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ABSTRACT

A s e n s i t i v e  o p t i c a l  r a d a r  system  developed  a t  th e  C ollege  of 

W illiam  and Mary i s  d e s c r ib e d ,  and measurements of th e  m o lecu la r  and 

p a r t i c u l a t e  co n ten t  of the  atmosphere made a t  W allops I s l a n d ,  V i r g in i a  

a re  p re s e n te d .  The b a c k s c a t te r e d  s i g n a l  from v e r t i c a l l y  d i r e c t e d  l a s e r  

p u l s e s  has been measured u s in g  b o th  ana log  and d i g i t a l  p h o to m u l t ip l ie r  

c u r r e n t  measurements. These measurements have p e rm i t te d  a c a l c u l a t i o n  

o f  th e  r e l a t i v e  volume b a c k s c a t t e r  c ro ss  s e c t i o n  of th e  atmosphere a t  

a l t i t u d e s  from 10 km to  80 km on September 15 /16 , 1968. The d a t a  has 

been  f i t t e d  to  a curve based on the  U. S. S tan d a rd  Atmosphere Supple

m en ts ,  1966, which r e p re s e n ts  the  s c a t t e r i n g  from a pu re  m o lecu la r  

a tm osphere .  Data p o in t s  which f a l l  a p p re c ia b ly  above th e  m olecu la r  

s c a t t e r i n g  curve a re  i n t e r p r e t e d  as ev idence  o f  a e r o s o l  o r  p a r t i c u l a t e  

s c a t t e r i n g .  The e x c e l l e n t  f i t  o f  the  d a ta  to  a  m o lecu la r  s c a t t e r i n g  

cu rve  in  the  30 -  55 km reg io n  s u g g e s ts  t h a t  th e  s c a t t e r i n g  i s  predom

i n a n t l y  m olecu la r  in  t h i s  re g io n .  By assuming t h a t  m o lecu la r  s c a t t e r i n g  

i s  dominant a t  50 km, e s t im a te s  o f  the  volume b a c k s c a t t e r  c ro ss  s e c t io n  

o f  s c a t t e r i n g  la y e r s  in  the  70 -  80 km re g io n  have been  made. No s t a t i s 

t i c a l l y  s i g n i f i c a n t  d e v ia t io n s  from th e  average  background count were 

o bserved  during  th e  time i n t e r v a l  co r resp o n d in g  to  th e  a l t i t u d e  range 

o f  80 -  180 km.

Measurements o f  b a c k s c a t t e r  from m e te o ro lo g ic a l  phenomena a re  

p r e s e n te d ,  in c lu d in g  c i r r u s  c loud  reco rd s  and an a e r o s o l  s c a t t e r i n g  

f e a t u r e  a t  6 km. E f f e c t iv e  f i l t e r i n g  of s c a t t e r e d  s u n l ig h t  has p e r -



m it te d  o p e ra t io n  of the  o p t i c a l  r a d a r  system  under daytime sky back

ground c o n d i t io n s .  Measurements o f  b a c k s c a t t e r  from c i r r o s t r a t u s  

clouds o b ta in ed  2:00 p.m. on May 8 , 1968 a re  in c lu d e d .

Douglas P a rk e r  Woodman, 

Departm ent of P h y s ic s ,

The C ollege o f  W illiam and Mary in  V irg in ia
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OPTICAL RADAR OBSERVATIONS OF THE STRATOSPHERE 

AND MESOSPHERE



I . INTRODUCTION

The l e a s t  e x p lo re d  reg io n  o f  th e  e a r t h ' s  atmosphere l i e s  between 

50 and 150 km. Complex p h y s ic a l  p ro c e s se s  e x i s t  a t  these a l t i t u d e s ,  

and our u n d e rs tan d in g  of th e  p h y s ic s  of t h i s  r eg io n  o f  the atm osphere 

i s  f a r  from com plete . Some of th e  phenomena common to  th i s  reg ion  

such as n o c t i l u c e n t  c l o u d s , a u ro ra s  and m eteors  are  v i s i b l e  to  the  

unaided eye. I t  i s  a l s o  w e l l  known t h a t  the  upper atmosphere c o n ta in s  

dust l a y e r s ,  a sodium l a y e r  and re g io n s  o f  i o n i z a t i o n .

A erosol p a r t i c l e s ,  a l though  r e l a t i v e l y  few in  number, p lay  an im

p o r ta n t  r o le  in  a tm o sp h e r ic  p ro c e s s e s .  Cloud fo rm ation  and smog a r e  

o f te n  a d i r e c t  r e s u l t  o f  th e  p re s e n c e  of a e r o s o l s .  I t  has been s u g g e s t 

ed t h a t  m e teo ric  d e b r i s  may be r e s p o n s ib le  f o r  n o c t i lu c e n t  clouds and 

the sodium la y e r  (Gadsden, 1966). Bowen (1953) has re p o r te d  a c o r r e l a 

t io n  between p e r io d s  o f  h ig h  m e te o r ic  a c t i v i t y  and world r a i n f a l l .  

P a r t i c l e s  a re  a lso  im p o r ta n t  c o n s t i t u e n t s  in  de te rm in ing  th e  r a d i a t i o n  

b a lan ce  of th e  a tm osphere , and Volz and Goody (1962) suggest th a t  th e y  

may be im portan t as c a t a l y s t s  i n  recom bina tion  p ro c e s se s ,  a f f e c t i n g  

both  the  chemical and e l e c t r i c a l  p r o p e r t i e s  of the  upper atm osphere. 

Measurement o f  the  v e r t i c a l  d i s t r i b u t i o n  of a e ro s o ls  has p e rm i t te d  

e s t im a te s  to  be made o f  th e  eddy d i f f u s i o n  c o e f f i c i e n t  in th e  20 -  25 

km re g io n  (Newkirk and Eddy, 1964) and th e  r a t e  of a c c r e t io n  of e x t r a 

t e r r e s t r i a l  m a te r i a l  by th e  e a r t h  (Newkirk and Eddy, 1964; Dubin and 

McCracken, 1962; D u b in ,1960; LaGow and A lexander ,  1960; Whipple, 1961; 

Rosen, 1965).



Both d i r e c t  sampling and remote sensing  te ch n iq u es  h a v e  been used 

to  s tu d y  th e  p a r t i c u l a t e  c o n te n t  of the  atmosphere. S a t e l l i t e s  have 

b een  e f f e c t i v e  i n  p ro v id in g  measurements above 150 km, and th e  lower 

a tm osphere  can be  i n v e s t i g a t e d  using  ins trum en ts  c a r r i e d  b y  b a l lo o n s  

and sm all  m e te o ro lo g ic a l  r o c k e t s .  The in te rm ed ia te  r e g io n  can be 

p robed  by l a r g e r  and more expensive  re sea rch  r o c k e t s ,  bu t  d a t a  c o l l e c t i o n  

i s  l i m i t e d  by c o s t  and la c k  of s u i t a b l e  measuring t e c h n iq u e s .  Rocket 

p robe  and s a t e l l i t e  measurements have e s ta b l i s h e d  th e  a v e ra g e  cum ulative  

mass d i s t r i b u t i o n  fo r  d u s t  p a r t i c l e s  in  the v i c i n i t y  o f  t h e  e a r t h  

(A lexander e t  a l .  , 1963), and samples o f  m eteoric  d e b r i s  h a v e  been r e 

covered  and an a ly zed  (Soberman, 1965; Greenman and G i lp in ,  1965). Al

though d e t e c t o r s  are  a v a i l a b l e  f o r  p a r t i c l e s  w ith  m asses a s  sm all  as 

10 ^3gj t h e  b u lk  of th e  ro c k e t  d a ta  inc ludes  only p a r t i c l e s  w ith  masses 

g r e a t e r  th a n  10"9g, With e x c e p t io n  of M ikirov’s work (1 9 6 3 ) ,  the  ro c k e t  

measurem ents have  y ie ld e d  v e ry  l i t t l e  da ta  on the  v e r t i c a l  d i s t r i b u t i o n  

of d u s t .  M ik i ro v 's  work was unique in  th a t  he measured sk y  b r ig h tn e s s  

w i th  a r o c k e t - b o r n e  pho to m ete r ,  and was in  e f f e c t  sam pling  a  la rg e  num

b e r  o f  s c a t t e r e r s .  M ikirov  measured sky b r ig h tn e s s  i n  two s p e c t r a l  r e g io n s  

as a  f u n c t io n  o f  a l t i t u d e  from 70 -  450 km and found t h a t  t h e  sky b r i g h t 

n e s s  above 100 km was dominated a e ro s o l  s c a t t e r i n g .

I n d i r e c t  l i g h t  s c a t t e r i n g  methods have many ad v an tag es  over d i r e c t  

sam pling  t e c h n iq u e s ,  b u t  su p p o r t in g  in fo rm ation  i s  o f t e n  n eed e d  to  make 

d e f i n i t i v e  measurements because  s c a t t e r in g  i s  dependent on t h e  p a r t i c l e  

c o n c e n t r a t i o n ,  s i z e ,  in d e x  o f  r e f r a c t i o n ,  and shape. Among the  p r e - l a s e r  

methods w hich hav e  p ro v id ed  in fo rm a tio n  about the c o n c e n t r a t i o n  and s i z e



d i s t r i b u t i o n  of the  p a r t i c u l a t e  m a t t e r  i n  th e  atm osphere a r e  measurements 

of th e  t w i l i g h t  sky, b a l lo o n -b o rn e  coronograph measurements of s c a t t e r e d  

s o l a r  r a d i a t i o n  and s e a r c h l ig h t  probe e x p e r im e n ts .  E. K. Bigg (1956) 

i n t e r p r e t e d  d i s c o n t i n u i t i e s  in  th e  s c a t t e r e d  s u n l ig h t  d u r in g  tw i l ig h t  

in  terms o f  the i n t e r a c t i o n  of th e  edge o f  the  e a r t h ' s  shadow w ith  reg io n s  

o f  du s t  p a r t i c l e s  in  the  a tm osphere . Subsequent experim en ts  by o th e r  i n 

v e s t i g a t o r s  have y ie ld e d  more q u a n t i t a t i v e  in fo rm a t io n  on the  a e ro so l  

c o n te n t  o f  the s t r a t o s p h e r e .  Volz and Goody (1962) measured the t w i l i g h t  

i n t e n s i t y  a t  20° e l e v a t io n  and o b ta in e d  t u r b i d i t y  p r o f i l e s  to  a h e ig h t  

o f  65 km. They observed a  maximum in  th e  s c a t t e r i n g  p r o f i l e  n ea r  20 km, 

and found th a t  the dust m ixing r a t i o  above 30 km was c o n s ta n t  a t  25 

p e r c e n t  o f  the  15 km v a lu e .  Newkirk and Eddy (1964) measured the  spec

t r a l  d i s t r i b u t i o n  of s k y l ig h t  from  0 .37  y to  0 .79 y a t  a s c a t t e r i n g  

an g le  of 2 °4 ' and the a n g u la r  d i s t r i b u t i o n  a t  A = 0 .44 y from 1°7' to 

58° u s ing  a ba lloon -bo rne  coronograph. They a lso  found a broad maxi

mum i n  p a r t i c l e  c o n c e n tra t io n  a t  20 km and obse rved  ev idence  of very  

t h i n  lam inae of s c a t t e r i n g  p a r t i c l e s  i n  th e  s t r a t o s p h e r e .  Newkirk and 

Eddy concluded th a t  Volz and Goody's e s t i m a t e  of th e  o v e r a l l  atmosphere 

t u r b i d i t y  above 25 km i s  about 10 tim es too  l a r g e .  G. V. Rosenberg 

(1960) c a r r i e d  out both t w i l i g h t  and s e a r c h l i g h t  e x p e r im e n ts , .conclud ing  

t h a t  a e ro s o ls  are  c h ie f ly  r e s p o n s ib le  f o r  th e  s c a t t e r i n g  o f  l i g h t  a t  

a l l  a l t i t u d e s  to 80 or 90 km. T h is  view c o n f l i c t s  w ith  t h a t  of L. 

E lterm an (1954, 1964, 1966) who found t h a t  a e r o s o l  a t t e n u a t io n  above 

35 km in  th e  s t r a to s p h e re  i s  s u f f i c i e n t l y  sm a l l  t h a t  i t  can be n e g le c te d .  

N. B. D avari (1964) has r e p o r t e d ,  on th e  b a s i s  o f  t w i l i g h t  sky measure



ments, t h a t  th e  r a t i o  of the  b r ig h t n e s s  of th e  a e ro s o l  component to  

the  b r ig h tn e s s  of th e  m o lecu la r  component i s  c o n s ta n t  from 40 -  70 km 

and c lo se  to  u n i t y .  Thus, i t  i s  e v id e n t  t h a t  th e r e  i s  s u b s t a n t i a l  

d isagreem ent among i n v e s t i g a t o r s  u s in g  d i f f e r e n t  techn iques  concern ing  

the  e x te n t  of a e r o s o l  s c a t t e r i n g  in  th e  30 -  70 km reg io n .  The tw i

l i g h t  measurements of Volz and Goody, D a v a r i ,  and Rosenberg i n d i c a t e  

a h ig h e r  t u r b i d i t y  o f  the  40 -  70 km re g io n  than  th e  s e a r c h l ig h t  methods 

of Elterm an and th e  coronograph experim en ts  o f  Newkirk and Eddy. I t  

i s  g e n e ra l ly  reco g q iz e d  t h a t  th e  a n a ly s i s  of t w i l i g h t  d a ta  r e q u i r e s  

assumptions which a re  d i f f i c u l t  to  j u s t i f y .  There appears to  be con

s id e ra b le  u n c e r t a in t y  in  the  method of d e a l in g  w ith  the  e f f e c t  of 

clouds a t  th e  s u n se t  p o in t ,  and m u l t ip l e  s c a t t e r i n g  e f f e c t s  have n o t  

been t r e a t e d  a t  a l l .  The s e a r c h l i g h t  and coronograph experim en ts ,  

which are  amenable to  r e l a t i v e l y  s t r a i g h t f o r w a r d  a n a ly s e s ,  p robab ly  

y i e ld  more a c c u ra te  r e s u l t s  th a n  th e  t w i l i g h t  experim en ts .

As a r e s u l t  of th e  development of l a s e r s  which a re  capable  of 

e m it t in g  s h o r t  (o f  th e  o rd e r  o f  10- 8 sec)  p u ls e s  o f  h ig h ly  c o l l im a te d ,  

n e a r ly  monochromatic r a d i a t i o n ,  a new method o f  rem otely  sen s in g  the  

m olecu la r  and a e r o s o l  c o n te n t  o f  th e  atm osphere has become f e a s i b l e .

The s c a t t e r i n g  p r o p e r t i e s  o f  th e  atm osphere can be observed by 

measuring th e  r a d i a t i o n  b a c k s c a t t e r e d  from a l a s e r  p u lse  as i t  p a s s 

es through the  a tm osphere. The system s which g en e ra te  th e  t r a n s m i t t e d  

l a s e r  p u lse  and measure the  b a c k s c a t t e r e d  r a d i a t i o n  a re  c a l l e d  o p t i c a l  

ra d a r  system s.

The purpose  of th e  p r e s e n t  i n v e s t i g a t i o n  was to  develop a h igh



s e n s i t i v i t y  o p t i c a l  r a d a r  system  and measure th e  r e l a t i v e  volume back

s c a t t e r  c ro ss  s e c t i o n  of th e  atmosphere over th e  range of 10 -  80 km.

I t  was a n t i c i p a t e d  t h a t  th e  r e s u l t s  o f  th e  experiment would h e lp  to  

determ ine the im p o rtan ce  o f  a e ro s o l  s c a t t e r i n g  in  the s t r a to s p h e r e  and 

mesosphere.

O p t ic a l  r a d a r  system s can be co n s id e re d  an outgrowth of the  s e a rc h 

l i g h t  probe te ch n iq u e  which was f i r s t  su g g es ted  by Synge (1930). L. 

Elterman developed  th e  tech n iq u e  u s in g  a s e a r c h l ig h t  t r a n s m i t t e r  and a 

s e a r c h l ig h t  r e c e i v e r  s e p a ra te d  by 30 km. The t r a n s m i t t e r  c o n s i s te d  of 

a 36 inch  s e a r c h l i g h t  f i t t e d  w i th  a m odulated s h u t t e r  and a h igh  in t e n 

s i t y  lamp a t  i t s  f o c a l  p o in t .  The r e c e iv e r  was a s e a r c h l ig h t  w i th  a 

p h o to m u l t ip l ie r  a t  i t s  f o c a l  p o in t .  P r o f i l e s  of the a tm ospheric  s c a t t e r 

in g  were o b ta in e d  by cau s in g  th e  r e c e iv e r  f i e l d  of view to i n t e r s e c t  

th e  t r a n s m i t t e r  beam and th en  scann ing  up the  s e a r c h l ig h t  beam. In  

1956 F r ie d la n d ,  K a tz e n s te in  and Z a tz ic k  d e s c r ib e d  a pu lsed  s e a r c h l ig h t  

system o p e ra ted  from a s in g l e  s i t e  ( th e  t r a n s m i t t e r  and r e c e iv e r  were 

a c tu a l ly  s e p a r a te d  by 0 .5  km). The e la p se d  time between the  t r a n s m i t t e d  

and re c e iv e d  s i g n a l  was used f o r  a l t i t u d e  d e te rm in a t io n  in s te a d  o f  the 

t r i a n g u l a t i o n  method used w i th  p re v io u s  system s. F r ie d la n d 's  work 

dem onstra ted  the  f e a s i b i l i t y  of an o p t i c a l  r a d a r  system, bu t  the  te ch 

n ique  was not f u l l y  developed  because  of the  laekk  of a s u i t a b l e  l i g h t  

sou rce .

With the  ad v en t o f  the  ruby l a s e r ,  a r e a l i z a t i o n  of the  in h e re n t  

advantages of a p u ls e d  system  became p o s s i b l e .  The h igh  energy , mono- 

c h r o m a t ic i ty , and narrow  beam d ive rgence  o f  the  l a s e r  perm its  v e ry



e f f e c t i v e  d i s c r i m in a t io n  a g a i n s t  sky background n o i s e .  The f i r s t  r e 

s u l t s  u s in g  th e  o p t i c a l  r a d a r  techn iques  were r e p o r te d  by F io cco  and 

Smullin (196 3 ) ;  they  r e p o r te d  the  d e te c t io n  of a e r o s o l  l a y e r s  a t  

h e ig h ts  up to  140 km, b u t  s e v e r a l  in v e s t ig a to r s  have  q u e s t io n e d  the 

e x is te n c e  of th e se  l a y e r s  because  of u n s a t i s f a c to r y  f e a t u r e s  i n  the 

p u b lished  d a t a .  Sandford  (1967) concluded, " I t  i s  thus  f e l t  t h a t  

th e re  i s  no r e l i a b l e  o p t i c a l  r a d a r  evidence fo r  a e r o s o l  s c a t t e r i n g  

above 90 km." O ther w orkers  in c lu d e  McCormick e t  a l .  (1966) ,  C o l l i s  

and Ligda (1966 ) ,  Bain and Sandford (1966, 1966a) and K ent, Clemesha 

and W right (1967, 1967a). Bain and Sandford measured a s c a t t e r i n g  

enhancement a t  71 km eq u a l  to  2 .5  times the  expected  m o lecu la r  s c a t t e r 

ing . P. D. McCormick e t  a l .  (1966) d e te c te d  a s c a t t e r i n g  l a y e r  n e a r  

80 km. K en t,  Clemesha and W right (1967), however, found no a p p re c ia b le  

s c a t t e r i n g  enhancements in  the  40 -  90 km reg ion .  On A p r i l  1, 1968 

the r e l a t i v e  volume b a c k s c a t t e r  c ro ss  s e c t io n  of t h e  atm osphere was 

measured w i th  th e  W illiam  and Mary o p t i c a l  radar  system  o v e r  th e  range 

of 30 -  55 km, and no s c a t t e r i n g  la y e r s  were observed . On September 

16, 1968 measurem ents over the  range of 30 -  80 km re v e a le d  s c a t t e r i n g  

la y e rs  n e a r  71 km and 76 km.

F iocco  and Sm ullin*s o p t i c a l  r a d a r  was a lso  u sed  to  p robe  th e  

atmosphere below  30 km. During 1964 and 1965, F iocco  and Grams s tu d ie d  

the tem pora l c h a r a c t e r i s t i c s  o f  the  "20 km la y e r . "  The p re s e n c e  of 

t h i s  l a y e r  o f  p a r t i c u l a t e  m a t te r  in  the  lower s t r a t o s p h e r e  was deduced 

by Gruner and K l e i n e r t  (1927) and has been v e r i f i e d  by b o th  d i r e c t  

p a r t i c l e  sam p ling  and i n d i r e c t  l i g h t  s c a t t e r i n g  e x p e r im e n ts .  E x te n s iv e



measurements u s ing  v a r io u s  techn iques  have  shown t h i s  l a y e r  to  be a 

worldwide f e a t u r e  of the  s t r a t o s p h e r e .  The w ork of F iocco  and Grams 

(1967),  and Rosen (1964, 1966, 1967) i n d i c a t e s  th a t  th e  t o t a l  d u s t  

a s s o c ia t e d  w i th  the  "20 km la y e r"  may be d e c re a s in g .  G. G. Goyer and 

R. D. Watson (1968) have compared t h e i r  measurements o f  th e  s c a t t e r 

in g  r a t i o  (observed  b a c k s c a t te r  c ro ss  s e c t i o n /m o le c u la r  b a c k s c a t t e r  

c ro s s  s e c t io n )  of the  la y e r  w ith  those  o f  F iocco  and Grams (1967),

Clemesha, e t  a l .  (1966) and Elterman (1964).  Measurements of th e  s c a t t e r 

in g  r a t i o  o f  th e  "20 km la y e r "  made w ith  the  W illiam  and Mary o p t i c a l  r a d a r  

a g re e  app rox im ate ly  w ith  th e  r e s u l t s  of o th e r  w o rk e rs ,  b u t  a c c u ra te  

com parisons o f  the  e x i s t in g  da ta  cannot be made because th e  d i f f e r e n c e s  

must be a t t r i b u t e d  in  p a r t  to  the  tem pora l f l u c t u a t i o n s  o f  the  l a y e r .



I I .  THEORETICAL SECTION

A. S c a t t e r in g  Theory

R a d ia t io n  pass ing  through th e  atm osphere i s  a t t e n u a t e d  by s c a t t e r 

ing  and a b s o rp t io n  by m olecules and p a r t i c l e s .  In  t h i s  p a p e r ,  a e ro s o ls  

a r e  d e f in e d  as p a r t i c l e s  of t e r r e s t r i a l ,  e x t r a t e r r e s t r i a l ,  o r  a tm ospheric  

o r i g i n  suspended in  the  gaseous medium. These a e r o s o ls  range  in  s i z e  from 

ap p ro x im a te ly  0.01 y to  20 y. A eroso ls  s m a l le r  th an  0 .01 y c o a le s c e  

r a p id l y  w i th  o th e r  p a r t i c l e s  (Twomey and S ev ery n se ,  1964), and th o se  l a rg e r  

th a n  20 y a r e  removed by g r a v i t a t i o n a l  s e t t l i n g .  Mie th e o ry ,  which des

c r ib e s  th e  s c a t t e r in g  by s p h e r ic a l  p a r t i c l e s  o f  any s i z e ,  has been a p p l ie d  

to  a e r o s o l  s c a t t e r i n g .  In  app ly ing  th e  Mie th e o ry ,  i t  i s  assumed t h a t  the  

s c a t t e r i n g  p a t t e r n  caused by r e f l e c t i o n  from a l a r g e  number of randomly 

o r i e n t e d  p a r t i c l e s  i s  i d e n t i c a l  w ith  th e  s c a t t e r i n g  p a t t e r n  produced by 

a group of spheres  of e q u iv a le n t  s i z e  (Van de H u ls t ,  1957). The v a lu e  

n = 1 .50  has been used by many i n v e s t i g a t o r s  as  th e  mean r e f r a c t i v e  index 

o f  a tm ospheric  a e r o s o ls ,  but i t  i s  l i k e l y  t h a t  a  sm all  im aginary  p a r t  

shou ld  be added. M olecular a b s o rp t io n  can be n e g le c te d  when the  ruby 

l a s e r  i s  tem pera tu re  c o n t ro l le d  to  p re v e n t  a s h i f t  of th e  l a s e r  w avelength
O

in to  th e  w ate r  vapor a b so rp t io n  l i n e  a t  6 9 4 3 .8A.

The c h a r a c t e r i s t i c s  of the  atm osphere and th e  o p t i c a l  r a d a r  system 

pe rm it  s i m p l i f i c a t i o n  o f  th e  s c a t t e r i n g  problem . The s c a t t e r i n g  th e o ry  

which i s  a p p l ic a b le  to  a tm ospheric  o p t i c s  problem s may be c l a s s i f i e d  as 

independen t s c a t t e r i n g .  Because of th e  random p o s i t i o n s  o f  s c a t t e r e r s



in  a g a s ,  the s c a t t e r e d  i n t e n s i t i e s  a re  added w ith o u t  re g a rd  to  phase.

In  a d d i t i o n ,  the  o p t i c a l  depth of th e  a tm osphere  perm its  the  a n a ly s i s  

o f  o p t i c a l  rad a r  b a c k s c a t te r  on th e  b a s i s  of s i n g l e  s c a t t e r i n g  under 

most c o n d i t io n s .  Exceptions  in c lu d e  dense  c loud  s c a t t e r i n g  and back

s c a t t e r  from extrem ely  h ig h  a l t i t u d e s  (>100 km) . The fo l lo w in g  d is c u s s 

ion  i s  a l s o  r e s t r i c t e d  to  s c a t t e r i n g  in  which t h e  frequency  o f  the  i n 

c id e n t  l i g h t  i s  p reserved .

I f  th e  d i f f e r e n t i a l  s c a t t e r i n g  c ro ss  s e c t i o n  f o r  an in d iv id u a l  

s c a t t e r e r  i s  da(0)/dft and independen t,  s i n g l e  s c a t t e r i n g  assumed, the 

volume d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n  i s  given by

where N = number d en s ity  of s c a t t e r e r s  o f  type  i .  The f r a c t i o n  of 

l i g h t  b a c k s c a t te r e d  in to  th e  s o l id  ang le  go sub tended  by th e  r e c e iv e r  i s

where a = volume b a c k s c a t te r  cross s e c t i o n  s in c e  co < 10 f o r  z > 2km.

s c a t t e r i n g  cross s e c t io n s  f o r  m olecules and  l a r g e  p a r t i c l e s ,  r e s p e c t iv e l y .  

The volume s c a t t e r i n g  c o e f f i c i e n t  i s  g iven  by

( 1)

(2)

10

-7

For a tm ospheric  s c a t t e r i n g ,  a = w here and a re  th e  volume

dai(0)
(3 )



I f  a b s o rp t io n  i s  n e g le c te d ,  the  a t t e n u a t io n  o f  a l i g h t  beam i s  d es

c r ib e d  by th e  equa t ion

rx

where

q(x) = I _  = exp [- 
o

q(x) = t r a n s m is s i v i ty

I  = t r a n s m i t t e d  i n t e n s i t y

I = i n t e n s i t y  a t  x = 0

Bdx]

The o p t i c a l  depth of th e  s c a t t e r i n g  medium i s  T where

r  x

T = Bdx

For th e  s c a t t e r i n g  geometry shown i n  F ig .  1, th e  b a c k s c a t te r e d  

power a t  th e  r e c e iv e r  i s  given by

where

F = f lu x  in c id e n t  upon s c a t t e r i n g  volume 

q = t ra n s m is s io n  f a c t o r  from ground l e v e l  to  s c a t t e r i n g  

volume

a„ = volume b a c k s c a t t e r  c ross  s e c t i o n  f o r  molecules K

o „  = volume b a c k s c a t t e r  c ross  s e c t i o n  f o r  a e ro s o ls  

AV = s c a t t e r i n g  volume 

w = s o l id  a n g le  sub tended  by th e  d e t e c t o r .



RECEIVER FIELD 
OF VIEW

SCATTERING
VOLUME

LASER

Fig. 1 S c a t t e r in g  geometry o f  the  o p t i c a l  rad a r  system.



The f lu x  i n c id e n t  on th e  s c a t t e r i n g  volume i s

F =
t t / 4 ( z 0l )2 

where

P^ = a v e ra g e  l a s e r  power 

0 = l a s e r  beam d iv e rg e n c e  ( f u l l  ang le)

S c a t te re d  l i g h t  w i l l  be  r e c e iv e d  s im u l ta n e o u s ly  from a he igh t  range  

cY/s, and th e  s c a t t e r i n g  volume, t h e r e f o r e ,  i s  g iven  by

AV = ^ ( z0l ) 2cY

where Y i s  the  l a s e r  p u l s e  d u r a t i o n .  S ince  the  l a s e r  beam d iam ete r  

and p u ls e  le n g th  a r e  s m a l l  compared to  th e  a l t i t u d e ,  th e  s o l i d  an g le  

subtended by th e  r e c e i v e r  i s  g iven  by

Ar
w =  ~2

z

where i s  the  a r e a  o f  th e  r e c e i v e r .  The power a t  th e  r e c e iv e r  i s

then g iv e n  by

q2cp tAr (aR+aM) q2cEAr (aR+aM)
=R 0 2 22z 2z

where E i s  th e  l a s e r  ene rgy .

In  a form w hich i s  more co n v en ien t  f o r  s in g l e  p h o to e le c t ro n  count 

ing d a t a ,  th e  pho ton  f l u x  a t  th e  r e c e i v e r  i s
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p h o to n s /s e c (11)

where Nq I s the  number o f  photons p e r  l a s e r  p u ls e .  The number of 

s c a t t e r e d  photons counted  i n  tim e i n t e r v a l  x, where x >> Y, c o r r e s 

ponds to  th e  number s c a t t e r e d  in  a h e ig h t  i n t e r v a l  Az = cx /2 .  The

where e i s  th e  r e c e i v e r  e f f i c i e n c y .  I f  z^  -  z^ i s  sm a ll ,  th e  in te g ra n d  

of eq u a t io n  (12) may be c o n s id e re d  c o n s ta n t  over the i n t e r v a l ,  and th e  

eq u a t io n  can be w r i t t e n

1. R ayle igh  S c a t t e r in g

The re g io n  o f  th e  atm osphere i n  which a c o n s ta n t  r a t i o  of m o lecu la r  

oxygen and n i t r o g e n  c o n c e n t r a t i o n s  i s  m a in ta in ed  i s  c a l l e d  th e  homosphere. 

Large s c a l e  a tm o sp h er ic  c i r c u l a t i o n s  produce e d d ie s  which keep t h i s  r e g io n  

w e ll  mixed, p re v e n t in g  d i f f u s i v e  s e p a r a t io n  of m olecu la r  oxygen and n i t r o 

gen. Numerous d i r e c t  measurements and c a l c u l a t i o n s  o f  th e  a tm ospheric  

com position have e s t a b l i s h e d  t h a t  th e  homosphere extends to  a t  l e a s t  

85 km ( R a t c l i f f e ,  1960).  The average  p o l a r i z a b i l i t y  of a i r  i s  t h e r e f o r e

number of coun ts  re c e iv e d  from a h e ig h t  i n t e r v a l  between z^ and z^  

i s ,  t h e r e f o r e ,

( 12)

z 1

S (13)2z



n o t  a f u n c t io n  o f  a l t i t u d e  below 85 km. S ince independen t and s in g le  

s c a t t e r i n g  a r e  assumed, th e  volume b a c k s c a t t e r  c ro s s  s e c t i o n  o f  the 

a tm osphere a t  h e ig h t  z i s  n (z )  tim es th e  average b a c k s c a t t e r  c ro s s  

s e c t i o n  o f  an a tm ospheric  m olecu le ,  where n (z )  i s  th e  number d e n s i ty  

o f  m o lecu le s .

The volume b a c k s c a t t e r  c ro s s  s e c t io n  fo r  m o lecu la r  s c a t t e r i n g  i s

aR = k4a 2NR( z ) f  (14)

where
2 t t

k = —  = wave number o f  in c id e n t  r a d i a t i o n

a = average  p o l a r i z a b i l i t y  of a i r

N (z) = m o lecu la r  number d e n s i ty  
K

and

3(2 + A) {1 ,
1 6 - 7 4  '

The f a c t o r  f ,  which accoun ts  fo r  the  d e p o la r i z a t io n  caused  by a n i s t r o p y  

o f  th e  m o le c u le s ,  equa ls  1.054 f o r  a tm ospheric  a i r  (G. de V aucouleurs ,  

1951). The e x p re s s io n

» ■  4 ^  <i 6 >

where

n = index o f  r e f r a c t i o n  

N = number o f  s c a t t e r e r s  per u n i t  volume



— -30 3y i e l d s  a v a lu e  a = 1 .73 x 10 m fo r  th e  av e ra g e  p o l a r i z a b i l i t y  of

a i r .  The volume b a c k s c a t te r  c ro ss  s e c t io n  fo r  s c a t t e r i n g  of ruby

l a s e r  l i g h t  by the  a e ro s o l  f r e e  atmosphere i s ,  t h e r e f o r e ,

oR = 2.11 x 10 3 2 N r ( z )  m 1 s r  1 (17)

2. Mie S c a t t e r in g

A eroso ls  rang ing  in  s iz e  from 0 .1  y to  10 y s c a t t e r  v i s i b l e  r a d i a 

t i o n  e f f e c t i v e l y  and a re  l i k e l y  to  have a p p r e c ia b le  r e s id e n c e  tim es in  

th e  a tm osphere . The a n a ly s i s  o f  s c a t t e r in g  from th e s e  a e r o s o l s  i s  

complex because  the  s c a t t e r e d  l i g h t  i s  composed o f  l i g h t  o r i g i n a t i n g  

from v a r io u s  p a r t s  o f  the  p a r t i c l e .  For p a r t i c l e s  w ith  d ia m e te rs  g r e a t e r  

th an  20 tim es th e  wavelength of the in c id e n t  l i g h t ,  g e o m e tr ic a l  o p t i c s  

can be a p p l i e d ,  and s c a t t e r e d  l i g h t  can be an a ly zed  in  te rm s o f  the  

p o r t i o n s  r e s u l t i n g  from r e f l e c t i o n ,  r e f r a c t i o n  and d i f f r a c t i o n .  When 

th e  p a r t i c l e  s i z e  i s  of th e  o rd e r  of the  in c id e n t  w av e le n g th ,  however, 

app rox im ation  methods cannot be a p p l ie d ,  and M ie 's  th e o ry  of s c a t t e r 

in g  of e le c t ro m a g n e t ic  waves from a s p h e r ic a l  boundary  o f  a r b i t r a r y  

r a d iu s  and index  of r e f r a c t i o n  must be used (G. M ie , 1908).  The e x a c t  

s o l u t i o n  fo r  th e  s c a t t e r e d  am plitude i s  an i n f i n i t e  s e r i e s  o f  p ro d u c ts  

o f  B esse l  f u n c t io n s  of the  p a r t i c l e  r a d iu s  and r e f r a c t i v e  in d e x ,  and 

Legendre po lynom ials  which a re  fu n c t io n s  o f  th e  s c a t t e r i n g  a n g le .

The d i f f e r e n t i a l  s c a t t e r i n g  cro ss  s e c t io n  f o r  a  s p h e r i c a l  p a r t i c l e  

i l lu m in a te d  by a beam of l i n e a r l y  p o la r iz e d  l i g h t  (Chu and C h u r c h i l l ,

1955) i s
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A^ 2 2
~^T = — 2 ^ i ^ a »n »®^c o s  $ + i 2 ( a >n 50 ) s;i-n $ ] (18)

4tt
where

n = index  of r e f r a c t i o n  

0 = s c a t t e r i n g  ang le  

a = s i z e  param eter (2TTr/A) 

i l  2 = t îe i n t e n s i t y f u n c t io n  f o r  l i g h t  p o la r i z e d  p a r a l l e l  

and p e rp e n d ic u la r  to  th e  d i r e c t i o n  o f  th e  e l e c t r i c  

v e c to r  o f  th e  in c id e n t  wave, r e s p e c t i v e l y  

$ = th e  az im utha l an g le  between th e  e l e c t r i c  v e c to r  o f  the  

i n c id e n t  l i g h t  and th e  d i r e c t i o n  o f  s c a t t e r i n g .

The l i t e r a t u r e  co n ta in s  numerous t a b u la t i o n s  of th e  i n t e n s i t y  fu n c t io n s  

f o r  s p h e r i c a l  p a r t i c l e s  of homogeneous index o f  r e f r a c t i o n  ( e . g . ,  

P enndorf ,  1961, 1962; G iese , 1959).

Because th e  atm ospheric  a e ro s o l  i s  a h ig h ly  v a r i a b l e  m ix tu re  of 

p a r t i c l e s  of d i f f e r e n t  s i z e ,  shape, and index  o f  r e f r a c t i o n ,  i t  i s  im

p o r t a n t  to  know th e  e f f e c t  o f  th e se  p a ram e te rs  on th e  s c a t t e r i n g .  F ig .

2 shows th e  e f f i c i e n c y  f a c t o r  ( s c a t t e r i n g  c ro s s  s e c t io n /g e o m e t r i c a l  

c ro s s  s e c t io n )  v ersus  s i z e  param ete r  a .  A maximum occurs  a t  a = 4 

when n = 1 .5 ,  and the  e f f i c i e n c y  f a c t o r  approaches  2 fo r  l a r g e  a .  The 

s c a t t e r i n g  c ro s s  s e c t io n  fo r  a  l a rg e  sp h ere  i s ,  t h e r e f o r e ,  tw ice  the  

g e o m e tr ic a l  c ro s s  s e c t io n ,  an expec ted  r e s u l t  because  the  i n c id e n t  l i g h t  

i s  b o th  s c a t t e r e d ,  in  the  normal s e n s e ,  and d i f f r a c t e d  by th e  sp h ere .

F ig .  3 shows th e  b a c k s c a t t e r  i n t e n s i t y  fu n c t io n  [ i ( a , 1 .5 ,1 8 0 ° ) ]  over a 

wide range  o f  s i z e s  fo r  a p a r t i c l e  o f  index  o f  r e f r a c t i o n  n = 1 .5 .
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The curve dem onstra te s  th e  r a p id  d e c re a se  i n  s c a t t e r e d  i n t e n s i t y  fo r  

sm all s i z e  param ete r  and th e  r a p id  o s c i l l a t i o n  ( r e p re s e n te d  a p p ro x i

m ately  by th e  shaded p o r t i o n  o f  th e  cu rve)  of th e  b a c k s c a t te r e d  i n t e n 

s i t y  v a lu es  th a t  r e s u l t s  from i n t e r f e r e n c e  o f  r e f l e c t e d  and r e f r a c t e d  

rays  f o r  l a rg e  s i z e  p a ram e te r .

In  the  a n a ly s i s  of a tm o sp h er ic  s c a t t e r i n g ,  one i s  concerned w ith  

a p o ly d is p e r s e  m ix tu re  o f  a e r o s o l s .  I f  th e  s c a t t e r i n g  p r o p e r t i e s  of 

in d iv id u a l  p a r t i c l e s  and th e  t o t a l  number d e n s i ty  and s i z e  d i s t r i b u 

t i o n  o f  th e  a e ro s o ls  a re  known, th e  s c a t t e r i n g  p r o p e r t i e s  o f  an atm os

p h e r ic  a i r  volume can be d e te rm in e d .  Junge (1961) has shown t h a t ,  on 

the  av e ra g e ,  th e  s i z e  d i s t r i b u t i o n  o f  a e r o s o ls  i n  th e  t ro p o sp h e re  i s  

d e sc r ib e d  by the  e q u a t io n

r a d iu s ,  C i s  a param ete r  dependent upon th e  t o t a l  number of p a r t i c l e s .  

The s i z e  d i s t r i b u t i o n  param ete r  v can range  from 2 .5  to  4 .0  and av e rag es  

3 fo r  l a rg e  (0 .1  -  1 .0  p) a e r o s o l s  n e a r  th e  ground. This  s i z e  d i s t r i 

b u t io n  i s  no t  a p p l i c a b le  n e a r  th e  mesopause because  th e  m eteorology of 

th e  upper atmosphere d i f f e r s  s i g n i f i c a n t l y  from t h a t  o f  the  t ro p o s p h e re .  

The volume d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n  f o r  Mie s c a t t e r i n g

i s

dNM( r ) / d l o g r  = Cr V (19)

where d N ^ (r ) /d r  i s  th e  p a r t i c l e  c o n c e n t r a t i o n ,  r  i s  th e  p a r t i c l e

X 2

2 (20)



where NM(r)  i s  th e  number d e n s i t y  of p a r t i c l e s  o f  r a d iu s  r .  The 

volume b a c k s c a t t e r  c ro s s  s e c t i o n  i s

2
i ( a ,n ,1 8 0 ° )N M(r)M 2 (21)

where i  = i ^  = i^  fo r  0 = 180°. E quation  (19) can be w r i t t e n

dNM(r )  = Cr (v + 1 )d r ( 22)

For a Junge d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s ,  eq u a t io n  (21) can be w r i t t e n

Tables  of th e  average  d i f f e r e n t i a l  b a c k s c a t t e r  and t o t a l  c ro s s  

s e c t i o n s  pe r  p a r t i c l e  fo r  Junge a e r o s o l  d i s t r i b u t i o n s  mey be found in  

th e  l i t e r a t u r e  (McCormick, Lawrence and C row nfie ld ,  1968). The c a lc u 

l a t i o n s  were performed fo r  fo u r  l a s e r  w avelengths and v a r io u s  combina

t i o n s  o f  s i z e  d i s t r i b u t i o n  pa ram ete r  and p a r t i c l e  s i z e  l i m i t s .

The volume b a c k s c a t t e r  c ro s s  s e c t i o n  o f  an atmosphere c o n ta in in g  

b o th  m o lecu les  and a e ro s o l  p a r t i c l e s  may th e r e f o r e  be c a l c u la te d  i f  

v , a^ ,  ot2 , n ,  NR(z) and ^ ( z )  a r e  known. E quation  (17) w ith  NR(z)

a
M C (23)

r 1
o r ,  changing v a r i a b l e s

(24)

a 1



given by the  U. S. S tan d a rd  Atmosphere Supplements, 1966 p r e d ic t s  the  

m olecu lar  component o f  th e  s c a t t e r i n g  w ith  s u f f i c i e n t  accuracy fo r  

measurements o f  th e  a e r o s o l  c o n te n t  of th e  atm osphere. Aerosol s c a t t e r 

ing i s  h ig h ly  dependen t on v ,  a ^ ,  n and N ^(z) .  These param eters  have 

been measured, bu t  th e  measurements u s u a l ly  r e p re se n t  an average over 

a wide range o f  a tm o sp h e r ic  c o n d i t io n s .  Long term averages of o p t i c a l  

r a d a r  d a ta  should  ag re e  w i th  a model of a tm ospheric  s c a t t e r i n g  based 

on p u b lish ed  v a lu e s  of v ,  ct^, a n ,  N ^(z ) ,  i f  these  param eters  a c t u a l l y  

re p re s e n t  average  a tm o sp h e r ic  c o n d i t io n s .  In  ana lyz ing  o p t i c a l  r a d a r  

d a ta  accum ulated over  s h o r t  time p e r io d s ,  however, one must ask  the  

e x te n t  to  which p u b l ish e d  v a lu e s  o f  v , a ^ ,  o ^ ,  n ,  Cr ) r e p re s e n t  a t 

mospheric c o n d i t io n s  a t  th e  time and lo c a t i o n  of the o p t i c a l  r a d a r  

measurements. I t  i s  c l e a r  t h a t  i f  q u a n t i t a t i v e  measurements of the  

p r o p e r t i e s  of a tm o sp h er ic  a e r o s o l s  a re  to  be in f e r r e d  from o p t i c a l  

r a d a r  m easurem ents, s u p p o r t in g  in fo rm a t io n  such as an independent 

measurement of v ,  o r  ^ ( z )  w i l l  be needed .



B. Noise Sources

In t h i s  p aper  th e  term " n o is e "  r e f e r s  to  any measured s ig n a l  

o th e r  than  b a c k s c a t te r e d  l a s e r  r a d i a t i o n .  N oise sou rces  which are  

im portan t in  t h i s  experim en t e x i s t  w i th i n ,  and e x t e r n a l  t o ,  th e  r e 

c e iv e r  e l e c t r o n i c s .  E x te rn a l  n o is e  so u rces  a re  s c a t t e r e d  f l u o r e s 

cence and f lash lam p r a d i a t i o n ,  RF n o is e  g e n e ra te d  by system  e l e c t r o n i c s  

f l u c t u a t i o n  of the  sky background s i g n a l ,  and Cerenkov l i g h t  f l a s h e s  

caused by cosmic ra y s  e n t e r in g  th e  p h o to m u l t i p l i e r  f a c e p la t e .  The 

only  i n t e r n a l  n o is e  so u rce  o f  a p p re c ia b le  m agnitude, compared to  

o th e r  n o ise  so u rc e s ,  i s  th e  p h o to m u l t i p l i e r  dark  c u r r e n t .

The e f f e c t s  of sky background  and s c a t t e r e d  f lash lam p r a d ia t io n  

a re  minimized by u s in g  narrow bandpass  o p t i c a l  f i l t e r s .  F luo rescence  

r a d i a t i o n ,  which i s  th e  same w aveleng th  as the  l a s e r  r a d i a t i o n ,  and 

flash lam p r a d i a t i o n  a r e  e l im i n a te d  by a synch ron ized  r o t a t i n g  s h u t t e r  

t h a t  c lo se s  o f f  the  l a s e r  c a v i ty  a f t e r  the  Q -sw itched  l a s e r  p u lse  i s  

em it te d .  This s h u t t e r  i s  e s s e n t i a l  when m easuring  weak s ig n a l s  s c a t t e r  

ed from h igh  a l t i t u d e s  because  n e a r - f i e l d  s c a t t e r i n g  of f lu o re sc e n c e  

r a d i a t i o n ,  which i s  e m i t te d  by th e  l a s e r  f o r  one to  two m i l l i s e c o n d s  

a f t e r  the em ission  o f  the  Q -sw itched  p u l s e ,  can cause an i n t o l e r a b l e  

background l e v e l .  At ground l e v e l ,  the  background count caused by 

cosmic rays  i s  n e g l i g i b l e  compared to  o th e r  s o u rc e s .  System gen era ted  

RF n o is e  i s  c o n t r o l l e d  by p ro p e r  s h i e l d in g  and f i l t e r i n g  of the  

d e t e c to r  and the  n o is e  s o u rc e .  The e x t e r n a l  n o is e  so u rces  t h a t  cannot 

be e l im in a te d  a r e ,  t h e r e f o r e ,  sky background and s t a t i s t i c a l  n o is e  in
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the  s i g n a l .  F i n a l l y ,  the  p h o to m u l t i p l i e r  d a rk  count r a t e ,  which i s  

caused predom inan tly  by the rm ion ic  e l e c t r o n s  e m it te d  by th e  pho to 

ca thode , can be reduced below the sky background count r a t e  by c o o l in g .

Under most o p e ra t in g  c o n d i t io n s ,  th e  f l u c t u a t i o n  of th e  sky 

background i s  th e  most troublesom e n o is e  s o u rc e .  S ta r s  in  th e  f i e l d  

of view o f  th e  te le s c o p e  and s c a t t e r e d  m oonligh t can in c re a s e  the  sky 

background by one o r  two o rd e rs  of magnitude over t h a t  ex pec ted  from

airg low  c o n s id e r a t io n s .  The sky background l e v e l  caused by s c a t t e r e d  

A 6s u n l ig h t  i s  10 to  10 tim es the  n ig h t t im e  l e v e l .

C. E s t im a t io n  of Maximum A c c e ss ib le  A l t i t u d e  Based on a M olecular 

S c a t t e r in g  Model

The most re c e n t  d a ta  on s e a s o n a l  and l a t i t u d i n a l  v a r i a t i o n s  of 

a tm ospheric  m o lecu la r  number d e n s i ty  a re  t a b u la te d  in  the  U. S. S tand

a rd  Atmosphere Supplem ents, 1966. Because th e  minimum atm osphere s c a t t e r 

in g  i s  p u re ly  m o lecu la r ,  c a l c u l a t i o n s  of ex p ec ted  l a s e r  b a c k s c a t t e r  from 

an atmosphere f r e e  from a e ro s o ls  p ro v id e  a u s e f u l  i n d i c a t i o n  of the  

p o s s ib le  a l t i t u d e s  which can be probed w i th  th e  o p t i c a l  r a d a r  system . 

O bviously ,  much h ig h e r  a l t i t u d e s  would be a c c e s s i b le  i f  d u s t  and o th e r  

p a r t i c l e s ,  which s c a t t e r  more e f f e c t i v e l y  than  m o lecu le s ,  a re  p r e s e n t .

The c a p a b i l i t y  o f  th e  o p t i c a l  r a d a r  system  f o r  h ig h  a l t i t u d e  back

s c a t t e r  measurements was ana lyzed  in  terms o f  the  s t a t i s t i c a l  p ro p e r 

t i e s  o f  the  r e c e iv e d  s ig n a l  and n o is e .  The s ta n d a rd  d e v ia t io n  o f  the 

number of s ig n a l  counts  i s
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where

Ss -  <SS+B? + <25)

8g = s ta n d a rd  d e v ia t io n  of th e  number of s i g n a l  counts

6s+b = s ta n d a rd  d e v ia t io n  of th e  t o t a l  number of counts

6g = s ta n d a rd  d e v ia t io n  of th e  number o f  background c o u n ts .

The background count r a t e  i s  measured in d e p e n d e n tly  over a long p e r io d  

of time such t h a t  <5 << 6„ i s ,  t h e r e f o r e ,  p r a c t i c a l l y  i d e n t i c a l
d j t d  b

w ith  <$s+B" The maximum a c c e s s ib le  a l t i t u d e  f o r  m o lecu la r  b a c k s c a t t e r  

i s  d e f in e d  as t h a t  a l t i t u d e  a t  which th e  s i g n a l - t o - n o i s e  r a t i o  eq u a ls  

2 , or

where

nS+B

V ss ■ 2 or “s '  2!V»>1 <26)

t o t a l  counts

number of s ig n a l  co u n ts .

In  a form more u s e fu l  f o r  t r e a tm e n t  of d a ta ,

2 [ ( C S +  CB) N x ] i5 = CgNx ( 2 7 )

where

Cg = b a c k s c a t te r e d  s ig n a l  coun ting  r a t e  

Cg = background coun tin g  r a t e  

N = number o f  l a s e r  sh o ts  

x = coun ting  time b in  w id th .
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The s ig n a l  coun ting  r a t e  v e rsu s  a l t i t u d e  f o r  a pu re  m o lecu la r

a tm osphere can be determ ined from e q u a t io n  (10) where = 0. The

s ig n a l  coun ting  r a t e  d ec rease s  v e ry  r a p id l y  w i th  a l t i t u d e  because
2

of th e  r a p id  d e c re a se  of the  f a c t o r  a / z i n  e q u a t io n  (10 ) .  TheK
2

v a r i a t i o n  of a / z w ith  a l t i t u d e  i s  shown in  T ab le  I .
R

o o
The photon f lu x  X caused by a i rg lo w  in  th e  6938A to  6948A wave

le n g th  range and the  a s tro n o m ica l  c o n t r i b u t i o n  i s  e s t im a te d  to  be 

1 .2  x 1 0 ^  photons m ^ sec  ^ (B roadfoo t and K e n d a ll ,  1968). The count 

r a t e  produced by sky background, i n  th e  absence  o f  s c a t t e r e d  m oonlight 

i s  th en

Cfi = XnRAr Bqe/4ir (28)

where

= r e c e iv e r  s o l i d  ang le
R

B = o p t i c a l  f i l t e r  bandwidth 

£ = r e c e iv e r  e f f i c i e n c y .

For th e  o p t i c a l  r a d a r  r e c e iv e r  t e le s c o p e  w i th  !L = 2 ,3  x 10 ^ s r ,

e q u a t io n  (28) y i e ld s  a v a lu e  fo r  CR of 1240 c o u n t s / s e c .  Using eq u a t io n s

(13) and (2 7 ) ,  th e  maximum a c c e s s i b l e  a l t i t u d e  f o r  m o lecu la r  b a c k s c a t -
2

t e r  v e rsu s  number of l a s e r  sh o ts  has been c a l c u l a t e d .  The q f a c t o r  of 

e q u a t io n  (13) i s  h ig h ly  dependent upon th e  m e te o ro lo g ic a l  c o n d i t io n s  of 

th e  low es t t h r e e  k i lo m e te rs  o f  th e  atmosphere, even on " c l e a r , "  c lo u d le s s  

days . A t te n u a t io n  by a e ro s o ls  a t  1 km a l t i t u d e  i s  an o rd e r  of m agnitude 

l a r g e r  th a n  the  m o lecu la r  a t t e n u a t io n .  I t  i s  o b v io u s ,
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• 

TABLE I VARIATION OF crR/z2 WITH ALTITUDE 

Altitude (km) 2 -3 -1 aRiz (m sr ) 

10 

30 

50 

70 

90 

1. 70 X 10-15 

8.30 X 10-18 

1. 90 X 10-19 

7.50 X 10-21 

1. 78 X 10-22 

N 
(J'\ 



t h e r e f o r e ,  th a t  the a t t e n u a t io n  o f  a v e r t i c a l l y  d i r e c t e d  l a s e r  p u lse  

w i l l  va ry  accord ing  to  the  l o c a l  m e te o r o lo g i c a l  c o n d i t io n s  such as 

a e ro s o l  number d e n s i ty  and s i z e  d i s t r i b u t i o n ,  index  o f  r e f r a c t i o n ,  

h u m id i ty ,  e t c .  The b e s t  a v a i l a b l e  d a ta  on th e  a t t e n u a t io n  c h a r a c te r 

i s t i c s  of the  " c l e a r  s ta n d a rd  atm osphere"  (an  atmosphere c h a r a c te r i z e d  

by m o le c u la r ,  a e ro s o l  and ozone a t t e n u a t i o n )  i s  co n ta in e d  in  "Atmos

p h e r ic  A t te n u a t io n  Model, 1964, i n  the  U l t r a v i o l e t ,  V i s i b l e ,  and I n f r a 

red  Regions fo r  A l t i tu d e s  to  50 km" (E l te rm a n ,  1964). The z e n i th  

t r a n s m is s io n  f a c t o r  f o r  th e  e n t i r e  atm osphere  p r e d i c t e d  by E l te rm a n 's  

model f o r  A = 0 .7  y i s  0 .6 7 .  The a tm o sp h e r ic  t u r b i d i t y  d ec re ase s  

r a p id l y  w ith  in c re a s in g  a l t i t u d e  and l e s s  th a n  two p e rc e n t  of the  t o t a l  

a t t e n u a t io n  of the  l a s e r  p u ls e  occu rs  above 10 km. In  t h i s  a n a ly s i s  of

s t r a t o s p h e r i c  and m esospheric  s c a t t e r i n g ,  t h e r e f o r e ,  th e  v a r i a t i o n  o f  
2

q w ith  a l t i t u d e  i s  n e g le c te d .  O ther sy stem  p a ram e te rs  a r e  as fo l low s:

2R ece iver  a r e a  A = 0.4556 mr

Counting tim e b in  w id th  x = 1 1 . 0  ysec

R ece iver  e f f i c i e n c y  e = 0 .01

18Number of t r a n s m i t t e d  photons Nq = 2.55 x 10

L aser  energy E = 0 . 7 3  jo u l e .

F ig .  4 shows the s i g n a l  coun ting  r a t e  v e r s u s  a l t i t u d e  f o r  a pure  

m o lecu la r  atm osphere, and F ig .  5 shows th e  maximum a c c e s s i b l e  a l t i t u d e  

f o r  th e  assumed system param ete rs  in c lu d in g  a  background l e v e l  of 1240 

c o u n t s / s e c .  The graph i n d i c a t e s  t h a t  measurem ents of s c a t t e r i n g  from
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F ig .  4 Expected s ig n a l  coun ting  r a t e  v e rs u s  a l t i t u d e  fo r  l a s e r  
b a c k s c a t te r  from an a e r o s o l  f r e e  atm osphere.
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F ig .  5 Maximum a c c e s s i b l e  a l t i t u d e  f o r  m o lecu la r  b a c k s c a t t e r
v e rsu s  number o f  l a s e r  p u l s e s .  The background l e v e l
CD = 1 .24 x 10^ c o u n t s / s e c .B



the  mesopause shou ld  be p o s s i b le  u s in g  d a ta  accum ulated du r in g  a s in g le  

n i g h t .

The perform ance of an o p t i c a l  r a d a r  system  can be s t r o n g ly  de

pendent upon th e  l e v e l  of background r a d i a t i o n .  At n ig h t  th e  sky

background can be dominated by s c a t t e r e d  m o o n l ig h t ,  and daytime o pe ra -

4 6t i o n  can in v o lv e  a 10 to  10 in c re a s e  o f  th e  background power in c id e n t  

on th e  r e c e i v e r .  Under daytime sky background c o n d i t io n s  the  counting
g

r a t e  produced by background a lone  could  be 10 c o u n t s / s e c .  In  o rd e r  

to  avoid  s a t u r a t i o n  of th e  coun ting  c i r c u i t r y ,  th e  power in c id e n t  on
3

th e  p h o to m u l t ip l i e r  would have to  be a t t e n u a te d  by a f a c t o r  of 10 . 

Under th e s e  c o n d i t io n s ,  th e  maximum a c c e s s i b le  a l t i t u d e  f o r  m olecu la r  

b a c k s c a t t e r  v e rsu s  number of l a s e r  s h o ts  i s  shown in  F ig .  6.
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F ig .  6 Maximum a c c e s s i b l e  a l t i t u d e  f o r  m o lecu la r  b a c k s c a t t e r  
v e rsu s  number o f  l a s e r  p u l s e s . The background l e v e l  
C,, = 10^ a f t e r  a t t e n u a t i o n  o f  th e  r e c e iv e d  power by 10^.D



I I I .  EXPERIMENTAL EQUIPMENT

The o p t i c a l  r a d a r  system  c o n s i s t s  o f  a l a s e r  t r a n s m i t t e r ,  a r e c e iv e r  

and a s s o c ia te d  e l e c t r o n i c s  equipm ent. The t r a n s m i t t e r  u tT T lzes  a Korad 

K-l-QP l a s e r  w ith  a u x i l i a r y  e x t e r n a l  o p t i c s  f o r  c o l l im a t io n  of th e  l a s e r  

beam. The RT-2 te le s c o p e  a t  NASA, Wallops I s l a n d ,  has  been m odified  f o r  

u se  as  a r e c e i v e r .  The f o c a l  p la n e  o f  th e  t e le s c o p e  has  been f i t t e d  w ith  

an in s t ru m e n ta t io n  p la t fo rm  which can accomodate e l e c t r o n i c  and o p t i c a l  

equipment fo r  e i t h e r  analog  o r  d i g i t a l  measurement o f  the  b a c k s c a t te r e d  

s ig n a l .  The t r a n s m i t t e r  i s  a t t a c h e d  to  th e  t e le s c o p e  on a s t e e r a b l e  mount 

w ith  th e  a x is  of the  l a s e r  p a r a l l e l  to  th e  a x i s  o f  th e  prim ary  te le s c o p e  

m i r ro r .  A photograph of th e  RT-2 t e l e s c o p e  a f t e r  m o d i f ic a t io n  fo r  use  as  

an o p t i c a l  r a d a r  system  i s  shown in  F ig .  7.

A. L aser  T ra n s m it te r

A diagram of th e  l a s e r  t r a n s m i t t e r ,  a term  which r e f e r s  to  th e  l a s e r  

head and a s s o c ia t e d  m echan ica l and o p t i c a l  equipm ent, i s  shown in  F ig .  8. 

Inc luded  in  the  l a s e r  t r a n s m i t t e r  a r e  a l a s e r ,  a m echan ica l s h u t t e r ,  an 

energy m o n ito r ,  and c o l l im a t io n  o p t i c s .

1. Laser

The Korad K-l-QP ruby l a s e r ,  which i s  th e  b a s i c  elem ent of th e  l a s e r  

t r a n s m i t t e r ,  nom inally  p roduces  one j o u l e ,  20 n sec  p u l s e s ,  a t  a  r a t e  of 

one p u ls e  pe r  m inu te .  A P o c k e l 's  C e l l  Q -sw itch a s s u re s  s in g l e  p u ls e s  and
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F ig .  7 The RT-2 te le s c o p e  a t  NASA, Wallops I s l a n d  a f t e r  m o d i f ic a t io n  f o r  use 
as  an o p t i c a l  r a d a r .
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F ig .  9 Pho tograph  o f  t h e  l a s e r  t r a n s m i t t e r  mounted on th e  t e le s c o p e .  
The to p  co v er  i s  removed.

35 

Fig. 9 Photograph of the laser transmitter mounted on the telescope. 
The top cover is removed. 
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prov ides  a c c u ra te  l a s e r  p u ls e  t im in g  w ith  r e s p e c t  to  th e  m echanical 

s h u t t e r s .  The 4 inch  by 9/16 in c h  l a s e r  rod was s e l e c t e d  to  meet a low 

beam d iv e rg en ce  s p e c i f i c a t i o n  o f  2 .8  mr ( h a l f  a n g le ,  h a l f  power).

During the  co u rse  of th e  ex p er im en t ,  th e  l a s e r  t r a n s m i t t e r  was 

opera ted  over a w ide range of am bient te m p e ra tu re s .  To p reven t a s h i f t  

o f the l a s e r  w aveleng th  i n t o  a r e g io n  of w a te r  vapor a b s o rp t io n ,  the  

tem pera tu re  of th e  l a s e r  head i s  m a in ta in ed  a t  70° ± 0 .5°  F. Dry n i t r o 

gen was p iped a c ro s s  th e  f r o n t  and r e a r  s u r fa c e s  of th e  ruby rod d u r in g  warm 

humid c o n d i t io n s  to  p re v e n t  co n d en sa t io n  of m o is tu re  on the  o p t i c a l  s u r 

faces  .

2. F luo rescence  S h u t te r

For a p e r io d  o f  one to  two m i l l i s e c o n d s  a f t e r  th e  em ission  of th e  

Q-switched p u ls e ,  the  l a s e r  em its  f lu o re s c e n c e  and f lash lam p r a d i a t i o n .

When m easuring m esospheric  b a c k s c a t t e r ,  n e a r  f i e l d  s c a t t e r i n g  o f  t h i s  

r a d i a t i o n  in to  th e  r e c e iv e r  can cause  a h igh  background l e v e l  and s e r io u s ly  

reduce th e  s e n s i t i v i t y  of th e  system . At times co rrespond ing  to  a l t i 

tudes above 30 km, th e  f lash lam p  and f lu o re s c e n c e  r a d i a t i o n  i s  p reven ted  

from le a v in g  the t r a n s m i t t e r  hous ing  by a synchron ized  r o t a t i n g  s h u t t e r  

which com ple te ly  c lo s e s  o f f  th e  l a s e r  c a v i ty  in  l e s s  th an  180 psec  a f t e r  

th e  em ission  of th e  Q -sw itched p u ls e .  The aluminum r o to r  of th e  s h u t t e r  

i s  d r iv en  a t  13,200 rpm and timed so t h a t  th e  l a s e r  f i r e s  th rough one of 

two d ia m e t r i c a l l y  opposed h o le s .  S y n ch ro n iza t io n  o f  th e  s h u t t e r  i s  

accomplished by t r i g g e r i n g  the  l a s e r  w ith  a delayed  p u ls e  d e r iv e d  from 

th e  s h u t t e r .  The tim ing  p u ls e  i s  g e n e ra te d  by an e le c t ro m a g n e t ic  p ickup 

which sen ses  the  r o t a t i o n  o f  a s e t  screw  i n  the  r o t o r  d r iv e  p u l l e y .



3. Energy M onitor

A f te r  emerging from th e  s h u t t e r ,  th e  l a s e r  p u ls e  then  p asses  th rough  

a Lear S ie g le r  energy m o n i to r .  A beam s p l i t t e r  i n  t h i s  dev ice  d i r e c t s  

7 p e rc e n t  of the  beam tow ards a c a l i b r a t e d  SD-100 pho tod iode . The energy 

of each p u ls e  i s  re c o rd e d ,  and th e  l a s e r  p u ls e  shape and peak power a re  

checked p e r i o d i c a l l y .

4. L aser  Beam C o ll im a to r

The f i n a l  e lem ent of th e  l a s e r  t r a n s m i t t e r  i s  th e  l a s e r  beam c o l l i 

m ator. The p o s i t i v e  and n e g a t iv e  le n s  system  c l o s e l y  resem bles th e  con

f i g u r a t i o n  of a G a l i l e a n  t e l e s c o p e ;  th e  l e n s e s ,  however, a re  no t achrom ats .

A computer ray  t r a c e  program was w r i t t e n  and used to  de term ine  th e  p ro p er  

le n s  shapes f o r  minimum s p h e r i c a l  a b e r r a t i o n  o f  th e  two-element le n s  

system (o th e r  a b e r r a t i o n s  can be n e g le c te d  in  t h i s  a p p l i c a t i o n ) . The 

r e s u l t s  of th e  s p h e r i c a l  a b e r r a t i o n  c a l c u l a t i o n s  f o r  the  c o r re c te d  le n s  s y s 

tem a t  X = 6943$ a r e  shown in  F ig .  11. The c o l l im a to r  has a m a g n if ic a t io n  

of 5 :1  and w i l l  reduce  th e  l a s e r  beam d iv e rg e n c e  to  approx im ate ly  0 .5  mr 

(1/2  a n g le ,  1 /2  pow er). The le n s e s  were f a b r i c a t e d  from S u p ra s i l  I  g rade 

q u a r tz  because  of i t s  h ig h  p u r i t y  and low c o e f f i c i e n t  of expansion . A l l  

le n s  s u r f a c e s  were co a ted  f o r  minimum r e f l e c t i o n  a t  6943$ ( l e s s  than  0.1%).

A ll  o f  th e  components of th e  l a s e r  t r a n s m i t t e r  a r e  mounted in  a l i g h t 

p roof e n c lo su re .  S ince  f la sh lam p  and f lu o re s c e n c e  l i g h t  can escape only  

along th e  l a s e r  beam a x i s ,  th e  s h u t t e r  en su re s  th e  e l im in a t io n  of sp u r io u s  

l i g h t  from th e  l a s e r .



F ig .  10 Ray t r a c e  geometry f o r  s p h e r i c a l  a b e r r a t i o n  
computer program.
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F ig .  11 R e s id u a l  s p h e r i c a l  a b e r r a t i o n  of c o r r e c te d  l a s e r  
beam c o l l im a to r .  The s p h e r i c a l  a b e r r a t i o n  o f  a 
c o l l im a to r  composed o f  equiconcave and equiconvex 
le n s e s  (u n c o rre c te d )  i s  shown f o r  com parison.



B. R ece iver

The RT-2 t e le s c o p e  i s  a s c a le d  up v e r s io n  of th e  B a k e r -R e f le c to r -
O

C o rre c to r  Camera which i s  c o r r e c te d  f o r  a b e r r a t i o n  from 3600A through 

the  v i s i b l e  p o r t i o n  o f  th e  spectrum . The system  c o n s i s t s  of an o b je c t iv e  

c o r r e c t o r  p l a t e ,  a p rim ary  m i r ro r  of 31 inch  a p e r t u r e ,  a f i e l d  f l a t t e n e r  

and a secondary  m ir ro r  to  focus  th e  l i g h t  a t  th e  Newtonian fo cu s .  The 

e q u iv a le n t  f o c a l  le n g th  i s  108 in c h es  w ith  a f i e l d  of view o f 6 degrees  

(105 m i l l i r a d i a n s ) .

The t e le s c o p e  has been m odif ied  in  s e v e r a l  ways to  make th e  in s tru m en t 

s u i t a b l e  f o r  use  as  an o p t i c a l  r a d a r  r e c e i v e r .  The o b je c t iv e  c o r r e c t o r  

p l a t e  and f i e l d  f l a t t e n e r  were removed because  they  a r e  unnecessa ry  fo r  

narrow f i e l d  o p e ra t io n .  This makes th e  f o c a l  le n g th  of the  te le s c o p e  th e  

same as th e  f o c a l  le n g th  of th e  p rim ary  m ir ro r  (140 in c h e s ) .  An i n s t r u 

ment p la t fo rm  su p p o r t in g  th e  p h o to m u l t ip l i e r  tube  and a s s o c ia t e d  o p t i 

c a l  and m echanical equipment was i n s t a l l e d  n e a r  th e  fo c a l  p la n e  of th e  

te le s c o p e .

The b a c k s c a t te r e d  s ig n a l  can be measured u s ing  analog  o r  s i n g l e  

p h o to e le c t ro n  coun ting  te c h n iq u e s ; th e  p a r t i c u l a r  measurement method i s  

dependent upon th e  a l t i t u d e  range  under i n v e s t i g a t i o n .  For s u f f i c i e n t l y  

low l i g h t - J ^ v e l s , the  b a c k s c a t te r e d  power i s  p r o p o r t i o n a l  to  th e  count 

r a t e  of p u ls e s  a t  the  anode of th e  p h o to m u l t ip l i e r .  A d i s c r im in a to r  

g e n e ra te s  a s ta n d a rd iz e d  p u ls e  f o r  each a m p l i f ie d  anode p u ls e  which 

exceeds a s p e c i f i e d  th r e s h o ld .  The count r a t e  i s  sampled as th e  l a s e r  

p u lse  p a sse s  th rough  th e  a tm osphere . The m easuring tim e (1 .5  msec o r  an
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e q u iv a le n t  a l t i t u d e  ra n g e  of 230 km) i s  d iv id e d  in to  s h o r t  t im e b i n s , 

during  each o f  which th e  r e c e iv e d  photons a r e  counted. The number o f  

counts in  each s u c c e s s iv e  b in  i s  s to r e d  in  a de lay  l i n e  memory, and t h i s  

in fo rm a tio n  i s  p r i n t e d  o u t  a f t e r  each l a s e r  s h o t .  At a l t i t u d e  below 30 

km, th e  b a c k s c a t te r e d  power i s  p r o p o r t i o n a l  to  the v o l ta g e  a c ro s s  th e  

pho to tube  lo ad  r e s i s t o r .  In  t h i s  ca se  th e  r e t u r n  s ig n a l  i s  d i s p la y e d  on 

a T e k t ro n ix  555 o s c i l l o s c o p e  and pho tographed . V oltage re a d in g s  a re  ta k e n  

from en la rgem en ts  of th e  pho tographs  a t„ fL 6  km i n t e r v a l s .

1. D i g i t a l  R ece iv e r  C o n f ig u ra t io n

A schem atic  diagram  and a pho tog raph  o f  th e  d i g i t a l  r e c e i v e r  i n s t r u 

m en ta tio n  a r e  shown in  F ig .  12 and F ig .  13, r e s p e c t iv e ly .  The b a c k s c a t t e r e d  

l a s e r  r a d i a t i o n ,  fo cu ssed  by th e  p rim ary  m i r r o r ,  passes  th rough  a f i e l d  s to p ,  

a m echan ica l s h u t t e r  and th e n  a c o l l im a t io n  l e n s .  The l i g h t ,  which i s  now 

c o l l im a te d  to  w i th in  ± 4 .8 ° ,  pa sse s  th rough  an in t e r f e r e n c e  f i l t e r  and 

impinges upon the  p h o to c a th o d e  of th e  coo led  p h o to m u l t ip l ie r .  An ev acu a ted  

g la s s  c e l l  i s  epoxied  to  th e  p h o to tu b e  window to  p reven t c o n d e n sa t io n .

The s i n g l e  p h o to e le c t r o n  c o u n t in g  in s t ru m e n ta t io n  i s  shown in  F ig .  14. 

Anode p u ls e s  r e s u l t i n g  from s i n g l e  p h o to e le c t ro n s  e je c te d  from th e  p h o toca thode  

a re  a m p l i f ie d  by a C h ro n e t ic s  Model 106 d u a l  Nanoamp and then  s ta n d a r d i z e d  

by an EG&G T101/N d i s c r i m i n a t o r .  The d i s c r im in a to r  g e n e ra te s  a 2 v o l t ,

25 nsec  wide p u ls e  f o r  each in p u t  p u ls e  of am plitude which exceeds a s p e c i 

f ie d  th r e s h o ld .  The optimum th r e s h o ld  l e v e l  depends s t r o n g ly  on th e  ph o to 

m u l t i p l i e r  g a in ,  and th e  l e v e l  must be  de term ined  fo r  each p h o to m u l t i p l i e r  

tube used . S a t i s f a c t o r y  perfo rm ance w i l l  be ob ta ined  f o r  most tu b es  when
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the  l e v e l  i s  s e t  a t  20% of th e  average  p u ls e  h e ig h t .  The s ta n d a rd iz e d  

p u lse s  from th e  d i s c r i m in a t o r  a r e  counted and summed over 11 ysec  (1 .66  km) 

i n t e r v a l s .  The t o t a l  coun ting  tim e i s  1 .5  msec, o r  an e q u iv a le n t  a l t i t u d e  

range o f  230 km. The t o t a l  coun ts  i n  each 11 ysec  time b in  a re  s to re d  in  

a de lay  l i n e  memory and th en  read  ou t by means o f  a H ew lett Packard p r i n t e r  

a f t e r  each l a s e r  sh o t .

2. Analog R ece iver  C o n f ig u ra t io n

The analog r e c e i v e r  o p t i c s  d i f f e r  depending on th e  l e v e l  o f  sky back

ground. For daytim e o p e ra t io n  th e  o p t i c s  a r e  th e  same as th e  d i g i t a l  

r e c e iv e r  o p t i c s  w ith  th e  15 A f i l t e r  r e p la c e d  by a 3 1/2 A f i l t e r .  During 

n ig h t t im e  o p e ra t io n  th e  optimum s i g n a l - t o - n o i s e  r a t i o  i s  achieved  us ing  

th e  c o n f ig u ra t io n  shown in  F ig .  15. The W ratten  f i l t e r  has the  advantage 

of a 95% t ra n s m is s io n  a t  6943& and does n o t  r e q u i r e  c o l l im a te d  l i g h t .

Although th e  e f f e c t i v e  bandpass o f  th e  p h o to m u l t ip l ie r  and f i l t e r  com

b in a t io n  i s  700 A, th e  sky background c u r r e n t  i s  s t i l l  l e s s  than  1/10 

of th e  s ig n a l  c u r r e n t  a t  30 km. The in c re a s e d  t r a n s m is s io n  of th e  W ratten 

70 f i l t e r ,  t h e r e f o r e ,  has th e  e f f e c t  o f  in c re a s in g  th e  s i g n a l - t o - n o i s e  

r a t i o  of th e  system under n ig h t t im e  sky background c o n d i t io n s .  A b lock  

diagram of  th e  analog  r e c e iv e r  in s t ru m e n ta t io n  i s  shown i n  F ig .  17. A 

t r i g g e r  p u ls e ,  which i s  g e n e ra te d  s im u l ta n e o u s ly  w ith  th e  l a s e r  p u lse  

em iss ion , s e rv e s  as  a s t a r t  p u ls e  f o r  th e  system  e l e c t r o n i c s .  A f te r  a s p e c i 

f i e d  d e la y ,  ( t y p i c a l l y  60 y sec )  th e  p u ls e  t r i g g e r s  a p h o to m u l t ip l ie r  focus  

g a te  and Time Base A o f  th e  T e k t ro n ix  555 d u a l  beam o s c i l lo s c o p e .  The 

focus g a te  sw itch es  th e  focus  p o t e n t i a l  of th e  RCA 7265 dynode c i r c u i t  

from n e g a t iv e  b ia s  to  280 v o l t s  p o s i t i v e  w ith  r e s p e c t  to  th e  pho toca thode .
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Fig. 16 Photograph of analog receiver instrumentation. .j::'-
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F ig .  17 Block diagram  o f  ana log  r e c e iv e r  in s t ru m e n ta t io n
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The i n i t i a l  n e g a t iv e  b ia s  e f f e c t i v e l y  tu rn s  o f f  th e  tube during  th e  in te n s e  

r e t u r n  from low a l t i t u d e s  and p re v e n ts  n o n l in e a r  pho to tube r e s p o n s e .  The 

v o l ta g e  a c ro s s  th e  p h o to m u l t ip l i e r  load  r e s i s t o r  i s  d isp la y ed  on th e  upper 

and lower beams o f  th e  o s c i l l o s c o p e .  The lower beam i s  used to  d i s p la y  the  

15 -  30 km r e t u r n  s i g n a l  a t  h ig h  g a in .

C. Alignment P ro c e d u re s

The ach ievem ent o f  an optimum s i g n a l - t o - n o i s e  r a t i o  fo r  th e  o p t i c a l  

r a d a r  system  r e q u i r e d  th e  development of a c c u ra te  a lignm ent te ch n iq u es  fo r  

th e  l a s e r  and r e c e i v e r  axes was c r i t i c a l  because  of the  narrow f i e l d  of 

view of th e  r e c e i v e r .  S ince th e  ey ep iece  was a v a i l a b l e  fo r  th e  r e c e iv e r  

te le s c o p e ,  i t  appea red  th a t  th e  a l ignm ent could  be accomplished by s i g h t 

ing bo th  th e  r e c e i v e r  t e le s c o p e  and th e  l a s e r  on a s t a r  ( P o la r i s  i s  b r ig h t  

and a f f e c t e d  l i t t l e  by th e  e a r t h ' s  r o t a t i o n ) .  A s ig h t in g  te le s c o p e  was 

mounted on th e  l a s e r  t r a n s m i t t e r  and a l ig n e d  p a r a l l e l  to  th e  l a s e r  beam 

a x i s .  T h is  was accom plished  i n  th e  la b o ra to ry  using a gas l a s e r  r e f l e c t e d  

from th e  ruby l a s e r  f r o n t  r e f l e c t o r  to  i n d i c a t e  th e  l a s e r  beam a x i s .  The 

complete l a s e r  t r a n s m i t t e r  assem bly ( l a s e r ,  s h u t t e r ,  energy m o n i to r ,  c o l l i -  

m ation  o p t i c s  and s ig h t i n g  t e le s c o p e )  was then  a t ta c h e d  to  th e  te le s c o p e  

on an a d j u s t a b l e  mounting p la t fo rm .  In  th e  course  of th e  a l ignm ent a t te m p ts ,  

i t  was found t h a t  th e  f l e x in g  o f  th e  t r a n s m i t t e r  frame was cau s in g  an a l i g n 

ment change o f  up to  2 m i l l i r a d i a n s  when th e  te le s c o p e  was moved from a 

h o r i z o n t a l  p o s i t i o n  to  th e  v e r t i c a l .  This alignm ent tech n iq u e  had a n o th e r  

drawback; re a l ig n m e n t  o f  th e  system  (o f te n  n ecessa ry  a f t e r  a l ignm en t of the  

l a s e r )  in v o lv ed  th e  fo rm id ab le  t a s k  of removing th e  t r a n s m i t t e r  from th e



t e le s c o p e .  For th e s e  and o th e r  r e a so n s ,  th e  s ig h t i n g  te le sc o p e  method was 

abandoned. In o rd e r  to  avo id  a l ignm ent problems a s s o c ia te d  w ith  f l e x in g  

o f  th e  t r a n s m i t t e r  fram e, a te ch n iq u e  was d ev ised  which allowed th e  l a s e r  

and r e c e iv e r  axes to  be a l ig n e d  w h ile  rem ain ing  in  the v e r t i c a l  p o s i t i o n .  

The p h o to m u l t ip l ie r  c u r r e n t  r e s u l t i n g  from th e  b a c k s c a t te re d  s ig n a l  from 

th e  25 -  30 km r e g io n  was observed  w h ile  the  l a s e r - r e c e i v e r  a lignm ent was 

changed. With th e  r e c e i v e r  f i e l d  o f  view matched to  the  l a s e r  beam 

d iv e rg e n c e ,  the  l a s e r  t r a n s m i t t e r  a l ignm en t was a d ju s te d  to  maximize th e  

b a c k s c a t te r e d  s i g n a l .  The f i e l d  s to p  d iam ete r  was then  in c re a s e d  s l i g h t l y  

to  a l low  f o r  sm all changes in  th e  l a s e r  t r a n s m i t t e r  a lignm ent.



IV. EXPERIMENTAL RESULTS

In  th e  fo l lo w in g  s e c t i o n ,  p l o t s  o f  th e  observed r e l a t i v e  volume 

b a c k s c a t t e r  c ro s s  s e c t io n  o f  th e  atmosphere a re  f i t t e d  to  a curve which 

r e p re s e n t s  th e  ex p ec ted  r e s u l t s  f o r  s c a t t e r i n g  from a pure  m o lecu la r  

a tm osphere. S c a t t e r i n g  in  excess  of th e  p r e d ic te d  m olecu la r  s c a t t e r i n g  

i s  a t t r i b u t e d  to  the  p re se n c e  of a e ro s o l  p a r t i c l e s  a t  the  a l t i t u d e  of 

the  s c a t t e r i n g  enhancement. I t  i s  a p p r o p r ia te ,  t h e r e f o r e ,  to  c o n s id e r  

the  l i m i t a t i o n s  of the  m o lecu la r  s c a t t e r i n g  model.

As shown in  e q u a t io n  (1 7 ) ,  the  volume b a c k s c a t t e r  c ro ss  s e c t io n  

fo r  m o lecu la r  s c a t t e r i n g  i s  eq u a l  to  a c o n s ta n t  times the  m o lecu la r  number 

d e n s i ty .  The m o lecu la r  component of th e  l a s e r  b a c k s c a t t e r in g  can 

th e r e f o r e  be c a l c u l a t e d  i f  the  m o lecu la r  number d e n s i ty  v e rsu s  a l t i t u d e  

i s  known. The U. S. S tan d a rd  Atmosphere, 1962 p rov ides  in fo rm a tio n  on 

the  m iddle l a t i t u d e ,  y e a r - ro u n d  mean c h a r a c t e r i s t i c s  of the  m o lecu la r  

number d e n s i ty  v e rsu s  a l t i t u d e .  The U. S. S tandard  Atmosphere Supple

m ents , 1966 in c lu d e s  s e p a r a t e  t a b le s  of m o lecu la r  d e n s i ty  v e rsus  

a l t i t u d e  f o r  summer and w in te r  seasons  a t  l a t i t u d e s  of 30° N, 45° N,

60° N and 75° N. The su p p o r t in g  d a ta  f o r  th e  v a r io u s  s ta n d a rd  atmos

pheres  to  80 km comprise rad io sonde  o b s e rv a t io n s  a t  s t a t i o n s  to  w i th in  

a few degrees  of l a t i t u d e s  15°, 30°, 45°, 60° and 75° N and o b s e rv a t io n s  

made from ro c k e ts  and in s t ru m e n ts  r e l e a s e d  from ro c k e t s .  The ro c k e ts  

were f i r e d  from e ig h te e n  d i f f e r e n t  l o c a t i o n s  covering  a range of l a t i 

tudes  from 8° N to  71° N, and th e  p reponderance  of a v a i l a b l e  d a ta  was 

fo r  N orth  America.



The s ta n d a rd  atm ospheres f o r  30° N J a n u a ry ,  30° N J u ly  and Mid- 

L a t i tu d e  S p r in g /F a l l  shou ld  p ro v id e  a s u f f i c i e n t l y  a c c u ra te  re p re s e n 

t a t i o n  o f  th e  m o lecu la r  number d e n s i ty  above Wallops I s l a n d  (38° N ) .

The s e a s o n a l  s ta n d a rd  atm ospheres r e p r e s e n t  average c o n d i t io n s  d e t e r 

mined from the  r e s u l t s  of numerous ro c k e t  and b a l lo o n  ex p er im en ts .  In  

i n t e r p r e t i n g  o p t i c a l  r a d a r  measurements, which a re  o f te n  conducted over 

a p e r io d  of s e v e r a l  h o u rs ,  i t  i s  im p o rtan t  to  know th e  range o f  f l u c t u a 

t i o n  of th e  i n d i v id u a l  ro c k e t  measurements o f  the  m o lecu la r  number 

d e n s i ty .  F ig .  18 shows th e  d e p a r tu r e  of the  J u ly  and January  s ta n d a rd  

atmosphere d e n s i t i e s  f o r  30° N from th e  annual and l a t i t u d i n a l  average  

re p re s e n te d  by U. S. S tandard  Atmosphere, 1962. The arrows in c lu d e  

95 p e rc e n t  of the  observed  p r o f i l e s  which were used to  determ ine the  

average s e a s o n a l  p r o f i l e .  The f a c t  t h a t  95 p e rc e n t  of th e  ro c k e t  den

s i t y  measurements d e v ia te d  from th e  s e a s o n a l  s ta n d a rd  atmosphere v a lu e s  

by le s s  than  20 p e rc e n t  shows t h a t  the  m o lecu la r  s c a t t e r i n g  shou ld  be 

a r e l a t i v e l y  s t a b l e  and p r e d i c t a b l e  component of th e  t o t a l  a tm ospheric  

s c a t t e r i n g .  The d e t e c t i o n  o f  a e r o s o l  l a y e r s  in  the  atmosphere by f i t 

t i n g  observed  b a c k s c a t t e r  p r o f i l e s  to  p r e d ic te d  m o lecu la r  b a c k s c a t t e r  

p r o f i l e s  would th e r e f o r e  seem to  be a sound techn ique  i f  th e  enhanced 

s c a t t e r i n g  exceeds th e  p o s s i b l e  v a r i a t i o n s  of th e  m o lecu la r  s c a t t e r i n g .

In  F eb ruary ,  1967, a rrangem ents  were made w ith  NASA Wallops I s l a n d  

fo r  th e  use o f  th e  RT-2 r e s e a rc h  t e le s c o p e  as an o p t i c a l  r a d a r  r e 

c e iv e r ,  and d es ig n  and c o n s t r u c t io n  o f  th e  t r a n s m i t t e r  and r e c e i v e r  

equipment was s t a r t e d .  During the  summer of 1967, th e  d i g i t a l  co u n tin g  

system was checked o u t ,  and p re l im in a ry  l a s e r  b a c k s c a t t e r  measurements
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F ig .  18 Approximate 95 p e rc e n t  range  o f  in d i v id u a l  ro c k e t
d e n s i ty  measurements f o r  th e  J u ly ,  30° N . ,  s e a so n a l  
s ta n d a rd  a tm osphere. The s o l i d  l i n e  r e p r e s e n t s  th e  
d e p a r tu r e  o f  th e  se a s o n a l  s ta n d a rd  atm osphere from 
th e  U. S. S tandard  Atmosphere, 1962.
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were made a t  W illiam sburg , Va. w i th  a 12 in c h  C a s s e g ra in ia n  r e c e iv e r  

t e le s c o p e .  By February  1968, m o d i f ic a t io n  o f  th e  RT-2 te le s c o p e  

a t  W allops I s l a n d ,  Va. was com plete .  Techniques f o r  a l ignm ent of the 

l a s e r  and r e c e iv e r  axes were developed , and th e  o p t i c a l  r a d a r  system 

was o p e r a t io n a l  by A p r i l  1968.

On A p r i l  1, 1968 s in g le  p h o to e le c t ro n  coun ting  in s t ru m e n ta t io n  

was used to  re c o rd  the  b a c k s c a t t e r e d  s i g n a l  from a s e r i e s  o f  33 v e r t i 

c a l l y  d i r e c t e d  l a s e r  p u ls e s .  F ig .  19 shows th e  t o t a l  counts  re c e iv e d  

in  each  co u n tin g  time i n t e r v a l .  Curve A r e p r e s e n t s  th e  p r e d ic te d  s lope  

f o r  a  p u re  m o lecu la r  a tm osphere, and Curve B r e p r e s e n t s  th e  average 

background coun ting  r a t e .  The observed  counts  from an atmosphere in  

which m o lecu la r  s c a t t e r i n g  i s  dominant would be exp ec ted  to  f i t  Curve 

C. The r e c e iv e d  s in g le  p h o to e le c t ro n  coun ts  f o r  each l a s e r  p u lse  were 

summed over 1.65 km a l t i t u d e  i n t e r v a l s  (11 y sec  co u n tin g  i n t e r v a l s ) .

D ata was n o t  ana lyzed  below 33 km because  th e  count r a t e  exceeded the  

c a p a b i l i t y  o f  th e  10 Mhz coun ting  c i r c u i t r y .  In  the  30 -  55 km re g io n ,  

no v a r i a t i o n s  from the  m o lecu la r  s c a t t e r i n g  curve of g r e a t e r  than  two 

s ta n d a rd  d e v ia t io n s  were obse rved .  The magnitude of th e  b a c k s c a t te r e d  

s i g n a l ,  however, was l e s s  th an  one t e n th  o f  the  ex pec ted  s i g n a l  (see  

s e c t i o n  I I .  C . ) .  I n s p e c t io n  and t e s t i n g  of th e  t r a n s m i t t e r  and r e 

c e iv e r  r e v e a le d  t h a t  th e  f lu o re s c e n c e  s h u t t e r  was p a r t i a l l y  o b s t r u c t in g  

the  t r a n s m i t t e d  l a s e r  p u l s e ,  and t h a t  im proper c o l l im a t io n  o f  the  r e c e iv e r  

o p t i c s  was a lso  caus ing  a l o s s  o f  s i g n a l .  Subsequent m o d i f ic a t io n s  of 

th e  t r a n s m i t t e r  and r e c e iv e r  in c re a s e d  th e  s e n s i t i v i t y  o f  th e  system 

by a f a c t o r  o f  f i v e .  During th e  summer o f  1968, methods o f  re c o rd in g
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F ig .  19 Sum o f  coun ts  r e c e iv e d  from 33 l a s e r  p u ls e s  p e r  1 .65  
km i n t e r v a l  v e r s u s  a l t i t u d e .  Data was accum ula ted  on 
A p r i l  1 ,  1968.



low a l t i t u d e  b a c k s c a t t e r  and r e c e iv e r  c a l i b r a t i o n  p ro c e d u re s  were 

s t u d i e d ,  s in c e  w ea th e r  c o n d i t io n s  and equipment f a i l u r e s  p r o h ib i t e d  

h igh  a l t i t u d e  o b s e rv a t io n s .

On September 15 /16 , 1968, fa v o ra b le  w eather  c o n d i t io n s  and p ro p e r 

ly  f u n c t io n in g  equipment p e rm i t te d  a p a r t i c u l a r l y  s u c c e s s f u l  s e r i e s  of 

m easurem ents. Using b o th  analog  and d i g i t a l  measurements o f  the  back- 

s c a t t e r e d  s i g n a l  from v e r t i c a l l y  d i r e c te d  l a s e r  p u l s e s , th e  r e l a t i v e  

volume b a c k s c a t t e r  c ro s s  s e c t i o n  o f  the  atmosphere was m easured from 

10 km to  80 km.

F ig s .  20 and 21 show d a ta  o b ta in ed  f o r  a l t i t u d e s  below 30 km.

V oltage  r e a d in g s  o f  th e  a m p lif ie d  p h o to m u l t ip l ie r  s i g n a l  were taken

from th e s e  pho tographs  a t  a l t i t u d e  increm ents  of 0 .6  km. As shown by

e q u a t io n  (1 0 ) ,  the volume b a c k s c a t t e r  c ro s s  s e c t i o n  i s  e q u a l  to  

2 2Az P ( z ) / q  , where A i s  a c o n s ta n t  which i s  dependent upon th e  l a s e r  

ene rgy ,  r e c e i v e r  s i z e ,  and o th e r  system p a ra m e te rs .  E l te r m a n 's  a t t e n u 

a t io n  model shows t h a t  the s i g n i f i c a n t  a t t e n u a t io n  of th e  l a s e r  beam 

occurs  in  the  f i r s t  t h r e e  k i lo m e te r s  of the  atmosphere f o r  a v e r t i c a l l y

d i r e c t e d  beam. A ccording to  t h i s  model, which acco u n ts  f o r  th e  e f f e c t s
2

of b o th  a e r o s o l  and m o lecu la r  s c a t t e r i n g ,  th e  q (z) te rm  o f  e q u a t io n

(10) does n o t  vary  more than  th r e e  p e rc e n t  over th e  range  o f  10 -  30
2

km. To s im p l i f y  d a ta  r e d u c t io n ,  th e r e f o r e ,  the  q term  w i l l  be con

s id e r e d  t o  be a  c o n s ta n t  w ith  a l t i t u d e .  The am p li tudes  o f  th e  

o s c i l l o s c o p e  t r a c e s  shown in  F ig s .  20 and 21 a re  p r o p o r t i o n a l  to  the  

b a c k s c a t t e r e d  power i n c id e n t  on the  r e c e iv e r .  A l l  of th e  b a c k s c a t t e r  

reco rd s  e x h ib i t e d  th e  same g e n e ra l  form, b u t  sm all  d i f f e r e n c e s  were
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F ig .  20 V oltage  a c ro s s  th e  p h o to m u l t ip l ie r  load  r e s i s t o r  v e rsu s  
a l t i t u d e  of t h e  s c a t t e r i n g  volume. The p h o to m u l t ip l ie r  
was g a te d  on 60 y sec  a f t e r  th e  em ission of the  l a s e r  p u l s e .  
The r e c o rd s  were ta k e n  a t  9 :18  p.m. and 9:28 p.m. on 
September 15, 1968.
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F ig .  21 V oltage a c ro ss  the p h o to m u l t i p l i e r  lo ad  r e s i s t o r  v e rsu s  
a l t i t u d e  of th e  s c a t t e r i n g  volume. The p h o to m u l t ip l ie r  
was g a ted  on 100 ysec  a f t e r  th e  em iss ion  of th e  l a s e r  p u ls e .  
The reco rd s  were taken  a t  9:32 p.m. and 9:34 p.m. on 
September 15, 1968.



e v id e n t  between in d i v id u a l  b a c k s c a t t e r  r e c o rd s .  In  o rd e r  to  determ ine 

the  average  c h a r a c t e r i s t i c s  of th e  b a c k s c a t te r e d  s i g n a l ,  a b a c k s c a t t e r  

p r o f i l e  was c o n s t ru c te d  by summing the  v o l ta g e  read in g s  from fo u r  

l a s e r  p u l s e s .  These v o l t a g e s  were then  used to  c o n s t ru c t  th e  graph of 

th e  r e l a t i v e  volume b a c k s c a t t e r  c ro ss  s e c t i o n  v e rsus  a l t i t u d e  shown in  

F ig . 22. The s o l i d  l i n e ,  which r e p r e s e n t s  the  s lo p e  expec ted  f o r  s c a t t e r 

ing  from a m o lecu la r  a tm osphere , has been norm alized  to  the  observed  

curve a t  28 km where i t  i s  g e n e ra l ly  acc ep ted  t h a t  a e ro s o l  s c a t t e r i n g  

i s  n e g l i g i b l e .  A r e c e n t  b a l lo o n  borne p a r t i c l e  sampling experim ent 

(Rosen, 1969) confirm s t h i s  assum ption . In  F ig .  23 the  d a ta  i s  p r e 

sen te d  in  the  form o f  th e  s c a t t e r i n g  r a t i o  (observed volume b a c k s c a t t e r  

c ro ss  s e c t io n /m o le c u la r  volume b a c k s c a t t e r  c ro ss  s e c t io n )  v e rsu s  a l t i 

tude .  The p u b l ish e d  r e s u l t s  of o th e r  i n v e s t i g a t o r s  u s in g  s e a r c h l i g h t  

o r  o p t i c a l  r a d a r  te c h n iq u e s  a re  a l s o  shown. F io c c o 's  cu rv e ,  which 

r e p r e s e n t s  an average  o f  66 d a i l y  s c a t t e r i n g  r a t i o  p r o f i l e s  o b ta in e d  

du ring  1964 and 1965, i n d i c a t e s  an average s c a t t e r i n g  r a t i o  of 1 .9 .

The rms f l u c t u a t i o n  of th e  d a i ly  measurements from th e  average  p r o f i l e  

was 0 .3 .  In  view of th e  tem pora l f l u c t u a t i o n s  observed  by F iocco  and 

the  f a c t  t h a t  measurements r e p re s e n te d  in  F ig .  23 span a p e r io d  of 

fo u r  y e a r s ,  i t  i s  obvious t h a t  d i f f e r e n c e s  in  th e  curves cannot be 

a t t r i b u t e d  to  s p a t i a l  v a r i a t i o n s  of th e  l a y e r .  The measurements do, 

however, dem onstra te  t h a t  the  l a y e r  i s  no t a t r a n s i e n t  o r  s p a t i a l l y  

lo c a l i z e d  f e a t u r e  o f  th e  a tm osphere.

A f te r  th e  10 -  30 km b a c k s c a t t e r  d a ta  was o b ta in e d ,  u s in g  the  

analog r e c e iv e r  in s t r u m e n ta t io n ,  the  s in g le  p h o to e le c t ro n  coun ting  i n s t r u -
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F ig .  22 R e la t i v e  volume b a c k s c a t t e r  c ro s s  s e c t i o n  (10-30 km) v e rsu s
a l t i t u d e  fo r  September 15, 1968. Average o f  fo u r  l a s e r  s h o ts .
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m e n ta tio n  was i n s t a l l e d  in  p r e p a r a t io n  f o r  measurements of b a c k s c a t t e r  

from th e  m esosphere and upper s t r a t o s p h e r e .  The system  was o p e ra ted  

in  th e  s i n g l e  p h o to e le c t r o n  coun ting  mode from app rox im ate ly  1 :00a.m . 

to  3:00 a.m. on September 16, 1968, and b a c k s c a t t e r  d a ta  from 46 l a s e r  

p u ls e s  was accum ula ted . F ig .  24 shows th e  sum of coun ts  r e c e iv e d  from 

46 l a s e r  p u ls e s  v e r s u s  a l t i t u d e .  As i n  F ig .  19, Curve A r e p r e s e n t s  th e  

p r e d ic te d  s lo p e  f o r  a pu re  m o lecu la r  a tm osphere, Curve B r e p r e s e n t s  th e  

average background co u n tin g  r a t e ,  and Curve C i s  th e  sum of Curves A 

and B. Below 52 .8  km, th e  r e c e iv e d  s i n g l e  p h o to e le c t ro n  coun ts  f o r  

each l a s e r  s h o t  w ere summed over 1 .66 km a l t i t u d e  i n t e r v a l s  (11 ysec  

coun ting  i n t e r v a l ) .  Above t h i s  a l t i t u d e ,  th e  rece iv ed  coun ts  were 

averaged  over a 3 .3  km (2 2 .0  y sec)  i n t e r v a l .

I t  i s  u s e f u l  to  p r e s e n t  th e  d a ta  in  the  form shown in  F ig .  24.

As shown by e q u a t io n  (1 3 ) ,  th e  volume b a c k s c a t t e r  c ro s s  s e c t i o n ,
2

averaged over Az, i s  equa l  to  a c o n s ta n t  times z S, where z i s  th e  a l t i 

tude  of th e  s c a t t e r i n g  volume, and S i s  th e  number of b a c k s c a t t e r e d  

s ig n a l  c o u n ts .  The s o l i d  l i n e  in  F ig .  25 r e p re s e n t s  th e  v a r i a t i o n  of 

the  volume b a c k s c a t t e r  c ro s s  s e c t i o n  w ith  a l t i t u d e  fo r  a  m o lecu la r  

atm osphere and th e  d a ta  p o in t s  r e p r e s e n t  the observed a l t i t u d e  depend

ence of th e  volume b a c k s c a t t e r  c ro s s  s e c t i o n  fo r  September 16, 1968.
2

Because of th e  u n c e r t a in t y  o f  th e  f a c t o r  q i n  eq u a t io n  (13) , a b s o lu t e  

measurements w ere n o t  p o s s i b l e ,  and th e  s tan d a rd  a tm osphere was f i t t e d  

to  the  observed  d a ta  p o in t s .

The agreem ent o f  the  observed  s c a t t e r i n g  curve and th e  m o lecu la r  

s c a t t e r i n g  cu rv e  in  F ig s .  24 and 25 i s  good over th e  range  o f  30 -  55 km.
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F ig .  24 Sum of  counts  r e c e iv e d  from 46 l a s e r  p u ls e s  p e r  1.65 km i n t e r v a l  
v e rsu s  a l t i t u d e .  Data was accum ulated on September 15 /16 ,  1968.
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F ig .  25 R e la t iv e  volume b a c k s c a t t e r  c ro s s  s e c t i o n  versus  a l t i t u d e  
f o r  September 16, 1968 (30 -  80 km).



When the  observed  coun ts  were summed over th e  57.75 -  77.55 km r e g io n ,  

however, th e  t o t a l  coun t exceeded th e  count expec ted  on th e  b a s i s  of 

an a e ro s o l  f r e e  atm osphere by 5 .6  s ta n d a rd  d e v ia t io n s .  The p r o b a b i l i t y  

t h a t  th e  observed  d e v ia t io n  could  be the  r e s u l t  of a s t a t i s t i c a l  

f l u c t u a t i o n  of th e  m o le c u la r  p lu s  background count i s  n e g l i g i b l e .  I t  

may be concluded , t h e r e f o r e ,  t h a t  th e  b a c k s c a t t e r  from th e  57.75 -  

77.55 km reg io n  of the  atmosphere exceeded the  p o s s ib le  m o lecu la r  s c a t t e r 

in g .  C o n cen tra t io n s  o f  p a r t i c l e s  o f  e x t r a t e r r e s t r i a l  o r ig i n  known to  

be p r e s e n t  n e a r  80 km cou ld  account f o r  th e  a d d i t i o n a l  s c a t t e r i n g .

The number o f  coun ts  r e c e iv e d  d u r in g  the  i n t e r v a l  of time which 

corresponds to  67.65 -  70.95 km was 30. This  count i s  4 .3  s ta n d a rd  

d e v ia t io n s  above th e  count ex p ec ted  from the  m olecu la r  and background 

components of th e  s i g n a l .  The p r o b a b i l i t y  t h a t  the  observed  count 

r e s u l t e d  from a s t a t i s t i c a l  f l u c t u a t i o n  of the  m o lecu la r  p lu s  back

ground coun t ,  th e re b y  cau s in g  a f a l s e  d e te c t io n  o f  a s c a t t e r i n g  l a y e r ,  

i s  approx im ate ly  0 .0063 p e r c e n t .  I t  i s  h ig h ly  p ro b a b le ,  t h e r e f o r e ,  th a t  

the  s c a t t e r e d  r a d i a t i o n  from the  67.65 -  70.95 km reg io n  o f  the  atmos

phere r e s u l t e d  in  18 ± 5 .5  counts  ( th e  average background count was 12). 

S im i la r ly ,  from the  74.25 -  77.55 km reg io n  15 ± 5 .2  counts  r e s u l t e d  

from the  b a c k s c a t t e r e d  s i g n a l ,  and th e  p r o b a b i l i t y  o f  a f a l s e  d e t e c t io n  

i s  0 .0063.

Follow ing the  p r a c t i c e  of Bain and Sandford (1966, 1966a) and K ent, 

Clemesha and W right (1967 ) ,  i t  w i l l  be assumed t h a t  the  m o lecu la r  s c a t t e r 

ing  p redom inates  i n  th e  30 -  55 km re g io n  because of the  e x c e l l e n t  f i t  o f  

t h i s  d a ta  to  a m o le c u la r  s c a t t e r i n g  cu rve .  This assum ption i s  su p p o r ted



by the  p u b l ish e d  r e s u l t s  o f  E lterm an (1964), and Newkirk and Eddy

(1964), b u t  v e r i f i c a t i o n  by a b s o lu te  o p t i c a l  r a d a r  measurements has

no t y e t  been accom plished . I f  th e  s c a t t e r i n g  n e a r  50 km i s  assumed

to  be p redom inan tly  m o lecu la r  and a c c u r a te ly  d e s c r ib e d  by e q u a t io n

(17) and the  s ta n d a rd  atmosphere number d e n s i ty  t a b l e s ,  the  c o n s ta n t  
2

K = eN^A^q o f  e q u a t io n  (13) can be e v a lu a te d .  E quation  (1 3 ) ,  fo r

a,, = 0 and z = 5 0 .3  km i s  M

K(1.65 x 103)a  (50 .3)
S (49.50 -  51.15) =  ___________  R

(50 .3  x 103) 2

where K = eN^A^q2 . E quation  (17) w ith  N ^(50.3) = 1.47 x 1022 m 3 y ie ld s

0 ^ (50 .3 )  = 3 .08 x 10 10 m 1 s r  1K.

S ince S(49 .50  -  51 .15) = 28, th e  c o n s ta n t  K i s  found to  be 1.37 x 1012, 

and e q u a t io n  (13) may be w r i t t e n

2
R M 17

1.37 x 10 Az

E v a lu a t io n  o f  e q u a t io n  (13) f o r  S (67.65 -  70.95) = 18 ± 5 .5  and

S (74-25 -  77.55) = 15 ± 5 .2  y i e ld s  a_ + a,. = 1.90 ± 0 .58  x 10~12 cm"1 s r " 1
- 1 2  - 1  - 1n e a r  69 .3  km and 1.92 ± 0.66 x 10 cm s r  n e a r  75.9 km. The counts  

r e c e iv e d  du ring  th e  time i n t e r v a l  from 0 .53  ms (80 km) to  1 .18 ms (180 km) 

a f t e r  the  em ission  o f  th e  l a s e r  p u ls e  were summed over  22 usee  

(3 .3  km) i n t e r v a l s ,  and no d e v ia t io n s  of g r e a t e r  than  2 s ta n d a rd  d e v ia 

t io n s  were observed .



B. M e te o ro lo g ic a l  S c a t t e r in g  F e a tu re s

Although the  s tudy  of clouds has n o t  been a m ajor o b je c t iv e  of 

t h i s  r e s e a r c h ,  the  p re v a le n c e  o f  o v e rc a s t  sky c o n d i t io n s  has r e s u l t e d  

in  the  accum ula tion  of s e v e r a l  c loud  b a c k s c a t t e r  r e c o rd s .  Below 

approx im ate ly  6 km, clouds a re  composed o f  w a te r  d r o p l e t s .  High clouds 

(ex c lu d in g  nacreous and n o c t i l u c e n t  c louds)  a re  u s u a l ly  o f  the  c i r r u s  

type  and a re  composed of i c e  c r y s t a l s .  The s i z e  d i s t r i b u t i o n  of cloud 

w a te r  d ro p le t s  v a r i e s  acc o rd in g  to  c loud  ty p e .  In  g e n e r a l ,  however, 

c loud  d ro p le t s  range in  s i z e  from 1 y to  30 y w ith  most d ro p le t s  f a l l i n g  

in  th e  5 -  12 y range (C ad le ,  1966). The t o t a l  c o n c e n t r a t io n  of drop-
_3

l e t s  i s  of the  o rd e r  of 300 cm ( C a r r i e r ,  Cato and von Essen, 1967).

In  c o n t r a s t ,  a t y p i c a l  c i r r o s t r a t u s  i c e  p a r t i c l e  m ight be a p rism  200 y

long ,  30 y wide and o c c u r r in g  in  an average  p a r t i c l e  c o n c e n tra t io n  of 
_3

0 .5  cm (Weickmann, 1949). Weickmann found t h a t  c i r r u s  and c i r r o s t r a t u s  

c louds o ccu rred  most f r e q u e n t ly  in  t h i n  l a y e r s  up to  300 m th ic k .  H all  

(1968) c h a r a c te r i z e d  a t y p i c a l  c i r r u s  c loud  as 200 m th i c k  w ith  a number
_3

d e n s i ty  o f  i c e  p a r t i c l e s  of 0 .5  cm

F ig s .  26 -  30 show f i v e  o s c i l lo s c o p e  pho tographs o f  the  photo

m u l t i p l i e r  response  to  th e  b a c k s c a t t e r e d  s i g n a l  from c i r r o s t r a t u s  c lo u d s .  

The c i r r o s t r a t u s  c loud was i d e n t i f i e d  by th e  c h a r a c t e r i s t i c  h a lo  which 

i s  produced when s u n l ig h t  i s  t r a n s m i t t e d  th rough  t h i s  type  of cloud. 

Wallops I s l a n d  rad iosonde  re c o rd s  show t h a t  th e  wind speed  in  the  reg io n  

of c i r r o s t r a t u s  was approx im ate ly  30 k n o ts .  L ase r  b a c k s c a t t e r  reco rds  

taken.' a t  one minute i n t e r v a l s  c o rre sp o n d ,  t h e r e f o r e ,  to  samplings of
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the  v e r t i c a l  s t r u c t u r e  of the  c loud a t  h o r i z o n t a l  d isp lacem en ts  of 3039 

f e e t .  In  view of the  winds in  th e  r e g io n  of th e  c i r r o s t r a t u s ,  the  

resem blance of b a c k s c a t t e r  p r o f i l e s  taken  a t  one m inute i n t e r v a l s  i n 

d ic a te s  t h a t  th e  v e r t i c a l  s t r u c t u r e  o f  th e  c i r r o s t r a t u s  e x h ib i te d  some 

tem pora l s t a b i l i t y  and s p a t i a l  hom ogeniety . The average th ic k n e s s  of 

the  i n d i v id u a l  l a y e r s  ag rees  w ith  Weickmann's d a ta .

The b a c k s c a t t e r  r e c o rd s  f o r  c i r r u s  clouds shown in  F ig .  31 a lso  

e x h i b i t  th e  la y e re d  s t r u c t u r e  which has  been  found to  be t y p i c a l  of 

c i r r u s  type c lo u d s .  Although th e  c i r r u s  u s u a l ly  c o n s i s te d  of th in  

l a y e r s ,  s c a t t e r i n g  la y e r s  as th i c k  as two k i lo m e te r s  have been observed .

F ig s .  32 and 33 a re  in c lu d ed  because  they  show an i n t e r e s t i n g  

s c a t t e r i n g  phenomenon which could  be im p o r tan t  f o r  c loud s t u d i e s .  The 

s t a b l e  s c a t t e r i n g  la y e r  e v id e n t  in  F ig .  32 n e a r  6 km was observed  over
IF.

a p e r io d  of one h ou r ,  and only  minor changes were n o te d  w ith  the  excep

t i o n  o f  the  reco rd  shown in  F ig .  33 in  which c loud  b a c k s c a t t e r  i s  e v id e n t .  

The m agnitude and tem poral b e h a v io r  o f  th e  s c a t t e r i n g  l a y e r  would su g g es t  

t h a t  th e  s c a t t e r e r s  were a e ro s o l  p a r t i c l e s .  The appearance of the  cloud 

b a c k s c a t t e r  a l s o  su g g e s ts  the  p re se n c e  of a e r o s o l  p a r t i c l e s  s in c e  p a r 

t i c l e s  i n  th e  s i z e  range 0 .1  p to  1 p a re  p a r t i c u l a r l y  e f f e c t i v e  as 

cloud n u c l e a t in g  a g e n ts .

O ther  ev idence  a lso  e x i s t s  f o r  th e  p re sen ce  o f  a p p re c ia b le  con

c e n t r a t i o n s  o f  a e ro s o l  p a r t i c l e s  n e a r  6 km. Rosen (1969) has measured 

the number d e n s i ty  of a e ro s o l  p a r t i c l e s  above W allops I s l a n d  and found 

la y e r s  o f  p a r t i c l e s  a t  0 -  5 km, 6 .4  km and 9 - 2 5  km. The p a r t i c l e
_3

c o n c e n t r a t io n  a t  6 .4  km was 10 cm . For a Junge d i s t r i b u t i o n  of p a r t i -
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c le s  ranging i n  s i z e  from .08 p to  10 p with, a s i z e  d i s t r i b u t i o n  p a ram e te r

v = 3, th e  average d i f f e r e n t i a l  b a c k s c a t t e r  c ro s s  s e c t io n  p e r  p a r t i c l e  

- 1 1  2 - 1i s  3.02 x 10 cm s r  (X = 6943A) . The volume b a c k s c a t t e r  c ro ss  s e c -
3

t i o n  fo r  a c o n c e n tra t io n  of 9 p a r t i c l e s / c m  would equa l 1/10 of the  

m o lecu la r  volume b a c k s c a t t e r  c ro s s  s e c t i o n  and produce a d i s c e m a b le  

enhancement in  the b a c k s c a t t e r e d  s i g n a l .

I t  appea rs ,  t h e r e f o r e ,  t h a t  c o n c e n t r a t io n s  o f  a e ro so l  p a r t i c l e s  of 

the  o rd e r  of those  m easured by Rosen a t  Wallops I s l a n d  near  6 km could  

produce s u f f i c i e n t  b a c k s c a t t e r  to  e x p la in  the  s c a t t e r i n g  f e a tu r e  in  

F ig s .  32 and 33. I t  i s  a l s o  re c o g n iz e d  t h a t  o th e r  ex p lan a tio n s  of the  

enhanced s c a t t e r i n g  a t  6 km a re  p o s s i b l e ,  b u t  i t  i s  f e l t  t h a t  the 

c o r r e l a t i o n  of R osen 's  d i r e c t  p a r t i c l e  sam pling d a ta  w ith  the  a l t i t u d e  

o f  the  s c a t t e r i n g  enhancement i s  p a r t i c u l a r l y  no tew orthy .



VI. CONCLUSIONS

A s e n s i t i v e  and v e r s a t i l e  o p t i c a l  r a d a r  system  h as  been developed 

u s in g  th e  31 inch  RT-2 te le s c o p e  a t  NASA, Wallops I s l a n d  as a r e c e i v e r .  

O p t im iz a t io n  of th e  s ig n a l - t o - n o i s e  r a t i o  o f  the system  h as  p e rm i t te d  

the d e t e c t i o n  of l a s e r  b a c k s c a t t e r  from a l t i t u d e s  up to  SO km and opera

t i o n  o f  th e  system  d u r in g  daytime sky background c o n d i t io n s .

The development o f  in te rc h a n g e a b le  analog and d i g i t a l  r e c e iv e r  

in s t r u m e n ta t io n  has  p e rm i t te d  the measurement of the  b a c k s c a t t e r e d

s i g n a l  o v e r  a range o f  f i v e  o rd e rs  of m agnitude, and measurements of

the  r e l a t i v e  volume b a c k s c a t t e r  c ro ss  s e c t i o n  of th e  atm osphere have

been made o ver  th e  com plete  range of 10 km to  80 km.

In  th e  10 -  25 km r e g io n ,  measurements o f  the  r e l a t i v e  volume 

b a c k s c a t t e r  c ro s s  s e c t i o n  of the  atmosphere above W allops I s l a n d ,  Va.

(38° N l a t i t u d e )  have shown g en e ra l  agreement w ith  s i m i l a r  measurements 

perfo rm ed  by i n v e s t i g a t o r s  a t  o th e r  lo c a t io n s  (M a ssa c h u se t ts ,  New 

Mexico, West I n d i e s ) .  The agreement o f  the  Wallops I s l a n d  d a ta  w ith  

t h a t  o f  F io c c o ,  Clemesha, Goyer, and Watson em phasizes th e  tem poral 

and s p a t i a l  u n ifo rm ity  which appears  to  be c h a r a c t e r i s t i c  of th e  lower 

s t r a t o s p h e r i c  a e r o s o l  s c a t t e r i n g .  Fiocco and Grams s tu d ie d  the  tem poral 

c h a r a c t e r i s t i c s  o f  th e  "20 km la y e r"  du ring  1964 and 1965, and a l l  o f  

the measurements of th e  r e l a t i v e  volume b a c k s c a t t e r  c ro s s  s e c t i o n  o f  the  

l a y e r  r e p o r t e d  to  d a te  f a l l  w i th in  the range of f l u c t u a t i o n s  observed  

by F iocco  and Grams.

I t  h a s  been dem onstra ted  th a t  o p t i c a l  r a d a r  system s can a c c u ra te ly



d e te c t  a e ro s o l  l a y e r s  i n  th e  s t r a t o s p h e r e  and measure t h e i r  tem poral 

and s p a t i a l  v a r i a t i o n s  i n  a l t i t u d e ,  th i c k n e s s ,  and s c a t t e r i n g  i n t e n s i t y .  

A t te n t io n  shou ld  now be focussed  on q u a n t i t a t i v e  measurements of p a r a 

m eters  such as a e ro s o l  number d e n s i t y ,  s i z e  d i s t r i b u t i o n ,  and index  of 

r e f r a c t i o n .

I t  i s  im p o ss ib le  to  draw any c o n c lu s io n s  concern ing  th e  tem poral 

or s p a t i a l  b e h a v io r  of th e  a e r o s o l  p a r t i c l e s  n e a r  the  mesopause w ith  the  

l im i te d  amount o f  l a s e r  b a c k s c a t t e r  d a ta  which i s  now a v a i l a b l e .  The 

experim ents  have s i g n i f i c a n c e ,  however, in  the  fo llo w in g  r e s p e c t s :

(1) The d e t e c t i o n  of s c a t t e r i n g  la y e r s  n e a r  th e  mesopause 

w ith  e x i s t i n g  o p t i c a l  r a d a r  systems in d i c a te s  t h a t  s tu d ie s  

o f  the  tem poral and s p a t i a l  b eh av io r  of the  a e r o s o l  c o n ten t  

of th e  upper atm osphere shou ld  be f e a s i b l e  w ith  o p t i c a l  

r a d a r  systems employing h ig h  energy ,  h igh  r e p e t i t i o n  r a t e  

l a s e r s  and f a s t  d a ta  a c q u i s i t i o n  system s.

(2) The f a c t  t h a t  a l l  i n v e s t i g a t o r s  u s ing  o p t i c a l  r a d a r  te c h 

n iques  have o b ta in e d  a good f i t  of t h e i r  d a ta  to  a m o lecu la r  

s c a t t e r i n g  curve in  the  30 -  60 km reg io n  s t r o n g ly  su g g e s ts  

t h a t  a e ro s o l  s c a t t e r i n g  i s  un im portan t in  t h i s  r e g io n .  I f  

t h i s  i s  c o r r e c t ,  l a s e r  b a c k s c a t t e r  measurements cou ld  be

used to  m on ito r  s e a s o n a l  and d iu r n a l  changes o f  th e  m o lecu la r  

d e n s i ty  in  t h i s  r e g io n .  Measurements of the  t r a n s m i s s i v i t y  

o f  the  lower atm osphere would a l s o  be f e a s i b l e .

(3) The c o r r e l a t i o n  of th e  a l t i t u d e  range of th e  observed  

s c a t t e r i n g  la y e r s  (70 -  80 km) w ith  o th e r  a tm ospheric



phenomena ( n o c t i lu c e n t  c lo u d s ,  the  sodium la y e r )  p rov ides  

su p p o r t  f o r  con t in u ed  s y s te m a t ic  s t u d i e s  o f  l a s e r  back

s c a t t e r  from th e  upper a tm osphere.

This  r e s e a r c h  has  dem onstra ted  t h a t  th e  o p t i c a l  r a d a r  can be an e f f e c t i v e  

m e te o ro lo g ic a l  to o l  f o r  bo th  daytime and n ig h t t im e  c loud  s tu d ie s .  S ig 

n i f i c a n t  a e ro s o l  s c a t t e r i n g  and s p o ra d ic  c loud  b a c k s c a t t e r  has been ob

se rv ed  a t  6 km. Rosen (1969) a l s o  observed  a r e l a t i v e l y  dense p a r t i c l e  

l a y e r  a t  6 km above Wallops I s l a n d ,  Va. These measurements a re  p a r t i c u l a r 

ly  no tew orthy  because  a e ro s o l  s c a t t e r i n g  i s  u s u a l ly  co n s id e re d  to  be 

n e g l i g i b l e  w ith  r e s p e c t  to  m o lecu la r  s c a t t e r i n g  in  th e  4 -  10 km reg io n  

o f  the  atm osphere. I t  i s  su g g es ted  t h a t  p h o to g rap h ic  o b s e rv a t io n s  of 

h a l o s ,  coronae and T ynda ll  s p e c t r a  be employed in  c o n ju n c t io n  w ith  day

time b a c k s c a t t e r  s tu d ie s  of t h i n  cloud fo rm a t io n s .  I n  some cases  th e  

average  p a r t i c l e  s i z e  could  be i n f e r r e d  from such o b s e rv a t io n s .  O p t ic a l  

r a d a r  measurements o f  the  b a c k s c a t t e r e d  i n t e n s i t y  would then  pe rm it  e s 

t im a te s  to  be made of th e  c loud p a r t i c l e  d e n s i ty .



VI. APPENDICES

A. Computer Ray T race  Program

The s i g n a l - t o - n o i s e  r a t i o  of an o p t i c a l  r a d a r  system can be 

improved i f  a u x i l i a r y  o p t i c s  a re  used to  reduce the  l a s e r  beam d i 

v ergence .  B e t t e r  c o l l im a t io n  of the  l a s e r  beam e n ab le s  one to  de

c re a se  the  f i e l d  o f  view o f the  r e c e iv e r ,  th e re b y  re d u c in g  th e  sky 

background n o i s e  w i th o u t  lo s s  of s ig n a l  ( th e  t r a n s m is s io n  o f  the  

a u x i l i a r y  o p t i c s  i s  app rox im ate ly  99 p e rc e n t  ) .  This  te c h n iq u e  i s  

e s s e n t i a l  f o r  e f f e c t i v e  o p e ra t io n  under daytime sky background cond i

t i o n s  .

A computer ray  t r a c i n g  program was w r i t t e n  and used to  de term ine  

the  d es ig n  p a ra m e te rs  f o r  a l a s e r  beam c o l l im a to r .  The program was 

used to  de te rm ine  th e  e f f e c t  of f  number , m a g n if ic a t io n  and l a s e r  

w aveleng th  on th e  r e s i d u a l  s p h e r i c a l  a b e r r a t io n  o f  th e  c o l l im a to r .

A l l  o th e r  a b e r r a t i o n s  can be n e g le c te d  fo r  t h i s  system  i f  sm a l l  f 

numbers a re  avo ided .

The G a l i l e a n  le n s  c o n f ig u ra t io n  was chosen f o r  i t s  s i m p l i c i t y  

and la c k  of a r e a l  p rim ary  focus (Q-switched l a s e r s  can io n i z e  a i r  

when f o c u s s e d ) . The d es ig n  approach was based  upon the  p a r t i a l  con- 

c e l l a t i o n  o f  th e  p o s i t i v e  s p h e r i c a l  a b e r r a t io n  o f  th e  p o s i t i v e  le n s  

by th e  n e g a t iv e  s p h e r i c a l  a b e r r a t io n  of the  n e g a t iv e  l e n s .  A sub

program was w r i t t e n  to  c a l c u l a t e  the  lo n g i tu d in a l  s p h e r i c a l  a b e r r a 

t i o n  f o r  a s i n g l e  l e n s ,  assuming in c id e n t  p a r a l l e l  l i g h t .  The i n -
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c id e n t  l i g h t  was r e p re s e n te d  by f i v e  p a r a l l e l  r a y s .  The computer 

was programmed to  r e p e a t  th e  c a l c u l a t i o n s ,  in c r e a s in g  the  shape 

f a c t o r  a f t e r  t r a c i n g  each s e t  o f  f i v e  r a y s .  The r a d i i  o f  th e  le n s  

s u r fa c e s  were c a l c u l a t e d  f o r  each shape f a c t o r .  In p u t d a ta  f o r  t h i s  

program in c lu d e d :  th e  index  o f  r e f r a c t i o n  of the  o p t i c a l  m a te r i a l

(PINDEX), the a x i a l  th ic k n e s s  o f  the  le n s  (THICK), the  i n i t i a l  shape 

f a c t o r  (QFAC), the  f i n a l  shape f a c t o r  (QMAX), th e  shape f a c t o r  i n c r e 

ment (QINC*QMAX), and the  f o c a l  le n g th  (FOCAL). The c a l c u l a t i o n s  

cou ld  be te rm in a te d  a t  a s p e c i f i e d  shape f a c t o r  (XLENS = 1 0 . ) ,  o r  when 

the  a b e r r a t io n  reached  a minimum (XLENS = 1 . ) .

The m a g n if ic a t io n  and le n g th  o f  th e  c o l l im a to r  a re  f i r s t  s p e c i f i e d ,  

and the  co rresp o n d in g  p a r a x i a l  f o c a l  le n g th s  f o r  the  p o s i t i v e  and 

n e g a t iv e  le n se s  over a range  o f  shape f a c t o r s .  The r a d i i  r^  and r^  

a re  chosen f o r  th e  p o s i t i v e  le n s  o f  minimum s p h e r i c a l  a b e r r a t i o n .  The 

n e g a t iv e  le n s  i s  then  chosen such t h a t  the  lo n g i tu d in a l  s p h e r i c a l  a b e r r a 

t i o n  of a m arg ina l ray  i s  e q u a l  and o p p o s i te  to  the  m a rg in a l  a b e r r a t i o n  

of the  p o s i t i v e  l e n s .

The r a d i i  o f  a l l  th e  le n s  s u r f a c e s  a re  now known. With t h i s  i n 

fo rm ation  p lu s  the  le n s  s e p a r a t io n  d i s t a n c e ,  th e  main computer program 

t r a c e s  the  f iv e  ray s  th rough  th e  com plete two-element le n s  system . The 

program a u to m a t ic a l ly  a d j u s t s  th e  le n s  s e p a r a t io n  f o r  n e g l i g i b l e  

a b e r r a t i o n  of a m a rg in a l  r a y .  With the  le n s  s e p a ra t io n  f ix e d ,  th e  fo u r  

a d d i t i o n a l  rays  a re  then  t r a c e d  th rough  th e  system , and the  ang le  b e 

tween the  emerging ray  and th e  le n s  system  a x is  i s  c a l c u l a t e d  f o r  each 

ray .



The r e s id u a l  s p h e r i c a l  a b e r r a t i o n  o f  a c o r re c te d  c o l l im a to r  i s  

compared w ith  a c o l l im a to r  composed of equiconvex and equiconcave 

le n s e s  in  F ig . 11. The s p e c i f i c a t i o n s  o f  th e  5 :1  l a s e r  beam c o l l im a to r  

used in  t h i s  experim ent a r e  show tr 'in  F ig .  34.
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/ /  EXEC FORTRAN
DOUBLE P RECI S I ON THETA1 , F H , THETA 2 , F H 2 , S E P , S 1 , X I , X 2 , X 3 , S 2 , X 4 , X 5 ,

I T H E T A R , D E V , T E S T , X T H E T A , A S I N , THETA 3 , F H 3 , THETA4 , FH4  
DOUBLE PRECI S I ON S 1 6 , SI  7 , S 5 , S 6 , S 8 , S 9 , S 1 1 , SL2 , SI  4 , SI  5 
COMMON S 1 6 , S 1 7 , EH2 , THETA2, FH3 , THETA3 ,  F H 4 , T H E T A 4 , FH, THETA 1 , PINDEX,  

1HMAX
A S I N ( X ) =DA T AN( X/ DSQRTI  l . - X * * 2 )  )

LENS 6 I S  A MODIFICATION OF LENS 5 DP WHICH INCLUDES  
LENS 2 A AS A SUBROUTINE.  6ENS 2A I S  USED F I RS T  TO 
DETERMINE Q FOR THE NEG.  LENS AND R1 AND R2 FOR THE 
P O S I T I V E .  LENS 6 WILL THEN CALCULATE THE RESIDUAL  
SPHERICAL ABERRATION OF THE TWO-ELEMENT LENS SYSTEM 
A COMMON STATEMENT IS USED TO CARRY THE DATA FROM LENS 2A 
TO LENS 5 .

SUBROUTINE INPUT DATA***
AI R I N D E X , H I MA X I , NEG LENS THI CKNESS, LENS I N D E X , Q I N C ,  QMAX,  
( QINC*QMAX=SHAPE FACTOR INCREMENT) ,  NEG LENS FOCAL LENGTH,  
LOWER Q L I MI T ,  MODEOF OPERATION.

MAIN I N P U T * * *
R I , R 2 ,  P OS .  LENS THICKNESS,  LENS SE PARAT I ON.

CALL TWOA

J = 1 
K= 1 
M= 1 
N= I
X = . 0 0 0 0 5  

1 00  R E A D ! I , 1 ) R 1 , R 2 , THI CK, SEP

FH I S  THE FOCAL LENGTH OF THE FI RST ELEMENT FOR A 
PARTICULAR H.  THE T AI IS THE ANGLE OF I NTERCEPTION OF A 
FOCUSSED RAY WITH THE A X I S .  THE INPUT VARIABLE SEP 
REFERS TO THE ALGEBRAIC SUM OF THE PARAXIAL FOCAL LENGTHS 
REFERENCE JENKI NS £ WHITE

H= HMA X 
2 0 0  W R I T E ( 3 » 2 )
3 0 0  W R I T E ( 3 , 3 ) T H E T A 1 , P I ND E X , R I , R 2 , THI CK, F H, HMAX , S E P , THETA3 , F H 3 , 

I T H E T A 2 , F H 2 , T H E T A 4 , F H  4 
3 2 5  WRI TE( 3 , 5 )
3 5 4  GO TO 3 6 0
3 5 5  S EP= S EP+X* S EP  

C
C SEP I S  THE SEPERATION OF THE ADJACENT LENS SURFACES
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C BEGIN RAY TRACE CALC FOR FI RST SURFACE
C

3 6 0  S l = S E P + ( - F H )
X 1 = ( ( R 1 + S 1 ) / R 1 ) * D S I N (  THETAI)
X 2 - I l . / P I N D E X ) * X 1
X T HE T A = A S I N ( X 2 ) + T HE T A 1 - A S I N ( X  L)
X3 =DSI N( XTHETA)
S 2 = ( R 1 * X 2 / X 3 ) - R I

C
C BEGIN RAY TRACE CALC FOR SECOND SURFACE
C

S2= S 2 + T HIC K
X4=(  I S2 + R 2 ) / ( - R 2  ) ) * X 3
X 5 = ( P I NDE X/ I  . ) *X4
THET AR= A S I N ( X4) +XTHETA
D E V = I T H E T A R - A S I N ( X 5 ) 1 * 1 0 0 0 .

C
I F ( N - 1 0 0 0 ) 3 6 3 , 3 6 2 , 3 6 2

3 6 2  W R I T E ( 3 , 4 ) H , D E V , S E P
3 6 3  CONTINUE

C
I F ( N - 3 ) 3 6 5 , 3 9 0 , 3 9 0

C
C THI S  IF STATEMENT BYPASSES THE TEST WHEN THE PROPER SIGN
C HAS BEEN DETERMINED FOR X
C
• 3 6 5  GO TO ( 3 7 0 , 3 8 0 , 3 9 0 ) ,  N
C
C THE COMPUTED GO TO CAUSES A COMPARISON OF THE FI RST AND
C SECOND PASSES TO DETERMINE SIGN OF X
C

3 7 0  TE ST=DEV 
N = N+1 
GO TO 3 5 5  

3 8 0  N= N + 1
I F ( D A B S ( T E S T ) - D A B S ( D E V ) ) 3 8 5 , 3  5 5 , 3  55  

3 8 5  X=— X
GO TO 3 5 5  

3 9 0  I F ( N—1 0 0 0 ) 3 9 5 , 6 0 0 , 6 5 0  
3 9 5  I F ( D A B S ( D E V ) - . 1 ) 4 0 0 , 4 0 0 , 3 5 5

C
C THI S IF STATEMENT INCREMENTS THE LENS SEP8RATI  ON BY A
C SMALLER NUMBER ( 1 / 1 0 )  WHEN THE DEVIATION ANGLE BECOMES
C LESS THAN 0 . 1  M ILL I RADI AN
C

4 0 0  M= M+1
I F ( M - 2 ) 3 5 6 , 3 5 6 , 3 5 7

3 5 6  X = . 1 * X
GO TO 3 5 5

3 5 7  WRI TE! 3 , 4 ) H , D E V , S E P
3 5  8 IF I D A B S ( D E V ) - . 0 0 1 ) 5 0 0 , 5 0 0 ,  5 1 0  
5 1 0  I F ( D E V - O . 0 ) 3 5 5 , 3 5 5 , 5 0 0

C
C THIS IF STATEMENT DETERMINES THE LENS SEPARATION FOR
C MARGINAL ZONE CORRECTION



(

86

5 0 0  WRI T E ( 3 , 6 ) SEP
C

H=. 7 0 7 * HMAX  
THETA1=THETA2  
FH = F H2 
N= 1 0 0 0  
GO TO 3 6 0

C
6 0 0  H=. 5*HMAX

THETAl =THETA3  
FH = F H3 
N = 1 5 0 0  
GO TO 3 6 0

C
6 5 0  K=K + 1

GO TO ( 6 7 0 , 6 6 0 , 6 7 0 ) ,  K 
6 6 0  H=. 2*HMAX

THET Al =THET A4 
FH = F H 4 
N= 1 5 0 0  
GO TO 3 6 0

C
1 F O R M A T ( F 2 0 . 8 , F 2 0 . 8 , F 2 0 . 8 , D 2 0 . 8 )
2 FORMAT( ' O'  , T 3 , ' T H E T A 1 ' , T 1 4 , ' PINDE X' , T 2 5 , ' R 1 ' , T 3 6 , ' R 2 ' , T 4 7 , ' T H I C K '

1 , T 5 8 ,  ' F H'  , T6 9  » ' H ' , T 8 0 , ' S E P * , T 9 1 , ' N ' , T 1 0 2 » ' X '  , T 1 1 2 , • THETA2' ,T
1 1 2 1 , ' FH2 * )

3 F O R M A T ( D 2 0 . 8 , F 2 0 . 8 , F 2 0 . 8 , F 2 0 . 8 , F 2 0 . 8 , 0 2 0 . 8 / / F 2 0 . 8 , 0 2 0 . 8 , D 2 0 .  8 , 
1 D 2 0 . 8 , D 2 0 . 8 , D 2 0 . 8 / D 2  0 . 8 , D 2  0 . 8 / / )

4  F O R M A T { 1 0 X F 1 0 . 5 , 0 2 0 - 8 , 0 2 0 . 8 )
5 F 0 R M A T ( ' 0 , , T 1 8 , , H ' , T 3 1 , ' D E V I A T I 0 N ' )
6  FORMAK ' O ' , T 1 2 , ' T H E  SEP ((RATION FOR MARGINAL ZONE CORRECTION 

1 I S , ' D 2 0 . 8)
C

6 7 0  END
/ #
/ /  EXEC FORTRAN

SUBROUTINE TWOA
DOUBLE PRECI SI ON S 16  , S 1 7 , S 5 , S 6 , S 8 , S 9 , S 1 1 , S 1 2 , S 1 4 , S 15  
DOUBLE PRECI SI ON D I F F ( 1 0 0 ) , AS I N , Q, P , PS 1 , P S 2 , ARG, THETA,  P 2 S2 ,

1 P A R ( 1 0 0 ) , D I F F 1 , D I F F 2 , H , D I F ( 1 0 0 ) , D I F F 3  
COMMON S 1 6 , S 1 7 » S 5 , S 6 , S 8 , S 9 » S l l f S 1 2 , S 1 4 , S 1 5 , P I N D E X , H M A X

C
C RAY TRACE PROGRAM FOR SHERICAL ABERRATION
C PARALLEL RAYS ARE TRACED THROUGH THE LENS,  AND SUCCESSI VE
C CALCULATIONS CAN BE MADE WITH INCREMENTED SHAPE FACTOR
C ( Q F A C ( M ) ) .  QFAC(M) CAN BE INCREMENTED BETWEEN TWO LI MI TS
C ( QFAC( 2 )  TO QMAX) ,  OR THE PROGRAM CAN BE MADE TO STOP WHEN
C THE ABERRATION REACHES A MINIMUM.
C
C FI VE RAYS ARE TRACED DENOTED BY HMAX, . 0 0 0 0 1 * H M A X ,  . 7 0 7 * HMAX,
C , 5*HMAX,  AND . 2*HMAX.
C
C OUTPUT CONSI STS OF FOCAL LENGTH,  LONGITUDINAL SPHERICAL
C ABERRATION,  AND THE ANGLE OF I NTERSECTI ON OF EACH RAY

(
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100

625

125

600
250

310

2 7 5

WITH THE A X I S .  RADI I  OF THE SURFACES AND THE CORRESPONDING 
SHAPE FACTORS ARE ALSO PRI NTED OUT.  .

TWO MODES OF OPERATION ARE AVAILABLE DEPENDING ON THE VALUE 
OF XLENS.

1 ) INCREMENT QFAC(M) FROM QFAC( 2 )  TO QMAX IN STEPS OF 
QINC*QMAX.

2 ) SAME AS 1 ) ,  BUT STOP WHEN ABERRATION MI NI MI ZED.  SET 
XLENS = 1 .  .

D EF I NI TI ON OF SYMBOLS:
VINDEX = INDEX OF MEDIUM
PINDEX = I NDEXJ3F -OPTICAL MATERIAL
TMICK = AXIAL THICKNESS OF LENS
FOCAL = PARAXIAL FOCAL LENGTH I . 0 0 0 0 1 *HMAX)
H ■= DISTANCE OF PARALLEL INPUT RAY ABOVE A X I S .
R 1 = F I RS T LENS RADIUS  
R2 = SECOND LENS RADIUS

DIMENSION R i l l 0 0 ) *  R 2 I 1 0 0 ) ,  QFAC( I OO)
AS I N( X )  = DATAN( X/ DS QRT( l . - X * * 2 ) )
M = 2
DI FF(  11 = 1 0 0 0 .
READ! 1 , 1 2 ) UI N D E X , H MA X , T H I C K , P I N D E X , X I N C , Q I N C , Q MA X , F O C A L , Q F A C ( 2)

, XLENS 
WRIT E ( 3  * 1 1 )
WRI TE( 3 , 1 4 )  UI NDE X, HMA X , T HI C K, P I N D E X, X I NC, QI NC, QMAX, FOCAL, QFAC( 2 )  

, XLENS 
WR I T E ( 3 ,  1 3 ) QF AC ( M )
R l l M ) = 2 . * F O C A L * ( P I N D E X - 1 . ) / ( QFAC I M) + 1 . )
R 2 ( M ) = 2 . * F 0 C A L * { P  I N D E X - 1 . ) / ( QFAC( M)- 1 . )
WRIT E ( 3  » l O ) R l ( M )  , R. 2(M)

BEGIN CALCULATION OF PARAXIAL FOCAL LENGTH

N= 1
H= . 0 0 0 0 1 *HMAX 
WRIT E ( 3 » 7 )
Q= U I N D E X * H/ ( P I N D E X* R 1 ( M)  )
P = D S I N ( A S I N ( Q ) - A S I N < H / R 1 ( M )  ) )
P S 1 = - ( R i ( M ) * Q / P ) + R l ( M )
P S 2 = P S 1 - T H I C K  
P S 2 = - P S 2
ARG=( ( P I N D E X / U I N D E X ) *  I ( R 2 ( M3 + P S 2 1/ R 2 1 M1 ) * P )
T H E T A = ( A S I N ( A R G ) + A S I N I P ) - A S  I N I ( R 2 ( M ) + P S 2 ) * P / R 2 ( M ) )1 
P 2 S 2 = —( ( R 2 ( M ) * A R G ) / { D S I N l T H E T A ) 1 ) + R2 ( M)
GO TO ( 3 1 0 , 3 2 0 , 3 2 2 , 3 2 5 , 3 3 0 ) ,  N
P AR ( M) = P 2 S 2
D I F F 1 = P A R ( M ) - P 2 S 2
WRITE( 3 , 1 5 ) H , P A R I M) , D I F F 1 , THETA
S I 6 = P A R ( M)
SI 7=THETA  
H=. 707*HMAX  
N=N + 1 
GO TO 2 5 0



88

3 2 0  D I F F 2 = P A R ( M} - P2 S2
W R I T E ( 3 , 5 ) H , P 2 S 2 , D I F F 2 , T H E T A
S 5 = P2 S 2
Sb= THE TA
H = . 5  *HM AX
N= N + 1
GO TO 2 5 0

3 2 2  D I F F 3 = P A R ( M) —P2 S2
WRI TE( 3  , 5 ) H , P 2 S 2 , D I F F 3 , T H E T A
S 8 = P 2 S 2
S9=THET A
H= . 2*HMAX
N=N+ 1
GO TO 2 5 0

3 2 5  D I F ( M ) = P A R ( M ) - P 2 S 2
W R I T E ( 3 , 5 ) H , P 2 S 2 , D I F ( M ) , T H E T A
S 11 = P2 S2
SI 2 = THE TA
H= HMA X
N= N+ 1
GO TO 2 5 0

3 3 0  D I F F ( M ) = P A R ( M ) —P 2 S 2
W R I T E ( 3 , 5 ) H , P 2 S 2 , D I F F ( M ) , T H E T A  
S 1 4 =  P 2 S 2 
S I 5  = THET A
I F ( X L E N S - 1 0 . ) 6 2  6 , 6 2  7 , 6 2  7

6 2 6  I F ( DABS( 0 1 F F { M ) ) - DABS ( D I F F ( M - 1 I ) )  6 2 8 , 6 2 8 , 7 1 0
6 2 7  I F I D A 8 S ( Q F A C ( M ) J- DABSIQMAX + QINC*QMAX) ) 6 2 8 ,  7 5 0 ,  7 5 0
6 2 8  M=M + 1
5 0 0  QFAC( M) =QFAC( M—1 ) + ( QINC*QMAX)

GO TO 6 2 5
7 10 WRI TE( 3 , 1 6 ) D I F F l M - l  ) , R 1 ( M - l ) , R 2 ( M - l ) , Q F A C ( M- 1 )

5 FORMAT( 0 2 0 . 6 , 1 0 X 0 2 0 . 8 , D 2 0 . 8 , 0 2 0 . 8 )
7 FORMAT( 1 6 X5 HH( C M) 1 5 X5HFOCAL1 X6HLENGTH1 X4 H( CM) 9X10HDI FFERENCE  

1 9 X 1 0 H T H E T A I R A D ) )
10  FORMAT( '  R 1 AND R2 ARE,  R E S P . , • , 2 XE1 2 . 5 , 2 X, » ANO» , 2XE1 2 . 5 / )
11 FORMAT( T 1 , ' 0  UI NOE X' , T1 5 , » HMAX• , T 2 5 , • TH1CK» , T 3 3 , ' P I NDE X' ,

1 T 4 5 , • XINC'  , T 5 5 , ' Q I N C * , T 6 5 , ' QMAX ' , T 7  5 , ' F O C A L ' , T 8 5 , ' Q F A C ' )
12  FORMAT( 8 F 1 0 . 5 )
1 3  FORMAT( 1 OTHE SHAPE FACTOR NOW EQUALS' , 2 XF8 . 4 )
1 4  FORMAT( 9 F 1 0 . 5 )
15 FORMAT( D20 . 6 , 1 0 X 0 2 0 . 8 , 0 2 0 . 8 , D 2 0 . 8 )
16  F O R M A T ! ' O ' , 0 1 5 . 8 , 1 0 XE1 2 . 5 , 1 OXE1 2 . 5 , 1 OXF8 . 4 )

7 5 0  END

(



B. Beam C rossove r  Program

F ig .  35 shows th e  geometry fo r  the o p t i c a l  r a d a r  t r a n s m i t t e r

and r e c e i v e r  beams. A i s  th e  c ro ss  s e c t io n a l  a r e a  w hich d e t e r -a

mines th e  s i z e  of the  s c a t t e r i n g  volume.

AV = f ( z0L)2cY

where 0^ i s  th e " T a s e r  beam d ive rgence  ( f u l l - a n g l e ) , c i s  th e  speed  

of l i g h t ,  Y i s  th e  l a s e r  p u ls e  d u ra t io n  and z i s  the a l t i t u d e .  I n t e r 

p r e t a t i o n  of the  b a c k s c a t t e r e d  s ig n a l  from low a l t i t u d e s  r e q u i r e s  a 

knowledge of the  e f f e c t  of th e  i n i t i a l  c ro ssover  of t h e  l a s e r  beam w ith  

the  r e c e i v e r  f i e l d  of view on th e  s i z e  of the s c a t t e r i n g  volume. This 

can be de te rm in ed  i f  th e  a r e a  of i n t e r s e c t i o n  of the r e c e i v e r  and 

l a s e r  beams i s  known as a fu n c t io n  of a l t i t u d e .  A computer program 

was w r i t t e n  to  c a l c u l a t e  t h i s  a re a  fo r  an a r b i t r a r y  l a s e r  r a d a r  system 

where th e  l a s e r  and r e c e i v e r  axes a re  sep a ra te d .  F ig .  36 d e f in e s  the  

symbols used in  th e  program, and the  in p u t param eters  a r e  as  fo l lo w s :

DISP = The d isp lacem ent of the l a s e r  and 
r e c e i v e r  axes

DIA = The r e c e iv e r  diameter

THETAL = The l a s e r  beam d ivergence  h a l f - a n g l e

ANGLE = The l a s e r  beam m isalignm ent a n g le

ZINC (1) = The i n i t i a l  a l t i t u d e  inc rem en t
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THETAR = The r e c e iv e r  f i e l d  of view h a l f - a n g le

ZMAX = Maximum a l t i t u d e .

The o u tp u t  d a t a  was in  the  form of th e  f r a c t i o n a l  s c a t t e r i n g

a rea  ( a c t u a l  s c a t t e r i n g  a rea /n o rm a l s c a t t e r i n g  a rea )  f o r  a l t i t u d e s  

from z = 0 to  z = ZMAX. The normal s c a t t e r i n g  a re a  i s  th e  c ro s s  

s e c t i o n a l  a r e a  o f  th e  l a s e r  beam. F ig .  37 shows the  p e rc e n ta g e  n o r 

mal s c a t t e r i n g  a r e a  f o r  t h r e e  d i f f e r e n t  o p t i c a l  c o n f ig u ra t io n s  in  

the reg io n  of th e  low a l t i t u d e  c ro s s o v e r .  A h igh  a l t i t u d e  e f f e c t  

caused by a m isa lignm en t of the  l a s e r  beam i s  shown in  F ig .  38. The 

r e s u l t s  cannot be used f o r  a q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  d a ta  in  

the c ro sso v e r  re g io n  because  the  assum ption  of uniform i n t e n s i t y  

ac ross  the  l a s e r  beam i s  u n r e a l i s t i c .  The r e s u l t s  do g iv e ,  however, 

a u s e fu l  i n d i c a t i o n  o f  the  q u a l i t a t i v e  e f f e c t s  o f  beam m isa lignm ent 

and the  a l t i t u d e  of beam c ro sso v e r .
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0L =0.28 mr 
0r =1.0 mr 
DIA =48" 
DISP =12"

0R =1.0 mr 
DIA =31" 
DISP = 23"

80

0r =1.0 mr" 
DIA =31" 
DISP =23"

40

20

ALTITUDE (km)

P ig .  37 P e rcen tag e  normal s c a t t e r i n g  a r e a  v e rsu s  
a l t i t u d e  fo r  t h r e e  o p t i c s  c o n f ig u r a t io n s .
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/ /  EXEC FORTRAN
BEAM CROSSOVER PROGRAM

THE RATIO OF THE ACTUAL SCATTERING AREA TO THE NORMAL SCATTERING 
AREA I S  COMPUTED AS THE ALTITUDE IS INCREMENTED.  THE PROGRAM 
WILL HANDLE A GENERAL B X ^F A T T C  LASER RADAR,  EITHER ALIGNED 
OR INTENTIONALLY MI SALI GNED.

DOUBLE PRECI SI ON D I S P ,  D I A ,  THETAL,  THETAR,  ANGLE,  Z,  A,  TA,  
L T D I S P ,  RADL,  RADR,  REF,  FRAC,  X I ,  X 2 ,  X I ,  DELTAX,  A R E A ! 2 0 ) ,  
1 X 1 2 0 ) ,  Y ( 2 0 ) ,  AREA1, XAREAt 2 0  ) , X P I 2 0 ) ,  Y P I 2 0 ) ,  AREA2,
1 TARE A,  Z I N C ( 2 )  , ZMAX 

DIMENSION Q( 2 )
Q ( 1 ) = - 1 .
Q ( 2 ) = 1 .
K= 1

1 0 0  R E A D( 1 , 1 ) D I S P , D I A , T H E T A L , THETAR, ANGLE, ZI NC( 1 )  ,  ZMAX 
1 2 5  WRI TE( 3 , 2 ) D I S P , D I A , T H E T A L , THETAR, ANGLE, ZI NC{ 1 ) ,ZMAX 

Z I N C ( 2 1 = 5 . *ZI NCI  11 
Z= Z I NC ( 1)

1 5 0  A=ANGLE*Z 
T A = A + 1 0 0 0 .
T D I S P = D I S P + 1 0 0 0 .
RAD L = I Z / D C OS I A N GL E ) ) *TH ET AL 
R A D R = ( D I A / 2 . ) + ( Z*THETAR)
R E F = 3 . 1 4 * I R A D L * * 2 )
I F ( ( R A D L + A ) - { D I S P - R A D R ) ) 1 5 5 , 1 7 5 , 1 7 5  

1 5 5  FRAC=. 0
1 6 0  W R I T E ( 3 , 5 ) Z , R E F , F R A C  

Z= Z + ZINCIK )
GO TO 1 5 0  

1 7 5  X1=T A+RADL
X2 =TDI SP- RADR  

C 1 7 7  W R I T E ( 3 , 7 ) R A D L , T D I S P , R A D R , T A  
C 7 FORMATI 4 D2 0 . 6 )

1 8 0  XI ={  { R A D R * * 2 ) - I R A D L * * 2 ) - ( T D I S P * * 2  ) + TA* TA) / I - 2 . * T D I S P + 2 . * T A > 
DELTAX=. 1*DA8 S I X I —X I ) * Q I K )

1 9 0  WRI TEI 3 , 8 ) DEL T A X , X I , X I , X 2 , RADR, RADL 
8 FORMAT I 6 D 1 4 . 6 )

AREA! 1 ) = 0 . 0  
X I 1 ) = X 1  

2 0 0  DO 3 0 0  1 = 2 , 1 1
XI I ) = X I I -  1 ) +DELT A \
Y l I )  = D S Q R T I ( R A D L * * 2 ) - ( X I  I ) - T A ) * * 2 )
AREA! I ) =DABS(  DELTAX) *Y ( I J + AREAI 1 - 1 )

C W R I T E ( 3 , 9 ) Y ( I ) » A R E A { I ) , XI I )
3 0 0  CONTINUE 

C 9 FORMAT ( 3 D 1 4 . 6 )
A R E A 1 = 2 . * A R E A ( I )

C 3 5 0  WRITE13 , 5 ) Z , R E F , A R E A 1
D E L T A X = . 1 * D A B S ( X I —X 2 ) * Q ( K )

4 0 0  DO 5 0 0  J = 2 , 10
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XAREAl  1 ) = 0 . 0  
XP { 1 ) = XI
X P ( J ) = X P { J - l l + D E L T A X
Y P ( J ) = D S Q R T ( ( RADR* * 2 ) - ( XP( J ) - T D I S P ) * * 2 )  
X A R E A ( J ) = DABS ( DELTAX) *YP( J) +XAREAC J —1)

C W R I T E ( 3 , 1 0 ) Y P { J ) , X A R E A { J ) , X P { J )
C 10 FORMAK ' S 3 D 1 4 . 6 )

5 0 0  CONTINUE
R E F = 3 . 1 4 * { R A D L * * 2 )
AREA2 = 2 . * XAREA(  J )
TAREA=AREA1+AREA2  
FRAC=TAREA/ REF  
W R I T E ( 3 , 6 ) Z , REF, FRAC  
I F ( Z—ZMAX) 5 1 0 , 9 0 0 , 9 0 0  

5 1 0  Z = Z + Z I N C ( K)
GO TO ( 5 2 5 ,  5 5 0 )  ,K 

5 2 5  R A D R = { D I A / 2 . ) + { Z*THETAR)
A=ANGLE*Z
T A = A + 1 0 0 0 .
R A D L = ( Z / D C O S ( ANGLE) ) *TH ET AL 
IF ( ( A - R A D U - I  DI SP- RADR)  ) 1 5 0 , 6  0 0 , 6  0 0  

5 5 0  R A D R = ( D I A / 2 . ) + ( Z*THETAR)
A = ANGLE * Z 
T A = A + 1 0 0 0 .
RADL= ( Z/ DCOSI ANGLE)  ) ^THETAL
X2 =TDI SP+RADR
X1=TA- RADL
I F ( ( A - R A D L ) - ( DI S P + RADR) 118 0 , 8 0 0 , 8 0 0  

6 0 0  A=ANGLE*Z
RADL= ( Z/ OCOS ( ANGLE)  ) *TH E T A L 
RADR= ( D I A / 2 . ) + ( Z*THETAR)
R E F = 3 . 1 4 * ( R A D L * * 2 )
FRAC= 1-
WRI TE( 3 , 5 ) Z , REF, FRAC  
Z= Z + Z I N C ( K )
RADL=( Z/ DCOS( ANGLE 3 ) *THETAL 
R A D R = ( D I A / 2 . ) + ( Z * T H E T A R !
I F { ( RADL+ A ) - ( D I S P + R A D R ) > 6 5 0 , 7 0 0 , 7 0 0  

6 5 0  I F ( Z - Z M A X ) 6 6 0 , 9 0 0 , 9 0 0  
6 6 0  GO TO 6 0 0  
7 0 0  A=ANGLE*Z  

TA=A + 1 0 0 0 .
X1 = T A—RADL 
X2 =TDI SP+RADR
R A D L = ( Z / D C O S ( A N G L E ) ) *THETAL 
RADR=( D I A / 2 . ) + ( Z * T H E T A R )  
R E F = 3 . 1 4 * ( R A D L * * 2 )
K= 2
GO TO 1 8 0
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8 0 0  A=ANGLE*Z
R A D L= ( Z / D C0 S ( ANGL E) ) * T HET AL  
R A D R = ( D I A / 2 . ) + ( Z*THETAR I 
R E F = 3 . 1 4 * ( R A D L * * 2 )
FRAC=. 0
W R I T E ( 3 , 5 ) Z , R E F , F R A C  
I F ( Z- ZMAX) 8 5 0 , 9 0 0 , 9 0 0  

8 5 0  Z=Z+ZI NC{ K)
GO TO 8 0 0

1 FORMAT( 5 0 1 4 . 8 )
2 FORMAT( 7 0 1 5 . 8 )
5 FORMAT( DI O. 3 , 0 2 0 . 8 ,  2 X 0 2 0 . 8 1
6 FORMAT I ' • , 0 1 0 . 3 , 0 2 0 . 8 , ' ACTUAL AREA/NORMAL AREA I S ' , D 2 0 . 8 )

9 0 0  END



C. D ata R educ tion  Program

A computer program was w r i t t e n  to  f a c i l i t a t e  th e  p l o t t i n g  and 

e r r o r  a n a l y s i s  o f  the  s in g le  p h o to e le c t ro n  co u n t in g  d a ta .  The o u t 

p u t  d a ta  from the  coun te r  memory system i s  in  the  form of a column 

o f  th r e e  d i g i t  numbers where each column r e p r e s e n t s  th e  number o f  

coun ts  r e c e iv e d  in  an 11 psec time i n t e r v a l .  This d a ta  was read

in t o  the  computer from punched cards as an a r r a y  where each column
2

r e p re s e n te d  one l a s e r  s h o t .  The d e s i r e d  q u a n t i t i e s  were z S and 

th e  end p o in t s  of the  e r r o r  b a r s  a s s o c ia te d  w ith  S , where S i s  th e  

t o t a l  counts  f o r  each a l t i t u d e  i n t e r v a l  and z i s  th e  a l t i t u d e .

The s ta n d a rd  d e v ia t io n  o f  th e  number o f  s i g n a l  counts  i s  g iven  by

6 = (S+ C g)1*

where S i s  th e  number of s i g n a l  counts and CD i s  th e  number of backD
2 2ground c o u n ts .  The computer o u tpu t  was i n  th e  form of z (S+6), z S 

2
and z (S-S) f o r  each a l t i t u d e  i n t e r v a l .



EXEC FORTRAN
DIMENSION X ( 1 3 0 ,  2 5 ) »  X D E L T A U 3 0 ) ,  S U MC 1 1 3 0 ) ,

I P T ( 1 3 0 )  , T P T ( 1 3 0 )  , B P T ( 1 3 0 )
10  R E A D ( 1 , 3 )  N,  BACK, ZI NI

3 FORMAT I I 5 , F 1 0 . 0 , F 1 0 . 0 )
R E A 0 ( 1 , 2 ) I ( X I  I ♦ J ) ,  1 = 1 , 1 2 8 ) , J = 1 , N )

2 FORMAT( 1 6 F 5 . 0 )
DO 15 1 = 1 , 1 3 0  

15 SUM(I ) = 0 . 0  
Z=ZI NI
DO 50  1 = 1 , 1 1 2
DO 3 0  J = 1 ,  N
SUM! I ) = SUM( I ) +X(  I , J )

30 CONTINUE
WRITE C 3 , 5 )  Z,  S U M{ I }

5 FORMAT! F8. 2 , 1 0 X F 8 . 2 )
XDELT A! I ) = SQRT( SUM! I  ) )
S U MC ! I ) = S U M ( I ) — BAC K
P T { I ) =SUMC! I ) * Z * * 2
T P T ( I ) = ! SUMC! I ) + X D E L T A ! I )
B P T ! I ) = ( SUMC t I ) - X D E L T A ! I ) ) * Z * * 2  

4 0  WRIT E ! 3 , 4 )  Z,  T P T { I ) » P T ( I ) ,  B P T ( I )
4 F ORMA T ! F 9 . 2 , 5 XE2  0 . 8 , 5 X E 2 0 . 8 , 5 X E 2  0 . 8 )

Z = Z - 1 . 6 5
5 0  CONTINUE 
7 0  END

S U M ! 130)
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