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A b s tra c t

DYE LASER SYSTEM FOR MONITORING ATMOSPHERIC 
MOLECULAR POLLUTANTS

by

John S . G erg e ly  

A d v is e r :  P r o f e s s o r  S am ir Ahmed

A l a s e r  r a d a r  (LIDAR) sy s tem  was d e s ig n e d , b u i l t ,  and s u c c e s s f u l l y  

o p e ra te d  t o  m easure  am b ien t NO2 c o n c e n t r a t io n s  i n  th e  a tm o sp h e re . The 

LIDAR sy s te m  o p e ra te d  by m easu rin g  th e  d i f f e r e n t i a l  a b s o r p t io n  o f  

s c a t t e r e d  e n e rg y  (DASE) o f  two l a s e r  s ig n a l s  e m i t te d  a t  w a v e le n g th s  

c o rre s p o n d in g  t o  a  maximum and minimum i n  th e  a b s o r p t io n  sp e c tru m  o f  

N02 . As w i l l  be  show n, th e  u se  o f  t h i s  ap p ro a c h  g r e a t l y  i n c r e a s e s  th e  

s e n s i t i v i t y  and  ra n g e  f o r  th e  d e te c t io n  o f  N02 .

The LIDAR sy s te m  was d e s ig n e d  t o  be  c a p a b le  o f  o p e r a t io n  in  tw o 

b a s i c  m odes. In  t h e  f i r s t  mode, th e  o u tp u ts  a t  th e  tw o r e q u i r e d  

w a v e le n g th s , on and  o f f  re so n a n c e  a b s o r p t io n  o f  NO2 ,  a r e  o b ta in a b le  in  

r a p id  s e q u e n c e , w i th  f re q u e n c y  s e l e c t i o n  by an  e le c t r o m a g n e t i c a l l y -  

d r iv e n  d i f f r a c t i o n  g r a t i n g  from  a  fla sh lam p-pum ped  o r g a n ic -d y e  l a s e r .  

In  t h e  se co n d  m ode, an  i n t r a - c a v i t y  d i e l e c t r i c - i n t e r f a c e  p o l a r i z i n g  

b e a m - s p l i t t e r  i s  u sed  t o  o b ta in  s im u l ta n e o u s ly  th e  p a i r  o f  c lo s e - ly i n g  

in d e p e n d e n tly  -  tu n a b le  w a v e le n g th s  r e q u i r e d  from  th e  dye l a s e r .  T h is  

i s  t h e  f i r s t  r e p o r te d  s u c c e s s f u l  u se  o f  a  DASE LIDAR sy s te m  o p e r a t in g  

in  th e  s im u lta n e o u s  mode. In  t h i s  mode o f  o p e r a t i o n ,  e r r o r s  due t o  

s c i n t i l l a t i o n  e f f e c t s  and  p a r t i c l e  and  a e r o s o l  d r i f t  a r e  e f f e c t i v e l y  

re d u c e d .



Th« sy s te m  d e v e lo p e d  f o r  b o th  s e q u e n t i a l  and  s im u lta n e o u s  o p e ra t io n  

in c o r p o r a te d  an a u to m a tic  c a l i b r a t i o n  f e a t u r e  w hich a llo w e d  f o r  th e  

v a r i a t i o n s  i n  ban d w id th  w hich i n e v i t a b l y  o c c u r  w ith  dye l a s e r s .  

E x p e r im e n ta l r e s u l t s  a r e  p r e s e n te d  w hich  show th e  n e c e s s i t y  and 

a d v a n ta g e s  o f  t h i s  a u to m a tic  c a l i b r a t i o n  a p p ro a c h . The c a l i b r a t i o n  

sy stem  o p e r a te s  by m o n ito r in g  e a ch  w a v e len g th  f o r  each  o u tg o in g  l a s e r  

p u l s e ,  and  a u to m a t ic a l ly  a llo w s  f o r  th e  v a r i a t i o n s  i n  l a s e r  b a n d w id th s , 

and hence  d e te rm in e s  th e  e f f e c t i v e  H02 a b s o r p t io n  c r o s s  s e c t i o n s  e a ch  

tim e  th e  l a s e r  i s  f i r e d .  T h is  i s  th e  f i r s t  r e p o r t e d  u se  o f  t h i s  

a u to m a tic  c a l i b r a t i o n  ap p ro a c h  w hich  we b e l i e v e  t o  be  e s s e n t i a l  t o  th e  

s u c c e s s f u l  o p e r a t io n  o f  LIDAR sy s te m s  o f  t h i s  ty p e .

W ith t h e  e r r o r s  in  th e  sy s te m  m in im ized  th ro u g h  th e  u se  o f  

s im u lta n e o u s  tw o -w a v e le n g th  o p e r a t i o n ,  m easurem ents w ere made w ith  th e  

LIDAR t r a n s m i t t e r  and  a s s o c i a t e d  t e l e s c o p e  r e c e i v e r  d i r e c t e d  o u t -the 

l a b o r a to r y  window a c ro s s  th e  u p p e r  E a s t  S id e  o f  M an h attan . S e v e ra l  

r e a d in g s  w ere o b ta in e d  f o r  v a r io u s  t im e s  d u r in g  th e  day t o  o b se rv e  

ch an g es  i n  p o l l u t i o n  l e v e l s  o v e r  a r e a s  o f  heavy  v e h ic u l a r  t r a f f i c  

lo c a te d  o v e r  one k i lo m e te r  from  th e  LIDAR s i t e .  As e x p e c te d , th e  

p o l lu t i o n  l e v e l s  p eaked  a t  r u s h  h o u r  t im e s  and  l e v e le d  o f f  t h e r e a f t e r .

To exam ine th e  p o s s i b i l i t y  o f  an i n t e g r a t e d  LIDAR sy s te m  c a p a b le  

o f  m o n ito r in g  s e v e r a l  p o l l u t a n t s  s im u l ta n e o u s ly ,  e x p e r im e n ts  w ere 

c a r r i e d  o u t on e n e rg y  t r a n s f e r  p r o c e s s e s  in  dye m ix tu re s .  S im u lta n e o u s  

two and  t h r e e  w av e len g th  l a s e r  a c t io n  was o b ta in e d  in  dye m ix tu re s  a t  

s e v e r a l  w id e ly  s e p a r a te d  s p e c t r a l  r e g io n s  f o r  th e  f i r s t  t im e ,  in c lu d in g  

s im u lta n e o u s  o u tp u ts  a t  th e  t h r e e  p r im a ry  c o lo r s .  E x p e r im e n ta l r e s u l t s  

i n d i c a t e  t h a t  th e  e n e rg y  t r a n s f e r  was by a  r a d i a t i v e  p r o c e s s .

The wot* r e p o r te d  d e m o n s tra te s  p o t e n t i a l  f o r  p r a c t i c a l  LIDAR



sy s te m s  o p e r a t in g  on th e  DASE p r i n c i p l e  t o  be u se d  f o r  th e  e f f e c t i v e  

m o n ito r in g  o f  am b ien t m o le c u la r  p o l l u t i o n .
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CHAPTER 1 INTRODUCTION AND BACKGROUND

1 .1  The Need f o r  E f f e c t i v e  P o l lu t io n  M o n ito rin g

The a d v e rse  e f f e c t s  o f  p o l l u t i o n  on h e a l t h  a r e  w e l l  know n, and 

hence  th e  n eed  f o r  e f f e c t i v e l y  m o n ito r in g  su ch  p o l lu t i o n  in  h e a v i ly  

p o p u la te d  a r e a s  i s  a p p a r e n t .^

The u se  o f  l a s e r s  f o r  a tm o s p h e r ic  p o l l u t i o n  m o n ito r in g  h a s  r e -

2—5 19c e iv e d  c o n s id e r a b le  a t t e n t i o n .  * The p o t e n t i a l  a d v a n ta g e s  o f  

u s in g  l a s e r s  f o r  t h i s  p u rp o se  a r e  s im p le  i n  e s s e n c e .

E x i s t in g  m ethods f o r  m o n ito r in g  a i r  p o l lu t i o n  u t i l i z e  f i x e d - s i t e  

c h e m ica l s t a t i o n s .  H ow ever, t o  e f f e c t i v e l y  c o v e r  a  l a r g e  m e tr o p o li ta n  

a r e a ,  su c h  a s  t h a t  o f  New York C i t y ,  v e ry  many f i x e d - s i t e  s t a t i o n s  a r e  

r e q u i r e d  w ith  a t t e n d a n t  e x p e n se s . I n  a d d i t i o n ,  su ch  s t a t i o n s  o n ly  

p ro v id e  in fo rm a t io n  in  t h e i r  im m ed ia te  v i c i n i t y  and n o t  in  th e  a i r  

b e tw een  o r  above them .

O p tim a lly , th e  i n t e l l i g e n t  p la n n in g  o f  s e l e c t i v e  and  more l o c a l ­

iz e d  p o l lu t i o n  c o n t r o l  m e a s u re s , w hich  w ould  be l e s s  d i s r u p t i v e  th a n  

g e n e ra l  o n e s ,  w ould  r e q u i r e  a  th r e e - d im e n s io n a l  p o l lu t i o n  map o f  th e  

a r e a .  M oreover, i t  s h o u ld  i d e a l l y ,  i n s t a n ta n e o u s ly  r e f l e c t  ch an g es in  

c o n d i t io n s .  An a d d i t i o n a l  d e s i r a b l e  g o a l w ould be  th e  a b i l i t y  t o  t r a c k  

m oving c lo u d s  o f  p o l l u t a n t s .

G re a tly  in c r e a s in g  th e  num ber o f  f i x e d - s i t e  m o n ito r in g  s t a t i o n s  and 

u s in g  a i r c r a f t  sam ple c o l l e c t i o n s  w ould  b e  p r o h i b i t i v e l y  e x p e n s iv e  

m ethods f o r  a t t a i n i n g  th e s e  g o a ls .  I t  i s  f o r  th e s e  re a s o n s  t h a t  l a s e r  

m o n ito r in g  sch em e s , w ith  t h e i r  p o t e n t i a l  a b i l i t y  t o  i n s t a n ta n e o u s ly  and 

re m o te ly  d e te rm in e  p o l l u t a n t  c o n c e n t r a t io n  and s p a t i a l  d i s t r i b u t i o n ,

1



2

1 .2  B ackground

1 .2 .1  I n t r o d u c t io n

LIDAR, an acronym  f o r  L ig h t D e te c t io n  and R an g in g , was g iv en  t o

l a s e r  r a n g in g  s y s te m s . The f i r s t  r e c o rd e d  b a c k s c a t t e r e d  e c h o es  from

th e  a tm osphere  w ere r e p o r t e d  i n  1963 by  F ic co  and S m u ll in ,  and  by L ig a d a ,

6 7
who m easured  b a c k s c a t t e r e d  s i g n a l s  from  h a z e . * S in c e  t h e n ,  r e s e a r c h  

and developm en t have  c o n c e n t r a te d  on d e v e lo p in g  LIDAR i n t o  an e f f e c t i v e  

m ethod f o r  a i r  p o l l u t i o n  m o n ito r in g .

1 .2 .2  Raman

Raman s c a t t e r i n g  was f i r s t  u se d  to  d e te c t  m o le c u la r  c o n s t i t u e n t s  o f  

th e  a tm o sp h e re  i n  1967 by L e o n a rd , C ooney, and  M e lf i .* ” ^  L a t e r ,  In a b a  

and K obayash i d is c u s s e d  th e  p o s s i b i l i t y  o f  p o l l u t i o n  d e te c t i o n  by Raman 

s c a t t e r i n g ,  and s u b s e q u e n t ly  r e m o te ly  d e te c te d  SO2 and CO2 i n  th e  a tm os­

p h e re .  U n f o r tu n a te ly ,  th e  p o l lu t i o n  d e te c t i o n  s e n s i t i v i t y  t h a t  th e

Raman scheme o f f e r s  i s  n o t  a d e q u a te  f o r  t r a c e  c o n ta m in a n t m easurem ents 

t y p i c a l l y  found  i n  p o l lu t e d  u rb an  a r e a s .  H ow ever, c o n s id e r a b le  e f f o r t

h a s  been  d i r e c t e d  to  m o n ito r  w a te r  v a p o r  and  m a jo r  a tm o s p h e r ic  c o n s t i t -

13-15
u e n ts  u s in g  th e  Raman s c a t t e r i n g  m ethod .

An a d v a n ta g e  o f  th e  Raman schem e i s  t h a t  a  s in g l e  f re q u e n c y  l a s e r  

can  be u se d  a s  a  s o u rc e  t o  o b ta in  th e  Raman b a c k s c a t t e r  from  th e  con* 

s t i t u e n t s  o f  i n t e r e s t .  On th e  o t h e r  h a n d , Raman schem es a r e  g r e a t ly  

l im i t e d  in  t h e i r  a t t a i n a b l e  s e n s i t i v i t i e s  by th e  r e l a t i v e l y  s m a l l  Raman 

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

U sing  a  n i t r o g e n  l a s e r  o p e r a t in g  a t  3371 X a t  20 KW peak  pow er 10 n s  

h a lf w id th  a t  50 HZ, K obayash i and In a b a  (1 9 7 1 ) have  d e te c te d  Raman s i g -
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3 . .n a l s  from  c l e a r  e a r  and from  an o i l  smoke p lum e. The r e v e iv in g  sy s tem

c o n s is t e d  o f  a  30 cm d ia m e te r  t e l e s c o p e  fo llo w e d  by an  f  1 .5  h a l f  m e te r

g r a t i n g  m onochrom eter and s p e c t r a l  i n t e r f e r e n c e  f i l t e r .  They w ere a b le

t o  show t h e  p re s e n c e  o f  H2O, CH^, H2S , CO. NO. and SO2 i n  th e  o i l  smoke

plume a t  a  d i s t a n c e  o f  30 m.

P ro g re s s  in  l a s e r  s o u rc e s  l e d  t o  im provem ent in  Raman d e te c t io n

s y s te m s . T h u s , in  1973 H i r s c h f e ld  d e s c r ib e d  a  sy s te m  u s in g  a  f re q u e n c y

d o u b led  Ruby l a s e r  t r a n s m i t t e r  w ith  a  3 m a p e r tu r e  t e l e s c o p e  a s  th e

r e c e i v e r . T h i s  was u sed  in  f i e l d  t e s t s  t o  d e t e c t  CO2 .  H2O. and  SO2

o v e r  a  200 m ra n g e . C o n c e n tra tio n s  o f  a p p ro x im a te ly  10** ppm o f  w a te r

v a p o r .  310 ppm o f  C02» and  300 ppm o f  SO2 w ere  d e t e c t a b l e .  The SO2 was

d is p e r s e d  in  c o n t r o l l e d  am ounts t o  c r e a te  d e te c ta b l e  plum es f o r  m o n ito r*

in g .  The SO2 c o n c e n t r a t io n  i s  o f  c o u rs e  much h ig h e r  th a n  th o s e  p r e s e n t

in  am b ien t c o n d i t io n s .

The 2 j . 2 HZ Ruby l a s e r  s o u rc e  was d o u b led  in  KDP w ith  t  p e r c e n t

e f f i c i e n c y  and  th e  r e tu r n e d  s i g n a l  was p ro c e s s e d  by p h o to n  c o u n tin g

te c h n iq u e s  r e f e r e n c e d  a g a in s t  th e  n i t r o g e n  sy s te m  and  p ro b a b ly  r e p r e -

17 I ts e n t s  th e  s t a t e  o f  th e  a r t  f o r  s e n s i t i v i t y  and ra n g e . *

The a d v e n t o f  tu n a b le  dye l a s e r s  opened  p o s s i b i l i t i e s  f o r  o t h e r  

LIDAR p o l l u t i o n  d e te c t io n  m ethods w ith  in h e r e n t  a d v a n ta g e s  o v e r  th e  

Raman schem e. The f o u r  LIDAR schem es f o r  w hich tu n a b le  dye l a s e r s  a re  

p a r t i c u l a r l y  im p o r ta n t  and  t h a t  p r e s e n t ly  a p p e a r  t o  be  th e  m ost prom* 

i s i n g  f o r  th e  d e te c t io n  o f  m o le c u la r  p o l l u t a n t s  w ith  r e s o n a n t  a b s o rp t io n  

i n  th e  v i s i b l e  and n e a r  u l t r a v i o l e t  a r e :  re so n a n c e  Raman, lo n g  p a th

a b s o r p t io n ,  re s o n a n c e  f lu o r e s c e n c e ,  and d i f f e r e n t i a l  a b s o rp t io n  o f  

s c a t t e r e d  e n e rg y  (DASE).
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1 .2 .3  R esonance Raman

O b s e rv a t io n s  o f  re s o n a n c e  Raman s c a t t e r i n g  in  g a s e s  have  been  v e ry

few . B e r n s te in  (1 9 7 3 ) m easu red  r e s o n a n t  Raman enhancem en ts in  g aseo u s

& 2 « B r2 « and 12* He o b ta in e d  i n t e n s i t i e s  o f  10 t o  1000 t im e s  s t r o n g e r
72

th a n  th e  n o m a l  Raman e f f e c t .

Rosen (1 9 7 5 ) e s t im a te d  th e  f e a s i b i l i t y  o f  u s in g  re s o n a n c e  Raman

73s c a t t e r i n g  f o r  th e  rem o te  d e te c t io n  o f  p o l l u t a n t s .  He e s t im a te d  t h a t
|a

f o r  10 p u l s e s  o f  0 .0 5  mj e a c h ,  100 ppm o f  N02 and  10 ppm o f  SO2 c o u ld  

be  d e te c te d  a t  1 km a t  n i g h t ,  and 100 ppm o f  NO c o u ld  be  d e te c te d  d u r in g  

d a y tim e . These a r e  f o r  a  s i g n a l  t o  n o is e  r a t i o  o f  1 0 . T hese concen­

t r a t i o n s  a r e  3 t o  H o r d e r s  o f  m agn itude  h ig h e r  th a n  a m b ien t p o l lu t i o n  

c o n c e n t r a t io n s  e n c o u n te re d .

1 .2 .  a Long P a th  A b so rp tio n

H anst (1 9 6 1 ) d e s c r ib e d  t h e  m easurem ent o f  a v e ra g e  p o l l u t a n t  c o n cen -

20 21t r a t i o n  a lo n g  a  l a s e r  beam p a th  by l a s e r  re so n a n c e  a b s o r p t io n .  *

More r e c e n t l y ,  Zaromb (1 9 6 9 ) ,  N akahara  and I t o  (1 9 7 0 ) ,  Inom ota  and 

I g a r a s h i  (1 9 7 2 ) ,  and H odgeaon, McClenney and  H anst ( 1 9 7 3 ) ,  s u g g e s te d  th e
22

lo n g  p a th  a b s o rp t io n  schem e f o r  d e te rm in in g  a v e ra g e  p o l l u t a n t  d e n s i t i e s .

K id a l  and B yer have  g iv e n  a  d e t a i l e d  a n a ly s i s  o f  th e  d o u b led -e n d ed  lo n g
2

p a th  a b s o r p t io n  m ethod . T h is  a n a ly s i s  was l a t e r  e x te n d e d  t o  th e  s in g l e

26
ended  a b s o rp t io n  m ethod u s in g  to p o g r a p h ic a l  t a r g e t s  by  B yer and G arbuny.

To d e te rm in e  th e  a v e ra g e  p o l l u t a n t  d e n s i ty  a lo n g  a  l a s e r  beam p a th ,

a b s o r p t io n  m easurem ents have  been  c a r r i e d  o u t  u s in g  low pow er d io d e

27-29
l a s e r s  by  H in k ley  (1 9 7 0 ) . U sing  a  Pb0>| | Sno . l 2 T* d io d e  l a s e r

m ounted o n to  a  c o ld - f in g e r  o f  a  c ry o g e n ic  D ew ar, c o n c e n t r a t io n s  r a n g in g
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from  74 t o  1000 ppm o f  C2H^ i n  N2 w ere d e te c te d  in  a  l a b o r a to r y  in  a

sam ple cham ber 30 cm long* S im i la r  e x p e r im e n ts  w ere c a r r i e d  o u t  by

30Snowman u s in g  a  C02 l a s e r .

More r e c e n t l y ,  O 'S h ea  and Dodge (1 9 7 4 ) m easured  N02 a b s o rp t io n

31c o e f f i c i e n t s  f o r  t h e  m ost p ro m in e n t a rg o n - io n  l a s e r  l i n e s .  M easure­

m ents u s in g  th e  lo n g  p a th  a b s o r p t io n  o f  a rg o n - io n  l i n e s  by N02 i n  an 

u rb an  a tm o sp h e re  w ere c a r r i e d  o u t .  A c o rn e r  cube r e f l e c t o r  was p o s i ­

t io n e d  3 .5 4  km from  th e  l a s e r  s i t e  t o  r e f l e c t  t h e  l a s e r  s ig n a l  back  to  

th e  r e c e i v e r .  I n te g r a t e d  p o l l u t a n t  c o n c e n t r a t io n s  r a n g in g  from  0 .0 5  

ppm t o  0 .1 5  ppm o f  N02 w ere d e te c te d .

The to p o g r a p h ic a l  s in g l e  ended  a b s o r p t io n  m ethod was f i r s t  demon-

32s t r a t e d  by  H en n in g sen , Garbuny and B yer in  1 9 7 4 . The t r a n s m i t t e r  

c o n s i s t e d  o f  a  CaLaS0AP:Nd l a s e r  s o u rc e  e l e c t r o - o p t i e a l l y  Q -sw itc h e d  

and o p e ra te d  i n  a  TEMqq mode w ith  10 m j/p u ls e  o u tp u t  e n e rg y  a t  1 .0 6  urn.

The 1 .0 6  um o u tp u t  from  th e  l a s e r  was f re q u e n c y  d o u b led  in  a  2 cm 

lo n g  CDA c r y s t a l  w ith  an e f f i c i e n c y  o f  25 p e r c e n t .  The o u tp u t  from  th e  

f re q u e n c y  d o u b le r  was fo c u se d  i n t o  a  te m p e ra tu re - tu n e d  LiNb03 p a ra m e tr ic  

o s c i l l a t o r .  An e t a l o n  w i th in  th e  l a s e r  c a v i ty  was f in e  tu n e d  p ie z o -  

e l e c t r i c a l l y  w hich  a llo w e d  th e  i n f r a r e d  f re q u e n c y  t o  be tu n e d  on and 

o f f  a  re so n a n c e  peak  o f  CO.

U sing  a  wooded a r e a  a s  a  to p o g r a p h ic a l  t a r g e t  a  c o n c e n t r a t io n  o f  

47 ppm o f  CO was d e te c te d  a t  a  ra n g e  o f  107 m. The CO was r e l e a s e d  

from  c o n ta in e r s  s i t u a t e d  below  th e  l a s e r  beam p a th .

1 .2 .5  R esonance F lu o re s c e n c e

In  1 9 6 9 , Bcwman, G ibson a n d 'S a n d fo rd  u se d  a  flash lam p-pum ped  dye
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l a s e r  tim ed  by a  t i l t e d  F a b ry -P e ro t  i n t e r f e r o m e te r  t o  o b ta in  n ig h t t im e

33m easurem ents o f  sodium  in  th e  u p p e r  a tm o sp h e re . The o u tp u t  o f  th e  

dye l a s e r  was u se d  t o  in d u ce  f lu o r e s c e n c e  from  sodium  a t  a l t i t u d e s  up 

t o  .150 km. C o n c e n tra tio n s  r a n g in g  from  1 ,1  X 10^** m“2 t o  9 X 10^2 m“2 

w ere d e te c te d  a t  a l t i t u d e s  o f  to t o  100 km.

By 1 9 7 0 , r e g u l a r  m easurem ents w ere b e in g  made o f  th e  sodium  d o u b le
3U

l a y e r  a t  90 km a l t i t u d e .  S in c e  t h a t  t im e ,  o b s e r v a t io n s  o f  t h e  sodium

l a y e r  hav e  been  num erous. In  19 7 2 , G ibson and  S a n d fo rd  e x te n d e d

th e  u se  o f  th e  re s o n a n c e  f lu o r e s c e n c e  schem e i n t o  d ay tim e  o p e r a t io n  by

kO k lu s in g  a  narrow  band  o p t i c a l  r e c e i v e r .  *

The u se  o f  re s o n a n c e  f lu o r e s c e n c e  b a c k s c a t t e r i n g  f o r  p ro b in g  th e

tro p o s p h e re  h a s  been  l i m i t e d .  H ow ever, th e  m ethod h a s  been  e x te n s iv e ly
2 **2

a n a ly z e d  by  K id a l and B y e r , and by  C.M. Penny. * R esonance b a c k s c a t ­

t e r i n g  a l s o  h a s  been  d is c u s s e d  by  o u r s e l v e s ,  K obayash i and  I n a b a ,  and  

M easures and P i lo n . ^ * 3 ***3

In  19 7 2 , G elbwachs u t i l i z e d  re so n a n c e  f lu o r e s c e n c e  o f  NOj e x c i t e d  by

an  a rg o n - io n  l a s e r  t o  d e te c t  NOj l o c a l l y  w ith  a  s e n s i t i v i t y  o f  one p a r t

45 9p e r  b i l l i o n *  The l a s e r  e x c i t a t i o n  was a t  4410 A and th e  f lu o r e s c e n c e

was m o n ito re d  a t  7000 t o  S000 A. L o c a l Los A ngeles a i r ,  draw n th ro u g h  

f i l t e r s ,  was m o n ito re d , and NOj v a r i a t i o n s  m easu red  o v e r  a  p e r io d  o f  a  

few h o u rs  showed c o n c e n t r a t io n s  r a n g in g  from  0 .0 3  ppm t o  0 .1  ppm. F i l ­

t e r i n g  was n e c e s s a ry  t o  e l im in a te  i n t e r f e r r i n g  f lu o r e s c e n c e  from  p a r t i c ­

u l a t e s  in  th e  a i r .

The in c r e a s e d  s e n s i t i v i t y  o f  re s o n a n c e  f lu o r e s c e n c e  b a c k s c a t t e r i n g  

makes i t  a p p e a r  u s e f u l  a s  a  rem ote  m o n ito r in g  m ethod com pared t o  th e  

Raman m ethod . As w i l l  be shown l a t e r ,  t h e  s e n s i t i v i t y  o f  th e  re so n a n c e
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f lu o r e s c e n c e  schem e i s  g r e a t l y  s u rp a s s e d  by th e  d i f f e r e n t i a l  a b s o rp t io n  

o f  s c a t t e r e d  e n e rg y  m ethod (DASE).

1 « 2 .§  D i f f e r e n t i a l  A b so rp tio n  o f  S c a t t e r e d  E nergy  (DASE)

The DASE m ethod was f i r s t  s u g g e s te d  by S c h o tla n d  in  1964 u s in g  a

46s e a r c h l i g h t  a s  a  s o u rc e .  The m ethod was r e c e n t l y  e x te n d e d  to  LIDAR

47 50 2
p o l lu t i o n  m o n ito r in g  by  Ahmed and G e rg e ly ,  I g a r a s h i ,  and o t h e r s .  * * *

2 6 ,4 3 ,4 6 ,4 9

The e a r l i e s t  e x p e r im e n ta l  work was p e rfo rm ed  by S c h o tla n d  who u se d

a  te m p e ra tu re  tu n e d  Ruby l a s e r  to  m easure  th e  w a te r  v a p o r v e r t i c a l  p r o -

f i l e  by th e  DASE m ethod. DASE m easurem ents in  th e  a tm o sp h e re  w ere
47 ,5 0

f i r s t  r e p o r t e d  by o u r s e lv e s  and  by I g a r a s h i .  DASE m easurem ents

a l s o  w ere l a t e r  r e p o r t e d  by R o th e , B rinkm an and W a lth e r  o f  C o lo g n e ,
5X 53

Germany. * C a l ib r a t i o n  m easurem ents o f  th e  d i f f e r e n t i a l  a b s o rp t io n

52m ethod w ere  made by  G ran t e t  a l .  U sing  a  f la sh lam p-pum ped  dye l a s e r  

o p e r a t in g  n e a r  4450 A a t  4 t o  I  mj p u ls e  e n e rg y , th e y  m easured  N02 o f  

known c o n c e n t r a t io n  in  a  sam ple cham ber.

The DASE sy s te m  w ith  i t s  s u p e r i o r  o p e r a t in g  c a p a b i l i t i e s  i s  th e  

t o p i c  o f  i n t e r e s t  in  t h i s  work and a  d e t a i l e d  t h e o r e t i c a l  com parison  

betw een  th e  a fo re m e n tio n e d  LIDAR schem es i s  g iv e n  i n  Chp. 2 .

1 .3  Summary and  O u t l in e  o f  T h is  S tudy

The t a s k s  a c c o m p lish e d  a r e  sum m arized b e lo w :

1 .  The b a s i c  l a s e r  r a d a r  sy s tem  was d e s ig n e d  b u i l t  and t e s t e d .  I t  

c o n s i s t s  o f  a  fla sh lam p-pum ped  dye l a s e r  and  an o p t i c a l  r e c e iv e r  

w ith  a  15 in c h  F r e s n e l  l e n s .
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2 . The o p t i c a l  a rra n g e m e n ts  o f  t h a  dya l a s e r  sy s te m  w are d e s ig n e d  

f o r  two a l t e r n a t e  modes o f  o p e r a t io n .  In  one m ode, o u tp u ts  a t  

th e  two r e q u i r e d  w a v e le n g th s , on and o f f  th e  re s o n a n c e  a b s o rp ­

t i o n  o f  t h e  p o l l u t a n t ,  a r e  o b ta in a b le  i n  r a p id  s e q u e n c e , w ith  

f re q u e n c y  s e l e c t i o n  by an  e le c t r o m a g n e t i c a l l y  d r iv e n  g r a t i n g .

I n  th e  se co n d  mode o f  o p e r a t i o n ,  an  i n t r a c a v i t y  p o l a r i z i n g -  

p r is m  beam s p l i t t e r  i s  u se d  t o  o b ta in  s im u l ta n e o u s ly  a  p a i r  

o f  d o s e - l y i n g  in d e p e n d e n tly  tu n a b le  w a v e le n g th s .

3 . F ie ld  t e s t s  o f  t h e  LIDAR sy s te m  w ere c a r r i e d  o u t from  C ity  

C o lle g e  and e x te n d e d  o v e r  th e  u p p e r  E a s t  S id e  o f  M an h attan .

In  t h e s e  t e s t s  a m b ien t l e v e l s  o f  NOj c o n c e n t r a t io n s  w ere m eas­

u r e d .  T hese m easurem ents showed t h a t  a m b ien t l e v e l s  be low  0 .2  

ppm c o u ld  r e a d i l y  b e  d e te c te d  a t  r a n g e s  o f  more th a n  1 km.

4 . The LIDAR sy s te m  makes u se  o f  a  c a l i b r a t i o n  c e l l  c o n ta in in g  

th e  p o l l u t a n t  g as  t o  be  m o n ito re d , s o  t h a t  a  c a l i b r a t i o n  s i g n a l  

i s  a u to m a t ic a l ly  a v a i l a b l e  w ith  e ach  o u tg o in g  p u l s e .  T h is  

makes t h e  sy s te m  in d e p e n d e n t o f  th e  s l i g h t  v a r i a t i o n s  in  l a s e r  

o u tp u t  c h a r a c t e r i s t i c s  t h a t  o c c u r  from  p u ls e  t o  p u l s e .

5 . To im prove flaishlam p-puinp l a s e r  o u tp u t  and e f f i c i e n c y ,  and t o  

o b t a in  s im u l ta n e o u s ly  l a s e r  o u tp u ts  a t  w a v e le n g th s  s u i t a b l e  f o r  

m o n ito r in g  NO2 and o t h e r  p o l l u t a n t s  whose a b s o r p t io n s  l i e  w i th in  

th e  v i s i b l e  b a n d , e x p e rim e n ts  w ere a l s o  c a r r i e d  o u t  on e n e rg y  

t r a n s f e r  p r o c e s s e s  in  dye m ix tu re s .  In  t h i s  w o rk , s im u lta n e o u s  

o u tp u ts  w ere s u c c e s s f u l l  o b ta in e d  a t  d e s i r e d  w a v e le n g th s . An 

i n v e s t i g a t i o n  o f  th e  e x c i t a t i o n  e n e rg y  t r a n s f e r  i n d i c a t e s  an o p t i ­

c a l  p r o c e s s .  T h is  work l e d  t o  th e  f i r s t  tu n a b le  t h r e e - c o l o r  dye
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77
m ix tu re  l a s e r  s p a n n in g  th e  v i s i b l e  s p e c tru m .

The fo llo w in g  i s  a  c h ro n o lo g ic a l  l i s t i n g  o f  th e  m a t e r i a l  p r e s e n te d  

in  t h i s  w o rk :

1 .  In  Chp. 1 ,  t h e  n e e d  f o r  an  e f f e c t i v e  m ethod o f  p o l lu t i o n  m oni­

t o r i n g  i s  e x p la in e d ,  and th e  h i s t o r i c a l  deve lopm en t o f  LIDAR 

sy s te m s  i s  g iv e n . F i n a l l y ,  an o u t l i n e  o f  t h i s  t h e s i s  i s  p r e ­

s e n te d .

2 . In  Chp, 2 ,  a tm o s p h e r ic  s c a t t e r i n g  m echanism s a r e  p r e s e n te d ,

f i r s t  i n  a  q u a l i t a t i v e  m anner, th e n  s c a t t e r i n g  r e l a t i o n s h i p s

a r e  d e t a i l e d  u n d e r  A tm ospheric  P a ra m e te r s .  Towards t h i s  e n d , 

th e  f o u r  LIDAR sch em es, Raman and re s o n a n c e  Raman, lo n g  p a th  

a b s o r p t io n ,  re s o n a n c e  f lu o r e s c e n c e ,  and  d i f f e r e n t i a l  a b s o rp t io n  

o f  s c a t t e r e d  e n e rg y  (DASE) a r e  d e s c r ib e d ,  and  a  com p ariso n  o f  

o p e r a t in g  p a ra m e te rs  i s  g iv e n  in  T a b le  2 ,*»:1.

3 . In  Chp. 3 , th e  LIDAR sy s te m  d e v e lo p e d  in  t h i s  w o rk , i s  d e s c r ib e d

in  d e t a i l .  S e q u e n t i a l  mode o f  o p e r a t io n  i s  d e s c r ib e d  f i r s t ,

th e n  th e  n e c e s s i t y  and o p e r a t in g  c h a r a c t e r i s t i c s  o f  S im u lta n ­

eo u s Tw o-W avelength o p e r a t io n  i s  p r e s e n te d .  E x p e r im e n ta l  r e ­

s u l t s  show ing th e  f l u c t u a t i o n s  i n  o u tp u t  beam q u a l i t y ,  in c lu d in g  

b a n d w id th  c h a n g e s , i n d i c a t e  a  s t r o n g  n eed  f o r  c a l i b r a t e d  o u tp u t  

s i g n a l s .

U. In  Chp. r e s u l t s  o f  f i e l d  t e s t s  a r e  g iv en  a lo n g  w ith  u n c e r ­

t a i n t i e s  a s s o c i a te d  w ith  th e  LIDAR r e a d in g s .

5 . In  Chp. S , t h e o r e t i c a l  and  e x p e r im e n ta l  r e s u l t s  a r e  g iv e n  on 

e n e rg y  t r a n s f e r  p r o c e s s e s  i n  dye m ix tu re s .

6 .  In  Chp. 6 ,  a  summary and c o n c lu s io n s  a r e  p r e s e n te d  on th e  work 

r e p o r t e d .



CHAPTER 2 LIDAR TECHNIQUES

2 .1  I n t r o d u c t io n

A ll  l a s e r  r a d a r  te c h n iq u e s  depend upon a tm o s p h e r ic  s c a t t e r i n g  mech­

an ism s f o r  t h e i r  o p e r a t io n .  P o s s ib le  te c h n iq u e s  f o r  p o l lu t i o n  m o n ito r ­

in g  in c lu d e  th e  fo l lo w in g :

1 . Raman and  re so n a n c e  Raman (Raman b a c k s c a t t e r ) ,

2 . lo n g  p a th  a b s o r p t io n  ( re s o n a n c e  a b s o r p t io n ) ,

3 . re s o n a n c e  f lu o r e s c e n c e  ( re s o n a n c e  f lu o r e s c e n c e  b a c k s c a t t e r ) ,

and

4 . d i f f e r e n t i a l  a b s o r p t io n  o f  s c a t t e r e d  e n e rg y  (DASE) (R a y le ig h

and Mie b a c k s c a t t e r ) .

In  th e  f o l lo w in g  s e c t i o n ,  th e  a tm o s p h e r ic  s c a t t e r i n g  m echanism s 

a r e  e x p la in e d  q u a l i t a t i v e l y ,  th e n  s c a t t e r i n g  r e l a t i o n s h i p s  a r e  d e t a i l e d  

i n  S e c t .  2 .3  u n d e r  A tm ospheric  P a ra m e te r s .  A com parison  o f  th e  LIDAR 

schem es i s  made in  S e c t .  2 .4  w hich  shows th e  s u p e r i o r  o p e r a t in g  c h a r ­

a c t e r i s t i c s  o f  th e  DASE sy s te m .

2 .2  A tm ospheric  S c a t t e r i n g  Mechamisms

2 .2 .1  Raman S c a t t e r i n g

The Raman e f f e c t  c o n s i s t s  o f  th e  a p p e a ra n c e  o f  d i s p la c e d  l i n e s  in  

t h e  sp e c tru m  o f  m onochrom atic  l i g h t  s c a t t e r e d  by m o le c u le s . The d e g re e  

o f  d is p la c e m e n t , a  >), i s  c h a r a c t e r i s t i c  o f  th e  m o le c u le s  c a u s in g  th e  

s c a t t e r i n g .  The i n t e n s i t y  o f  th e  s p e c t r a l  l i n e  i s  p r o p o r t io n a l  t o  th e  

d e n s i ty  o f  s c a t t e r i n g  m o le c u le s .

The Raman e f f e c t  i s  e s s e n t i a l l y  a  d e t a i l  o f  th e  R a y le ig h  s c a t t e r i n g

10
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p r o c e s s .  In  t h a  R a y le ig h  p r o c e s s ,  i n c i d e n t  l i g h t  on a  m o le c u le  i s  

v i r t u a l l y  a b so rb e d  and  im m e d ia te ly  r e - e m i t t e d .  The a b s o rb e d  l i g h t  

does n o t  r a i s e  th e  m o lecu le  t o  an  e x c i t e d  e n e rg y  l e v e l ,  a s  in  c l a s s ­

i c a l  re so n a n c e  a b s o r p t io n .  I n s t e a d ,  a f t e r  a b s o r p t io n ,  th e  m o lecu le

i s  i n  a  v i r t u a l  e x c i t e d  s t a t e .  T h is  h a s  two c o n se q u e n c e s . F i r s t ,

-12th e  m o le c u le  r e - e m i t s  th e  e n e rg y  in  a  v e ry  s h o r t  t im e — a b o u t 10 

s e c .  S eco n d , t h e  a b s o r p t io n  and  s c a t t e r i n g  c r o s s  s e c t i o n s  a r e  v e ry  

s m a l l .  I t  h a s  been  e s t im a te d  t h a t ,  f o r  a  t y p i c a l  l i q u i d  i r r a d i a t e d  

a t  6326 A, 1 p a r t  i n  10** o f  th e  i n c i d e n t  l i g h t  w i l l  be  s c a t t e r e d  in  

a  p a th  l e n g th  o f  1 cm.60*61 G ases have  few er m o le c u le s  p e r  u n i t  v o l ­

ume, and  th e  f r a c t i o n  o f  l i g h t  w i l l  o b v io u s ly  be  much l e s s .

—2 -6A s m a l l  p o r t io n  o f  th e  m o le c u le s  e x c i t e d  (10  t o  10 o r  l e s s )

w i l l  e m it (Raman) l i g h t  o f  a  s l i g h t l y  d i f f e r e n t  w a v e len g th  th a n  th e  
60 ,61

i n c id e n t  l i g h t .  T h is  phenomenon i s  known a s  Raman s c a t t e r i n g .

The p ro c e s s  i s  shown in  F ig .  2 .2 : 1 .  L ig h t i s  a b s o rb e d  by  m o le c u le s  

in  th e  g round  s t a t e ,  and f o r  some m o le c u le s  Raman l i g h t  i s  r e - e m i t t e d ,  

w ith  t h e s e  m o le c u le s  r e t u r n in g  n o t  t o  th e  ground: s t a t e ,  b u t  t o  an 

e x c i t e d  v i b r a t i o n a l  l e v e l .  The e m i t t e d  l i g h t  i s  n a t u r a l l y  o f  a  lo w er 

e n e rg y  o r  f re q u e n c y  th a n  th e  i n c i d e n t  l i g h t .  The d i f f e r e n c e  in  f r e ­

quency  i s  e q u a l  t o  one o f  th e  n a t u r a l  v i b r a t i o n a l  f r e q u e n c ie s  o f  th e  

m o le c u le . S e v e ra l  su ch  s h i f t e d  l i n e s  a r e  u s u a l ly  o b se rv e d  i n  a  Raman 

s p e c tru m . Each m o lecu le  h a s  i t s  own s e t  o f  v i b r a t i o n a l  f r e q u e n c ie s  

and  t h e r e f o r e  i t s  u n iq u e  Raman s p e c tru m , w hich  can  th u s  be u se d  t o  

u n iq u e ly  i d e n t i f y  th e  s c a t t e r i n g  ( o r  r e - e m i t t i n g )  m o le c u le .

A few m o le c u le s  i n i t i a l l y  a b so rb  l i g h t  w h ile  th e y  a r e  i n  an e x c i t e d  

v i b r a t i o n a l  s t a t e  and  decay  t o  a  lo w e r  e n e rg y  l e v e l ,  so  t h a t  t h e i r  

Raman s c a t t e r e d  l i g h t  h as  a  h ig h e r  f re q u e n c y . T h e r e f o r e ,  t h e  com ple te
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s c a t t e r i n g  sp e c tru m  i s  made up o f  th e  R a y le ig h  s c a t t e r i n g  (p re d o m in a n t)  

a t  t h e  same f re q u e n c y  a s  th e  in c id e n t  l i g h t  and th e  two com ponents o f  

th e  Raman s p e c tru m , th e  S to k e s  l i n e s  (w h ich  a r e  s h i f t e d  t o  a  lo w e r 

f r e q u e n c y ) ,  and th e  a n t i - S to k e s  l i n e s  (w h ich  a r e  s h i f t e d  to  a  h ig h e r  

f re q u e n c y . The S to k e s  l i n e s  a r e  more i n te n s e  b e c a u se  u n d e r  m ost c i r ­

cum stances  m ost m o le c u le s  a r e  i n  th e  g round  e n e rg y  l e v e l .  To sum m arize ,
If

t h e  t y p i c a l  R a y le ig h  s c a t t e r i n g  r a t i o  i s  1  i n  10 ( f o r  a  1 cm l i q u i d  

p a th ).80*61 Of t h i s  l ( f \  o n ly  1 i n  102 t o  10** o f  th e  s c a t t e r i n g s  

e x h i b i t s  th e  d i s p la c e d  w a v e le n g th s  c h a r a c t e r i s t i c  o f  Raman s c a t t e r i n g .

For a tm o s p h e r ic  g a s e s ,  th e  Raman s c a t t e r i n g  r a t i o  i s  much l e s s .  For

N2 a t  a tm o sp h e r ic  p r e s s u r e ,  t h i s  s c a t t e r i n g  r a t i o  i s  a p p ro x im a te ly  1
10 I I

in  10 f o r  a  1 cm p a th  l e n g t h .

The Raman c r o s s  s e c t io n  d e te rm in e s  th e  f r a c t i o n  o f  an  i n c id e n t  

l i g h t  beam w hich  w i l l  be  s c a t t e r e d  a t  Raman w a v e le n g th s . I t  i s  a  c r i t ­

i c a l  p ie c e  o f  in fo rm a t io n  n eed ed  f o r  d e te rm in in g  p o l l u t a n t  d e t e c t a b i l i t i e s  

and  n e c e s s a ry  f o r  q u a n t i t a t i v e  m easu rem en ts . The c r o s s  s e c t io n  i s  a  fu n c ­

t i o n  o f  th e  f o u r th  pow er o f  th e  f re q u e n c y  o f  th e  i n c i d e n t  r a d i a t i o n ,  and 

i t  may be en h an ced  by re so n a n c e  e f f e c t s .

2 .2 .2  R esonance Raman S c a t t e r i n g

The re s o n a n c e  Raman e f f e c t  caui b e s t  b e  e x p la in e d  i f  th e  f i r s t  s te p  

in  s c a t t e r i n g  i s  c o n s id e r e d  t o  be  th e  q u a s i - a b s o r p t io n  o f  th e  in c id e n t  

l i g h t .  As th e  l i g h t  i s  sc a n n e d  i n  f re q u e n c y  and  a p p ro a c h e s  an  a b s o rp t io n  

b a n d , th e  f r a c t i o n  o f  t h e  l i g h t  a b s o rb e d  i n c r e a s e s ,  and  th e  f r a c t i o n  o f  

th e  s c a t t e r e d  l i g h t  i n c r e a s e s  p r o p o r t i o n a l l y ,  th u s  a  l a r g e r  a p p a re n t  

c r o s s  s e c t i o n  r e s u l t s .



2 ,2 .3  A b so rp tio n  and F lu o re s c e n c e  S c a t t e r i n g

A b so rp tio n  and  f lu o r e s c e n c e  s c a t t e r i n g  i s  in  a c t u a l i t y  a  d e s c r ip ­

t i o n  o f  th e  c l a s s i c a l  re s o n a n c e  a b s o r p t io n  an d  f lu o r e s c e n c e  m echanism s. 

As an  e x a m p le , when m onochrom atic  l i g h t  p ro p a g a te s  th ro u g h  th e  a tm os­

p h e re  and e n c o u n te rs  a  s p e c ie s  o f  m o le c u le s  whose a b s o r p t io n  band  c o in ­

c id e s  w ith  th e  p ro p a g a t io n  f re q u e n c y  o f  t h e  t r a n s m i t t e d  l i g h t ,  a  p o r t i o n  

o f  th e  l i g h t  i s  a b s o rb e d . S u b s e q u e n tly , some o f  t h e  a b so rb e d  m onochro­

m a tic  r a d i a t i o n  w i l l  b e  r e - e m i t t e d  by  th e  m o le c u le s  o v e r  a  w ide sp e c tru m  

c h a r a c t e r i s t i c  o f  th e  a b s o rb in g  s p e c i e s .  The f lu o r e s c e n c e  s c a t t e r e d  

w i l l  b e  i n  a l l  d i r e c t i o n s ,  s h i f t e d  to w a rd  th e  lo n g e r  w a v e len g th  end  o f  

t h e  sp e c tru m  and  w i l l  re se m b le  th e  a b s o r p t io n  sp e c tru m  o f  th e  m o le c u le s .

2 .2 .H  R a y le ig h  S c a t t e r i n g

S c a t t e r i n g  from  atom s o r  m o le c u le s  f o r  w hich  th e  p a r t i c l e  d ia m e te r  

i s  s m a ll  com pared to  t h e  w a v e le n g th  o f  th e  i n c i d e n t  l i g h t  i s  c a l l e d  

R a y le ig h  s c a t t e r i n g .  The s c a t t e r e d  l i g h t  i s  d i r e c t i o n a l  and  i s  o f  th e  

same fre q u e n c y  o f  th e  i n c i d e n t  r a d i a t i o n .  In  th e  a tm o s p h e re , R a y le ig h  

s c a t t e r i n g  i s  due t o  m o le c u le s  n o rm a lly  p r e s e n t  in  th e  a i r ,  su ch  a s ,  N2 , 

02 , H20 ,  and  C02.2»1#»51

R a y le ig h  s c a t t e r i n g  o c c u rs  b e c a u se  m o le c u le s ,  f o r  e x a m p le , r e a c t  to  

n o n re s o n a n t r a d i a t i o n .  When i n c i d e n t  r a d i a t i o n  p a s s e s  o v e r  m o le c u le s , 

a  g e n e ra l  v i b r a t i o n  i s  s e t  up w i th in  th e  m o le c u le s ,  n o t  a t  th e  re so n a n c e  

f re q u e n c y , Wq , b u t  a t  th e  f r e q u e n c y , t i ,  o f  th e  f i e l d .  The v i b r a t i n g  

m o le c u le s  a r e  th e  s o u rc e s  o f  t h e  s c a t t e r e d  r a d i a t i o n .

2 .2 .5  Hie S c a t t e r i n g

S c a t t e r i n g  from  p a r t i c l e s  f o r  w hich th e  p a r t i c l e  d ia m e te r  i s  l a r g e
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com pared t o  th e  w a v e len g th  o f  I n c id e n t  l i g h t  i s  c a l l e d  Mie s c a t t e r i n g .  

In  t h i s  p r o c e s s ,  th e  s c a t t e r e d  l i g h t  i s  o f  th e  same fre q u e n c y  o f  th e  

i n c id e n t  r a d i a t i o n .  In  th e  a tm o s p h e re , Mie s c a t t e r i n g  i s  due t o  p a r ­

t i c u l a t e s  and  a e r o s o l s . 2 *1 **5 *

The OASE schem e makes u se  o f  b o th  R a y le ig h  and  Mie s c a t t e r i n g .  The 

n e x t  s e c t i o n  d e t a i l s  s c a t t e r i n g  r e l a t i o n s h i p s  w hich a r e  th e n  u se d  in  

S e c t .  2.*» i n  a  com p ariso n  o f  t h e  f o u r  ty p e s  o f  LIDAR schem es t h a t  have  

p o t e n t i a l  f o r  u s e  a s  p o l lu t i o n  m o n ito r in g  s y s te m s .

2 .3  A tm ospheric  P a ra m e te rs

The a tm o sp h e re  a t t e n u a t e s  a  t r a n s m i t t e d  l i g h t  beam by e l a s t i c  (Ray­

l e i g h ,  M ie) s c a t t e r i n g  and  by a b s o r p t io n .

The p ro p a g a t io n  o f  a  l i g h t  beam o f  i n t e n s i t y  I q th ro u g h  th e  a tm os­

p h e re  may b e  e x p re s s e d  b y :

I  * I 0 axp(-«*Ar ) ,  ( 2 .3 :1 )

w h e re ,

I  = t h e  t r a n s m i t t e d  i n t e n s i t y  o v e r  a  d i s t a n c e  r ,

«A * th e  a tm o s p h e r ic  volume e x t i n c t i o n  c o e f f i c i e n t  w hich i s  

composed o f  a  sum o f  te rm s :

*A " *R * **M + °*ABS* ( 2 .3 :2 )

w h e re ,

*R* *M* *ABS a r * r e s p e c t i v e ly  th e  R a y le ig h , M ie, and  a b s o r p t io n  

e x t i n c t i o n  c o e f f i c i e n t s .

The R a y le ig h  e x t i n c t i o n  c o e f f i c i e n t  i s  due t o  m o le c u la r  s c a t t e r i n g  

and can  be  c a lc u l a t e d  a s  a  f u n c t io n  o f  a l t i t u d e  f o r  known a tm o s p h e r ic  

m o le c u la r  d e n s i t i e s .  Mie s c a t t e r i n g  i s  due t o  p a r t i c u l a t e s  and a e r o s o l s
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i n  th e  a tm o sp h e re  and  i s  h ig h ly  v a r i a b l e  i n  b o th  p a r t i c u l a t e  s i z e ,  

w a v e le n g th , and  p a r t i c l e  d i s t r i b u t i o n .  F o r i d e n t i c a l  m o le c u le s  o f  

d e n s i ty  N, t h e  volume e x t i n c t i o n  c o e f f i c i e n t  can  be w r i t t e n  i n  te rm s  

o f  a  c r o s s  s e c t i o n  aH w h e re , a  i s  th e  t o t a l  c r o s s  s e c t i o n  (cm2 ) 

f o r  th e  o p t i c a l  i n t e r a c t i o n  w ith  th e  m o le c u le  o r  p a r t i c l e .

In  g e n e r a l ,  t h e  s c a t t e r i n g  o f  l i g h t  from  m o le c u la r  o r  p a r t i c u l a t e  

m a t te r  i s  n o t  i s o t r o p i c .  The c r o s s  s e c t i o n  i s  th e n  s p e c i f i e d  by th e  

d i f f e r e n t i a l  c r o s s  s e c t i o n  o (0 ,«p) a d a /d A  w h e re , 9 i s  th e  s c a t t e r i n g  

a n g le  and f  i s  t h e  p o l a r i z a t i o n  a n g l e . 5* F or i s o t r o p i c  s c a t t e r i n g ,  

th e  s c a t t e r i n g  c r o s s  s e c t i o n  p e r  u n i t  s o l i d  a n g le  i s  d a /d A »  <r/i»TT.

F or b a c k s c a t t e r i n g  (6 =TT) th e  volume b a c k s c a t t e r  c o e f f i c i e n t  p * NeCrr).

F o r m o le c u la r  R a y le ig h  s c a t t e r i n g ,  th e  d i f f e r e n t i a l  c r o s s  s e c t io n

. 5*is:
dop = n ^ (n2 -  l ) 2( c o s28 c o s2(f + s i n f  ) ,  ( 2 .3 :3 )
d n  3X4 N2

w h e re ,

n » t h e  r e f r a c t i v e  in d e x ,

N * th e  d e n s i ty  o f  m o le c u le s ,  and

^ = th e  w a v e len g th  o f  i n c i d e n t  l i g h t .

For u n p o la r iz e d  l i g h t ,  t h e  a n g u la r  f a c t o r  a v e ra g e d  o v e r  <f r e d u c e s  t o

( c o s29 + l ) / 2 .  F i n a l l y ,  f o r  b a c k s c a t t e r i n g  (9 * tt) ,  t h e  R a y le ig h  back*

s c a t t e r  c o e f f i c i e n t  i s  u n iq u e ly  g iv e n  b y :

Br * H N a R(7T). ( 2 . 3 :H)
3

In  th e  above d i s c u s s io n ,  t h e  Raman volume e x t i n c t i o n  c o e f f i c i e n t  

h a s  been  n e g le c te d  s in c e  i t  i s  a t  l e a s t  two o r d e r s  o f  m agn itude  l e s s  

th a n  th e  R a y le ig h  e x t i n c t i o n  c o e f f i c i e n t .  H ow ever, th e  Raman d i f f e r *
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e n t i a l  c r o s s  s s c t i o n  i s  g iv e n  b y : 2 *5 5 *^*

dORAM s (  1 A 2 ( 2 .3 :5 )in. ^2ttsqC J

w h e re ,

■ t h e  pump f re q u e n c y ,

«*2 * th e  Reman f re q u e n c y , and  

r *  s  t h e  Raman p o l a r i z a b i l i t y .

The two f r e q u e n c ie s  d i f f e r  by th e  v i b r a t i o n a l  mode f re q u e n c y , Wg, so  

t h a t  W2 * -  Wg.

The l a r g e  v a r i a t i o n  in  s i z e ,  d e n s i ty  d i s t r i b u t i o n  and  p r o p e r t i e s  

o f  a tm o s p h e r ic  a e r o s o l s  p r e c lu d e  an a c c u r a te  c a l c u l a t i o n  o f  t h e  Hie

s c a t t e r i n g  c r o s s  s e c t i o n .  H ow ever, a  u s e f u l  e m p i r ic a l  r e l a t i o n  r e l a t -

2 57 51in g  th e  Hie s c a t t e r i n g  c o e f f i c i e n t  i s  g iv e n  b e lo w : * *

Pm a 2*21 | Q ^ p ) ° ' 5 ,5 (V l/3 > ] km"1 , ( 2 .3 :« )

w h e re ,

X s  t h e  w a v e len g th  o f  i n c id e n t  l i g h t  i n  um, and

V s t h e  v i s i b i l i t y  i n  km.

T h is  e m p i r ic a l  e x p re s s io n  i s  an  a p p ro x im a tio n  w hich  h a s  been  found  

e x p e r im e n ta l ly  t o  h o ld  u n d e r  no rm al v i s i b i l i t y  c o n d i t io n s  when am b ien t 

p a r t i c u l a t e  c o n c e n t r a t io n s  a r e  r e l a t i v e l y  lo w .^ *

The f i n a l  p a ra m e te r  in  t h e  a tm o s p h e r ic  volum e e x t i n c t i o n  c o e f f i ­

c i e n t  i s  a b s o r p t io n .  A tm ospheric  a b s o r p t io n  i s  n o t  s e r i o u s  f o r  wave­

le n g th s  lo n g e r  th a n  2500 A. Below 2500 X ,  a b s o r p t io n  due t o  a tm o s p h e r ic  

oxygen becom es im p o r ta n t  w ith  an a b s o r p t io n  c o e f f i c i e n t  r e a c h in g  1 km'1 

a t  2*50 A.2

Now, h a v in g  d is c u s s e d  b o th  th e  a tm o s p h e r ic  s c a t t e r i n g  m echanism s
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and a tm o s p h e r ic  p a r a m e te r s ,  a  c o m p a ra tiv e  a n a ly s i s  can  be  made o f  th e  

f o u r  ty p e s  o f  p o l l u t i o n  m o n ito r in g  schem es m en tio n ed  in  Chp. 1 ,  n am ely :

1 . d i f f e r e n t i a l  a b s o r p t io n  o f  s c a t t e r e d  e n e rg y  (DASE),

2 .  r e s o n a n c e  f lu o r e s c e n c e ,

3 . Raman and  re s o n a n c e  Raman, and 

lo n g  p a th  a b s o r p t io n .

From th e  d i s c u s s io n  w hich  f o l lo w s ,  i t  w i l l  be  se e n  t h a t  th e  DASE ap­

p ro a c h  h a s  i n h e r e n t  a d v a n ta g e s  o v e r  th e  o t h e r  p o l l u t i o n  m o n ito r in g  

schem es.

2.*» LIDAR Schem es: A C om parative  A n a ly s is

2.*».1 I n t r o d u c t io n

F o r a l l  f o u r  sch em es, e x c e p t  th e  Raman, l a s e r  s o u rc e s  a r e  n eed ed

a t  w a v e le n g th s  t h a t  m atch th e  re s o n a n c e  a b s o r p t io n  o f  t h e  p o l l u t a n t s

o f  i n t e r e s t .  Dye l a s e r s  a r e  now a v a i l a b l e  w ith  o u tp u ts  tu n a b le  o v e r

th e  e n t i r e  n e a r  u l t r a v i o l e t  and  v i s i b l e  s p e c t r a l  r a n g e s .  They a re

c a p a b le  o f  n a rro w  band  o p e r a t io n ,  l e s s  th a n  1 A, w ith  good f re q u e n c y  

59s t a b i l i t y .  P u ls e  e n e r g ie s  o f  o v e r  1 j  ( p e r  p u l s e )  a r e  t y p i c a l l y  

a v a i l a b l e  from  flash lam p -p u m p ed  dye l a s e r s .  I f  c o a x ia l  f la s h la m p s  

and a p p r o p r ia t e  d is c h a r g e  c i r c u i t r y  a r e  u t i l i z e d ,  t h e s e  e n e r g ie s  a re  

a v a i l a b l e  in  p u l s e s  o n ly  a  few h u n d red  n a n o seco n d s  in  d u r a t i o n ,  a s  i s  

r e q u i r e d  f o r  o b t a in in g  d e s i r e d  d e p th  r e s o l u t i o n  in  LIDAR a p p l i c a t i o n s .  

S e v e ra l  o f  th e  im p o r ta n t  commonly e n c o u n te re d  p o l l u t a n t s  have  a b s o rp ­

t i o n  s p e c t r a  i n  th e  v i s i b l e  and  n e a r  u l t r a v i o l e t  due t o  e l e c t r o n i c  

t r a n s i t i o n s .  These p o l l u t a n t s  in c lu d e  N02 » NO, S02 , and 03 . T h is  

work c e n te r s  on a  p o l l u t i o n  m o n ito r in g  scheme t o  d e t e c t  t r a c e  con ta in -
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i n a n t  l e v e l s  o f  HOj in  t h e  a tm o sp h e re .

2%»»2 .g o ?  A b so rp tio n  S pectrum

As can ba sa a n  in  F ig .  N02 h a s  a  c l a a r l y  s t r u c t u r e d  a b s o rp -

95
t i o n  sp e c tru m  in  th e  b l u e ,  w ith  w a l l  d e f in e d  p eak s  and t ro u g h s .

2 .U .3  G e n e ra l F o rm u la tio n

The b a c k s c a t t e r e d  s i g n a l  from  a  t a r g e t  a t  ra n g e  R i s  g iv en  b y :1 * 

Pr (R ) = ^ j K P ^ e x p ^ ^ r J d r )  ,  < 2 .k : l )

w h e re ,

Pr (R) = th e  r e c e iv e d  pow er from  ra n g e  R,

Pq * th e  t r a n s m i t t e d  po w er,

K * th e  o p t i c a l  sy s te m  e f f i c i e n c y ,

A * th e  a r e a  o f  th e  r e c e iv in g  t e l e s c o p e ,

.p. * th e  e f f e c t i v e  r e f l e c t i v i t y  o f  t h e  rem o te  t a r g e t ,  and
TT
otA( r )  = th e  volum e e x t i n c t i o n  c o e f f i c i e n t  a t  ra n g e  r .

The t r a n s m i t t e d  r a d i a t i o n  i n t e r a c t s  w i th  t h e  p o l l u t a n t  m o le c u le s  

th ro u g h  th e  a tm o sp h e ric  volume e x t i n c t i o n  c o e f f i c i e n t , a s  d e f in e d  

in  Eq. 2 .3 : 1 .  The p o r t i o n  o f  th e  r e tu r n e d  s i g n a l  due t o  Raman and 

f lu o r e s c e n c e  s c a t t e r i n g  i s  ta k e n  i n t o  a c c o u n t in  th e  e f f e c t i v e  r e ­

f l e c t i v i t y  te rm  p / n .  The d e p th  r e s o l u t i o n  a t t a i n a b l e  by  b a c k s c a t t e r  

m ethods i s  shown s c h e m a tic a l ly  in  F ig .  2 .**:2 . The d e p th  r e s o l u t i o n  i s  

g iv e n  by

A R s £ t ,  (2 .«*:2)
2

w here ,
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f  * t p  t  t D + t p ,  t h e  sum o f  th «  l a s e r  p u ls e  w id th  T p , th e  

d e t e c to r  i n t e g r a t i o n  t im e ,  t p ,  an d  th e  m o le c u la r  f l u o ­

re s c e n c e  t im e ,  t p  ( t p  o n ly  comes i n t o  e f f e c t  in  th e  

r e s o n a n c e  f lu o r e s c e n c e  b a c k s c a t t e r  sch em e).

In  th e  d i s c u s s io n  t h a t  f o l lo w s ,  a  com p ariso n  among th e  DAS£, 

re s o n a n c e  f lu o r e s c e n c e ,  Raman and  re so n a n c e  Raman, and  lo n g  p a th  ab ­

s o r p t io n  schem es i s  m ade. F o r th e  p u rp o se  o f  com p ariso n  th e  DASE 

LIDAR sy s te m  d e v e lo p e d  h e re  w ere u se d  a s  a  b a s i s .

2 .4 .U  D i f f e r e n t i a l  A b so rp tio n  o f  S c a t t e r e d  E nergy  (DASE)

2 . 4 .U .1 B a s ic  T heory

In  i t s  s im p le s t  fo rm , t h i s  schem e d e te rm in e s  th e  c o n c e n t r a t io n  o f  a  

p o l l u t a n t  a t  an  a r b i t r a r y  p o i n t ,  d i s t a n c e  r  i n  s p a c e ,  by m ea su rin g  th e  

o p t i c a l  re so n a n c e  a b s o r p t io n  due t o  th e  p o l l u t a n t  a c r o s s  an in c r e m e n ta l  

p a th  l e n g t h ,  n r .  T h is  i s  shown s c h e m a t ic a l ly  in  F ig . 2 .**:3. The ab ­

s o r p t io n  a c r o s s  a r  i s  o b ta in e d  from  th e  r e l a t i v e  a t t e n u a t i o n  o f  tw o 

e o l l i n e a r  l a s e r  beams a t  d o s e - l y i n g  w a v e le n g th s , \ i  and \ 2 » r e s p e c t ­

i v e l y  on and  o f f  th e  re s o n a n c e  a b s o r p t io n  o f  th e  p o l l u t a n t  m o le c u le  in  

q u e s t io n .  The r e l a t i v e  a t t e n u a t i o n  i s  d e te rm in e d  from  co m p ariso n s  ( a t  

th e  r e c e i v e r )  o f  t h e  R a y le ig h  and  Mie a tm o s p h e r ic  e l a s t i c  b a c k s c a t t e r  

from  th e  two l a s e r  beams a s  th e y  t r a v e r s e  a r .  A p p ro p r ia te  te m p o ra l  

r e s o l u t i o n  a t  t h e  r e c e i v e r  p e rm i ts  d e te r m in a t io n  o f  r  and & r, th e  ran g e  

and s p a t i a l  r e s o l u t i o n  o f  th e  p o l l u t a n t  d i s t r i b u t i o n .

S e v e ra l  f e a t u r e s  o f  t h i s  schem e s h o u ld  be  n o te d  a t  t h i s  s t a g e :

1 . As m en tio n ed  e a r l i e r ,  dye l a s e r s  a r e  now c a p a b le  o f  n a rro w  band 

o p e r a t io n ,  l e s s  th a n  1 A, w ith  good f re q u e n c y  s t a b i l i t y .  S in c e
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t h e  r e c e i v e r  s i g n a l  i s  s im p ly  t h s  e l a s t i c  b a c k s c a t t e r e d  compo­

n e n t  o f  t b e  t r a n s m i t t e d  s i g n a l ,  t h i s  p e rm i ts  t h e  u se  o f  v e ry  

n a rro w  b an d w id th  r e c e iv e r s  ( i f  p o s s i b l e ,  down t o  th e  ban d w id th  

o f  th e  t r a n s m i t t e d  s i g n a l ) .  T h is  i s  an im p o r ta n t  f a c t o r  in  r e ­

d u c in g  u n d e s i r a b le  b ack g ro u n d  n o is e  and  th e  l i m i t a t i o n s  t h a t  i t  

p l a c e s  on  LIDAR m o n ito r in g  schem es.

2 . The r e c e iv e d  s i g n a l  t h a t  i s  due t o  th e  e l a s t i c  s c a t t e r i n g  from  

th e  a tm o sp h e re  i s  r e l a t i v e l y  l a r g e  and  th u s  e a s i l y  d e te c te d .

3 . S in c e  t h i s  schem e d e te rm in e s  t h e  p o l l u t a n t  c o n c e n t r a t io n  by an 

a b s o r p t io n  m ethod , t h e  a c h ie v a b le  d e te c t io n  s e n s i t i v i t y  i s  h ig h  

even  w here th e  r e q u i r e d  s p a t i a l  r e s o l u t i o n  i s  h ig h  ( o r  e q u iv a ­

l e n t l y ,  w here th e  sa m p lin g  l e n g th s  a r e  s m a l l ) .

The b a c k s c a t t e r e d  pow er o b s e rv e d  by  a  LIDAR sy s te m  w ith  c o l l i n e a r  

t r a n s m i t t i n g  and  r e c e iv i n g  o p t i c a l  a x e s  i s  g iv en  by Eq. 2 . 4 : 1 .  F o r th e  

DASE c a s e  th e  e f f e c t i v e  r e f l e c t i v i t y  o f  th e  a tm o sp h e re  i s  g iv e n  b y :* *

JL * c tp ^ B R(R.X ) ♦ ( 2 .4 :3 )

w h e re ,

c s  th e  sp e e d  o f  l i g h t ,  

t p  * th e  l a s e r  p u ls e  l e n g t h ,

pg (R ,X ) * th e  R a y le ig h  b a c k s c a t t e r  c o e f f i c i e n t ,  and 

0 h(R ,A ) s  th e  Mie b a c k s c a t t e r  c o e f f i c i e n t .

S u b s t i t u t i n g  t h i s  r e l a t i o n  i n t o  Eq. 2 .4 : 1  y i e l d s ,
R

Pr (R ,A ) ■ c tp [ p R(R ,A ) ♦ p M(R,A )]K P0 (A)Aexp{-2$C<*s c (R ,X ) +
2 R2 1 0

a ABS(R »X)Nr 3dr}*  <2 . 4 :4 )

w here,
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« g c (R ,X )  * “ r(R*X) + « h(R ,V ) , th e  a tm o s p h e r ic  volum e s c a t t e r ­

in g  c o e f f i c i e n t  w i th o u t  a b s o rp t io n *  

a R(R ,X ) * th e  R a y le ig h  volum e s c a t t e r i n g  c o e f f i c i e n t *  and  

« m(R ,X ) = th e  Hie volume s c a t t e r i n g  c o e f f i c i e n t .  The o th e r  

p a ra m e te rs  w ere p r e v io u s ly  d e f in e d .

An e x p re s s io n  f o r  Mp  a v e ra g e d  o v e r  a  d i s t a n c e  &R can  b e  o b ta in e d  

from  Eq. 2 .4 : 4  by  fo rm in g  th e  d i f f e r e n c e  o f  th e  lo g a r i th m  o f  Pr (R) e v a l ­

u a te d  a t  R and R + &R f o r  b o th  a  f re q u e n c y  on th e  a b s o r p t io n  peak  (X^) 

and t o  th e  a b s o r p t io n  t ro u g h  (X2 )» T hese e q u a t io n s  a r e  shown b e low :

ln P r (R,X,) -  ln P r (R ♦ a R jX ,)  * - 2aR ♦ lnC pR(R»Xi) +
R

M R »Xi>3 ** l n [ p R(R ♦ aR .A ^) ♦ Pm(R ♦ 

&R*X^)] ♦ 2 * s c ^ l ) 4 ^  ^ 2dj^gg(X^)NjAR*

( 2 .4 :5 )

InPyCR.Xt) -  ln P r (R t& R .X j)  s  -2AR ♦ l n [ p R(R,X2 ) +
R

^ ( R ' ^ ) ^  * l n [ p R(R  ♦ a  R ,A j) ♦ Py(R + 

aR,X2 ) ]  t  2&££(X2 )aR  t  2o‘̂ pg(X2 )Nr &R.

( 2 .4 :1 )

An e g r e s s i o n  f o r  Nr * th e  v a lu e  o f  Nr  a v e ra g e d  f o r  th e  d e p th  r e s o l u -
«

t i o n  aR  a t  ra n g e  r  can  b e  o b ta in e d  from  E qs. 2 .4 :5  and 2 .4 :C  a s :

Hr  * 1 [ I n  Pr (R ,X i)  -  in  M R t >2> ■- +
2&a&R Pr (R ♦ a  R.A^) Pr (R t  &R*X2 )

S ♦ S ' ] ,  ( 2 .4 :7 )

w here*

S » -2[Sis c (X1 ) - * s c (X2 ) ] aR, ( 2 .4 :1 )

* SC(X ) a « R(X) + ^ h(X ) , t h e  t o t a l  volume s c a t t e r i n g  c o e f f i ­

c i e n t  n e g le c t in g  a b s o rp t io n *  a v e ra g e d  o v e r  a R, and

ao- * c r^ g tX ^ )  -  ^ABS^X 2 )» t h * d i f f e r e n c e  in  a b s o rp t io n  c ro s s
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s e c t i o n s .

s- - m  -
P r < r . * i > *  P i v R « ^ v  

I n CPp(R t  a R.Xq ) + P m( r + a R.Xq ) ] «
P r ( r »X2 '  ♦ Pm*r »*2 ^

( 2 .4 :» )

In  o r d e r  t o  e v a lu a te  E q. 2 .*♦ :7 . i t  i s  n e c e s s a ry  to  know th e  m ag n itu d es  

o f  S and  S ' .  T hese q u a n t i t i e s  a r e ,  in  g e n e r a l ,  unknown. H ow ever, i f  

i f  t h e  a b s o r p t io n  peak  and  t ro u g h  m easurem ents a r e  ta k e n  n e a r ly  s im u l­

ta n e o u s ly  ,  so  t h a t  t h e  p ' s  a n d <*.' s  rem ain  c o n s ta n t  in  t im e ,  and i f

t h e s e  c o e f f i c i e n t s  do n o t  change s i g n i f i c a n t l y  o v e r  th e  s p e c t r a l  i n t e r -
49 52 62

v a l  -  X2 * th e n  S and  S ' can  be  ta k e n  t o  be z e r o .  * * T h e r e f o r e ,

m aking th e s e  a s s u m p tio n s , E q . 2 .4 :7  re d u c e s  t o :

Nr  = 1 I n
2aoaR

P_(R ♦ AR,*2)_

( 2 .4 :1 0 )

o r .

Hr  ■ l n ( l  + n F „ ) . 
2s04R

( 2 .4 :1 1 )

w h e re ,

AFp  * th e  f r a c t i o n a l  change in  th e  r a t i o  o f  r a t i o s  o f  th e  r e ­

c e iv e d  s i g n a l s .

As can  be se e n  from  Eq. 2 .4 : 1 1 ,  th e  s e n s i t i v i t y  o f  p o l l u t a n t  d e t e c t ­

io n  i s  im proved  b y :

1 .  t h e  a b i l i t y  o f  t h e  in s t r u m e n ta t io n  t o  d e t e c t  s m a l le r  changes in  

* F r ,

2 .  i n c r e a s in g  th e  sa m p lin g  l e n g t h ,  &r ( a t  a  c o s t  o f  d e c re a s in g  s p a ­

t i a l  r e s o l u t i o n ) ,  and

3 . a  l a r g e  re s o n a n c e  a b s o r p t io n  c r o s s  s e c t i o n ,  o ^ ,  and  a  s m a l l  o f f -
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re s o n a n c e  c r o s s  s e c t i o n ,

2 .4 .4 .2  E v a lu a t io n  o f  R eq u ire d  System  P a ra m e te rs  f o r  D e te c t io n  o f  NOp

2 .4 .4 .2 .1  R ece iv ed  S ig n a l  R eq u irem en ts

Assum ing a  r e l a t i v e  change i n  th e  r a t i o  o f  r a t i o s  o f  r e c e iv e d  s i g ­

n a l s  o f  5 p e r c e n t ,  a  ra n g e  o f  1000 m, minimum s p a t i a l  r e s o l u t i o n  o f  

100 m, and t a k i n g  t h e  a b s o rp t io n  c r o s s  s e c t i o n s  from  F ig .  2 * 4 :1  a s  

ffABS(‘*47,‘5 b  * « * 3 I X 1 0 - *  cm2 and  < 7 ^ (4 5 0 0  A) * 3 .5  X 10*19 cm2 

( t h e  c u rv e  i n  F ig .  2 .4 : 1  Mas ru n  w ith  a  r e s o l u t i o n  o f  5 A w hich  m atch­

e s  th e  t y p i c a l  l a s e r  b an d w id th  u s e d ) ,  t h e  minimum d e te c ta b l e  p o l l u t a n t  

c o n c e n t r a t io n ,  l*r , e q u a l  t o  0 .3 1 5  ppm i s  o b ta in e d .

In  o r d e r  t o  o b t a in  maximum d i f f e r e n c e  i n  a b s o r p t io n  c r o s s  s e c t i o n s ,  

and  hence  a c h ie v e  b e t t e r  d e t e c t i o n  s e n s i t i v i t y ,  l a s e r  w a v e le n g th s  o f  

^  * 4430 A (p e a k )  and  A j 3 4497 A ( t r o u g h )  w ere c h o se n . I t  s h o u ld  be  

n o te d  t h a t  f o r  n a rro w  f i l t e r s  su c h  a s  i s  r e q u i r e d  i n  th e  sy s te m  d e s c r ib ­

e d ,  m a n u fa c tu re r s  e n c o u n te r  d i f f i c u l t y  p ro d u c in g  f i l t e r s  e x a c t ly  t o  th e  

s p e c i f i c a t i o n s ,  and th e  above was t h e  c l o s e s t  f i t  t h a t  c o u ld  be o b t a in ­

e d .

The r e c e iv e d  s i g n a l  pow er i n  t h i s  DASE LIDAR sy s te m  i s  th e  e l a s t i ­

c a l l y  b a c k s c a t t e r e d  f r a c t i o n  o f  t h e  o u tg o in g  l a s e r  beam . S in c e  t h i s  

r e c e iv e d  p o w e r, and  t h e r e f o r e  t h e  e f f e c t i v e  ra n g e  o f  th e  s y s te m , i s  

d e te rm in e d  by th e  f r a c t i o n  o f  th e  pow er t h a t  i s  r e f l e c t e d ,  t h i s  a s p e c t  

i s  c o n s id e re d  n e x t .
2

A d e t e c t o r  i s  d a rk  c u r r e n t  l i m i t e d  i f

(2 .4 :1 2 )

w here.
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q  » th e  e l e c t r o n i c  c h a r g e ,

B s  t h e  e l e c t r o n i c  b a n d w id th  o f  th e  d e te c t io n  s y s te m .

n * th e  num ber o f  p u l s e s ,

* th e  minimum a c c e p ta b le  s i g n a l  t o  n o is e  r a t i o ,  and

i d  = th e  d e t e c t o r  d a rk  c u r r e n t .

F o r p h o to n  l i m i t e d  d e t e c t i o n  th e  o p p o s i te  o f  Eq. 2 .4 :1 2  i s  t r u e .  In*

s o r t i n g  th e  v a lu e s  o f  t h e  d e t e c t o r  u s e d , Amperex ty p e  5SAVP, (B * 3 MHZ,

i d = 15 nA) i n t o  Eq. 2 .4 : 1 2 ,  i t  i s  found  t h a t  th e  sy s te m  i s  d a rk  c u r r e n t

l i m i t e d  f o r  an a c c e p ta b le  s i g n a l  t o  n o i s e  r a t i o  o f  10 .

The minimum d e t e c t a b l e  s i g n a l  po w er, Pr | 0i n • f o r  d a rk  c u r r e n t  l i m i t -
2

e d  d e t e c t o r s  i s  g iv e n  b y :

The minimum d e te c t a b l e  c h a n g e , a P ^ ,  r e l a t i v e  t o  th e  s i g n a l  p o w er, pr»

a  minimum a c c e p ta b le  s i g n a l  t o  n o is e  r a t i o  o f  10 ,  and a  minimum d e t e c t ­

a b le  change o f  5 p e r c e n t ,  i t  i s  found  t h a t  f o r  s in g l e  p u ls e  o p e r a t io n  a 

r e c e iv e d  p o w er, Pr ,  o f  0 .2 5  uW i s  r e q u i r e d .

2 .4 .4 .2 .2  T ra n s m itte d  Pow er R eq u irem en ts

I t  i s  u s e f u l  a t  t h i s  s ta g e  t o  g e t  an  id e a  o f  th e  pow er re q u ire m e n ts

P f . i i n  * [2 q (B /n ) (S /H )m{„lrt3

w h e re ,

S q « th e  d e t e c t o r  s e n s i t i v i t y .
. 9

F or t h e  sy s te m  d e s c r ib e d ,  Pr ( gdJ1 i s  fo u n d  t o  b e  e q u a l  t o  § .3 2  X 10 W

a t  t h e  d e t e c t o r  i s  g iv en  by  th e  f o l lo w in g  r e l a t i o n s h i p r
2

pr  “ ^ P r ^ 'm i n  S DP**'

U sing  E q. 2 .4 :1 4  and th e  p a ra m e te rs  f o r  th e  sy s te m  (S
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f o r  th e  l a s e r  t r a n s m i t t e r  f o r  a  sy s te m  o f  t h i s  ty p e .

A ssum ing an  N C ^ -p o l lu te d - f r e e  a tm o sp h e re  up t o  th e  sam pled  r e g i o n ,  

aR, s o lv in g  Eq. 2 .4 :4  f o r  th e  t r a n s m i t t e d  pow er y i e l d s :

P0(A) » P„(R  ♦& R . l ) _________ X
c tp [ .Bp(R f  & R,A) ♦ b h (R + a R,1).1

  1
KA ^ e x p ( - 2 [a C/.(X )(R  ♦ AR) ♦

T r T T r )  1 s c

( 2 .4 :1 5 )

w h ere ,

« (>>) * «  (X) ♦ « u( X ) , th e  t o t a l  a tm o s p h e r ic  volume s c a t t e r -
SC R M

in g  c o e f f i c i e n t  w i th o u t  a b s o r p t io n ,  a v e ra g e r  o v e r  R + 

aR, and

Nr  a t h e  a v e ra g e  p o l l u t a n t  c o n c e n t r a t io n  o v e r  aR.

An a v e ra g e  p o l l u t i o n  c o n c e n t r a t io n  o f  0 .3 1 5  ppm o f  N02 o v e r  th e  sam pled  

r e g io n  o f  100 m, a  ra n g e  o f  1000 m, a  v i s i b i l i t y  o f  10 km, and  a  r e c e i v ­

ed  s i g n a l  pow er o f  0 .2 5  uW f o r  e ach  o u tg o in g  w a v e len g th  ( t o  g iv e  a  f r a c ­

t i o n a l  change o f  r a t i o  o f  r a t i o s  o f  r e c e iv e d  pow ers o f  5 p e r c e n t ) ,  y i e l d  

th e  o n - l i n e  and  o f f - l i n e  t r a n s m i t t e d  pow ers a s  0 .0 3 9 5  MW ( 9 .1 1  m j) and

0 .0 3 7 5  MW ( 9 . 3 t  m j) r e s p e c t i v e l y .

I n c r e a s in g  th e  o u tp u t  e n e r g ie s  o f  each  l i n e  t o  1 /2  j ,  th e  r e c e iv e d  

pow er i n c r e a s e s  t o  1 5 .9  uW o f f - l i n e  and 1 5 .9  uW o n - l i n e ,  w hich  c o r r e ­

sponds t o  a  minimum d e te c ta b l e  p o l l u t i o n  c o n c e n t r a t io n  o f  0 .0 2 9  ppm.

2 .4 .4 .2 .3  Pump D e p le tio n

The f o re g o in g  d i s c u s s io n  c o n s id e re d  th e  R a y le ig h  and Mie r e t u r n  

assum ing  an N O j- p o l lu te d - f r e e  a tm o sp h e re  up t o  th e  sam pled  r e g io n .  I t  

i s  s t i l l  n e c e s s a ry  to  c o n s id e r  th e  p rob lem  o f  pump d e p le t io n  i f  th e



p o l l u t a n t  i s  a t  a  d e n s i ty  o f ,  s a y ,  0 .31S  ppm o v a r  th e  e n t i r e  1000 m 

ra n g e . S in c e  100 m c a u se  a p p ro x im a te ly  a  10 p e r c e n t  r e d u c t io n  in  r e ­

c e iv e d  s i g n a l  pow er (a n d  a p p ro x im a te ly  a  5 p e rc e n t  r e d u c t io n  i n  AFr >, 

1000 m w i l l  c a u se  a  r e d u c t io n  by a  f a c t o r  o f  e x p ( - l .O t )  = 0.3**. The 

r e c e iv e d  s i g n a l  w i l l  b e  down a p p ro x im a te ly  3*+ p e rc e n t  o f  i t s  o r i g i n a l  

v a lu e  o f  5.**1 uW o f f - l i n e  and  5*37 uW o n - l i n e ,  and  i t  w ould  b e  p o s s i ­

b l e  t o  d e t e c t  a  minimum c o n c e n t r a t io n  o f  0 .0 5 1  ppm, w hich c o rre s p o n d s

t o  a  0.1+5 p e r c e n t  change in  r a t i o  o f  r a t i o s .  T h u s, a  l a s e r  p u ls e  

e n e rg y  o f  1/2 j  p e r  l i n e  i s  s u f f i c i e n t  t o  d e t e c t  a  change o f  N02 con­

c e n t r a t i o n  o f  0 .0 5 1  ppm a v e ra g e d  o v e r  100 m a t  a  ran g e  o f  1000 o  even

when p o l l u t i o n  c o n c e n t r a t io n s  a s  h ig h  a s  0 .3 1 5  ppm e x i s t  a lo n g  th e  

e n t i r e  p ro b e  beam p a th .

I f  th e  ra n g e  i s  d e c re a s e d  t o  100 a ,  a  minimum c o n c e n t r a t io n  a s  

low a s  1.6 ppb c o u ld  b e  d e te c te d  (c o r r e s p o n d in g  t o  a  change in  th e  

r a t i o  o f  r a t i o s  o f  2 .6  X 10"2 p e r c e n t ) ,  w i th  th e  same o p t i c s  and  o u t ­

p u t  pow er d e s c r ib e d  a b o v e .

2.*+.5 R esonance F lu o re s c e n c e

2 .*+ .5 .1  B a s ic  Theory

T h is  schem e d e te rm in e s  th e  p o l l u t i o n  c o n c e n t r a t io n  a t  a  d i s t a n c e  

r  i n  s p a c e  by  m ea su rin g  th e  f lu o r e s c e n c e  b a c k s c a t t e r  in d u c e d  by th e  

p ro b e  beam a s  i t  i s  a b s o rb e d  by  th e  p o l lu t e d  s p e c i e s .  T h is  i s  shown 

s c h e m a t ic a l ly  in  F ig . 2.**:*+.

2 .*+ .5 .2  E v a lu a t io n  o f  R e q u ire d  System  P a ra m e te rs  f o r  D e te c t io n  o f  NO  ̂

The b a c k s c a t t e r e d  f lu o r e s c e n c e  i n t e n s i t y  from  ra n g e  r  o b s e rv e d  by
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a  LIDAR sy s te m  w ith  c o l l i n e a r  t r a n s m i t t i n g  and  r e c e iv in g  a x e s  i s  g iv en
2

by Eq. 2.*♦: 1 w ith  th e  e f f e c t i v e  r e f l e c t i v i t y  g iv en  a s :

£. * £22x£E* ( 2 .** :i§)
TT •

w h e re ,

ffp * and (2 « ^ :1 7 )

Q 8 i  ( 2« ^ i l l )
1 ♦  t g p / 1\ t g p

t c o L ^ '

w h e re ,

1 3 th e  p r o b a b i l i t y  o f  q u e n c h in g  p e r  c o l l i s i o n ,
Z

*COL * t h * c o l l i s i o n  t im e ,  and

t Sp 3 th e  sp o n ta n e o u s  decay  t im e .

S u b s t i t u t i n g  th e s e  te rm s  i n t o  Eq. 2 .< t : l  and assu m in g  an N02- p o l l u t e d -

f r e e  a tm o sp h e re  up t o  th e  sam pled  r e g i o n ,  aR, y i e l d s :

Pr (R ) 3 KPnCtO ia c U  )NrQAF e x p [-2 « s c (A )R -  
2 ITT R2

ffABS(A)Rr * R3» (2 .< t:1 9 )

w h e re ,

F 3 t h e  f r a c t i o n  o f  th e  t o t a l  f lu o r e s c e n c e  d e te c te d  by th e  r e ­

c e i v e r ,

Nr  3 th e  a v e ra g e  p o l l u t a n t  c o n c e n t r a t io n  o v e r  th e  sam pled  r e g i o n ,  

aR , and

=gc(A, 3 *R(A) + «<M(A), th e  a tm o s p h e r ic  volume s c a t t e r i n g  c o e f f i ­

c i e n t  w i th o u t  a b s o r p t io n  a v e ra g e d  o v e r  R.

F or an a v e ra g e  p o l lu t i o n  c o n c e n t r a t io n  o f  0 .0 2 9  ppm a c ro s s  th e  sam pled  

r e g i o n ,  a  ra n g e  o f  1000 m, a  d e p th  r e s o l u t i o n  o f  100 m, and  a  r e c e iv e d
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—a
s ig n a l  o f  6 ,3 2  X 10 W ( th a  minimum d e te c ta b l e  r e c e iv e d  pow ar f o r  th e  

d e t e c t o r  u se d )  t h e  r e q u i r e d  t r a n s m i t t e d  pow er o f  3S2 MW i s  o b ta in e d .  

T h is  pow er i s  e q u iv a le n t  t o  9 5 .5  j  f o r  a  dye l a s e r  w ith  a  p u ls e  le n g th  

o f  250 n s .

The d i s c u s s io n  above c o n s id e r e d  n ig h t t im e  o p e r a t i o n ,  t h a t  i s ,  t h e  

e n t i r e  b a c k s c a t t e r e d  sp e c tru m  (F  » 1 )  was d e te c te d .  In  d ay tim e  o p e ra ­

t i o n  th e  n o i s e  a t t r i b u t e d  t o  back g ro u n d  r a d i a t i o n  m ust be b lo c k e d .

T h is  h a s  th e  e f f e c t  o f  r e d u c in g  th e  o b s e rv e d  f lu o r e s c e n c e  b a c k s c a t t e r ­

ed  s i g n a l .  T h e r e f o r e ,  t o  d e t e c t  0 .0 2 9  ppm f o r  d a y tim e  o p e r a t io n  ( F =

0 .1 )  a  t r a n s m i t t e d  e n e rg y  o f  955 j  i s  r e q u i r e d .

T hese e n e rg y  re q u ire m e n ts  a r e ,  o f  c o u r s e ,  o n ly  t o  b e  u s e d  a s  a  

r e l a t i v e  b a s i s  f o r  a  com parison  among th e  o t h e r  LIDAR schem es p r e s e n t ­

e d .  F o r r e a l i s t i c  pow er r e q u i r e m e n ts ,  a  ran g e  o f  100 m, a  sam pled  

d e p th  o f  100 m, an a v e ra g e  p o l l u t i o n  c o n c e n t r a t io n  o f  0.1 ppm o f  N O j,

y i e l d s  f o r  n ig h t t im e  o p e r a t io n  a  r e q u i r e d  t r a n s m i t t e d  pow er o f  3 .5 2  X

5 -210 W ( t . t O  X 10 j ) .  F o r d a y tim e  o p e r a t io n ,  th e  r e q u i r e d  t r a n s m i t t ­

ed  pow er i n c r e a s e s  t o  3 .5 2  X 10* W (t.tO X 10"1 j ) .

To su m sia riz e , t h e  re so n a n c e  f lu o r e s c e n c e  b a c k s c a t t e r  schem e h a s  th e  

fo l lo w in g  d is a d v a n ta g e s :

1 .  Daytim e o p e r a t io n  s e v e r e ly  l i m i t s  d e te c t i o n  s e n s i t i v i t i e s ,  r e ­

s u l t i n g  from  th e  b lo c k a g e  o f  b ack g ro u n d  r a d i a t i o n .

2 . The f lu o r e s c e n t  b a c k s c a t t e r e d  s i g n a l  a t  th e  r e c e i v e r  i s  depen­

d e n t  upon t h e  c o n c e n t r a t io n  o f  th e  p o l l u t a n t  in  th e  r e g io n  

b e in g  p ro b e d .

2 .H .6  Raman and  R esonance Raman
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2 .4 .6 .1  B a s ic  T heory

The Raman schem a d e te rm in e s  t h e  c o n c e n t r a t io n  o f  th e  p o l l u t a n t  a t  an 

a r b i t r a r y  p o in t  in  sp a c e  by  m easu rin g  t h e  Raman b a c k s c a t t e r e d  i n t e n s i t y  

in d u c e d  a s  th e  p ro b e  beam i n t e r a c t s  w ith  th e  p o l lu t e d  a tm o sp h e re . T h is  

i s  shown s c h e m a tic a l ly  in  F ig . 2 .4 : 5 .

2 . 4 .6 .2  E v a lu a t io n  o f  R e q u ire d  System  P a ra m e te rs  f o r  D e te c t io n  o f  NOq 

The b a c k s c a t t e r e d  Raman i n t e n s i t y  a t  th e  r e c e i v e r  due t o  t h e  p o l lu ­

t a n t  i s  o f  th e  same form  a s  t h a t  f o r  t h e  re so n a n c e  f lu o r e s c e n c e  schem e,

b u t  w ith  t h e  e f f e c t i v e  r e f l e c t i v i t y  te rm  £  g iv en  a s :^ *
TT

£  * ctN wg PAM(X) ,  ( 2 .4 :2 0 )
TT I

w h e re ,

°RAM * t h * Raman s c a t t e r i n g  c r o s s  s e c t i o n .

S u b s i t i u t i n g  t h i s  r e l a t i o n  i n t o  Eq. 2 .4 : 1  and assum ing  an  N O j-p o l lu te d -

f r e e  a tm o sp h e re  up t o  t h e  sam pled  r e g i o n ,  &R, y i e l d s  f o r  th e  r e c e iv e d  

pow er:

Pr (R ) s  KPftc tg p ftp(X )N^AF e x p [ -2«.s c ( \ ) R  -  
2 4TT r 2

( 2 .4 :2 1 )

F or an a v e ra g e  p o l lu t i o n  c o n c e n t r a t io n  o f  0 .0 2 9  ppm a c r o s s  th e  sam pled  

r e g i o n ,  a  ra n g e  o f  1000 m, a  d e p th  r e s o l u t i o n  o f  100 m, and  a  r e c e iv e d  

pow er o f  6 .3 2  X 10** W ( th e  minimum d e t e c t a b l e  r e c e iv e d  p o w e r) ,  t h e  r e ­

q u i r e d  t r a n s m i t t e d  pow er o f  1 .7 7  X 10* MW ( 4 .4 3  X 107 j )  i s  o b ta in e d .

To re d u c e  th e  t r a n s m i t t e d  pow er r e q u i r e m e n ts ,  t h i s  LIDAR schem e can

be  ru n  in  th e  re s o n a n c e  Raman mode. T h is  h as  th e  e f f e c t  o f  i n c r e a s in g

th e  r e c e iv e d  b a c k s c a t t e r e d  Raman i n t e n s i t y  by in c r e a s in g  th e  Raman s c a t -
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2
t a r i n g  c r o s s  s s c t i o n  a s :

( 2 .4 :2 2 )

w h ere ,

s  t b s  l a s e r  pump f r e q u e n c y ,

* t h s  s l s c t r o n i c  t r a n s i t i o n  f re q u e n c y , and

6$ * t h s  l in e w id th  o f  t h s  s l s c t r o n i c  t r a n s i t i o n .

F or N02 ,  ^  * 6 .6 9  X lO1* HZ, \)Q = 6 .6 9  X 101* HZ, and  t) * 2 .2 4  X 1012

HZ, Eq. 2 .4 :2 2  y i e l d s  /d o RAM) * 1*21 X 10*23 cm2 . I n s e r t i n g  th e
Vdii res

v a lu e  f o r  th e  re s o n a n c e  Raman b a c k s c a t t s r i n g  c r o s s  s e c t io n  i n t o  Eq. 

2 .4 :2 1  and  e v a lu a t in g  th e  e x p re s s io n  f o r  t h e  same c o n d i t io n s  a s  f o r  

th e  Raman c a s e ,  504 MW (126  j )  i s  o b ta in e d  f o r  t h e  r e q u i r e d  t r a n s m i t*  

t e d  pow er.

Thus f a r ,  i t  h a s  b e e n  assum ed t h a t  th e  e n t i r e  b a c k s c a t t e r e d  Raman 

s i g n a l  was d e te c te d .  A c tu a l ly ,  s in c e  th e  l a s e r  p ro b e  beam i s  b o th  

S to k e s  and  a n t i - S to k e s  s h i f t e d ,  t h a t  p a r t  o f  th e  Raman r e t u r n  s i g n a l  

t h a t  th e  e l a s t i c  b a c k s c a t t e r  i n t e r f e r e s  w ith  m ust be  r e j e c t e d .  A ls o , 

s in c e  t h e  Raman e f f e c t  i s  n o t  a  s e l e c t i v e  p r o c e s s ,  th e  b a c k s c a t t e r e d  

s i g n a l  c o n s i s t s  o f  many Raman r e t u r n s  from  d i f f e r e n t  s p e c ie s  o f  m ole­

c u le s  p r e s e n t  i n  t h e  a tm o sp h e re . T h e r e f o r e ,  th e  s i g n a l  o f  i n t e r e s t  

m ust be  d i s t i n g u i s h e d  from  th e  o t h e r  Raman r e t u r n s .  T h is  i n  e f f e c t

in c r e a s e s  th e  t r a n s m i t t e d  e n e rg y  re q u ire m e n t  by a p p ro x im a te ly  10 p e r -  

16
c e n t .

The e n e rg y  r e q u ir e m e n ts  f o r  b o th  th e  Raman and  re so n a n c e  Raman 

sch em e s , a s  f o r  th e  c a s e  o f  re s o n a n c e  f lu o r e s c e n c e ,  a r e  o f  c o u rs e  o n ly
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t o  be  u se d  i n  a  com parison  among th e  LIDAR schem es p r e s e n te d .  The 

m ag n itu d e  o f  th e  n o n re so n a n c e  Raman b a c k s c a t t e r i n g  c o e f f i c i e n t  l i m i t s  

t h e  ra n g e  o f  t h i s  ty p e  o f  LIDAR sy s te m  t o  l e s s  th a n  50 m f o r  any p r a c ­

t i c a l  t r a n s m i t t e d  e n e rg y  re q u ire m e n ts  f o r  m o n ito r in g  p o l lu t i o n  l e v e l s

p r e s e n t  i n  am b ien t c o n d i t io n s  ( 0 .0 1  t o  5 ppm ), and l i m i t s  th e  ra n g e
2

t o  l e s s  th a n  75 m f o r  t h e  re so n a n c e  Raman schem e.

The d is a d v a n ta g e s  o f  t h e  Raman and  re so n a n c e  Raman schem es a r e  

sum m arized b e lo w :

31 . The Raman b a c k s c a t t e r i n g  c r o s s  s e c t i o n s  a r e  10 t o  10 s m a l le r  

th a n  th e  R a y le ig h  and Hie b a c k s c a t t e r i n g  c r o s s  s e c t i o n s .

2 . The s t r e n g th  o f  t h e  Raman and  re so n a n c e  Raman r e t u r n s  depend 

upon th e  c o n c e n t r a t io n  o f  th e  p o l l u t a n t  p r e s e n t  in  th e  a tm os­

p h e re .  T h is  dependency  i s  th e  m ain f a c t o r  i n  l i m i t i n g  d e te c ­

t i o n  s e n s i t i v i t i e s .  Even th o u g h  f o r  N02 d e t e c t i o n ,  th e  r e s o ­

n an ce  Raman b a c k s c a t t e r i n g  c r o s s  s e c t i o n  i s  l a r g e r  th a n  th e  

sum o f  t h e  R a y le ig h  and  Hie b a c k s c a t t e r i n g  c r o s s  s e c t io n s  

( 1 .2 1  X 10*23 cm2 a s  com pared t o  3 .2 1  X 10*28 cm2 r e s p e c t i v e l y ) ,  

th e  b a c k s c a t t e r i n g  c o e f f i c i e n t  w hich i s  a  f u n c t io n  o f  p o l l u t a n t  

c o n c e n t r a t io n  i n  th e  re so n a n c e  Raman (a n d  Raman) c a s e ,  and  a  

f u n c t io n  o f  a i r  i n  t h e  e l a s t i c  (R a y le ig h  and H ie) c a s e ,  d e t e r ­

m ines t h e  s t r e n g th  o f  t h e  r e t u r n  s i g n a l .

3 . The Raman and re so n a n c e  Raman r e t u r n s  t h a t  a re  a n t i - S to k e s  

s h i f t e d  a r e  i n t e r f e r r e d  w ith  by  th e  R a y le ig h  and H ie b a c k s c a t -  

t e r .  I t  i s  t h e r e f o r e  n e c e s s a ry  t o  r e j e c t  t h a t  p a r t  o f  th e  

Raman r e t u r n  a s  w e l l  a s  th e  e l a s t i c a l l y  b a c k s c a t t e r e d  s i g n a l ,  

w hich  r e s u l t s  in  a  d e c re a s e  o f  d e te c te d  s i g n a l  pow er a t  th e
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r e c e iv e r .

i*. In  th e  re s o n a n c e  Raman schem e, a in c a  Raman r e t u r n s  a r e  in d u ce d  

by  p ro b in g  a p p ro x im a te ly  w ith  an  a b s o r p t io n  f re q u e n c y , and  th e  

f lu o r e s c e n c e  f re q u e n c y  s h i f t  f o r  m o le c u le s  i s  o f  th e  same o r d e r  

a s  th e  Raman s h i f t ,  d i s c r im in a t io n  p ro b lem s e x i s t  a t  th e  r e c e iv ­

e r .  f i n a l l y ,  th e  m agn itude  o f  t h e  b a c k s c a t t e r e d  f lu o r e s c e n c e

i n t e n s i t y  may b e  l a r g e r  by o r d e r s  o f  m agn itude  th a n  th e  r e s o -
2

nan ce  Raman i n t e n s i t y .

2 .4 .7  Long P a th  A b so rp tio n

2 .4 .7 .1  B a s ic  Theory

In  t h i s  t e c h n iq u e ,  th e  a v e ra g e  p o l l u t i o n  c o n c e n t r a t io n  a lo n g  th e  

p ro b e  beam , F ig . 2 .4 : 6 ,  i s  d e te rm in e d  from  m easurem ents o f  th e  r e l a t i v e  

a t t e n u a t i o n  a lo n g  th e  l e n g th  o f  th e  p ro b e d  p a th ,  R , o f  two c o l l i n e a r  

l a s e r  beams a t  d o s e - l y i n g  w a v e le n g th s , and  X2 » r e s p e c t i v e ly  on and  

o f f  a  re so n a n c e  a b s o rp t io n  peak  o f  th e  p o l l u t a n t  in  q u e s t io n .  T h is  

schem e h a s  th e  d is a d v a n ta g e s  o f  n e e d in g  a  rem ote  d e t e c t o r  o r  r e f l e c t i v e  

t a r g e t  t o  r e c e iv e  th e  t r a n s m i t t e d  beam , and  l a c k s  d e p th  r e s o lv e d  m eas­

u re m e n ts . The a d v a n ta g e s  o f  t h i s  schem e a r e  i t s  good s e n s i t i v i t y  and 

th e  u se  o f  low pow er l i g h t  s o u r c e s .

S in c e  m o n o s ta tic  LIDAR schem es a r e  t h e  o n es  o f  i n t e r e s t ,  tw o ty p e s  

o f  lo n g  p a th  a b s o r p t io n  schem es a r e  c o n s id e r e d ,  n am ely :

1 . lo n g  p a th  a b s o r p t io n  u t i l i z i n g  a  r e t r o r e f l e e t o r ,  and

2 . lo n g  p a th  a b s o r p t io n  u t i l i z i n g  a  to p o g r a p h ic a l  t a r g e t .

The r e c e iv e d  pow er a t  th e  d e t e c to r  i s  g iv en  by Eq. 2 .4 :1  w ith  th e  

a p p r o p r ia t e  e f f e c t i v e  r e f l e c t i v i t y  te rm s  i n s e r t e d .  F o r a b s o r p t io n  m eas-
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u rem en ts  w i th  a  r e t r o r e f l e c t o r  and a  c o l l im a te d  t r a n s m i t t e d  beam , th e

ra n g e - s q u a ra d  dapandanca  i a  a f f a c t i v a l y  c a n c a l la d .  T h u s , a l l  t h a

t r a n s m i t t e d  pow er i s  c o l l e c t e d  e x c e p t  f o r  a  c o l l e c t i o n  e f f i c i e n c y

f a c t o r ,  w hich  i s  n e a r  u n i t y ,  and th e  e f f e c t i v e  t a r g e t  r e f l e c t i v i t y

i s  o r d e r s  o f  m agn itude  b e t t e r  th a n  f o r  a  L am b ertian  s c a t t e r e r .  The

e f f e c t i v e  r e f l e c t i v i t y  te rm  f o r  su ch  a  c a s e  i s  g iv e n  b y :1 *

(E ) * • ( 2 .4 :2 3 )
Vtt/ RETRO a

F o r lo n g  p a th  a b s o r p t io n  by s c a t t e r i n g  from  to p o g r a p h ic a l  t a r g e t s :

/£ \ * E  » ( 2 .4 :2 4 )
u T / '' topog tt

w h e re ,
19

p  a* o.l f o r  v i s i b l e  and  u .v .  w a v e le n g th s .

An e x p re s s io n  f o r  th e  a v e ra g e  p o l l u t a n t  c o n c e n t r a t io n  o v e r  R can 

be  o b ta in e d  by t a k i n g  th e  d i f f e r e n c e  betw een  th e  lo g a r i th m s  o f  th e  

r e c e iv e d  pow ers from  th e  o f f - l i n e  and o n - l i n e  w a v e le n g th s  r e s p e c t i v e -  

l y :

ln P r (R ,A 2 ) -  ln P r (R ,X ^) * ln P 0 (X2 ) -  ln P 0 (A i)  +

2^ S C ^ l ^  "  ° ^ s c (^2  ̂^  ^

^ ° A B S ^ 1  ̂ * ffA B S ^2^ Mr s * 

( 2 .4 :2 5 )

w h e re ,

s  ***• t o t a i  a tm o s p h e r ic  volume s c a t t e r i n g

c o e f f i c i e n t  w i th o u t  a b s o r p t io n  a v e ra g e d  o v e r  R , and 

Nr  = th e  a v e ra g e  p o l l u t a n t  c o n c e n t r a t io n  o v e r  R.

S o lv in g  f o r  th e  a v e ra g e  p o l l u t a n t  c o n c e n t r a t io n  y i e l d s :

N_ * 1 C lnPo(X i) -  ln P r^ R .X i) ♦ S " ] .  ( 2 .4 :2 6 )
r  n a r  p t o J t  p H * 5 ; j
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w h e re ,

SM * -2C«s c (A1 ) - « s c (X2 ) ]R . and

Aff 3 ® ABS^i^ * °A B S ^2 ^> t h * d i f f e r e n c e  in  a b s o r p t io n  c r o s s  

s e c t i o n s .

In  o r d e r  t o  e v a lu a te  Eq. 2 . **s2$ e x a c t l y ,  i t  i s  n e c e s s a ry  t o  know th e

m agn itude  o f  t h e  S" te rm . T h is  q u a n t i t y  i s ,  i n  g e n e r a l ,  unknown.

As i n  th e  DASE schem e, i f  th e  peak  and  t ro u g h  m easurem ents a r e  ta k e n

n e a r ly  s im u l ta n e o u s ly , s o  t h a t  th e  « ' s  rem ain  c o n s ta n t  in  t im e , and

i f  t h e s e  c o e f f i c i e n t s  do n o t  change s i g n i f i c a n t l y  o v e r  th e  s p e c t r a l

i n t e r v a l ,  -  X2 i*  t r u e  f o r  t h e  c a se  f o r  c l o s e - ly i n g  w ave-

U9 52 62l e n g t h s ) ,  th e n  S" can  b e  ta k e n  to  b e  z e r o .  * * T h e r e f o r e ,  Eq.

2 . :26 re d u c e s  t o :

1 I n  
2&0R

P p ( \ l )  
P q ( \2 )

p ^ r ; x 2 v.

(2 .«H 27)

o r .

Np !
2 ioR

( 2 .U :2»)

w h e re .

aF r  * th e  f r a c t i o n a l  change  in  th e  r a t i o  o f  r a t i o s  o f  th e  on­

l i n e  and  o f f - l i n e  t r a n s m i t t e d  and r e c e iv e d  pow ers r e s p e c ­

t i v e l y .

To make a  co m p ariso n  be tw een  th e  lo n g  p a th  a b s o r p t io n  and  th e  o t h e r  

LIDAR schem es m e n tio n e d , an a v e ra g e  p o l l u t i o n  c o n c e n t r a t io n  o f  0 .0 2 9  ppm 

o f  N02 a lo n g  a p ro b e d  p a th  o f  1000 m a r e  assum ed . The r e q u i r e d  o n - l i n e  

and  o f f - l i n e  t r a n s m i t t e d  pow ers a r e  th e n  fo u n d .
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2 .4 ,7 .2  E v a lu a t io n  o f  R e q u ire d  System  P a ra m e te rs  f o r  D e te c t io n  o f

F o r b o th  th e  lo n g  p a th  a b s o r p t io n  m e th o d s , u t i l i z i n g  a  r e t r o r e f l e c -  

t o r  and  a  to p o g r a p h ic a l  t a r g a t ,  t h a  r a c a iv a d  pow er a t  th e  d e t e c t o r  i s  

g iv e n  by Cq. 2 * 4 :1  w ith  t h a  p r o p e r  a f f e c t i v e  r e f l e c t i v i t y  te rm s  i n s e r t ­

ed  f o r  e ach  c a s e .  S o lv in g  Eq. 2 .4 :1  f o r  th e  t r a n s m i t t e d  pow er f o r  th e  

to p o g r a p h ic a l  t a r g e t  c a s e  y i e l d s :

P0 (X) * ______________ P „ (R .M ___________ _  .
O k a  e x p { -2C£Qr U )  + Q W U W tJ R I  
TT R2

( 2 .4 :2 9 )

I n s e r t i n g  th e  a p p r o p r ia t e  v a lu e s  i n t o  Eq. 2 .4 :2 9  y i l e d s  th e  o n - l i n e  and 

o f f - l i n e  t r a n s m i t t e d  pow ers a s  1 .2 2  X 10s W (3 .0 5  X 10"2 j )  and 1 .1 7  X 

105 W ( 2 .9 3  X 10”2 j )  r e s p e c t i v e l y .

The u se  o f  a  s p e c u la r  r e t r o r e f l e c t o r  h a s  t h e  e f f e c t  o f  c a n c e l l i n g  

o u t  th e  R d e p e n d en c e . T h is  i s  s e e n  by  th e  re d u c e d  o n - l i n e  and  o f f ­

l i n e  t r a n s m i t t e d  pow er r e q u i r e m e n ts ,  w hich a r e  4 .4 4  X 10"4 W ( 1 .1 1  X 

10"10 j )  and  4 .2 3  X 10*4 W ( 1 .0 8  X 10*10 j )  r e s p e c t i v e l y .

As can  be  se e n  from  t h e  above r e s u l t s ,  t h e  lo n g  p a th  a b s o r p t io n  

schem e o f f e r s  r e q u i r e d  s e n s i t i v i t i e s  n eed ed  t o  m o n ito r  p o l l u t a n t  con­

c e n t r a t i o n s  fo u n d  in  u rb an  a r e a s  ( .0 1  t o  5 ppm ). T h is  i s  done w ith  

more th a n  c o n s e r v a t iv e  t r a n s m i t t e d  pow er r e q u i r e m e n ts .  U n f o r tu n a te ly ,  

t h i s  i s  a c co m p lish e d  a t  t h e  e x p e n se  o f  l o s i n g  d e p th - r e s o lv e d  m easu re­

m e n ts .

2 .5  Summary

A t a b u l a t e d  summary show ing th e  r e l a t i v e  m e r i t s  f o r  e ach  LIOAR s y s ­

tem  c o n s id e re d  in  th e  com p ariso n  i s  g iv e n  in  T ab le  2 .4 : 1 .  The c o m p a ri-
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son  was mads by f i r s t  c a l c u l a t i n g  th a  o p e r a t in g  c h a r a c t e r i s t i c s  f o r  th a  

DASC s y s te m : an assum ed minimum d e te c ta b l e  change o f  r e c e iv e d  pow ers

o f  5 p e r c e n t ,  t h e  r e c e iv e d  pow er n eed ed  t o  o b se rv e  t h e  minimum d e t e c t ­

a b le  change (0 .2 5  uW f o r  e a ch  o n - l i n e  and  o f f - l i n e  w a v e le n g th s ) ,  an 

assum ed ra n g e  o f  1000 m, and  a  d e p th  r e s o l u t i o n  o f  100 m. These con­

d i t i o n s  l e d  t o  t h e  a t t a i n a b l e  s e n s i t i v i t y  o f  0 .0 2 9  ppm o f  N02 w ith  

m o d era te  t r a n s m i t t e d  e n e rg y  r e q u ir e m e n ts  o f  9 . S t mj ( o n - l i n e )  and  9 .3 S  

mj ( o f f - l i n e ) .  T h en , th e  r e q u i r e d  r e c e iv e d  pow ers w ere c a l c u l a t e d  f o r  

t h e  above p a ra m e te r s ,  a ssum ing  o u tp u t  e n e r g ie s  o f  1/2 j  i n  e ach  l a s i n g  

l i n e .

S in c e  th e  Raman, re s o n a n c e  Raman, and  re so n a n c e  f lu o r e s c e n c e  schem es 

r e q u i r e  o r d e r s  o f  m agn itude  h ig h e r  o u tp u t  e n e rg y  l e v e l s  th a n  th e  lo n g  

p a th  a b s o r p t io n  and  DASE m eth o d s , th e  r e c e iv e d  pow er was assum ed to  be 

e q u a l  t o  t h e  minimum d e te c ta b l e  pow er f o r  o u r  s y s te m , n am e ly , 6 .3 2  X 

1 0 ' W. T h is  was done i n  o r d e r  t o  show t h a t  u n d e r  optimum o p e r a t in g  

c o n d i t i o n s ,  t h e s e  sy s te m s  s t i l l  f a l l  s h o r t  t o  th e  lo n g  p a th  a b s o rp t io n  

and DASE o u tp u t  e n e rg y  re q u ire m e n ts  t o  d e te c t  th e  same p o l l u t a n t  concen­

t r a t i o n  o f  NOj (0 .0 2 9  ppm ).

As can  b e  s e e n ,  t h e  lo n g  p a th  a b s o rp t io n  schem es r e q u i r e  th e  l e a s t  

o u tp u t  e n e r g ie s  t o  m o n ito r  a  g iv e n  p o l l u t a n t  c o n c e n t r a t io n ,  o r  e q u iv a ­

l e n t l y  th e  b e s t  s e n s i t i v i t y  f o r  a  g iv e n  o u tp u t  e n e rg y . U n f o r tu n a te ly ,  

t h i s  i s  a c c o m p lish e d  a t  th e  ex p en se  o f  l o s i n g  d e p th - r e s o lv e d  m easure­

ment c a p a b i l i t i e s .  The DASE schem e, t h e r e f o r e ,  com bines t h e  s p a t i a l  

r e s o l u t i o n  o f f e r e d  in  th e  Raman, re so n a n c e  Raman, and re so n a n c e  f lu o ­

r e s c e n c e  sch em es, w ith  th e  g r e a t e r  a t t a i n a b l e  s e n s i t i v i t i e s  o f  th e  lo n g  

p a th  a b s o rp t io n  schem es.



LIDAR
M eth.

Range R es. Concen.
no2

R eceived
Power

R eq u ire d  T ra n s m itte d  
Power

R eq u ired  Ti 
E ner

'a n s m it te d
nr

(m) (m) (ppm)
O n-Line

(W)
O ff-L in e

(W)
O n-Line

(MW)
O ff-L in e

(MW)
O n-Line

(3>
O ff-L in e

<3)

Raman 1000
*

100
*

0 .0 2 9
* *

6.32X10"®
* *

1.77X10®
* *

U.U3X108
A

R eson.
Raman

1000
AA

100
AA

0 .0 2 9
AA

6.32X 10” ® 
** A*

5.0HX10®
AA **

1.26X10®
A* AA

R eson.
F lu o r .
( n ig h t )

1000
( 100)

100
(100)

0 .0 2 9
( 0 . 1 )

6.32X 10” ® 
(6 .32X 10- 9 )

3.82X102 
(3 .52X 10 )

9.55X 101
(8 .80X 10"2 )

R eson.
F lu o r .
(d a y )

1000
( 100)

100
(100)

0 .0 2 9
( 0 . 1 )

6.32X 10“ ®
(6 .32X 10“ ®)

3.82X10® 
( 3 .5 2 )

9.S5X102
(8 .80X 10"1 )

•

Long
P a th
Abs.
Topog.

1000 1000 0 .0 2 9 15.8X 10"6
-6

15.9X10
-1

1.22X10
-1

1.17X10 3.05X 10-2
-2

2.93X10

Long
P a th
Abs.
R e tro .

1000 1000 0 .0 2 9 15.8X10” 6 15.9X 10-6 «*.»tUX10~10 H.23X10-1 0 1.11X10"10 1.06X10**10

DASE 1000 100 0 .0 2 9 15.8X 10” 6 15.9X 10"6 2.00 2.00 5.0X10”1 5.0X10"1

( ) :  For r e a l i s t i c  pow er re q u ire m e n ts
* : L im ite d  t o  l e s s  th a n  50m f o r  d e te c t io n  o f  am b ien t p o l lu t i o n  l e v e l s
* * : L im ite d  to  l e s s  th a n  75m f o r  d e te c t io n  o f  a m b ien t p o l lu t i o n  l e v e l s

TABLE 2 .U :1  TABULATED COMPARISON OF MONOSTATIC LIDAR SCHEMES



CHAPTER 3 THE LIDAR SYSTEM

3 .1  I n t r o d u c t I o n

The b a s i c  LIDAR sy s te m  c o n s i s t s  o f  a  f la sh lam p -p u m p ed  d y e - l a s e r

63t r a n s m i t t e r ,  and an  o p t i c a l  r a c a i v a r .  F ig s .  3 .1 :1 a  and  b show a  

s c h e m a tic  f o r  t h a  c o m b in a tio n . Two a rra n g e m e n ts  r a d  modes o f  o p e ra -  

t i o n  a r e  p o s s ib l e .  In  one mode, s i g n a l s  a t  th e  "on" r a d  " o f f "  r e s o ­

n ance  a b s o r p t io n  w a v e le n g th s  w ere g e n e ra te d  r a d  d e te c te d  s e q u e n t i a l l y .

In  th e  o t h e r  mode th e y  w ere g e n e ra te d  and d e te c te d  s im u l ta n e o u s ly .

The a rra n g e m e n t shown i n  P ig . 3 .1 :1 a  i s  f o r  s e q u e n t i a l  o p e r a t io n  r a d  

t h a t  shown i n  F ig . 3 .1 :1 b  i s  f o r  s im u l ta n e o u s .

3 .2  O p t ic a l  R e c e iv e r

The p r im a ry  l e n s  o f  th e  o p t i c a l  r e c e i v e r  i s  an  a c r y l i c  F r e s n e l  

l e n s  (p u rc h a s e d  from  F r e s n e l  I I .  I n c . )  m ounted on a  l i g h t - t i g h t  s t e e l

fram e w hich  was d e s ig n e d  f o r  th e  p u rp o s e . T h is  l e n s  i s  b a s i c a l l y  a  f l a t

t h i n  p ie c e  o f  a  p l a s t i c  on w hich a  s e r i e s  o f  c o n c e n t r i c  s te p p e d  zones

e x te n d in g  from  th e  c e n t e r  t o  th e  edge  a r e  m olded . F ig . 3 .2 :1  i l l u s ­

t r a t e s  t h e  g e o m e tric  r e l a t i o n s h i p  be tw een  th e  z o n es  on th e  F r e s n e l  

l e n s  and  th e  s u r f a c e  o f  an  o r d in a r y  l e n s .  Each zone r e f r a c t s  th e  i n ­

c id e n t  l i g h t  s o  t h a t  t h e  com bined a c t i o n  o f  e a ch  r e f r a c t i n g  f a c e t  fo ­

c u s e s  l i g h t  e s s e n t i a l l y  i n  th a  s a n e  m anner a s  a  c o n v e n t io n a l  l e n s .

The l e n s  u sed  h a s  a  f o c a l  l e n g th  o f  2*t i n c h e s ,  a  d ia m e te r  o f  IS 

i n c h e s ,  r a d  a  th ic k n e s s  o f  1 /1  in c h .  W ith c o n c e n t r i c  z o n es  sp a c e d  a p ­

p ro x im a te ly  12S g ro o v es  p e r  in c h ,  th e  l e n s  i s  c a p a b le  o f  fo rm in g  a  

s h a rp  im age f o r  o b j e c t s  n e a r  th e  o p t i c a l  a x i s .  T h is  i s  a p p r o p r i a t e .

US
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FIGURE 3 .1 :1 b  PHOTOGRAPHS OF THE LIDAR SYSTEM FOR SIMULTANEOUS 
OPERATION
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FIGURE 3 .2 :1  FRESNEL LENS
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s in c e  a  LIDAR r e c e i v e r  does  n o t  r e q u i r e  a  w ide f i e l d  o f  view  f o r  c o l ­

l e c t i n g  t h e  b a c k s c a t t e r e d  l i g h t  from  th e  r e g io n  sc a n n e d .

F or t h i s  F r e s n e l  l e n s ,  th e  c i r c l e  o f  l e a s t  c o n fu s io n  f o r  c o l l im a te d  

l i g h t  d i r e c t e d  p a r a l l e l  t o  th e  o p t i c a l  a x i s  was m easured  and  fo und  t o  

be  a p p ro x im a te ly  one c e n t im e te r .  In  th e  p la n e  c o n ta in in g  th e  c i r c l e  

o f  l e a s t  c o n fu s io n ,  th e  s p a t i a l  d i s t r i b u t i o  o f  t h e  c o l l e c t e d  l i g h t  i s  

a  b r i g h t  s p o t  o f  t h e  above d ia m e te r  w ith  th e  s u r ro u n d in g  a r e a  w eakly  

i l l u m in a te d  by l i g h t  s p u r io u s ly  s c a t t e r e d  a t  th e  e d g es  o f  th e  concen ­

t r i c  zo n es  o f  th e  F r e s n e l  l e n s .  To e l im in a te  th e  s p u r io u s  l i g h t ,  an 

i r i s  was p la c e d  i n  t h e  p la n e  c o n ta in in g  th e  c i r c l e  o f  l e a s t  c o n fu s io n . 

S in c e  LIDAR r e c e iv e r s  do n o t  r e q u i r e  a  w ide f i e l d  o f  v ie w , t h i s  rem edy 

d o es  n o t  p o se  a  p ro b le m . The F r e s n e l  l e n s  u sed  in  t h i s  sy s te m  c o s t s  

f a r  l e s s  th a n  a  co m p arab le  p a r a b o l ic  m i r r o r ,  y e t  i t s  q u a l i t y  i s  c e r t a i n ­

l y  a c c e p ta b le  f o r  o u r  LIDAR a p p l i c a t i o n .

The b a c k s c a t t e r e d  l i g h t  c o l l e c t e d  by th e  F r e s n e l  l e n s  i s  th e n  c o l ­

l im a te d  by  a  1 .5  in c h  d ia m e te r  l e n s ,  and f o r  t h e  s e q u e n t i a l  mode o f  op­

e r a t i o n ,  p a s s e s  th ro u g h  a  58 X b an d w id th  t h r e e - p e r io d  f i l t e r  o n to  an 

Amperex 56 AVP p h o to m u l t i p l i e r .  The c e n te r  w a v e len g th  o f  th e  f i l t e r  

and  i t s  b an d w id th  a r e  su c h  t h a t  th e  "on" and  " o f f "  re s o n a n c e  a b s o r p t io n  

w a v e le n g th s  a r e  b o th  p a s s e d  by i t .  To f u r t h e r  re d u c e  s p u r io u s  l i g h t  

p ic h - u p ,  a  t h r e e  f o o t  c y l i n d r i c a l  l e n s  hood i s  m ounted on th e  f r o n t  o f  

th e  r e c e i v e r .

In  th e  s im u lta n e o u s  w a v e le n g th  mode o f  o p e r a t i o n ,  t h e  c o l l im a te d  

l i g h t  e n t e r in g  th e  r e c e iv e r  i s  s p l i t  by means o f  a p a r t i a l  r e f l e c t o r  

i n t o  two beam s. Each o f  th e s e  beams i s  th e n  d i r e c t e d  t o  a  s e p a r a te  

p h o to m u l t i p l i e r  c o v e re d  w ith  a  na rrow  f i l t e r  o f  th e  a p p r o p r i a t e  f r e -



so

q u en cy . The p h o to m u l t i p l i e r s  u se d  a r e  Amperex ty p e  56 AVP. See F ig s .  

3 .2 :2 a  and  b .  The i n t e r f e r e n c e  f i l t e r s  have  m easured  h a l f  b an d w id th s  

o f  6 .3  A and  7 .7  A c e n te r e d  a t  447 8 .5  A  and  4500 A r e s p e c t i v e l y .  See 

S p ec . S h e e t 3 .6 : 1 .

The p h o to m u l t i p l i e r  o u t p u t s ,  c o r re s p o n d in g  t o  th e  b a c k s c a t t e r  r e ­

tu r n  s i g n a l s  a r e  d i s p la y e d  on T e k tro n ix  ty p e  549 o s c i l lo s c o p e s  and 

re c o rd e d  p h o to g r a p h ic a l ly .

3 .3  The Dye L a s e r

3 .3 .1  The L a s e r  Head

The b a s i c  l a s e r  sy s tem  c o n s i s t s  o f  a  f la sh lam p-pum ped  o rg a n ic -d y e  

l a s e r .  The l a s e r  h e a d  i s  c o n s t r u c te d  in  a  c o a x ia l  a rra n g e m e n t i n  w hich 

th e  f lo w in g  dye i s  u n i fo r m i ly  e x c i t e d  by  an a n n u la r  d is c h a r g e  s u rro u n d ­

in g  th e  a c t i v e  medium. See F ig s .  3 .3 :1 a  and  b .  The l a s e r  h e a d , m odel 

DL2100B, and  d is c h a r g e  c i r c u i t r y  was p u rc h a s e d  from  th e  P h ase -R  Company, 

and was c h o sen  f o r  maximum e n e rg y  o u tp u t  and  s h o r t e s t  p o s s ib l e  p u ls e  

w id th . F ig .  3 .3 :1 b  shows th e  l a s e r  h ead  s i t u a t e d  in  th e  LIDAR s y s te m , 

and F ig .  3 .3 :2  shows a  t y p i c a l  o u tp u t  p u l s e .

The o r g a n ic  d y e , 7 -d ie th y la m in o -4 -m e th y l  c o u m a rin e , d i s s o lv e d  in  

e th a n o l  was u se d  a s  th e  l a s i n g  medium. A c o n c e n t r a t io n  o f  3 X 10“ ® M/1 

was found  t o  g iv e  maximum o u tp u t  e n e rg y  c o n s i s t e n t  w ith  a  l a s e r  l i n e -  

w id th  t h a t  was l e s s  th a n  th e  h a lf w id th  o f  th e  a b s o r p t io n  peak  o f  N02
O O

t o  b e  m ea su red , i . e . ,  l e s s  th a n  a p p ro x im a te ly  10 A f o r  t h e  44 7 8 .5  A 

a b s o r p t io n  p e a k . In  t h i s  m anner, i t  was p o s s ib l e  t o  m axim ize th e  r e ­

tu r n  s i g n a l ,  th e r e b y  in c r e a s in g  r a n g e ,  and s t i l l  r e t a i n  th e  maximum 

d i f f e r e n c e  betw een  a b s o r p t io n  peak  and  t r o u g h ,  and th u s  a t t a i n  th e  s e n -
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FIGURE 3 .3 :1 a  COAXIAL ARRANGEMENT OF THE FLASHLAMP-PUMPED DYE-LASER HEAD
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FIGURE 3 .3 :1 b  PHOTOGRAPHS OF THE LASER HEAD SITUATED IN THE LIDAR 
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s i t i v i t i e s  t h a t  th a  sy s te m  i s  c a p a b le  o f .

3 .3 .2  Dya L a s e r  M e ch an ism --B rie f D e s c r ip t io n

1 *
O rg a n ic  m o le c u le s  p o s s e s s  a  lo w e s t e x c i t e d  s i n g l e t  s t a t e ,  SQ, and 

f lu o r e s c s n c e  when i t  o c c u r s ,  o r i g i n a t e s  from  t h i s  s t a t e .  In  m aking a  

f lu o r e s c e n t  t r a n s i t i o n  th e  m o le c u le  r e v e r t s  back  t o  i t s  g round  s t a t e ,  

^Sq ,  w h ile  s im u l ta n e o u s ly  e m i t t i n g  r a d i a t i o n .

The sp e c tru m  o f  th e  f lu o r e s c e n t  r a d i a t i o n  from  an o r g a n ic  dye o f te n  

h a s  more th a n  one maximum, and i t  u s u a l ly  sp a n s  a  r e g io n  no  l e s s  th a n  

s e v e r a l  h u n d red  an g s tro m s w id e . The re a s o n  f o r  t h i s  l a r g e  b an d w id th  

i s  t h a t  th e  r a d i a t i o n  i s  a c t u a l l y  made up o f  h u n d red s  o f  com ponen ts , 

c o r re s p o n d in g  to  t r a n s i t i o n s  o r i g i n a t i n g  from  v a r io u s  s u b le v e l s  o f  th e  

f i r s t  e x c i t e d  s i n g l e t  s t a t e  and te r m in a t in g  a t  v a r io u s  s u b le v e l s  o f  th e  

g round  s t a t e .  T hese s u b le v e l s  a r e  a s s o c i a te d  w ith  s p e c i f i c  v i b r a t i o n s  

o f  th e  m o le c u le  a s  a  w h o le . See F ig . 3 .3 : 3 .  S in c e  some o f  th e  v i b r a -  

t i o n a l  s u b le v e l s  o f  th e  g round  s t a t e  may be h ig h  enough in  e n e rg y  so  

t h a t  th e y  a r e  n o rm a lly  u n o c c u p ie d , a  p o p u la t io n  in v e r s io n  s u f f i c i e n t  

f o r  l a s e r  a c t i o n  can  be e s t a b l i s h e d  betw een  th e  s t a t e s  from  w hich  f lu o ­

re s c e n c e  o r i g i n a t e s  and  some o f  th e  h ig h e r  v i b r a t i o n a l  l e v e l s  o f  th e  

g round  s t a t e .

Once th r e s h o ld  c o n d i t io n s  a r e  r e a c h e d , th e  l a s e r  l i g h t  t h a t  i s  p ro ­

duced  h a s  f r e q u e n c ie s  c e n te r e d  a b o u t one o f  th e  b ro a d  f lu o r e s e n c e

p e a k s . The b an d w ith  o f  such  b ro ad b an d  o p e r a t io n  can  ran g e  up t o  200 
6
A f o r  flash lam p-pum ped  dye l a s e r s .

To re d u c e  th e  n a t u r a l l y  l a r g e  ban d w id th  o f  th e  fla sh lam p -p u m p ed  dye 

l a s e r  o u tp u t ,  a  tu n in g  e le m en t such  a s  a  d i f f r a c t i o n  g r a t i n g  can be
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FIGURE 3 .3 :3  ENERGY LEVELS OF ORGANIC DYE MOLECULES
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p la c e d  in  th e  l a s e r  c a v i t y .  W ith th e  p r o p e r  c h o ic e  o f  g r a t i n g  c h a ra c ­

t e r i s t i c s ,  su ch  a s  b la z e  w a v e le n g th , g ro o v es  p e r  m i l l i m e t e r ,  and pow er- 

d e n s i ty  h a n d lin g  c a p a b i l i t i e s ,  e t c . ,  th e  d e s i r e d  l a s e r  f re q u e n c y  and  

b an d w id th  a r e  a t t a i n a b l e ,  and  nay b e  chosen  t o  m atch th e  a b s o rp t io n  

peak  and t ro u g h s  f o r  NOj.

3 .3 .3  I n t r a - C a v i ty  G ra tin g  f o r  W avelength  S e le c t io n

To o b ta in  l a s e r  o u tp u ts  a t  th e  r e q u i r e d  w a v e le n g th s , M t78.5 A and 

*♦500 A, and  l in e w i d th s ,  a  g r a t i n g  w ith  th e  s p e c i f i c a t i o n s  g iv en  i n  S p ec . 

S h e e t 3 .6 :1  was c h o s e n , t e s t e d ,  and fo und  s u i t a b l e .  In  b o th  s e q u e n t i a l  

and  s im u lta n e o u s  modes o f  o p e r a t io n ,  g r a t i n g s  a r e  u se d  i n  th e  L i t t ro w  

c o n f ig u r a t io n  w ith  t h e  B la z e  a n g le  i n  th e  f i r s t  o r d e r .  In  t h i s  m an n e r, 

a l l  t h e  o t h e r  o r d e r s  e x t in g u is h  and  th e  d i f f r a c t e d  e n e rg y  i s  c o n c e n t r a t ­

e d  i n  th e  f i r s t  o r d e r  ( a t  th e  w a v e le n g th  d e s i r e d ) .

G ra tin g s  have  d i f f e r e n t  e f f i c i e n c i e s  ( p e rc e n ta g e  o f  l i g h t  i n c id e n t  

on a  g r a t i n g  t h a t  i s  d i f f r a c t e d  i n t o  th e  d e s i r e d  o r d e r )  f o r  l i g h t  t h a t  

i s  p o l a r i z e d  p e r p e n d ic u la r ly  o r  i n  p a r a l l e l  t o  th e  g roove  p r o f i l e .  For 

t h e  g r a t i n g s  u s e d ,  p e r p e n d ic u la r ly  p o l a r i z e d  l i g h t  g iv e s  th e  b e t t e r  e f f i ­

c ie n c y .  See S p e c . S h e e t 3 .6 : 1 .  S in c e  a  p o l a r i z i n g  e le m e n t i s  i n s e r t e d  

i n t r a - c a v i t y  f o r  t h e  s im u lta n e o u s  mode o f  o p e r a t io n ,  t h i s  f a c t o r  m ust 

b e  ta k e n  i n t o  a c c o u n t .

F o r b o th  modes o f  o p e r a t io n  th e  b an d w id th  o f  th e  l a s e r  l i n e s  o b t a in ­

e d  a r e  d e te rm in e d  by  th e  d i s p e r s io n  o f  t h e  g r a t i n g  and  th e  e f f e c t i v e  ap­

e r t u r e  c r e a te d  by th e  geom etry  o f  th e  l a s i n g  medium, w hich  i n  t u r n  depends 

upon th e  d i s t a n c e  o f  th e  g r a t i n g  from  th e  l a s e r  h e a d . T h is  i s  r e a d i ly  

s e e n  i n  F ig . 3 .3 :< t. The d i s p e r s io n  o f  th e  g r a t i n g  i s  th e  a n g u la r  s e p a -
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r a t i o n  o b ta in e d  f o r  tw o d i f f e r e n t  r a d i a t i o n s .  T h e r e f o r e ,  th e  f a r t h e r  

t h e  g r a t i n g  i s  from  th e  l a s e r  h e a d  c o n ta in in g  th e  l a s i n g  medium th e  

s s a i l e r  th e  l a a i n g  b a n d w id th .

3.*» E x p e r im e n ta l  A rrangem ent f o r  S e q u e n t i a l  O p e ra tio n

S e q u e n t i a l  o p e r a t io n  o f  t h e  dye l a s e r  a t  tw o d e s i r e d  w a v e le n g th s  

was a c h ie v e d  w ith  th e  a rra n g e m e n t shown i n  F ig s .  3 .3 : 1  and  3 .W :1 .

The g r a t i n g  a t  one e n d  o f  t h e  l a s e r  c a v i t y  i s  u se d  t o  o b ta in  th e  

d e s i r e d  w a v e le n g th s  o f  l a s e r  o s c i l l a t i o n .  W ith a  o v e r a l l  c a v i ty  

l e n g th  o f  a p p ro x im a te ly  2 .5  m, and  a  30 p e r c e n t  o u tp u t  m i r r o r ,  th e

d e s i r e d  w a v e le n g th s  a t  M t7 t.5  A and  H500 A (o n  and  o f f  re s o n a n c e  a b -
0

s o r p t i o n  r e s p e c t i v e l y )  a r e  o b ta in e d  w ith  a p p ro x im a te ly  5 A l in e w id th s .

M ech an ica l s to p s  a r e  a d ju s t e d  t o  d e f in e  t h e  g r a t i n g  o r i e n t a t i o n  a t  

t h e s e  two w a v e le n g th s . The g r a t i n g  i s  th e n  s w itc h e d  from  th e  s e t t i n g  

f o r  one w a v e le n g th  t o  t h e  o t h e r  by  means o f  an e le c t r o m a g n e t ic  d r iv e  

a f t e r  e a c h  f i r i n g  o f  t h e  l a s e r .  The t im e  be tw een  s h o ts  i s  a p p ro x im a te ­

l y  5 s e c o n d s ,  t h e  t im e  r e q u i r e d  f o r  t h e  c a p a c i to r s  t o  r e c h a r g e  a f t e r  

f i r i n g  a  p u l s e .

3 .5  S im u lta n e o u s  Tw o-W avelength O p e ra tio n

3 .5 .1  The Need f o r  S im u lta n e o u s  Tw o-W avelength O p e ra tio n

T herm al e f f e c t s  and  c o n se q u e n t in d e x  ch an g es  in  t h e  a tm o sp h e re  

c a u se  p e r t u r b a t io n s  i n  b o th  th e  o u tg o in g  and  b a c k s c a t t a r e d  s i g n a l s .

In  a d d i t i o n ,  p a r t i c u l a t e  d r i f t  i n  e x i s t i n g  w inds can  a l s o  c a u se  f a i r ­

l y  r a p i d  changes o f  th e  s c e n e  b e in g  sc a n n e d  by  th e  LIDAR beam . Both 

t h e s e  f a c t o r s  a rg u e  i n  f a v o r  o f  th e  u se  o f  s im u lta n e o u s  tw o -w a v e le n g th
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LIDAR o p e r a t in g  mode.

The th e rm a l  f a c t o r s  a f f e c t i n g  th e  s ig n a l s  a r e  sum m arized  b e lo w :5*

1 . Beam s t e e r i n g — a n g u la r  d e v ia t io n  o f  th e  beam from  th e  l i n e - o f  

s i g h t  p a th ,  c a u s in g  th e  beam t o  m iss  th e  r e c e iv e r *  See F ig . 

3 .5 : 2 .

2 . Image d a n c in g — v a r i a t i o n s  i n  th e  b e a m - a r r iv a l  a n g le ,  c a u s in g  

th e  fo c u s  t o  move in  th e  im age p la n e .

3 . Beam s p re a d in g — s m a ll  a n g le  s c a t t e r i n g ,  i n c r e s in g  th e  beam 

d iv e rg e n c e  an d  c a u s in g  a  d e c re a s e  in  s p a t i a l  pow er d e n s i ty  a t  

t h e  r e c e i v e r .  See F ig . 3 .5 : 1 .

4 . Beam s c i n t i l l a t i o n — s m a ll  s c a l e  d e s t r u c t i v e  i n t e r f e r e n c e  w ith *  

in  t h e  beam c r o s s  s e c t i o n ,  c a u s in g  v a r i a t i o n s  i n  th e  s p a t i a l  

pow er d e n s i ty  a t  t h e  r e c e i v e r .  See  F ig . 3 .5 : 3 .

The e f f e c t s  o f  s c i n t i l l a t i o n  on l a s e r  beam p ro p a g a t io n  hav e  been

62 6H
s tu d ie d  b o th  e x p e r im e n ta l ly  and t h e o r e t i c a l l y .  * H ow ever, a tm os­

p h e r i c  s c i n t i l l a t i o n  e f f e c t s  in v o lv in g  110- d e g re e  b a c k s c a t t e r  have r e ­

c e iv e d  r e l a t i v e l y  l i t t l e  a t t e n t i o n  e i t h e r  t h e o r e t i c a l l y  o r  exp erim en ­

t a l l y .

A r e c e n t  s u rv e y  a r t i c l e  by Law rence and  S tro h b e h n  d e m o n s tra te s  t h a t

u n d e r  m ost c o n d i t io n s  th e  pow er sp e c tru m  o f  i n t e n s i t y  f l u c t u a t i o n s  f o r

one-w ay p ro p a g a t io n  d e c re a s e s  above a p p ro x im a te ly  100 HZ, and i s  q u i t e

s m a l l  above 1000 HZ.54 In  th e  a b a ce n c e  o f  d a ta  f o r  tw o-w ay p r o p a g a t io n ,

i t  i s  r e a s o n a b le  t o  assum e t h a t  t h e  h ig h - f re q u e n c y  pow er s p e c t r a  f o r

one-w ay and  two-way p ro p a g a t io n  a r e  t h e  sam e. H ence , th e  a tm o sp h e re

can  p e rh a p s  be  c o n s id e re d  s t a b l e  i n s o f a r  a s  s c i n t i l l a t i o n  i s  c o n c e rn e d

62
f o r  t im e  i n t e r v a l s  s m a l le r  th a n  1 ms.



63
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FIGURE 3 .5 :2  BEAM STEERING
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FIGURE 3 .5 :3  BEAM SCINTILLATION
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T h e r e f o r e ,  t o  be  u n a f f e c te d  by s c i n t i l l a t i o n  th e  d i f f e r e n t i a l  ab ­

s o r p t io n  m easurem ent o u s t  be  c o m p le ted  w i th in  t h i s  t im e  i n t e r v a l .  The 

optim um  m anner to  m eet t h i s  re q u ire m e n t  i s  t o  em it tw o p u ls e s  ( o f  

s l i g h t l y  d i f f e r i n g  w a v e le n g th s )  s im u l ta n e o u s ly .  S p a t i a l  f l u c t u a t i o n s  

w i th in  e ach  sam pled  d e p th  w i l l  be  a v e ra g e d  o u t f o r  e ach  p u l s e ,  and  in  

any  c a s e  v a r i a t i o n s  from  one sam pled  d e p th  t o  a n o th e r  w i l l  be  t h e  same 

f o r  b o th  w a v e le n g th s , an d  t h e r e f o r e  w i l l  n o t  a f f e c t  th e  r e s u l t s .

3 .5 .2  C a v ity  D esign

3 .5 .2 .1  I n t r o d u c t io n

To o b ta in  l a s e r  a c t i o n  a t  t h e  two w a v e le n g th s  s im u l ta n e o u s ly ,  th e

a rra n g e m e n t shown i n  F ig s .  3 .5 :4 a  and  b ,  w i th  a  p o l a r i z i n g  b e a m - s p l i t -

65 66
t i n g  p r is m  i n  th e  l a s e r  c a v i t y ,  was e v o lv e d  and  u sed  s u c c e s s f u l l y .  * 

W ith th e  p r ism  s p l i t t i n g  th e  l i g h t  i n t o  tw o beams p o la r i z e d  a t  r i g h t  

a n g le s  t o  e ach  o t h e r ,  e a c h  o f  th e  two w a v e le n g th s  l a s e s  a lo n g  one o f  

t h e  p o l a r i z a t i o n s .  C o m p e ti t io n , i n  t h e  form  o f  b an d w id th  c h a n g e s , b e ­

tw een  th e  two w a v e le n g th s  i s  o b se rv e d  and  i s  d is c u s s e d  i n  S e c t .  3 .6 .

Two ty p e s  o f  p o l a r i z i n g  beam s p l i t t e r s  w ere t e s t e d  f o r  t h i s  a p p l i ­

c a t i o n  :

1 .  a  p o l a r i z i n g  b e a m - s p l i t t i n g  cube u t i l i z i n g  d i e l e c t r i c  c o a t i n g s ,  

and

2 . an a i r - s p a c e d  G la n -T a y lo r  p r is m .

W hile b o th  p ro v id e d  s im u lta n e o u s  l a s e r  a c t i o n  f o r  d o s e - l y i n g  wave­

le n g th s  i n  th e  4500 A s p e c t r a l  r e g i o n ,  i t  was fo und  t h a t  e a c h  s u f f e r e d  

some d raw b ack s . B oth  ty p e s  o f  beam s p l i t t e r s  a r e  exam ined  f u r t h e r  b e ­

lo w .
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3 .5 .2 .2  D i e l e c t r i c - i n t e r f a c e  P o l a r i z in g  B e a m -S p l i t t in g  Cube

The p r i n c i p l e  o f  t h i s  d a v ic e  i s  t h a t  i t  i s  a lw ays p o s s ib la  t o  f in d  

an  a n g la  o f  in c id a n c a  s o  t h a t  th a  B r a v s ta r  c o n d i t io n  f o r  an  i n t a r f a c e  

batw aan  two m a te r i a l s  o f  d i f f a r i n g  r a f r a c t i v e  in d a x  i s  s a t i s f i a d .

Whan t h i s  o c c u r s ,  th e  r e f l e c t a n c e  f o r  th a  p a r a l l e l - p l a n e  ( p )  o f  p o l a r ­

i z a t i o n  v a n ish e s*  P e r p e n d ic u la r ly - p o la r iz e d  ( s )  l i g h t  i s  p a r t i a l l y  r e ­

f l e c t e d  and  t r a n s m i t te d *  To in c r e a s e  th a  s - r e f l e c t a n c e ,  r e t a i n i n g  th a  

p - t r a n a m it ta n c e  a t  o r  v a ry  n e a r  u n i t y ,  t h a  tw o m a t e r i a l s  a r e  th a n  made 

i n t o  a  m u l t i l a y e r  s t a c k .  Tha l a y e r  th ic k n e s s e s  a r e  q u a r te r -w a v e  o p t i c a l  

th ic k n e s s e s  a t  th a  a p p r o p r ia t e  a n g la  o f  in c id e n c e .

Whan th a  B re w a te r  a n g le  f o r  n o rm al t h i n - f i l m  m a t e r i a l s  i s  c a l c u l a t ­

e d ,  i t  i s  found  t o  b e  g r e a t e r  th a n  90 d e g re e s  r e f e r r e d  t o  a i r  a s  th e  

i n c i d e n t  medium. I n  o t h e r  w o rd s , i t  i s  beyond th e  c r i t i c a l  a n g le  f o r  

t h e  m a t e r i a l s .  T h is  p r e s e n t s  a  p ro b lem  w hich  i s  s o lv e d  by b u i ld i n g  th e  

m u l t i l a y e r  f i l t e r  i n t o  a  g l a s s  p r ism  s o  t h a t  t h e  l i g h t  can  be i n c id e n t  

on th e  m u l t i l a y e r  a t  an  a n g le  g r e a t e r  th a n  c r i t i c a l .  The ty p e  o f  a r ­

rangem en t i s  shown in  F ig . 3 .5 :5 .

The d i e l e c t r i c - i n t e r f a c e  p o l a r i z i n g  b e a m - s p l i t t i n g  cube t e s t e d  was 

found  to  have  an a c c e p ta n c e  a n g le  o f  up t o  5 d e g r e e s ,  a  p a ssb a n d  e x te n d ­

in g  from  a p p ro x im a te ly  2245 A t o  6739 X ,  and  whose c e n t e r  w a v e len g th  i s  

a p p ro x im a te ly  4490 A. The e n tr a n c e  and  b o th  e x i t  f a c e s  w ere p o l i s h e d  

t o  A /1 0 , and  w ere a n t i r e f l e x  c o a te d  f o r  4490 A.

U t i l i z i n g  th e  d i e l e c t r i c - i n t e r f a c e  p o l a r i z i n g  b e a m - s p l i t t in g  c u b e , 

s im u lta n e o u s  tw o -w av e len g th  o p e r a t io n  was r e a d i ly  a c h ie v e d . F ig . 3 .5 :6  

i s  a  p i c t u r e  ta k e n  from  a  1 /2  m J a r r e l l - A s h  s c a n n in g  s p e c t r o m e te r ,  and 

shows th e  two beams o f  c l o s e - ly i n g  w a v e le n g th s  ( t h e  s i g n a l  t o  th e  r i g h t  i s
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FIGURE 3 .5 :5  DIELECTRIC-INTERFACE POLARIZING BEAM-SPLITTING CUBE



FIGURE 3 .5 :6  SPECTROMETER PHOTOGRAPH OF THE SIMULTANEOUS

TWO-WAVELENGTH OUTPUT UTILIZING THE DIELECTRIC- 

INTERFACE POLARIZING BEAM-SPLITTING CUBE
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c e n te ra d  a t  <Mt7t.5 A and  t o  th a  l a f t  a t  tSOO A) o p a r a t in g  i n  th a  s im - 

u l ta n a o u s  m ode, and o b ta in a d  u s in g  th a  d i e l e c t r i c - i n t e r f a c e  p o l a r i s i n g

b e a m - s p l i t t in g  c u b s . Both beams hava o u tp u t  a n a r g ia s  o f  a p p r o x in a ta ly
0

100 m j, and  b an d w id th s  o f  5 A.

3 . S .2 .3  A ir-S p a c a d  G la n -T a y lo r  P rism

Tha pow er h a n d lin g  c a p a b i l i t i a s  o f  th a  a i r - s p a c e d  G la n -T a y lo r  p r ism  

f a r  a x c aa d  t h a t  o f  th a  d i a l a c t r i c - i n t a r f a c a  p r is m , s in c a  t h a  madium 

sa n d w itc h e d  b a tw aan  th a  tw o p r ism s  i s  a i r  r a t h a r  th a n  a  d a l i c a t a  d ie ­

l e c t r i c  c o a t in g .  T h is  p r is m  i s  in  f a c t  co m p rised  o f  tw o l i n e a r l y  b i r e -  

f r  in g e n t  c a l c i t a  ( CaO• CO2 ) p r is m s  s e p a r a te d  by th a  a i r  g ap .

In  e a ch  p r is m  th a  o p t i c  a x i s  i s  p e r p e n d ic u la r  t o  t h a  i n c id e n t  beam 

and  t o  t h a  l a t e r a l  f a c e s .  Tha o p e r a t io n  o f  t h e  d e v ic e  may be  r e a d i l y  

u n d e rs to o d  in  v iew  o f  F ig . 3 .5 : 7 .  T h is  shows th a  a i r - s p a c a d  p r is m , i t s  

o p t i c  a x i s ,  and  th a  i n c i d e n t  u n p o la r iz a d  beam . Whan an  u n p o la r iz e d  

l a s e r  beam i s  i n c i d e n t  upon th a  in p u t  f a c e ,  two r e f r a c t e d  o r th o g o n a l ly  

l i n e a r l y - p o l a r i z e d  beams a r e  p ro d u c e d . Tha E - r a y ,  th a  r e f r a c t e d  beam 

whose p o l a r i z a t i o n  d i r e c t i o n  i s  p a r a l l e l  t o  th a  o p t i c  a x i s ,  e x p e r ie n c e s  

no change i n  in d e x  a s  i t  p ro p a g a te s  th ro u g h  th a  p r is m - a i r - g a p - p r is m  

c o m b in a tio n .

Tha 0 - r a y ,  t h a  r e f r a c t e d  beam whose p o l a r i z a t i o n  d i r e c t i o n  i s  p e r ­

p e n d ic u la r  t o  th a  o p t i c  a x i s ,  e x p e r ie n c e s  a  l a r g e  change i n  in d e x  a t  

th a  c a l c i t e - a i r - g a p  i n t e r f a c e  and  i s  th u s  t o t a l l y  i n t e r n a l l y  r e f l e c t e d .

Use i s  made o f  b o th  th e  E and  0 - r a y s  t o  s im u l ta n e o u s ly  o b ta in  l a s e r  

a c t i o n  on beams p o la r i z e d  a t  r i g h t  a n g le s  t o  e a c h  o t h e r  w ith  g r a t i n g s  

te r m in a t in g  th e  l a s e r  c a v i t i e s  beyond e ach  p r is m . The o p t i c a l  a r r a n g e -
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65,66
ment i s  shown i n  F ig . 3.5:<t*

In  t h s  n a n u fa c tu re  o f  th a  a i r - s p a c e d  p r is m  i t  was o n ly  p o s s ih l s  t o  

p o l i s h  t h a  in p u t  f a c a  and  th a  a x i a l  o u tp u t  f a e a  t o  w i th in  X/>t b a cau aa  

o f  t h a  c r y s t a l  s t r u c t u r e • Tha l a t e r a l  f a c a s  a r e  p e r p e n d ic u la r  t o  th e  

o p t i c  a x i s ,  an d  s in c e  c a l c i t e  b e lo n g s  t o  t h a  h e x a g o n a l c r y s t a l l o g r a p h i c  

s y s te m , a t te m p ts  t o  p o l i s h  t h e s e  f a c e s  t o  b e t t e r  th a n  X/4 w ould r e s u l t  

in  h e x a g o n a l p i t t i n g ,  g iv in g  r i s e  t o  l a r g e  s c a t t e r i n g  l o s s e s .

The h ig h  l o s s e s  on th e  l a t e r a l  f a c e  m eant t h a t  f o r  g e o m e t r ic a l ly  

i d e n t i c a l l y  o p t i c a l  a rra n g e m e n ts  t h e  lo w - lo s s  a x i a l  r e s o n a to r  d o m in a te d , 

and l a s e r  a c t i o n  was r e s t r i c t e d  t o  i t .  When th e  a x i a l  r e s o n a t o r  was 

b lo c k e d  h o w ev er, l a s e r  a c t i o n  was a l s o  o b ta in a b le  in  th e  l a t e r a l  r e s o ­

n a t o r .

By g r e a t l y  r e d u c in g  th e  o f f - a x i a l  r e s o n a t o r  l e n g th  i t  was p o s s ib l e

t o  o b ta in  l a s e r  a c t i o n  s im u l ta n e o u s ly  i n  b o th  r e s o n a t o r s .  (Aider t h e s e

c o n d i t i o n s ,  c o m p e t i t io n  e f f e c t s  w ere  c l e a r l y  o b se rv e d  betw een  th e  two

r e s o n a t o r s .  F ig .  3 . 5:8 shows s im u lta n e o u s  tw o -w a v e le n g th  o p e r a t io n  a s

d is p la y e d  in  th e  s p e c t r o m e te r  u s in g  th e  a i r - s p a c a d  G ia n -T a y lo r  p r is m .

T h u s , when th e  a x i a l  r e s o n a t o r  was b lo c k e d  th e  o u tp u t  e n e rg y  o f  th e

l a t e r a l  r e s o n a t o r  in c r e a s e d  and  v ic e  v e r s a .  S im i la r  c o m p e ti t io n  e f f e c t s

65-69
w ere p r e v io u s ly  r e p o r t e d .  The i n t e r a c t i o n  betw een  th e  tw o l a s e r

beams o f  p e r p e n d ic u la r  p o l a r i z a t i o n s  i n  t h e  a m p lify in g  medium i s  p o s ­

s i b l e  b e c a u s e  th e  o r i e n t a t i o n  r e l a x a t i o n  tim e  o f  t h e  dye m o le c u le  ( a p ­

p ro x im a te ly  300 p s  i n  e th a n o l )  in  th e  s o lv e n t  i s  much s h o r t e r  th a n  th e  

l i f e t i m e  o f  t h e  f i r s t  e x c i t e d  s i n g l e t  s t a t e  ( a p p ro x im a te ly  5 n s ) . 7°*  

B ecause o f  th e  h ig h  l o s s e s  a s s o c i a te d  w ith  th e  l a t e r a l  f a c e s ,  i t  

was found  t h a t  when c o n d i t io n s  w ere a r r a n g e d  t o  o b ta in  e q u a l  e n e r g ie s



74

•  0 0 O

F t o n  L IFT TO ®i6UT •  l A S B ?  L|K>«5, 4 5 0 0  A,  44 1B .5  A ;  MS MNCt , 4 3 5 ?  A, 4 0 1 *  A,
And 4041 £

FIGURE 3 .5 :8  SPECTROMETER PHOTOGRAPH OF THE SIMULTANEOUS TWO- 

WAVELENGTH OUTPUT UTILIZING THE AIR-SPACED GLAN- 

TAYLOR PRISM



75

and  e q u a l  l in a w id th s  from  b o th  r e s o n a to r s  s im u l ta n e o u s ly ,  th e  o u tp u t  

e n e r g ie s  w ere to o  low t o  b e  u s e f u l .  See F ig .  3 .5 : 9 .

T h u s , i n  s p i t e  o f  th e  h ig h e r  p o w e r -d e n s i ty  h a n d lin g  c a p a b i l i t i e s  

o f  t h e  a i r - s p a c e d  p r is m , i t  was d e c id e d  t o  abandon i t s  u se  in  f a v o r  o f  

t h e  d i e l e c t r i c - i n t e r f a c e  p r is m .

W ith t h i s  p r is m  s im u lta n e o u s  tw o -w a v e le n g th  o u tp u ts  o f  a p p ro x i­

m a te ly  100 mj w ere o b ta in e d  a t  U 47I.5  A and  4500 X w ith  l in a w id th s  o f  

a p p ro x im a te ly  5 t o  6 A. F ig . 3 .5 :6  shows th e  s im u lta n e o u s  o u tp u ts  

d i s p la y e d  on th e  s p e c t r o m e te r .  I t  was w ith  th e  d i e l e c t r i c - c o a t e d  

p r is m  t h a t  t h e  f i e l d  e x p e r im e n ts  d e s c r ib e d  i n  l a t e r  s e c t i o n s  w ere c a r ­

r i e d  o u t .

3 .6  C a l ib r a t i o n

3 .6 .1  The Need f o r  C a l ib r a t i o n

In  o r d e r  t o  o b ta in  a c c u r a te  p o l l u t i o n  m ea su rem e n ts , i t  i s  n e c e s ­

s a r y  t h a t  we know from  s h o t  t o  s h o t  w hat th e  a b s o r p t io n  c r o s s  s e c t i o n  

i s  f o r  a  g iv e n  p o l l u t a n t  f o r  th e  a c t u a l  l a s e r  b an d w id th  e m i t t e d .  In  

p e rfo rm in g  th e  e x p e rim e n t t o  a c h ie v e  s im u lta n e o u s  l a s e r  a c t i o n ,  i t  was 

n o t ic e d  t h a t  th e  o u tp u t  bandw id tha  v a r i e d  from  s h o t  t o  s h o t .  These 

v a r i a t i o n s  i n  b a n d w id th s  depend upon:

1 . The b i a s  v o l ta g e  a p p l ie d  t o  th e  c h a rg in g  c i r c u i t ,  i . e . ,  th e  

e n e rg y  d is c h a rg e d  i n  each  f l a s h .

2 . The l e n g th  o f  t im e  betw een  s h o t s .

3 . The d e g ra d a t io n  o f  th e  dye m o le c u le s  due t o  r e p e a te d  e x p o su re  

t o  th e  pump s o u rc e .

Two e x p e r im e n ts  w ere p e rfo rm e d  t o  d e te rm in e :
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1 . I f  any f re q u e n c y  p u l l i n g  o c c u rs  be tw een  th a  tw o l a s i n g  w ave- 

l a n g th s .

2 .  Tha e x te n t  o f  any l a s a r  ban d w id th  v a r i a t i o n s  and  fra q u a n c y  

s h i f t s  from  s h o t  t o  s h o t  f o r  th a  s im u lta n a o u a  so d a  o f  o p e ra ­

t i o n .  Tha p u rp o sa  o f  t h i s  e x p e rim e n t was t o  d e te rm in e  w h e th -  

a r  a  c a l i b r a t i o n  sy s ta m  was n aad ad  t o  m o n ito r  a ach  o f  t h a  o u t ­

g o in g  w a v a la n g th s .

Tha e x p e r im e n ta l  s e tu p  i s  shown in  F ig s .  3 .6 :1 a  and  b .  Tha l a s a r  

i s  s a t  f o r  s im u lta n e o u s  o p e r a t io n .  Tha tw o p e r p e n d ic u la r ly  p o l a r i z e d  

beams a re  d i v e r t e d  by  a  b e a m -s te e r in g  m ir r o r  mount th ro u g h  a  v a r i a b le  

p o l a r i z e r ,  a  v a r i a b le  n e u t r a l  d e n s i ty  f i l t e r ,  and  a i m  f o c a l  l e n g th  

I a n s  w hich fo c u s e s  i t  o n to  a  C o rn in g  3650 f i l t e r  and  d i f f u s io n  p l a t e .  

F o llo w in g  th a  d i f f u s io n  p l a t e  i s  a  1 /2  m J a r r e l l - A s h  s c a n n in g  sp e c ­

t r o m e te r  whose in p u t  and  o u tp u t  s l i t s  a r e  s a t  a t  10 u e a c h . A cam era 

a tta c h m e n t i s  u se d  and th a  r e s u l t s  a r e  r e c o rd e d  p h o to g r a p h ic a l ly .

To o b s e rv e  any fra q u a n c y  s h i f t s ,  t h a  l a s a r  l i n e s  w are com pared 

w ith  known Hg l i n e s :  C0U7 A, <*076 A, and  **356 A. Tha Hg l i n e s  w are

i n i t i a l l y  e x p o sed  o n to  t h a  f i lm  by d i r e c t i n g  th a  o u tp u t  o f  an Hg lamp 

in t o  th a  s p e c t r o m e te r  th ro u g h  th e  3850 C o rn in g  f i l t e r  w hich b lo c k e d  

o u t  any unw anted h a rm o n ic s . The l a s e r  l i n e s  w ere th e n  su p e rim p o sed  

o n to  th e  f i lm  w hich rem a in e d  s t a t i o n a r y  d u r in g  b o th  e x p o s u re s .

In  th e  f i r s t  e x p e r im e n t ,  an  i n v e s t i g a t i o n  was made o f  w h e th e r  f r e ­

quency  s h i f t s  o c c u r  be tw een  th e  c a s e s  w here e ach  w av e len g th  l a s e s  s e p ­

a r a t e l y  and  when b o th  l a s e  s im u l ta n e o u s ly  ( w ith  th e  same g r a t i n g  s e t ­

t i n g s  n a t u r a l l y ) .

To c a r r y  o u t  th e  e x p e r im e n t ,  th e  l a s e r  was a llo w e d  t o  l a s e  s im u l-
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FIGURE 3 . 6 ? lb  PHOTOGRAPHS OF THE EXPERIMENTAL SETUP FOR MONITORING 

LASER FREQUENCY SHIFTS AND BANDWIDTH CHANGES
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t a n e o u s ly ,  b u t  o n ly  one p o l a r i z a t i o n  was a llo w e d  t o  p a s s  th ro u g h  th e  

v a r i a b l e  p o l a r i z e r  and o n to  th e  f i lm .  The e x p o sed  f i lm  was th e n  com­

p a re d  t o  a n o th e r  e x p o su re  from  a  s e q u e n t i a l  l a s e  a t  th e  same w a v e le n g th . 

Any f re q u e n c y  s h i f t s  w ould be  o b ta in e d  by  o b s e rv in g  th e  r e l a t i v e  c h a n g e s , 

i f  a n y , from  th e  Hg l i n e s  t o  w hich  b o th  f i lm s  w ere e x p o se d , f i g s .  3 .6 : 2 ,  

3 ,4 ,  and  5 show r e s p e c t i v e ly  th e  4 4 7 1 .5  A l i n e  l a s i n g  s e q u e n t i a l l y  th e n  

s im u l ta n e o u s ly ,  and th e  4500 A l i n e  l a s i n g  s e q u e n t i a l l y  th e n  s im u l ta n e ­

o u s ly .  T here  w ere no f re q u e n c y  s h i f t s  n o te d  betw een  th e  l i n e s  when 

l a s i n g  s e q u e n t i a l l y  a s  t o  com pared t o  when th e y  l a s e d  s im u l ta n e o u s ly ,  

b u t  b an d w id th  ch an g es d id  how ever o c c u r ,  i . e . , t h e r e  was a  change in  

l a s e r  b an d w id th  ( a lo n g  w ith  a  m onoton ic  change in  o u tp u t  e n e rg y )  when 

th e  sy s te m  l a s e d  s e q u e n t i a l l y  a s  o pposed  t o  s im u l ta n e o u s ly .  As can be 

f i g s .  3 .6 :2  th ro u g h  3 .6 :5  th e  s im u lta n e o u s-m o d e  b a n d w id th s  and  e n e r g ie s
O O

o f  t h e  4 4 7 8 .5  A and  4500 A l i n e s  a r e  l e s s  th a n  th o s e  f o r  th e  s e q u e n t i a l  

mode. They a r e :  4 4 7 8 .5  A: s e q u e n t i a l  1 0  X ,  2 0 0  m  j ; s im u lta n e o u s  7 A,

1 0 0  m j ;  4500 A: s e q u e n t i a l  7 A, 1 0 0  m j ; s im u lta n e o u s  4 X ,  50 m j .

In  th e  seco n d  e x p e r im e n t ,  l a s i n g  o c c u r r e d  s im u l ta n e o u s ly .  Any f r e ­

quency  and b an d w id th  ch an g es w ere o b se rv e d  in  th e  same m anner a s  ab o v e , 

f i g s .  3 .6 :6 a  th ro u g h  1 a r e  p h o to g ra p h s  t h a t  show no f re q u e n c y  s h i f t s  

e x i s t e d  b u t  b a n d w id th  c h a n g es  d id  o c c u r  from  s h o t  t o  s h o t .  The band ­

w id th  ch an g es  depend  upon:

1 .  b i a s  v o l t a g e ,  i . e . ,  th e  e n e rg y  d is c h a rg e d  in  e ach  f l a s h ,

2 . t im e  betw een  p u l s e s ,  and

3 . d e g ra d a t io n  o f  t h e  dye  m o le c u le s  due t o  r e p e a te d  e x p o su re  t o  

th e  pump s o u r c e .

As can  be se e n  from  th e  p h o to g ra p h s  th e  b a n d w id th s  v a r ie d  a s  much a s  43
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FIGURE 3 .6 :6 c  BIAS VOLTAGE = 20 KV# THIRD SHOT FIGURE 3 . 6 :6d BIAS VOLTAGE * 20 KV, FOURTH SHOT

CDP



FIGURE 3 .6 :6e  BIAS VOLTAGE = 19 KVt FIRST SHOT FIGURE 3 .6 >6 f  BIAS VOLTAGE = 19 KV, SECOND SHOT



FIGURE 3 .6 :6g BIAS VOLTAGE = 19 KV, THIRD SHOT FIGURE 3 .6 :6h BIAS VOLTAGE = 19 KV, FOURTH SHOT



FIGURE 3 . 6 :6i  BIAS VOLTAGE = 18 KVt FIRST SHOT FIGURE 3 ,6 :6 j  BIAS VOLTAGE = 18 KV, SECOND SHOT

OD>1



FIGURE 3 .6 :6 k  BIAS VOLTAGE = 18 KV, THIRD SHOT FIGURE 3 .6 :6 1  BIAS VOLTAGE = 18 KV, FOURTH SHOT



p e r c e n t .

As a  r e s u l t  o f  t h s s s  e x p e r im e n ts ,  i t  was t h e r e f o r e  c o n c lu d e d  t h a t  

s in c e  s i g n i f i c a n t  b an d w id th  ch an g es  d id  o c c u r  from  s h o t  t o  s h o t  d u r in g  

s im u lta n e o u s  o p e r a t io n ,  a  c a l i b r a t i o n  sy s te m  m ust b e  u sed  in  th e  1IDAR 

sy s te m  in  o r d e r  t o  a llo w  f o r  t h e s e  changes*  The n e x t  two s e c t i o n s  d e ­

s c r i b e  th e  c a l i b r a t i o n  sy s te m  d e v is e d  f o r  t h i s  p u rp o s e ,  and  tu n in g  

te c h n iq u e s  u se d  t o  o b t a in  b a n d w id th s  and  c e n te r - f r e q u e n c y  r e q u i r e m e n ts .

3 .6 .2  The C a l ib r a t i o n  System

To e n s u re  a c c u r a te  r e s u l t s  w hich  a r e  in d e p e n d e n t o f  v a r i a t i o n s  i n  

l a s e r  o p e r a t io n  w hich  o c c u r  from  s h o t  t o  s h o t ,  and w hich a f f e c t  b an d ­

w id th ,  a  c a l i b r a t i o n  sy s te m  was d e v is e d .  T h is  i s  shown s c h e m a t ic a l ly  

i n  F ig s .  3 ,6 :7 a  and  b .  T h is  c a l i b r a t i o n  sy s te m  a n a ly s e s  b o th  o u tp u t  

beams s im u lta n e o u s ly  and  p e rm its  th e  e f f e c t i v e  NO  ̂ a b s o rp t io n  c ro s s  

s e c t i o n s  t o  b e  c a l c u l a t e d  from  th e  d a ta  o b ta in e d .

O p e r a t io n a l ly ,  two beams o f  m u tu a l ly -o r th o g o n a l  p o l a r i z a t i o n s  a t  

th e  d o s e - l y i n g  w a v e le n g th s  Xj_ (H 478.5  A) and  X2 (**500 A) e n t e r  th e  

s h ie ld e d  encasem en t th ro u g h  th e  v a r i a b le  i r i s .  B oth  beams im pinge  up­

on an  a i r - s p a c e d  G ia n -T a y lo r  p r is m  by  w hich th e  beams a r e  s p a t i a l l y  

s e p a r a te d .  The p e r p e n d ic u la r ly  p o l a r i z e d  beam , Xj_, i s  d i r e c t e d  th ro u g h  

s l i d e  #1 by a  b e a m -s te e r in g  m ir r o r .  ** p e r c e n t  o f  t h a t  beam i s  ta p p e d  

o f f  by s l i d e  #1 and  i s  fo c u s e d  by th e  15-cm f o c a l - l e n g th  l e n s  #1 o n to  

an  RCA IP39 vacuum -tube p h o to d io d e  th ro u g h  n e u t r a l  d e n s i ty  f i l t e r s  and  

d i f f u s io n  p l a t e  #1 . The re m a in in g  p o r t i o n  o f  th e  beam p a s s e s  th ro u g h  

a  1/2 a  g l a s s  c e l l  i n  w hich f lo w s 609 ppm o f  N02 i n  N2 a t  j u s t  above 

a tm o s p h e r ic  p r e s s u r e .  The beam i s  th e n  fo c u se d  o n to  RCA IP39 p h o to -
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FIGURE 3 .6 :7 a  THE CALIBRATION SETUP



FIGURE 3 .6 :7 b  PHOTOGRAPHS OF THE CALIBRATION SETUP
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d io d e  #2 th ro u g h  n e u t r a l  d e n s i ty  f i l t e r s  and  d i f f u s io n  p l a t e  #2 .

The same ty p e  o f  c o n f ig u r a t io n  a p p l i e s  t o  th e  p a r a l l e l - p o l a r i z e d  

beam , \ 2 ,  w hich  u s e s  com ponent num bers 3 and  4 . A p o r t i o n  o f  t h e  p a r ­

a l l e l - p o l a r i z e d  beam i s  ta p p e d  o f f  by s l i d e  #3 o n to  RCA IP39 p h o to v a c ­

uum d io d e  # 5 , whose s i g n a l  a c t s  a s  a  t r i g g e r  t o  two T e k tro n ix  ty p e  549 

s to r a g e  o s c i l l o s c o p e s .  The s ig n a l s  c o r re s p o n d in g  t o  th e  p o r t i o n  o f  

t h e  beams t h a t  p ro p a g a te  th ro u g h  th e  c e l l  a r e  d e la y e d  i n  tim e  by two 

500 n s  d e la y  c a b le s .  The s i g n a l s  a r e  th e n  d i s p la y e d  on t h e  tw o s t o r ­

ag e  sc o p e s  a lo n g  w ith  th e  s i g n a l s  c o r re s p o n d in g  to  th e  r e f e r e n c e  beams 

t h a t  b y p a sse d  th e  c e l l .

The ty p e  o f  d a ta  o b ta in e d  in  t h i s  m anner and  th e  m ethod o f  c a lc u ­

l a t i n g  th e  e f f e c t i v e  N02 a b s o r p t io n  c r o s s  s e c t i o n s  f o r  e a ch  l a s i n g  l i n e  

from  s h o t  t o  s h o t  a r e  d e s c r ib e d  b e lo w :

1 . F our s i g n a l s ,  tw o o f  w hich  a r e  d i s p la y e d  on each  s to r a g e  s c o p e ,

a r e  o b ta in e d .

2 . The two s ig n a l s  on th e  f i r s t  sc o p e  c o rre s p o n d  t o  th e  4 4 7 8 .5  A

l a s e r  l i n e .  The f i r s t  s i g n a l  on s to r a g e  sc o p e  1 i s  u se d  f o r

n o rm a l iz in g  f o r  any pow er f l u c t u a t i o n s  t h a t  may o c c u r  from  s h o t  

t o  s h o t .  T h is  a llo w s  r e l a t i v e  m easurem ents t o  b e  m ade. The 

se co n d  s i g n a l ,  w hich  i s  d e la y e d  a p p ro x im a te ly  500 n s ,  i s  p a r ­

t i a l l y  a b so rb e d  by th e  N02-N2 m ix tu re  in  th e  c e l l .

3 . The two s i g n a l s  on s to r a g e  sc o p e  2 c o rre s p o n d  t o  t h e  4500 A 

l a s e r  l i n e .  As b e f o r e ,  t h e  f i r s t  s i g n a l  i s  u se d  f o r  n o rm a l i ­

z a t i o n .  The d e la y e d  s i g n a l  i s  p a r t i a l l y  a b s o rb e d  by th e  N02-  

N2 m ix tu re ,  b u t  n o t  a s  much a s  t h e  447 8 .5  A l a s e r  l i n e .

4 . To c a l c u l a t e  th e  p e r c e n t  a b s o r p t io n  and  t h e r e f o r e  th e  e f f e c t i v e
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NO2 a b s o r p t io n  c r o s s  s e c t i o n  f o r  e a ch  l a s e r  p u ls e  f o r  each  

l a s e r  l i n e ,  i t  i s  n e c e s s a ry  t o  w hat l o s s e s  a r e  a t t r i b u t e d  t o  

t h e  NO2 i n  t h e  m ix tu re  and  w hat l o s s e s  a r e  a t t r i b u t e d  t o  th e  

c e l l  i t s e l f .  I t  i s  f o r  t h i s  r e a s o n  t h a t  an i n i t i a l  r e a d in g  

i s  n e c e s s a ry  f o r  e a c h  l a s i n g  w a v e len g th  when o n ly  N2 i s  f lo w ­

in g  th ro u g h  th e  c e l l .

5 . To c a l c u l a t e  t h e  p e r c e n t  a b s o r p t io n  f o r  e a c h  w a v e len g th  

(w h ich  i s  r e l a t e d  t o  th e  e f f e c t i v e  a b s o r p t io n  c r o s s  s e c t i o n )  

o n ly  r e l a t i v e  m easu rem en ts a r e  r e q u i r e d .  The p e r c e n t  a b s o rp ­

t i o n  i s  c a l c u l a t e d  u s in g  E q. 3 .6 :1  b e lo w :

% a b s o r o t io n  * 1 -  Blw » ( 3 .6 : 1 )

BIW/O

w h e re ,

A /B |w * th e  r a t i o  o f  th e  s i g n a l  t h a t  p ro p a g a te s  th ro u g h  

th e  c e l l  c o n ta in in g  th e  NO2-N2 m ix tu re  ( t h e  de­

la y e d  s i g n a l )  d iv id e d  by th e  s i g n a l  t h a t  b y p a s s ­

e s  th e  c e l l .

A /b | w/ 0 * r a t * °  t h * s i g n a l  t h a t  p ro p a g a te s

th ro u g h  th e  c e l l  c o n ta in in g  o n ly  th e  N2 ( th e  

d e la y e d  s i g n a l )  d iv id e d  by th e  s i g n a l  t h a t  by ­

p a s s e s  t h e  c e l l .  T h is  i s  done f o r  e a ch  o f  th e  

l a s i n g  w a v e le n g th s .

6 .  To o b ta in  t h e  p e r c e n t  t r a n s m is s io n  o f  each  l a s i n g  w a v e len g th  

from  s h o t  t o  s h o t ,  e ach  A /B |^  r e a d in g  from  e a ch  sc o p e  o b ta in e d  

d u r in g  e a ch  s h o t  i s  n o rm a liz e d  by  th e  i n i t i a l  A /b |w/q  r e a d in g .
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To o b ta in  th «  p e r c e n t  a b s o r p t io n  th a  r a t i o  o f  th a  abova r a t i o s

i s  s u b t r a c ta d  from  u n i ty .

7 . Tha a f f a c t i v a  a b s o r p t io n  c r o s s  s a c t i o n  i s  r a l a t a d  t o  th a  p a r -

c a n t  a b s o r p t io n  b y :

drP P  * - l n ( l  -  % a b s o r p t io n )  (c m ^ ), ( 3 .6 :2 )
N1

w h e re ,

N * th a  c o n c a n t r a t io n  o f  N02 i n  th a  c a l l  (cm*3 ) ,  and

1 * th a  l a n g th  o f  t h a  c a l l  (cm ).

F ig s .  3 .6 : 8 a ,  b ,  3 .6 : 9 a ,  and b show c u rv e  t r a c e s  o f  p h o to g ra p h s  o f  

th a  s i g n a l s  from  th e  s to r a g e  sc o p e s  in  t h a  c a l i b r a t i o n  sy s te m . F ig s .  

3 .6 :8 a  and b c o rre s p o n d  t o  th a  r e a d in g s  w ith o u t  N02 b u t  w i th  N2 i n  th a  

c a l l  f o r  th a  l i n e s  c a n te r e d  a b o u t 4 4 7 8 .5  A and >4500 A r e s p e c t i v e l y .

F ig s .  3 .6 :9 a  and  b c o rre s p o n d  t o  t h a  r e a d in g s  w ith  t h a  NO2-N2 m ix tu re  

i n  t h a  c a l l  f o r  t h e s e  l i n e s .  The a f f a c t i v a  a b s o r p t io n  c r o s s  s e c t i o n s

f o r  t h e  l i n e s  c a n te r e d  a b o u t 4 4 7 8 .5  A and  4500 K f o r  t h i s  p a r t i c u l a r

-1 9  2 -1 9  2s a t  o f  m easurem ents a r e  6 .3 6  X 10 cm and 3 .5 4  X 10 cm r e s p e c ­

t i v e l y .

Knowing th a  c a l i b r a t e d  v a lu e s  o f  th a  a f f a c t i v a  N02 a b s o r p t io n  c r o s s  

s e c t i o n s  f o r  e ach  o f  th a  s im u lta n e o u s  l a s e r  w a v e le n g th s  f o r  each  l a s e r

f i r i n g ,  p e rm its  a llo w a n c e  t o  be  made f o r  any v a r i a t i o n s  o f  l a s e r  band ­

w id th s  w hich o c c u r  from  s h o t  t o  s h o t .

3 .6 .3  T uning  T echn ique

F o r o p e r a t io n  o f  th e  LIOAR s y s te m , i t  i s  n e c e s s a ry  t h a t :

1 . The c e n t e r  f r e q u e n c ie s  o f  b o th  l a s e r  l i n e s  c o in c id e  w ith  th e
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c e n t e r  f r e q u e n c ie s  o f  th e  two i n t e r f e r e n c e  f i l t e r s  in  th e  r e ­

c e i v e r .

2 . The b a n d w id th s  o f  b o th  l a s e r  l i n e s  m ust b e  l e s s  th a n  th e  band ­

w id th s  o f  t h e  r e s p e c t i v e  i n t e r f e r e n c e  f i l t e r s .

3 . Any in c r e a s e  i n  l a s e r  b a n d w id th s  m ust r e s u l t  in  b an d w id th s  

t h a t  rem ain  l e s s  th a n  th e  b a n d p a ss  o f  t h e  i n t e r f e r e n c e  f i l t e r s .

I f  th e  l a s e r  b an d w id th s  a r e  l a r g e r  th a n  th e  b a n d p a ss  o f  t h e  f i l t e r s ,  

e r ro n e o u s  r e a d in g s  w ould  r e s u l t ,  i . e . ,  t h e  d a ta  o b ta in e d  from  th e  c a l ­

i b r a t i o n  sy s te m  c o rre s p o n d s  t o  th e  a c t u a l  e f f e c t i v e  a b s o r p t io n  c ro s s  

s e c t i o n s ,  w h ereas  t h e  r e c e i v e r  w ould  be  d e t e c t i n g  o n ly  a  c e r t a i n  p o r ­

t i o n  o f  t h e  l a s e r - s i g n a l  sp e c tru m .

The o p e r a t in g  c h a r a c t e r i s t i c s  o f  t h e  r e c e iv i n g  sy s te m  c o u ld  have  

b een  d e s ig n e d  s o  a s  t o  r e q u i r e  b o th  l a s i n g  b a n d w id th s  t o  be  much l a r g e r  

th a n  th e  i n t e r f e r e n c e  f i l t e r  b a n d p a ss . T h is  w ould  e l im in a te  th e  n e e d  

f o r  a  c a l i b r a t i o n  sy s te m  in  th e  f o l lo w in g  m anner. I f  b o th  l a s e r - l i n e  

b an d w id th s  w ere l a r g e r  th a n  th e  f i l t e r  b a n d p a s s ,  th e n  known s p e c t r a l  

q u a n t i t i e s  w ould  be  d e te c te d  and  d e te rm in e d  e x a c t ly  by  th e  f i l t e r  b an d ­

p a s s .  The e x a c t  e f f e c t i v e  a b s o r p t io n  c r o s s  s e c t i o n s  w ould  th e n  be  

known and  w ould  n o t  v a ry  s in c e  th e y  w ere d e te rm in e d  by  th e  f i l t e r  c h a r ­

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

T here  a r e  t h r e e  r e a s o n s  why t h i s  a p p ro a c h  was n o t  u s e d . F i r s t ,  

when o p e r a t in g  a  LIADR s y s te m , i t  i s  d e s i r a b l e  t o  o b ta in  r e a d in g s  from  

u s e f u l  r a n g e s  (u p  t o  10 km ). When d e t e c t i n g  o n ly  a  p o r t i o n  o f  th e  

l a s e r  b a c k s c a t t e r ,  t h e  s i g n a l  i s  re d u c e d  and  th e  a t t a i n a b l e  ra n g e  i s  

d e c re a s e d . S ec o n d , th e  s i g n a l  t o  n o i s e  r a t i o  f o r  a  g iv e n  ra n g e  de­

c r e a s e s ,  s in c e  t h e  s i g n a l  i s  d e c re a s e d .  T h i r d ,  in  d y e - l a s e r  s y s te m s ,
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t h e  dye l a s i n g  medium d s g ra d s s  dus t o  r e p s a t s d  s x p o s u rs  t o  t h s  pump 

s o u r c e .  T h is  h a s  t h s  s f f s c t  o f  m o n o to n ic a lly  d s c r s a s in g  t h s  l a s s r  

b a n d w id th  o v o r  a  p s r io d  o f  t im s .  T h e r e f o r e ,  t h s r s  i s  a  d i f f i c u l t y  in  

m a in ta in in g  l a s s r  o u tp u t  s i g n a l s  w hoss b a n d w id th s  a r s  much l a r g s r  

th a n  th o s s  o f  t h s  r s c s i v s r  i n t s r f s r s n c s  f i l t e r s .

Ths tu n in g  schem e was t h e r e f o r e  d e v e lo p e d  t o  a c h ie v e :

1 . L a s e r - l i n e  c e n te r - f r e q u e n c y  and  f i l t e r - b a n d p a s s  c o in c id e n c e .

2 . D e s ira b le  l a s e r  b a n d w id th s .

3 . L a s e r  b a n d w id th  f l u c t u a t i o n s  t h a t  c o n tin u e  t o  keep  b an d w id th s  

below  th e  b a n d p a ss  o f  t h e  i n t e r f e r e n c e  f i l t e r s .

f i g .  3 .6 :1 0  shows th e  e x p e r im e n ta l  s e tu p  u se d  t o  ch eck  th e  sy s te m . 

W ith t h e  l a s e r  o p e r a te d  in  th e  s im u lta n e o u s  m ode, f r a c t i o n s  o f  b o th  

beams o f  m u tu a l ly -o r th o g o n a l  p o l a r i z a t i o n s  w ere ta p p e d  o f f  by s l i d e  #1 

and  w ere  d i r e c t e d  th ro u g h  v a r i a b l e  p o l a r i z e r  #1 ,  v a r i a b l e  n e u t r a l  den­

s i t y  f i l t e r  # 1 , and l e n s  #1 (1  m f o c a l  l e n g t h ) .  The beams w ere th e n  

fo c u se d  o n to  d i f f u s io n  p l a t e  #1 ,  n e u t r a l  d e n s i ty  f i l t e r  #1 ,  and  w ere 

d e te c te d  by  an  RCA 6217 p h o to m u l t i p l i e r  a t t a c h e d  t o  a  1 /2  m J a r r e l l -  

Ash s c a n n in g  s p e c t r o m s te r .  The in p u t  and o u tp u t  s l i t s  w ere s e t  a t  10
O

u  e a ch  t o  g iv e  a  d e t e c t a b l e  r e s o l u t i o n  o f  0 .1 6  A. To com pensate  f o r  

any  l a s e r  pow er f l u c t u a t i o n s ,  th e  s i g n a l  o b ta in e d  th ro u g h  th e  s p e c ­

t r o m e te r  was n o rm a liz e d  by a  s i g n a l  from  a  RCA IP39 vacuum -tube p h o to ­

d io d e  u sed  a s  t h e  t r i g g e r  s o u rc e  i n  t h e  c a l i b r a t i o n  s y s te m . A p o r t i o n  

o f  t h e  m ain beam was ta p p e d  o f f  w ith  a  p e l l i c l e  and  d i r e c t e d  i n t o  th e  

c a l i b r a t i o n  sy s te m  w here i t  was d e te c te d  by  th e  IP39 p h o to d io d e . S ig ­

n a l s  from  th e  s p e c t r o m e te r  and th e  IP39 w ere r e c o rd e d  p h o to g r a p h ic a l ly  

on two T e k tro n ix  ty p e  5h9 s to r a g e  o s c i l l o s c o p e s .
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Tha s p e c t r o m e te r  was i n i t i a l l y  c a l i b r a t e d  u s in g  an Hg lamp and was 

th a n  m an u a lly  s a t  t o  d a t a c t  th a  447 8 .5  A l i n e .  W ith th a  l a s e r  o p e ra ­

t i n g  in  t h a  s im u lta n e o u s  m ode, b o th  beams w are ta p p e d  o f f ,  b u t  o n ly  

th a  l i n e  d e s i r e d  t o  l a s a  a t  >*478.5 A was a llo w e d  t o  p a s s  th ro u g h  v a r ­

i a b l e  p o l a r i z e r  #1 i n i t i a l l y .  Tha l a s e r  l i n e  was i n i t i a l l y  s ig h t e d  by eye 

th ro u g h  th e  view  p o r t  on th e  s p e c t r o m e te r .  C oarse  tu n in g  was accom­

p l i s h e d  by  o b s e rv in g  th e  s p e c t r a l  s h i f t  w h ile  t h e  g r a t i n g 's  r o t a t i o n ­

a l  p o s i t i o n  was c h a n g ed . Once h a v in g  a c h ie v e d  th e  d e s i r e d  s p e c t r a l  

c e n t e r - l i n e  f re q u e n c y , w i th in  v i s u a l  a p p ro x im a tio n , th e  d e s i r e d  l a s e r  

b a n d w id th , a p p ro x im a te ly  5 X ,  was s o u g h t .  As m en tio n ed  e a r l i e r ,  th e  

b an d w id th s  m ust be  l e s s  th a n  th e  b a n d p a ss  o f  th e  i n t e r f e r e n c e  f i l t e r s .

I f  t h e  l a s e r  b a n d w id th s  w ere i n i t i a l l y  s e t  a t  5 X w ith  t h e  b i a s  v o l ta g e  

s e t  a t  t h e  maximum t o  be  u s e d , and know ing t h a t  th e  b a n d w id th s  m onoton- 

i c a l l y  d e c re a s e  due t o  r e p e a te d  e x p o su re  o f  th e  l a s i n g  medium t o  th e  

pump s o u r c e ,  th e  l a s e r  b an d w id th s  w ould b e  e n s u re d  t o  a lw ays be w i th in  

th e  b a n d p a ss  o f  th e  f i l t e r s .

I n i t i a l l y ,  th e  l a s e r  b an d w id th s  w ere a d ju s te d  f o r  maximum w id th ,  

a p p ro x im a te ly  20 A, by  s e t t i n g  th e  g r a t i n g  p o s i t i o n s  a s  c lo s e  a s  p o s­

s i b l e  t o  th e  p o l a r i z i n g  p r is m . To o b ta in  th e  d e s i r e d  5 k b a n d w id th s , 

th e  d i s t a n c e  o f  t h e  g r a t i n g s  n e e d  o n ly  b e  in c r e a s e d  r e l a t i v e  t o  th e  p o l ­

a r i z i n g  p r is m . To check  th e  b a n d w id th s  e a c h  tim e  the- g r a t i n g  p o s i t i o n s  

w ere m oved, a  cam era was a t t a c h e d  t o  th e  view  p o r t  on th e  s p e c t r o m e te r ,  

and th e  l a s e r  s p e c t r a l  w id th s  w ere r e c o rd e d  p h o to g r a p h ic a l ly .  I n i t i a l  

e x p o su re  o f  th e  f i lm  t o  an Hg lamp th ro u g h  a  C o rn in g  3850 f i l t e r  and 

th e  s p e c t r o m e te r  s e rv e d  a s  a  c a l i b r a t i o n  check  on th e  ban d w id th  r e a d ­

i n g s .  The r e s o l u t i o n  o b ta in e d  on th e  f i lm  was 16 A/mm. I n i t i a l l y ,  th e
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two l a s e r  l i n t s  n ig h t  p a r t i a l l y  o v e r la p  s in e s  t h s  b an d w id th s  w ars o r i g ­

i n a l l y  s o t  a t  a p p ro x im a ts ly  20 £• T h s r s f o r a , v a r i a b le  p o l a r i z s r  #1 was 

s a t  t o  a llo w  o n ly  ona p o l a r i z a t i o n  t o  p a s s  i n t o  th a  s p a c t r o m a ta r  i n i t i a l l y .  

Through r s p s a t a d  a d ju s tm a n ts  o f  t h a  g r a t i n g s '  a x i a l  p o s i t i o n s ,  th a  d a -  

s i r e d  b a n d w id th s  w ars  o b ta in e d  w ith  t h a  c e n t e r - l i n e  f r e q u e n c ie s  s a t  v i s -
0 O

u a l l y  a t  4 4 7 8 .5  A and  4500 A. F i g s . 3 .6 :1 1 a  th ro u g h  i  show th a  ru n  t o  

o b t a in  t h a  5 A b a n d w id th s  f o r  e a c h  o f  th a  s im u lta n e o u s  l a s e r  f r e q u e n c ie s .

H av ing  o b ta in e d  th a  d e s i r e d  b a n d w id th s , th a  n e x t  s to p  was t o  f i n e l y  

a d j u s t  t h a  l a s e r  f r e q u e n c ie s  u s in g  th a  tu n in g  te c h n iq u e  d e s c r ib e d  e a r l i e r  

i n  t h e  s e c t i o n .  The g r a t i n g s '  r o t a t i o n a l  p o s i t i o n s  w ere f i n e l y  a d ju s te d  

u s in g  m ic ro m e te rs  and  t h e  n o rm a liz e d  r e a d in g s  o f  th e  sc o p e s  w ere m axi­

m ized . F ig s .  3 .6 :1 2 a ,  b ,  3 .6 :1 3 a ,  and  b show th e  f i r s t  and  f i n a l  sc o p e  

r e a d in g s  f o r  f i n e  c e n t e r  l i n e  a d ju s tm e n t f o r  t h e  s im u lta n e o u s  l a s e r  f r e ­

q u e n c ie s  4 4 7 8 .5  A and 4500 A r e s p e c t i v e l y .  F ig .  3 .6 :1 4  shows th e  d e s i r -
O

ed  s im u lta n e o u s  o u tp u t  w ith  each  l i n e  a p p ro x im a te ly  5 A w ide and th e
O ©

c e n t e r - l i n e  f r e q u e n c ie s  s e t  a t  4 4 7 8 .5  A and  4500 A.

I n  c o n c lu s io n ,  th e  r e s u l t s  o f  t h e  e x p e r im e n ts  t o  d e te rm in e  w h e th e r  

f re q u e n c y  s h i f t s  and  b a n d w id th  ch an g es  o c c u r  from  s h o t  to  s h o t  d u r in g  

LIDAR o p e r a t io n ,  d e f i n i t e l y  show th e  n e c e s s i t y  f o r  a  c a l i b r a t i o n  sy s te m .

I f  m e a n in g fu l p o l l u t i o n  r e a d in g s  a r e  t o  b e  o b t a in e d ,  c a l i b r a t e d  o u tp u t  

s i g n a l s  m ust b e  u s e d .

In  t h e  f o l lo w in g  c h a p te r ,  c a l i b r a t e d  L1DAR r e t u r n s  a r e  i n t e r p r e t e d  

and  p o l l u t i o n  c o n c e n t r a t io n s  a t  v a r io u s  r a n g e s  from  th e  LIOAR s i t e  a r e  

g iv e n .
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FIGURE 3 .6 :1 1 a  SPECTROMETER PHOTOGRAPH OF THE SIMUL­
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LINES
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FIGURE 3 . 6 : l l e  — THE HH78.5 A AND H500 Jt LASER 
LINE

FIGURE 3 .6  t l l f  — THE U«»78.5 X  AND 4500 A LASER 
LINE
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FIGURE 3 » 6 j l l g  THE *t<*78.5 X  AMD **500 X  LASER FIGURE 3 , 6 : l l h  — THE *»*»78.*» X  AND **500 X  LASER
LINE LIME
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FIGURE 3 .6  ; l l i  — THE **478.5 A AND U500 A LASER LINE
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FIGURE 3 .6 :1 3 a  THE INITIAL FINE TUNING SIGNALS FOR SIMULTANEOUS TWO- 
WAVELENGTH OPERATION FOR OBTAINING FREQUENCY COINCI­
DENCE FOR THE 4500 K LASER LINE
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FIGURE 3 .6 :1 3 b  THE FINAL FINE TUNING SIGNALS FOR SIMULTANEOUS TWO- 
WAVELENGTH OPERATION FOR OBTAINING FREQUENCY COINCI 
DENCE FOR THE 4500 A LASER LINE
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FIGURE 3 . 6 :14  SPECTROMETER PHOTOGRAPH OF THE SIMULTANEOUS 

TWO-WAVELENGTH OUTPUT WITH LASER FREQUENCIES 

FINE TUNED TO 4 4 7 8 .5  A AND 4500 A WITH APPROX­

IMATELY 5 A BANDWIDTHS
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MAXIMUM
TEM PERATURE

Replica on pyrex 
aluminum coating

50 W/cm2 2 MW/cm2 on 
20 - 30 ns

100°C

G ra tin g  C h a r a c t e r i s t i c s

FIGURE 3 .6 :1 5  SPEC. SHEET 3 .6 :1
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CHART NO. 445-19BENTON HARBOR. M ICHIGAN 3 IN i.' S.A

I n t e r f e r e n c e - F i l t e r  C h a r a c t e r i s t i c s  f o r  S im u lta n e o u s  T w o-H avelength  
O p e ra tio n

Spec. S heet 3 .6 :1  Continued
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CHAPTER 4 N02 MEASUREMENTS

4 .1  I n t r o d u c t io n

M easurem ents on NO2 w are  c a r r i e d  o u t  u s in g  l a s a r  o u tp u ts  a t  4478 .5
O O
A and 4500 A. T hese w ere o p tim iz e d  u s in g  th e  p ro c e d u re  d e s c r ib e d  in  

S e c t .  3 .6 .3 .

A lignm en t o f  th e  o u tg o in g  l a s e r  beam w ith  th e  r e c e i v e r  t e l e s c o p e  

was c a r r i e d  o u t  by u s in g  a  w a te r  to w e r  on to p  o f  a  b u i ld i n g  o v e r  2 km 

away a s  a  t a r g e t ,  and  a d j u s t i n g  th e  a lig n m e n t o f  th e  r e c e i v e r  t e le s c o p e  

t o  o b ta in  th e  maximum r e t u r n  s i g n a l  from  i t .  The o u tg o in g  beam goes 

o u t  e a s tw a rd s  from  a  c o rn e r  window i n  o u r  l a b o r a to r y ,  and p a s s e s  o v e r  

u p p e r  M anhattan  and  th e  E a s t  R iv e r .

4 .2  R e s u l ts  o f  F ie ld  T e s ts

4 .2 .1  S e q u e n t i a l  M easurem ents

M easurem ents w ere c a r r i e d  o u t  in  t h e  s e q u e n t i a l  mode o f  o p e r a t io n  

w ith  p u ls e s  f i r e d  a t  i n t e r v a l s  o f  a p p ro x im a te ly  5 s e c o n d s . T hese w ere 

f i r e d  in  t r a i n s  o f  t h r e e  p u l s e s :  o n -p e a k , o f f - p e a k ,  and o n -p e a k .

M easurem ents w ere o n ly  c o n s id e r e d  v a l i d  when th e  f i r s t  and  th e  t h i r d  

p u ls e  r e t u r n s  w ere n e a r ly  i d e n t i c a l ,  i n d i c a t i n g  t h a t  no s u b s t a n t i a l  

s c e n e  change h ad  o c c u r r e d  b e tw een  p u l s e s .

W ith th e  L10AR sy s te m  p o in t in g  o u t  o f  t h e  l a b o r a to r y  w indow , m eas­

u rem e n ts  o f  th e  LIDAR b a c k s c a t t e r  r e t u r n s  a t  4 4 7 8 .5  % and 4500 % w ere 

c a r r i e d  o u t .  The r e t u r n  s i g n a l ,  t h e  o u tp u t  o f  th e  p h o to m u l t i p l i e r  

tu b e  in  th e  r e c e i v e r  s y s te m , was d i s p la y e d  on th e  o s c i l l o s c o p e  and  

r e c o rd e d  p h o to g r a p h ic a l ly .

118
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F ig . 4 .2 :1  shows a  c u rv e  t r a c e  from  an  o s c i l lo s c o p e  p h o to g ra p h  o f  

a  t y p i c a l  r e t u r n  s i g n a l .  The peak  o c c u r r in g  a t  16 us r e p r e s e n t s  th e  

r e f l e c t i o n  from  a  w a te r  to w e r  on to p  o f  a  b u i ld i n g  some 2400 m away 

from  th e  LIOAR s i t e .

F ig . 4 .2 :2  shows th e  t r a c e  o f  th e  r e t u r n  s i g n a l  when a  num ber o f  

chim neys below  th e  beam p a th  w ere  e m i t t i n g  sm oke.

F ig . 4 .2 :3 a  and b show r e s p e c t i v e ly  tw o c u rv e s  p l o t t e d  from  o s c i l ­

lo s c o p e  p h o to g ra p h s  o f  th e  r e t u r n s  a t  4 4 7 8 .5  X  and  4500 X ,  and  th e  c a l ­

i b r a t i o n  s ig n a l s  o b ta in e d  f o r  th e s e  r e a d in g s .  As can  be  se e n  from  th e  

c u r v e s ,  th e  s i g n a l  a t  447 8 .5  X ,  w hich i s  on th e  a b s o r p t io n  p e a k , was
O

c l e a r l y  a t t e n u a t e d  more th a n  th e  s i g n a l  a t  4500 A, w hich  i s  o f f  th e  ab ­

s o r p t io n  p e a k .

The d i f f e r e n t  a t t e n u a t i o n s  may be  n o t ic e d  im m e d ia te ly  by  lo o k in g  a t  

t h e  r e f l e c t i o n  p e a k s  from  th e  b u i ld in g  2400 m (1 6  u s )  aw ay.

The r e l a t i v e  a t t e n u a t i o n  i s  l a r g e s t  o v e r  a  450 m r e g io n  e x te n d in g  

from  a  ra n g e  o f  a p p ro x im a te ly  1050 t o  1500 m. Below th e  LIOAR beam in

t h a t  r e g io n  a r e  s e v e r a l  av en u es w ith  heavy  t r a f f i c .  N02 d e n s i t i e s  o v e r

t h a t  r e g io n  a r e  c a lc u l a t e d  from  th e  c u rv e s  t o  b e  a p p ro x im a te ly  0 .4 6  ppm.

The o v e r a l l  a v e ra g e  d e n s i ty  t o  th e  b u i ld i n g  and  back  i s  a p p ro x im a te ­

l y  0 .0 9  ppm. M easurem ents o f  t h i s  ty p e  show a  c o r r e l a t i o n  w i th in  30 

p e r c e n t  o f  th e  sam ple  m easurem ents made a t  th e  f i x e d - s i t e  D epartm en t o f  

A ir  R eso u rces  m o n ito r in g  s t a t i o n  s i t u a t e d  n e a r  th e  a r e a .

4 .2 .1 .1  F a c to r s  A f f e c t in g  A ccuracy

In  th e  i n i t i a l  f i e l d  t e s t s ,  th e  l a s e r  beam was p a r a x i a l  w ith  th e  

o p t i c a l  r e c e i v e r  a x i s .  T h is  a rra n g e m e n t was u se d  t o  a v o id  l o c a l  s c a t -
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FIGURE 4 . 2 ; 3b SEQUENTIAL CALIBRATION SIGNALS AT 4 4 7 9 .5  A AND 4500 A
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t a r i n g  from  th e  o u tg o in g  baam i n t o  th a  r a c a i v a r .  T h is  s c a t t e r i n g  p ro b ­

lem  was overcom e w ith  a  r e d e s ig n e d  o p t i c a l  a rra n g e m e n t w ith  th e  o u t ­

g o in g  beam c o l l i n e a r  w i th  th e  o p t i c a l  r e c e iv e r  a x i s .  T h is  p e r m i t te d  

t h e  u se  o f  a  much more c o l l im a te d  o u tp u t  beam a lo n g  w ith  a  s m a l le r  a c ­

c e p ta n c e  a n g le  f o r  th e  o p t i c a l  r e c e i v e r  f i e l d  o f  v iew . T h is  h a s  r e s u l t ­

e d  in  im proved  s i g n a l  t o  n o is e  r a t i o s  a s  w e l l  a s  r e d u c in g  th e  im p o rta n c e  

o f  s h o t  t o  s h o t  r e p e a t a b i l i t y  o f  th e  g e o m e tr ic  i n t e n s i t y  d i s t r i b u t i o n  o f  

th e  l a s e r  o u tp u t  p u l s e .

O th e r  f a c t o r s  w ere a l s o  found  t o  a f f e c t  t h e  a c c u ra c y  o f  m easu re­

m en ts . W ith s e q u e n t i a l  o p e r a t i o n ,  changes in  t h e  r e g io n  p ro b ed  by th e  

l a s e r  beam i n  th e  tim e  i n t e r v a l  be tw een  s h o ts  o b v io u s ly  c a u se  e r r o r s .  

Changes a r e  o f  two ty p e s :

1 . S c i n t i l l a t i o n  e f f e c t s ,  w hich  c a u se  r a p i d  changes in  th e  t r a n s ­

m is s io n  o f  th e  beam and b a c k s c a t t e r e d  s i g n a l  th ro u g h  th e  a tm os­

p h e re .

2 . More g ra d u a l  ch an g es due t o  p a r t i c u l a t e s  and  p o l l u t a n t s  b e in g  

blow n by w ind .

S c i n t i l l a t i o n  e f f e c t s  a r e  p a r t i c u l a r l y  b ad  when t h e r e  a r e  l a r g e  

te m p e ra tu re  g r a d i e n ts  a c r o s s  t h e  beam p a th .

To check  t h a t  n e i t h e r  o f  t h e s e  e f f e c t s  i s  c a u s in g  s u b s t a n t i a l  e r ­

r o r s  when s e q u e n t i a l  m easurem ents a r e  b e in g  m ade, th e  l a s e r  i s  o p e ra te d  

in  g roups o f  t h r e e  p u l s e s ,  w ith  th e  f i r s t  p u ls e  b e in g  o f f - r e s o n a n c e ,  

th e  se co n d  o n - re s o n a n c e , and  th e  t h i r d  p u ls e  o f f - r e s o n a n c e  a g a in ,  t o  

e n s u re  no s u b s t a n t i a l  changes w ith  th e  f i r s t .  Z t i s  fo u n d  t h a t  th e s e  

c o n d i t io n s  p r e v a i l  p a r t i c u l a r l y  when t h e r e  a r e  no  p a tc h e s  o f  p a r t i c u ­

l a t e s ,  e . g . ,  smoke d r i f t i n g  a c r o s s  th e  s c e n e  b e in g  v iew e d , and  when
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t h e r e  a r e  no s t r o n g  te m p e ra tu re  g r a d i s n t s  c a u s in g  s c i n t i l l a t i o n  o f ­

f s e t s .  Ths c u rv e s  o f  F ig s .  4 .2 : 1  and  4 .2 :3 a  w ere o b ta in e d  u n d e r  such  

c o n d i t io n s .

F o r c o n d i t io n s  w here th e  s c e n e  o r  o p t i c a l  p a th  i s  ch a n g in g ' r a p id ­

l y ,  w hich  i s  f r e q u e n t ly  th e  c a s e ,  t h e r e  a p p e a rs  t o  be  no rem edy b u t  

t o  u se  s im u lta n e o u s  w a v e le n g th  o p e r a t i o n ,  s o  t h a t  b o th  w a v e le n g th s  a r e  

t r a v e r s i n g  th e  same o p t i c a l  p a th  a t  th e  same t im e .

4 .2 .2  S im u lta n e o u s  Tw o-W avelength M easurem ents

A s e r i e s  o f  f i e l d  t e s t s  w ere c a r r i e d  o u t  o p e r a t in g  th e  l a s e r  in  

th e  s im u lta n e o u s  tw o -w a v e le n g th  mode o f  o p e r a t io n .  For t h i s  p u rp o s e ,  

th e  a rra n g e m e n t d e s c r ib e d  i n  S e c t .  3 .5 .2  and  F ig s .  3 .5 :4 a  and  b was 

u s e d ,  a s  w a l l  a s  th e  c a l i b r a t i o n  c e l l  a rra n g e m e n t d e s c r ib e d  i n  S e c t .

3 .6 .2  and  F ig s .  3 .6 :7 a  and  b .

F ig s .  4 .2 :4 a  th ro u g h  o e a ch  show t y p i c a l  p a i r s  o f  c u rv e s  p l o t t e d  

from  o s c i l lo s c o p e  p h o to g ra p h s  o f  t h e  LIDAR r e t u r n s  and  th e  c a l i b r a t i o n  

s i g n a l s  a t  4 4 7 6 .5  X and 4500 A f o r  v a r io u s  t im e s  d u r in g  th e  day .

D uring  th e  f i e l d  t e s t s  i t  was n o te d  t h a t  t h e  r e a d in g s  from  th e  

c a l i b r a t i o n  sy s te m  i n d ic a t e d  t h a t  t h e r e  was a  m ono ton ic  n a rro w in g  in  

l a s e r  b an d w id th  w ith  t h e  num ber o f  l a s e r  f i r i n g s .  T h is  can  r e a d i l y  be  

se e n  in  v iew  o f  F ig s .  4 .2 : 4 b ,  d ,  f ,  h ,  j ,  1 ,  and  n .  These c u rv e s  show 

t h a t  th e  d i f f e r e n c e  i n  e f f e c t i v e  a b s o r p t io n  c r o s s  s e c t i o n s  in c r e a s e d  

w ith  th e  num ber o f  t im e s  th e  l a s e r  was f i r e d .

The e f f e c t i v e  N02 a b s o r p t io n  c r o s s  s e c t i o n s  t h e r e f o r e  v a r i e d  from  

5 .4 3  X 10”19 cm2 and 4 .1 7  X 10 *19 cm2 t o  6 .3 6  X 10“19 cm2 and  3 .5 4  X

-1 9  2 o o
10 cm f o r  th e  4 4 7 8 .5  A and 4500 A l i n e s  r e s p e c t i v e l y .  T h is  e f f e c t  

was e x p e c te d ,  and  a s  e x p la in e d  in  S e c t .  3 .6  i s  due t o  s o l a r i z a t i o n  o f
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r
(m)

r
(m)

T Iim N02 C o n c e n tra tio n  
(ppm)

U n c a r ta in i ty
(ppm)

1050 450 8 :4 5  A. M. 0 .2 9 0 .0 5

9 :0 0  A. M. 0 .3 1

9 :3 0  A. M. 0.21

5 :3 0  P . M. 0 .2 6

6 :0 0  P . M. 0 .2 4

6 :3 0  P . M. 0 .1 5

8 :00  P . M. 0 .1 4

750 300 8 :45  A. M. 0 .3 1 0 .0 7

9 :0 0  A. M. 0.22

9 :3 0  A. M. 0.22

5 :30  P . M. 0 .1 9

6 :0 0  P . M. 0 .1 5

6 :3 0  P . M. 0 .1 6

8 :0 0  P . M. 0.11

FROM 2400 8 :4 5  A. M. 0.11 0 .0 0 9
LIDAR
SITE 9 :0 0  A. M. 0.11

TO
BLDG. 9 :3 0  A. M. 0 .0 9

5 :3 0  P . M. 0 .0 9

6 :0 0  P . M. 0 .0 8

6 :3 0  P . M. 0 .0 6

8 :00  P . M. 0 .0 6

TABLE 4 .2 :1  RANGE, RESOLUTION, N02 POLLUTION CONCENTRATION,

AND UNCERTAINTIES FOR VARIOUS TIKES DURING THE DAY



141

th «  dye and d e g ra d a t io n  o f  g a in  fo llo w in g  many l a s a r  f i r i n g s  d u r in g  th e  

c o u rs a  o f  t h e  d ay .

From th a  t r a c e s  o f  th e  LIOAR r e t u r n s .  F ig s .  4 .2 : 4 a ,  c ,  e ,  g ,  i ,  k ,  

and  m, i t  i s  s e e n  t h a t  in  e a c h  c a se  th e  r e l a t i v e  a t t e n u a t i o n  i s  l a r g e s t  

o v e r  a  450 m r e g io n  e x te n d in g  from  a  ra n g e  o f  a p p ro x im a te ly  1050 m t o  

1500 m. T h is  r e s u l t  c o rre s p o n d s  w e l l  w ith  t h e  f a c t  t h a t  o v e r  t h a t  r e ­

g io n  th e  LIDAR beam c r o s s e s  o v e r  s e v e r a l  av en u es  w ith  heavy  t r a f f i c .

T a b le  4 .2 :1  l i s t s  th e  p o l lu t i o n  c o n c e n t r a t io n  m easured  a t  v a r io u s  

t im e s  d u r in g  a t y p i c a l  d ay . The r e g io n  o f  p a r t i c u l a r  i n t e r e s t  t o  ob­

s e rv e  p o l l u t i o n  ch an g es d u r in g  ru s h  h o u rs  i s  l o c a t e d  a p p ro x im a te ly  1200 

m from  th e  LIOAR s i t e  ( th e  r e g io n  w here a r e a s  o f  heavy  t r a f f i c  e x i s t ) .  

T a b le  4 .2 :1  shows t h a t  th e  r e a d in g s  o b ta in e d  a t  th e  ra n g e  o f  1050 m and 

d e p th  r e s o l u t i o n  o f  450 m do i n  f a c t  e v id e n c e  p e ak s  in  p o l lu t i o n  l e v e l s  

d u r in g  th e  m orn ing  and  e v e n in g  ru s h  h o u r s ,  w h ile  d ro p p in g  lo w e r  t h e r e ­

a f t e r .  From 1 :4 5  a .m . t o  9 :0 0  a .m . th e  p o l l u t i o n  l e v e l  rem a in ed  a p p ro x ­

im a te ly  t h e  same (0 .2 9  ppm t o  0 .3 1  ppm r e s p e c t i v e l y ) ,  th e n  d e c l in e d  to

0 .2 1  ppm a t  9 :3 0  a .m . .  D uring  th e  e v e n in g  ru s h  h o u rs  t h e  peak  NO2 con ­

c e n t r a t i o n  re a c h e d  0 .2 6  ppm a t  5 :3 0  p .m . th e n  d e c l in e d  t o  0 .2 4  ppm a t  

6 :0 0  p .m ..  T h e r e a f t e r ,  t h e  l e v e l  o f  N02 p o l l u t i o n  re d u c e d  s t e a d i l y  from

0 .1 5  ppm a t  6 :3 0  p .m . t o  0 .1 4  ppm a t  8 :00  p .m . .  The o v e r a l l  a v e ra g e  N02 

d e n s i ty  o b se rv e d  from  th e  b u i ld in g  (2400 a  o r  16 us away) t o  th e  LIDAR 

s i t e  ra n g e d  from  0 .1 1  ppm t o  0 .0 6  ppm from  8 :4 5  a .m . t o  8 :00  p .m . r e s p e c ­

t i v e l y .

These a v e ra g e  d e n s i ty  r e s u l t s  w ere g e n e r a l ly  fo und  t o  be w i th in  30 

p e r c e n t  o f  th e  v a lu e s  m easured  by  th e  New York C i ty  D epartm en t o f  A ir  

R eso u rces  f i x s d - s i t e  m o n ito r in g  s t a t i o n  s i t u a t e d  a  s h o r t  d i s t a n c e  t o  th e  

s o u th  o f  th e  LIDAR beam t r a j e c t o r y .
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■4.3 E r r o r  A n a ly s is

F or th e  p r a c t i c a l  i n t e r p r e t a t i o n  o f  t h e  LIOAR p o l lu t i o n  m easu re­

m ents i t  i s  u s e f u l  t o  know th e  u n c e r t a i n i t y  t h a t  i s  a s s o c i a te d  w ith  

t h e  m easu rem en t. Towards t h i s  e n d , an e x p e rim e n t was p e rfo rm e d  in  

w hich  a  known c o n c e n t r a t io n  o f  NO2 was m o n ito re d  by th e  LIDAR sy s te m .

The e x p e r im e n ta l  s e tu p  i s  shown i n  F ig . 4 .3 : 1 .  The s im u lta n e o u s  

l a s e r  o u tp u t  p a s s e d  th ro u g h  a  1 /2  m sam ple  c e l l  w hich  c o n ta in e d  609 

ppm o f  NO2 i n  H2 . The o u tp u t  was th e n  d i r e c t e d  i n t o  th e  a tm o sp h e re  

and  th e  b a c k s c a t t e r e d  r e t u r n s  w ere m o n ito re d  by th e  r e c e iv in g  sy s te m . 

Each o u tp u t  p u ls e  was m o n ito re d  by  th e  c a l i b r a t i o n  sy s te m  and  th e  s i g ­

n a l s  o b ta in e d  from  d e te c to r s  1 and 3 i n  th e  c a l i b r a t i o n  s e tu p  s e rv e d  

a s  t h e  b e f o r e - c e l l  s i g n a l s  f o r  b o th  t h e  c a l i b r a t i o n  and sam ple c e l l s .  

The e x p e rim e n t was p e rfo rm e d  on a  w indy c l e a r  n i g h t  su ch  t h a t  c l e a r -  

a i r  c o n d i t io n s  e x i s t e d ,  and t h a t  th e  o u tp u t  s i g n a l s  w ould  n o t  be  f u r ­

t h e r  a t t e n u a t e d  by  am b ien t l e v e l s  o f  NO2 .

By know ing th e  b e f o r e  c e l l  r e a d in g s  and  th e  s ig n a l s  b a c k s c a t t e r e d  

from  th e  a tm o s p h e re , th e  p o l l u t a n t  c o n c e n t r a t io n  i n  ppm*&r(m) was ob­

t a i n e d  f o r  a  s e r i e s  o f  S s h o t s .  The mean v a lu e  o f  th e  d e v ia t io n s  from  

th e  known c o n c e n t r a t io n  i n  th e  c e l l  (609  ppm in  1 /2  m * 3 0 4 .5  ppm *ar 

( m ) ) ,  was c a lc u l a t e d  t o  be  21 ppm *ar(m ) o r  0 .0 2 1  ppm*&r(km). F ig .

4 ,3 :2  shows t h e  r e s u l t s  o f  th e  e x p e r im e n t .

Knowing th e  u n c e r t a i n i t y  a s s o c i a te d  w ith  a  g iv e n  d e p th  r e s o l u t i o n ,  

& r, th e  c o rre s p o n d in g  v a lu e s  w ere c a l c u l a t e d  f o r  th e  p o l lu t i o n  r e a d in g s  

and  a r e  shown in  T a b le  4 .2 : 1 .

In  c o n c lu s io n ,  th e  r e s u l t s  o b ta in e d  from  th e  LIDAR f i e l d  m easu re­

m ents w ere w hat w ere e x p e c te d . The N02 p o l l u t i o n  l e v e l  p eak ed  a t  ru sh
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h o u r  t im e s  and  l a v a l a d  o f f  t h e r e a f t e r .  The p o l l u t i o n  l e v e l s  c a l c u l a t ­

e d  from  th e  r e t u r n s  a r e  t y p i c a l  o f  th e  l e v e l s  found  a t  i n t e r s e c t i o n s  

an d  a v e n u es  o f  heavy  t r a f f i c .

An e x p e r im e n t was p e rfo rm e d  t o  o b t a in  q u a n t i t a t i v e  u n c e r t a i n t i e s  

a s s o c i a t e d  w ith  e a ch  p o l l u t i o n  r e a d in g  o b ta in e d  in  t h e  s im u lta n e o u s  

mode o f  o p e r a t io n .  The v a r i a t i o n s  i n  th e  r e a d in g s  o b ta in e d  by th e  

LIDAR sy s te m  i n  m o n ito r in g  th e  known c o n c e n t r a t io n  o f  NOj w ere p r im a r i ­

l y  a t t r i b u t e d  t o  am b ien t l e v e l s  o f  NO2 p r e s e n t  d u r in g  th e  tim e  o f  th e  

e x p e r im e n t .



CHAPTER 5 SIMULTANEOUS MULTIWAVELENGTH OUTPUTS FROM ENERGY-TRANSFER 

DYE-MIXTURE LASERS

S . l  I n t r o d u c t io n

In  a  aacond  g a n a r a t io n  LIDAR sy s ta m  i t  w ould b e  d a s i r a b l a  t o  hava 

t h a  c a p a b i l i t y  o f  m o n ito r in g  s a v a r a l  p o l l u t a n t s  s im u l ta n a o u s ly .  T h is  

can  ba a c c o a p l is h a d  by l a s  in  g s im u l ta n a o u s ly  i n  th a  s p a c t r a l  r e g io n s  

n a c a s s a ry  t o  m o n ito r  th e  p o l l u t a n t s  o f  i n t e r e s t .

T h u s , th o u g h  th a  work b e in g  r e p o r t e d  h a re  c a n te r e d  p r im a r i ly  on th a  

d e te c t i o n  o f  NOj, an  e x p e r im e n ta l  p rogram  was c a r r i e d  o u t  on dye mix­

t u r e s  f o r  th e  p u rp o se  o f :

O b ta in in g  s im u lta n e o u s  o u tp u ts  a t  two p a i r s  o f  w a v e le n g th s , one

i n  th e  <*500 A s p e c t r a l  r e g io n  ( f o r  m o n ito r in g  NO2 ) and  th e  o th -
0 « 

e r  i n  th e  6200 A s p e c t r a l  r e g io n .  (The o u tp u ts  in  th e  6200 A

re g io n  c o u ld  th e n  be  u s e d , in  c o n ju n c t io n  w ith  f re q u e n c y  dou­

b l i n g ,  f o r  m o n ito r in g  S02 and 03 i n  th e  3100 X s p e c t r a l  r e g i o n . ) 

The p rogram  c a r r i e d  o u t  was s u c c e s s f u l  and  s im u lta n e o u s  l a s e r  o p e ra ­

t i o n  was o b ta in e d  a t  two and  even  t h r e e  w a v e le n g th s  ( i n  th e  t h r e e  p r i -

77
mary c o lo r s )  f o r  th e  f i r s t  t im e .

To a c h ie v e  th e s e  r e s u l t s ,  u se  was made o f  e n e rg y  t r a n s f e r  p r o c e s s e s

in  o r g a n ic  dye m ix tu re s .  E nergy t r a n s f e r  p r o c e s s e s  i n  o r g a n ic  dyes have
74-89

r e c e iv e d  some c o n s id e r a t io n  in  th e  p a s t .  The r e s u l t s  o f  th e  e x p e r­

im e n ts  d e s c r ib e d  below  c o n c lu s iv e ly  d e m o n s tra te  t h a t :

1 . In  a  m ix tu re  o f  tw o o r  more dy es  i n  a  s o l u t i o n ,  e x c i t a t i o n  e n e r ­

gy may be  v e ry  e f f i c i e n t l y  t r a n s f e r r e d  from  an  e x c i t e d  m o lecu le  

o f  one s p e c ie s  t o  a n o th e r ,  and  t h a t  th e  p r o c e s s  may b e  r e p e a te d

146
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s u c c e s s iv e ly  t o  a  t h i r d  dye w ith  th e  e x c i t a t i o n  e n e rg y  b e in g  

e f f i c i e n t l y  c a sc a d e d  t o  s t i l l  lo n g e r  w a v e le n g th s .

2 .  f u r th e rm o re ,  s im u lta n e o u s  o u tp u ts  a t  s e v e r a l  w id e ly  s e p a r a te d  

s p e c t r a l  r e g io n s  may be  o b ta in e d  from  a  d y e -m ix tu re  l a s e r .

3 . Dye m ix tu re s  can  be u se d  t o  re d u c e  th e  r e q u i r e d  c o n c e n t r a t io n  

o f  t h e  l a s i n g  d y e , w h ile  s t i l l  m a in ta in in g  e f f e c t i v e  a b s o rp ­

t i o n  o f  th e  pump s o ru c e  r a d i a t i o n .  The re d u c e d  c o n c e n t r a t io n  

o f  th e  l a s i n g  dye re d u c e s  s e l f - a b s o r p t i o n  lo s s e s  a t  t h e  l a s e r  

w a v e le n g th s . T h is  in  t u r n  re d u c e s  th r e s h o ld  u p p e r  l e v e l  popu­

l a t i o n  d e n s i ty  r e q u i r e m e n ts ,  and t h e r e f o r e  th e  r e q u i r e d  pump 

s o u rc e  i n t e n s i t y .

A seco n d  s e r i e s  o f  e x p e r im e n ts  was c a r r i e d  o u t  t o  d e f in e  th e  e n e rg y  

t r a n s f e r  p r o c e s s e s  in v o lv e d . P o s s ib le  p r o c e s s e s  w ere e i t h e r  r a d i a t i v e  

o r  n o n r a d ia t iv e  re so n a n c e  t r a n s f e r  o r  a  co m b in a tio n  o f  th e  tw o . Two 

e x p e r im e n ts  w ere d e v is e d  w hich r e q u i r e d  o n ly  s t a t i c  m easurem ents t o  be 

p e rfo rm e d .

The n e x t  s e c t i o n  c o n s id e r s  t h e  t h e o r e t i c a l  b ack g ro u n d  f o r  e n e rg y  

t r a n s f e r  p r o c e s s e s  t h a t  c o u ld  o c c u r  a t  th e  c o n c e n t r a t io n s  found  optimum 

f o r  s im u lta n e o u s  l a s e r  a c t i o n  in  d y e -m ix tu re  l a s e r s .

5 .2  E nergy  T r a n s f e r  M echanisms

5 .2 .1  I n t r o d u c t io n

The c h a r a c t e r i s t i c s  o f  a  d o n o r -a c c e p to r  sy s te m  in  w hich in te r m o le c -  

u l a r  e n e rg y  t r a n s f e r  p la y s  th e  dom inan t r o l e  a r e  i l l u s t r a t e d  s c h e m a ti­

c a l l y  in  f i g .  5 .2 : 1 .  T h e re , th e  f lu o r e s c e n c e  e m is s io n  sp e c tru m  o f  donor 

m o le c u le  D o v e r la p s  i t s  own a b s o rp t io n  sp e c tru m  a s  w e l l  a s  t h a t  o f  th e
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a c c e p to r  m o lecu le  A. T hese s p e c t r a  i n d i c a t e  an o v e r la p  in  th e  e n e rg y  

m a n ifo ld s  o f  t h e  t r a n s i t i o n s  i n  0 and th e  a b s o r p t iv e  t r a n s i t i o n s  in  0 

and A, th u s  p e r m i t t in g  e x c i t a t i o n  t r a n s f e r  from  D t o  D and from  D t o  A. 

E nergy t r a n s f e r  a lo n g  a  c h a in  o f  d o n o r t o  d o n o r m o le c u le s  and  from  don­

o r  t o  a c c e p to r  m o le c u le s  a r e  t h e r e f o r e  p o s s ib le *  I t  i s  a l s o  c l e a r  t h a t  

su ch  a  p ro c e s s  can  be  c a sc a d e d  down th ro u g h  s e v e r a l  d y e s ,  e . g . ,  0 t o  A 

t o  B t o  C. T h is  i s  shown i n  F ig . 5 .2 : 2 .

A seco n d  ty p e  o f  dye m ix tu re  i n  w hich  s im u lta n e o u s  e m is s io n  i s  p o s ­

s i b l e  i s  i l l u s t r a t e d  in  F ig . 5 .2 : 3 .  In  t h i s  e a s e  th e  a b s o r p t io n  bands 

o f  dyes D and A o v e r la p ,  w h ile  th e  e m is s io n  b an d s  a r e  w id e ly  s e p a r a te d .  

T h u s , e x c i t a t i o n  o f  su c h  a  m ix tu re  w i l l  r e s u l t  in  s im u lta n e o u s  e x c i t a ­

t i o n  o f ,  and e m is s io n  (a n d  p o s s ib ly  l a s e r  e m is s io n  u n d e r  th e  a p p r o p r i ­

a t e  c o n d i t io n s )  from  b o th  d y e s .

The m ain m echanism s t h a t  can be  r e s p o n s ib le  f o r  th e  in te r m o le c u la r

e n e rg y  t r a n s f e r  be tw een  th e  d o n o r-d o n o r  p a i r s  and  d o n o r -a c c e p to r  p a i r

7 6 ,9 0 -9 2  m o le c u le s  a r e : *

1 . r a d i a t i v e  t r a n s f e r  by means o f  r a d i a t i o n  by  th e  d o n o r dye and 

r e a b s o r p t io n  by  th e  d o n o r and  a c c e p to r  d y e s .

2 . s i n g l e t - s i n g l e t  n o n r a d ia t iv e  t r a n s f e r  be tw een  d o n o r and  donor 

m o le c u le s  and  betw een  d o n o r and  a c c e p to r  m o le c u le s  due t o  

cou lom b ic  i n t e r a c t i o n s  ( d ip o l e - d i p o le  e t c . )  and  exchange  o r  c o l ­

l i s i o n  in d u c e d  n o n r a d ia t iv e  decay  b ack  t o  ^Sq (g ro u n d  s t a t e ) .

5 .2 .2  R a d ia t iv e  and N o n ra d ia t iv e  E nergy  T r a n s f e r

In  t h e  c a se  o f  r a d i a t i v e  t r a n s f e r ,  e x c i t a t i o n  t r a n s f e r  r a t e s  a r e  r e ­

l a t e d  in  a  r e l a t i v e l y  s t r a ig h t f o r w a r d  m anner by  th e  v a lu e s  o f  th e  a b s o rp -
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t i o n  and a m is s io n  c r o s s  s e c t i o n s  o f  th e  a c c e p to r  and d o n o r dye and 

t h e i r  e x t e n t  o f  o v e r l a p ,  and  t a k e s  p la c e  o v e r  d i s t a n c e s  g r e a t e r  th a n

A n a ly s is  o f  t h e s e  f a c t o r s  show t h a t  t h e  p r o b a b i l i t y  o f  r a d i a t i v e

w h e re ,

1 a th e  specim en  t h i c k n e s s ,

f D a th e  d o n o r n o rm a liz e d  f lu o r e s c e n c e  s p e c tru m ,

Ed s  th e  a c c e p to r  a b s o r p t io n  c o e f f i c i e n t ,

[Na ]  3 t h e  m o la r c o n c e n t r a t io n  o f  a c c e p t o r s ,  and 

Q 3 th e  quantum  e f f i c i e n c y  o f  th e  d o n o r .

The m echanism  o f  s i n g l e t  s t a t e  t r a n s f e r  o f  e n e rg y  be tw een  dorior

93and  a c c e p to r  m o le c u le s  was a n a ly z e d  by  F o r s t e r .  A cco rd in g  t o  F o r s t e r ,  

t h e  p r o b a b i l i t y  o f  n o n r a d ia t iv e  t r a n s f e r  from  a  d o n o r t o  an a c c e p to r  

m o le c u le  i s  p r o p o r t io n a l  t o  th e  o v e r la p  o f  th e  f lu o r e s c e n c e  band  o f  th e  

d o n o r and  th e  a b s o r p t io n  band o f  th e  a c c e p to r  m o le c u le . T h is  i s  a  r e s o ­

n an ce  t r a n s f e r  m echanism  and  i s  i l l u s t r a t e d  i n  F ig . 5.2:*♦. R a d ia t io n -  

l e s s  t r a n s f e r  due t o  cou lom b ic  i n t e r a c t i o n  t a k e s  p la c e  o v e r  d i s t a n c e s  

l e s s  th a n  50 t o  100 A d e p en d in g  upon th e  m o le c u le s  in v o lv e d  i n  t h e  p ro ­

c e s s .  The p r o b a b i l i t y  o f  n o n r a d ia t i v e  e n e rg y  t r a n s f e r ,  KET(KONRAD), 

from  an  e x c i t e d  f l u o r e s c e n t  m o le c u le  D t o  an a c c e p to r  m o le c u le  A i s  

e x p re s s e d  b e lo w :

50 t o  100 X.

t r a n s f e r ,  KET(RAD), i s  g iv e n  b y :

Kgf(RAD )^ 2 .

90y :
e*

2.3Q 3C H >]l^ fn(0)E ,(\> )dT ). ( 5 .2 : 1 )

Kpr(N0NRAD) 3 1
6

( 5 . 2 : 2 )

where
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R«6 * (9 0 0 0 1 n l0 > * 2 ( fn < V )E * ( lto d \)
^  °  ' T *-------

0

w h e re ,

t 0 * th e  f lu o r e s c e n c e  l i f e t i m e  o f  i s o l a t e d  d o n o r s ,

R * th e  d i s t a n c e  betw een  0 and A, 

n * th e  r e f r a c t i v e  in d e x ,

f D « th e  n o rm a liz e d  f lu o r e s c e n c e  i n t e n s i t y  o f  D,

E * th e  a b s o r p t io n  c o e f f i c i e n t  o f  A,A
2X s * g e o m e tr ic a l  f a c t o r  « x  > s 2/3), and

Rq > th e  c r i t i c a l  t r a n s f e r  d i s t a n c e  a t  w hich  t h e r e  i s  e q u a l

p r o b a b i l i t y  o f  r a d i a t i v e  o r  n o n r a d ia t iv e  re so n a n c e  t r a n s ­

f e r  t o  o c c u r .

5 .3  M u ltiw a v e le n g th  L a s e r  A c tio n  in  Dye M ix tu re s— E x p e r im e n ta l  R e s u l ts  

In  th e  f i r s t  s e r i e s  o f  e x p e r im e n ts  c a r r i e d  o u t ,  dye m ix tu re s  w ere 

chosen  from  w hich  s im u lta n e o u s  l a s e r  o u tp u ts  a t  u s e f u l  s p e c t r a l  com bi­

n a t io n s  c o u ld  b e  o b ta in e d .  7 - d ie th y la m in o -4  m eth y l c o u m a rin e , A c r i f l a ­

v i n e ,  and  Rhodamine B c o n s i s t u te d  a  m ix tu re  from  w hich dye l a s e r  o u t -

77p u ts  c o u ld  b e  o b ta in e d  a t  t h e  t h r e e  p r im a ry  c o lo r s .

F ig .  5 .3 :1  shows th e  a b s o r p t io n  and f lu o r e s c e n c e  s p e c t r a  o f  t h e s e  

t h r e e  d y e s . The a b s o r p t io n  b an d s  o f  A c r i f l a v in e  and Rhodamine a r e  se en  

t o  o v e r la p  th e  f lu o r e s c e n c e  b ands o f  th e  Coum arine and th e  A c r i f l a v in e  

r e s p e c t i v e l y .  T h is  o v e r la p  in  th e  e n e rg y  gaps o f  t h e s e  dyes w ould p e r ­

m i t ,  i n  p r i n c i p l e ,  e x c i t a t i o n  e n e rg y  t r a n s f e r  from  Coum arine t o  th e  

A c r i f l a v in e  and  from  th e  A c r i f l a v in e  t o  Rhodamine B e i t h e r  by r a d i a t i v e  

o r  n o n r a d ia t iv e  re s o n a n c e  t r a n s f e r .
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I t  was t h a r e f o r a  p o s s ib l e  t o  u se  th e  3371 A o u tp u t  o f  an  M2 l a s e r

t o  e x c i t e  t h e  Coum arine dye and  o b ta in  e x c i t a t i o n  t r a n s f e r  t o ,  and

s im u lta n e o u s  e m is s io n  ( in c lu d in g  l a s e r  e m is s io n )  f ro m , a l l  t h r e e  dyes

in  a  m ix tu re  w ith  a p p r o p r i a t e  c o n c e n t r a t io n  r a t i o s .

F ig .  5 .3 :2  shows th e  a b s o r p t io n  and  f lu o r e s c e n c e  sp e c tru m  o f  t h i s

th r e e - d y e  m ix tu re  a t  c o n c e n t r a t io n s  found  optimum f o r  t h r e e - c o l o r

l a s e r  o p e r a t io n .  The a b s o r p t io n  c u rv e  shown i s  f o r  a  1 .0  mm o p t i c a l

p a th  l e n g t h ,  and e th a n o l  was th e  s o lv e n t  u s e d . E x c i ta t i o n  f o r  th e

f r o n t  s u r f a c e  f lu o r e s c e n c e  m easurem ents d e p ic te d  in  F ig . 5 .3 :2  was by 
0

means o f  th e  3650 A o u tp u t  o b ta in e d  from  an Hg d is c h a r g e  lam p. T h is  

i s  a b so rb e d  by th e  C oum arine , w hich  t r a n s f e r s  e x c i t a t i o n  t o  th e  A c r i­

f l a v i n e ,  w hich  in  t u r n  t r a n s f e r s  e x c i t a t i o n  t o  th e  Rhodamine B. F ig .  

5 .3 :3  shows th e  e x p e r im e n ta l  s e tu p  u se d  t o  o b ta in  th e  a b s o r p t io n  and 

e m is s io n  c u rv e s  o f  th e  d y e s .

The d i f f e r e n t  c o n c e n t r a t io n s  u se d  f o r  e ach  o f  th e  t h r e e  dyes a r i s e s

from  th e  f a c t  t h a t  th e  e x c i t a t i o n  s o u rc e  f o r  l a s e r  a c t i o n  in  th e  dye
0

m ix tu re  was t h e  200-kw 3 0 -n s  1-HZ N2 l a s e r  o u tp u t  a t  3371 A. The ab ­

s o r p t io n  o f  t h i s  pump l i g h t  was t h e r e f o r e  p re d o m in a n tly  by th e  Coumar­

in e  d y e , hence  i t s  l a r g e  c o n c e n t r a t io n  re q u ire m e n ts  r e l a t i v e  t o  th e  

o t h e r  two d y e s . T h u s , i n  t h i s  c a s e ,  t h e  ty p e  o f  dye m ix tu re  u se d  w ould 

be  a  co m b in a tio n  o f  t h e  ty p e s  d e p ic te d  in  F ig s .  5 . 2 l l ,  2 ,  and 3 . W ith 

t h i s  t h r e e  dye m ix tu re ,  l a s e r  a c t i o n  was o b ta in e d  s im u l ta n e o u s ly  a t
0 0  O

t h r e e  w a v e le n g th s  c e n te r e d  a t  *»U00 A, *+900 A, and 6200 A. T hese o u t ­

p u ts  c o u ld  b e  i n d iv i d u a l l y  tu n e d  o v e r  a  ran g e  o f  a p p ro x im a te ly  15 A, a s  

shown in  F ig . 5 .3 : 3 .

T h a t e x c i t a t i o n  t r a n s f e r  i s  t h e  p red o m in an t m echanism  f o r  e x c i t i n g
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l a s e r  a c t i o n  in  th a  A c r i f l a v in e  and Rhodamine B i s  c o n firm e d  by th e  

f a c t  t h a t  i t  was n o t  p o s s ib l e  t o  o b ta in  l a s e r  a c t i o n  from  A c r i f l a v in e  

a lo n e ,  a t  any c o n c e n t r a t io n ,  u s in g  th e  3371 X N2 l a s e r  o u tp u t  f o r  ex ­

c i t a t i o n ,  w h ile  l a s e r  a c t i o n  by  d i r e c t  e x c i t a t i o n  a t  3371 X o f  Rho­

dam ine B a lo n e  was found  t o  r e q u i r e  an  o r d e r  o f  m ag n itu d e  h ig h e r  con­

c e n t r a t i o n  o f  Rhodamine B w ith  th e  same o p t i c a l  a rra n g e m e n t u s e d .

See F ig . 5 . 3 : t .

For tw o -w av e len g th  o p e r a t io n  in  t h e  1500 A and  6200 A  r e g i o n ,  th e  

c o n c e n t r a t io n  o f  th a  c e n t e r  d y e , A c r i f l a v i n e ,  was r e d u c e d , and  t h a t  

o f  t h e  Rhodamine B in c r e a s e d .  T h is  r e s u l t e d  in  e f f e c t i v e  l a s e r  o p e r­

a t i o n  a t  t h e  d e s i r e d  s p e c t r a l  r e g io n s .  F ig .  5 .3 :5  shows th e  sp e c tru m  

o f  th e  dye m ix tu re  f o r  tw o -w a v e le n g th  o p e r a t io n .  An o p t i c a l  a r r a n g e ­

ment s u i t a b l e  f o r  g e t t i n g  s im u lta n e o u s  l a s e r  a c t i o n  a t  tw o p a i r s  o f  

w a v e le n g th s  in  e a c h  o f  t h e  s p e c t r a l  r e g io n s  o f  i n t e r e s t  i s  shown in  

F ig .  5 .3 : 6 .

By com paring  th e  f lu o r e s c e n c e  quantum  y i e l d  f o r  e a ch  o f  th e  t h r e e  

dyes a lo n e  w ith  t h e  f lu o r e s c e n c e  quantum  y i e l d  f o r  th e  dye m ix tu r e s ,  

i t  was fo und  t h a t  t h e  f lu o r e s c e n c e  quantum  y i e l d  f o r  th e  s i n g l e - s t e p  

t r a n s f e r  p r o c e s s ,  Coum arine t o  A c r i f l a v i n e ,  was a p p ro x im a te ly  90 p e r ­

c e n t .  The y i e l d  f o r  t h e  tw o - s te p  t r a n s f e r  p r o c e s s ,  Coum arine t o  A c r i­

f l a v i n e  t o  Rhodamine B , was a p p ro x im a te ly  80 p e r c e n t .

5 .1  E nergy  T r a n s f e r  M echanisms— E x p e r im e n ta l  R e s u l ts

5 .1 .1  R a d ia t iv e  E nergy  T r a n s f e r

I f  e n e rg y  t r a n s f e r  w ere p re d o m in a n tly  a  r a d i a t i v e  p ro c e s s  a t  th e  

c o n c e n t r a t io n s  r e q u i r e d  f o r  s im u lta n e o u s  l a s e r  a c t i o n ,  th e  e n e rg y
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t r a n s f e r  r a t s  w ould  be  g iv e n  by  Eq. 5 .2 : 1 .  The e n e rg y  t r a n s f e r  r a t e  

from  D t o  A w ould  b e  d i r e c t l y  p r o p o r t io n a l  t o  th e  o v e r la p  i n t e g r a l ,  P , 

a s  d e f in e d  i n  Eq. 5 .2 : 1 .  T h u s , th e  e m is s io n  from  th e  a c c e p to r  m olec­

u l e s ,  A, w ould  be  p r o p o r t io n a l  t o  t h e  p ro d u c t  o f  t h e  quantum  e f f i c i e n c y  

o f  A and  th e  o v e r la p  i n t e g r a l  P .

Two p a i r s  o f  d y es  w ere  ch o sen  su c h  t h a t  t h e  a b s o r p t io n  s p e c tru m  o f  

each  a c c e p to r  dye o v e r la p p e d  t h e  f lo u r e s c e n c e  sp e c tru m  o f  t h e  same do­

n o r  dye d i f f e r e n t l y .  R e la t iv e  m easu rem en ts w ers made t o  d e te rm in e  th e  

dom inan t m echanism  f o r  e n e rg y  t r a n s f e r  i n  th e  f o l lo w in g  m anner:

P^n^i * F lu o re s c e n c e  o f  Ai in  m ix tu re  1 ,
P2nQ2 f lo u r e s c e n c e  o^  A^ in  m ix tu re  2

( 5 .4 : 1 )

w h e re ,

a a c c e p to r  dye i l l ,

A2 a a c c e p to r  dye # 2 ,

P i ,2 a t h e  o v e r la p  i n t e g r a l s  o f  t h e  f lu o r e s c e n c e  sp e c tru m  o f  

d o n o r d y e , D, w i th  th e  a b s o r p t io n  sp e c tru m  o f  a c c e p to r

dy®. a1>2» ^

nQl 2 3 t h * 4uantum  e f f i c i e n c i e s  o f  t h e  a c c e p to r  dy es  A j^2 .

I f  Eq. 5 .4 :1  h o l d s ,  i t  can  th e n  be c o n c lu d e d  t h a t  th e  dom inan t 

m echanism  f o r  e n e rg y  t r a n s f e r  i s  by  th e  r a d i a t i v e  p r o c e s s .

In  th e  e x p e r im e n ts  p e r fo rm e d , D ic h lo r o f lu o r e s c e in  was ch o sen  a s  th e  

d o n o r , and Rhodamine B and  DODC a s  a c c e p to r s .  E th a n o l was u se d  a s  th e  

s o lv e n t .  The e x c i t i n g  l i n e  was th e  4880 A o u tp u t  o f  an a rg o n - io n  l a s e r  

w hich e x c i t e d  t h e  d o n o r a lo n e .  F ig .  5 .4 :1  shows th e  e x p e r im e n ta l  s e t ­

up u se d  t o  d e te rm in e  th e  a b s o r p t io n  and f r o n t  f lu o r e s c e n c e  s p e c t r a  o f  

th e  d y e s . The e x p e r im e n t was ru n  w ith  b o th  dy es  in  b o th  m ix tu re s  a t
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t h e  sain* c o n c e n t r a t io n .  Tha f i r s t  m ix tu re  c o n s i s t e d  o f  D ic h lo r o f lu -  

o r e s c e in  (2  X 10”2 M /1 ), d o n o r , and DODC (5 .5 2  X 10” 5 ) ,  a c c e p t o r ,  in  

e th a n d l .  The seco n d  m ix tu re  c o n s i s t e d  o f  D ic h lo r o f lu o r e s c e in  (2  X 

10“2 M /1 ), d o n o r , and  Rhodamine B (5 .5 2  X 10-5 M/1) i n  e th a n o l .

F ig s .  5 .4 :2  and 3 show th e  a b s o r p t io n  and f lu o r e s c e n c e  s p e c t r a  

and  th e  o v e r la p  i n t e g r a l s  o f  D ic h lo r o f lu o r e s c e in  w ith  DODC and Di­

c h lo r o f lu o r e s c e in  w ith  Rhodamine B in  th e  c o n c e n t r a t io n s  s t a t e d  a b o v e . 

F ig s .  5 .4 :4  and  5 show th e  f lu o r e s c e n c e  s p e c t r a  o f  DODC and  Rhodamine 

B in  th e  a p p r o p r ia t e  m ix tu re s  r e s p e c t i v e l y .

I n s e r t i n g  th e  a p p r o p r i a t e  te rm s  i n to  Eq. 5 .4 :1  y i e l d s :

1 .0 0 &  0 .9 2  ( 5 .4 :2 )

T h is  r e s u l t  c o n firm s  th e  f a c t  t h a t ,  a t  th e  c o n c e n t r a t io n s  n e e d ed  f o r  

l a s i n g ,  r a d i a t i v e  t r a n s f e r  p la y s  t h e  dom inan t r o l e  i n  th e  m ix tu re s  

u s e d .

5 .4 .2  N o n ra d ia t iv e  E nergy  T r a n s f e r

The n e x t  e x p e rim e n t p e rfo rm e d  was d e s ig n e d  t o  d e te rm in e  a t  w hat 

c o n c e n t r a t io n  o f  d o n o r m o le c u le s  n o n r a d ia t i v e  re s o n a n c e  e n e rg y  t r a n s ­

f e r  w ould  i n i t i a t e .  E nergy  t r a n s f e r  in  dye m ix tu re s  t a k e s  p la c e  a t  

v a r io u s  c o n c e n t r a t io n s  o f  d o n o r and  a c c e p to r  d y e s .

I f  t h e  a c c e p to r  c o n c e n t r a t io n  w ere k e p t  c o n s ta n t  and th e  d o n o r con 

c e n t r a t i o n  in c r e a s e d — o r  e q u iv a l e n t ly  t h e  mean d i s t a n c e  betw een  a c c e p t  

o r - a c c e p t o r ,  R, k e p t  c o n s t a n t ,  b e tw een  d o n o r -d o n o r , R, and  be tw een  d o - 

n o r - a c c e p to r ,  R, v a r i e d — t h e r e  w ould b e  a  d o n o r c o n c e n t r a t io n  re a c h e d  

a t  w hich n o n r a d ia t iv e  e n e rg y  t r a n s f e r  w ould i n i t i a t e .  T h is  w ould be 

n o te d  by  an in c r e a s e  in  th e  n o rm a liz e d  f lu o r e s c e n c e  y i e l d  o f  t h e  a c -
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c a p to r  r e l a t i v e  t o  th e  f lu o r e s c e n c e  o f  th e  d o n o r in  th e  s a n e  m ix tu re .  

B e fo re  t h i s  c r i t i c a l  c o n c e n t r a t io n ,  e n e rg y  t r a n s f e r  w ould  ta k e  p la c e  

by  th e  r a d i a t i v e  p r o c e s s .  The e m is s io n  o f  th e  d o n o r w ould  be  p a r t i a l ­

l y  a b s o rb e d  by th e  a c c e p to r .  As th e  d o n o r c o n c e n t r a t io n  i s  in c r e a s e d  

and  th e  mean d i s t a n c e  be tw een  d o n o rs  d e c re a se s -  ( a lo n g  w ith  a  d e c re a s e  

in  d o n o r -a c c e p to r  d i s t a n c e ) ,  a  p o in t  w i l l  b e  re a c h e d  a t  w hich  th e  en ­

e rg y  t r a n s f e r  f lo w  w ould ta k e  p la c e  from  d o n o r t o  d o n o r t o  d o n o r t o . . .  

t o  a c c e p to r .  T h is  "h o p p in g "  phenomenon i s  o b s e rv e d  d u r in g  th e  p r o c e s s  

o f  p h o to s y n th e s is  b u t  a t  c o n c e n t r a t io n s  much h ig h e r  th a n  th o s e  u sed  in  

d y e -m ix tu re  l a s e r s .

Two o r g a n ic  dyes  w ere  chosen  su ch  t h a t  th e  f lu o r e s c e n c e  b an d  o f  

t h e  d o n o r o v e r la p p e d  th e  a b s o r p t io n  band  o f  th a  a c c e p to r ,  and  t h a t  th e  

a c c e p to r  w ould  n o t  a b s o rb  a t  th e  pump w a v e le n g th . 7 -d ie th y la m in o -4  

m e th y l coum arine  and  DODC w ere ch o sen  a s  th e  d o n o r and a c c e p to r  dy es  

r e s p e c t i v e l y .  E th a n o l  was u se d  a s  th e  s o lv e n t  th ro u g h o u t .  The a c c e p t ­

o r  c o n c e n t r a t io n  was k e p t  c o n s ta n t  a t  1 X 10~** M/1 (R 3 158 A ) ,  w h ile  

th e  d o n o r c o n c e n t r a t io n  v a r i e d  from  1 X 10“ ** M/1 (R * 158 A, R -  126 A) 

t o  5 X 10 M/1 (R a 20 A, R 3 20 A ). F lu o re s c e n c e  c u rv e s  w ere o b t a in ­

ed  f o r  th e  p u re  d o n o r , and  th e  d o n o r and a c c e p to r  in  t h e  same m ix tu re . 

The e x p e r im e n ta l  s e tu p  u se d  t o  o b ta in  th e  f lu o r e s c e n c e  c u rv e s  i s  shown 

in  F ig .  5 .4 : 6 .  The pump l i g h t ,  3700 A and 50 A b a n d w id th , was o b t a i n ­

ed  from  a  xenon-lam p 1 /4 -m  J a r r e l l - A s h  m onochrom eter c o m b in a tio n . The 

o u tp u t  o f  th e  m onochrom eter w ent th ro u g h  a  v a r i a b l e  n e u t r a l  d e n s i ty  

f i l t e r  and  was th e n  fo c u se d  o n to  a  1 cm q u a r tz  c e l l  c o n ta in in g  th e  dye 

s o l u t i o n s .  The c e l l  was p o in te d  a t  su c h  an a n g le  t h a t  t h e  r e f l e c t i o n  

o f  t h e  pump l i g h t  from  th e  f r o n t  s u r f a c e  o f  th e  c e l l  w ould n o t  be  p ic k ­

e d  up by th e  d e t e c t i o n  sy s te m . The d e te c t io n  sy s tem  u sed  t o  m o n ito r  th e
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f r o n t  s u r f a c e  f lu o r s s c e n e s  o f  th e  m ix tu re s  c o n s i s t e d  o f  a  1/ 2-m J a r ­

r e  11-A sh s c a n n in g  s p e c t r o m e te r  whose l i g h t  o u tp u t  was d e te c te d  by  an 

RCA 6217 p h o t o m u l t i p l i e r .  The o u tp u t  o f  t h e  p h o t o m u l t i p l i e r  w ent t o  

a  p h o to m e te r ,  th e  o u tp u t  o f  w hich  w ent t o  an x -y  r e c o r d e r .

The r e s u l t s  o f  th e  e x p e rim e n t a r e  shown in  F ig s .  5 .1 :7  th ro u g h  11 .

F ig .  5 .1 * 7  shows th e  e f f e c t  o f  c o n c e n t r a t io n  q u e n c h in g  o f  p u re  s o lu -

90 91t i o o s  o f  t h e  d o n o r d y e , 7 - d ie th y la m in o - l  m e th y l c o u m a rin e . * F ig . 

5 .1 * 8  shows th e  quantum  y i e l d  o f  th e  d o n o r i n  m ix tu re s  w ith  t h e  a c c e p t ­

o r  d y e , DODC. The s lo p e  in  F ig .  5 .1 :8  i s  s t e e p e r  th a n  in  F ig .  5 .1 * 7

90 91i n d i c a t i n g  e n e rg y  t r a n s f e r  to  th e  a c c e p to r .  * F or d i l u t e  concen ­

t r a t i o n s  o f  t h e  d o n o r , th e  e n e rg y  t r a n s f e r  i s  due t o  t h e  r a d i a t i v e  p r o -  

90c e s s .  T h is  can  be  se e n  in  F ig .  5 .1 : 1 1 ,  w hich i s  th e  quantum  y i e l d  o f  

th e  a c c e p to r  dye n o rm a liz e d  w ith  r e s p e c t  t o  th e  f lu o r e s c e n c e  o f  d o n o r

dye in  th e  same m ix tu re s .  The f l a t  p o r t i o n  o f  th e  c u rv e  e x te n d in g  from
- u  -3

d o n o r c o n c e n t r a t io n  o f  1 X 10 M/1 t o  2 X 10 M/1 i s  due p re d o m in a n t­

l y  t o  th e  r a d i a t i v e  p r o c e s s .  As t h e  d o n o r-d o n o r  d i s t a n c e  d e c re a s e s  

s t i l l  f u r t h e r  t h e r e  i s  an in c r e a s e  i n  th e  r e l a t i v e  quantum  y i e l d  o f  th e

a c c e p to r .  I f  t h e  r a d i a t i v e  p r o c e s s  w ere th e  dom inan t e n e rg y  t r a n s f e r
.3  .2

m echanism  in  t h i s  r e g i o n ,  2 X 10 M/1 t o  5 X 10 M /1, th e  c u rv e  w ould

hav e  rem a in ed  f l a t .  The in c r e a s e  in  th e  quantum  y i e l d  s t a r t i n g  a t  2 X 
-3

10 M/1 i s  t h e r e f o r e  due t o  th e  n o n r a d ia t i v e  p r o c e s s .  At th e  d o n o r

c o n c e n t r a t io n  o f  5 X 10 M/1 th e  n o n r a d ia t i v e  p r o c e s s  i s  t h e  dom inan t

e n e rg y  t r a n s f e r  m echanism .

H ence, t h e  dom inan t e n e rg y  t r a n s f e r  m echanism s found  f o r  v a r io u s  

r e g io n s  o f  d o n o r-d o n o r  c o n c e n t r a t io n s  a r e  a s  fo l lo w s :

1 . r a d i a t i v e  t r a n s f e r  f o r  th e  r e g io n  e x te n d in g  from  1 X 10 M/1 t o
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2 X 10*3 M /1,

2 .  t h a  o n s e t  o f  n o n r a d ia t iv a  re s o n a n c e  t r a n s f a r  a t  a p p ro x im a te ly  

2 X 10"3 M /1, and

3 . n o n r a d ia t i v a  ra a o n a n c a  t r a n s f a r  a t  5 X 10“ ^ M/1.

In  c o n c lu s io n ,  a x p a r i a s n t s  w ars  d a s ig n a d  to  o b ta in  s im u lta n e o u s  o u t ­

p u ts  a t  tw o (a n d  t h r e e )  w a v e le n g th  r e g io n s .  Tha e x p e r im e n ts  w are s u c ­

c e s s f u l  in  t h a t  m u ltiw a v a le n g th  d y e -m ix tu re  l a s e r s  w ars  d e v e lo p e d  i n  

s p e c t r a l  r e g io n s  n e c e s s a ry  t o  m o n ito r  th e  p o l l u t a n t s  o f  i n t e r e s t ,  n am e ly , 

NO2 ,  SO2 ,  and  O3.

I n v e s t i g a t io n s  o f  th e  e n e rg y  t r a n s f e r  p r o c e s s e s  in  d y e -m ix tu re  

l a s e r s  w ere c a r r i e d  o u t .  S u c c e s s f u l  d e te r m in a t io n  o f  th e  dom inan t en ­

e rg y  t r a n s f e r  m echanism s was a c h ie v e d .

To e x p lo r e  th e  dynam ic flo w  o f  e n e rg y  t r a n s f e r  i n  d y e -m ix tu re  l a s ­

e r s ,  u se  w ould  have  t o  be made o f  t im e  r e s o lv e d  s p e c tro s c o p y  u s in g  p ic o ­

seco n d  l a s e r  t e c h n iq u e s .  By p u n n in g  th e  d o n o r dye w ith  a  p ic o s e c o n d  

l a s e r  p u ls e  and  o b s e rv in g  th e  r i s e  o f  th e  a c c e p to r  d y e 's  f lu o r e s c e n c e  

a t  v a r io u s  a c c e p to r  c o n c e n t r a t io n s ,  th e  r a d i a t i v e  and n o n r a d ia t iv e  en ­

e rg y  t r a n s f e r  r a t e s  c o u ld  be  d e te rm in e d . Only s t a t i c  m easurem ents w ere 

made in  t h i s  w ork . T h is  i s  s u g g e s te d  a s  a n o th e r  t o p i c  f o r  f u tu r e  

s t u d i e s .

The LIDAR sy s te m  d e v e lo p e d  i n  t h i s  work was d e s ig n e d  t o  m o n ito r  

am b ien t l e v e l s  o f  NO2 .  I t  w ould  be  d e s i r a b l e  i f  th e  LIDAR sy s te m  had 

t h e  c a p a b i l i t y  o f  s im u l ta n e o u s ly  m o n ito r in g  s e v e r a l  p o l l u t a n t s ,  f o r  

e x a m p le , N02 , SO2 ,  and O3 . Use c o u ld  be  made o f  th e  r e s u l t s  o b ta in e d  

in  a c h ie v in g  s im u lta n e o u s  l a s e r  a c t i o n  in  dye m ix tu re s  and th e  in v e s ­

t i g a t i o n  o f  th e  p r o c e s s e s  in v o lv e d .  The s p e c t r a l  r e g io n s  o b ta in e d  in
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t h e  d y e -m ix tu r*  l a s e r s  t h a t  c o u ld  b e  u se d  i n  p o l l u t i o n  d e te c t io n  w ould 

be a t  tSOO X and  6200 A. The <*500 A r e g io n  c o u ld  be u se d  t o  m o n ito r  

N02 , and  th e  6200 A r e g io n  c o u ld  be f re q u e n c y  d o u b led  i n t o  th e  u l t r a -
O

v i o l e t  t o  3100 A t o  m o n ito r  S02 and  O3 .  T h is  w ould be  an a t t r a c t i v e  

f e a t u r e  o f  an i n t e g r a t e d  L1DAR s y s te m , and i s  s u g g e s te d  a s  a n o th e r  

t o p i c  f o r  f u tu r e  s t u d i e s  i n  th e  LIDAR a r e a .
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CHAPTER 6 SUMMARY AND CONCLUSIONS

The b a s i c  o b j e c t iv e  o f  th e  work r e p o r t e d  was t o  d e s ig n *  b u i ld *  and 

o p e r a te  a  DASE LIDAR sy s te m  f o r  m o n ito r in g  N02 m o le c u la r  p o l lu t i o n  con­

c e n t r a t i o n  i n  th e  a tm o sp h e re . A DASE LIDAR sy s te m  was d e s ig n e d  and 

s u c c e s s f u l l y  u se d  f o r  t h i s  p u rp o se  in  b o th  s e q u e n t i a l  and  s im u lta n e o u s  

modes o f  o p e r a t io n .  S im u lta n e o u s  tw o -w a v e le n g th  o p e r a t io n  o f  t h e  LIDAR 

system *  w hich  was th e  f i r s t  su ch  o p e r a t io n  o f  a  DASE LIDAR system *  was 

found  t o  be  th e  p r e f e r r e d  m ethod s in c e  i t  re d u c e s  e r r o r s  r e s u l t i n g  

from  s c i n t i l l a t i o n  and  o t h e r  te m p o ra l  e f f e c t s .

To m in im ize  th e  e r r o r s  a s s o c i a te d  w ith  th e  u n c e r t a in ty  o f  l a s e r  

b an d w id th s*  w hich  i n t r i n s i c a l l y  v a ry  from  s h o t  t o  s h o t*  a  c a l i b r a t i o n  

sy s te m  was d e v e lo p e d  t o  a u to m a t ic a l ly  a llo w  f o r  th e s e  v a r i a t i o n s .  The 

c a l i b r a t i o n  sy s te m  d e te rm in e d  th e  e f f e c t i v e  a b s o r p t io n  c r o s s  s e c t io n s  

f o r  e ach  o u tg o in g  l a s e r  p u l s e .  The LIDAR sy s te m  d e v e lo p e d  by us was 

th e  f i r s t  t o  in c o r p o r a te  t h i s  a u to m a tic  s e l f - c o r r e c t i n g  f e a tu r e *  w hich  

i t  i s  b e l i e v e d  w i l l  b e  n e c e s s a ry  f o r  any re so n a n c e  a b s o r p t io n  schem e.

H aving  m in im ized  th e  s o u rc e s  o f  e r r o r  by  o p e r a t in g  th e  sy s te m  i n  

th e  s im u lta n e o u s  mode and  a t  th e  same tim e  u t i l i z i n g  th e  c a l i b r a t i o n  

system *  p o l l u t i o n  r e a d in g s  w ere o b ta in e d .  These w ere fo und  t o  be  gen­

e r a l l y  i n  r e a s o n a b le  ag reem en t w ith  th o s e  o b ta in e d  by f i x e d - s i t e  moni­

t o r i n g  s t a t i o n s  o p e ra te d  by  th e  New York C i ty  D epartm en t o f  A ir  Re­

s o u r c e s .  The e f f e c t  o f  ch a n g in g  v e h ic u l a r  t r a f f i c  c o n d i t io n s  was a l s o  

r e a d i l y  e v id e n t  from  th e  a n a ly s i s  o f  th e  LIDAR m easurem ents*  d e m o n s tra t­

in g  th e  p r a c t i c a l  u t i l i t y  o f  t h e  sy s te m .

S e v e ra l  r e a d in g s  w ere o b ta in e d  f o r  v a r io u s  t im e s  d u r in g  th e  day to  

o b s e rv e  changes in  p o l l u t i o n  l e v e l s .  As e x p e c te d *  th e  p o l l u t i o n  l e v e l
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o f  N02 p eak ed  d u r in g  m orn ing  and a v a n in g  ru s h  h o u rs  and  s t a a d i l y  d a -  

e l i n a d  a f t e r w a r d s .  Tha c o n c a n t r a t io n  o f  p o l l u t i o n  o b ta in a d  a r a  ty p ­

i c a l  o f  th o s a  found  p r a s a n t  i n  u rb a n  a r a a s .  Tha p o l l u t i o n  was h ig h ­

e s t  a t  av en u es o f  heavy  t r a f f i c  l o c a t e d  a p p ro x im a te ly  1 k i lo m e te r  

e a s t  o f  C ity  C o lla g e .

To exam ine th a  p o t e n t i a l  f o r  se c o n d  g e n e r a t io n  LIDAR sy s te m s  

c a p a b le  o f  o p e r a t in g  s im u l ta n e o u s ly  in  tw o and t h r e e  s p e c t r a l  r e g io n s  

f o r  th e  s im u lta n e o u s  m o n ito r in g  o f  s e v e r a l  p o l l u t a n t s  a s  w e l l  a s  HOj, 

a  p rogram  o f  e x p e r im e n ts  on d y e -m ix tu re  l a s e r s  was c a r r i e d  o u t .  The 

o b j e c t iv e  o f  t h i s  was t o  u se  e n e rg y  t r a n s f e r  m echanism s t h a t  w ere 

c o n s id e re d  f e a s i b l e  in  dye m ix tu re s  t o  o b t a in  s im u lta n e o u s  l a s e r  a c ­

t i o n  a t  w id e ly  s e p a r a te d  s p e c t r a l  r e g io n s .  The p rogram  was s u c c e s s f u l  

w ith  s im u lta n e o u s  l a s e r  a c t i o n  o b ta in e d  f o r  th e  f i r s t  t im e  a t  w id e ly  

s e p a r a te d  s p e c t r a l  r e g i o n s ,  in c lu d in g  s im u lta n e o u s  o u tp u ts  a t  th e  

t h r e e  p r im a ry  c o l o r s .  A n a ly s is  o f  t h e  e x p e r im e n ta l  r e s u l t s  showed 

t h a t  r a d i a t i v e  e n e rg y  t r a n s f e r  was dom inan t a t  th e  c o n c e n t r a t io n s  

fo und  optimum f o r  s im u lta n e o u s  two and th re e -w a v e le n g th  o p e r a t io n  in  

d y e -m ix tu re  l a s e r s .  N o n ra d ia t iv e  re so n a n c e  e n e rg y  t r a n s f e r  was found  

t o  d om ina te  a t  h ig h e r  c o n c e n t r a t io n s .
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