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ABSTRACT 

ELECTROOPTIC STREAK CAMERA 

John B. Shaw, Ph.D. 
Oregon Graduate Center ,  1980 

Supervis ing Professor :  Richard A. E l l i o t t  

This  d i s s e r t a t i o n  p r e s e n t s  t h e  r e s u l t s  of r e sea rch  d i r e c t e d  

towards t h e  development of an e l e c t r o o p t i c  s t r e a k  camera. A number of 

e l e c t r o o p t i c  techniques have been u t i l i z e d  t o  provide  beam d e f l e c t i o n ,  

b u t ,  a s  shown he re ,  they a r e  a l l  s u b j e c t  t o  l i m i t a t i o n s  imposed by 

t r a n s i t  t ime of l i g h t  through t h e  device.  These l i m i t a t i o n s  may be  

overcome, however, by s u i t a b l y  combining a  number of s imple de f l ec -  

t o r s  t o  form a  s t r i p  t ransmiss ion  l i n e  which can provide  a  synchronous 

i n t e r a c t i o n  between an e l e c t r i c a l  pu l se  and t h e  o p t i c a l  pu l se  t o  be 

d isp layed .  This  new d e f l e c t o r  i s  capable  of e x c e l l e n t  s e r v i c e  i n  

s t r e a k  camera a p p l i c a t i o n s .  

Unfor tuna te ly ,  t h e  e x i s t e n c e  of a  s u i t a b l e  d e f l e c t i o n  technique  

does no t  immediately guarantee  t h e  development of a  p r a c t i c a l  e l e c t r o -  

o p t i c  s t r e a k  camera; major d i f f i c u l t i e s  e x i s t  i n  t h e  product ion  of an 
I 

accep tab le  v o l t a g e  p u l s e  gene ra to r .  Photoconducting s i l i c o n  swi tches  

o f f e r  a  p o s s i b l e  s o l u t i o n ,  bu t  they  have no t  y e t  a t t a i n e d  t h e  per for -  

mance l e v e l  necessary  f o r  t h i s  a p p l i c a t i o n  a s  h igh l igh ted  by t h e  

i n v e s t i g a t i o n s  c a r r i e d  ou t  i n  t h i s  work. Laser  t r i g g e r e d  spa rk  gaps 

a r e  t h e  b e s t  a l t e r n a t i v e ,  and u t i l i z i n g  one of t h e s e ,  t h e  f i r s t  demon- 

s t r a t i o n  of t h e  new d e f l e c t i o n  technique has  been accomplished. 



Although t h e  r e s u l t s  have been less than  dramat ic ,  t h e  b e s t  reso lu-  

t i o n  t ime obta ined  being only 750 picoseconds,  they show t h a t  i t  

should be  p o s s i b l e  t o  cons t ruc t  an  e l e c t r o o p t i c  s t r e a k  camera pro- 

viding b e t t e r  than  10 picosecond r e s o l u t i o n  i n  t h e  near  i n f r a r e d .  



CHAPTER 1 

INTRODUCTION 

Since  t h e  l a t e  19601s ,  i n t e r e s t  i n  picosecond phenomena has  

s t e a d i l y  i nc reased ,  p r imar i ly  i n  response t o  t h e  development of 

techniques f o r  producing and measuring picosecond o p t i c a l  pu l se s .  

It i s  now p o s s i b l e  t o  make d i r e c t  measurements, on a picosecond 

time s c a l e ,  of phenomena such a s  i n t e rmolecu la r  and in t r amolecu la r  

l i f e t i m e s .  U t i l i z i n g  t ransform l i m i t e d  p u l s e s , 4  phase dependent 

propagat ion phenomena such a s  coherent  photon response5 and s e l f -  

induced t ransparency6 may be  s tud ied .  I n  t h e  context  of l a s e r  

fu s ion  r e sea rch ,  picosecond p u l s e  measurements provide d i a g n o s t i c  

a i d s  f o r  l a s e r  development and p u l s e  shaping systems. A s  new pu l se  

sources  and measurement techniques a r e  developed, new avenues of 

r e sea rch  appear ,  and t h i s  f i e l d  cont inues  t o  grow. 

A v a r i e t y  of techniques  e x i s t  f o r  t h e  measurement of picosecond 

o p t i c a l  pu l se s ,  i nc lud ing  a number based on l i n e a r  o r  non l inea r  

o p t i c a l  i n t e r a c t i o n s ,  and one, t h e  photoe lec t ron  s t r e a k  camera, based 

on t h e  gene ra t ion  and subsequent d e f l e c t i o n  of an  e l e c t r o n  beam. 

Bradley and ~ e w ~  have w r i t t e n  an  e x c e l l e n t  paper reviewing and com- 

par ing  t h e s e  v a r i o u s  techniques.  A s h o r t  review is  included he re  

which i l l u s t r a t e s  t h e  advantages and l i m i t a t i o n s  of t h e  v a r i o u s  meas- 

urement techniques  i n  c u r r e n t  usage. 

The f i r s t  d i r e c t  evidence of picosecond s t r u c t u r e  i n  laser p u l s e s  

came from measurements based upon second harmonic gene ra t ion  (SHG).  
8-12 



A t y p i c a l  s e tup  a s  used by Weber lo' l2 is  i l l u s t r a t e d  i n  F igu re  1. 

The beam s p l i t t e r  r o u t e s  p a r t  of t h e  incoming beam t o  each p o l a r i z e r  

where two beams of or thogonal ly  po la r i zed  l i g h t  a r e  genera ted .  

Af t e r  recombination, t h e  two beams pas s  through t h e  index matched 

Potassium Dihydrogen Phosphate (KDP) c r y s t a l  t o  induce SHG of t h e  

second kind.13 The d e t e c t o r  r ece ives  t h e  l i g h t  t h a t  has  passed 

through t h e  second harmonic f i l t e r .  SHG occurs  only  when t h e  two 

recombined beams ove r l ap  i n  t h e  KDP c r y s t a l .  To o b t a i n  a  p u l s e  

p r o f i l e ,  measurements of t h e  second harmonic power must be  made wi th  

many p u l s e s  whi le  s y s t e m a t i c a l l y  vary ing  t h e  over lap  of t h e  two 

p u l s e s  i n  t h e  KDP. Since no SHG occurs  when no ove r l ap  e x i s t s ,  t h e  

second harmonic background l i g h t  i s  zero ,  t h i s  being t h e  major advan- 

t age  of t h i s  arrangement. Also,  s i n c e  t h e  second harmonic i s  coherent  

l i g h t ,  i t  emerges from t h e  KDP i n  a  n e a r l y  p a r a l l e l  beam t h a t  i s  easy 

t o  c o l l e c t  e f f i c i e n t l y .  However, t h e  h igh  l i g h t  i n t e n s i t i e s  r equ i r ed  

and t h e  many measurements necessary  t o  o b t a i n  a  p r o f i l e  a r e  major d i s -  

advantages of t h i s  technique.  

For s i n g l e  pu l se  even t s  t h e  two photon f luo rescence  (TPF) tech- 

n ique  may be  used. Refer r ing  t o  F igure  2,  t h e  incoming beam is s p l i t  

and subsequent ly recombined i n  a  dye which f l u o r e s c e s  only  from two- 

photon abso rp t ion  of t h e  i n c i d e n t  l i g h t .  A s i n g l e  pu l se  pass ing  

through t h e  dye w i l l  gene ra t e  some background f luo rescence .  Since t h e  

i n t e n s i t y  of t h e  f luo rescence  grows a s  t h e  squa re  of t h e  i n t e n s i t y ,  a 

second p u l s e ,  of i n t e n s i t y  equal  t o  t h e  f i r s t ,  w i l l  r e s u l t  i n  f o u r  
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Figure 1. The second harmonic generation technique devised by Weber. 
The KDP produces SHG of the second kind from the two overlapping, 
orthogonally polarized beams provided from the input beam by the 
beam splitter and polarizers. Adjustment of the movable mirror 
allows pulsewidth determination. 
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Figure  2. A t y p i c a l  s e t u p  f o r  Two Photon Fluorescence.  
Fluorescence occurs  wi th  maximum i n t e n s i t y  i n  t h e  shaded 
r eg ion  where t h e  two pu l se s  over lap .  The width of t h i s  
b r i g h t  r eg ion  i n d i c a t e s  t h e  i n p u t  p u l s e  width.  



t imes t h e  i n t e n s i t y  of the  f luorescence .  A reg ion  of more i n t e n s e  

f luo rescence  then  corresponds t o  pu l se  over lap ,  and t h e  width of t h i s  

reg ion  i s  r e l a t e d  t o  s e v e r a l  c h a r a c t e r i s t i c s  of t h e  i n i t i a l  pu lse .  

Extensive s t u d i e s  of t h i s  r e l a t i o n s h i p  may b e  found i n  t h e  l i t e r a t u r e ,  

a  few of which a r e  l i s t e d  he re  f o r  r e f e rence .  12 ,  14-18 

Another technique,  t h e  o p t i c a l l y  d r iven  Kerr c e l l ,  depends upon 

t h e  o p t i c a l  Kerr effect. ' '  F igu re  3 i l l u s t r a t e s  i t s  ope ra t ion .  

I n i t i a l l y ,  no s i g n a l  l i g h t  reaches  t h e  f i l m  because of t h e  crossed 

p o l a r i z e r s .  An i n t e n s e  ga t ing  pu l se  propagat ing i n  t h e  Kerr c e l l  

r e o r i e n t s  t h e  molecules wi th  r e s p e c t  t o  t h e  o p t i c a l  e l e c t r i c  f i e l d ,  

inducing l o c a l  r e f r a c t i v e  index changes which a l t e r  t h e  p o l a r i z a t i o n  

of t h e  s i g n a l  beam a s  i t  passes  through t h a t  p o r t i o n  of t h e  medium. 

The output  p o l a r i z e r  t r ansmi t s  t h i s  l i g h t  t o  t h e  f i lm .  The r e s u l t i n g  

s p o t  sweeps ac ros s  t h e  f i l m  as t h e  ga t ing  pu l se  propagates  down t h e  

c e l l ,  and t h e  f i l m  reco rds  t h e  s p a t i a l l y  vary ing  s p o t  i n t e n s i t y ,  

which corresponds t o  t h e  s i g n a l  pu l se  i n t e n s i t y  p r o f i l e  i n  time. 

This  technique o f f e r s  t h e  advantages of low background i n t e n s i t y ,  

d i r e c t  s i g n a l  p u l s e  i n t e n s i t y  readout ,  and t h e  p o s s i b i l i t y  of measur- 

ing  low i n t e n s i t y  pu l se s .  Of course ,  a  powerful g a t i n g  pu l se  syn- 

chronized wi th  t h e  s i g n a l  pu l se  must b e  a v a i l a b l e .  Frequent ly ,  

s a t i s f a c t i o n  of t h i s  requirement  fo l lows  from t h e  d e r i v a t i o n  of bo th  

p u l s e s  from one source.  The f i r s t  experiments by Duguay and Hansen 
2  0 

employed a Kerr c e l l  u s ing  carbon d i s u l f i d e  and measured a  p u l s e  of 

8 picoseconds du ra t ion .  



Figure 3. A Kerr c e l l  s h u t t e r .  
The crossed p o l a r i z e r s  keep t h e  s i g n a l  pulse  from 
reaching the  f i l m  unless  a  ga t ing  pulse  is  present .  
Applicat ion of a gat ing  pulse  induces po la r i za t ion  
changes i n  the  s i g n a l  pulse  which permit l i g h t  t o  
be  t ransmit ted  through t h e  region of overlap of 
the  pulses .  Signal  pulse  i n t e n s i t y  v a r i a t i o n s  
i n  time then appear a s  s p a t i a l  i n t e n s i t y  v a r i a t i o n s  
along the  f i lm.  
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For low l i g h t  l e v e l  measurements without  t h e  use  of an  i n t e n s e  

g a t i n g  pu l se ,  one must use  a  photoe lec t ron  s t r e a k  camera. Other 

advantages of t h i s  instrument  i nc lude  d i r e c t  i n t e n s i t y  p r o f i l e  

readout ,  ope ra t ion  over a  wide s p e c t r a l  range,  n e a r l y  wavelength 

independent ope ra t ion  wi th in  t h i s  range,  and r e s o l u t i o n  t imes of 

one t o  t e n  picoseconds. I ts  major disadvantages stem from i t s  

l i m i t e d  i n f r a r e d  response,  extending a t  most t o  about  1.1 micrometers 

(due t o  t h e  photocathode) ,  and i t s  r e l a t i v e l y  h igh  c o s t .  Refer r ing  

t o  t h e  s i m p l i f i e d  i l l u s t r a t i o n  of F igu re  4, p a r t  of t h e  i n p u t  beam 

t r i g g e r s  t h e  sweep e l e c t r o n i c s  whi le  t h e  remainder i l l u m i n a t e s  t h e  

photocathode. The emi t ted  e l e c t r o n s  are col l imated ,  a c c e l e r a t e d ,  

and swept a c r o s s  a  phosphor t a r g e t  where a v i s i b l e  s t r e a k  image forms. 

Af t e r  i n t e n s i f i c a t i o n  by t h e  pickup camera, t h e  p u l s e  shape d a t a  i s  

ready f o r  process ing  o r  immediate d i s p l a y .  Usual ly a  wide range  of 

r e so lv ing  times a r e  provided by i n c l u s i o n  of s e v e r a l  d i f f e r e n t  sweep 

r a t e s  i n  t he  sweep c i r c u i t r y .  A range  of s e v e r a l  picoseconds t o  

hundreds of picoseconds i s  n o t  uncommon i n  commercial ins t ruments ,  

whi le  r e s o l u t i o n  times below 1 picosecond have been r epor t ed .  
21 

The preceding d e s c r i p t i o n s  of c u r r e n t  d i s p l a y  technologies  and 

t h e i r  l i m i t a t i o n s  p o i n t  o u t  t h e  l a c k  of a s t r e a k  camera capable  of 

o p e r a t i o n  wi th  low l i g h t  i n t e n s i t i e s  a t  i n f r a r e d  wavelengths w i t h  

t ime r e s o l u t i o n s  i n  t h e  picosecond range.  Considerable  e f f o r t  has  

been expended toward extending photocathode ope ra t ion  f u r t h e r  i n t o  

t h e  i n f r a r e d  s p e c t r a l  range.  This  has  r e s u l t e d  i n  u s e f u l  photo- 

ca thodes  f o r  1 .06 micrometers ( a s  needed f o r  some l a s e r  fu s ion  
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Figure 4. A photoelectron streak camera. 
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d i a g n o s t i c s ) ,  bu t  i t  w i l l  probably never extend t h e i r  u se fu lnes s  t o  

wavelengths much longer  than t h i s .  Thus, a  new technique i s  r equ i r ed  

t o  meet t h i s  need. 

Much r e s e a r c h  i n  t h i s  f i e l d  i s  devoted t o  methods of d i r e c t  

l i g h t  beam d e f l e c t i o n  by use  of t h e  l i n e a r  e l e c t r o o p t i c  e f f e c t  

exh ib i t ed  by many m a t e r i a l s .  An appl ied  e l e c t r i c  f i e l d  induces a  

change i n  r e f r a c t i v e  index which induces a  c o n t r o l l e d  p r i sma t i c  bend- 

i n g  of a  l i g h t  beam pass ing  through t h e  m a t e r i a l .  This  approach 

l e a d s  t o  a  device  such a s  t h a t  depic ted  i n  F igure  5. The incoming 

l i g h t  passes  through t h e  d e f l e c t o r ,  which sweeps t h e  beam a x i s  

through some small  angle .  The imaging l e n s e s  then  focus  t h e  l i g h t  

onto t h e  f i l m  where a  s t r e a k  i s  formed. P a r t  of t h e  incoming l i g h t  

t r i g g e r s  a  h igh  v o l t a g e  sweep c i r c u i t  i n  o rde r  t o  a c t u a t e  t h e  

d e f l e c t o r  dur ing  t h e  passage of t h e  s i g n a l .  The ope ra t ion  and out- 

pu t  of t h e  device  appear  s i m i l a r  t o  t h a t  of t h e  photoe lec t ron  s t r e a k  

camera, b u t  of course  t h e  photocathode has been removed, and t h e  

l i g h t  beam i s  now swept d i r e c t l y .  The r e s u l t i n g  dev ice  i s  capable  

of low l i g h t  l e v e l  ope ra t ion  from u l t r a v i o l e t  t o  f a r  i n f r a r e d  wave- 

l e n g t h s ,  t hus  being a b l e  t o  r e p l a c e  a l l  c u r r e n t l y  used measurement 

techniques.  

Subsequent chap te r s  of t h i s  d i s s e r t a t i o n  w i l l  add res s  a l l  a s p e c t s  

of t h e  e l e c t r o o p t i c  s t r e a k  camera. Chapter 2 develops t h e  theory  of 

t h e  s imple d e f l e c t i o n  devices  descr ibed  i n  t h e  l i t e r a t u r e  p r i o r  t o  

t h i s  r e sea rch .  Comparisons of t h e  v a r i o u s  arrangements show t h a t ,  





i n  t heo ry ,  they a r e  a l l  e s s e n t i a l l y  e q u i v a l e n t ,  each be ing  capable  

of t h e  same performance and s u b j e c t  t o  t h e  same t r a n s i t  t ime l i m i t a -  

t ions .  

Chapter 3 proposes  two new forms of d e f l e c t o r s .  These dev ices ,  

t h e o r e t i c a l l y  capable  of subpicosecond r e s o l u t i o n  times, do n o t  

e x h i b i t  t r a n s i t  t ime l i m i t a t i o n s .  Ease of c o n s t r u c t i o n  and perform- 

ance  s u p e r i o r i t y  i n d i c a t e  t h a t  t h e  m u l t i p l e  pas s  t r a v e l i n g  l e n s  

system i s  t h e  p r e f e r r e d  approach f o r  s t r e a k  camera des ign .  

Chapters  4 through 6 cover  t h e  p r a c t i c a l  problems involved i n  

demonstrat ing a  u s e f u l  system. A t  p r e s e n t ,  d i f f i c u l t i e s  i n  gener- 

a t i n g  h i g h  v o l t a g e ,  h igh  c u r r e n t ,  f a s t  r i s e t i m e  p u l s e s  prove t o  be  

t h e  major l i m i t a t i o n .  Research i n  t h i s  a r e a  i s  reviewed here .  

Chapter 7 d e s c r i b e s  t h e  s t r e a k  camera experiments  performed i n  

t h i s  work. Although they  have n o t  extended t h e  s t a t e  of t h e  a r t  i n  

terms of r e s o l v i n g  time o r  r e s o l v a b l e  s p o t s  ob t a ined ,  they r e p r e s e n t  

t h e  f i r s t  demons t ra t ions  of t h e  m u l t i p l e  pas s  t r a v e l i n g  l e n s  system 

proposed i n  Chapter  3 ,  and they  provide  conf i rmat ion  of t h e  t heo ry  

t h e r e i n .  



CHAPTER 2 

SIMPLE ELECTROOPTIC DEFLECTION TECHNIQUES 

When an e l e c t r i c  f i e l d  i s  appl ied  along p a r t i c u l a r  axes  of some 

c r y s t a l s ,  t h e i r  i n d i c e s  of r e f r a c t i o n  change. This  e l e c t r o o p t i c  

e f f e c t  has  been researched  ex tens ive ly  and exp lo i t ed  i n  many devices .  

I n  t he  l i n e a r  e l e c t r o o p t i c  e f f e c t ,  t h e  index change v a r i e s  l i n e a r l y  

wi th  app l i ed  f i e l d ,  
2 2 

no be ing  t h e  unperturbed r e f r a c t i v e  index,  r t h e  a p p r o p r i a t e  e l e c t r o -  

o p t i c  t enso r  component r e l a t i n g  t h e  e l e c t r i c  f i e l d  and o p t i c a l  po lar -  

i z a t i o n  d i r e c t i o n s ,  and E t h e  app l i ed  f i e l d .  Typ ica l ly ,  maximum An 

va lues  a r e  of  t h e  o rde r  of t o  f o r  t h e  b e s t  m a t e r i a l s  such 

a s  l i t h i u m  n i o b a t e  and potassium dideuter ium phosphate (KDDP). 

A number of beam d e f l e c t i o n  techniques  based on t h e  e l e c t r o o p t i c  

e f f e c t  a r e  i n  use,  inc luding  d e f l e c t i o n  by Bragg d i f f r a c t i o n ,  
2 3 

quadrupole induced index g r a d i e n t s , 2 4  pr isms,  25-27 e l e c t r o d e  induced 

l i n e a r  f i e l d  g rad ien t s ,28  and a  t r a v e l i n g  l e n s  design.  29-31 some of 

t h e s e  have been demonstrated i n  o p t i c a l  waveguides, 23,  27, 28 while 

t h e  remainder have been i n  bu lk  devices ;  however, each could be  

demonstrated i n  a bu lk  device.  

The quadrupole d e f l e c t o r ,  prism d e f l e c t o r ,  and l e n s  d e f l e c t o r  

have rece ived  s e r i o u s  cons ide ra t ion  f o r  s t r e a k  camera a p p l i c a t i o n s ,  

w i t h  t h e  quadrupole system d i sp l ay ing  t h e  b e s t  experimental  



performance so  f a r .  These t h r e e  systems r e c e i v e  c l o s e  a t t e n t i o n  i n  

t h i s  chapter  where i t  i s  shown they a r e  each capable  of t h e  same 

t h e o r e t i c a l  performance, wi th  some d i f f e r e n c e s  occurr ing  i n  p r a c t i c e .  

The l i t e r a t u r e  con ta ins  s e v e r a l  e x c e l l e n t  reviews of prism and 

g r a d i e n t  type  bulk  devices ,  26,  32 ,  33 
b u t  none of them cover t r a n s i t  

t ime e f f e c t s  a s  d i scussed  here .  

2 . 1  Quadrupole Gradient  Def l ec to r s  

F igure  6 shows a  quadrupole device  capable  of d e f l e c t i o n  by 

product ion of an  index g rad ien t .  A s  shown i n  Appendix 1, hyperbol ic  

e l e c t r o d e s  provide  a  l i n e a r  e l e c t r i c  f i e l d  g r a d i e n t  (F igure  6b) 

given by 

Also n  = n  - bE, so  t h a t  anlay = baE/ay s p e c i f i e s  t h e  r e s u l t i n g  
0 

index g rad ien t .  The d e f l e c t i o n  ang le  may b e  found by no t ing  t h a t  

t h e  r a d i u s  of cu rva tu re  of a  l i g h t  pa th  i n  a  medium w i t h  a  cons t an t  

index g r a d i e n t  i s  34 

and t h e  approximate d e f l e c t i o n  ang le  i s  then  

be fo re  e x i t  from t h e  c r y s t a l .  Applying S n e l l ' s  law a t  t h e  c r y s t a l  

t o  a i r  e x i t  i n t e r f a c e  g i v e s  t h e  e x t e r n a l  d e f l e c t i o n  ang le  



Figure  6. a )  The b a s i c  quadrupole d e f l e c t o r  arrangement. 
Hyperbolic e l e c t r o d e s  induce a l i n e a r  f i e l d  
g r a d i e n t  (b) which may be used t o  d e f l e c t  a  
l i g h t  beam. 



An a l t e r n a t i v e  and more gene ra l  technique f o r  de te rmina t ion  of t h e  

d e f l e c t i o n  ang le  t akes  n o t e  of t he  f a c t  t h a t  t h e  pa th  l eng th  change 

a t  t h e  edge of t h e  beam i s  given by 

w h i l e  a t  t h e  c e n t e r  of t h e  beam i t  i s  g iven  by Ap = 0,  and hence t h e  

d e f l e c t i o n  ang le  i s  

f o r  a  beam of r a d i u s  w. 35 The use fu lnes s  of t h i s  d e f l e c t o r  i s  

determined by t h e  number of r e s o l v a b l e  s p o t s  a s  def ined  by 

where B = 2Xlnw is t h e  f u l l  angular  divergence of t h e  Gaussian beam 

determined by t h e  l / e 2  i n t e n s i t y  p o i n t s  of t h e  f a r  f i e l d  p a t t e r n ,  36 

and where w is  aga in  t h e  beam r a d i u s  i n  t h e  c r y s t a l .  

Equation (2.8) g ives  t h e  d.c .  (low speed) d e f l e c t i o n  formula. 

For h igh  d e f l e c t i o n  r a t e s  i t  becomes necessary  t o  i nc lude  t h e  e f f e c t s  

of t h e  changing f i e l d  t h a t  t h e  l i g h t  encounters  as i t  propagates  

through t h e  c r y s t a l .  For a  v o l t a g e  inc reas ing  l i n e a r l y  w i t h  t ime,  

t h e  f i e l d  a t  any p o i n t  i n  t h e  c r y s t a l  i s  a  f u n c t i o n  of t ime and 

p o s i t i o n .  I n t e g r a t i n g  An over  t h e  l eng th  of t h e  c r y s t a l  then  g ives  



t h e  t o t a l  p a t h  l eng th  change. With t being t h e  ramp t ime ,  t the  
0 

time a t  which l i g h t  e n t e r s  t h e  c r y s t a l  r e l a t i v e  t o  t h e  s t a r t  of t h e  

ramp, and x  t h e  d i s t a n c e  t r ave l ed  by t h e  l i g h t  i n t o  t h e  c r y s t a l ,  we 

have 

V = Vo(t + n o x / c ) / t 0  f o r  t + noR/c - < t and 0  < x < R (2 .9)  
0 - - 

where t h e  t ime c o n s t r a i n t  i n s u r e s  t h e  vo l t age  w i l l  be r i s i n g  dur ing  

t h e  e n t i r e  i n t e r a c t i o n  time. The corresponding pa th  l eng th  change, 

d e f l e c t i o n  ang le ,  and number of r e s o l v a b l e  s p o t s  a s  f u n c t i o n s  of 

t ime a r e  then: 

One f i n a l  q u a n t i t y  of i n t e r e s t  is  t h e  r e so lv ing  time, which may be 

def ined  as t h e  time requi red  f o r  t h e  beam t o  sweep a c r o s s  each s p o t ,  

i . e . ,  

T~ = l / (dN/dt )  = ~ ~ 1 t ~ / n b ~ ~ R w  . 

- to - n l l c ,  i s  The number of s p o t s  i n  t h e  usable  ramp time, t - 
U 

obta ined  by s u b s t i t u t i n g  t f o r  t i n  Equation (2.10) g iv ing  
iJ 



To minimize tR, t h e  ramp time t must be a s  smal l  a s  p o s s i b l e ,  
0 

whereas t h e  maximum number of s p o t s  r e q u i r e s  t l a r g e .  This  t r adeo f f  
0 

always occurs  when cons ider ing  t r a n s i t  time e f f e c t s .  For f i x e d  to 

t h e  maximum number of s p o t s  occurs  when R = c t  /2n g iv ing  
0 

For p r a c t i c a l  d e f l e c t o r s  t h e  capac i tance  of t h e  device  i s  a l s o  

of i n t e r e s t .  A s  shown i n  Appendix 1 t h i s  i s  given by 

when t h e  o p t i c  a x i s  of a  u n i a x i a l  m a t e r i a l  i s  along e i t h e r  t h e  y  o r  

z axes  shown i n  F igu re  6a. Here, E is  t h e  p e r m i t t i v i t y  of t h e  vacuum, 
0 

and €11 and EL a r e  t h e  r e l a t i v e  d i e l e c t r i c  cons t an t s  f o r  an e l e c t r i c  

f i e l d  p a r a l l e l  and perpendicular  t o  t h e  c r y s t a l  o p t i c  a x i s .  

Using t h i s  arrangement  rel land^^ has demonstrated a r e s o l u t i o n  

t ime of 20 picoseconds i n  a p r a c t i c a l  device  wi thout  compensating f o r  

t h e  o p t i c a l  t r a n s i t  t ime. This  r e p r e s e n t s  t h e  b e s t  r e s o l u t i o n  

obta ined  t o  d a t e  by a n  e l e c t r o o p t i c  s t r e a k  camera. 

2 .2  Prism D e f l e c t o r s  

Prism type  d e f l e c t o r s  were suggested almost a s  early3'  as 

quadrupole d e f l e c t o r s ,  and they  have rece ived  cons iderably  more 



a t t e n t i o n .  Lee and 2ookZ6 published an e x c e l l e n t  review of prism 

techniques  which covers  n e a r l y  a l l  a s p e c t s  of t h e i r  des ign  and use ;  

they  d i d  no t ,  however, cons ider  t r a n s i t  t ime e f f e c t s .  These e f f e c t s  

i n  prism systems have been analyzed and d iscussed  i n  conjunct ion w i t h  

t h e  r e sea rch  being descr ibed  i n  t h i s  d i ~ s e r t a t i o n . ~ '  The most 

impressive low speed demonstrat ion of t h e  pr ism d e f l e c t i o n  technique 

was accomplished by ~ e a s l e ~ ~ ~  who b u i l t  a  pro to type  t e l e v i s i o n  pro- 

j e c t i o n  system us ing  e l e c t r o o p t i c  scanning of a  l a s e r  beam. He 

obta ined  s e v e r a l  hundred r e s o l v a b l e  spot  p o s i t i o n s ,  a  very  excep t iona l  

r e s u l t .  

A simple prism d e f l e c t o r  is  i l l u s t r a t e d  i n  F igure  7. I t  c o n s i s t s  

of two r i g h t  ang le  pr isms sandwiched between e l e c t r o d e s  on top  and 

bottom. The c r y s t a l  axes  of t h e  prism m a t e r i a l  a r e  o r i e n t e d  s o  t h a t  

a p p l i c a t i o n  of a  p o t e n t i a l ,  Vo, t o  t h e  e l e c t r o d e s  decreases  t h e  index 

of r e f r a c t i o n  of t h e  f i r s t  prism and i n c r e a s e s  t h a t  of t h e  second prism 

f o r  l i g h t  of a g iven  p o l a r i z a t i o n .  

The ang le  through which t h e  l i g h t  beam is d e f l e c t e d  by a  s t a t i c  

f i e l d  is  e a s i l y  found by applying S n e l l f s  law a t  t h e  i n t e r f a c e  of t h e  

pr isms.  Th i s  y i e l d s  

provided An << no and 0 << 1. To determine t h e  device  cha rac t e r -  

i s t i c s  when a  t ime vary ing  f i e l d  is  app l i ed ,  we aga in  apply t h e  

technique of computing t h e  induced pa th  l e n g t h  changes. Refer r ing  t o  



LIGHT 

Figure  7 .  The b a s i c  two-prism d e f l e c t o r .  
The symbols 43 and @ i n d i c a t e  t h a t  t h e  c r y s t a l l o g r a p h i c  
c-axes of t h e  l i t h i u m  n ioba te  c r y s t a l s  a r e  o r i en t ed  i n  t h e  
nega t ive  and p o s i t i v e  z d i r e c t i o n s  r e s p e c t i v e l y .  The 
e l e c t r i c  f i e l d  is i n  t h e  +z d i r e c t i o n .  The d i r e c t i o n s  of 
t h e  x  and y  axes  of t he  r i g h t  handed coord ina te  systems 
are a l s o  ind ica t ed .  



t h e  coord ina te  system of F igure  7 ,  t h e  pa th  l eng th  change f o r  r ays  

a t  y  = ?w i s  j u s t  TLAn/wro, and t h e  r e s u l t i n g  wavefront t i l t  o r  

d e f l e c t i o n  ang le  i s  €I = LAn/wno a s  before .  

Next, we cons ider  t h e  e f f e c t  of an app l i ed  vo l t age  ramp, 

on t h e  l i g h t  beam. The induced p a t h  l eng th  change f o r  a  r ay  which 

e n t e r s  t h e  f i r s t  prism a t  y  a t  t ime t and l e a v e s  t h e  second prism 

a t  t ime t + noR/c is  

wi th  u  = ( 1  + y/w)L/2 being t h e  a b s c i s s a  of t h e  p o i n t  where t h e  r ay  

c r o s s e s  t h e  i n t e r f a c e  between t h e  two prisms. S u b s t i t u t i n g  f o r  V{t) 

from (2.16) and i n t e g r a t i n g  y i e l d s  

provided t i s  r e s t r i c t e d  t o  t h e  i n t e r v a l  0 < t < to - noR/c. 



The f i r s t  t h r e e  terms i n  (2.18) a r e  time independent.  The f i r s t  

corresponds t o  a  s t a t i c  de lay  of t h e  wavefront due t o  t he  f a c t  t h a t  

t h e  beam passes  f i r s t  through a  lower and then a  h igher  index 

m a t e r i a l  whi le  t he  magnitude of t h e  index d i f f e r e n c e  i s  inc reas ing .  

The second term i s  l i n e a r  i n  t h e  t r a n s v e r s e  coo rd ina t e ,  y ,  and 

r e p r e s e n t s  a  s t a t i c  wedge, whi le  t h e  t h i r d  term i s  q u a d r a t i c  and 

r e p r e s e n t s  a  l e n s  whose f o c a l  l e n g t h ,  i n  t h e  p a r a x i a l  approximation, 

i s  f  = Thi s  focus ing  e f f e c t ,  whi le  a t  f i r s t  s i g h t  

s u r p r i s i n g ,  i s  r e a d i l y  understood by a  r a y  t r a c i n g  argument i l l u s -  

t r a t e d  i n  F igure  7 .  Consider t h e  t h r e e  r ays  i nd ica t ed .  Each fo l lows  

a  s t r a i g h t  l i n e  up t o  t h e  i n t e r f a c e  between t h e  two prisms and aga in  

between the  i n t e r f a c e  and t h e  e x i t  from t h e  second prism, b u t  a t  t h e  

i n t e r f a c e ,  r a y s  1, 2, and 3 a r e  d e f l e c t e d  through p rog res s ive ly  

l a r g e r  ang le s  s i n c e  the  index d i f f e r e n c e  i s  inc reas ing  w i t h  t ime and 

t h e  r a y s  reach  t h e  i n t e r f a c e  a t  p rog res s ive ly  l a t e r  t imes.  The 

d e f l e c t i o n  angle  v a r i e s  l i n e a r l y  a c r o s s  t h e  beam, and t h e  e f f e c t  is  

t h e  same a s  a  wedge p l u s  l e n s  combination. The focus ing  e f f e c t  can 

be compensated f o r  w i th  a u x i l i a r y  o p t i c s .  

The l a s t  term i n  Equation (2.18) r e p r e s e n t s  a  d e f l e c t i o n  which 

i n c r e a s e s  l i n e a r l y  w i th  t ime over  t h e  i n t e r v a l  0 < t 5 to - noR/c. 

The d e f l e c t i o n  a n g l e  f o r  a  beam e n t e r i n g  t h e  f i r s t  prism a t  t ime t 

i s  then  



where the  second term i s  due t o  t h e  s t a t i c  wedge d iscussed  above. 

The angular  range of t h e  d e f l e c t i o n  which occurs  w i t h i n  t h e  usab le  

time i n t e r v a l ,  0 - < t - < to - noQ/c,  i s  

During t h e  time i n t e r v a l s  -n Q l c  < t < 0 and to - n o i / c  < t < t 
0 0 

d i f f e r e n t  p a r t s  of t h e  beam a r e  d e f l e c t e d  through d i f f e r e n t  ang le s  

i n t roduc ing  seve re  a b e r r a t i o n s  which cannot be r e a d i l y  co r r ec t ed .  

A s  w i t h  t h e  quadrupole d e f l e c t o r  t h e  use fu lnes s  of t h i s  device  

i s  determined by t h e  number of r e so lvab le  spo t  p o s i t i o n s  t r ave r sed  

dur ing  t h e  sweep. For smal l  d e f l e c t i o n  ang le s  t h i s  is  given by 

N = 0 / B  where B  i s  aga in  t h e  f u l l  angu la r  beam divergence,  m 

B  = 2h/nnow. However, f o r  l a r g e r  d e f l e c t i o n s ,  t h e  beam w i l l  h i t  t h e  

s i d e s  of t h e  device  un le s s  proper  e x t e r n a l  focus ing  i s  employed. Lee 

and ~ o o k ~ ~  have t r e a t e d  t h i s  geometr ica l  c o n s t r a i n t ,  and they f i n d  

t h a t  t h e  optimum f-number of t h e  beam is  2/0  . This  reduces t h e  
m 

number of r e s o l v a b l e  s p o t s  somewhat and t h e  c o r r e c t  formula becomes 

Th i s  formula may be  used f o r  any device  i n  which t h e  d e f l e c t i o n  

appears  t o  o r i g i n a t e  a t  a  p o i n t  halfway between t h e  e n t r y  and e x i t  

f a c e s  of t h e  device .  Reference t o  t h i s  formula w i l l  be  made i n  a 

l a t e r  s e c t i o n .  S u b s t i t u t i n g  Om a s  g iven  i n  (2.20) y i e l d s  



This i s  a  maximum when w i s  l a r g e ,  i n  which case 

The minimum resolvable  time, T, i s  j u s t  the  usable time i n t e r v a l ,  

to - n  L/c, divided by N, which gives 
0 

A s  wi th  the  quadrupole arrangement the  maximum number of spo t s  

occurs f o r  2  = cto/2no yie ld ing 

A number of o the r  prism arrangements have been described i n  the  

l i t e r a t u r e .  259 2 6 y  32y 39 Analysis along the  l i n e s  given here  shows 

them a l l  t o  be e s s e n t i a l l y  equivalent  t o  a  s i n g l e  prism of length  2 ' ,  

L '  being the  t o t a l  i n t e r a c t i o n  length  of t h e  l i g h t  and the  a c t i v e  

ma te r i a l .  Their  main advantage i s  a  p r a c t i c a l  one: they e x h i b i t  l e s s  

capacitance than t h e  equivalent  s i n g l e  prism device. For a  simple 

p a r a l l e l  p l a t e  capaci tor  the  capacitance i s  given by 



2.3 Trave l ing  Lens Def l ec to r  

The t r a v e l i n g  l e n s  d e f l e c t o r  i s  a  r e c e n t  development i n  t h e  

f i e l d  of e l e c t r o o p t i c  d e f l e c t i o n ,  being o r i g i n a l l y  proposed i n  

1976 .~ '  It has rece ived  l i t t l e  a t t e n t i o n  o t h e r  than  t h a t  g iven  i n  

t h i s  d i s s e r t a t i o n  and r e l a t e d  p u b l i c a t i o n s ;  30, 31 however, i t  shows 

cons ide rab le  promise i n  s t r e a k  camera a p p l i c a t i o n s .  

F igure  8 i l l u s t r a t e s  t he  t r a v e l i n g  l e n s  d e f l e c t o r .  A pa rabo l i c  

v o l t a g e  p u l s e  propagat ing i n  t h e  y  d i r e c t i o n  forms a l e n s  which 

focuses  t h e  l i g h t  beam a s  i t  passes  through t h e  c r y s t a l  i n  t h e  x  

d i r e c t i o n .  The f o c a l  spot  i s  then  c a r r i e d  along wi th  t h e  l e n s ,  

e f f e c t i v e l y  gene ra t ing  d e f l e c t i o n .  

For a  p a r a b o l i c  vo l t age  pu l se  of width 2Y1 i n  t h e  c r y s t a l ,  

an  index change of 

occurs .  The induced pa th  l e n g t h  d i f f e r e n c e  due t o  t h i s  d i s tu rbance  

f o r  a r a y  e n t e r i n g  t h e  c r y s t a l  a t  y  a t  t ime t i s  



- 
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Figure  8. The t r a v e l i n g  l e n s  d e f l e c t o r .  
The pa rabo l i c  v o l t a g e  pu l se  induces a  l e n s  whose 
focus  moves a s  t h e  p u l s e  propagates  down t h e  
waveguide. 



This  i s  quadra t i c  i n  y and corresponds t o  a  cy l inde r  l e n s  moving down 

t h e  guide w i t h  speed c / 6  whose c e n t e r  i s  n R / &  behind t h e  peak of 
0 

t h e  v o l t a g e  pulse .  The f o c a l  l e n g t h  of t h i s  induced c y l i n d e r  l e n s  i s ,  

i n  t h e  p a r a x i a l  approximation, 

It can focus  an  i n i t i a l l y  p lane  Gaussian beam of h a l f  width w t o  a  

beam of ha l fwid th  

The f o c a l  s p o t  produced by t h i s  l e n s  t r a n s l a t e s  a t  t h e  same 

speed a s  t h e  e l e c t r i c a l  p u l s e  i n  t h e  wave guide ,  c/&, which means 

t h a t  t h e  t ime f o r  t h e  focused beam t o  t r a v e r s e  one s p o t  width,  i . e .  

t h e  r e s o l v i n g  time, i s  



The o p t i c a l  s i g n a l  w i l l  be  p rope r ly  focused and d isp layed  only  

i f  t h e r e  i s  complete ove r l ap  w i t h  t h e  v o l t a g e  pu l se .  The d u r a t i o n  of 

t h e  v o l t a g e  p u l s e  is  2y1&/c, and t h e  t r a n s i t  t i m e  f o r  l i g h t  i n  t h e  

c r y s t a l  is  n  R/c. Thus t h e r e  i s  co inc idence  f o r  times 0 ~t < t l  w i t h  
0 - 

t 1  g iven  by 

The number of s p o t  wid ths  swept i n  t h i s  t ime,  t h e  number of 

r e s o l v a b l e  s p o t s ,  i s  

Maximizing t h i s  w i th  r e s p e c t  t o  w  g i v e s  2w = Y1 - n o 2 / 2 G  and then  

F i n a l l y ,  d e f i n i n g  t h e  v o l t a g e  t i m e  d u r a t i o n  i n  terms of t t h e  t ime 
0 ' 

r equ i r ed  t o  reach  maximum vo l t age ,  g i v e s  Y1 = c t o / &  and 



In practical applications the stripline impedance is important and 

is given by 4  0 

for striplines having R > d. When R >> d this simplifies to 

2 . 4  Comparisons 

To compare the various configurations, a few assumptions must be 

made to cast the formulae into similar forms. For the quadrupole 

case, assuming that w = R and requiring that the internal field 

never exceed the material dielectric field strength 2Vo/R = Em, 

Equations (2.12) and (2.11) then show 

For the prism case one can assume V /d = E and use Equations (2.23) 
0 m 

and ( 2 . 2 4 )  to derive 



F i n a l l y ,  w i t h  Vo/d = Em Equations ( 2 . 3 6 )  l e ad  t o  t h e  corresponding 

l e n s  formulae 

For t h e  usua l  case  of to >> nok/c,  t h e  l e n s  equat ions  approach t h e  

preceding equat ions  f o r  t h e  quadrupole and prism d e f l e c t o r s .  Note 

t h a t  s e t t i n g  2w = Y1 i n  Equat ions ( 2 . 3 2 )  and ( 2 . 3 4 )  f o r  t h e  l e n s  

r a t h e r  than  t h e  optimum va lue  of w  r e s u l t s  i n  

A l l  t h r e e  dev ices  have i d e n t i c a l  c h a r a c t e r i s t i c s  under t h e s e  condi- 

t i o n s .  Thus, f o r  s imple d e f l e c t o r s  t h e  number of s p o t s  and t h e  

r e so lv ing  t ime a r e  a  func t ion  of t h e  i n t e r a c t i o n  l eng th ,  v o l t a g e  ramp 

time, and v a r i o u s  m a t e r i a l  parameters .  



Having demonstrated t h e  o p e r a t i o n a l  e q u a l i t y  of t h e s e  dev ices ,  

another  po in t  of comparison is t h e  volume of m a t e r i a l  r equ i r ed  t o  

produce the  s p e c i f i e d  c h a r a c t e r i s t i c s .  The independent v a r i a b l e s  

f o r  volume de termina t ion  a r e  k ,  toy Vo,  and Em (E f r equen t ly  i s  m 

determined by f a c t o r s  o t h e r  than d i e l e c t r i c  breakdown s t r e n g t h ) .  

For t h e  quadrupole d e f l e c t o r ,  R i s  l i m i t e d  by Em t o  R = 2V /E o m 

g iv ing  an approximate volume of V = ~ ( 2 ~ 1 ~  = E ( ~ v ~ / E ~ ) ~ .  For t h e  
q  

l e n s  system d  i s  given by d  = v ~ / E ~ ,  and t h e  r equ i r ed  c r y s t a l  width 

i s  g iven  by 2w = Y1 = c t  /&. Then V k  = Ylkd = c t o k ~ o / ~ m ~  i s  t h e  
0 

r equ i r ed  volume. The prism d e f l e c t o r  p r e s e n t s  a  more d i f f i c u l t  

c a l c u l a t i o n .  A s  w i t h  t h e  l e n s  system d  = V /Ern; however, t h e  
0 

width,  2w, is governed by two c o n s t r a i n t s .  The f i r s t  i s  w >> emk/8 

a s  r equ i r ed  i n  t h e  o p e r a t i o n a l  comparison, and the  second i s  Om << 1 

a s  r equ i r ed  i n  t h e  o r i g i n a l  d e r i v a t i o n .  These cond i t i ons  can u s u a l l y  

be s a t i s f i e d  by r e q u i r i n g  2w - > d. 

Table 1 summarizes t h e s e  r e s u l t s .  The prism system always 

r e q u i r e s  less volume than  t h e  quadrupole system. T h i s  i s  due t o  t h e  

nonuniform f i e l d  and t h e  requirement t h a t  v o l t a g e s  of p l u s  and minus V 

must be app l i ed  i n  t h e  quadrupole case .  I f  Y1 >> d i s  r equ i r ed  f o r  

t h e  l e n s  ( a  p r a c t i c a l  c o n s t r a i n t  normally) ,  then  t h e  l e n s  volume i s  

always g r e a t e r  than  o r  equal  t o  t h e  prism volume and w i l l  u s u a l l y  be  

much l a r g e r .  Thus, t h e  prism d e f l e c t o r  u s u a l l y  r e q u i r e s  cons iderably  

l e s s  m a t e r i a l  t o  o b t a i n  a given s e t  of performance c h a r a c t e r i s t i c s  

than  e i t h e r  t h e  l e n s  o r  quadrupole systems. 



TABLE 1 

SIMPLE DEFLECTOR VOLUME COMPARISONS 

Length Width 

- 

Height  Vo lume 

Quadrupole  
D e f l e c t o r  

P r i sm 
D e f l e c t o r  

Lens 
D e f l e c t o r  



Since t h e  most important p r a c t i c a l  l i m i t a t i o n  i n  us ing  these  

devices  i s  t h e  pu l se  gene ra to r ,  t h e  capac i tance  and impedance of 

t hese  devices  a r e  a l s o  of importance. From Equat ions (2.39) - (2.42) 

t h e  number of s p o t s  pe r  u n i t  l eng th  is  given approximately by 

f o r  t he  common case  of t >> noR/c. For t he  quadrupole system t h e  
0 

capac i tance  pe r  u n i t  l eng th ,  given by Equation (2.14) ,  may be  used t o  

o b t a i n  t h e  capac i tance  per  spo t  

S imi l a r ly ,  f o r  t h e  prism systems 

P r a c t i c a l  pr isms u s u a l l y  r e q u i r e  2w/d >> 1. Consequently, f o r  most 

m a t e r i a l s  t h e  quadrupole system w i l l  e n t a i l  l e s s  capac i tance  per  s p o t  

than  t h e  pr ism system. 

Comparison w i t h  t h e  t r a v e l i n g  l e n s  system is  more d i f f i c u l t  and 

w i l l  n o t  be  done he re .  Since t h e  t r a v e l i n g  l e n s  system u s u a l l y  

r e q u i r e s  much more m a t e r i a l  than  t h e  quadrupole o r  prism systems, t h e  

l a t t e r  would normally be p r e f e r a b l e .  

Before l eav ing  t h e  t o p i c  of s imple lumped d e f l e c t i o n  systems, 

one f i n a l  l i m i t a t i o n  of t h e s e  dev ices  r e q u i r e s  some emphasis. A s  

d i s cussed  e a r l i e r  a t r adeo f f  always e x i s t s  between t h e  number of s p o t s  
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ob ta inab le  and t h e  r e so lv ing  time. When to i s  a s  smal l  a s  p o s s i b l e  

t h e  b e s t  r e s o l u t i o n  time is  obta ined .  However, t must exceed t h e  
0 

t r a n s i t  t ime, Rnlc. Thus, t h e  b e s t  r e s o l u t i o n  time (corresponding 

t o  t h e  c a s e  of zero s p o t s )  occurs  f o r  t = R&/c g iv ing  t h e  r e s u l t  
0 

which is  dependent on ly  upon t h e  m a t e r i a l  chosen and t h e  wavelength. 

For A = l u m  and Em = 107v/m, we have 

f o r  LiNb03 : n  = 2.2, r = 3 0 . 8  x 10-12m/v, € 1 1  = 26.4, 
0 

and T~~ = 2.8  ps  

and f o r  KDDP : n  = 1.5 ,  r = 23.6 x 1 0 - ' ~ m / v ,  € 1  = 48, 
0 

and T = 7.9  p s .  Rm (2.47) 

Conventional photoe lec t ron  s t r e a k  cameras o f f e r  picosecond 

r e s o l u t i o n  w i t h  25 t o  100 s p o t s  r e s o l u t i o n .  Therefore ,  no s imple 

e l e c t r o o p t i c  d e f l e c t i o n  system is  l i k e l y  t o  r e p l a c e  them i n  t h e  

s p e c t r a l  r eg ion  of X < l u m  on t h e  b a s i s  of performance a lone ,  a l though 

t h e r e  may be v a l i d  economic reasons  f o r  us ing  e l e c t r o o p t i c  dev ices ,  

Since t h e  e l e c t r o o p t i c  d e f l e c t o r  r e s o l u t i o n  d e t e r i o r a t e s  f o r  longer  

wavelengths,  t h e s e  simple d e f l e c t o r s  do no t  show g r e a t  promise i n  

t h e  i n f r a r e d  r eg ion  e i t h e r .  These r e s u l t s  a r e  due t o  t h e  l i m i t a t i o n  

imposed by t r a n s i t  t ime of t h e  l i g h t  through t h e  c r y s t a l .  The next  

s e v e r a l  s e c t i o n s  d e a l  w i th  a method of overcoming t h i s  l i m i t a t i o n .  



CHAPTER 3 

DEFLECTION SYSTEMS WITHOUT TRANSIT TIME LIMITATIONS 

The p r e v i o u s  c h a p t e r  d e a l t  w i t h  s imple  d e f l e c t i o n  systems a l l  

of  which were  s u b j e c t  t o  t r a n s i t  t ime  l i m i t a t i o n s .  I n  t h i s  c h a p t e r  

we examine systems which perform w i t h o u t  t h i s  l i m i t a t i o n .  By 

p l a c i n g  a  s e r i e s  o f  s i m p l e  d e f l e c t o r s  s i d e  by s i d e ,  a s t r i p  t r a n s -  

m i s s i o n  l i n e  may b e  c o n s t r u c t e d .  The a r rangements  f o r  t h e  p r i sm 

and l e n s  d e v i c e s  a r e  i l l u s t r a t e d  i n  F i g u r e s  9 and 1 0 .  The v o l t a g e  

p u l s e  p r o p a g a t e s  down t h e  l i n e  w h i l e  t h e  l i g h t  beam t r a v e r s e s  back 

and f o r t h  a c r o s s  t h e  l i n e .  The dimensions  a r e  chosen t o  m a i n t a i n  

synchronism between t h e  v o l t a g e  p u l s e  and l i g h t  p u l s e  t o  a l l o w  many 

i n t e r a c t i o n s  o f  t h e  two. By choosing t h e  c o r r e c t  a n g l e  of c r o s s i n g  

f o r  t h e  l e n s  sys tem e x a c t  synchronism can b e  m a i n t a i n e d  and no 

t r a n s i t  t ime  e f f e c t  o c c u r s .  For t h e  p r i sm arrangement  a  s m a l l  t r a n s i t  

t i m e  e f f e c t  due  t o  one p a s s  th rough  t h e  l i n e  ( s imple  p r i sm e f f e c t )  

o c c u r s ,  b u t  i t  i s  q u i t e  small. 

A s i n g l e  p a s s  t r a v e l i n g  l e n s  d e f l e c t o r  can b e  c o n s t r u c t e d  which 

i s  f r e e  o f  t r a n s i t  t i n e  e f f e c t s .  By a d j u s t i n g  t h e  a n g l e  of i n c i d e n c e  

i n  t h e  s i m p l e  l e n s  d e f l e c t o r ,  t h e  l i g h t  and v o l t a g e  p u l s e s  can b e  prop- 

a g a t e d  w i t h  e x a c t  synchronism,  t h e r e b y  e l i m i n a t i n g  t r a n s i t  t i n e  e f f e c t s .  

The i n t e r a c t i o n  l e n g t h  may t h e n  b e  i n c r e a s e d  f a r  beyond t h e  r e s t r i c t i o n  

imposed by t r a n s i t  t i n e .  P r a c t i c a l  problems i n v o l v i n g  t h e  s t r i p l i n e  

impedance and r e q u i r e d  v o l t a g e  p u l s e  s o u r c e ,  however, l i m i t  t h e  
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Figure  10 .  The i t e r a t e d  t r a v e l i n g  l e n s  d e f l e c t o r .  
The ang le  8 1  = a r c s i n  (n/&) i s  such t h a t  a  po in t  
on t h e  o p t i c a l  wavefront main ta ins  exac t  coincidence 
wi th  t h e  same po in t  on t h e  e l e c t r i c a l  waveform The 
space between t h e  edges of t h e  s t r i p l i n e  and t h e  
m i r r o r s  i s  f i l l e d  wi th  an index matching substance.  



use fu lnes s  of  t h i s  arrangement. For completeness i t  i s  analyzed a t  

t h e  end of t h i s  chap te r .  

3.1 Mul t ip l e  Prism System 

Before cons ider ing  m u l t i p l e  prism systems i n  d e t a i l  we must 

modify t h e  a n a l y s i s  of t h e  s imple prism d e f l e c t o r  g iven  i n  Chapter 2 

t o  inc lude  t h e  e f f e c t s  of a  vo l t age  ramp moving a c r o s s  t h e  prism due 

t o  i t s  i n c l u s i o n  i n  t h e  s t r i p l i n e  s t r u c t u r e .  The a n a l y s i s  fo l lows  

t h e  previous  one c l o s e l y .  Re fe r r ing  t o  F igure  11, t h e  v o l t a g e  is  

uniform i n  t h e  d i r e c t i o n  of l i g h t  propagat ion a t  any given i n s t a n t  

bu t  i s  a  l i n e a r  ramp i n  t h e  d i r e c t i o n  of t h e  waveguide a x i s ,  t h e  

y  d i r e c t i o n .  The performance of t h e  s t r i p l i n e  prism d e f l e c t o r  may 

be  r e a d i l y  determined by t h e  pa th  l eng th  techniques of t h e  previous  

chap te r .  The time o r i g i n  is  chosen s o  t h a t  t h e  vo l t age  ramp i s  

p re sen t  i n  t h e  prisms a t  t = 0 

with  Yo = c t  I&, t being t h e  d u r a t i o n  of t h e  v o l t a g e  ramp. Then, 
0 0 

t h e  induced pa th  l e n g t h  change f o r  a  r ay  e n t e r i n g  a t  (0 ,y)  a t  t ime t 

becomes 





where, a s  w i th  t h e  s imple prism d e f l e c t o r ,  u  = k ( l  + u/w)/2. On i n t e -  

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

The f i r s t  t h r e e  terms r ep resen t  a  s t a t i c  de lay ,  wedge, and c y l i n d e r  

l e n s  r e s p e c t i v e l y ,  s i m i l a r  t o  those  occu r r ing  i n  t h e  s imple prism. 

The l a s t  term i s  a  wedge vary ing  l i n e a r l y  i n  time r ep resen t ing  a n  

angular  d e f l e c t i o n  of 

The maximum va lue  of t f o r  which t h e  o p t i c a l  and e l e c t r i c a l  f i e l d s  

over lap  i s  

and t h e  corresponding d e f l e c t i o n  ang le  i s  

Turning now t o  the  m u l t i p l e  prism arrangement shown i n  F i g u r e  9: 

we s e e  t h a t  t h e  t ime r equ i r ed  f o r  t h e  e l e c t r i c a l  pu l se  t o  move from 

one prism t o  t h e  nex t  i s  2wJFlc whi le  t h e  t ime r equ i r ed  f o r  t h e  l i g h t  

i s  Rn/c i n  t h e  s t r i p l i n e  p l u s  4wn/c i n  t h e  e x t e r n a l  pr isms.  Synchron- 

i z a t i o n  occurs  when these  a r e  equal ,  l e ad ing  t o  t h e  cond i t i on  



Since the  incrementa l  d e f l e c t i o n  due t o  each u n i t  i s  sma l l ,  

t he  t o t a l  angular  d e f l e c t i o n ,  $m, is j u s t  kgm f o r  k u n i t s ,  wi th  Bm 

given by Equation (3.6)  and wi th  R g iven  by Equation (3 .7) ,  t hus  

The t o t a l  l e n g t h  of t h e  o p t i c a l  pa th  is  k ( c l n o ) ( 2 w ~ / c )  = 2kwG/no. 

S u b s t i t u t i n g  t h i s  va lue  f o r  2 i n  Equation (2.21) along wi th  $m of 

Equation (3.8)  f o r  em, we o b t a i n  f o r  t h e  number of r e s o l v a b l e  s p o t s  

and a  t ime r e s o l u t i o n  of 

Equat ions (3.9)  and (3.10) d e s c r i b e  t h e  important  c h a r a c t e r i s t i c s  

of t h e  m u l t i p l e  pr ism system. I n  s t r e a k  camera a p p l i c a t i o n s  i t  i s  

d e s i r a b l e  t o  o b t a i n  t h e  maximum number of s p o t s  p o s s i b l e  g iven  a  

p a r t i c u l a r  v o l t a g e  r i s e t i m e ,  and two l i m i t i n g  cases  a r e  of s p e c i a l  

i n t e r e s t :  t hose  where t h e  number of pr isms,  k,  i s  smal l  ( a s  may be  

r equ i r ed  f o r  economic r easons ) ;  and those  where t h e  number of prisms 



has  i t s  optimum value .  For smal l  k t h e  term i n  b racke t s  i s  approxi- 

mately one and Equations (3.9) and (3.10)  s imp l i fy  t o  

Maximizing t h e  number of r e so lvab le  s p o t s ,  N ,  wi th  r e s p e c t  t o  t h e  

prism ha l fwid th ,  w ,  l e a d s  t o  

For l i t h i u m  n i o b a t e  a t  one micrometer and a f i e l d  of l o 7  ~ / m  (E = 26.4, 

no = 2.2, b = 1 . 6  x 10- lo  n / V ) ,  t h e s e  g ive :  

-r = (50/k) picoseconds;  N = 1 0  k t o  s p o t s ;  w = 1.28 to cm; 

and R = 0.856 to cm. (3.13) 

w i t h  t i n  nanoseconds. 
0 

These equa t ions  show t h a t  t h e  number of r e s o l v a b l e  s p o t s  i s  pro- 

p o r t i o n a l  t o  t h e  number of pr ism s e c t i o n s  a s  we would expec t .  I n  

a d d i t i o n ,  t h e  pr ism dimensions s c a l e  w i th  t h e  v o l t a g e  ramp time 

( through Yo) a s  does t h e  number of r e s o l v a b l e  s p o t s ,  whi le  t h e  



r e s o l v a b l e  t ime is  independent of t h e  phys i ca l  dimensions of t h e  

pr isms.  Thus a  p h y s i c a l l y  l a r g e r  system (more i n t e r a c t i o n  l e n g t h )  

provides  more s p o t s  but no better r e s o l u t i o n  f o r  a f i x e d  number of 

pr isms.  

For l a r g e  k ,  N i s  a  maximum when 

which y i e l d s  

F i n a l l y ,  maximizing t h i s  N w i t h  r e s p e c t  t o  w  y i e l d s  



For lithium niobate under the same conditions as before 

T = 0.88 picoseconds; n = 378 to spots; k = 59; 

w = 1.70 to cm and L = 1.14 to cm ( 3 . 1 7 )  

where to is in nanoseconds. 

These results show that an optimum number of prism sections 

exists for a given material and peak voltage, and use of this many 

prisms results in a corresponding characteristic resolving time. As 

before, the number of spots and system dimensions scale linearly with 

the voltage ramp time. 

3.2 Lens Systems--Geometric Considerations 

Analysis of the multiple lens system is most easily accomplished 

by the use of ray matrix techniques. The analysis presented here 

begins with a determination of the geometric constraints and their 

consequences. The results will be applied to the multiple lens system 

and finally to the special case of a single lens system having syn- 

chronous light and electrical pulse interaction. 

The geometric limitations may be understood with the aid of 

Figure 11. With perfect synchronism of the light and voltage pulses, 

the deflection system is entirely equivalent to that of Figure 11. 

This diagram shows the situation when the beam width, 2w, is less 

than the effective voltage pulse width, 2Y1, in the crystal. This 

condition is required for complete overlap of the optical pulse width 



late 

Figure  12 .  Trave l ing  l e n s  geometr ic  l i m i t a t i o n s .  
For a  beam width much l e s s  than  t h e  e l e c t r i c a l  pu l se  width,  2Yo, 
i n  t h e  d e f l e c t o r ,  a  beam of width 2w' must s t a y  i n  a reg ion  of 
t h a t  width a s  shown a t  t h e  t o p  ( l a t e s t  p o s s i b l e  e n t r y  t ime,  f u l l  
d e f l e c t i o n )  whi le  t r a v e l i n g  through t h e  d e f l e c t i o n  system. 



by t h e  e l e c t r i c a l l y  induced r e f r a c t i v e  index change i n  t h e  c r y s t a l  i n  

o rde r  t o  avoid severe  beam q u a l i t y  degrada t ion .  The e n t r y  t ime of t h e  

l i g h t  pu l se  i n t o  t h e  d e f l e c t o r  r e l a t i v e  t o  t h e  p o s i t i o n  of t h e  v o l t a g e  

pu l se  corresponds t o  t h e  he igh t  of t h e  r ay  a s  shown i n  t h e  f i g u r e .  

Two beam e n t r y  t imes a r e  depic ted .  The f i r s t  shows t h e  beam of 

width 2w e n t e r i n g  t h e  system wi th  t h e  beam edges a t  h e i g h t s  Y1 and 

Y1 - 2w corresponding t o  t h e  edge of t h e  e l e c t r i c a l  p u l s e  and there-  

f o r e  maximum d e f l e c t i o n .  The second shows t h e  beam edges a t  +w 

corresponding t o  t h e  c e n t e r  of t he  e l e c t r i c a l  pu l se  and no d e f l e c t i o n .  

Note t h e  dashed l i n e s  beginning a t  t h e  beam edges upon e n t r y .  These 

form an  a p e r t u r e  w i t h i n  which t h e  beam must s t a y  dur ing  i t s  passage 

through t h e  system. Th i s  a p e r t u r e  c o n s t r a i n t  i s  imposed by t h e  

requirements  t h a t  t h e  beam must pas s  through t h e  d e f l e c t o r  wi thout  

s l i p p i n g  beyond t h e  edge of t h e  e l e c t r i c a l  pu l se ,  and i t  must pas s  

through t h e  d e f l e c t o r  wi thout  h i t t i n g  t h e  m i r r o r s  upon e n t r y  o r  e x i t  

from t h e  d e f l e c t o r .  Th i s  c o n s t r a i n t  determines an optimum f-number 

f o r  t h e  e n t e r i n g  beam and limits t h e  number of r e s o l v a b l e  s p o t s .  

The o p t i c a l  system may b e  r ep re sen ted  by a r ay  ma t r ix  of t h e  

form 
4 1 

which has  a  determinant  of 1, i . e . ,  AD - BC = 1. For a l l  c a s e s  of 

i n t e r e s t  h e r e  t h e  a d d i t i o n a l  c o n s t r a i n t  of A = D occurs .  Thus 



The r a y  ma t r ix  may be used t o  determine t h e  h e i g h t ,  h ' ,  and s l o p e ,  s ' ,  

of any r a y  e x i t i n g  t h e  system a s  a  func t ion  of i t s  e n t r y  h e i g h t ,  h ,  

and s l o p e ,  s, according t o  

Fron Figure  12 t h e  lower ray  of t h e  beam a t  maximum d e f l e c t i o n  must 

s a t i s f y  

A beam of f-number fl i n s i d e  t h e  c r y s t a l  r e q u i r e s  s = 1 / 2 f l .  

I n s e r t i n g  t h i s  g ives  

Equating t h e  h e i g h t s  t hen  l e a d s  t o  

For a  given system t h i s  determines t h e  e x t e r n a l  focus ing  r equ i r ed  i n  

o rde r  t o  o b t a i n  t h e  maximum number of spo t s .  

For t h e  lower r ay  of t h e  undef lec ted  beam, t h e  e f f e c t s  of t h e  

system a r e  g iven  by 



A t  t h e  e x i t  p lane  t h e  s p o t  r a d i u s  i s  then 

and t h e  d i s t a n c e  t o  t h e  f o c a l  p lane  i s  

whi le  t h e  spo t  s i z e  i n  t h e  f o c a l  p lane  is 

To determine t h e  d e f l e c t i o n  i n  t h e  f o c a l  plane,  one may f i r s t  compute 

t h e  displacement of t h e  c e n t e r  of t h e  beam a t  t h e  e x i t  f a c e  r e l a t i v e  

t o  t h e  e n t r y  f a c e  and then  add t o  t h i s  t h e  a d d i t i o n a l  d e f l e c t i o n  

r e s u l t i n g  from t h e  non-zero s lope  of t h e  c e n t r a l  r a y  between t h e  

e x i t  f a c e  and t h e  f o c a l  plane.  The p o s i t i o n  of t h e  c e n t r a l  r a y  a t  t h e  

e x i t  f a c e  fo l lows  from t h e  p o s i t i o n  a t  t h e  e n t r y  f a c e  by a p p l i c a t i o n  

of t h e  system r a y  ma t r ix  

where Y1 - w i s  t h e  e n t r y  f a c e  h e i g h t ,  A(Y1 - w) t h e  e x i t  f a c e  h e i g h t ,  

and C(Y1 - w) t h e  s lope  of t h e  e x i t i n g  c e n t r a l  r ay .  The spo t  move- 

ment of t h e  beam on t h e  output  f a c e  is  then 



and t h e  movement a t  t h e  f o c a l  p lane  due t o  t h e  s lope  change is  

From t h e  t o t a l  two s ided  d e f l e c t i o n  i n  t h e  f o c a l  p lane ,  2(D1 + D2), 

and t h e  s p o t  s i z e  i n  t h e  f o c a l  p lane ,  2wo, t h e  number of r e s o l v a b l e  

s p o t s  f o r  t h i s  system i s  N = 2(D1 + D2)/2w0. Using (3.29) ,  (3 .30) ,  

(3 .27) ,  and (3.19) ,  t h e  number of  r e s o l v a b l e  s p o t s  and corresponding 

r e s o l v a b l e  time a r e  

These s imp l i fy  t o  t h e  s imple l e n s  formulae, (2.32) and (2.34) ,  when 

t h e  a p p r o p r i a t e  ma t r ix  elements ,  A = 1 and C = l / f  w i t h  f given by 

(2.30),  a r e  used and t h e  t r a n s i t  t ime, (n!?,/c), is  ignored.  Equation 

(3.31) f o r  t h e  number of r e s o l v a b l e  s p o t s  corresponds t o  Equation 

(2.21) f o r  pr ism systems when geometr ic  c o n s t r a i n t s  on t h e  maximum 

a l lowable  d e f l e c t i o n  a r e  taken  i n t o  account .  

The preceding d e r i v a t i o n s  have assumed t h a t  t h e  o p t i c a l  system 

i s  made up of a sequence of p o s i t i v e  l e n s e s ;  however, t h e  system w i l l  

a l s o  provide d e f l e c t i o n  when nega t ive  l e n s e s  a r e  employed. P rac t i c -  

a l l y ,  a s imple r e v e r s a l  of t h e  e l e c t r i c a l  f i e l d  w i l l  r e v e r s e  t h e  s i g n  

of t h e  l e n s .  The nega t ive  l e n s  case  i s  t r e a t e d  i n  Appendix2, where 



i t  i s  shown t o  be i n f e r i o r  t o  t h e  p o s i t i v e  l e n s  case.  For t h i s  

reason i t  s h a l l  be given no f u r t h e r  cons ide ra t ion  here .  

3 . 3  Mult ip le  Lens System 

The a p p r o p r i a t e  r ay  mat r ix  f o r  t h e  m u l t i p l e  l e n s  system can be 

developed from the  s imple elements shown i n  Table 2.42 For l i g h t  

passage through an  i n a c t i v e  medium of l e n g t h  a /2  and index n  
0 ' 

2 followed by a  weakly q u a d r a t i c  a c t i v e  medium of index n  = n  - !5n2r , 
0 

followed by another  i n a c t i v e  s e c t i o n  i d e n t i c a l  t o  t h e  f i r s t ,  t h e  

a p p r o p r i a t e  ma t r ix  i s  

where f  = l / h n  . The ray  ma t r ix  f o r  q consecut ive  passes  i s  j u s t  t h e  

q t h  power of T' 

Defining I) by t h e  equat ion  cosly = 1 - ( a  + h) /2 f lno ,  S y l v e s t e r ' s  

theoremb2 may be used t o  show t h a t  

a + h  
cos qly (- - -- 

n  
Tq = 0 

C D .  

/ 

For t h e  con f igu ra t ion  descr ibed  he re ,  n2 = 2bvo/y12d and ly << 1 

which l e a d  t o  





A = cos 9$ 

2 bVo hno 
C = - s i n  q ~  - - - s i n  q+ [ (  ] il f l  s i n  JI y  1  a + h)d 

along wi th  

i n  terms of t h e  n o t a t i o n  of F igure  1 0 ,  S u b s t i t u t i o n  of Equat ions 

(3.35) and (3.36) i n  Equation (3.31) then  y i e l d s  performance s p e c i f i -  

c a t i o n s  f o r  t h e  m u l t i p l e  l e n s  system: 

nno s i n  q$ 
N = 

Y l h ( l  + cos  q$) - 

2 Y 1 ~ f i ( 1  + cos  q$) w 'd l r  - 
T = 

~ n  o  c  s i n  q3, ( I ~ V ~ L  n02)4 [ (y1-w~)cos  q$ - (y1-3wT)1 - 1  



A s  w i th  the  m u l t i p l e  prism system s e v e r a l  l i m i t i n g  cases  a r e  of 

s p e c i a l  i n t e r e s t :  one f o r  t h e  l e s s  than optimum system (but  perhaps 

r equ i r ed  f o r  economic reasons)  involv ing  a  small  number of pas ses ,  

i . e . ,  small  q;  one involv ing  an  optimum number of pas ses ,  i . e . ,  

optimum q;  and one where t h e  beam width,  2w1, i s  much l e s s  than  t h e  

e l e c t r i c a l  pu l se  l eng th ,  2Y1, a s  i n  t h e  experiments t o  be descr ibed  

i n  a  l a t e r  chapter .  For smal l  q  and A X 1 and C = - l / f l ,  t he se  

become 

2nbVoRw1q(Y1 - w') 
N = 

" 
T = 

nbV Rw'cq 
0 

I n s e r t i n g  R + s = w l / t a n  81 and Equations (3 .36) ,  and then  opt imiz ing  

t h e  number of r e so lvab le  s p o t s ,  N ,  w i t h  r e s p e c t  t o  t h e  beam r a d i u s ,  

w ' ,  we o b t a i n  Y1  = [wt2 + 2w1(w' - s t a n  81) ] / (2w1 - s t a n  81) .  For 

t he  range of 0 < s < w l / t a n  81 t h i s  y i e l d s  3w1/2 L Y ~  ~ w ' ,  bu t  

Equation (3.23) f o r  t h e  e x t e r n a l  focus ing  i n d i c a t e s  t h a t  when Y1 > 2 w ' ,  

a d iverg ing  beam should be  used ( s i n c e  A > 1 and C < 1 and t h e r e f o r e  

f l  < 0 .  However, t h e  beam w i l l  t hen  extend o u t s i d e  t h e  allowed 

a p e r t u r e ;  t h e r e f o r e  t h e  optimum cond i t i on  i s  unusable.  The l a r g e s t  

p o s s i b l e  va lue  of w' c o n s i s t e n t  w i th  t h e  above arguments i s  Y1 = 2w1 

which when used i n  Equations (3.38) y i e l d s  



f o r  t h e  performance and dimensional s p e c i f i c a t i o n s  (F igure  1 0 ) .  For 

comparison wi th  Equations (3.12) f o r  t h e  m u l t i p l e  prism d e f l e c t o r  and 

t h e  example given t h e r e ,  no te  t h a t  t h e  b e s t  r e s u l t s  a r e  obta ined  when 

t h e  o p t i c a l  pa th  is contained e n t i r e l y  i n  t h e  a c t i v e  medium. Then, 

f o r  s = 0 ,  Equations (3.39) f o r  t h e  m u l t i p l e  l e n s  system become 

With one micrometer wavelength l i g h t  and a  f i e l d  of l o 7  v / m  a s  b e f o r e ,  

l i t h i u m  n i o b a t e  i n  t h i s  con f igu ra t ion  w i l l  p rovide  a  r e so lv ing  time, 

T, and number of r e s o l v a b l e  s p o t s ,  N ,  f o r  a  bean of ha l fwid th  w' and 

c r y s t a l  width Q ,  o f :  

T = 5 .84 /q  picoseconds; N = 1 7 1  q t o  spots ;  w '  = 2.92 to cm; 

and & = 6.16 to cm 

where t i s  i n  nanoseconds. 
0 



These equa t ions ,  a s  compared t o  Equat ions ( 3 . 1 3 ) ,  show t h a t  f o r  a  

g iven  pu l se  r i s e t i m e  t h e  l e n s  system may be  optimized t o  provide  

performance f a r  s u p e r i o r  t o  t h a t  of t h e  prism system by a l lowing  t h e  

u se  of cons iderab ly  more a c t i v e  m a t e r i a l  pe r  pass .  

For l a r g e  q t h e  number of r e s o l v a b l e  s p o t s  a s  g iven  by Equation 

( 3 . 3 7 )  i s  a  maximum when 

9 Y 1 - 1 7 ~ '  b 
cos  q$ = 4(Y1 - w ' )  ] - % .  ( 3 . 4 2 )  

Opt imiza t ion  of N w i t h  r e s p e c t  t o  w '  when Equation ( 3 . 4 2 )  i s  i n s e r t e d  

i n  Equation ( 3 . 3 7 )  proves d i f f i c u l t .  The equa t ion  dN/dw' = 0 cannot 

be solved a n a l y t i c a l l y .  However, t h e  a p e r t u r e  requirements  prec lude  

t h e  u s e  of e n t e r i n g  beams w i t h  n e g a t i v e  f-numbers, and from Equat ion 

( 3 . 2 3 )  t h i s  means Y 1  must be  g r e a t e r  than  o r  equa l  t o  t h e  beam width 

2w'.  I f  d ~ / d w '  i s  eva lua ted  f o r  w' = Y1/2 ,  t h e  r e s u l t i n g  s l o p e  i s  

g r e a t e r  than zero,  sugges t ing  t h a t  t h i s  cond i t i on  may s p e c i f y  t h e  

optimum va lue  f o r  w ' .  Using t h i s  cond i t i on  g ives  

cos  q* = 0 

s i n  q$ = 1 



Clea r ly ,  when R i s  a s  l a r g e  a s  p o s s i b l e  N w i l l  be a  maximum. From t h e  

synchronism equat ion ,  w' = (R + s ) n  /= = Y1/2, t h i s  occu r s  when 
0 0 

s = 0. Then 

For l i t h i u m  n i o b a t e  t h e s e  s p e c i f y :  

T = 0.092 picoseconds;  N = I 0 8 8 2  to s p o t s ;  q = 353 

where to i s  i n  nanoseconds. (3.45) 

The s u p e r i o r i t y  of t h e  m u l t i p l e  l e n s  system i s  aga in  apparen t  when 

t h e s e  r e s u l t s  a r e  compared t o  those  f o r  t h e  m u l t i p l e  prism system a s  

g iven  i n  Equat ions (3.17) .  

The l a s t  c a s e  t o  be  analyzed h e r e  occu r s  f o r  w' << Y1. Then from 

Equat ion (3.42) 



s i n  q+ ( ) 
and from Equations (3.37) and (3.42) 

and f i n a l l y  f o r  s = 0, i . e . ,  no i n a c t i v e  medium i n  t h e  o p t i c a l  pa th ,  

t hese  become 

Thus t h e  number of r e so lvab le  s p o t s  and r e so lv ing  time a r e  degenerated 

from t h e  2w1 = Y1 optimum, given by Equations (3.43) ,  by t h e  f a c t o r  

(0.77w1/Y1), and q i s  smal le r  by t h e  f a c t o r  ( 1 6 ~ ~ 1 ~ ~ ~ ~ ) ~ .  



3.4 S i n g l e  Lens 

For  a  s i n g l e  l e n s  sys tem w i t h  t h e  a n g l e  between t h e  p r o p a g a t i o n  

d i r e c t i o n s  of t h e  l i g h t  and e l e c t r i c a l  p u l s e  a d j u s t e d  t o  m a i n t a i n  

p e r f e c t  s y n c h r o n i z a t i o n ,  t h e  sys tem may be  d e s c r i b e d  by m a t r i x  L1 

of  T a b l e  2 w i t h  n2 = 2bv0/dy1 and h  = eJi - n02/&.  Thus 

These  may b e  s u b s t i t u t e d  i n  Equa t ions  (3 .31)  t o  o b t a i n  N and T. 

S i n c e  A and C are independent  o f  t h e  beam h a l f w i d t h ,  w, Equa t ion  (3 .31)  

may b e  maximized w i t h  r e s p e c t  t o  w g i v i n g  

As w i t h  t h e  m u l t i p l e  l e n s  sys tem t h e  a p e r t u r e  c o n s t r a i n t s  r e q u i r e  t h e  

f-number o f  t h e  e n t e r i n g  beam t o  b e  p o s i t i v e  and hence Y1 - > 2w'. For  

Y1 = 2w 



us ing  C a s  g iven  by Equation ( 3 . 4 9 ) .  F i n a l l y ,  t h e  number of reso lv-  

a b l e  s p o t s  i s  a  maximum when C i s  a  maximum. This  r e q u i r e s  t h e  s i n e  

f u n c t i o n  t o  be  equa l  t o  1, o r  

which de te rmines  k ,  t h e  i n t e r a c t i o n  l e n g t h ,  a s  a f u n c t i o n  of t h e  

p u l s e  r i s e t i m e .  Then 

g ive  t h e  v a l u e  f o r  C,  t h e  number of r e s o l v a b l e  s p o t s ,  and t h e  r e so lv -  

a b l e  t i m e .  These va lues  f o r  C ,  N ,  and T a r e  i d e n t i c a l  t o  t h o s e  

found f o r  t h e  m u l t i p a s s  c a s e  a s  g iven  by Equat ions ( 3 . 4 4 ) .  Thi s  i s  

no s u r p r i s e  s i n c e  b o t h  c o n f i g u r a t i o n s  have t h e  same w and both  

r e p r e s e n t  cont inuous i n t e r a c t i o n  of t h e  l i g h t  and v o l t a g e  p u l s e s .  

One s imply h a s  m i r r o r s  which r e a r r a n g e  t h e  geometry of t h e  system and 

provide  t h e  p r a c t i c a l  advantage of  a  h ighe r  s t r i p l i n e  impedance. 



3.5 Comparisons of t h e  Mul t ip l e  Unit  Systems 

Based upon t h e  examples given f o r  t h e  m u l t i p l e  u n i t  systems i t  

would appear  t h a t  t h e  l e n s  system i s  s u p e r i o r ,  and indeed i n  some 

ways i t  is. The p o s s i b i l i t y  of having cont inuous i n t e r a c t i o n  between 

the  o p t i c a l  and e l e c t r i c a l  pu l se s  connot be r e a l i z e d  i n  t h e  prism 

system, whereas i t  can be i n  t he  l e n s  system. This  l e a d s  t o  t h e  

s u p e r i o r i t y  of t h e  l e n s  system i n  t h e  i d e a l i z e d  c a s e s  analyzed t o  

t h i s  p o i n t .  To o b t a i n  a  b e t t e r  understanding of t h e  r e l a t i v e  advan- 

t ages  of each, we w i l l  now cons ider  t h e i r  e f f e c t i v e n e s s  pe r  u n i t  

l e n g t h  of o p t i c a l  and e l e c t r i c a l  pu l se  i n t e r a c t i o n .  

To begin ,  l e t  t h e  number of passes  i n  each device  be a  smal l  

number. For t h e  prisms Equations (3.12) g i v e  

whi le  f o r  t h e  l e n s  system, Equat ions (3.40) g ive  



Then 

The l e n s  system i s  about twice a s  e f f e c t i v e .  Comparison of t h e  

m u l t i p l e  prism formulae, Equations (3.54), t o  t h e  s i n g l e  prism 

formulae, Equations (2.23) and (2 .24) ,  shows t h a t  t h e  synchronism 

cond i t i on  imposed upon t h e  m u l t i p l e  prism system r e q u i r e s  a  v a l u e  of 

w such t h a t  N i s  c u t  i n  h a l f ,  whereas t h i s  i s  n o t  t h e  c a s e  f o r  t h e  

l e n s  systems. The 41 - n * / E  f a c t o r  i s  due t o  t h e  increased  i n t e r -  
0 

a c t i o n  l eng th  presented  by t h e  l e n s  m a t e r i a l  due t o  t h e  non-normal 

l i g h t  inc idence .  These d i f f e r e n c e s  r e s u l t  i n  t h e  r e so lv ing  t imes 

d i f f e r i n g  by approximately a  f a c t o r  of 2  a l s o .  

I n  o r d e r  t o  compare t h e  volume of a c t i v e  m a t e r i a l  r equ i r ed  t o  

produce t h e  same performance, n o t e  f i r s t  t h a t  t h e  i n t e r a c t i o n  l e n g t h  

needed f o r  t h e  pr ism systems i s  twice t h a t  needed f o r  t h e  l e n s  

systems. From Equations (3.12) t h e  r equ i r ed  s t r i p l i n e  l eng th  per  

pass  i s  Yo/4(1 - n o / 6 )  and t h e  number of pas ses  r equ i r ed  i s  

a /  [ ~ ~ ( t & / n ~  - 2 ) / 4 ( 1  - no/&)] g iv ing  e r equ i r ed  width of k / (G/no-2)  

f o r  t h e  prism system, wh i l e  f o r  t h e  l e n s  system Equations (3.40) 

r e q u i r e  a  width of w' = Y1/2 and 0/(~~-/2n) pas ses  t o  make a  

t o t a l  width of n R / m .  Inc lus ion  of t h e  21-/E f a c t o r  
0 

shows t h a t  



f o r  t h e  volume of t h e  prism and l e n s  systems r e s p e c t i v e l y .  Thus 

The l e n s  system e x h i b i t s  a  volume advantage f o r  a smal l  number of 

passes .  

I n  l a r g e r  systems t h e  advantages of t h e  l e n s  system cont inue  t o  

grow. For t h e  optimum systems wi th  t h e  number of passes  and widths  

optimized, Equations (3.16) f o r  t h e  prism system and Equat ions (3.44) 

f o r  t h e  l e n s  system show t h a t  

where R E  and R a r e  t h e  t o t a l  i n t e r a c t i o n  l eng ths .  (The R's i n  t h e  
P 

numerators and denominators a r e  not  t h e  same b u t  r e f e r  t o  t h e i r  

r e s p e c t i v e  systems.)  For l i t h i u m  n ioba te  t h e s e  become: 



Ne/Np  = 28.8; r /rQ = 9.6; V / V  = 2.76; and JL / a  = 3.21. 
P Q P fi P 

(3.60) 

Thus t h e  l e n s  system enables  use  of more m a t e r i a l  t o  gene ra t e  a 

longer  t o t a l  i n t e r a c t i o n  l eng th  t o  produce more s p o t s  and a b e t t e r  

r e so lv ing  time. 

3 . 6  Voltage Pulse  Generator L imi t a t ions  

The foregoing s e c t i o n s  have a l l  assumed t h a t  a v o l t a g e  p u l s e  of 

t h e  d e s i r e d  peak vo l t age  and r i s e t i m e  can be produced; u s u a l l y ,  

however, t h i s  i s  no t  t h e  case .  The major d i f f i c u l t y  i n  developing 

e l e c t r o o p t i c  d e f l e c t i o n  devices  stems from t h e  l a c k  of adequate  pu l se  

gene ra to r s .  This  p l aces  another  c o n s t r a i n t  on t h e s e  systems l ead ing  

t o  d i f f e r e n t  op t imiza t ions .  This  s e c t i o n  w i l l  assume a v o l t a g e  p u l s e  

gene ra to r  model and then  determine i t s  e f f e c t s  upon system optimiza- 

t i o n  and performance. 

Most pu l se  gene ra t ion  techniques e x h i b i t  e f f e c t s  d e s c r i b a b l e  by 

a c h a r a c t e r i s t i c  inductance.  Th i s  sugges t s  a very reasonable  model: 

t h e  v o l t a g e  pu l se  source  i s  equ iva l en t  t o  a n  e f f e c t i v e  i n t e r n a l  

inductance,  L ,  c h a r a c t e r i s t i c  of t h e  swi tch ing  mechanism and p a r t i c u -  

l a r  device ,  connected i n  series w i t h  a r e s i s t a n c e ,  z , r ep re sen t ing  
0 

t h e  t ransmiss ion  l i n e  impedance. For  an i d e a l  s t e p  f u n c t i o n  v o l t a g e  

genera tor  t h e  model p r e d i c t s  a p u l s e  i n t o  t h e  t ransmiss ion  l i n e  w i t h  

a r i s e t i m e  p r o p o r t i o n a l  t o  L / Z ~ .  Th i s  model i s  p a r t i c u l a r l y  s u i t e d  



to the stripline deflectors where zo varies for different configura- 

tions. If the pulse generator functions within a line whose impedance 

is matched to the stripline, the risetime depends upon z . If the 
0 

pulse generator operates in a line of impedance z which is coupled 
0 

by some technique to the deflector line, the voltage depends upon 

the transmission coefficient of the matching section. 

For striplines, the approximate impedance is given by Equations 

(2.37) and (2.38), the latter equation being sufficiently accurate 

for most cases of interest here (d < L). Thus 

for pulse generators operating in a matched transmission line. For 

the multiple prism system, employing the synchronism condition, 

a = 2w(& /no - 2), gives 

which may be inserted directly into Equations (3.11) for small k to 

yield 

N = 6 0 n ~ b ~ ~ k w [ c ~ ( ~ / n ~  - 2)/60nd - 4(1 - n /~)I/ACL 
P 0 



for the number of resolvable spots, resolving time, stripline thick- 

ness, and stripline width. For lithium niobate with V = 107v/m and 

L = 15 nh (see Chapter 4) the following numerical values ensue: 

N = 12 kw spots; T = 81/k picoseconds; d = l m m ;  
P P 

and to = 1.37 w nanoseconds; where w is in cm. (3.64) 

For the lens system the halfwidth of the pulse in the transmission 

line is 

Y1 = cR~/120~d. (3.65) 

Then 

on insertion of relation (3.65) into Equations (3.39). Again, for 

lithium niobate: 

NR = 27.8  qR; T = 73.51q picoseconds; w' = 5.97 Rcm; 
R 

and to = 2.04 R nanoseconds; where fi is in cm. 

The comparison per unit length of interaction yields 



For sma l l  d  ( t h e  u s u a l  ca se )  t h e  comparison becomes 

These a r e  e s s e n t i a l l y  equ iva l en t  (w i th in  a  f a c t o r  of cos  e l ) .  For 

l a r g e  d  t h e  l e n s  system begins  t o  ga in  due t o  t h e  t r a n s i t  t ime e f f e c t s  

i n  t h e  prism system. 

S ince  t h e  performance is  e s s e n t i a l l y  t h e  same pe r  u n i t  l e n g t h  of 

a c t i v e  m a t e r i a l ,  t h e  volume comparison becomes a  width comparison. 

For t h e  pr isms t h e  s t r i p l i n e  l e n g t h  p e r  pas s  (of width R) i s  

2w = R / ( 6 / n o  - 2 ) ,  and f o r  t h e  l e n s  system i t  i s  w' = cLL/240ad. 

Genera l ly ,  t h e  l e n g t h  p e r  pas s  f o r  t h e  l e n s  system w i l l  be  somewhat 

l a r g e r .  For t h e  l i t h i u m  n i o b a t e  examples, 2w = 2.981 and w '  = 5.971. 

The volumes d i f f e r  by a  f a c t o r  of 2. 

One f i n a l  p r a c t i c a l  c o n s i d e r a t i o n  d e a l s  w i t h  t h e  product ion  of 

v o l t a g e  p u l s e s  v e r s u s  v o l t a g e  s t e p s .  A s  a  r u l e ,  v o l t a g e  p u l s e s  a r e  

more d i f f i c u l t  t o  produce than  v o l t a g e  s t e p s ,  g iven  a  peak v o l t a g e  

and r i s e t i m e .  For example, charged l i n e  p u l s e  g e n e r a t o r s  ( s e e  

Chapter  4) r e q u i r e  twice  as much v o l t a g e  on t h e  swi tch  a s  i s  r equ i r ed  

t o  produce a  s imple v o l t a g e  s t e p .  On t h e  o t h e r  hand, a  Blumlein 

p u l s e  gene ra to r  r e q u i r e s  swi tch  o p e r a t i o n  i n  a l i n e  having h a l f  t h e  

impedance of t h e  l oad ,  and hence produces a  s lower r i s e t i m e  pu l se .  

These c o n s i d e r a t i o n s  w i l l  g e n e r a l l y  f avo r  t h e  u s e  of pr ism systems 

u n t i l  s a t i s f a c t o r y  pu l se  g e n e r a t o r s  a r e  developed, ones which w i l l  

permi t  t h e  t a i l o r i n g  of t h e  p u l s e  t o  t h e  d e f l e c t i o n  system. 



3 . 7  Some Typica l  Designs 

P r a c t i c a l  d e f l e c t i o n  systems s u f f e r  from two major l i m i t a t i o n s :  

the  a v a i l a b l e  p u l s e  gene ra to r s  a r e  less than  i d e a l  a s  d i scussed  i n  

t h e  previous  s e c t i o n ;  and i t  i s  no t  u sua l ly  p o s s i b l e  t o  u t i l i z e  t h e  

optimum number of i t e r a t i o n s  due t o  t h e  shee r  volume of c r y s t a l  

r equ i r ed  and t h e  a s soc i a t ed  expense of cons t ruc t ion .  P r a c t i c a l  

d e f l e c t o r s  w i l l  t h e r e f o r e  have an a d d i t i o n a l  c o n s t r a i n t  on t h e  amount 

of c r y s t a l  u t i l i z e d .  A s  an i l l u s t r a t i o n  cons ider  t h e  use  of a  20 cm 

l eng th  of l i t h i u m  n i o b a t e  4 mm t h i c k ,  and having e l e c t r o d e s  4 mm wide. 

A s  a  s t r i p l i n e  i t s  impedance i s  then  41 ohms. Using a  10  kV v o l t a g e  

p u l s e  produced by a  spa rk  gap having 15 nh of inductance,  Equation 

(3.61) y i e l d s  to = 366 p s .  A number of d e f l e c t o r  des igns  a r e  

poss ib l e .  For t h e  l e n s  system of F igure  10 ,  t h e  number of passes ,  

q ,  and t h e  s t r i p l i n e  t o  m i r r o r  spacing,  s / 2 ,  a r e  r e l a t e d  t o  t h e  

s t r i p l i n e  l eng th ,  r ,  and i n t e r n a l  beam angle ,  e l ,  by 

(q + I ) ( %  + s )  t a n  81 + %tan  8 1  = r . (3.70) 

Using q a s  t h e  dependent v a r i a b l e  i n  Equat ions (3.36),  (3 .37) ,  (3.61) 

and (3.70) y i e l d s  t h e  des ign  s p e c i f i c a t i o n s  given i n  Table 3 ,  The 

minimum q  va lue  fo l lows  from w '  < Y wh i l e  t h e  maximum q va lue  given 

corresponds t o  s = 0, i , e . ,  no s e p a r a t i o n  between t h e  m i r r o r s  and 

t h e  e l e c t r o d e  edges. 

The b e s t  t ime r e s o l u t i o n  occurs  f o r  q  = 24 wh i l e  t h e  maximum 

number of s p o t s  occurs  f o r  q = 52. These s e p a r a t e  optimums a r e  



TABLE 3 

PRACTICAL DESIGNS FOR LITHIUM NIOBATE 

TRAVELING LENS DEFLECTOR ( A  = lpm) 

PRISM DEFLECTOR ( A  = l ~ m )  



t y p i c a l  of p r a c t i c a l  des igns .  The maximum number of s p o t s  i nc reases  

a s  a func t ion  of R/d due t o  t h e  increased  product of t o t a l  i n t e r -  

a c t i o n  l eng th  and e l e c t r i c  f i e l d ,  whereas t h e  minimum reso lvab le  t ime 

decreases  wi th  sma l l e r  E/d r a t i o s  s i n c e  t h i s  y i e l d s  h igher  s t r i p l i n e  

impedances and f a s t e r  vo l t age  pu l se s .  

For t h e  prism system of F igure  9 ,  u s ing  t h e  same dimensions, 

we s e e  t h e  r e so lvab le  t ime i s  comparable t o  t h e  l e n s  systems; 

however, t h e  number of r e s o l v a b l e  s p o t s  i s  s i g n i f i c a n t l y  smal le r .  

Th i s  occurs  p a r t l y  because t h e  l e n s  system uses  a  two s ided  pu l se  

t o  provide  twice  t h e  number of s p o t s ,  and p a r t l y  because t h e  prism 

d e f l e c t o r  cannot be  optimized t o  t h e  pu l se  gene ra to r .  



CHAPTER 4 

SUPPORTING SYSTEMS AND TEST APPARATUS 

A number of p r a c t i c a l  d i f f i c u l t i e s  a r e  encountered when imple- 

menting and t e s t i n g  a s t r i p l i n e  d e f l e c t i o n  system. The d e f l e c t o r  

i t s e l f  r e q u i r e s  an a p p r o p r i a t e  v o l t a g e  pu l se  gene ra to r ,  e f f e c t i v e  

matching of t h e  gene ra to r  t o  t h e  s t r i p l i n e ,  an  a p p r o p r i a t e  des ign  

us ing  a v a i l a b l e  m a t e r i a l s ,  and h i g h  o p t i c a l  q u a l i t y  of  t h e  m a t e r i a l s  

and s u r f a c e s .  Then, a picosecond l a s e r  source  capable  of t r i g g e r i n g  

t h e  d e f l e c t o r  pu l se  gene ra to r  and provid ing  a p u l s e  t o  be  d e f l e c t e d  

i s  needed t o  complete t h e  t e s t  appa ra tu s .  Th i s  chap te r  d e a l s  w i t h  

t h e  techniques  r e l a t e d  t o  t h e s e  needs.  

4 .1  F a s t  High Voltage P u l s e  Product ion  

U n a v a i l a b i l i t y  of  a s u i t a b l e  v o l t a g e  p u l s e  gene ra to r  t o  d r i v e  an  

e l e c t r o o p t i c  d e f l e c t o r  p r e s e n t s  t h e  main d i f f i c u l t y  i n  demonstrat ing 

a u s e f u l  dev ice .  The requirements  f o r  t h i s  gene ra to r  a r e :  

1. High vol tage--for  a f i e l d  of l o 7  V/m over  2 mm a v o l t a g e  

of 20,000 v o l t s  is  needed; 

2 .  F a s t  r i se t ime-- for  20 r e s o l v a b l e  s p o t s  of 25 picoseconds 

r e s o l u t i o n  a p u l s e  wid th  of about  1 nanosecond is  r equ i r ed ;  

and 

3 .  Synchroniza t ion  t o  t h e  o p t i c a l  pu l se  being def lec ted- -  

w i t h  j i t t e r  of l e s s  than  t h e  p u l s e  width.  



The c a p a b i l i t y  of being a b l e  t o  t r i g g e r  t h e  d e f l e c t o r  w i th  a low 

l e v e l  l i g h t  pu l se  would a l s o  be  u s e f u l ,  b u t  many a p p l i c a t i o n s  do not  

r e q u i r e  t h i s .  

Three techniques  suggest  themselves.  Laser  t r i g g e r e d  spa rk  gap 

technology has been i n  use f o r  many y e a r s  i n  t h i s  s e r v i c e ;  however, i t  

i s  somewhat clumsy t o  use,  r e q u i r e s  f requent  maintenance, and un le s s  

very h igh  energy l i g h t  pu l se s  a r e  a v a i l a b l e  i t  shows cons ide rab le  

f i r i n g  de l ay  and unacceptable  j i t t e r .  Auston demonstrated t h e  photo- 

conduct ive s i l i c o n  swi tch  i n  1 9 7 4 , ~ ~  and subsequent work has  shown i t  

t o  be  a p o t e n t i a l  candida te  o f f e r i n g  very  f a s t  r i s e t i m e  and p e r f e c t  

synchroniza t ion ,  b u t  a t  p re sen t  i t  cannot meet t h e  vo l t age  requirement 

of 20 kV. More r e c e n t l y ,  high v o l t a g e  switching has been accomplished 

us ing  photoconduct iv i ty  i n  s i l i c o n  junc t ion  dev ices ,  bu t  t h e s e  devices  

appear  t o  r e q u i r e  even more l i g h t  energy than  pure s i l i c o n  dev ices  and 

have even more seve re  v o l t a g e  l i m i t a t i o n s .  

4.1.1 Photoconducting Switches 

The b a s i c  photoconductive s i l i c o n  swi tch  i s  shown i n  F igure  13.  
44 

The m i c r o s t r i p  c o n s t r u c t i o n  enables  e l e c t r i c a l  wave propagat ion  

between t h e  I N  and OUT connect ions upon a c t i v a t i o n  of t h e  photo- 

conduct ive s i l i c o n  switch i n  t h e  gap. I n i t i a l l y ,  a  s i g n a l  cannot 

propagate  a c r o s s  t h e  gap due t o  t h e  high r e s i s t a n c e  of t h e  pure s i n g l e  

c r y s t a l  s i l i c o n ;  however, when t h e  gap is  i l l umina ted  wi th  green  l i g h t  

of s u f f i c i e n t  i n t e n s i t y ,  a  h i g h l y  conduct ive s u r f a c e  l a y e r  forms 



\ 

silicon 

Figure  13a. An o p t i c a l l y  a c t i v a t e d  s i l i c o n  switch.  
The l i g h t  induces a conducting s u r f a c e  l a y e r  which 
completes t h e  s t r i p l i n e  a c r o s s  t h e  gap enabl ing  
conduction. 

light \ 

Figure  13b. Coordinate  system f o r  ana lyz ing  t h e  l i g h t  a c t i v a t e d  
switch.  



al lowing e l e c t r i c a l  s i g n a l s  t o  propagate  a c r o s s  t h e  gap. The time 

d u r a t i o n  of t h e  conduct ive s t a t e  depends upon t h e  c a r r i e r  l i f e t i m e ,  

which f o r  pure s i l i c o n  may be on t h e  o rde r  of mi l l i s econds .  

To be  u s e f u l  t h e  l i g h t  pu l se s  must con ta in  s u f f i c i e n t  energy t o  

c r e a t e  enough c a r r i e r s  t o  drop t h e  s e r i e s  s u r f a c e  r e s i s t a n c e  w e l l  

below t h e  t ransmiss ion  l i n e  impedance. When t h e  i l l u m i n a t i o n  is  

independent of t h e  x coord ina te ,  a s  def ined  i n  F igure  13b, t he  con- 

ductance of a  long,  t h i n ,  r ec t angu la r  s e c t i o n  of m a t e r i a l  i s  

where a i s  t h e  conduc t iv i ty  a s  a  func t ion  of y  and z .  With t h e  

conduc t iv i ty  given by o = e(pn + pp)n, i n t e g r a t i o n  of Equation (4.1)  

g ives  

where t h e  c a r r i e r  p a i r  d e n s i t y ,  n ,  is  a l s o  independent of x. This  

may be  rear ranged  t o  t h e  form 

But t h i s  i n t e g r a l  j u s t  r e p r e s e n t s  t h e  t o t a l  number of genera ted  ho le  

e l e c t r o n  p a i r s .  For green l i g h t  of wavelength 532 nm, t h e  abso rp t ion  

c o e f f i c i e n t  of c r l  = 2.4/um means a l l  of t h e  l i g h t  w i l l  be absorbed i n  

t h e  f i r s t  few micrometers.  Assuming gene ra t ion  of one e l e c t r o n  ho le  



p a i r  per  photon and accounting f o r  s u r f a c e  r e f l e c t i o n  one o b t a i n s  

where E i s  the  energy i n  t h e  i n c i d e n t  l i g h t  pu l se  and hw i s  t h e  photon 

energy. The gap r e s i s t a n c e  must be much lower than  t h e  s t r i p l i n e  

impedance, z and t h i s  impl ies  
0 ' 

A t  t h e  high f i e l d s  necessary  f o r  accep tab le  ope ra t ion ,  t h e  low f i e l d  

m o b i l i t y ,  u O - " + " ,  - no longer  i s  a p p l i c a b l e  s i n c e  t h e  d r i f t  

v e l o c i t y  i n  s i l i c o n  l i m i t s  a t  v  * l o 7  cm/s. 
d  

45 With E = vd/u t h e  end 

of t h e  l i n e a r  reg ion  occurs  when E = 1 o 7 / u O  g iv ing  
0 

f o r  E > Eo. 



Note t h a t  o p e r a t i o n  wi th  wavelengths o t h e r  than g reen  i s  p o s s i b l e  a s  

long a s  t h e  photon energy i s  somewhat g r e a t e r  than  t h e  1 eV energy gap 

of s i l i c o n  t o  ensure  complete abso rp t ion  nea r  t h e  sur face .  For app l i -  

c a t i o n s  where a  h igh  energy pu l se  synchronized t o  t h e  event  of i n t e r e s t  

i s  no t  a v a i l a b l e ,  t h i s  technique w i l l  be of no use. Design curves a r e  

shown i n  F igure  14. 

Another cons ide ra t ion  stems from t h e  h igh  power d i s s i p a t i o n  

occuring i n  t h e  s i l i c o n  dur ing  t h e  of f  s t a t e  a s  given by 

For example, w i th  V = 1 0  kV, w = 2 mm, R = 2 mm, t = 10 urn, and 

p = 4000 ohm-cm then P = 25 wa t t s .  Seve ra l  methods e x i s t  t o  minimize 

t h i s  problem. One s u c c e s s f u l  technique employs t h e  use  of a  pulsed 

high vo l t age  supply providing low duty c y c l e  pu l se s  4 6 9  47 synchron- 

i zed  t o  some p o i n t  i n  t ime be fo re  t h e  event  of i n t e r e s t .  Another 

suggested technique depends upon t h e  a l t e r e d  p r o p e r t i e s  of s i l i c o n  

a t  low temperatures .47 A t  77' K t h e  mob i l i t y  r i s e s  by a  f a c t o r  of 30, 

and t h e  i n t r i n s i c  r e s i s t i v i t y  should r i s e  by s e v e r a l  o r d e r s  of magni- 

tude .  The r e s i s t a n c e  i n c r e a s e  would of course  lower t h e  power d i s s i -  

pa t ion .  

One f i n a l  problem d e a l s  w i t h  t h e  ques t ion  of j u s t  how l a r g e  a 

f i e l d  can be sus t a ined  i n  a l a r g e  p i e c e  of s i n g l e  c r y s t a l  s i l i c o n .  

S t u d i e s  of t h e  i n t r i n s i c  p r o p e r t i e s  w i t h i n  junc t ion  r eg ions  i n d i c a t e  

avalanche m u l t i p l i c a t i o n  s e t s  i n  a t  f i e l d s  of 2 x l o 7  V/m; however, 
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W i d t h  of silicon gap (mm) 

Figure  14 .  Design c h a r t  f o r  l i g h t  a c t i v a t e d  s i l i c o n  swi tches .  

1) Choose t h e  swi tch  ope ra t i ng  v o l t a g e .  

2) Decide on t h e  width of t h e  s i l i c o n  reg ion .  

3) Determine t h e  a p p r o p r i a t e  EZ va lue  from t h e  

above c h a r t .  

4 )  Divide by t h e  impedance of t h e  s t r i p l i n e  t o  

o b t a i n  t h e  r equ i r ed  p u l s e  energy i n  mic ro jou le s  

of 532 nm l i g h t .  



experimental studies of these photoconductive switches indicate break- 

down effects occurring at much lower fields. 47 one successful 

technique to avoid a breakdown problem used a spark gap as a pulsed 

high voltage source for the silicon. When the silicon was triggered 

within 2 ns of the voltage pulse onset, successful operation occurred, 

with longer delays resulting in breakdown (either on the surface or in 

the air). 
4 7 

In designing a silicon switch, this author chose to try and solve 

the power dissipation problem by operating at a low temperature. Some 

8000 ohm-cm resistivity silicon was obtained, and after cutting a 

wafer from the boule, electrodes were fastened to the wafer by sput- 

tering a thin gold-palladium layer onto the sample corners followed 

by indium soldering of gold wires. Hall and conductivity measurements 

were then made for temperatures in the range of 77' K to 300' K using 

the Van der Pauw technique, 48-51 and from this data the resistivity, 

Hall mobility, electron density, and Fermi level were calculated 

according to 

p = l/o, = %u, n = l/eRH, and ( E ~  - cc) = -kT/n(~~/n) (4.8) 

where p is the resistivity, p the hall mobility, % the hall coeffi- H 

cient (measured), a the conductivity (measured), e = 1.6 x 10-l9 

coulomb, k being Boltzman's constant, and Nc = 5.45 X 1015 T ~ / ~  /cm3 

the conduction band effective density of states. The results are 

plotted in Figures 15 and 16. The mobility changes by a factor of 30 



Figu re  15. S i l i c o n  p r o p e r t i e s  v s .  temperature .  
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Fermi Level Plot 

Band g a p s  1.12ev 

Figure  16. Fermi l e v e l  p l o t  f o r  t h e  s i l i c o n  sample 
i n d i c a t i n g  p o s s i b l e  deep l e v e l  t r a p s  a t  
about . 3  eV below t h e  conduction band. 



as expected, but the resistivity actually drops by a factor of 4 on 

lowering the temperature. This occurs because the density of carriers 

stabilizes due to impurities rather than dropping rapidly as hoped for. 

The decreased mobility then results in a decreased resistivity. Opera- 

tion at low temperatures in order to decrease power dissipation will 

accordingly be ineffective. 

The flat portion of the electron density curve shows that the 

number of shallow donors, less the number of acceptors, must be about 

5.4 x 1011 per cm3, while the Fermi level plot suggests a deep level 

trap near 0.32 eV below the conduction band. At the highest tempera- 

ture shown the electron density reaches 3.9 x 1012/cm3, most of which 

has come from the deep level traps. Accordingly, the trap density 

must be approximately 3.4 x 1012 per cm3. 

This analysis shows the importance of careful control over impur- 

ities if high resistivity at low temperatures is to be achieved. To 

increase the resistivity by three orders of magnitude, while increas- 

ing the mobility by a factor of 30 as the temperature drops, necessi- 

tates a drop in electron density by over four orders of magnitude. 

This means a careful balancing of shallow impurity levels and acceptor 

levels to within a density of An % lo8 per cm3. This would be dif f i- 

cult indeed. Alternatively, some other technique might be used such 

as the introduction of iron centers to control the electron density 

at low temperatures. The main conclusion to be reached here is that 

the selection of material for this application proves to be difficult 

and cannot be made on the room temperature properties of the silicon. 



In addition to determining the low temperature usefulness of the 

silicon, some high field measurements were made. The electrode 

arrangement on the silicon for the first experiment is shown in 

Figure 17a. With 100 V - 4000 V pulses having risetimes of 3 ns and 

falltimes of 200 ns applied to the electrodes, the voltage curve in 

Figure 17b is measured across the silicon. For voltages of less than 

500 volts, the pulse rises in 3 ns and decays in 200 ns as expected, 

but when over 500 volts is applied, the silicon breaks down within 

several ns, decays to 500 volts in 10-40 ns depending upon the peak 

voltage, and then decays the remaining 500 volts in 200 ns or more. 

Another sample prepared with a slightly different electrode 

arrangement (Figure 17c) and potted in clear silicon rubber, GE type 

615, produced similar results. Application of 6 kV induced arcing 

along the surface from the top electrode to a point just over the 

second electrode. With this sample the breakdown occurs at 2 kV 

rather than 500 volts, and with the higher voltages the decay from 

breakdown to 2 kV takes nearly 400 ns. 

From these measurements it is clear that breakdown occurs 

through the silicon at fields near lo4 V/cm and is not due to surface 

or air breakdown. This field is far below the avalanche field of 

2 x lo7 V/cm typical of p-n junctibns in silicon, effectively ruling 

out carrier multiplication by excitation across the gap. Since the 

deep level traps are active at room temperature as evidenced by the 

rapidly changing electron density in Figure 15, the process may be due 



breakdown dth .Gjmrn 500$k-, electrode 
electrode l+2OOns-+1 
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breakdown 

Figure  1 7 .  S i l i c o n  swi tch  e l e c t r o d e  geometr ies  and 
breakdown vo l t age  waveforms. 
Thin sample a t  a) t e s t e d  wi th  v o l t a g e  pu l se  
having 3 ns  r i s e t i m e  and 200 n s  f a l l t i m e .  
A t h i c k e r  sample a t  c) was t e s t e d  wi th  a  
v o l t a g e  pu l se  having 3 n s  r i s e t i m e  and 10 n s  
f a l l t i m e .  b) and d )  show t h e  vo l t ages  
measured a c r o s s  the  s i l i c o n .  

* 



to ionization of deep level trapping centers. In any case, the low 

fields attainable severely limit the usefulness in this application 

since wide gap regions enabling high voltage standoff make very high 

energy light pulses necessary for switching. It appears that the 

technique of pulsing the high voltage with a fast risetime pulse 

followed by switching within several nanoseconds is the only useful 

technique for silicon photoconduction at present, but as the design 

chart shows this technique requires high energy light pulses to 

switch high voltages in the low impedance striplines such as those 

used in KDDP based deflectors. For example, with 10 kV across a 2 mm 

gap (which might be a high enough voltage) in a 10 ohm charged line 

pulser, a pulse of 500 pJ of energy at a wavelength of 532 nm is 

needed to activate the switch. 

The high resistivity of GaAs has prompted an attempt to use it 

as a high voltage switch. The results have not been promising. 5 2 

With 5 kV applied across the GaAs, the maximum output pulse obtained 

was 600 V. The cause of this low voltage stems from intervalley 

scattering of carriers to the low mobility bands. The consequent low 

mobility of carriers will not allow the conversion of the gap resist- 

ance to a sufficiently low value. The effect is precisely the same 

as that involved in the negative differential conductivity property 

utilized in the Gunn effect. 



4.1.2 Photoconductivity in Silicon Junctions 

Some recent work using thyristors, PNPN four layer devices, has 

shown some promise; however, the demonstrated capability at present 

is far below that required for this application. The advantage of 

the junction devices lies in their ability to hold off relatively 

high voltages at very low power dissipations. The theory of the 

previous section applies here, where operation is now in the region 

of maximum drift velocity, v % lo7 cm/s, and electric field near d 

breakdown, Emax 2 x lo5 V/cm, since fields near the avalanche point 

are obtainable in the depletion regions of the PN junctions. The 

appropriate depletion width must be used for R of the previous 

section. 

Preliminary results53 have demonstrated blocking voltages of 

1500 volts, maximum currents of 10,000 amps, and risetimes of two 

nanoseconds corresponding to a dI/dt of 1000 amps per nanosecond, 

with indications that even shorter risetimes may be attainable. 

This dI/dt satisfies the pulse generator requirements nicely, but the 

blocking voltage is quite low, and the required pulse energy of 3 mJ 

is quite high. At present, therefore, these devices appear to be of 

little value in this application. 

4.1.3 Spark Gaps 

A number of researchers have reported on the operation of laser 

triggered spark gaps, including a variety of configurations capable 



of operation over a wide voltage range. 54-59 Typically, voltages of 

10-20 kV have been switched with risetimes of a nanosecond or less. 

Usually, operation has been in a 50 ohm coaxial environment, although 

results using a 10 ohm system have been reported. 5 6 

Spark gap operation is controlled by many factors. The gap 

spacing, gas type and pressure, and applied voltage all exert some 

control over firing delay time. Normally they are adjusted so the 

gap is near breakdown field strength. Optimum operation for produc- 

tion of a 10 kV pulse requires a gap of one half millimeter and a 

57 nitrogen pressure of 165 lbs. Another important parameter is the 

laser pulse energy. For tungsten targets a minimum of 22 microjoules 

is required in a time period of 200 ns - 300 ns, while more energy 

is required for other common materials since their lower melting 

points inhibit the themionic emission mechanism. 59 

This research has utilized three spark gap systems, the earliest 

version being a stripline system in a low impedance, 8 ohm, environ- 

ment. Considerable experimentation with this system proved it to be 

unacceptable due mainly to a switching time of 8 to 10 nanoseconds. 

Figure 18 details the firing delay for various nitrogen pressures and 

gap widths, these being characteristic of spark gap systems in general. 

A very acceptable value of jitter occurred, usually only a nanosecond 

or two. The slow switching time appeared to be a function of the 

geometry and low impedance; however, a contributing factor may have 

been the very poor quality mylar stripline used inits construction. 



gap voltage in KV 

Figu re  18. C h a r a c t e r i s t i c s  of mylar d i e l e c t r i c ,  s t r i p l i n e ,  
s p a r k  gaps.  
For  a l l  c a se s  t h e  v o l t a g e  p u l s e  produced was 
15-20 n s  long f o r  a  des ign  impedance of 8  ohms. 



A 12.5  ohm coax ia l  system proved t o  be f a r  supe r io r  t o  t h e  s t r i p -  

l i n e  system. Standard copper p ipe  s i z e s  were used throughout t o  

s imp l i fy  cons t ruc t ion .  I n  o rde r  t o  i n h i b i t  e l e c t r i c a l  breakdown 

between t h e  inne r  and o u t e r  conductors  and a c r o s s  t h e  gap i t s e l f ,  

t he  e n t i r e  system was p re s su r i zed  t o  200 l b .  of n i t rogen .  This  pu lse  

genera tor  performed reasonably w e l l  and provided t h e  vo l t age  pulse  

used i n  one s e t  of d e f l e c t i o n  experiments.  Its output  pu l se  was 

8 kV with  a  f u l l  width a t  t h e  b a s e l i n e  of 3 n s ,  corresponding t o  

a r i s e t i m e  of under 1 ns ,  t h i s  being c l o s e  t o  t h e  1 n s  r i s e t i m e  

i n  10 ohms r epor t ed  by Hichon. 56 Unfor tuna te ly ,  t h e  c o a x i a l  

t o  s t r i p l i n e  coupling system we employed a t  i ts  output  d e t e r i o r a t e d  

the  pu l se  width t o  5 n s  r e s u l t i n g  i n  poor o v e r a l l  performance of t he  

pu l se  genera t ion  system. 

The t h i r d  spark  gap was modeled a f t e r  Alcock e t  a l .  57 This  

c o a x i a l  system was designed f o r  50 ohm ope ra t ion  us ing  s tandard  RG8U 

coax ia l  cab le .  The gap generated a  pu l se  of 10-12 kV wi th  a  f u l l  

width a t  t h e  b a s e l i n e  of 2.5 n s .  The corresponding risetime of 1 n s  

i s  s t i l l  somewhat more than  obta ined  by Alcock. The reasons  f o r  t h i s  

a r e  unc lea r ,  b u t  may be  r e l a t e d  t o  d i f f i c u l t i e s  we had i n  ob ta in ing  

l a s e r  pu l se s  of s u f f i c i e n t  energy t o  ensure  optimum ope ra t ion  of t h e  

spa rk  gap. 

A s  a  p u l s e  gene ra to r  t h e  spa rk  gap should be c h a r a c t e r i z a b l e  by 

an  equ iva l en t  inductance,  L, def ined  according t o  r R =  L/R o r  L = rRzo 

where z is  the  l i n e  impedance and T t h e  corresponding r i s e t i m e .  
0 R 



Data from several sources show 

L (0.3 ns)(50 ohm) = 15 nh. 5 7 

L " (1.0 ns) (10 ohm) = 10 nh. 5 6 

L (1.0 ns)(50 ohm) = 50 nh. 5 8 

L e(1.5 ns)(12.5 ohm) = 19 nh 

L (1.25 ns)(50 ohm) = 62 nh 

the last two being the author's results. The variations are due, 

presumably, to differences in laser characteristics used for trigger- 

ing, different geometries, and different target materials. The first 

two suggest an optimum of 10-15 nh, which was used for numerical 

examples in Chapter 3. 

4.1.4 Pulse Forming Networks 

Multiple prism deflection systems require a voltage pulse in the 

form of a linear ramp. If the deflector can tolerate being charged to 

the peak operating voltage for extended periods of time this require- 

ment follows easily; the transmission line is charged and an appro- 

priate high voltage switch shorts one end of the transmission line. 

This produces a voltage ramp which then propagates down the line. 

Departures from linearity of the ramp will cause some nonlinearity in 

the time resolution as a function of deflection angle, but simple 



c a l i b r a t i o n  p rocedures  shou ld  minimize t h i s  inconven ience .  I n  add i -  

t i o n ,  some d e g r a d a t i o n  o f  t h e  s p o t  s i z e  would o c c u r ,  b u t  t h i s  shou ld  

n o t  b e  s e r i o u s .  

The main d i f f i c u l t y  w i t h  t h i s  t e c h n i q u e  a r i s e s  from t h e  h i g h  

f i e l d s  p r e s e n t  i n  t h e  charged d e f l e c t o r .  O r d i n a r i l y  t h e s e  f i e l d s  

w i l l  be much g r e a t e r  t h a n  t h e  d i e l e c t r i c  s t r e n g t h  of t h e  su r rounding  

a i r ,  t h e r e b y  mandating t h e  u s e  of o p t i c a l l y  c o n t a c t e d ,  h i g h  d i e l e c t r i c  

s t r e n g t h  m a t e r i a l s .  Index matching f l u i d  i s  commonly used,  buz prob- 

l e m s  o c c u r  due t o  h e a t i n g  and subsequen t  t u r b u l e n c e  e f f e c t s  i n  t h e  

f l u i d .  

A more s a t i s f a c t o r y  s o l u t i o n  f o l l o w s  from t h e  use  of a  p u l s e  

forming network t o  p r o v i d e  a  two s i d e d  p u l s e .  The d e f l e c t o r  may t h e n  

i d l e  w i t h  no a p p l i e d  f i e l d ,  w h i l e  o n l y  t h e  l e a d i n g  edge o f  t h e  a p p l i e d  

v o l t a g e  p u l s e  i s  used f o r  d e f l e c t i o n .  Due t o  t h e  s h o r t  t ime  d u r a t i o n  

o f  t h i s  p u l s e ,  t h e  peak f i e l d  g e n e r a t e d  may exceed t h e  s t a t i c  d i e l e c -  

t r i c  s t r e n g t h  o f  t h e  d e f l e c t i o n  system w i t h o u t  c a u s i n g  breakdown. 

T h i s  is  p o s s i b l e  s i n c e  d i e l e c t r i c  breakdown u s u a l l y  t a k e s  s e v e r a l  

nanoseconds i n  most m a t e r i a l s ,  and t h e  h i g h  f i e l d s  due t o  t h e  p u l s e  

are n o t  i n  one p l a c e  f o r  s u f f i c i e n t  t ime  t o  a l l o w  breakdown. T h i s  

l e a d s  t o  a  c o n s i d e r a b l e  s i m p l i f i c a t i o n  of sys tem d e s i g n .  A p u l s e  

forming network must be  used  f o r  t h e  t r a v e l i n g  l e n s  d e f l e c t o r  sys tem 

s i n c e  i t s  o p e r a t i o n  depends on a  two s i d e d  p u l s e .  

The most wide ly  used p u l s e  forming t e c h n i q u e  i s  i l l u s t r a t e d  i n  

F i g u r e  1 9 . ~ '  The s h o r t  s e c t i o n  o f  l i n e  a t  t h e  l e f t  is charged t o  



Figure 19. Simple charged line pulse forming network. 
a) Mechanical construction. 
b) Voltage distribution shortly after gap 

is shorted. 
c) Voltage distribution when traveling wave 

reaches the left end. 
d) Voltage distribution of final pulse. 
e) Real pulse. 



t h e  supply v o l t a g e ,  V o ,  e s t a b l i s h i n g  a  f i e l d ,  Eo, i n  t h e  t r ansmis s ion  

l i n e  d i e l e c t r i c  (F igure  19a) .  The r i g h t  s i d e ,  being i s o l a t e d  from 

t h e  supply v o l t a g e ,  remains a t  V = 0 whi le  t h e  swi tch  i s  open. When 

t h e  swi tch  i s  c lo sed ,  c o n t i n u i t y  of v o l t a g e  and c u r r e n t  through t h e  

swi tch  r e q u i r e s  t h e  formation and propagat ion of two e lec t romagnet ic  

waves i n  t h e  t r ansmis s ion  l i n e s .  One wave having an e l e c t r i c  f i e l d  

of Eo/2 moves t o  t h e  r i g h t  and l eaves  behind i t s  l ead ing  edge a  

v o l t a g e  of Vo/2, wh i l e  t o  t h e  l e f t ,  a  f i e l d  of -Eo/2 t r a v e l s  leav-  

i n g  behind i t s  l ead ing  edge a  f i e l d  of E  - E ~ / Z  = Eo/2 and a  v o l t -  
0 

age  of vo /2  (F igure  19b) .  The v o l t a g e  a t  t h e  swi tch  has  dropped t o  

V 12,  and a  c u r r e n t  of V 122 f lows everywhere between t h e  two propa- 
0 0 0 

g a t i n g  wave f r o n t s .  

When t h e  l e f t  hand wave reaches  t h e  open ended l i n e  i t  i s  

r e f l e c t e d  (F igure  19c ) .  A s  i t  moves t o  t h e  r i g h t ,  i t  cance l s  o u t  

t h e  remaining E / 2  f i e l d  and Vo/2zo c u r r e n t  l e av ing  behind a  v o l t a g e  
0 

and c u r r e n t  of zero.  A s  dep i c t ed  i n  F igure  19d a  square  p u l s e  of 

t ime d u r a t i o n  2 a f i / c  and ampli tude Vo/2 now propaga tes  t o  t h e  r i g h t .  

I n  p r a c t i c a l  swi tches  t h e  edges of  t h e s e  pu l se s  a r e  n o t  square ;  

i n s t e a d ,  they have f i n i t e  r i s e  and f a l l  t imes a s  shown by t h e  d o t t e d  

l i n e s .  By sh r ink ing  "a" u n t i l  t h e  r i s e t i m e  equa l s  2 a f i / c ,  a  smoothly 

vary ing  p u l s e  of wid th  4 a f i / c  i s  obta ined  as depic ted  i n  t h e  l a s t  

frame of  F igu re  19. Th i s  p u l s e  is now s u i t a b l e  f o r  t h e  d e f l e c t i o n  

a p p l i c a t i o n s  cons idered  he re .  Note t h a t  t h e  swi tch  must wi ths tand  

tw ice  t h e  v o l t a g e  of t h e  r equ i r ed  p u l s e  a s  must t h e  l e f t  hand s i d e  

of  t h e  t r ansmis s ion  l i n e .  



Many o t h e r  techniques f o r  pu l se  formation have been descr ibed  i n  

t h e  l i t e r a t u r e  and i n  books dea l ing  wi th  pulse  technology. 61 some, 

such a s  t he  Blumlein arrangement, provide a  pu l se  of he ight  equal  t o  

t he  supply vo l t age ,  b u t  t h e  swi tch  ope ra t e s  i n  a  z / 2  environment 
0 

r e s u l t i n g  i n  a  slower r i s e t i m e .  Techniques f o r  s p e c i a l  a p p l i c a t i o n s ,  

such a s  t h e  one descr ibed  l a t e r  i n  r e l a t i o n  t o  s i n g l e  pu l se  s e l e c t i o n ,  

a r e  numerous, w i th  each having i t s  own advantages and d isadvantages ,  

bu t  few have t h e  s i m p l i c i t y  of t h e  charged l i n e  pulse  genera tor  des- 

c r ibed  above. 

4 . 2  High Voltage Pulse  Transmission and Coupling Techniques 

The high v o l t a g e  d r i v i n g  p u l s e  provided by t h e  p u l s e  genera tor  

must be coupled from t h e  genera tor  t o  t h e  d e f l e c t o r  and subsequent ly 

out  of t h e  d e f l e c t o r .  I n  dec id ing  on t h e  b e s t  technique t o  be  used 

a t  each t r a n s i t i o n ,  t h e  des igner  must cons ider  t h e  fol lowing:  t h e  

high vo l t ages  involved,  t y p i c a l l y  10-20 kV, tend t o  cause d i e l e c t r i c  

breakdown i n  t h e  t ransmiss ion  l i n e  d i e l e c t r i c s  and i n  t h e  surrounding 

a i r ;  spark  gap pu l se  gene ra to r s  a r e  coax ia l  devices  whi le  t h e  def lec-  

t o r s  a r e  s t r i p l i n e  devices ;  spa rk  gaps usua l ly  o p e r a t e  a t  t h e  imped- 

ance of common c o a x i a l  cab le s ,  50 o r  75 ohms, whereas t h e  d e f l e c t o r  

may provide a  much lower impedance load;  and f i n a l l y ,  t h e  d i e l e c t r i c  

c o n s t a n t s  of s t r i p l i n e  d i e l e c t r i c s  w i l l  no t  u s u a l l y  match t h a t  of 

t h e  c r y s t a l  used i n  t h e  d e f l e c t o r .  Each of t h e s e  f a c t o r s  l e a d s  t o  

d i f f i c u l t i e s  i n  t r a n s m i t t i n g  t h e  maximum pu l se  vo l t age  wi th  minimum 

d i s t o r t i o n  and/or  r e f l e c t i o n  a t  a  t r a n s i t i o n  p o i n t .  Each w i l l  be 

considered i n  what fol lows.  



4.2 .1  Transmission Lines 

Four types of t ransmiss ion  l i n e s  have been used i n  t h i s  r e sea rch .  

The f i r s t  was a  mylar based s t r i p l i n e  f a b r i c a t e d  wi th  10 m i l  mylar 

shee t  f o r  a  d i e l e c t r i c  and b r a s s  shimstock f o r  e l e c t r o d e s .  D i f f i -  

c u l t i e s  f i r s t  appeared wi th  t h i s  l i n e  i n  t h e  charged l i n e  s e c t i o n  

of a  s t r i p l i n e  pu l se  forming network and subsequent ly i n  t h e  t r ans -  

mission s i d e  a l s o .  Continuous v o l t a g e s  of 20 kV caused d e t e r i o r a t i o n  

of t h e  mylar d i e l e c t r i c ,  culminat ing i n  d i e l e c t r i c  breakdown a f t e r  

s e v e r a l  days of ope ra t ion .  Increas ing  t h e  th i ckness  t o  20 m i l s  by 

us ing  two s h e e t s  proved t o  be  of l i t t l e  va lue .  I n  a d d i t i o n ,  p u l s e  

broadening occurred i n  s h o r t  s e c t i o n s  of t h i s  t ransmiss ion  l i n e ,  

appa ren t ly  due t o  impedance nonuni formi t ies  a long  t h e  l i n e  a s  a 

r e s u l t  of nonuniform e l e c t r o d e  wid th  and sepa ra t ion .  Our experience 

i n d i c a t e s  t h a t  i n  high f i e l d ,  f a s t  pu l se  a p p l i c a t i o n s  mylar performs 

poorly a s  a  d i e l e c t r i c  m a t e r i a l .  

We cons t ruc ted  a  second £ o m  of  t ransmiss ion  l i n e  us ing  copper 

tub ing  f o r  conductors  and p re s su r i zed  n i t r o g e n  f o r  a  d i e l e c t r i c .  

Nylon space r s  worked w e l l  f o r  s e p a r a t i n g  t h e  inne r  and o u t e r  con- 

duc to r s  on t h e  t ransmiss ion  l i n e  s i d e  of t h e  p u l s e  gene ra to r ,  b u t  

occas iona l  a r c i n g  i n  t h e  charged l i n e  even tua l ly  depos i ted  s u f f i c i e n t  

carbon on t h e  space r s  t o  f o r c e  disassembly and c leaning  of t h e  u n i t .  

Eventua l ly ,  a  technique  evolved f o r  suppor t ing  t h e  inne r  conductor 

of  t h e  charge l i n e  a t  i t s  ends, thereby  removing t h e  need f o r  space r s .  

Th i s  technique worked very  w e l l  f o r  cons t ruc t ion  of a  12 .5  ohm, 1 0  kV 



pu l se  gene ra to r ;  however, coupling of t h e  pu l se  t o  another  form of 

t ransmiss ion  l i n e  proved d i f f i c u l t .  Broadside connect ion t o  a  mylar 

s t r i p l i n e  was used ( see  F igure  20) ,  bu t  i t  was q u i t e  u n s a t i s f a c t o r y ,  

not  only because of t h e  problems wi th  t h e  mylar,  b u t  a l s o  because of 

t h e  d r a s t i c  d i s c o n t i n u i t i e s  occurr ing  a t  t h e  couplin2 which broadened 

the  pulse  width from 3 ns  t o  5 n s .  

Standard RG8U coax cab le  performs t h e  b e s t  i n  t h e  p u l s e  forming 

network. It wi ths t ands  25 kV i n d e f i n i t e l y ,  and 30 kV f o r  s h o r t  t imes,  

w i th  no apparent  ill e f f e c t s .  It is  f l e x i b l e ,  easy t o  couple t o ,  

r e q u i r e s  no cons t ruc t ion ,  and i s  commonly a v a i l a b l e .  The 50 ohm 

impedance n e c e s s i t a t e s  an  impedance change be fo re  coupling t o  t h e  

c r y s t a l ;  however, t h e  h igh  impedance l e a d s  t o  a  f a s t  pu l se  r i s e t i m e  

which p a r t i a l l y  o f f s e t s  t h e  vo l t age  l o s s  incur red  dur ing  t h e  impedance 

t ransformat ion .  

A s u i t a b l e  form of s t r i p l i n e  i s  s t i l l  requi red  f o r  connect ions 

i n t o  and out  of t h e  d e f l e c t o r .  S a t i s f a c t o r y  r e s u l t s  have been ob- 

t a ined  through t h e  use  of copper c l ad ,  t e f l o n  g l a s s  microwave m a t e r i a l  

a v a i l a b l e  from 3 M  i n  a  number of t h i cknesses ,  d i e l e c t r i c  v a r i a t i o n s ,  

and to l e rances .  Using 15 m i l  d i e l e c t r i c  t h i ckness ,  a  number of sec- 

t i o n s  w i th  va r ious  impedances were cons t ruc ted .  Exce l l en t  r e s u l t s  

were obta ined  when photographic e t ch ing  was used t o  d e f i n e  t h e  e lec-  

t rodes ;  however, t h i s  process  i s  r e l a t i v e l y  expensive and has  a  long 

turnaround time. Sc r ib ing  t h e  copper and pee l ing  t h e  unwanted meta l  

away from t h e  d i e l e c t  produced s a t i s f a c t o r y  s t r i p l i n e  s e c t i o n s  f o r  



ope ra t ion  below 5 kV; t h e  s c r i b i n g  procedure, however, damaged t h e  

d i e l e c t r i c  s l i g h t l y  and r e s u l t e d  i n  d i e l e c t r i c  breakdown when 

10  kV p u l s e s  were propagated down t h e  l i n e .  

4.2.2 T r a n s i t i o n s  

I n  t h i s  a p p l i c a t i o n  t r a n s i t i o n s  i n  t h e  t ransmiss ion  l i n e  system 

f a l l  i n t o  t h r e e  types: coax ia l  t o  s t r i p l i n e  geometry a l t e r a t i o n s ,  

d i e l e c t r i c  changes r e q u i r i n g  corresponding dimensional changes, and 

impedance t r a n s i t i o n s  between t h e  pu l se  genera tor  and d e f l e c t i o n  

system. Geometrical and d i e l e c t r i c  t r a n s i t i o n s  must be made i n  such 

a  manner so a s  t o  pass  t h e  e l e c t r i c a l  pu l se  wi th  minimal d i s t o r t i o n  

and/or  r e f l e c t i o n ;  t hus ,  minimizat ion of t h e  i n h e r e n t  d i s c o n t i n u i t i e s  

of t h e s e  t r a n s i t i o n s  a r i s i n g  from t h e  d i f f e r e n c e s  i n  e l e c t r i c  f i e l d s  

i n  t he  two l i n e s  i s  r equ i r ed .  Impedance d i s c o n t i n u i t i e s ,  on t h e  o t h e r  

hand, cannot pass  t h e  pu l se  unchanged. E i t h e r  t h e  peak h e i g h t ,  o r  

pu l se  width, o r  both must change. 

The c o a x i a l  t o  s t r i p l i n e  t r a n s i t i o n  can be accomplished i n  

s e v e r a l  ways. S ince  t h e  v o l t a g e  pu l se  is  a  guided TEM 00 wave, t h e  

t r a n s i t i o n  should d i s t u r b  t h e  e lec t romagnet ic  f i e l d s  a s  l i t t l e  a s  

poss ib l e .  The broads ide  coupling technique i l l u s t r a t e d  i n  F igure  20a 

minimizes t h e  phys i ca l  s i z e  of t h e  d i s c o n t i n u i t y  reg ion ,  bu t  i t  pre- 

s e n t s  a  d r a s t i c  change t o  t h e  e lec t romagnet ic  f i e l d s  s i n c e  they  must 

change from one p l ane  t o  another  p lane  perpendicular  t o  t h e  f i r s t .  

This  coupling performs w e l l  a t  low f r equenc ie s ,  bu t  i t  r e f l e c t s  more 

and more of t h e  pu l se  energy a s  t h e  frequency inc reases .62  Figure  20b 
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i l l u s t r a t e s  a  more s a t i s f a c t o r y  technique.  The s i z e  of t h e  discon- 

t i n u i t y  r eg ion  i s  a g a i n  sma l l ,  b u t  now t h e  f i e l d s  e x i s t  i n  t h e  same 

planes  i n  both gu ides .  A s l i g h t  c a p a c i t i v e  d i s c o n t i n u i t y  occu r s  a t  

t h e  j unc t ion ,  bu t  i t  i s  p o s s i b l e  t o  tune  t h i s  o u t  and c r e a t e  a  per- 

f e c t  match i f  d e s i r e d .  63 This  technique,  however, i s  s u s c e p t i b l e  

t o  h igh  f i e l d  breakdown a t  t h e  p o i n t s  where t h e  upper s t r i p l i n e  

e l e c t r o d e  is nea r  t h e  o u t e r  c o a x i a l  e l e c t r o d e ,  and t h e  u se  of s i l i c o n  

rubber ,  RTV, o r  corona dope i s  mandatory i n  o r d e r  t o  avoid a i r  break- 

down. For ve ry  h igh  vo l t ages ,  implying t h i c k  and wide s t r i p l i n e s ,  

t h i s  approach may be  unusable ,  f o r c i n g  a  r e t u r n  t o  t h e  prev ious  

method. 

The problem of  d i e l e c t r i c  changes proves  t o  be more d i f f i c u l t  t o  

so lve .  The t r a n s i t i o n  from t ransmiss ion  l i n e  t o  d e f l e c t o r  s t r i p l i n e  

must have a s  smal l  a  d i s c o n t i n u i t y  a s  p o s s i b l e ,  no t  on ly  t o  avoid 

deg rada t ion  of t h e  v o l t a g e  pu l se ,  bu t  t o  enab le  double pas s  ope ra t i on  

of t h e  d e f l e c t o r  a s  descr ibed  later .  Th i s  mandates impedance cont in-  

u i t y .  To a l l ow  f o r  changes i n  t h e  d i e l e c t r i c  cons t an t  and main ta in  

a  f i x e d  impedance, e i t h e r  t h e  d i e l e c t r i c  t h i cknes s  o r  e l e c t r o d e  width 

o r  bo th  must change. Any of t h e s e  changes p r e s e n t s  a  s l i g h t  capaci-  

t i v e  d i s c o n t i n u i t y .  Because t h e s e  t r a n s i t i o n s  involve  d i e l e c t r i c  

changes,  t h e  a n a l y s e s  a r e  d i f f i c u l t  and none e x i s t  i n  t h e  l i t e r a t u r e ;  

however, t h e  d i s c o n t i n u i t y  v a l u e s  should be s i m i l a r  t o  t hose  d i s cus sed  

i n  t h e  next  paragraph.  

Impedance t r a n s i t i o n s  p re sen t  t h e  most cha l l eng ing  t r a n s i t i o n  

problem, Abrupt changes a r e  t h e  s i m p l e s t ,  and they  ope ra t e  uniformly 



over a very broad band from d.c. to microwave frequencies with uni- 

form voltage reflection and transmission coefficients given by the 

simple relations 

T = 2z1 / (z1  + z 2 )  and R = (21 - z o ) / ( z l  + 2 0 ) -  (4.9) 

Theoretical analyses exist for both width and thickness steps in 

uniform dielectrics. 64-66 

Tapered transmission line sections, on the other hand, offer 

potential gains over the simple abrupt transitions. Whereas the 

abrupt transition acts as a low pass filter tending to broaden the 

pulse, a tapered section behaves as a high pass filter, 67-70 and 

with proper design can cause pulse width narrowing. At low frequen- 

cies where the wavelength is long compared to the taper length, 

Equations (4.9) describe their behavior, while at high frequencies 

nearly complete power transfer occurs giving voltage transmission 

and reflection coefficients of 

T = -  and R = 0 .  

Accentuation of the high frequency energy over the low frequency 

components of a pulse can lead to a narrower pulse width of greater 

amplitude than predicted by Equation (4.9). Experiments verify this 

at low voltages (using an exponentially tapered line); however, 

dielectric breakdown at high fields prevented our use of the line in 

actual deflection experiments. The high impedance end of the taper 



must be  capable  of wi ths tanding  t h e  f u l l  pu l se  he igh t  of t h e  gen- 

e r a t o r ,  whereas an abrupt  change loca t ed  c l o s e  t o  t he  c o a x i a l  t o  

s t r i p l i n e  t r a n s i t i o n  need only wi ths tand  t h e  v o l t a g e  determined by 

T i n  ( 4 . 9 ) .  

4 . 3  Ligh t  P u l s e  Generat ion 

I n  o rde r  t o  test  t h e  d e f l e c t o r ,  s u i t a b l e  l i g h t  pu l se s  capable  of 

t r i g g e r i n g  t h e  v o l t a g e  pu l se  gene ra to r ,  being d e f l e c t e d ,  and subse- 

quent ly  being de t ec t ed  must be a v a i l a b l e .  For spa rk  gap systems t h e  

energy must be  g r e a t e r  than  30 mic ro jou le s  and be d e l i v e r e d  i n  a  

per iod  of two t o  t h r e e  hundred nanoseconds a s  s t a t e d  e a r l i e r .  The 

wavelength is  r e l a t i v e l y  unimportant s o  long a s  i t  i s  absorbed by 

t h e  meta l  t a r g e t .  For t h e  pu l se  t o  be d e f l e c t e d ,  however, a pu l se  

s h o r t e r  than t h e  expected r e s o l u t i o n  time of t h e  system proves most 

u s e f u l .  I n  a d d i t i o n ,  i t  must be i n  t h e  t ransparency  range of t h e  

d e f l e c t o r  c r y s t a l ,  and f o r  p re l iminary  t e s t i n g ,  p r e f e r a b l y  be  i n  t h e  

v i s i b l e  r eg ion  f o r  e a s e  of a l ignment  and s i m p l i c i t y  of observing 

d e f l e c t o r  ope ra t i on .  Whereas t h e  ' spark gap w i l l  s u c c e s s f u l l y  f u n c t i o n  

when t r i g g e r e d  by a  t r a i n  of p u l s e s ,  d e t e c t i o n  of t h e  d e f l e c t e d  pu l se  

i s  most e a s i l y  accomplished wi th  a  s i n g l e  pu lse .  I n  o rde r  t o  syn- 

chronize  t h e  two even t s  a  t r a i n  of f a s t  pu l se s  generated by a  mode 

locked l a s e r  i s  used t o  t r i g g e r  t h e  spa rk  gap,  wh i l e  a  s i n g l e  pu l se  

s e l e c t e d  from t h e  t r a i n  i s  converted t o  t h e  v i s i b l e  r eg ion  and s e n t  

t o  t h e  d e f l e c t i o n  system. 



4.3.1 The O s c i l l a t o r ,  Ampl i f ie r ,  and Doubler 

The b a s i c  o s c i l l a t o r  c o n s i s t s  of a  f l a s h  pumped Nd:YAG l a s e r  rod ,  

1 / 4  inch  i n  d iameter  by 3 inches  long .  The r e sona to r  was p lane  pa ra l -  

l e l ,  c o n s i s t i n g  of 100% r e f l e c t i n g  mi r ro r  and a  50% r e f l e c t i n g  output  

m i r r o r ,  both coated f o r  ope ra t i on  a t  t h e  l a s e r  wavelength of 1064 

nanometers.  Aper tures  r e s t r i c t  ope ra t i on  t o  t h e  fundamental s p a t i a l  

mode wh i l e  a l s o  p r o t e c t i n g  t h e  o-r ing rod s e a l s  from t h e  high in t en -  

s i t y  r a d i a t i o n .  Hor izonta l  p o l a r i z a t i o n  of t h e  beam i s  insured  by a  

Brewster a n g l e  t h i n  f i l m  p o l a r i z e r  w i t h i n  t h e  c a v i t y .  Shor t  pu l se s  

a r e  ob ta ined  by c i r c u l a t i n g  a  mode lock ing  dye through a  dye c e l l  

contac ted  t o  t h e  100% m i r r o r .  

For r ea sons  expla ined  i n  t h e  nex t  s e c t i o n ,  s e v e r a l  configura-  

t i o n s  us ing  t h e  above layout  were i n v e s t i g a t e d .  Table  4  summarizes 

t h e  unique f e a t u r e s  of each. The dye concen t r a t i ons  a r e  on ly  approxi- 

mate,  being exper imenta l ly  ad jus t ed  t o  provide  s t a b l e  mode locking  

i n  a  dye c e l l  of 1 . 5  mm th i cknes s .  Burst  t o  b u r s t  i n s t a b i l i t y  proved 

t o  be  l a r g e ,  w i th  v a r i a t i o n s  of a t  l e a s t  2 : l  i n  t o t a l  ou tput  energy; 

t h i s  n o t  being a  c r u c i a l  f a c t o r  i n  our  experiments ,  no a t t empt  was 

made t o  improve on i t .  

Some experiments ,  r e q u i r i n g  more energy pe r  p u l s e  than t h e  

o s c i l l a t o r  could produce, used a  second f l a s h  pumped Nd:YAG rod a s  

an  a m p l i f i e r .  The second rod ,  pumped s imul taneous ly  w i th  t h e  f i r s t ,  

provided a  s i n g l e  pass  g a i n  of 4 t o  5 depending on pumping energy.  





To gene ra t e  t he  v i s i b l e  l i g h t  f o r  t h e  d e f l e c t i o n  experiment,  an 

ang le  tuned,  KDP frequency doubler  30 mm long produced 532 nanometer 

green l i g h t .  A d i c h r o i c  mi r ro r  placed beyond t h e  doubler  separa ted  

t h e  green from the  i n f r a r e d  f o r  l a t e r  use.  Typica l ly ,  t h e  doubler  

converted 10-20 percent  of t h e  i n f r a r e d  t o  green.  

4.3.2 S ing le  Pu l se  S e l e c t i o n  

S e l e c t i o n  of a  s i n g l e  pulse  from a  t r a i n  of pu l se s  enables  

s e v e r a l  experiments t o  be done. F i r s t ,  i t  g r e a t l y  f a c i l i t a t e s  de- 

f l e c t i o n  experiments.  When t h e  l e n s  d e f l e c t o r  is  used,  l i g h t  pu lses  

a r r i v i n g  too e a r l y  o r  too  l a t e  t o  be  d e f l e c t e d  a r r i v e  a t  t h e  output  

p lane  i n  t h e  c e n t e r  of t h e  sweep reg ion  where they  can c o n t r i b u t e  t o  

system no i se .  I f  they a r e  of s u f f i c i e n t  energy, they may completely 

mask t h e  des i r ed  measurements. This  i s  not  a  problem i n  t h e  prism 

system s i n c e  t h e  d e f l e c t i o n  r eg ion  does no t  ove r l ap  t h e  undef lec ted  

beam p o s i t i o n .  I n  t h e  vo l t age  measurement technique t o  be descr ibed  

l a t e r ,  a d d i t i o n a l  incoming l i g h t  may completely mask t h e  d e s i r e d  

d a t a ;  hence, s i n g l e  p u l s e  s e l e c t i o n  i s  mandatory i f  a  pu l se  t r a i n  

s e r v e s  a s  t h e  l i g h t  source .  Beyond t h e s e  immediate concerns a  

s i n g l e ,  f a s t  pu l se  i s  d e s i r a b l e  f o r  o t h e r  types  of experiments .  For 

example, i n  f l uo rescence  s t u d i e s  e x c i t a t i o n  be fo re  i n t e r a c t i o n  wi th  

t h e  d e s i r e d  pulse  may render  t h e  acquired d a t a  u s e l e s s ,  For t h e s e  

reasons  cons ide rab le  e f f o r t  has  been expended t o  develop a  s imple,  

r e l i a b l e ,  s i n g l e  pu l se  s e l e c t i o n  system. 



The b a s i c  switchout  system uses  t h e  l i n e a r  e l e c t r o o p t i c  e f f e c t  

t o  cause p o l a r i z a t i o n  r o t a t i o n  of t h e  l i g h t  when an e l e c t r i c  f i e l d  

i s  app l i ed  t o  t h e  c r y s t a l .  With a  KDP c r y s t a l  l oca t ed  between crossed  

p o l a r i z e r s ,  t h e  p o l a r i z e r s  a r e  ad jus t ed  f o r  maximum l i g h t  a t  t h e  

c r y s t a l  and minimum l i g h t  t ransmiss ion  through t h e  p a i r .  Applica- 

t i o n  of t h e  a p p r o p r i a t e  h a l f  wave vo l t age  t o  a  proper ly  o r i en t ed  

c r y s t a l  then  causes t ransmiss ion  of l i g h t  through t h e  second p o l a r i -  

z e r .  A second arrangement us ing  a  Brewster ang le  p o l a r i z e r  and a  

100% m i r r o r  enables  ope ra t ion  a t  h a l f  t h e  vo l t age ;  t h e  l i g h t  t r a v e l s  

through t h e  p o l a r i z e r  and c r y s t a l ,  i s  r e f l e c t e d  by t h e  mi r ro r  and 

t r a v e l s  back through t h e  p o l a r i z e r  and c r y s t a l .  When a  f i e l d  i s  

app l i ed  t o  t h e  c r y s t a l  t h e  l i g h t  i n c i d e n t  on t h e  p o l a r i z e r  f o r  t h e  

second t ime w i l l  be r e f l e c t e d  r a t h e r  than  t r ansmi t t ed  s i n c e  i t s  

p o l a r i z a t i o n  w i l l  have been a l t e r e d  by two passes  through t h e  c r y s t a l .  

The two passes  of l i g h t  through t h e  c r y s t a l  a l low a p p l i c a t i o n  of 

only ha l f  t h e  f i e l d  (114 wave vo l t age )  i n  o rde r  t o  produce t h e  same 

cumulative e f f e c t .  Operat ion of t h i s  device  r e q u i r e s  t h a t  t h e  v o l t -  

age p u l s e  app l i ed  t o  t h e  c r y s t a l  should have a  d u r a t i o n  approximately 

equal  t o  t h e  pu l se  t o  pu l se  spac ing  of t h e  i n c i d e n t  pu l se  t r a i n .  The 

ha l f  wave v o l t a g e  v a r i e s  i n v e r s e l y  wi th  wavelength and f o r  KDP (us ing  

t h e  r63 t e n s o r  component) i s  approximately 7 kV f o r  a  wavelength of 1 

urn. The double pass  arrangement should then  o p e r a t e  wi th  3.5 kV. 

Experimental ly ,  a  v o l t a g e  of 5 kV r e s u l t e d  i n  swi tch  ou t  of 80-90 

percent  of t h e  energy of a  s i n g l e  pulse .  



Our i n i t i a l  work u t i l i z e d  avalanche t r a n s i s t o r s  t o  s ecu re  t h e  

d e s i r e d  e l e c t r i c a l  pu lse .  They proved supe r io r  t o  spa rk  gaps i n  

terms of r e l i a b i l i t y  but  i n f e r i o r  i n  regard t o  r i s e  and f a l l  t ime of 

t h e  pulse .  F igure  2 1  shows t h e  schematic of t h i s  system. I n i t i a l l y  

both  cha ins  of t r a n s i s t o r s  hold o f f  5600 v o l t s  t o  main ta in  a  ze ro  

v o l t a g e  d i f f e r e n t i a l  a c r o s s  t h e  c r y s t a l .  The pu l se  t r a i n  i n c i d e n t  

on t h e  photodiode switches T1 i n t o  conduction, r e s u l t i n g  i n  a  5  n s  

wide, 30 v o l t  pu l se  a c r o s s  R4, which propagates  through t h e  two 

cab le s  causing the  f i r s t  chain t o  swi tch ,  followed 3 ns  l a t e r  by 

swi tch ing  of t h e  second chain.  The d i f f e r e n c e  i n  switching t i m e s  

p l aces  a  pu l se  a c r o s s  t h e  c r y s t a l .  The f a s t e s t  f a l l  t imes f o r  each 

cha in  were near  4  n s ,  being p r imar i ly  c o n t r o l l e d  by t h e  inductance 

of t h e  c i r c u i t  wi r ing .  

Using a  60 cm l a s e r  c a v i t y  t o  o b t a i n  4  n s  pu l se  s e p a r a t i o n ,  

t h i s  switchout  performed i n  an  u n s a t i s f a c t o r y  manner. The slow 

f a l l t i m e  a c r o s s  t h e  cha ins  r e s u l t e d  i n  a  reduced v o l t a g e  of 7 n s  

du ra t ion ,  enabl ing  switchout  of only 50% of a  pu l se  and f r e q u e n t l y  

p a r t  of a  second pulse .  I n  a d d i t i o n ,  j i t t e r  i n  t h e  t r i g g e r i n g  c i r -  

c u i t  would cause t h e  t ime of switchout  t o  va ry  over t h e  e n t i r e  p u l s e  

t r a i n ,  thereby c r e a t i n g  l a r g e  v a r i a t i o n s  i n  t h e  energy of t h e  switched 

out  pu lse ,  which i n  t u r n  r e s u l t e d  i n  ve ry  poor o p e r a t i o n  of t h e  spa rk  

gap when t r i g g e r e d  by t h i s  pu l se ,  The dev ice  is ,  however, r e l i a b l e  

f o r  many months of ope ra t ion  when used s e v e r a l  hours  a  day a t  a  

swi tch ing  r a t e  of 5 t imes per  second. The long t ime cons tan t  of R2 





and C 3  i n s u r e s  t h a t  t he  t r a n s i s t o r s  cannot be r e f i r e d  by a  second 

p u l s e  i n  t h e  same b u r s t ,  o r  even by another  ex t raneous  b u r s t  r e s u l t -  

ing  from poor mode lock ing ,  t hus  ensuring low du ty  c y c l e  o p e r a t i o n  

l ead ing  t o  very  low t r a n s i s t o r  f a i l u r e  r a t e s .  

I n  o r d e r  t o  d e v i s e  a  more accep tab l e  p u l s e  s e l e c t o r  s e v e r a l  

changes were made. F i r s t ,  t h e  o s c i l l a t o r  c a v i t y  was lengthened t o  

provide  pu l se  s e p a r a t i o n s  of 10  n s  i n  o rde r  t o  r e l a x  t h e  pu l se  

width c o n s t r a i n t s  on t h e  switchout  p u l s e  gene ra to r .  Secondly, a  

k ry t ron  r ep l aced  t h e  avalanche t r a n s i s t o r s  a s  t h e  primary swi tch ing  

element,  a long  wi th  t h e  a d d i t i o n  of a  p u l s e  forming network enabl ing  

ope ra t i on  wi th  on ly  one swi tch .  L a s t l y ,  o p e r a t i o n  of t h e  o s c i l l a t o r  

us ing  Eastman 14015 dye provided a  s h o r t e r  p u l s e  t r a i n  w i th  more 

energy pe r  pu l se .  

The schematic  of  t h e  improved c i r c u i t  appears  i n  F igu re  22. A s  

before ,  t h e  photodiode t r i g g e r s  an avalanche t r a n s i s t o r  which sub- 

sequent ly  t r i g g e r s  Q 1 .  The l a r g e  p u l s e  genera ted  a c r o s s  R 6  then  

t r i g g e r s  t h e  k ry t ron ,  w i t h  t ransformer  coupl ing  provid ing  i s o l a t i o n  

i n  o r d e r  t o  keep t h e  l a r g e  p u l s e  a c r o s s  R 6  from being f ed  back i n t o  

t h e  base  emitter c i r c u i t  of 41. Two mil l iamps of keep a l i v e  c u r r e n t  

a r e  supp l i ed  t o  t h e  k r y t r o n  f o r  150 us i n  o r d e r  t o  drop  t h e  f i r i n g  

de l ay  from t h e  r a t e d  40 n s  de l ay  down t o  1 0  n s  de l ay ,  i n  a d d i t i o n  t o  

p o s s i b l y  sho r t en ing  t h e  f a l l  time of t h e  p u l s e .  

The i n s u l a t i n g  j a c k e t  i s  removed from t h e  p u l s e  forming 

c o a x i a l  c a b l e  which is  then c o i l e d  a s  shown i n  F igure  2 2 ,  and 





the  b r a i d  so ldered  t o  t i e  t h e  t u r n s  toge ther  e l e c t r i c a l l y .  

I n i t i a l l y ,  t h e  coax a c t s  l i k e  a capac i to r  charged t o  t h e  ope ra t ing  

vo l t age ,  V whi le  t h e  p o t e n t i a l  ac ros s  t h e  Pockels c e l l  i s  he ld  t o  
0 ' 

zero  by R7. When t h e  k ry t ron  conducts ,  t h e  o u t e r  conductor poten- 

t i a l  drops t o  ground p o t e n t i a l  uniformly over  i t s  e n t i r e  l eng th  due 

t o  t h e  in t e rconnec t ion  of t h e  t u r n s  i n  t h e  c o i l ,  but  t h e  f i e l d  i n  

t h e  coax does not  d i sappear  immediately. Consequently, a vo l t age  of 

-V appears  ac ros s  t h e  Pockels c e l l  and R7 simultaneously.  Voltage 
0 

and c u r r e n t  c o n t i n u i t y  a t  t h e  coax-R7 connect ion r e q u i r e  t h e  forma- 

t i o n  of a  t r a v e l i n g  wave of magnitude Vo/2, which then  propagates  

down t h e  5;i f o o t  cab le  t o  t h e  Pockels c e l l  i n  8 n s .  The wave r e f l e c t s  

a t  t h e  Pockels  c e l l  (which behaves e s s e n t i a l l y  a s  an  open c i r c u i t ) ,  

dropping t h e  v o l t a g e  t h e r e  t o  z e r o ,  and t r a v e l s  back t o  R 7  where it 

d i s s i p a t e s  i n  R7, having now completely discharged t h e  cab le .  The 

outcome is  a pu l se  of he igh t  -Vo on t h e  Pockels  c e l l  f o r  a  t ime dura- 

t i o n  of s l i g h t l y  over 8 ns .  

Th i s  technique works much b e t t e r  than  us ing  two avalanche 

chains.  Osc i l loscope  measurements of t h e  pu l se  a c r o s s  t h e  Pockels  

c e l l  show a drop t o  -4.5 kV i n  1 . 5  n s ,  followed by a  f l a t  reg ion  of 

7  n s  a t  -4.5 kV, followed by a  r i s e  back t o  zero  i n  1 .5  ns .  The 

pu l se  shape is  e x c e l l e n t  and of proper  du ra t ion  f o r  u se  wi th  t h e  10  

ns  p u l s e  spacing of t h e  longer  o s c i l l a t o r  c a v i t y ,  

A s t a t i s t i c a l  a n a l y s i s  of t h e  switchout  performance is  summar- 

i zed  i n  F igu re  23 f o r  ope ra t ion  w i t h  each of t h e  two mode 



Intensity Intensity 
(Arbitrary Units) (Arbitrary Units) 

Green 68% in range 1.9 to 4.4 Green 68% in range 1.35 to 5.15 
IR 68% in range 1.38 to 2.1, IR 68% in range 1.16 to 2.27 

Figure  23. Operat ing c h a r a c t e r i s t i c s  of t h e  s i n g l e  pu l se  s e l e c t o r .  
These graphs show t h e  i n t e n s i t y  d i s t r i b u t i o n  of t h e  pulses  provided 
by t h e  switchout  system. The l e f t  s i d e  was obtained when Eastman 
9740 dye was used i n  t h e  o s c i l l a t o r  whi le  t h e  r i g h t  s i d e  i s  f o r  
Eastman 14015 dye. 



locking  dyes.  The i n t e n s i t y  d a t a  were taken us ing  a  Hamamatsu s t r e a k  

camera wi th  532 nm l i g h t  obtained by doubling some of t h e  1064 nm 

l i g h t  i n  t h e  switched out pu lse .  The double pass switchout  configura-  

t i o n  was used f o r  t h e  switchout system. Note t h a t  t h e  d a t a  were 

taken i n  t h e  green where t h e  i n t e n s i t y  range v a r i e s  a s  t h e  square  

of t h e  i n t e n s i t y  i n  t h e  i n f r a r e d ,  and t h e r e f o r e ,  t o  o b t a i n  the  switch- 

ou t  i n t e n s i t y  v a r i a t i o n  of t h e  i n f r a r e d ,  a  square  r o o t  must be taken.  

The r e s u l t s  show s i m i l a r  ope ra t ion  wi th  e i t h e r  dye, even though 

switchout  t iming v a r i e s  throughout t h e  s h o r t  pu l se  t r a i n  wh i l e  s t ay -  

ing  i n  t h e  f i r s t  q u a r t e r  t o  ha l f  of t h e  long t r a i n .  This  sugges t s  

t h a t  t h e  switchout t r i g g e r i n g  i s  ope ra t ing  a s  i t  should except  f o r  

t h e  t ime j i t ter .  This  j i t t e r  most l i k e l y  e x i s t s  due t o  t h e  b u r s t  

t o  b u r s t  f l u c t u a t i o n s  i n  energy i n  t h e  pu l se  t r a i n s  themselves,  

r a t h e r  than  t h e  f l u c t u a t i o n s  i n  t h e  switchout  th reshold .  



CHAPTER 5 

DIAGNOSTICS 

Seve ra l  techniques proved inva luab le  f o r  v e r i f y i n g  proper opera- 

t i o n  of t h e  d e f l e c t i o n  system. The arrangement of F igure  24 enables  

measurement of t h e  v o l t a g e  pu l se  he ight  and width w i t h i n  t h e  def lec-  

t i o n  c r y s t a l ,  i n  a d d i t i o n  t o  a  de te rmina t ion  of t h e  e l e c t r o o p t i c  

c o e f f i c i e n t .  An accu ra t e  p r e d i c t i o n  can then  be made from these  

measurements concerning t h e  eventua l  performance of t h e  system i n  

i t s  d e f l e c t i o n  mode of opera t ion .  

Refer r ing  t o  t h e  diagram, a  s i n g l e  pu l se  is s e l e c t e d  from t h e  

i n f r a r e d  p u l s e  t r a i n  which, a f t e r  a m p l i f i c a t i o n ,  t r i g g e r s  t h e  spa rk  

gap. The doubler  and d i c h r o i c  mi r ro r  provide  t h e  green l i g h t  f o r  

t h e  d e f l e c t o r .  In  t h i s  work t h e  d e f l e c t o r  cons i s t ed  of a  s i n g l e  

c r y s t a l  of deu te ra t ed  WP, KDDP, o r i e n t e d  t o  u t i l i z e  t h e  l a r g e s t  

component of i t s  e l e c t r o o p t i c  t enso r ,  t h e  r63  c o e f f i c i e n t .  With 

t h e  f i e l d  app l i ed  along t h e  c r y s t a l  z a x i s  and t h e  c r y s t a l  x  and y 

axes  making a  45' a n g l e  w i th  t h e  c r y s t a l  f a c e s ,  t h e  induced b i r e -  

f r i ngence  occurs  a long  axes  p a r a l l e l  and pe rp ind icu la r  t o  t h e  c r y s t a l  

f a c e s  r e s u l t i n g  i n  d e f l e c t i o n  f o r  h o r i z o n t a l l y  po la r i zed  l i g h t .  Th i s  

may be used t o  advantage t o  measure t h e  induced b i r e f r ingence .  By 

i l l u m i n a t i n g  t h e  device  w i t h  c i r c u l a r l y  po la r i zed  l i g h t ,  t h e  p o l a r i -  

z a t i o n  s t a t e  of t h e  t r ansmi t t ed  l i g h t  w i l l  vary  a s  a f u n c t i o n  of t h e  

app l i ed  f i e l d ,  and a  p o l a r i z a t i o n  ana lyze r  a t  t h e  output  w i l l  then  
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convert  t h e  p o l a r i z a t i o n  v a r i a t i o n s  t o  i n t e n s i t y  changes. The r e s u l t -  

ing f r i n g e  p a t t e r n  a t  t h e  output  then  moves o r  deforms a s  a  func t ion  

of t h e  appl ied  f i e l d .  

The arrangement shown c o n s i s t s  of a  q u a r t e r  wave p l a t e  t o  c r e a t e  

c i r c u l a r  p o l a r i z a t i o n ,  a  d iverg ing  l e n s  t o  i l l u m i n a t e  t h e  e n t i r e  

c r y s t a l ,  a  p o l a r i z a t i o n  ana lyzer  t o  form t h e  f r i n g e  p a t t e r n ,  and 

f i l m  t o  record t h e  p a t t e r n .  A s l i g h t  t i lt  of t h e  c r y s t a l ,  causing 

non-normal inc idence ,  provides  c l o s e r  f r i n g e  spacing f o r  more accu- 

r a t e  measurements. For t h i s  arrangement t h e  f r i n g e  spacing v a r i e s  

q u a d r a t i c a l l y ,  t h e  spacing becoming sma l l e r  a s  one moves away from 

ray  which passes  through t h e  c r y s t a l  a t  normal inc idence ,  t h i s  

c o n s t i t u t i n g  t h e  c e n t e r  of a  symmetric p a t t e r n .  Appl ica t ion  of a  

s t a t i c  vo l t age  t o  t h e  s t r i p l i n e  w i l l  cause f r i n g e  movement. Movement 

away from t h e  p a t t e r n  c e n t e r  when using KDDP imp l i e s  t h a t  a v o l t a g e  

pu l se  of t h e  same s i g n  w i l l  induce a p o s i t i v e  l e n s .  Appl ica t ion  of 

a  vo l t age ,  Vo, s u f f i c i e n t  t o  t r a n s l a t e  t h e  p a t t e r n  one f r i n g e  spacing 

a l lows  easy de termina t ion  of t h e  e l e c t r o o p t i c  c o e f f i c i e n t  according 

t o  

r = 2 h d / n o 3 ~ o ~  (5.1)  

f o r  f r i n g e s  involv ing  l i g h t  a t  nea r  normal inc idence  (near  t h e  

p a t t e r n  c e n t e r ) .  S imi l a r  r e l a t i o n s h i p s  hold f o r  o t h e r  o r i e n t a t i o n s  

and o t h e r  c r y s t a l s ,  bu t  may not  be i d e n t i c a l  t o  t hese .  Measurements 

on ou r  c r y s t a l  show r63 = 2.2 x 1 0 - l ~  m/V,  t h i s  being s i m i l a r  t o  v a l u e  

quoted, f o r  example, by Yariv of 2.36 x 10-l1 m/V." By us ing  t h i s  



same arrangement and vary ing  t h e  temperature of t h e  c r y s t a l  we 

obta ined  an a c c u r a t e  de te rmina t ion  of d(n  - no)/dT. Using a  l e a s t  e 

squares  f i t  t o  t h e  equat ion  

gave d(n, - no)/dT = - 7 . 7  x ~ o - ~ / " c  wi th  a  s tandard  d e v i a t i o n  of 

2 x ~ o - ~ / " c .  This  i s  aga in  i n  e x c e l l e n t  agreement w i th  t h e  va lue  of 

( - 7 . 3  2 -15)  x ~ o - ~ / " c  found by ~ h i l l i ~ s . ~ ~  Attempts t o  determine t h e  

Cur ie  temperature showed T  = 160°K w i t h  a  s tandard  d e v i a t i o n  of 1 6 ° K .  
C 

Because of p o s s i b l e  sys t ema t i c  problems w i t h  t h e  appara tus  when t h i s  

measurement was made, t h e  r e s u l t  may no t  be  r e l i a b l e ,  o r  perhaps t h e  

d e u t e r a t i o n  l e v e l  of our  c r y s t a l  is  lower than  expected. Quoted 

v a l u e s  f o r  heavy d e u t e r a t i o n  (90%) i n d i c a t e  T = 220" K , 74 w i t h  t h e  
C 

Cur i e  temperature vary ing  smoothly down t o  1 2 0 " ~  as a  func t ion  of 

decreas ing  deu te ra t ion .  

Th i s  appa ra tus  arrangement may a l s o  b e  used t o  measure t h e  

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

de l ay  t o  o b t a i n  synchronism i n  t h e  c r y s t a l  w i t h  t h e  v o l t a g e  p u l s e  

a l lows  a picosecond o p t i c a l  p u l s e  t o  s t r o b e  t h e  v o l t a g e  waveform. 

Comparisons of t h e  f r i n g e  p a t t e r n  wi th  and without  t h e  v o l t a g e  pu l se  

i n  t h e  c r y s t a l  enable  computation of a  f i e l d  p r o f i l e  a long t h e  

c r y s t a l  width.  The p o s i t i o n  informat ion  i n  conjunct ion  wi th  t h e  

speed of e l e c t r i c a l  propagat ion,  then  y i e l d s  a  t ime p r o f i l e  of t h e  

v o l t a g e  pulse. For f a s t ,  h igh  v o l t a g e  p u l s e s  t h i s  may b e  t h e  only 



means of accurately measuring the pulse, since high voltage oscillo- 

scope measurements are limited to risetimes longer than a nanosecond. 



CHAPTER 6 

EXPERIMENTAL RESULTS 

The experimental  a s p e c t s  of t h i s  r e sea rch  have emphasized t h e  

development of t h e  m u l t i p l e  l e n s  system. Each of two experiments 

has demonstrated s a t i s f a c t o r y  agreement wi th  theory  and has  pointed 

o u t  t h e  need f o r  b e t t e r  high vo l t age ,  f a s t  pu l se  sources .  Although 

n e i t h e r  demonstrat ion has  achieved impressive r e s u l t s  i n  terms of a  

l a r g e  number of r e s o l v a b l e  s p o t s  o r  f a s t  t ime r e s o l u t i o n ,  s u f f i c i e n t  

success  has  been obtained t o  warrant  f u r t h e r  development towards t h e  

goa l  of a u s e f u l  i n f r a r e d  s t r e a k  camera. 

F igure  25 d e p i c t s  t h e  appara tus  employed i n  t h e  f i r s t  exper i -  

ment. Using a  60 cm c a v i t y  wi th  Eastman 9740 dye i n  t h e  mode locking  

c e l l ,  t h e  Nd:YAG o s c i l l a t o r  d e l i v e r s  a  pu l se  t r a i n  of 24 i n f r a r e d  

pu l se s  separa ted  by 4 n s  each. Subsequent lowering of t h e  i n t e n s i t y  

by beam expansion then p r o t e c t s  t h e  a m p l i f i e r  rod ,  whose output  

d r i v e s  t h e  tandem KDP doubler  c r y s t a l s  t o  convert  some of t h e  i n f r a -  

red t o  green.  The d i c h r o i c  mi r ro r  r e f l e c t s  t h e  green  wh i l e  passing 

t h e  i n f r a r e d  onto t h e  spa rk  gap f o r  t r i g g e r i n g  of t h e  convent ional  

charged l i n e  pu l se  gene ra to r .  Th i s  coax ia l  spa rk  gap assembly, 

cons t ruc ted  from copper tub ing ,  has  an  impedance of 12.5 ohms. It 

ope ra t e s  wi th  a  n i t rogen  p re s su re  of 200 l b s .  and a  supply v o l t a g e  

of 20 kV t o  gene ra t e  an 8 kV, 5 n s  vo l t age  pu l se ,  which passes  

through a  s h o r t  s e c t i o n  of mylar s t r i p l i n e  i n t o  a bundle of 4 ,  RG58U, 

50 ohm coax ia l  c a b l e s  (making 12 .5  ohms) and f i n a l l y  i n t o  t h e  





d e f l e c t o r  i t s e l f ,  from which another  s e c t i o n  of mylar s t r i p l i n e  then  

guides t h e  pu l se  t o  a  1 5  ohm r e s i s t i v e  te rmina t ion .  

The green pulse  t r a i n ,  a f t e r  r e f l e c t i o n  from t h e  d i c h r o i c  mi r ro r ,  

passes  through t h e  Pockels  c e l l  s i n g l e  pu l se  s e l e c t o r .  A one inch 

long,  112 inch  diameter  KDP c r y s t a l  wi th  r i n g  e l e c t r o d e s  a t  each end 

s e r v e s  a s  t h e  a c t i v e  switchout medium. The v o l t a g e  pu l se  t o  a c t i v a t e  

t h e  switchout  i s  derived from t h e  main spark  gap genera tor  by means 

of a  w i r e  connect ion t o  t h e  mylar s t r i p l i n e  a t  t h e  output  of t he  

pu l se  gene ra to r .  A switchout  dr iven  i n  t h i s  manner i n s u r e s  easy 

o p t i c a l  and e l e c t r i c a l  p u l s e  synchroniza t ion  wi th  low j i t t e r .  Next, 

t h e  h o r i z o n t a l l y  po la r i zed  l i g h t  from t h e  switchout  i s  delayed before  

e n t e r i n g  a  pu l se  s t a c k e r  c o n s i s t i n g  of a  bean s p l i t t e r  and two m i r -  

r o r s .  Cylinder  l e n s e s  expand t h e  h o r i z o n t a l  dimension of t h e  base 

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

beam i s  imaged onto  f i l m  f o r  record ing  of t h e  induced beam movement. 

An exploded view of t h e  d e f l e c t o r  appears  i n  F igure  26. The 

beam width, 2w, i s  sma l l  compared t o  t h e  v a l u e  of Y ,  t h e  e l e c t r i c a l  

pu l se  halfwidth;  however, f o r  smal l  d e f l e c t i o n s  t h i s  is unimportant,  

as t h e  primary determinant  of ope ra t ion  i n  t h i s  range i s  t h e  t o t a l  

i n t e r a c t i o n  l e n g t h  of t h e  l i g h t  and f i e l d  w i th in  t h e  c r y s t a l .  More- 

ove r ,  a  smal l  beam width g r e a t l y  r e l a x e s  t h e  requirement concerning 

t h e  o p t i c a l  q u a l i t y  of t h e  c r y s t a l  s u r f a c e s ,  which have l a rge - sca l e  

e r r o r s  i n  shape because KDDP i s  d i f f i c u l t  t o  p o l i s h .  

F igu re  27 shows a  d e n s i t m e t e r  t r a c i n g  of one d e f l e c t i o n  even t .  

The pu l se  s t a c k e r  provides  two pu l se s  such t h a t  w i th  no v o l t a g e  





Figure  27. Sample experimental  r e s u l t s  f o r  f i r s t  
d e f l e c t i o n  experiment.  
The top  t r a c e  shows two p u l s e s ,  one d e f l e c t e d  
( r i g h t )  and one undef lec ted  ( l e f t )  whi le  t h e  
lower t r a c e  shows t h e  pu l se s  on t o p  of each o t h e r .  



app l i ed  they f a l l  on top  of each o t h e r  (g iv ing  t h e  lower t r a c e ) ,  

whi le  a p p l i c a t i o n  of a  v o l t a g e  p u l s e  d e f l e c t s  on ly  one of t h e  p u l s e s  

(g iv ing  t h e  upper t r a c e ) .  The peak he igh t  and t h e  f u l l  width a t  

h a l f  maximum p o i n t s  f i t  a  gauss ian  p u l s e  of beam width 2w = 0.9 mm 

and i n d i c a t e  a  one s ided  d e f l e c t i o n  of 1 .15  mm, o r  1 .25 s p o t s .  

Analys i s  of many such p i c t u r e s  shows maximum d e f l e c t i o n  of 

3 .5  rnm i n  one d i r e c t i o n  and 1.75 mm i n  t h e  o t h e r  d i r e c t i o n  f o r  a 

t o t a l  range of 5.25 mrn. However, t h e  spo t  s i z e  i n  t h e s e  p i c t u r e s  i s  

degraded somewhat from t h e  d i f f r a c t i o n  l i m i t e d  va lue  of 0 .9  mm t o  a  

va lue  of  1 . 5  mm. Thus, t h e  d e f l e c t i o n  range corresponds t o  5 .8  s p o t s ,  

wh i l e  t h e  a c t u a l  d e f l e c t i o n  i n  r e a l  s p o t s  i s  c l o s e r  t o  3.5 s p o t s .  The 

r e s o l v i n g  t i m e  i s  then  5  n s l 3 . 5  = 1.43  n s .  

Equat ions (3.8) p r e d i c t  N = 6.8  s p o t s  when w  = 6 mm, to = 5  n s ,  

E = 48, Yo = cto/2&, q = 9, V = 8  kV, I = 532 nm, no = 1.51, P = 8mm, 

d  = 2  mm, e l  = 1 5  degrees ,  and b  = nO3r cos  2e1/2, where 

r = 2.2 x 10-llm/v ( see  Chapter 5) and t h e  cos  201 a r i s e s  from no t  

having t h e  l i g h t  p o l a r i z a t i o n  along one of t h e  induced b i r e f r i n g e n t  

axes .  This  d i f f e r e n c e ,  5 .8  v e r s u s  6.8 s p o t s ,  is  accounted f o r  primar- 

i l y  by an experimental  anomaly. The v o l t a g e  p u l s e  i n  t h e  c r y s t a l ,  a s  

measured using t h e  technique  descr ibed  i n  Chapter 5, was on ly  6.3 kV 

r a t h e r  t han  t h e  8  kV provided by t h e  p u l s e  gene ra to r .  F u r t h e r  expe r i -  

ments w i t h  t h e  appa ra tu s  showed t h a t  t h i s  was a  problem a r i s i n g  from 

poor con tac t  of t h e  indium f o i l  e l e c t r o d e s  t o  t h e  c r y s t a l .  This  was 

c o r r e c t e d  a t  a  later d a t e  by p a i n t i n g  e l e c t r o d e s  on wi th  s i l v e r  p a i n t .  



Use of t h e  measured 6.3 kV value  y i e l d s  a  p r e d i c t i o n  of 5 . 4  s p o t s  i n  

e x c e l l e n t  agreement wi th  t h e  experimental  r e s u l t  of 5 .8  s p o t s ,  

A second experimental  arrangement was chosen t o  improve the  

r e s o l u t i o n  time. Changing t o  a  50 ohm spa rk  gap should decrease  t h e  

pu l se  width by a  f a c t o r  of 50112.5 = 4 according t o  t h e  s imple pu l se  

genera tor  model of Chapter 3 ,  whi l e  dropping t h e  v o l t a g e  t o  40% of 

8 kV due t o  t h e  r equ i r ed  impedance change be fo re  e n t e r i n g  t h e  c r y s t a l .  

The new p u l s e  ampli tude would then  be 3.5 kV with  a  width of 1.25 n s ,  

and i t  would provide an  i n c r e a s e  i n  t h e  number of s p o t s  by 1 .6  t imes 

wh i l e  decreas ing  t h e  r e s o l u t i o n  t ime t o  less than  one s i x t h  of i t s  

previous  va lue ,  i . e . ,  8 s p o t s  and 140 ps.  

Attempts t o  gene ra t e  t h e  f a s t e r  e l e c t r i c a l  p u l s e  focused a t t e n -  

t i o n  onto t h e  va r ious  d i s c o n t i n u i t y  and matching problems involved 

i n  g e t t i n g  t h e  e l e c t r i c a l  pu l se  i n t o  t h e  c r y s t a l .  Re fe r r ing  t o  

F igure  28, t h e  spa rk  gap f s  a  coax ia l  50 ohm system modeled a f t e r  

t h e  Alcock design.57 The pulse  couples  i n t o  a  one inch  long s e c t i o n  

of s t r i p l i n e  (us ing  t h e  coupling technique of ~ n ~ l a n d ~ ~ )  t o  provide 

a  near  p e r f e c t  match. The s t r i p l i n e  impedance then  changes t o  1 0  

ohms v i a  an abrupt  width change of t h e  e l c t r o d e s  on t h e  woven, t e f l o n -  

g l a s s  d i e l e c t r i c .  The one inch  s e c t i o n  of 50 ohm s t r i p l i n e  provides  

a  good match from t h e  coax ia l  geometry, wh i l e  being s h o r t  enough t o  

f n s u r e  t h a t  t h e  v o l t a g e  appearing on i t  w i l l  no t  exceed t h a t  i n  t h e  

1 0  ohm s e c t i o n ,  thereby avoid ing  breakdown problems. The abrupt  

width change in t roduces  a  smal l  c a p a c i t i v e  d i s c o n t i n u i t y  measured t o  





be no g r e a t e r  than 0.5 p f .  Considered a s  a  f i l t e r ,  t h e  -3 db f r e -  

quency of 0 .5 pf a t  t h e  junc t ion  of a  50 ohm and a  10 ohm l i n e  i s  

38 Ghz, which is  acceptab le .  Another d i s c o n t i n u i t y  occurs  a t  t h e  

c r y s t a l  where t h e  d i e l e c t r i c  t h i ckness  changes t o  main ta in  t h e  same 

impedance wi th  t h e  same e l e c t r o d e  width. The o p t i c a l  arrangement 

v a r i e s  s l i g h t l y  from t h e  previous  experiment i n  t h a t  t h e  green l i g h t  

i s  c rea t ed  and separa ted  from t h e  i n f r a r e d  before  a m p l i f i c a t i o n  i n  

o rde r  t o  o b t a i n  b e t t e r  beam q u a l i t y  i n  t h e  green.  Changes i n  t h e  

d e f l e c t o r  assembly were made i n  order  t o  decrease  t h e  i n t e n s i t y  of 

green l i g h t  r equ i r ed  f o r  ope ra t ion  and t o  improve t h e  o p t i c a l  

q u a l i t y ,  t h e  l a t t e r  being accomplished by index matching t h e  c r y s t a l  

s u r f a c e s  t o  o p t i c a l l y  f l a t  g l a s s  p l a t e s .  

The r e s u l t s  w i th  t h i s  new arrangement were somewhat discourag- 

i ng .  Osc i l loscope  measurements, subsequent ly confirmed by measure- 

ments made us ing  t h e  c r y s t a l  ( s ee  Chapter 5 ) ,  showed a  v o l t a g e  peak 

of 3.6 kV a s  expected, bu t  t h e  pu l se  width had shortened t o  only  

2.5 n s ,  r a t h e r  than t h e  1 .25  ns  expected. With t h e  same m a t e r i a l  

parameters  a s  before ,  and wi th  w = 4.5 mm, V = 3.6 kV, q = 11, 

0 = 20.7', = 12.54' and to = 2.5 n s ,  Equations (3.38) p r e d i c t  

N = 6 . 4  s p o t s ,  t = 350 ps ,  and, wi th  t h e  imaging system now provid- 

i ng  1 mm of l i n e a r  d e f l e c t i o n  per  0.0577 mrad of angular  d e f l e c t i o n ,  

w = 0.65 mm and a  t o t a l  d e f l e c t i o n  range of 8.35 mm. 
0 

F igu re  29 shows another  dens i tometer  t r a c i n g  of two pu l se s ,  

one d e f l e c t e d  and one undef lec ted .  By aga in  f i t t i n g  a  gauss ian  t o  



Figure 29. Sample experimental results for 
second deflection experiment. 
The densitometer tracing shows 
two pulses, one deflected and 
one undeflected. 



t h e  pu l se s ,  we measure a  d e f l e c t i o n  of 1 .7  s p o t s ,  which when doubled 

g ives  a  t o t a l  range of 3 . 4  s p o t s ,  only 53% of t h e  p red ic t ed  v a l u e ,  

while  t h e  a c t u a l  l i n e a r  d e f l e c t i o n  amounted t o  2.5 mm, corresponding 

t o  a  f u l l  d e f l e c t i o n  range of 5  mm or 72% of t h e  p red ic t ed  va lue .  

The spo t  s i z e  t hus  appears  t o  be somewhat l a r g e r  than  t h e  d i f f r a c t i o n  

l i m i t e d  va lue .  From 1 .7  s p o t s  i n  1 .25  ns  a  r e a l  r e s o l u t i o n  time of 

740 p s  i s  obta ined  ( t h i s  being about twice  a s  good as t h a t  of t h e  

f i r s t  experiment) .  The discrepancy between t h e  theory  and experiment 

probably stems from our  having not  gathered s u f f i c i e n t  d a t a  t o  accu- 

r a t e l y  determine t h e  peak d e f l e c t i o n  t h e  device  was capable o f .  A s  

mentioned before ,  most of t h e  a t t e n t i o n  i n  t h i s  experiment was 

focused on overcoming t h e  d i f f i c u l t i e s  involved i n  producing and 

working wi th  f a s t e r  p u l s e s  r a t h e r  than  ob ta in ing  a c c u r a t e  measurements 

of t h e  d e f l e c t o r  ope ra t ion ,  s i n c e  t h e  wide p u l s e  width i n h i b i t e d  

r e a l i z a t i o n  of any s i g n i f i c a n t l y  improved experimental  r e s u l t s .  



CHAPTER 7 

FUTURE WORK 

The next  s t e p  t o  b e  taken  should be  t h e  c o n s t r u c t i o n  of  a  l a r g e r  

m u l t i p l e  l e n s  d e f l e c t i o n  system u t i l i z i n g  l i t h i u m  n ioba t e .  The small-  

e r  d i e l e c t r i c  cons t an t  of l i t h i u m  n i o b a t e  provides  h ighe r  s t r i p l i n e  

impedances enabl ing  t h e  t r a n s f e r  of a  more n e a r l y  optimum v o l t a g e  

p u l s e  i n t o  t h e  d e f l e c t o r .  The 8 kV, 2.5 n s ,  50 ohm p u l s e  gene ra to r  

descr ibed  p rev ious ly  i n  conjunc t ion  wi th  a  5 mm h igh ,  5  mm t h i c k ,  

20 cm long d e f l e c t o r  c r y s t a l  would provide  34 r e s o l v a b l e  spo t  pos i -  

t i o n s  w i th  a  r e s o l u t i o n  of 69 p s  each. This  system would u s e  t o t a l  

i n t e r n a l  r e f l e c t i o n  r a t h e r  than  e x t e r n a l  m i r r o r s ,  where an a c t u a l  

c r y s t a l  width of 7 m has  been assumed. This  r e p r e s e n t s  a substan-  

t i a l  improvement over t h e  KDDP system and may perhaps be u s e f u l  f o r  

work a t  1 .06  vm,  but  probably n o t  f o r  longer  wavelengths.  

From t h i s  example t h e  need f o r  a  b e t t e r  v o l t a g e  p u l s e  gene ra to r  

i s  apparen t .  For example, t h e  l i t h i u m  n i o b a t e  system w i t h  a  1 n s  

p u l s e  wid th  would provide  77 s p o t s  wi th  11 ps r e s o l u t i o n  a t  532 nm, 

a  ve ry  e x c i t i n g  r e s u l t .  Th i s  imp l i e s  N = 35 s p o t s  and T = 25 ps  

a t  1 pm, and N = 1 0  s p o t s  w i t h  T = 75 p s  a t  3 vm, which would s t i l l  

be u s e f u l .  

Although c o n s t r u c t i o n  o f  a  l a r g e  d e f l e c t o r  w i th  p r e s e n t  day p u l s e  

gene ra to r s  may f u l f i l l  some c u r r e n t  r e sea rch  needs,  i t  i s  apparen t  

t h a t  t h e  primary development e f f o r t  must be  concent ra ted  on e l e c t r i c a l  



pu l se  g e n e r a t o r s  i f  s i g n i f i c a n t  ga in s  a r e  t o  be made. So l id  s t a t e  

photoconducting systems appear  t h e  most promising, o r  perhaps care-  

f u l l y  designed tapered  impedance t ransmiss ion  l i n e s  may provide  

adequate  improvement. E l ec t ron  beam carrier e x c i t a t i o n  i n  s e m i -  

conductors  p r e s e n t s  ano the r  op t ion .  Research i n  t h e s e  a r e a s  i s  

c u r r e n t l y  being done i n  s e v e r a l  l a b o r a t o r i e s ,  but  no c l e a r  s o l u t i o n  

h a s  emerged. 
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QUADRUPOLE GEOMETRY 

The quadrupole d e f l e c t o r  i s  designed t o  provide a  l i n e a r  f i e l d  

g rad ien t  a long t h e  axes.  Mathematically t h i s  impl ies  

(Al. 1 )  

where t h e  symmetry of t h e  dev ice  demands s a t i s f a c t i o n  of both 

equat ions.  The s o l u t i o n  of t h e s e  equat ions  i s  

* * - 
E = k z j  + kyk and @ = -kyz (A1 .2 )  

f o r  t h e  e l e c t r i c  f i e l d  v e c t o r  and p o t e n t i a l .  Refer r ing  t o  F igu re  6 ,  

t h e  boundary cond i t i ons  r e q u i r e  @ = -V f o r  y  = z  = R/&. Thus 
0 

k = 2V / R 2 ,  Since t h e  c r y s t a l s  of i n t e r e s t  are u s u a l l y  non i so t rop ic ,  
0 

t h e  d i e l e c t r i c  t e n s o r  components must be used t o  determine t h e  d i s -  

placement vec to r .  Assuming a component €11 f o r  a  f i e l d  i n  t h e  z  

d i r e c t i o n  (usua l ly  t h e  o p t i c  a x i s )  and a  component f o r  a f i e l d  i n  

t h e  x-y p lane ,  t h e  q u a n t i t i e s  of i n t e r e s t  may be w r i t t e n  a s  

,. CI - 
E = 2Vo (zj + yk) / R ~  

To determine t h e  capac i tance  of t h i s  device ,  t h e  charge on t h e  

p l a t e s  must b e  d iv ided  by t h e  vo l t age .  The charge may b e  computed 



by i n t e g r a t i n g  t h e  charge d e n s i t y  over  t h e  a r e a  of t h e  nega t ive ly  

charged p l a t e s ,  where t h e  s u r f a c e  charge dens i ty  i s  given by 
A - 

a = D n .  S ince  E must be  normal t o  t h e  e l e c t r o d e s  i t  can be  used 

t o  cons t ruc t  a  u n i t  normal 

The angle  must be considered when i n t e g r a t i n g  t h e  charge d e n s i t y ,  

and thus  

2 R b  a 
C = Q / V =  - l . /  dydx 

"o o  a  

- 1 
8 = t a n  (-dz/dy) 

where dz/dy i s  t h e  s l o p e  of t h e  l i n e  tangent  t o  t h e  e l e c t r o d e  a t  x ,  

t h e  2 be fo re  t h e  i n t e g r a l  accounts  f o r  t h e r e  being two nega t ive ly  

charged e l e c t r o d e s  having equiva len t  charge, and t h e  2Vo i s  t h e  

v o l t a g e  between t h e  p o s i t i v e  and nega t ive  p l a t e s .  The equat ion  of 

t h e  e l e c t r o d e  i n  t h e  f i r s t  quadrant is g iven  by ( A 1 . 3 )  and t h e  

cond i t i on  + = -V . These y i e l d  
0 

cos  8 = 2y2/dk4 + 4y4 
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The i n t e g r a t i o n  limits rep resen t  t h e  i n t e r s e c t i o n  of t he  e l e c t r o d e s  

and t h e  outermost e l e c t r i c  f i e l d  l i n e s  a s  depic ted  i n  F igure  A 1  and 

ignore  t h e  e f f e c t s  of f r i n g i n g  f i e l d s .  The s l o p e  of t h e  r i g h t  

s i d e  f i e l d  l i n e  is  given by 

I n t e g r a t i o n  of t h i s  equat ion  along w i t h  t h e  cond i t i on  t h a t  t h e  f i e l d  

l i n e  must pas s  through t h e  po in t  (O,R,O) l e a d s  t o  z2 = R2 + y2 f o r  

t h e  equat ion  of t h e  f i e l d  l i n e .  The i n t e r s e c t i o n  of t h i s  curve wi th  

R~ = 2xy f o r  t h e  e l e c t r o d e  y i e l d s  

a 2  = (fi + 1 )  ~ ~ 1 2  and b2 = R 2 / 2 ( f i  + 1 ) .  (Al. 8) 

F i n a l l y ,  combining (A1.4) - (A1.8) t h e  capac i tance  f o r  t h e  quadrupole 

arrangement i s  



electric (-,a,b) 
field lines,= 

Figure  Al -1 .  The hyperbol ic  e l e c t r o d e  s t r u c t u r e  of t h e  
quadrupole d e f l e c t o r  is shown a long  wi th  t h e  
coord ina tes  of p o i n t s  re ferenced  i n  t h e  a n a l y s i s .  
The equat ion  of t h e  f i r s t  quadrant  e l e c t r o d e  is  
R~ = 2xy and b = ~ ~ / 2 a  a t  t h e  e l e c t r o d e  end po in t s .  
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N E G A T I V E  L E N S  D E F L E C T O R  

Th i s  appendix w i l l  use  s imple  geometr ic  arguments coupled 

wi th  t h e  p r o p e r t i e s  of gauss ian  beams t o  prove t h a t  p o s i t i v e  l e n s  

d e f l e c t o r s  a r e  s u p e r i o r  t o  nega t ive  l e n s  d e f l e c t o r s .  

Suppose a  d e f l e c t o r  i s  capable  of  d e f l e c t i n g  t h e  c e n t r a l  r a y  of 

a  gauss i an  beam through some maximum range a s  dep ic t ed  i n  F igure  

A2-1. This  d e f l e c t i o n ,  o r  more fundamental ly  t h e  pa th  of t h e  

c e n t r a l  r a y  of t h e  beam, i s  independent of t h e  beam width ,  bu t  

i n s t e a d  i s  determined on ly  by t h e  index g r a d i e n t s  i n  t h e  d e f l e c t o r .  

The s l o p e  of t h e  e x i t i n g  r ay  w i l l  b e  d i r e c t l y  p ropor t i ona l  t o  i t s  

he igh t  s i n c e  t h e  d e f l e c t o r  may be r ep re sen t ed  by a  l i n e a r  r ay  mat r ix .  

Therefore  a  p o s i t i v e  l e n s  a t  t h e  d e f l e c t o r  ou tpu t  f a c e  w i l l  cause  

a l l  e x i t i n g  r a y s  t o  pas s  through a  s i n g l e  p o i n t  a s  shown. The ang le  

@ then  r e p r e s e n t s  t h e  t o t a l  d e f l e c t i o n  a t  t h e  l e n s  image p lane ,  and 

t h e  number of r e s o l v a b l e  s p o t s  w i l l  be  4 d iv ided  by t h e  beam's 

f u l l  angu la r  d ivergence  B ,  g iven  by B = ~ A / I T W .  

To determine t h e  d ivergence  t h e  beam ha l fw id th  w  must be  known. 

F igu re  A2-2 i s  s i m i l a r  t o  F igu re  A2-1, bu t  now t h e  r a y s  correspond- 

ing  t o  t h e  beam edges (def ined  a s  t h e  l / e2  i n t e n s i t y  p o i n t s )  a r e  

shown f o r  both p o s i t i v e  (dashed) and n e g a t i v e  (do t t ed )  l e n s  de f l ec -  

t o r s .  The beam widths  a r e  t h e  same a t  t h e  ex i t  f a c e  and a r e  a s  l a r g e  

a s  p o s s i b l e  t o  dec rease  t h e  beam divergence  y e t  s t a y  w i t h i n  t h e  



l-l 
I 
P4 
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d e f l e c t o r  a t  f u l l  d e f l e c t i o n .  The l e n s  a t  t h e  e x i t  a f f e c t s  t h e  

p o s i t i v e  and nega t ive  beam edges d i f f e r e n t l y  s i n c e  they  do not  have 

t h e  same s lopes ,  and consequent ly t h e  beam s i z e  a t  t h e  l e n s  image 

p lane  i s  d i f f e r e n t  f o r  t h e  two c a s e s ,  and so  a r e  t h e  s lopes  of t h e  

beam edges. 

A second l e n s  may now be placed a t  t h e  f i r s t  l e n s  image p lane  

i n  o rde r  t o  form a  beam w a i s t  a t  t h a t  p o i n t .  The l e n s  must be 

d i f f e r e n t  f o r  t h e  two d e f l e c t o r s  under cons ide ra t ion ,  bu t  t h a t  is  

of no importance. The c e n t r a l  r a y  w i l l  s t i l l  t u r n  through a  

d e f l e c t i o n  ang le  of 4 ,  and t h e  f u l l  angular  divergence f o r  each 

c a s e  w i l l  depend only on t h e  beam width a t  t h e  second l e n s .  Since 

t h e  beam w a i s t  always occurs  b e f o r e  t h e  geometr ica l  focus  of a  l e n s ,  

t h e  w a i s t s  f o r  t h e  two d e f l e c t o r  types  w i l l  occur between t h e  f i r s t  

l e n s  and i t s  image plane.  Analys is  of t h e  beam edges a t  t h e  e x i t  

of t h e  d e f l e c t o r  i n d i c a t e s  t h a t  a more s t r o n g l y  focused beam w i l l  

emerge from t h e  l e n s  (F igure  A2-2) f o r  t h e  p o s i t i v e  l e n s  d e f l e c t o r .  

Thus, i t s  wa i s t  w i l l  occur  c l o s e r  t o  t h e  d e f l e c t o r  as shown, i t s  

beam diameter  w i l l  be  l a r g e r  a t  t h e  image p lane ,  i t s  angular  d iver -  

gence 6 w i l l  b e  smaller a t  t h e  image p lane ,  and i t s  t o t a l  number 

of r e s o l v a b l e  s p o t s ,  N = $/By w i l l  b e  l a r g e r  t han  f o r  t h e  nega t ive  

l e n s  d e f l e c t o r .  

From t h i s  argument i t  is c l e a r  t h a t  even though t h e  d e f l e c t i o n  

range and ang le  a r e  t h e  same a t  t h e  d e f l e c t o r  e x i t  p lane ,  a s  a r e  t h e  

beam widths  f o r  t h e s e  two c a s e s ,  t h e  number of r e s o l v a b l e  s p o t s  a r e  



d i f f e r e n t .  I n  t h i s  s i t u a t i o n  t h e  f-numbers of t h e  emerging beams 

must b e  accounted f o r  a l s o .  Here, t h i s  was accomplished by b r ing ing  

t h e  beams t o  a  common geometr ica l  image plane where t h e  s imple 

formula, N = $16,  a p p l i e s  f o r  c a l c u l a t i o n  of t h e  number of reso lv-  

a b l e  spo t s .  
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