s t r i c t i o n  w i t h i n  t h e  l i q u i d .  The e l e c t r o s t r i c 

t i v e  f o r c e s  i n  t h i s  c a se  would p ro d u c e  an  a r r a y  o f  c y l i n d r i c a l  l e n s e s  each  

c o n t r i b u t i n g  to w a rd s  t h e  d e v i a t i o n ,  and t h u s  t h e  maximum d e v i a t i o n  i s  a g a in  

p ro d u ce d  n e a r  t h e  b l a d e  t i p s .  When rem oval o f  t h e  a i r - b u b b l e s  from  t h e
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c e l l  was a c h ie v e d  h y  b o i l i n g  t h e  c i r c u l a t i n g  w a te r ,  t h e  r e m a in in g  d e f l e c 

t i o n  e f f e c t  was n o t  g r e a t  enough to  be  o b s e rv e d .  On a p p l i c a t i o n  o f  t h e  

f i e l d ,  t h e  a i r  b u b b le s  i n  t h e  c e l l  w ere  se en  t o  d i s t o r t  and ' s t a n d  away' 

from  t h e  edges o f  t h e  b l a d e s .  The r i s e  t im e  f o r  t h e  phenomenon was 

10“  ̂ s e c s  a s  t h e r e  was a b u lk  t r a n s p o r t  o f  l i q u i d  in v o lv e d  i n  t h i s  

p r o c e s s .

The r e a s o n  why beam d e v i a t i o n  due to  t h e  e l e c t r o - s t r i c t i v e  f o r c e s  

w i t h i n  t h e  c e l l  i n  t h e  a b se n c e  o f  any  a i r  b u b b le s  c o u ld  n o t  b e  o b s e rv e d ,  

i s  c l e a r  from  s e c t i o n  6 . 1 .  The r e g i o n s  o f  v e r y  h ig h  f i e l d  w ere  r e s t r i c t e d  

t o  a r e a s  w here ^ v . x ~ b ,  so t h e  o n l y  p a r t  o f  t h e  beam l i k e l y  t o  be d e f l e c t e d  

i s  t h e  p a r t  l e s s  t h a n  0.01mm from  t h e  s u r f a c e  o f  t h e  s t a c k .  I n  t h i s  c a s e  

t h e  beam i s  p u l l e d  on t o  t h e  e l e c t r o d e  and r e f l e c t e d  from  t h e  t i p s  to  p r o 

duce an  i n c r e a s e  i n  t h e  amount o f  l i g h t  i n  t h e  d i f f r a c t i o n  p a t t e r n .  I f  

beam d e v i a t i o n  w ere  t o  be lo o k e d  f o r ,  t h e  r a z o r  s t a c k  would n eed  t o  be 

m o d if ie d  so t h a t  i t s  s u r f a c e  h a s  a  convex c y l i n d r i c a l  c u r v a t u r e  and t h e  

d e f l e c t e d  beam f o l lo w s  t h e  main c o n to u r s  o f  t h e  s u r f a c e ,  p a s s i n g  th ro u g h  a l l  

t h e  r e g i o n s  o f  maximum f i e l d .

The beam d e f l e c t i o n  was found to  be in d e p e n d e n t  o f  t h e  p o l a r i z a t i o n  

o f  t h e  p ro b e  beam, however i t  was found  t h a t  t h e r e  was a p o l a r i z a t i o n  depen

d en cy  o f  t h e  d i f f r a c t e d  l i g h t .  The d i f f r a c t i o n  was a t  a maximum ^ l e n  t h e  

e l e c t r i c  v e c t o r  was p a r a l l e l  t o  t h e  t i p s  o f  t h e  r a z o r  b l a d e s .

The i n v e s t i g a t i o n s  show t h a t  t h e  r a z o r  b l a d e  s t a c k  e l e c t r o d e  geom etry  

h a s  p o t e n t i a l  a s  a  f a s t  s w i tc h in g  d e v ic e  b e c a u s e  o f  t h e  r e l a t i v e l y  low v o l 

t a g e s  r e q u i r e d  to  p ro d u c e  t h e  h ig h  f i e l d s  a t  t h e  b l a d e  t i p s .  Some f u r t h e r  

work c o u ld  be done lo o k in g  f o r  t h e  e f f e c t s  o f  beam d e v i a t i o n  p ro d u ce d  b y  a 

m o d if ie d  s t a c k  so t h a t  t h e  e l e c t r o s t r i c t i v e  e f f e c t s  c o u ld  be f u l l y  s tu d i e d .

A d e f e c t  o f  t h e  p r e s e n t  sy s tem  l a y  i n  t h e  l a c k  o f  p r e c i s i o n  i n  t h e  s p a c in g  

o f  t h e  b l a d e  e d g e s .  T h i s  would p a r t i c u l a r l y  e f f e c t  t h e  e f f i c i e n c y  o f  Bragg 

r e f l e c t i o n ,  b u t  would n o t  g r e a t l y  p e r t u r b  t h e  c o a r s e  d i f f r a c t i o n  p r o p e r t i e s .
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C H A P T E R  V II

DIRECT PRODUCTION AND OBSERVATION OF SHOCK WAVES 

BY A Q-SmTCHED RUBY loASER

7 .1  OUTLINE OF THE TECHNIQUE USED

We have  se en  a l r e a d y  i n  C h a p te r  I I  t h e  mechanisms w hereby  shock 

waves can be  g e n e r a te d  i n  l i q u i d s  b y  a ru b y  l a s e r .  Such g e n e r a t i o n  can 

o f t e n  be  t h e  b i - p r o d u c t  from  t h e  i n t e r a c t i o n  when a n o th e r  e f f e c t  i s  b e in g  

s tu d i e d ,  and a s  such  i s  l i a b l e  t o  p a s s  u n n o t i c e d  o r  to  be ig n o r e d .  In  

v iew  o f  t h e  g e n e r a l  d e s t r u c t i v e n e s s  o f  shock waves i t  i s  an  a d v a n ta g e  to  

o b s e rv e  t h e  dynamic s i t u a t i o n  r a t h e r  t h a n  j u s t  to  examine t h e  f i n a l  r e s u l t s .

L a s e r  in d u ce d  shock waves can be  g e n e r a t e d  e i t h e r  b y  t h e  a b s o r p t i o n  

o f  l i g h t  b y  a s u i t a b l e  p a r t i c l e  o r  s u r f a c e ,  o r  b y  t h e  breakdow n o f  t h e  

l i q u i d  i t s e l f  when t h e  l a s e r  beam i s  f o c u s e d .  When t h e  beam i s  fo c u se d  

doivn, t h e  v e r y  h ig h  e l e c t r i c  f i e l d  i n  t h e  f o c a l  r e g i o n  p r o d u c e s  a s t i m u l a t e d

('120 121)B r i l l o u i n  e f f e c t  i n  t h e  l i q u i d '  ’ j and t h u s  g i v e s  r i s e  t o  a  s p a t i a l l y  

m o d u la ted  r e f r a c t i v e  in d e x  s t r u c t u r e  i n  t h e  fo rm  o f  a p h a se  g r a t i n g .  From 

t h e  s t r u c t u r e  some o f  t h e  incom ing r a d i a t i o n  can be r e f l e c t e d  back  i n t o  t h e  

l a s e r  w i th  a f r e q u e n c y  s h i f t .  T h is  d i f f i c u l t y ,  w hich  i s  i n h e r e n t  when 

h ig h  powered l a s e r s  a r e  fo c u s e d  i n t o  l i q u i d s ,  can c au se  damage w i t h i n  t h e  

a c t i v e  medium o f  t h e  l a s e r .  A more d e t a i l e d  a c c o u n t  o f  t h e  s t i m u l a t e d  

B r i l l o u i n  s c a t t e r e d  p r o c e s s  i s  g iv e n  i n  A ppendix  1 ,

The p h o to g r a p h ic  t e c h n iq u e  a d o p te d  i n  t h i s  work in v o lv e d  t h e  f r e 

quency  d o u b l in g  o f  p a r t  o f  t h e  ru b y  beam and t h e  i n t r o d u c t i o n  o f  a d e l a y  

p a t h  i n t o  t h i s  beam ^^^’ ^^^^ so t h a t  t h e  fu n d am e n ta l  and second  ha rm on ic  

a r e  f i n a l l y  combined i n  t h e  i n t e r a c t i o n  c e l l  w i t h  a  d e l a y  o f  5 0 -*1 0 0 n s  .

The second  ha rm on ic  wave was u se d  a s  t h e  p h o to g r a p h ic  f l a s h ,  and t h e  fu n d a 

m en ta l  beam was u s e d  to  p ro d u ce  t h e  shock w aves . The u s e  o f  a  v a r i a b l e  

d e l a y  p a t h  i n  t h e  second  harm onic  co u ld  e n a b le  a s e r i e s  o f  p i c t u r e s  t o  be
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b u i l t  up showing t h e  movement o f  t h e  shock w aves. T h is  was p o s s i b l e  b e 

cau se  o f  t h e  h ig h  r e p e a t a b i l i t y  o f  t h e  e x p e r im e n t .  The s t r e n g t h  o f  t h e  

shock waves p ro d u ced  b y  t h e  l a s e r  v a r i e d  n e g l i g i b l y  from s h o t - t o - s h o t .

7 . 2  EXPERIMENTAL DETAILS

The e x p e r im e n ta l  a r ra n g e m e n t  can be  se en  i n  F i g s . 7 .1  and 7 .2 .  I n  

F i g . 7 .1 ,  t h e  l i g h t  so u rc e  was a B r a d le y  351 r u b y  l a s e r  w hich  was p a s s i v e l y  

Q -sw itc h e d  b y  a c ry p to c y a n in e  i n  m ethano l  s o l u t i o n  dye c e l l .  T h is  p r o 

duced  a g i a n t  p u l s e  a t  69 4 .3  nm w a v e le n g th  w i t h  a  power o f  ~80M\iT f o r  

2 0 -  30 n s .

The p u l s e  o f  l i g h t  from  t h e  l a s e r  was f i r s t  p a s s e d  th ro u g h  a beam 

s p l i t t e r  w hich  d i v id e d  t h e  beam i n t o  two, so t h a t  75^ was d i r e c t e d  th ro u g h  

a  p o t a s s iu m  d ih y d ro g e n  p h o s p h a te  (K D P) c r y s t a l .  The re m a in in g  25^  was 

made t o  converge  th ro u g h  a 5 cm cube w a t e r - f i l l e d  c e l l ,  t h e  f o c a l  p o i n t  

l y i n g  beyond t h e  c e l l .  The beam was g iv e n  a 12 f o o t  p a t h  d e l a y  b e f o r e  

r e a c h in g  t h e  c e l l ,  so t h a t  t h e r e  was a d e l a y  t im e  o f  2 4 n s  b e f o r e  t h e  l e a d 

in g  edge o f  t h e  b a c k - s c a t t e r e d  p u l s e  r e - e n t e r e d  t h e  l a s e r .  By t h i s  t im e  

t h e  h ig h  power o f  t h e  o u t p u t  p u l s e  was t h o u g h t  no lo n g e r  t o  b e  i n  t h e  l a s e r ,  

The b a c k - s c a t t e r e d  p u l s e  from  t h e  c e l l  was cau sed  b y  t h e  p a r t i a l  f o c u s in g  

o f  t h e  i n c i d e n t  r u b y  l a s e r  beam p r o d u c in g  a s t i m u l a t e d  B r i l l o u i n  s c a t t e r i n g  

e f f e c t .  T h is  i s  t h e  e l e c t r o s t r i c t i v e  a c t i o n  w hereby  t h e  h ig h  o p t i c a l  

f i e l d s  p ro d u c e d  i n  t h e  l i q u i d  g iv e  r i s e  t o  a  f o rw a rd -g o in g  h y p e r s o n ic  wave, 

and a b ack w a rd -g o in g  f r e q u e n c y  s h i f t e d  o p t i c a l  wave. The d e l a y  i n  t h e  

r e t u r n  p a t h  o f  t h e  beam t o  t h e  l a s e r  was meant t o  e n s u re  t h a t  t h e  m echani

c a l  s t r e s s  in d u ce d  i n  t h e  l a s e r  ro d  b y  n o n - l i n e a r  o p t i c a l  i n t e r a c t i o n s  

be tw een  t h e  two i n t e n s e  o p t i c a l  waves o f  d i f f e r e n t  f re q u e n c y ,  would b e  

m in im ized .  The r e t u r n i n g  l i g h t  a g a in  p a s s e d  th ro u g h  t h e  beam s p l i t t e r  and 

t h u s  s u f f e r e d  a second  d e c r e a s e  i n  i n t e n s i t y .  C o n se q u e n tly ,  a maximum o f  

6 .2 5 ^  o f  t h e  o u t - g o in g  beam c o u ld  be r e t u r n e d  i n  t h i s  way. Damage t o  t h e  

r u b y  sh o u ld  n o t  have  t a k e n  p l a c e .  U n h a p p i ly  t h i s  was found  n o t  t o  be  t h e
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c a s e ,  and t h e r e  was e v e n t u a l l y  a m ec h a n ic a l  f a i l u r e  i n  t h e  c r y s t a l  w hich 

c u r t a i l e d  f u r t h e r  e x p e r im e n t s .  The damage, how ever, may e q u a l l y  w e l l  have  

h e e n  t h e  r e s u l t  o f  pumping t h e  r u h y  to o  h a r d .

The 25^  p o r t i o n  o f  t h e  l a s e r  p u l s e  was m o n i to re d  h y  a p h o to d io d e  i n

c o n ju n c t io n  w i th  a T e k t r o n ix  454 o s c i l l o s c o p e  and a 549 s to r a g e  o s c i l l o 

sc o p e .  The l a t t e r  was u s e d  a s  an  e a s y  method o f  m o n i to r in g  t h e  p u l s e s  w h i le  

t h e  l a s e r  was b e in g  a l i g n e d .  I t  was s e t  a t  a s low  s c a n n in g  speed  and r e g i 

s t e r e d  each  l a s e r  p u l s e  so t h a t  t h e  s t r e n g t h  o f  t h e  c ry p to c y a n in e  dye 

s o l u t i o n  c o u ld  be  a d j u s t e d  u n t i l  o n ly  one s i n g l e  Q -sw itch ed  p u l s e  was p r o 

duced  a t  one f i r i n g .  The 454 o s c i l l o s c o p e  was s e t  a t  5 0 n s  p e r  cm t r a c i n g  

r a t e  so t h a t  i n d i v i d u a l  p u l s e s  co u ld  be m o n i to re d ,  b u t  a t r a i n  o f  Q -sw itch ed  

p u l s e s  would n o t  be  d e t e c t e d .

I n  t h e  w a t e r - f i l l e d  c e l l ,  t h e  l a s e r  beam i n t e r a c t i o n  was o b s e rv e d  

b y  means o f  t h e  75^ p o r t i o n  o f  t h e  l i g h t  p u l s e  w hich p a s s e d  s t r a i g h a t  

th ro u g h  t h e  beam s p l i t t e r  (a ) and was f re q u e n c y  d o u b led  i n  t h e  K D P  c r y s t a l .  

The K D P  c r y s t a l  had  b e e n  c u t  so t h a t  p h a s e -m a tc h in g  be tw een  t h e  fundamen

t a l  and second  ha rm on ic  beams to o k  p l a c e  when t h e  fundam en ta l  was i n c i d e n t

n o r m a l ly  on to  t h e  f r o n t  f a c e  o f  t h e  c r y s t a l .  The a l ig n m e n t  was e a s i l y  

made w i th  a He-Ne l a s e r  beam d i r e c t e d  th ro u g h  t h e  sy s tem  and r e f l e c t e d  from 

t h i s  s u r f a c e .  The second harm on ic  l i g h t  w hich  was i n  t h e  n e a r  u l t r a v i o l e t  

r a n g e ,  was o b se rv e d x b y  p r o j e c t i o n  on t o  a  f l u o r e s c e n t  s c r e e n .  P i n a l  a d j u s t 

m ents  t o  t h e  p o s i t i o n  o f  t h e  c r y s t a l  were made so t h a t  t h e  maximum second 

harm on ic  l i g h t  was d e t e c t e d .  At t h i s  p o i n t  t h e  e f f i c i e n c y  o f  c o n v e rs io n  

was ~  25^.

T h is  beam was c y l i n d r i c a l l y  a sym m etr ic  so a c o r r e c t i n g  l e n s  was 

p o s i t i o n e d  beyond t h e  f r e q u e n c y  d o u b l in g  c r y s t a l  i n  o r d e r  t o  c o l l i m a t e  t h e  

beam. The beam was s e n t  a round  an 86 f o o t  d e l a y  p a t h  ( F i g . 7 .1 )  b e f o r e  

b e in g  d i r e c t e d  i n t o  t h e  i n t e r a c t i o n  c e l l  w here i t  was u se d  to  p h o to g ra p h  

t h e  ^ f f e c t  o f  t h e  fu n d am en ta l  beam.
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The lo n g  p a t h  l e n g t h s  in v o lv e d  c r e a t e d  ex trem e d i f f i c u l t i e s  o f  

a l i g n m e n t .  The second harm on ic  l i g h t  h a s  a r e f r a c t i v e  in d e x  d i f f e r e n t  

from  t h a t  o f  t h e  fu n d a m e n ta l ,  and a l ig n m e n t  o f  t h e  e n t i r e  sy s te m  u s in g  t h e  

HE-Ne l a s e r  was im p o s s ib le  f o r  t h i s  r e a s o n .  The method u s e d  r e q u i r e d  t h e  

l a s e r  to  he f i r e d  w i th  t h e  f r e q u e n c y  d o u b led  beam b e in g  d e t e c t e d  on a s u i t 

a b l e  f l o u r e s c e n t  s c r e e n ,  and a d ju s tm e n t s  b e in g  made t o  t h e  o p t i c a l  compo

n e n t s  in b e tw e e n  l a s e r  s h o t s .  The p r o c e d u r e  was made more d i f f i c u l t  b y  t h e  

d i r e c t i o n  o f  t h e  o u tp u t  beam from  t h e  r u b y  a l t e r i n g  a s  t h e  l a s e r  ro d  warmed 

u p .  Thus i t  was n e c e s s a r y  to  be s p a r in g  i n  t h e  u s e  o f  t h e  l a s e r .  F r o n t -  

c o a te d  a lum in ium  m i r r o r s  were u s e d  th r o u g h o u t  t h e  sy s te m  i n  o r d e r  t o  a v o id  

any  l o s s e s  a t  t h e s e  s u r f a c e s .  I n  s p i t e  o f  t h e s e  p r e c a u t i o n s  t h e  second 

h a rm on ic  beam u n d e rw en t  a c o n s id e r a b l e  l o s s  o f  power b e f o r e  r e a c h in g  t h e  

i n t e r a c t i o n  r e g i o n .  T h is  beam was a l s o  m o n i to re d  on t h e  T e k t r o n i x  454 

o s c i l l o s c o p e .

The shadowgraph t e c h n iq u e  was u s e d  t o  p ro d u c e  p h o to g ra p h s  o f  t h e  

shock w aves. The p ro b e  l i g h t  p a s s e d  th ro u g h  t h e  c e l l  i n  a  p a r a l l e l  c o l l i 

m ated beam i l l u m i n a t i n g  an a r e a  w i t h  a d ia m e te r  o f  3 mm. A 35mm camera 

was u s e d  w i t h  a  40 cm e x te n s io n  tu b e .  The l e n g t h  o f  t h i s  t u b e  made i t  

n e c e s s a r y  to  r e v e r s e  t h e  camera l e n s  so t h a t  i t  c o u ld  be  fo c u s e d  on t o  t h e  

o b j e c t  from  a v e r y  sm a ll  d i s t a n c e .  T h is  sy s te m  p ro d u ced  a p p ro x im a te ly  a 

20 :1  o b j e c t  t o  image r a t i o  on t h e  f i lm ,  so t h a t  a  p r e - s e l e c t e d  a r e a  o f  t h e  

i l l u m i n a t e d  r e g i o n  c o u ld  be  p h o to g ra p h e d  a t  a h ig h  m a g n i f i c a t i o n .

The ru b y  l i g h t  a t  t h e  fundam en ta l  f r e q u e n c y  was f i l t e r e d  o u t  o f  t h e  

sy s te m  u s in g  a Kodak Type 18A f i l t e r ,  t h i s  c o m p le te ly  masked a l l  r e d  l i g h t  

s c a t t e r e d  from  t h e  c e l l ,  b u t  p e r m i t t e d  t h e  t r a n s m i s s i o n  o f  t h e  u l t r a - v i o l e t  

second  ha rm on ic  l i g h t  i n t o  t h e  cam era . Some o f  t h e  fundam en ta l  f re q u e n c y  

l i g h t  r e f l e c t e d  d i r e c t l y  o f f  t h e  m e ta l  t a r g e t  was so i n t e n s e  a s  t o  p a s s  

th ro u g h  t h e  f i l t e r  and be  r e c o r d e d  on t h e  T r i —X pan  f i l m  (400 A S A ) .  (See 

F i g . 7 . 3 ( a ) ) .
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F i g . 7 .2  shows th e  a l t e r n a t i v e  p a t h  d e l a y  sy s tem . I n  t h i s  c a se  t h e  

second  ha rm on ic  beam was r e f l e c t e d  from  beam s p l i t t e r  (d ) w hich  s e n t  25^  o f  

t h e  l i g h t  a ro u n d  a s h o r t e n e d  p a t h  b e f o r e  r e a c h in g  t h e  w a te r  c e l l .  The 

r e m a in in g  l i g h t  was d i r e c t e d  a round  a g r e a t l y  i n c r e a s e d  p a t h  l e n g t h  b e f o r e  

r e a c h in g  t h e  c e l l .  A f t e r  a l l o w in g  f o r  t h e  l o s s e s  a lo n g  t h e  p a t h ,  and an  

a d d i t i o n a l  power l o s s  i n  t h i s  beam due to  a second  p a s s  th ro u g h  t h e  beam 

s p l i t t e r ,  t h e  i n t e n s i t i e s  o f  t h e s e  beams w ere  a p p r o x im a te ly  e q u a l .  The 

p ro b le m s  o f  a l ig n m e n t  were v e r y  much g r e a t e r  w i th  t h e  l o n g e r  p a t h  l e n g t h ,  

and no g r e a t  s u c c e s s  was a c h ie v e d  i n  p h o to g ra p h in g  b o th  beams on t h e  same 

f i l m .

7 .3  RESULTS OF INVESTIGATIONS

F i g s .  7 . 3-> 7 .11  show t h e  waves p ro d u ce d  i n  t h e  manner d e s c r i b e d  above 

r e f e r e n c e  p h o to g ra p h s  a r e  a l s o  sho^m to  i n d i c a t e  t h e  e x a c t  l o c a t i o n  o f  t h e  

i n c i d e n t  fundam en ta l  f r e q u e n c y  r u b y  beam ( F i g . 7 . 3 ( b ) ,  7 . 8 ( b ) ,  7 .1 1 ( b ) )  and 

to  show t h e  b ackg round  i l l u m i n a t i o n  from  t h e  f r e q u e n c y  d o u b led  beam i n  t h e  

a b sen c e  o f  t h e  s h o c k -p ro d u c in g  fundam en ta l  ( F i g . 7 . 5 ( a ) ) .

! F i g . 7 . 4 (b )  i s  a  low m a g n i f i c a t i o n  p h o to g ra p h  w hich  g i v e s  an  o v e r a l l

i n d i c a t i o n  o f  t h e  a c t i o n  o f  t h e  fu n d am en ta l  beam. The re m a in in g  p l a t e s  

i s  t h i s  s e r i e s  a r e  o f  t h e  o r d e r  o f  50 :1  m a g n i f i c a t i o n  a s  i n d i c a t e d  on t h e  

i n d i v i d u a l  p l a t e s .

T h ree  d i f f e r e n t  t im e  d e la y s  have  b een  u s e d  f o r  t h i s  p h o to g rp a h y :

( a )  8 6 n s  d e l a y  p a t h .  ( F i g s . 7 . 3 ( a ) , 7 . 4 ( a ) ,  7 .5 ( b )  and 7 . 6 ( a ) .

(b) 4 8 n s  d e l a y  p a t h  around  th e  s h o r te n e d  o p t i c a l  p a t h  w here  t h e

beam i s  r e f l e c t e d  b y  beam s p l i t t e r  (B .2 )  i n  F i g . 7 .2 .  T h i s  

d e l a y  i s  u s e d  in  F i g s . 7 .7  and F i g . 7 . 8 ( a ) .

( c )  A second e x p o su re  from  t h e  F i g . 7 .2  a r r a n g e m e n t .  The d e l a y  i s  

1 0 5 n s  from  t h e  beam o f  l i g h t  t r a n s m i t t e d  b y  t h e  beam s p l i t t e r  

(B .2 )  and r e f l e c t e d  from  (M.3) and (>1.4). (See F i g s . 7 .9 ,

7 .1 0 ( a )  and 7 . 1 1 ( a ) , )
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O s c i l l o s c o p e  r e c o r d i n g s  showing t h e  i n c i d e n t  l i g h t  p u l s e s  a r e  shown 

i n  F i g . 7 .8 .  The d i f f e r e n c e  i n  t h e  o p t i c a l  p a t h  l e n g t h  t o  t h e  d e t e c t o r ,  

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

b y  30 n s  .

On some s h o t s  w i th  t h e  F i g . 7 .2  a r r a n g e m e n t ,  e v id e n c e  o f  a t h i r d  

f r e q u e n c y  d o u b led  p u l s e  was o b t a i n e d .  T h is  p u l s e  had  t r a v e l l e d  tw ic e  

a ro u n d  t h e  s u b - c i r c u i t  (M .3-^M .4).

U n f o r t i m a t e l y  a l th o u g h  b o th  t h e  two main p h o to g r a p h ic  l i g h t  p u l s e s  

a r e  m o n i to re d  h e r e ,  g r e a t  d i f f i c u l t y  was e x p e r ie n c e d  i n  p a s s i n g  enough 

l i g h t  a ro u n d  b o th  o p t i c a l  p a t h s  to  p ro d u c e  d o u b le  e x p o su re  p h o to g r a p h s .  

In d e e d ,  t h i s  was n o t  a c h ie v e d  b e f o r e  t h e  c r y s t a l  i n  t h e  l a s e r  was damaged 

and f u r t h e r  e x p e r im e n ta l  work had  to  be  c u r t a i l e d .

The t a r g e t  w i r e  a t  w hich  th e  fu n d am e n ta l  f r e q u e n c y  beam was d i r e c 

t e d ,  was Nickrome 32 S WG ( 0 . 274 mm d ia m e te r )  .

The mechanisms o f  shock wave p r o d u c t i o n  t h a t  can be se en  i n  t h e  

p h o to g ra p h s  p r e s e n t e d  h e r e  a r e  :

(a )  A b s o rp t io n  o f  l i g h t  e n e rg y  c a u s in g  t h e  e v a p o r a t i o n  o f  

c a rb o n  p a r t i c l e s  i n  t h e  l i q u i d .

(b) E v a p o r a t io n  o f  m a t e r i a l  from  t h e  exposed  f a c e  o f  t h e  t a r g e t .

( c )  The e l e c t r i c a l  breakdown o f  t h e  l i q u i d .

(d) R e a c t io n  i n  t h e  w i r e  p ro d u ce d  b y  th e  e v a p o r a t i o n  o f  

m a t e r i a l  ( a b l a t i v e  p r e s s u r e ) .

I n  F i g . 7 . 5 (b )  i t  can be  seen  t h a t  t h e  shock wave p ro d u ce d  from  th e  

s u r f a c e  o f  t h e  w i r e  f o l lo w s  t h e  c o n to u r s  o f  t h e  f r o n t  f a c e .  T h is  i s  t r u e  

a l s o  i n  F i g . 7 . 4 (a )  w here  an  a c o u s t i c  wave i s  p ro d u c e d .  Thus from  t h e s e  

p l a t e s  i t  can be  assumed t h a t  t h e  shock wave f a c i n g  t h e  incom ing  beam i s

c y l i n d r i c a l l y  shaped  f o r  a  u n i fo rm  w i r e .  F i g s . 7 . 3 ( b ) ,  7 .8 ( b )  and 7 .1 1 ( b )

shoivn t h e  w id th  o f  t h e  fundam en ta l  beam. T h is  was fo c u se d  on t o  a p o i n t  

j u s t  beyond t h e  l i q u i d  c e l l ,  so t h e  w hole w id th  o f  t h e  w i r e  was i n t e n s e l y  

i r r a d i a t e d .
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The e x p lo s io n  o f  ca rbon  p a r t i c l e s  can  be  s e e n .  I n  F i g . 7 . 6 ( a )  an 

a v e ra g e  shock  v e l o c i t y  1 .7  X 10^ m, s “  ̂ i s  p ro d u c e d .  T h is  wave a p p e a r s  t o  be 

p e r f e c t l y  s p h e r i c a l  even from  p a r t i c l e s  a s  l a r g e  a s  0.1mm d i a m e te r .

The b reakdow n o f  t h e  l i q u i d  can  b e  se en  i n  F i g . 7 . 8 ( a ) ,  t h i s  can 

be  compared to  F i g . 7 . 8 ( b )  w hich  shows t h e  b r i g h t  f l a s h e s  o f  l i g h t  p ro d u ce d  

b y  t h e  a c t i o n  o f  t h e  fu n d am en ta l  beam i n  t h a t  r e g i o n .

The mean v e l o c i t y  o f  t h e  s p h e r i c a l  waves i n  F i g . 7 . 5 (b )  i s  

1 ,9 X 1 0 ^  iDo s~^ compared t o  2 .2X 10®  m. s“  ̂ f o r  t h e  c y l i n d r i c a l  wave, A 

s i m i l a r  r e s u l t  i s  p ro d u c e d  from  F i g . 7 . 6 ( a ) .

F i g s . 7 .7  and 7 .8 ( a )  show no e v id e n c e  o f  a  fo rw ard  t r a v e l l i n g  shock 

wave, however i n  F i g s . 7 . 4 ( a )  and 7 .5 ( b )  such  a wave i s  c l e a r l y  v i s i b l e .

Thus, i t  seems t h a t  a f t e r  t h e  4 8 n s  d e l a y  i n  t h e  fo rm e r  c a s e s ,  t h i s  wave 

i s  s t i l l  w i t h i n  t h e  w i r e .  W hereas b y  t h e  t im e  8 6 n s  have  e la p s e d  ( F ig s .  

7 .3 ( a )  and 7 .5 ( b ) )  t h e  wave h a s  emerged on t h e  f a r  s i d e .

F i g s . 7 .9  and 7 .1 0 ( a )  a l s o  show a fo rw a rd -g o in g  shock wave. These 

p h o to g ra p h s  w ere  aimed a t  showing a d o u b le  e x p o su re  ( 4 8 n s  and 1 0 5 n s  d e la y s )  

However, e x a m in a t io n  o f  t h e  b a c k w a rd -g o in g  wave i n d i c a t e d  o n ly  a  s i n g l e  

im age. Thus, t h e  d o u b le  wave w h ich  h a s  p a s s e d  th ro u g h  t h e  w i r e  m ust have  

b een  p ro d u c e d  b y  a b i f u r c a t i o n  o f  t h e  wave and n o t  a  d o u b le  e x p o s u re .  I f  

a d o u b le  e x p o su re  had t a k e n  p l a c e ,  t h i s  wave would  have  had  t o  h av e  moved 

s u b s o n i c a l l y  in b e tw e e n  t h e  tŵ o e x p o s u re s  t o  a c c o u n t  f o r  t h e  a p p e a ra n c e  o f  

t h e  t r a n s m i t t e d  wave.

The v e l o c i t y  o f  t h e  fo rw ard  g o in g  wave i s  v e r y  much h i g h e r  t h a n  t h e  

backw ard  g o in g  wave l e a v i n g  t h e  s u r f a c e  o f  t h e  w i r e  ~ 1 0 ^  m .s  T h is

wave i s  p ro d u c e d  a s  a r e a c t i o n  t o  t h e  e v a p o ra te d  m a t e r i a l  from  t h e  s u r f a c e  

( a b l a t i o n  p r e s s u r e ) ,  and so t r a v e l s  r a d i a l l y  in w a rd .  T here  w i l l  b e  a 

power d i s t r i b u t i o n  w i t h i n  t h e  shock wave f r o n t  so t h a t  maximum p r e s s u r e  i s  

p roduced  from  t h e  s e c t i o n  o f  t h e  w i r e  s u r f a c e  w hich  f a c e s  t h e  l a s e r  r a d i a 

t i o n  n o r m a l ly .  The more o b l i q u e l y  o r i e n t e d  r e g i o n s  w i l l  r e c e i v e  r e l a t i v e l y  

l e s s  e n e rg y  p e r  u n i t  a r e a .
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As th e  wave moves to w a rd s  t h e  c e n t r e  o f  t h e  w i r e ,  i t  w i l l  a c c e l e r a t e  

(u  = However, t h e  whole  o f  t h e  wave w i l l  n o t  r e a c h  t h e  c e n t r e

s im u l ta n e o u s l y .  The s lo w e r  p a r t s  o f  t h e  wave f r o n t  w hich  a r e  t r a v e l l i n g  a t  

an a n g le  to  t h e  d i r e c t i o n  o f  t h e  l a s e r  beam w i l l  r e a c h  t h e  c e n t r e  j u s t  

a f t e r  t h e  r e g i o n  r e a c h e s  an i n t e n s e l y  shocked  s t a t e .  The b i f u r c a t i o n  o f  

t h e  t r a n s m i t t e d  wave i s  p r o b a b l y  due to  such  an  i n t e r a c t i o n .

A t te m p ts  were made t o  s tu d y  such  a wave. T h is  w ave-fo rm  can  be 

p ro d u c e d  b y  p l a c i n g  a  t a r g e t ,  w i th  a  s e m i - c y l i n d r i c a l  g roove  ru n n in g  a c r o s s  

i t s  w id th ,  i n  f r o n t  o f  t h e  fundam en ta l  beam. The second ha rm on ic  l i g h t  

was d i r e c t e d  a lo n g  th e  g ro o v e ,  p a r a l l e l  to  t h e  s u r f a c e ;  u n f o r t u n a t e l y  t h e  

work had  t o  be  c u r t a i l e d  due t o  f r a c t u r e  o f  t h e  r u b y  c r y s t a l ,  b e f o r e  a good 

p h o to g ra p h  c o u ld  be t a k e n .  F i g . 7 .11  shows th e  r e s u l t s  o b t a i n e d .  F i g . T . l l ( b )  

shows t h e  c r o s s - s e c t i o n  s i z e  o f  t h e  fu n d a m e n ta l ,  b u t  i n  F i g . 7 . 1 1 (a )  i t  can 

b e  s e e n  t h a t  t h e  p l a n e  was n o t  a l i g n e d  t r u l y  p a r a l l e l  t o  t h e  second  ha rm o n ic ,  

so a  s e r i e s  o f  i n t e r f e r e n c e  f r i n g e s  was p ro d u ce d  b y  r e f l e c t i o n  from  t h e  f a c e  

o f  t h e  t a r g e t .  U n f o r t u n a t e l y  t h e  r e g i o n  o f  i n t e r e s t  i s  o b s c u re d  so t h a t  no 

s i g n i f i c a n t  m easurem ents  can b e  made on t h a t  p a r t  o f  t h e  shock wave w hich  

can be  s e en ,  b u t  i t  does  a p p e a r  t h a t  t h i s  wave h a s  moved c o n s i d e r a b l y  f u r 

t h e r  i n  t h e  t im e ,  t h a n  t h e  e q u i l a v e n t  ou tw ard  g o in g  wave p ro d u c e d  from  t h e  

s u r f a c e  o f  t h e  w i r e .  Thus t h e  a c c e l e r a t i o n  o f  t h e  wave i s  d e m o n s t ra te d  t o  

have  t a k e n  p l a c e  due to  t h e  d e c r e a s e  i n  t h e  r a d i u s  o f  t h e  wave a s  i t  f o c u s e s  

i t s e l f  d u r in g  i t s  movement away from  t h e  s u r f a c e  o f  t h e  t a r g e t .

F u r t h e r  work w i th  t h i s  t e c h n iq u e  would have  t a k e n  p l a c e  i f  t h e  

damage t o  t h e  r u b y  i n  t h e  l a s e r  had  p e r m i t t e d .  However, t h i s  work shows 

t h a t  t h e  t e c h n iq u e  p r o v id e s  a  c o n v e n ie n t  way o f  s tu d y in g  shock waves on 

t h e  m ic r o s c a l e .
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C H A P T E R  V I I I

GENERAL CONCLUSIONS

The e x p e r im e n ta l  work i n  t h i s  t h e s i s  f a l l s  n a t u r a l l y  i n t o  t h r e e

p a r t s :

(1 )  I n i t i a l  s t u d i e s  o f  shock wave and r e l a t e d  phenomena p ro d u ce d  by  

e x p lo d in g  w i r e s .

( 2) The e x a m in a t io n  o f  a h ig h  speed  o p t i c a l  s h u t t e r  f o r  p o s s i b l e  u s e  

i n  shock wave p h o to g ra p h y ,  and t h e  s tu d y  and deve lopm en t o f  t h e  

c e l l  t o  d e m o n s t ra te  some o f  t h e  r e l a t e d  phenomena w hich  t h e  c e l l  

e x h i b i t s ,

( 3 ) The o p t i c a l  p r o d u c t i o n  o f  shock waves, t o g e t h e r  w i t h  t h e  p h o to 

g ra p h y  o f  t h e  wave p r o p a g a t io n  and v e l o c i t y  m easu rem en ts .

The i n i t i a l  s t u d i e s  have  shoivn some o f  t h e  p o s s i b l e  u s e s  o f  ex p lo d 

in g  w i r e s  a s  shock wave p r o d u c e r s .  On t h e  m i c r o - s c a l e ,  w i r e s  have  been  

shown t o  be r e l i a b l e  shock  wave g e n e r a t o r s .  The number o f  a s s o c i a t e d  

phenomena w hich have  been  o b s e rv e d  when lo o k in g  a t  e x p lo d in g  w i r e s  a t  low 

e n e r g i e s  d e m o n s t ra te  some a s p e c t s  o f  w i r e  d i s i n t e g r a t i o n .

The low e n e rg y  ran g e  f o r  e x p lo d in g  w i r e s  h a s  n o t  h i t h e r t o  r e c e iv e d  

a s  much a t t e n t i o n  from  r e s e a r c h e r s  a s  h a s  t h e  h i g h e r  e n e rg y  r a n g e  when t h e  

w i r e  v a p o u r i z a t i o n  i s  accom panied  b y  a c y l i n d r i c a l  shock wave. The 

b e h a v io u r  o f  m o lten  w i r e  d r o p l e t s  h a s  been  shown t o  be a lo n g  th e  same l i n e s  

a s  h a s  b e e n  d e m o n s t ra te d  b y  Lane e t  a l^ ^ ^ ^ ^  f o r  w a te r  d r o p l e t s  i n  an  a i r  

f lo w .

The work on t h e  deve lopm en t o f  t h e  o p t i c a l  s h u t t e r  h a s  shown how 

t h e  K e r r  e f f e c t  may be  u s e d  t o  r e n d e r  e l e c t r i c  f i e l d s  v i s i b l e .  The main 

p ro b le m s  o f  K e r r  c e l l  o p e r a t i o n ,  t h e  b a la n c e  o f  l a r g e  K e r r  s w i tc h in g  capa

b i l i t y  w i th  c a p a c i t a n c e ,  h a s  b een  s o lv e d ,  th o u g h  a t  t h e  c o s t  o f  r e d u c e d  

a p e r t u r e .  The deve lopm en t o f  t h e  k n i f e - e d g e d  c e l l  and t h e  s u b s e q u e n t  

c o n s t r u c t i o n  o f  a r a z o r  b l a d e  s t a c k  c e l l  shows more p r o c e s s e s  a s s o c i a t e d
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w i th  e l e c t r i c  f i e l d s  i n  l i q u i d s .  The u se  o f  a h i g h l y  unsym m etr ic  e l e c t r o d e  

g e o m e try  ( e . g .  t h e  r a z o r  b l a d e  s t a t e )  makes p o s s i b l e  t h e  a t t a i n m e n t  o f  

e x t r e m e ly  h ig h  e l e c t r i c  f i e l d s  when r e l a t i v e l y  low v o l t a g e s  a r e  a p p l i e d  

a c r o s s  t h e  c e l l .  Thus t h e  d i f f i c u l t i e s  o f  s w i tc h in g  t h e  a p p l i e d  p o t e n t i a l  

a c r o s s  t h e  e l e c t r o d e s  a r e  d im in i s h e d .  The c e l l  can  be  u s e d  to  s w i tc h  l i g h t  

i n t o  t h e  d i f f r a c t i o n  p a t t e r n  p ro d u ce d  from  t h e  in d u ce d  g r a t i n g  i n  t h e  l i q u i d .  

T h is  p r o c e s s  i s  e l e c t r o s t r i c t i v e  and t h u s  v e r y  f a s t .

- The h ig h  speed  p h o to g ra p h y  o f  o p t i c a l l y  p ro d u c e d  shock waves h a s  

b e e n  s o lv e d  b y  t h e  means o f  a beam s p l i t t e r  and an  o p t i c a l  d e l a y  p a t h ,  so 

t h a t  p a r t  o f  t h e  l i g h t  p u l s e  w hich  p ro d u c e s  t h e  shock wave i s  a l s o  u s e d  to  

p h o to g ra p h  th e  wave. The sy s te m  h a s  t h e  a d v a n ta g e  o f  z e ro  j i t t e r  i n  t h e  

p h o to g r a p h ic  p u l s e .  The t im e  d e l a y  i s  e a s i l y  a d j u s t e d  b y  v a r y i n g  th e  

l e n g t h  o f  t h e  d e l a y  p a t h .  Double e x p o s u re s  a r e  t h e o r e t i c a l l y  p o s s i b l e ,  

in d e e d  a t r i p l e  p h o to g r a p h ic  l i g h t  p u l s e  h a s  b een  d e t e c t e d .

U n f o r t u n a t e l y  t h e  f a i l u r e  o f  t h e  r u b y  c r y s t a l  c u r t a i l e d  e x p e r im e n ta l  

..wojrk b e f o r e  good d o u b le  e x p o su re  p h o to g ra p h s  c o u ld  be  t a k e n .  The r e s u l t s  

so o b t a i n e d  showed v a r i o u s  p r o c e s s e s  i n  a c t i o n  p ro d u c in g  shock  waves and 

a c o u s t i c a l  w aves. The p r o c e s s  o f  e l e c t r i c a l  b reakdow n o p t i c a l l y  in d u ce d  i n  

t h e  l i q u i d  h a s  b e e n  shown g i v in g  r i s e  t o  an  a s s o c i a t e d  shock wave. The 

e v a p o r a t i o n  o f  s u r f a c e  m a t e r i a l  b y  fo c u s e d  l a s e r  r a d i a t i o n  on to  a  t a r g e t  

m e ta l  w i r e  h a s  b een  shown t o  p ro d u c e  a shock  wave f o l lo w in g  t h e  c o n to u r s  o f  

t h e  s u r f a c e .  A second  in w a rd -g o in g  a b l a t i o n  wave h a s  b e e n  shown to  be 

a s s o c i a t e d  w i th  t h e  rem oval o f  s u r f a c e  m a t e r i a l .  The inw ard  t r a v e l l i n g  

wave h a s  a  g r e a t e r  v e l o c i t y  t h a n  t h e  wave t r a v e l l i n g  s t r a i g h t  i n t o  t h e  l i q u i d .  

The method o f  s h a p in g  t h e  t a r g e t  can p ro d u c e  shock waves o f  p r e - d e te r m in e d  

s h a p in g  and s h o u ld  p ro v e  c o n v e n ie n t  f o r  t h e  s tu d y  o f  such  w aves. F u r t h e r  

work a lo n g  t h e s e  l i n e s  would have  t o  t a k e  p l a c e  i n  o r d e r  t o  g iv e  a more 

d e t a i l e d  e v a l u a t i o n  o f  t h e  t e c h n i q u e .
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A P P E N D I X  I  

STIMULATED BRILLOUIN SCATTERING

T h is  i s  t h e  phenomenon i n  w hich  a v e r y  i n t e n s e  fo rw ard  g o in g  wave 

E^ cos(uÜQt -  Eqx) , i s  p a r t i c a l l y  b a c k s c a t t e r e d  i n  t h e  norm al B r i l l o u i n  

s c a t t e r i n g  p r o c e s s  from  p r o p a g a t in g  d e n s i t y  f l u c t u a t i o n s  i n  t h e  l i q u i d .

The b a c k s c a t t e r e d  wave i s  f r e q u e n c y  s h i f t e d  a c c o r d in g  to  t h e  D opp le r  e f f e c t  

to  p ro d u c e  E c o s  (o)t + kx) . The s u p e r p o s i t i o n  o f  t h e s e  two w aves, p r o v id e d  

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

quency  f l u c t u a t i o n s  i n  t h e  p o l a r i z a t i o n  o f  t h e  medium. Thus, i n  t h e  h ig h  

f i e l d  c a s e ,  i f  P = %^E + + X ^  • • •  e t c .  i t  f o l lo w s  i n  t h e  c a se  o f

homogeneous m a t e r i a l s ,  t h a t  t h e  component o f  P i n  p h a s e  w i th  E i s  g iv e n  

b y  ;
P = XiE + + . . .  . . .  ( A l . l )

w here t h e  even pow ers  p ro d u c e  u n i d i r e c t i o n a l  components o n ly .  T h i s  may be  

w r i t t e n  :
P = . . .  (A1.2)

w here  % = + X gE^) • I t  can be se en  t h a t  P h a s  f re q u e n c y  components

(jUq and  0) a r i s i n g  from  t h e  l i n e a r  t e rm ,  and  from  t h e  E ^ t e r m  t h e r e  w i l l  

be  components i n  , 2uu , Wg-W and 4- uu .

A f u l l  e x p r e s s io n  f o r  P would  be  :

P = [pQ cos  (uu^t -  k^x) + E cos  (twt + k x ) J

+ X3 [pQ ^ o ^ )  + E cos  (mt + k x ) ]  . . .  ( A I .3 )

The l a t t e r  t e rm  becomes

*^3 r^  + cos  2(uÜQt -  kjjx) + 1 + COs 2 (uut + k x ) J

+ 2E^EIjcos^[(jUQ-uu]t -  [k^+ k lx^  + cos  ^ [uü^-Kult + [ k ^ - k l x ^ J

. . .  (A1.4)

Of t h e s e  te rm s  t h e  d i f f e r e n c e  f re q u e n c y  te rm  w i l l  be  v e r y  s lo w ly  

v a r y i n g  i n  com parison  w i t h  t h e  summation te r m s .  T h is  f re q u e n c y  d i f f e r e n c e  

te rm  c o n s t i t u t e s  a wave t r a v e l l i n g  i n  t h e  same d i r e c t i o n  a s  t h e  i n c i d e n t
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wave w i t h  a p h a s e  v e l o c i t y  -  a ) ) / (k ^  + k) = v .

The i n c i d e n t  wave i s  b a c k s c a t t e r e d  from  t h i s  p o l a r i z a t i o n  wave ( o r  

r e f r a c t i v e  in d e x  p h a se  g r a t i n g )  and s u f f e r s  i n  f r e q u e n c y  s h i f t  

„ vk UÜ -  U) k
f ' f  = = f  . . .  (A1. 5)

s in c e  k^ and k d i f f e r  b y  o n ly  a few p a r t s  i n  a m i l l i o n .  T h a t  i s  to  

s a y  t h a t  t h i s  main p h a s e  g r a t i n g  p ro d u c e s  a  f r e q u e n c y  s h i f t  i d e n t i c a l  t o  

t h a t  p ro d u c e d  i n  t h e  sp o n ta n e o u s  B r i l l o u i n  b a c k s c a t t e r i n g  p r o c e s s .
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A P P E N D I X  I I  

LIST OF SYMBOLS USED IN VARIOUS CTIAPTEPS

CHAPTER I  ; S u b s c r i p t s  1 = b e f o r e  shock; S u b s c r i p t  2 = b e h in d  shock .

P = p r e s s u r e

V = volume 

S = e n t r o p y

= i n t e r n a l  e n e rg y  = h - p V  w here  h  = s p e c i f i c  e n th a lp y  

p  = d e n s i t y

V = f lo w  v e l o c i t y  w . r . t .  t h e  s u r f a c e  o f  d i s c o n t i n u i t y ,  
r  = r a d i u s

h  = s p e c i f i c  e n th a l p y  = e + pV, dh = TdS + Vdp

j  = mass f l u x  d e n s i t y  a t  s u r f a c e .

-  E

CHAPTER I I  : S u b s c r i p t s  1 = i n  f r o n t  o f  shock; S u b s c r i p t  2 = b e h in d  shock.

R = r a d i u s

S ( y) i s  a  f u n c t i o n  o n ly  o f  t h e  r a t i o  o f  t h e  s p e c i f i c  h e a t  (= 1 .0 0 9  f o r  a i r )  

v P  = i n s t a n t a n e o u s  e n e rg y  r e l e a s e  p e r  u n i t  l e n g t h  on t h e  shock a x i s  a t  t = t^ 

Pq = i n i t i a l  am b ien t  d e n s i t y  

M = Mach number

V = shock wave v e l o c o t y .

CHAPTER V ;

n ^  = r e f r a c t i v e  in d e x  i n  l i q u i d  f ô r  l i g h t  p a r a l l e l  to  t h e  a p p l i e d  f i e l d

n  2 = r e f r a c t i v e  in d e x  i n  l i q u i d  f o r  l i g h t  whose p o l a r i z a t i o n  i s  p e r p e n d ic u 
l a r  to  t h e  a p p l i e d  f i e l d

X = w a v e le n g th

k  = K e r r ’ s c o n s t a n t

E  = e l e c t r i c  i n t e n s i t y

I q = i n c i d e n t  l i g h t  i n t e n s i t y

I  = i n t e n s i t y  o f  t r a n s m i t t e d  l i g h t  th ro u g h  K e r r  c e l l

UD = a n g u la r  f r e q u e n c y  o f  m o d u la t io n  v o l t a g e  

e = d i e l e c t r i c  c o n s t a n t

R = d i s t a n c e  t o  a datum o f  p o t e n t i a l  »  d i s t a n c e s  i n  t h e  d iag ra m

Ô = p h a s e  r e t a r d a t i o n  o f  e x t r a - o r d i n a r y  r a y

d = d i s t a n c e  from  w i r e  t o  e l e c t r i c a l  image (= 2h) see  F i g . 5 .1 .
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giAPTER VI

= d i e l e c t r i c  c o n s t a n t  

p-Pg = e x c e s s  p r e s s u r e

= p e r m i t t i v i t y  o f  f r e e  space  

E = e l e c t r o s t a t i c  f i e l d

P = d i p o l e  moment

T = t o r q u e

C = c o m p r e s s i b i l i t y

V = volume

X = w a v e le n g th

m = B ragg  o r d e r

9 = a n g le  o f  i n c id e n c e

D = g r a t i n g  s p a c in g

R = r e f l e c t i v i t y

N = number o f  m o d u la t io n s  c ro s s e d

6 =

b = t i p  r a d i u s  o f  c u r v a t u r e

^o ”  u n d i s t u r b e d  r e f r a c t i v e  in d e x  f o r  a rg o n  l i g h t
An = change i n  r e f r a c t i v e  in d e x  f o r  a rg o n  l i g h t

k = 2tt/X

6A^ = a m p l i tu d e  o f  wave r e f l e c t e d  from  b o u n d a ry

A^ = a m p l i tu d e  o f  i n c i d e n t  wave

8 '  = a n g le  o f  r e f r a c t i o n  a t  r e f r a c t i v e  in d e x  b o u n d a ry

z = d i s t a n c e  th r o u g h  g r a t i n g  p a r a l l e l  to  e l e c t r o d e  s u r f a c e
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