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The OMEGA LASER system i s  a  24 beam Neodymium g lass  LASER used f o r  

I n e r t i a l  Confinement Fusion experiments. One o f  the  more impor tant  f a c t o r s  

i n  these exper iments i s  the  h i g h  degree o f  symmetry needed t o  implode a  

s p e r i c a l  t a r g e t .  That i n v o l v e s  no t  on ly  t he  genera t ion  o f  many LASER 

pu lses  w i t h  the  same energy and p r o f i l e ,  bu t  e q u a l l y  impor tant  i s  the  need 

f o r  these pu lses  t o  a r r i v e  a t  t he  t a r g e t  a t  t he  same i n s t a n t  i n  t ime. 

Because t he  l a s e r  p u l s e  i s  approximately 1/2 a  nanosecond i n  du ra t i on ,  

and the s c i e n t i s t s  would l i k e  l e s s  than a  ten percent  e r r o r  i n  t he  

pu l se  over lay  a t  the  t a r g e t ,  conven t iona l  means o f  t i m i n g  up the  beams 
-- 

w i t h  photodiodes i s  pushed past  i t s  l i m i t a t i o n s .  As a  r e s u l t  an 

i n t e r f e r o m e t r i c  method was developed t o  t ime these beams to  w i t h i n  a  

few picoseconds o f  each o the r .  

The methodology o f  the  system i s  s imp le  enough i n  p r i n c i p l e .  A  

cont inuous wave ( C.W. ) LASER i s  sent  i n t o  two o f  t he  beams and d i r e c t e d  

a t  a  s p h e r i c a l  t a r g e t .  When the  beams a r e  focused a t  the  center  o f  the  

t a r g e t  they r e f l e c t  back upon themselves, t r a v e l  back through the  system 

and recombine t o  form an i n t e r f e r e n c e  p a t t e r n ,  which i s  then sampled 

by a  de tec to r .  Appendix A  descr ibes  t h i s  sampl ing technique. A l l  t h i s  

c o n s t i t u t e s  a  s tandard Twyman-Green i n te r f e rome te r  w i t h  a  C.W. YAG 

LASER source. ( f i g . 1  ) 



In a standard interferometer the visibiltiy of the fringes created 

by the constructive and destructive interference is expressed as the 
- 
difference between the maximum and minimum fringe intensities over their 

sum. V=I(max)-I(min) 
I (max)tI (min) 

The intensity of the created fringes is expressed as a function 

of the LASER'S spectral content B(s) € defined as the set of longitudinal 

mades existing in the LASER and their relative magnitudes 3 and the 

difference in path length between the two beams (1). The general 

solution for the fringe intensity is; 

where 's' is the wave number at which 

the LASER can operate. 

Therefore, when the spectal content of a LASER is constant, 

as one varies the reference beam path length, and hense the relative path 

difference between the two beams (11, the fringe intensity can be calculated 

at each point. From these intensities, a visibility curve can be generated 

as a function of the path difference. 

That is how the system works in theory. However, shortly after 

installation i t  was found that there were far more peaks occuring on the 

visibility curve than would be predicted by the theory. Ideally there 

would only be a peak every 1.923 meters, ( twice the LASER cavity length ) .  

This is because the relationship between I(1) and B(s) is based on a 

Fourier transform. If B(s) has a comb-like structure due to the 

disrete nature of longitudinal modes, then I(1) € and hense V 3 will 

also have a comb structure where the peak spacings are the inverse 

of the longitudinal mode spacings, which are defined as twice the 

cavity length of the LASER. 



D u r i n g  t i m i n g  scans t h a t  we r a n  on t h e  system, peaks occured 

r o u g h l y  every  300 m i l l i m e t e r s ,  and around these peaks t h e r e  occured s m a l l e r  

, .s ignals .  C o n s i d e r i n g  t h a t  t h e  beam passes th rough  t h e  p a t h  l e n g t h  

a d j u s t i n g  system ( PLAS ) f o u r  t imes,  t h e  d i s t a n c e  between peaks o f  a c t u a l  

PLAS movement i s  approx ima te l y  75 mm. I t  becomes very  easy t o  m is judge  

wh ich  o f  these s i g n a l s  comes f rom t h e  a c t u a l  zero p a t h  d i f f e r e n c e  ( ZPD ) ,  

when you r e a l i z e  t h a t  t h e  o v e r a l l  beam p a t h  from YAG t o  d e t e c t o r  i s  r o u g h l y  

140 mete rs !  See f i g . 2 .  

To a i d  i n  t h e  unders tand ing  o f  how t h e  parameters o f  t h e  LASER 

e f f e c t  t h e  v i s i b i l i t y  cu rve ,  a  program was w r i t e n  t h a t  would s i m u l a t e  a  

v i s i b i l i t y  c u r v e  f o r  any g i v e n  s p e c t a l  c o n t e n t  o f  t h e  LASER. The f i r s t  

two parameters o f  t h e  LASER t h a t  wou ld  o b v i o u s l y  e f f e c t  t h e  v i s i b i l i t y  

c u r v e  fo rm were; t h e  w i d t h  o f  t h e  f requency space a t  wh ich  t h e  LASER was 

r u n n i n g ,  and a l s o  t h e  d i s t a n c e  between l o n g i t u d i n a l  modes t h a t  e x i s t e d  i n  

t h e  LASER. 

As we v a r i e d  these parameters,  t h e  r e s u l t a n t  cu rves  concur red  

w i t h  theo ry .  Indeed, t h e  v i s i b i l i t y  peak spac ing  v a r i e d  as t h e  i n v e r s e  

o f  t h e  1-mode spac ing .  ( see f i g u r e  3. ) A l so  t h e  w i d t h  o f  t h e  v i s i b i l i t y  

peaks v a r i e d  as  t h e  i n v e r s e  o f  t h e  w i d t h  o f  t h e  o p e r a t i n g  f requency 

space. ( see f i g u r e  4. ) T h i s  s tands  t o  reason s i n c e  t h e  a d d i t i o n  o f  

more 1-modes o n l y  causes more d e s t r u c t i v e  i n t e r f e r e n c e  and as such 

any peaks due t o  c o n s t r u c t i v e  i n t e r f e r e n c e  wou ld  be reduced i n  w i d t h .  

Because t h e  nar rowest  Z.P.D. peak on t h e  v i s i b i l i t y  c u r v e  would 

a l l o w  u s  t h e  h i g h e s t  accuracy i n  s e t t i n g  t h e  beams t o  equa l  p a t h  

l e n g t h ,  i t  i s  t o  our advantage t o  have as  w ide  a  s p e c t r a l  c o n t e n t  



t o  the LASER as poss ib le .  The eas ies t  way t o  e f f e c t  the content  

i s  by va ry ing  the cu r ren t  o f  the pump lamps i n  the LASER cav i  t y .  Wi th  
- 

increased cu r ren t  you can take the LASER f r o m  a  few l i n e s ,  out t o  

a  bandwidth o f  roughly  h a l f  an angstrom. To increase our bandwidth t o  

the maximum, which would be the w i d t h  o f  the  f luorescence curve ( "8 

angstroms 1, an i n t e r - c a v i t y  scanning e t a l o n  was i n s t a l l e d .  An e t a l o n  

i n  t h i s  case, i s  a  very t h i n  p iece  o f  g l ass  w i t h  p a r a l l e l  s ides .  

As l i g h t  en te rs ,  i t  i s  r e f l e c t e d  back and f o r t h  i n s i d e  the g lass  and 

i n t e r f e r s  w i t h  i t s e l f .  Depending on i t s  wavelength, and the s i z e  o f  

the e ta lon ,  the l i g h t  w i l l  be e i t h e r  r e j e c t e d  f rom the e ta lon  or  

t ransmi t ted .  F i g .  5 e x p l a i n s  the f u n c t i o n a l  r e l a t i o n s h i p s  o f  t h i s  

process. I n s i d e  the LASER c a v i t y  t h i s  e t a l o n  w i l l  when s t a t i o n a r y ,  

a l l ow  on ly  a  very f i n i t e  band o f  wavelength t o  l ase .  As i t  i s  t i l t e d  

however the passed wavelengths a re  s h i f t e d ,  and o ther  l i n e s  would then 

have a  h igher  ga in  c o - e f f i c i e n t .  I f  the scanning o f  the e ta lon  i s  done - 

very f a s t  ( " 2  kHz. 1  w i t h  respect  t o  the i n te r f e rome te r  sampling 

then because o f  the  t ime averaging, i t  l o o k s  as though you have a  LASER 

w i t h  a  much l a r g e r  bandwidth. The th ickness  o f  the e t a l o n  i s  sever ly  

cons t ra ined  by the f luorescence curve o f  Nd.YAG ( f i g .  6  1. Al though 

we want a  l a r g e  bandwidth, i t  would on ly  compl icate  ma t te rs  by hav ing 

as complex a  sigma f i e l d  as the  f luorescence curve i t s e l f .  The sepera- 

t i o n  o f  the  1 . 0 6 4 1 ~  and 1 . 0 6 1 5 ~  l i n e s  i s  26 angstroms, and a l l o w i n g  f o r  

the p e r v e r b i a l  f a c t o r  o f  t w o ,  t h i s  d i c t a t e s  t h a t  the e t a l o n  should have 

a  p e r i o d i c i t y  o f  t ransmiss ion equal t o  a t  l e a s t  50 angstroms. Using the 

the formula f rom f i g .  5  leaves us w i t h  an e t a l o n  t h a t  i s  a t  most 

50 microns t h i c k ,  a  very t h i n  e t a l o n  indeed, bu t  a l l ows  f o r  an o v e r a l l  

uncomplicated frequency space ( s p e c t r a l  content  B(s) ) .  



Having t h i s  unders tand ing o f  t he  parameter space o f  the  system, 

i t  was now p o s s i b l e  t o  s t a r t  the  da ta  ana l ys i s .  Since the  a v a i l a b i l i t y  

o f  t he  e n t i r e  OMEGA system i s  r a t h e r  l o w  f o r  exper imenta l  purposes, 

e s p e c i a l l y  f o r  open ended p r o j e c t s  such as the  one we were under tak ing,  

we dev ised an exper imenta l  set-up which used on ly  a  subset o f  t he  e n t i r e  

LASER system, ( f i g . 7  1. An f o r t u n a t e  b e n e f i t  o f  t h i s  was t o  improve 

s i g n a l  l e v e l s  by no t  hav ing  as many o p t i c a l  l osses  i n  the  beam paths. 

The r e f l e c t o r  m i r r o r s  cou ld  be i n s t a l l e d  i n  very s h o r t  order ,  and t y p i c a l l y  

a  scan cou ld  be accomplished f rom c o l d  s t a r t  i n  under t h i r t y  minutes.  

Un fo r t una te l y ,  t he  PLAS scanning range i s  p h y s i c a l l y  l i m i t e d  t o  "152 mm, 

so t o  get  a  longer  scan o f  the  t ~ i s i b i l i t y  f u n c t i o n ,  one has t o  shor ten o r  

lengthen t he  re fe rence  beam by moving the  r e f l e c t i n g  m i r r o r  a l so .  Doing 

t h i s  we acqu i red  the  da ta  over l a r g e r  areas and 'pa is ted '  the  p l o t s  

together ,  f i g .  2a. We conf i rmed t h a t  indeed the  v i s i b i l i t y  peaks occured 

a t  an i n t e r v a l  o f  295 mm. 

The theory be ing  as s t r a i g h t  fo rward  as i t  i s ,  i n d i c a t e d  t h a t  t he re  

was some element i n  the LASER t h a t  was caus ing t he  1-mode spacing t o  

appear much l a r g e r  than i t  shou ld  be. Beacause o f  t he  i nve rse  r e l a t i o n s h i p  

between the  1-mode spac ing and the  c a v i t y  l eng th ,  t h i s  argued t h a t  we 

had an e f f e c t i v e  round t r i p  c a v i t y  l e n g t h  o f  on ly  295 mm. An e t a l o n  

o f  very l a r g e  p r o p o r t i o n s  cou ld  have t h i s  e f f e c t ,  bu t  t he re  c e r t a i n l y  

appeared t o  be no such dev ice  i n  our c a v i t y .  

A  c l o s e r  i n s p e c t i o n  o f  the  LASER c a v i t y  i n d i c a t e d  t h a t  a  p o s s i b l e  

cause migh t  be t he  LASER r o d  i t s e l f ,  o r  a  resonance b u i l t  up between one 

f ace  o f  t h e  r o d  and one o f  t he  c a v i t y  m i r r o r s .  Measurements o f  the  system 

i n d i c a t e d  t h a t  the  l a t t e r  was no t  the  problem, bu t  t h a t  t he  r o d  i t s e l f  

cou ld  be if i t s  index of r e f r a c t i o n  were h i g h  enough. Measurement o f  r o d  



was easily accomplished, ( 79mm ) , but the index of the glass was unknown 

not only to ourselves but the the manufacturer. Text references indicated 

- a  probable index of 1.82. The etalon bandpass periodicity therefore 

which is equal to twice the rod length times its index, turns out to be 

288 mm, very close to our mysterious etalon round t r i p  length. I t  was 

soon discovered that the rod's ends were cut with no wedge, maximizing 

the etalon effect. 

Now we had an etalon which could cause the modulation of the 

frequency space, but we were unsure of the modulation depth. I t  turned 

out that that the rod had anti-reflection ( A . R .  ) coatings on either 

surface to minimize internal cavity losses. Thus, with the reflectivity 

equal to zero, the Finesse becomes two. ( see equation in fig. 5 ) 

The Finesse is merely the ratio of the separation of transmission peaks 

over the width of the peaks. The curve of fig. 5 shows us that a Finesse 

of two yields a modulation depth of 50% and is sinusoidal in form. - 

Therefore a first cut at seeing how the theoretical visibility 

curve would look for this system, we set the longitudenal mode spacing 

equal to the inverse of the round t r i p  path length of the LASER rod. 

( l-mode spacing = .00347 mm-1 ) The results of this are pictured in 

fig. 8. Indeed the major peak spacing do occur at the same interval 

as the data that we get from the interferometer. 

Given that agreement, a more complicated form of the sigma space 

might be used to explain the other smaller but significant peaks in 

the real data. This time we allow all modes from the LASER cavity exist, 

( l-mode spacing = ,00054 mm-1 ) but we modulate the sigma field by the 

transmission function of the LASER rod assuming a low finesse due to the 

anti-reflection coatings on the rod's surfaces, ( F=2 ) .  The hope here 



is to generate not only the cavity peaks every 1980 mm., but also create 

peaks at the 300 mm. intervals due to the modulation periodicity caused 

.-..by the LASER rod. The results are in fig. 9. 

Unfortunately this simulation generated data that was less than 

what I had hoped for. Although the cavity generated peaks remained, only 

the rod generated peaks nearest the cavity peaks developed into anything 

significant. A possible explaination for this may be too much destructive 

interferance resulting from the 1-modes of low modulation depth which probably 

wouldn't lase in the real LASER. As such the next step is to add a threshhold 

level to the rod modulation function to simulate the gain over loss line 

which naturaly occurs in the LASER. Not having a good feeling for where to 

set this parameter, I varied i t  thoughout the range of modulation and 

witnessed the results. See fig. 10. 

The results are as anticipated. With a larger threshhold the 

- developement of the "rod peaks" increases. Furthermore, when threshhold goes 

over 90 %, the creation of sattelite peaks occurs. Although they are not of 

the same spacing as those created by our experimental set-up, their form is 

essentially the same. I t  should be noted that these simulations were run 

with a LASER bandwidth of roughly 1 angstrom for speed of calculations, and 

the real LASER has a probable bandwidth of 8 ->  11 angstroms. 

The next step is to vary both the threshhold level and the 

bandwidth, because these are directly related to the two major operating 

parameters of the LASER system, namely lamp current and the magnitude 

of the vibrating etalon swing. Seeing how these parameters effect the 

signal magnitudes and positions, will help direct us to our own operating 

parameter values, and may tell us why the sattelite peaks we have do not 

... occur as the code predicts. See figure 11 for these results. I t  would 



appear f rom t h i s  d a t a  t h a t  t h e  w i d t h  o f  a l l  t h e  peaks i s  a  f u n c t i o n  o f  

t h e  bandwidth,  and t h e  number o f  peaks i s  a f u n c t i o n  o f  t h e  l e v e l  o f  t h e  

- th reshho ld .  The spac ing  o f  a l l  t h e  peaks seems l o c k e d  t o  these parameters, 

and i t  i s  n o t  a  p e r f e c t  d u p l i c a t e  o f  our e x p e r i m e n t a l  da ta .  C l e a r l y  t h e r e  

must be o t h e r  e f f e c t s  t h a t  we have n o t  added t o  our  model, t h e  most obv ious  

o f  wh ich  i s  Q-swich ing  and g a i n  d e p l e t i o n  w h i c h  have been observed as t h e  

e t a l o n  swings ou t  o f  t h e  a l l o w e d  1-mode space and back i n t o  i t .  



-. My pr imary  goa l  i n  t h i s  p r o j e c t  was t o  develope a means by which 

we might  e x p l a i n  the numerous peaks i n  the OMEGA LASER beam t im ing  data, 

so t ha t  i n  the f u t u r e  a c t i o n s  might  be taken t o  s i m p l i f y  the r e s u l t a n t  

v i s i b i l i t y  curves generated. To accomplich t h i s ,  I crea ted  a computer 

model o f  the i n te r f e rome te r  which used the  frequency components o f  the 

LASER t o  generate through a Fou r i e r  t rans fo rmat ion  the v i s i b i l i t y  f unc t i on .  

I n  the process o f  a t t emp t i ng  t o  s imu la te  the  data,  the  program went through 

severa l  r e v i s i o n s ,  bu t  the r e s u l t i n g  code p r e d i c t s  the f o l l o w i n g ;  

a , )  the proper p o s i t i o n  o f  the  LASER c a v i t y  peaks 

b.)  the proper p o s i t i o n  o f  the  LASER r o d  peaks 

c.)  the  fo rmat ion  o f  t e r t i a r y  peaks caused by the 
ex is tance  o f  a v a r i a b l e  l a s i n g  threshhold  

d . )  the  proper r e l a t i o n s h i p s  i n  magnitude between a l l  
peaks 

e.)  the  proper r e l a t i o n s h i p  between the bandwidth o f  the 
LASER and the r e l a t i v e  w i d t h  o f  the peaks. 

The one t h i n g  t h a t  the  code f a i l s  t o  do p rope r l y ,  i s  t o  p r e d i c t  

the proper p o s i t i o n  o f  the t e r t i a r y  peaks formed by the l a s i n g  threshhold .  

Future work i n  t h i s  area may f i n d  the s o l u t i o n ,  bu t  f o r  now t h i s  remains 

unsolved. 

The bottom l i n e  o f  the research i s  t ha t  we now have every reason t o  

b e l i e v e  t h a t  p e c u l i a r  peaks i n  the beam t i m i n g  t races  a re  due t o  the LASER 

r o d  a c t i n g  as an e t a l o n  i n  the c a v i t y .  The s o l u t i o n  t o  the problem, i s  a 

relacement o f  the rod ,  o r  r e c u t t i n g  o f  i t s  faces  w i t h  a few degrees o f  

wedge so t h a t  the e t a l o n  e f f e c t s  a re  minimized. T h i s  would leave  us w i t h  

a t r ace  where the on ly  peaks generated would be spaced a t  tw ice  the LASER 

... cav i  t y  l eng th .  



APPENDIX A. 

- SIGNAL DETECTION OF THE BEAM TIMING INTERFEROMETER 

When t h e  two beams o f  t h e  i n t e r f e r o m e t e r  recombine, they c r e a t e  

a f i e l d  o f  f r i n g e s  t h e  s p a c i n g  o f  wh ich  i s  r e l a t e d  t o  t h e  a n g l e  between 

t h e  beams. I f  t h i s  a n g l e  i s  k e p t  s m a l l  by a c c u r a t e  a l i gnment ,  then t h e  

f r i n g e  s i z e  can be assumed t o  be a s i g n i f i c a n t  f r a c t i o n  o f  t h e  f i e l d  

s i z e .  Our beam s i z e  a t  t h e  d e t e c t i o n  p l a n e  i s  64 mm i n  d iamete r ,  making 

t h e  use o f  a s m a l l  a r e a  pho tod iode  ( g i g a h e r t z  responce as  t h e  in t rumen t  

o f  d e t e c t i o n .  As t h e  PLAS i n  t h e  r e f e r e n c e  beam i s  moved a wave length  o f  

t h e  LASER, t h e  f r i n g e s  i n  t h e  f i e l d  w i l l  move one f r i n g e  w i d t h .  A 

s t a t i o n a r y  d e t e c t o r  i n  t h e  c e n t e r  o f  t h e  f i e l d  w i l l  genera te  a c u r r e n t  

o u t p u t  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  v a r i a t i o n  o f  t h e  f r i n g e  i n t e n s i t y .  

W i t h  a c o n s t a n t l y  moving PLAS, an a.c. s i g n a l  i s  genera ted o f  cons tan t  

f requency wh ich  i s  p r o p o r t i o n a l  t o  t h e  speed o f  t h e  PLAS, and t h e  s i g n a l  
-. 

l e v e l  i s  p r o p o r t i o n a l  t o  t h e  v i s i b i l i t y  o f  t h e  f r i n g e s .  

The e l e c t r o n i c s  o f  t h e  system c o n s i s t s  o f  t h e  f o l l o w i n g  f i l t e r s ,  

and dev ices ;  

1.) A 240 Hz. n o t c h  t o  keep f l u o r e s c e n t  room l i g h t s  o u t .  

2.)  A n o t c h  f i l t e r  t o  keep ou t  t h e  fundamental  f requency o f  t h e  
v i b r a t i n g  e t a l o n .  ( "1.8 kHz. ) 

3.) A h i g h  pass f i l t e r  t o  keep o u t  l o w  f r e q u e n c i e s  caused by a i r  
t u r b u l e n c e  i n  t h e  LASER Bay. ( < 1500 Hz. ) 

4.) A l o w  pass f i l t e r  t o  keep o u t  any h i g h e r  o rde r  harmonics 
genera ted by t h e  v i b r a t i n g  e t a l o n  system. ( > 200 Hz. ) 

5.)  The r e m a i n i n g  f r e q u e n c i e s  a r e  passed t o  an RMS c o n v e r t e r  
wh ich  g i v e s  u s  a d.c .  o f f s e t  f o r  t h e  magni tude o f  t h e  
a.c .  s i g n a l .  

6 . )  A l o w  pass f i l t e r  as n o i s e  suppress ion  on t h e  o u t p u t  o f  
t h e  RMS->DC c o n v e r t e r  ( > 2  hz.  ) 

7.) T h i s  s i g n a l  i s  passed t o  a p l o t t e r  and a d i g i t i z e r  a l o n g  w i t h  
t h e  p o s i t i o n  o f  t h e  moving PLAS so t h a t  c u r v e s  o f  t h e  
r e s u l t i n g  v i s i b i l i t y  f u n c t i o n  can be p l o t t e d .  
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figure 3 

These traces ind ica te  the peak. position 

is r e l a t e d  inversely t o  the I-node 

r ~ a c i n ~ ,  ~ i v e n  a constant width of . l  nu-1 

f o r  the frequency s p ~ e  of the LAEE3. 



f i gu re  4 

1 - >  
0 nn 

2560 nn 

spec t r a l  w id th  = .007 fin-1 

1 - >  
0 an 2560 nn 

spec t r a l  w id th  = .02 nn-1 

These t races  show the  inverse r e i j t i o n s h i p  

between the  w id th  o f  the  operat ing frequency 

space and the  w id th  of the  prak.5 i n  the 

v i s i S i l i t y  curves. Note t h a t  because B(s! 

has a s t ep  f u n c t i o n  shape and t he  v i s i b i i i t y  

curve is i t s  Fou r i e r  transform, i t s  peaks take 

the shape of s i nc  funct ions.  The I-node sgacing 

mas h e l d  constant a t  .002 n n - i  Cor these runs. 

0 nn 1 - >  2560 nn 

spec t r a l  r i d t h  = .05 nn-1 



f ig .  5 

Etalon transrissiun as a function of phase 

difference which i s  related t o  the anrle of 

the incident bear, i t s  rawlength, and the 

e t a l m  parameters. 

Fluorescence spectrun of  M&3 in  

YAC a t  300 K i n  thc region of 1 . 0 6 ~  
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f i g .  7 

Experinental set-up of the bean timing 

interferometer used to facilitate the 

rapid collection of data and take advantage 

of increased signal levels. 
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