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"NTRODUCT ION 

The principal objective of the program reported herein has 
the, investigation and develo 
measurement of stribution of n ic 
oxide in the earth's atmosphere. 

le laser techni 

Although NO represents a nlinor constituent of the upper atmosphere, 
it is believed to play a major role in the formation of the D and lower 
E regions of the ionosphere (Ref. 1,2). In addition, the chemilumin- 
escence reaction between NO and 0 may be important in the generation of 
the observed night air low continuum (Ref. 1). Finally, ion molecule 

steady state conditions prevailing in these ionospheric regions. Clearly, 
it is of prime importance to establish both the concentration and vertical 
distribution of this important constituent as well as its variations with 
time and other pertinent aeronomic parameters. On this basis, a number 
of recent experimental (Ref. 3,4,5)  and theoretical (Ref. 1,2,6) investi- 
gations have been undertaken to perform this task. However, considerable 
uncertainties still remain concerning many quantitative aspects of this 
problem. 

reactions involving N of and NO are important in determining the final 

The first experimental measurement of NO in the earth's atmosphere 
was reported by Barth (Ref. 4) wherein the total content above 85 km was 
established by employing a rocket-borne scanning spectrometer to observe 
the gamma band ultraviolet fluorescence from solar illuminated NO. An 
analysis of the data indicated that the t tal measured column count 

Jursa (Ref. 7) had attempted to measure the NO content by absorption 
spectroscopy using a rocket spectrograph with a solar-pointing control. 
Althou h NO was not detected, it was possible to estimate an upper limit 
of lOI5 molecules/cm2 resident within the altitude range of 63-87 kms. 
Subsequent measurements by Barth (Ref. 3) yielded local molecular number 
densities of between 4 x lo7 cm-3 to 6 x lo6 cm-3 throughout the altitude 
region between 110 km to 125 km. Finally, sunrise measurements by Smith 
(Ref. 5) yielded neutral NO number density estimates of about lo7 c ~ n - ~  
between 130 km to 150 km. 
nology, the feasibility of utilizing the laser as an atmospheric probing 

9 
' amdunted to about 1.7 x 1014 molecules/cm -column (above 85 km) . Earlier, 

Owing to the recent development of laser tech- 

n demonstrated (Ref. 8-20) with varying degrees of success; 
es employed involve detection of laser illuminated atmospheric 
(including dust) via Rayleigh (Ref. 8-20) , Raman (Ref. 18 ,19 ) ,  

Mie (Ref. 8-20) and/or resonance-fluorescence scattering (Ref. 16,ZO). 
atter phenomenon can be employed for the detection of minor 
c constituents (i.e. NO) awing to their relatively low concen- 

trations. Resonance-fluorescence scattering offers the potentials of 
both enhanced select,ive scattering (large cross sections) and specific 
species identifying radiation. 
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Various general  a spec t s  of a s u i t a b l e  laser r a d a r  probe a re : con-  
s ide red  i n  Sec t ion  2.  The e f f e c t s  of atmospheric a t t e n u a t i o n ,  l&er 
p u l s e  lkngch, quantum t r a n s i t i o n s  a s ignal- to-noise  cons ide ra t ions  
are presented.  In  a d d i t i o n ,  tht: i n t e r p l a y  between s e v e r a l  d i f f e r e n t  
parameters is examined. The r e s u l t a n t  eva lua t ion  of a p r a c t i c a l  laser 
probe is  given f o r  s e l e c t e d  

s ta tes ,  including t k a n s i t i o n  r a t e s  and e 
and Rayleigh s c a t t e r i n g  c r o s s  s e c t i o n s ,  e tc .  
cided t h a t  t he  two optimum probe wavelengths 
[gamma (1-0) e l e c t r o n i c  v i b r a t i o n  t r a n s i t i o n ]  and t h e  I R  5 . 3 3 ~  [vibra-  
t i o n - r o t a t i o n  (0.1) t r a n s i t i o r ~ ] .  

eva lua t ion  w a s  performed on gY 

Sec t ion  3 i s  devoted t o  t h e  t h e o r e t i c a l  examination of s e v e r a l  tech-  
niques of producing laser  r a d i a t i o n  f o r  NO gas t r a n s i t i o n  involving a 
ground s t a t e  which is  s u f f i c i e n t l y  populated i n  ambient atmospheric NO, 
and simultaneously posseises  c h a r a c t e r i s t i c s  that; are compatible t o  the 
development of a s u i t a b l e  probe. The two systems considered were those 
of  the NO ground s ta te  fundamental a t  5 . 3 3 ~  and t h e  NO gamma band a t  
21558 as s e l e c t e d  i n  Sec t ion  2 .  

Two bas i c  techniques here considered. The f i r s t  involved t h e  d i r e c t  
generat ion of t he  des i r ed  frequencies  by a s u i t a b l y  arranged discharge 
conf igu ra t ion  which r equ i r ed  cons ide ra t ion  of s e v e r a l  physical  processes 
including Franck-Condon pumping, pho tod i s soc ia t ion ,  chemical r e a c t i o n s ,  
e t c  (Ref. 21,Z.Z). The second technique involved t h e  gene ra t ion  of t h e  
d e s i r e d  frequencies  by frequency s h i f t i n g  techniques.  I n  t h i s  r ega rd ,  
s e l e c t e d  wavelengths can be produced by s h i f t i n g  o r  tuning c u r r e n t l y  
a v a i l a b l e  l a s e r s  ( e .g . ,  GO2, h b y ,  neodymium, e t c . )  by combinations of 
harmonic gene ra t ion ,  sum, frequency production, s t imu la t ed  Raman s c a t t e r i n g ,  
temperature tu rn ing ,  o r  mode s e l e c t i o n .  For example, t h e  r equ i r ed  5 . 3 3 ~  
r a d i a t i o n  can be produced by generat ing the harmonic of  t h e  C02 laser 
r a d i a t i o n  (10.6~) while  21558 r a d i a t i o n  can be produced by gene ra t ing  a 
frequency approximately 5 t i m e s  t h a t  of t h e  Neodymium-i;i-glass laser 
(10,6008). 

A d e t a i l e d  account of t he  l abora to ry  e f f o r t  performed under t h e  
p re sen t  program i s  presented i n  Sect ion 4 .  The s p e c i f i c  problems i n v e s t i -  
gated include t h e  l a s i n g  o f  NO i t s e l f ,  t h e  harmonic generat ion i n  t h e  C02 
laser ,  and harmonic generat ion and mixing experiments with the  Neodymium 
g l a s s  laser.  

I n  Sec t ion  5, t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n  are summarized and 
discussed i n  terms of t h e  f e a s i b i l i t y  of producing a s u i t a b l e  NO atmos- 
pheric  l a sek  probe. It i s  concluded t h a t  l i t t l e  immediate promise e x i s t 3  
f o r  t he  development of a d i r e c t  laser generator  w i th  s u f f i c i e n t  power 
and o t h e r  r equ i r ed  f i e l d  c a p a b i l i t i e s .  However, i t  is  shown t h a t  s h i f t -  
tuning techniques can be appl ied t o  the  generat ion of s u i t a b l e  laser wave- 
l eng ths .  Furthermore, t he  generat ion of s u i t a b l e  power l e v e l s  r e q u i r e s  
t h e  u s e  of h ighe r  power lasers and thus f u r t h e r  development. F i n a l l y ,  
some recommendations f o r  f u t u r e  work are presented i n  those  areas which 
appear t o  o f f e r  t h e  most promise. 

2 



2. THE PROBLEM OF DEVELOPING AN ATMOSPHERIC LASING PROBE - 
GENERAL CONSIDERATIONS 

robe and which must 
u a t e  the  f e a s i b i l i t y  be considered i n  s u f f i  

of developing a s p e c i f i c  probe. Thus, t h i  i o n  includes a s u f f i -  
c i e n t l y  d e t a i l e d  d i s c u  lements f o r  subse- 
quent a p p l i c a t i o n  t o  the  present  problem, i .e . ,  the development of 
atmospheric l a s i n g  probe f o r  measuring NO i n  the  e a r t h ' s  atmosphere. 

2.1 Resonant -Fluorescent and Rayleigh S c a t t e r i n g  
from Laser-I l luminated Atmospheric Cons t i t uen t s  

The a p p l i c a t i o n  of r ecen t  laser technology t o  atmospheric probin 
(Ref. 8-20) has demonstrated the f e a s i b i l i t y  of  d e t e c t i n g  l a s e r  i l lum 
nated c o n s t i t u e n t s  (and/or dus t )  by Rayleigh ( R e f .  8-20), Raman (18, 
Mie (Ref. 8-20) and/or resonance-fluorescence s c a t t e r i n g  (Ref. 16,20). 
For the case  of minor atmospheric c o n s t i t u e n t s  ( i . e . ,  NO) only t h e  
l a t t e r  phenomenon i s  app l i cab le  s i n c e  i t  o f f e r s  t he  enhanced s e l e c t i v e  
s c a t t e r i n g  c r o s s  s e c t i o n s  and a s soc ia t ed  s i g n a t u r e  r a d i a t i o n  which are 
necessary f o r  d e t e c t i o n  a g a i n s t  the background r a d i a t i o n s .  Thus, i n  
p r a c t i c e  i t  i s  necessary t o  eva lua te  the r a t i o  of resonant-f luorescent  
s i g n a l  (from the trace s p e c i e s )  t o  the Rayleigh s c a t t e r e d  s i g n a l  (from 
the t o t a l  atmospheric composition) s i n c e  t h i s  value e s t a b l i s h e s  t h e  
basic  threshold l i m i t  f o r  t r a c e  d e t e c t i o n  by an a c t i v e  probe. I n  t h e  
following d i s c u s s i o n  the r o l e s  of  resonant,  f l u o r e s c e n t  and Rayleigh 
s c a t t e r i n g  a r e  considered i n d i v i d u a l l y ;  then the appropr i a t e  r a t i o b  
a r e  determined. 

2 . 1 . 1  Resonant-scat ter ing from l a s e r  i l luminated species. - Assume 
t h a t  a laser t r a n s m i t t e r  emits a pulse  o+shape P,,(v,t) (watts crn'l) i n  

P,(v,t).dt and t o t a l  energy =J time and spectrum, s p e c t r a l  energy E, 

J =[JP,(v,t) dv d t .  For t h e  p re sen t  purpose, a square pu l se  approxi- 

mation i s  employed so t h a t  P, = J/(Av At? where Av and At  a r e  the t r a n s -  
mitter s p e c t r a l  band pass  and time cons tan t ,  r e spec t ive ly .  Addit ional ly ,  
the t r a n s m i t t e r  a n u l a r  divergence shape which i s  assumed t o  be small, 
i s  taken t o  be a cond of AQ s t e r a d i a n s .  

Assume the receiver time cons tan t  AtR, s p e c t r a l  pass  
a p e r t u r e  MR are a l l  l a r g e r  than the  correspondin 
and AQ-values. The range resolukion of  t he  o p t i c  

AR = c &R/2, and a gene ra l  expression f o r  t he  received laser s i g n a l  i s  

3 



E V  dv (watts) (2-1) 

where 

Y 

c = v k l o c i t y  of l i g h t  

n(R) = populat ion of molecules (i.e.,  NO) i n  the appro- 
p r i a t e  resonance energy l e v e l  r e s i d e n t  a t  R, 

% = a r e a  of d e t e c t o r  c o l l e c t i n g  surface,  

T = one-way t ransmission f a c t o r ,  

rj(R) = an e f f i c i e n c y  f a c t o r  def ined subsequently (see 
Equation 2 . 2 )  

E 

gv = absorpt ion c r o s s  s e c t i o n .  

= energy i n  pulse  per  s p e c t r a l  u n i t ,  
V 

I n  the above expression, t he  l inewidth and shape depend on the  
combination of n a t u r a l ,  Doppler, c o l l i s i o n ,  mu l t ip l e t  s t r u c t u r e ,  and 
o t h e r  broadening e f f e c t s .  For low d e n s i t y  upper atmosphere app l i ca -  
t i o n s ,  the Doppler width i s  often, the c o n t r o l l i n g  f e a t u r e .  
case of NO, the Doppler width 

i n  a i r  i f  the dens i ty  na < 1/16 NTP. 
i t  i s  adequate t o  approximate the peak c r o s s  s e c t i o n  by cr = CX/AVD 

where a = s o v  dv = i n t e g r a t e d  abso rp t ion  c r o s s  s e c t i o n .  F ina l ly ,  

Equation (2-1) can  a l s o  be expressed i n  terms of photons pe r  second by 
mu1 t i p l y i n g  by (l /hcv) (photons / j o u l e )  

I n  the  
etween half-maxima i s  given approxi- 

mately by AvD v 10m6(T/273) 172 which dominates the c o l l i s i o n  width 
For the p re sen t  purposes, then, 

P 

2.1.2 Fluorescent s c a t t e r i n g  from l a s e r  i l luminated species. - 
I n  the previous d i scuss ion ,  t h e  resonant  s c a t t e r i n g  process  f o r  a 
molecule, such a s  NO. was considered. The i n i t i a l  a c t i o n  i n  t h i s  pro- 
cess c o n s i s t s  of t he  absorpt ion of a photon (from a t ransmit ted elec- 

beam) by a molecule i n  the appropr i a t e  lower s ta te .  When 
pontaneous emission t o  a d i f f e r e n t  energy l eve  
r e s u l t s  i n  f luo rescen t  s c a t t e r i n g  of t h e  laser 

Under c e r t a i n  cond i t ions  the i n t e n s i t y  of  t h i s  s c a t t e r e d  r a d i a t i o n  can 
dominate over t he  c o n t r i b u t i o n  due t o  resonant s c a t t e r i n g .  

4 



I n  expression (2 

a t  these r a t e s  
r parameters of 

b r a t i o n a l  l e v e l s ;  i n  many c a s e  % 
so t h a t  s i g n i f i c a n t  f luorescence r e s u l t s .  
c isxon of match and the r e l a t i v e  widths of crv and E, a r e  c r i t i c a l  i n  
t h i s  s i t u a t i o n .  For the  case  where t h e  s p e c t r a l  width of t he  laser 
pulse  i s  narrower than the abso rp t ion  l i n e  doppler  width (which i s  not  
s u b j e c t  t o  system c o n t r o l ) ,  t he  maximum value f o r  t he  f i n a l  i n t e g r a l  
i n  Equation (2-1) i s  namely Jup X W / A v g .  Thus, f o r  t he  p re sen t  case, 
Equation (2-1) may be w r i t t e n  as 

may be g r e a t e r  than &, vm (v f v") , v  It- i s  ev idan t  t h a t  t h e  pre-  

where 
2 

A x  8fi R AvD 
C T  K = -  

For the  c o n s t r a i n t s  i nd ica t ed ,  Expression (2-3) can be employed fo r  
imating c o n t r i b u t i o n s  o re scen t  s c a t t e r i n g .  

5 



4 -2 5 -6' 4 
5 (v) = 4(2nav) * rra = 128 rr a v 

Ray 

where a ( v )  i s  an "effect ive" average molecular r ad ius ,  deduced from 
Penndorf's d e t a i l e d  s p e c t r a l  cons ide ra t ions .  

A s  i n  t he  case of resonance and f luorescence s i g n a l s ,  t he  Rayleigh 
s i g n a l  r e t u r n  is  a l s o  given by Equation (2-1) by i n s e r t i o n  of both the  
a p p r o i r i d t e  c r o s s  s e c t i o n ,  5 and t o t a l  molecular dens i ty ,  n a t  the 
a l t i t u d e  and range a t  which the r e t u r n  i s  being analyzed i n  the range 
gate .  Thus, f o r  t h i s  case 

Ray t 

For  the Rayleigh s c a t t e r i n g  r e t u r n ,  the l i n e  match, i n t e g r a l  i s  simply 
JuRa{ ' and the k f f i c i e n c y  f a c t o r  i s  7 F 1 so  t h a t  Equation (2-4) can 
now e r e w r i t t e n  as :  

CT' *R S(t,R) = 2 Jo n Ray t R 
(2-5) , 

2.1.4 The r a t i o  of S(resonant) /  t o  S(Rayleigh).. - I n  p r a c t i c e ,  a 
major l i m i t i n g  f a c t o r  of minor c o n s t i t u e n t  d e t e c t a b i l i t y  involves  the 
r a t i o  of t he  s i g n a l s  due t o  resonant and Rayleigh s c a t t e r i n g .  Thus, 
i t  i s  ev iden t  t h a t  f o r  the present: case 

P 

q ( R )  n(R) J E,, mV dv 
S (resonant) - - 
S (Rayleigh) n Ju t Ray 

D which f o r  an imperfect match (so t h a t  EV mv dv optimizes t o  X W/Av 

f o r  a narrow, well-matched t r a n s m i t t e r  l i n e )  Expression (2-6) becomes 
s 

S(resonant)  n (  R) n(R) a 
S(Ray1eigh) nt(R) mRaY Av,, 

On the b a s i s  of  Equation (2-7) the fol lowing comments apply: 

(1) A s  s ta te ,  op t imiza t ion  r e q u i r e s  Av (laser) < AvD. For o t h e r  

es t imated laser shapes, the loss  can be est imated from 

i s  approximately AvD/Av (laser) f o r  AV (laser) >>AvD. 

6 



nant and Raylei  
mized), Equation (2-7) f o r  op t imiz in  
i s  independent of t he  laser energy magnitude. A1 na t ive ly ,  the  abso- 
l u t e  rlesoriant o r  Rayleigh s c a t  red s i g n a l  i s  c le  d i r e c t l y  propor- 
t i o n a l  t o  the  l a s e r  energy mag tude by Equations (2-1) and (2 -4) ,  and 
i t s  e f f e c t  i n  overcoming shot  no i se  and i n t e r n a l  r e c e i v e r  no i se  i s  con- 
s idered  subsequently.  The e f f e c t s  of o t h e r  background sources  a r e  a l s o  
defer red  f o r  l a t e r  cons ide ra t ion .  

( 5 )  All t he  above arguments assume the  a c t i o n  o f  t he  d i r e c t  reso-  
nant s c a t t e r i n g  process. A more d e t a i l e d  a n a l y s i s  i s  requi red  t o  a s s e s s  

L each case  ihdependently t o  a s c e r t a i n  whether t he  resonant  e x c i t a t i o n  i s  
"quenched" by f a s t  c o l l i s  
c i t e d  resonant  s t a t e .  ve r ,  a t  t he  high a l t i t u d e s  involved (or low 
d e n s i t i e s )  s i g n i f i c a n t  quenching becomes less l i k e l y .  

ocesses  dur ing  the  l i f e t i m e  of  t he  ex- 

I f  a f luorescence  t r a n s i t i o n  should be more e f f i c i e n t  than d i r e c t  
resonance, the  r ece ive r  s p e c t r a l  f i l t e r  could be tuned t o  the  f l u o r e s -  
cence l i n e .  This  would have two advantages (1) the re  would be no 

c i e s  i n  a complete molecular band, f l uo rescen t  e f f i c i e n c y  e s t ima t ion  

7 



r e p r e s e n t s  a ~ c r i t i c a l  problem f o r  success fu l  s i g n a l  i n t e n s i t y  p red ic -  
t i o n s .  F i n a i l y ,  i t  i s  important t o  eva lua te  the e f f e c t  of r e l a t i v e l y  
long r a d i a t i o n  lifetimes as soc ia t ed  with f luorescence of the power re- 
t u r n  from l a s e r  i l luminated c o n s t i t u e n t s  as discussed below i n  g r e a t e r  
de t a i l ,  

2.1.5 E f f e c t  of f l uo rescen t  r a d i a t i o n  lifetime on power level of 
s i g n a l  sqa t tk red  from laser i l luminated specie. -The purpose of t he  
following' b r i e f  a n a l y s i s  i s  t o  examine the  consequences of r e l a t i v e l y  
long (compared t o  the  t r ansmi t t ed  pu l se  t i m e  cons t an t ,  zT) f l u o r e s c e k t  
r a d i a t i v e  l i f e t i m e s  on the t ime-his tory of t he  r e t u r n  from a laser 
r ada r  u t i l i z i n g  resonant-f luorescent  s c a t t e r i n g  from the i l luminated 
molecule. A s  a p e r t i n e n t  example, molecular n i t r i c  oxide i s  considered 
wherein the p e r t i n e n t  t r a n s i t i o n  i s  the fundamental v i b r a t i o n - r o t a t i o n  
band of the ground s ta te .  The lifetime of  the  upper state i s  ~ ( v )  = 
0.088 sec / (v f -1 )  whereas the t y p i c a l  pu l se  t r a n s i t  t i m e  ( f o r  a n  NO 
l a y e r  of 10 lun thickness  w i l l  be 30 psec. For t h i s  c a s e  then, the 
previously presented laser r ada r  formulae f o r  power r e t u r n  are not  
app l i cab le  s i n c e  the r e t u r n  from each r e s o l u t i o n  element ( in  height)  
has a unique p o s i t i o n  i n  time i n s o f a r  as d e t e c t o r  response i s  concerned. 

F i r s t ,  consider  a laser probe wherein the i n i t i a l  absorpt ion of 
ttie pulse  photons occurs w i t h i n  a region of width dR = cAtR/2 (where 
d t R  i s  the r ece ive r  t i m e  cons t an t ) .  Thus one may write 

C T  2 a  A -  dPAbs 8n R AvD 
- -  - 

where K and n(R) have been def ined previously.  The power a t  t he  re- 
c e i v e r  a t  time t > 2R/c (from 
given by 

K dP = - 
F r T  

the 10-km l a y e r  of i l luminated NO) i s  

9 exp E -  (t - 2 R / c ) / ~ ~ ]  (2-9) 
R 

where f (R) = q(R) p(R) [NO(R) ] and 
T = f l u o r e s c e n t  r a d i a t i v e  l i f e t i m e  F 

However, a t  time, t ,  a l l  t he  l a y e r s  below the  slice a t  R are a l s o  
c o n t r i b u t i n g  owing t o  the  r e l a t i v e l y  long f luorescence l i f e t i m e .  Con- 
sequently,  these c o n t r i b u t i o n s  must be summed as follows 

c t / 2  

P (t) = K T;' exp (-t/'t ) 1 R-2 f (R) [exp (ZR/c.cF)] dR (2-10) 
r F 

0 
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Here what i s  sought i s  f(R) and one way of p 
estimate? of f(R) t h a t  f i t  the  shape of P,(t 
dure i s  t o  proceed by d i f f e r e n t i a t i o n .  

g i s  t o  make t r i a l  
re e l e g a n t  proce- 

(2-11) -1 -2 [Pr(t)  exp ( t / z  ) ]  = 2c t exp ( t /zF)  f ( R )  F d  
K d t  F 

7 -- 

9 
ct'- z dPr( t )  Pr(t)  

F f(R) = f ( c t / 2 )  = 2K . [ ~ + - ]  7 
(2-12) 

The populat ion f a c t o r  p(R) and the f luorescence e f f i c i e n c y  f a c t o r  i n -  
c lud ing  quenching and mul t ip l e  r a d i a t i v e  pa ths  can  be determined theo- 
r e t i c a l l y  from our knowledge of the atmosphere. Inser t ink;  t he  value of 
K 

(2-13) 

Equation (2-13) i s  an appropr i a t e  formula f o r  t he  n i t r i c  oxide d e n s i t y  
a t  R = c t / 2  expressed i n  terms of both the s i g n a l  and the  t i m e  d e r i v a -  
t i v e  of t he  s igf la l  a t  t i m e  t .  
square l a w .  
pu l se  has a r r i v e d  a t  t he  s c a t t e r i n g  region. Here [NO(R)]  should equal  
zero f o r  t > 2 L x / c  where bx represenzs the upper l i m i t  of t he  scat-  
t e r i n g  region.  Since the  pu l se  t r a n s i t  L i m e  i s  10 km t h i c k  so t h a t  i t  
i s  r e l a t i v e l y  small compared t o  the  f luorescence l i f e t i m e ,  the f l u o r e s -  
c ing  NO region behaves s i m i l a r  t o  a s i n g l e  decaying source descr ibed by 

The t 2  f a c t o r  arises from t h e  i n v e r s e  
The formula has  the  proper behavior f o r  times a f t e r  t he  

n/no = exp ( - t / T F )  (2-15) 

dn 
d t  F 
--.- - (nO/7) exp ( - t /z  ) = - n/z (2-16) 

Equation (2-16) implies  t h a t  Equation (2-14) w i l l  be zero as appropr i -  
a te  when the s c a t t e r i n g  l a y e r  has been t r ave r sed  by the l i g h t  pulse.. 
Moreover Equation (2-14) a l s o  i n d i c a t e s  t h a t  the information des i r ed ,  
namely the  a l t i t u d e  d i s t r i b u t i o n  of NO can  only be obtained from the 
noise  of t he  s i g n a l  pu l se  s i n c e  f o r  la ter  times Equation (2-14) y i e l d s  
a zero r e s u l t .  'Consequently AtR should be less than 'tT by a n  adequate 
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margin. Since T = psec, AtR should be no g r e a t e r  than 1 usec 
y i e l d i n g  30 r e s o f u t i  
bution. 

elements o r  30 p o i n t s  d e f i  

On the b a s i s  of t hese  expressions i t  i s  a re 
forward t a s k  t o  assess the effect  of diminut 
t o  the f l u o r e s c e n t  r a d i a t i o n  _ i f e t i m e  fac 
(2-1) can  be recast t o  express  the  energy, ET, s c a t t e r e d  from a pu l se  
of width T during a period zr 

P 

E = B T  T 
T P r  

S = B T  
T P 

(2 -17) 

t 

(2-18) 

The o r i g i n a l l y  s c a t t e r e d  energy, ET i n  T 
c e n t  l i f e t i m e  -cF. 
n a l  power STF 

i s  now spread over t he  f l u o r e s -  
Dividing Equation (2-F) by TF one ob ta ins  the new s i g -  

Taking r a t i o s  

z z  
STF = B 

zF 
T r S T = D  S _ _ .  - 

'TF TF I T  
z 

T 
where D1 = - . This i s  merely the c o n t r i b u t i o n  from a 

For the  NO v i b r a t i o n - r o t a t i o n  l i n e s  and T~ = 1 psec 
i s  However, o t h e r  l a y e r s  located below t h a t  a t  (R 

F 

(2-19) 

(2-20) 

region of width 'G . r 

the diminution, D, 
- c t / 2 )  a r e  a l s o  

con t r ibu t ing .  I f  T~ r e p r e s e n t s  the t r a n s i t  t i m e ,  t he  number of the'Se l a y e r s  
runs from 1 t o  zT/zr and the  diminution DT f o r  t h i s  t o t a l  effect  i s  given by 

-4 For NO: <, DT <, 3 x 10 

(2-21) 

The maximum value t h a t  zT can assume is  T ~ ,  s i n c e  t h i s  i s  the t i m e  
period wi th in  which the a d d i t i o n  e f f e c t s  occur. Generally,  f o r  the upper 
atmosphere T~ < 100 km/c = 300 psec s i n c e  the scale height. i s  of  the 

10 



orde r  of 10 k i l o d t e r s  and one simply runs out  of atmosphere. The f o r e -  
going approximation has assumed uniform d i s t r i b u t i o n  of  s c a t t e r e r s  with-  
i n  the s c a t t e r i n g  region and uniform decay but  neve r the l e s s  i t  r e p r e s e n t s  
a reasonable approxi t i o n  t o  the e x a c t  s o l u t i o n  of Equation (2-10) f o r  
the s i g n a l  l e v e l .  

2.2 Ca lcu la t ion  ec ted Parameters Involved 
i n  Evaluat ing the  F e a s i b i l i t y  of a Laser 

Atmospheric Probe 

An eva lua t ion  oti t f e a s i b i l i t y  of developing a u s e f u l  laser atmo- 
spheric  probe involves  the  assessment: of  a number of  p e r t i n e n t  parameters. 
These include:  (1) Ca lcu la t ion  of s i g n a l  i n t e n s i t y  estimates due t o  reso-  
nant f l uo rescen t  and Rayleigh s c a t t e r i n g  by laser i l l umina ted  spec ie s ,  
(2) s i g n a l - t o - n o i s e  estimates involving r e c e i v e r  noise ,  ambient background 
e f f e c t s ,  ( 3 )  atmospheric a t t e n u a t i o n ,  ( 4 )  atmospheric con ten t  and d i s t r i -  
bution of the probe spec ie s ,  and f i n a l l y  (5) a survey of the poss ib l e  
modes of gene ra t ing  the required l a s i n g  c a p a b i l i t y .  

For the case of NO i n  p a r t i c u l a r ,  I t e m s  ( 3 )  and (4 )  have been d i s -  
cussed i n  d e t a i l  e l s ebhe re  (Ref. 24,25), while I t e m  (5) c o n s t i t u t e s  t he  
sub jec t  matter of Sect ion 3 of t h i s  r e p o r t .  Thus,in the p re sen t  s ec t ion ,  
Items (1) arid (2) a r e  discussed i n  d e t a i l  with r e fe rence  made t o  the 
o t h e r  items where p e r t i n e n t .  

2.2.1 Estimates f o r  t he  S(resonant)/S(Rayleigh) r a t i o  f p r  some 
s e l e c t e d  l a s i n g  t r a n s i t i o n s  i n  NO. - I n  the fol lowing a n a l y s i s ,  estimates 
a r e  obtained f o r  the S(resonant)/S(Rayleigh) r a t i o s  f o r  t h r e e  s p e c i f i c  
t r a n s i t i o n s  i n  NO, each of which involve a s p e c i f i c  type of l a s i n g  p o s s i -  
, b i l i t y .  F i r s t ,  i t  i s  necessary t o  c o l l e c t  and assess some p e r t i n e n t  spec- 
t ro scop ic  d a t a  on the NO molecule. 
ma te r i a l  i s  presented i n  Tables 2-1 and 2-2 and i n  Figure 2-1. The con- 
s t a n t s  a s soc ia t ed  with some e l e c t r o n i c  s t a t e s  of NO a r e  summarized i n  
Table 2 - 1  ( the p o t e n t i a l  curvee f o r  the s t a t e s  are presented i n  Figure 2-1), 
whereas Table 2-2 inc ludes  d a t a  on the M-bands of NO a s  w e l l  a s  t h e  f r e -  
quencies of some ground s t a t e  NO v i b r a t i o n - r o t a t i o n  bands. The th ree  
s p e c i f i c  t r a n s i t i o n s  considered i n  d e t a i l  a r e :  (1) the (v'-v")O, 0 and 
0,4 M-bands (due t o  the e l e c t r o n i c - v i b r a t i o n  t r a n s i t i o n :  a % --* X 211) 
(2) the (v-vf')O,O and 1 . 0  y bands (due t o  the e l e c t r o n i c  v i b r a t i o n  t r a n s i -  
t i o n  A 2Z --+ X 211) abd, f i n a l l y  (3) t h e  1,0 v i b r a t i o n - r o t a t i o n  t r a n s i t i o n  
i n  the  e l e c t r o n i c  ground s t a t e ,  X 211,, of NO. For (1) the 0,O and 0,4 M 
band t r a n s i t i o n s  occur a t  2635 and 3265a, r e s p e c t i v e l y ;  f o r  (2) the 0,O 
and 1.0 7 bands occur a t  2269 and 21558, r e s p e c t i v e l y ;  and f o r  (3) t he  
1,0 v i b r a t i o n - r o t a t i o n  band occurs i n  the I R  a t  5.33 microns. 

This has been accomplished, and the  

The d a t a  shown i n  Table 2 - 1  dre due t o  Gilmore (Ref. 26) and are 
app l i cab le  t o  the f a r  W t r a n s i t i o n s  f o r  t he  y bands, while t he  informa- 
t i o n  i n  Table 2-2 i s  due t o  Broida, e t  a l .  ( R e f .  2 7 ) .  The m-bands t r a n s i -  
t i o n s  of p re sen t  i n t e r e s t  a l s o  l i e  i n  the  f a r  UV. Concerning the  IR 
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Figure 2-1 .  P o t e n t i a l  energy curves f o r  a number of s e l e c t e d  

e l e c t r o n i c  s t a t e s  f o r  NO. 
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IR-band d a t a .  The M-band i 

rep resen t  promising techniques f o r  atmospheric probe a p p l i c a t i o n s .  

S imi l a r ly ,  one can t a b u l a t e  a c c u r a t e l y  the  r e l a t i v e  frequencies  
(0 - vr r )  of o t h e r  permitted n i t r i c  oxide t r a n s i t i o n s ,  ending on ground 
s ta te  y .  €3, 6, € 3  e t c . ,  the absolute- p o s i t i o n  depending on the  accuracy 
of knowledge of the t e r m  value T i n  Table 2-1. The y-band would be 
p a r t i c u l a r l y  i n t e r e s t i n g  f o r  pro%e a p p l i c a t i o n s  but w i l l  be d i f f i c u l t  t o  
l a s e .  

A knowledge of the abso lu te  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  i s  
~ d e s i r a b l e  i a  any at tempt  t o  analyze atomic o r  molecular laser p o s s i b i l i -  

ties and a c t i v e  resonant probes f o r  trace spec ie s .  It i s  not expected 
t h a t  such d a t a  w i l l  be as complete and accu ra t e  as frequency da ta .  Such 
d a t a  e n t e r  i n t o  the a n a l y s i s  i n  determining the r e l a t i v e  l a s e r  gains ,  t he  
resonant s c a t t e r i n g  c r o s s  s e c t i o n ,  and i n  the  competi t ion between va r ious  
f luo rescen t  and quenching mechanisms i n  the probe, and pumping mechanisms 
i n  the laser. 

The quantum mechanical computation o the  e l e c t r o n i c  t r a n s i t i o n  . 
momerlt, of molecular t r a n s i t i o n s  has no proven p r a c t i c a l  a t  present .  
However, i n  most ca ses  the e l e c t r o n i c - v i b r a t i o n a l  i n t e r a c t i o n  i s  small 
and the t r a n s i t i o n  p r o b a b i l i t y  between v i b r a t i o n a l  s ta tes  can  be sepa- 
r a t e d  i n t o  (Ref. 20) 

(2-22) 

(2-23) 



i s  the i n t e g r a t e d  overlap of v i b r a t i o n a l  wave func t ions  c a l l e d  the  
"Franck-Condon f a c t d r . "  The assumption involves  the  f ac t  t h a t  Re is 
not  highly s e n s i t i v e  t o  (vt,v") wi th ih  a given molecular e l e c t r o n i c  
t r a n s i t i o n ,  so t h a t  the Franck-Condon f a c t o r  y i e l d s  reasonable es t i -  
mates of  relative t r a n s i t i o n  p r o b a b i l i t i e s  w i t h i n  a band;. 
s i n g l e  experimental ly  determined band i n t e n s i t y  can be enrployed t o  
give abso lu te  t r a n s i t i o n  p r o b a b i l i t i e s .  Nichol ls  (Ref. :!9) has ap-  
p l i e d  the above technique and has published a l i s t  of abso lu t e  t r a n s i -  
t i o n  p r o b a b i l i t i e s  f o r  t he  NO B and 7 bands. I n  add i t ion ,  Nichol ls  
(Ref. 30) has computed the Franck-Condon f a c t o r s  f o r  the M bands of 
NO. but these "forbidden" t r a n s i t i o n s  arc: very weak and have not  been 
observed under cond i t ions  where a reliaby-e i n t e n s i t y  value can be ob- 
ta ined (Ref. 18). For purposes of es t imat ion,  a n  upper l i m i t  has 
been determined i n  the following way: 

Then a 

t i o n  
l i m i t  
(Ref. 
f o r  e 

From the f a i l u r e  t o  observe the M(Oc0)  band i n  l abora to ry  absorp- 
i n  pure NO up t o  3 0  meters pa th  a t  1 a t m . ,  one may set an upper 
f o r  A,, < 0.1 sec'l. 
3 0 )  then i i v e  c o n s i s t e n t  limits f o r  o t h e r  M-band components, 

The Franck-Condon f a c t o r s  of Nicholls 

s t ima t ing  t r a n s i t i o n  p r o b a b i l i t i e s  and f luo rescen t  e f f i c i e n c i e s .  

For I R  v i b r a t i o n - r o t a t i o n  bands, the absorpt ion s t r e n g t h  has been 
determined experimentally with perhaps 10 percent  accuracy, which de-  
termines a b s o l u t e l y  A (see References 28, 31, and 32). For a harmonic 

t r a n s i t i o n s  i s  expressed by 
p o t e n t i a l  func t ion ,  t k0 e Franck-Condon i n t e g r a l  f o r  the fundamental 

Breene (Ref. 33) has performed some c a l c u l a t i o n s  f o r  n i t r i c  oxide v i -  
b r a t i o n a l  matrix elements f o r  an harmonic (Lippincott)  p o t e n t i a l s  and 
a three- term d i p o l e  moment expansion. H i s  values  d i f f e r  s l i g h t l y  from 
the harmonic o s c i l l a t o r  approximation, t he  d i f f e r e n c e  inc reas ing  a t  
higher V I ,  but i t  i s  d i f f i c u l t  t o  e s t a b l i s h  the  r e l i a b i l i t y  of h i s  models 
and c a l c u l a t i o n s .  Therefore t h e  above harmonic o s c i l l a t i o n  r u l e  was 
adopted f o r  the t r a n s i t i o n  p r o b a b i l i t i e s  f o r  t he  I R  band f o r  n i t r i c  oxide 
as follows: 

Upper v f :  0 1 2 3 4 etc. 

-1 
9 1  , V I  -1 : 11.4 2 2 . 8  3 4 . 2  4 5 . 6  57 (sec ) etc.  

The key parameters f o r  eva lua t ing  the  r a t i o  of resonant t o  Rayleigh 
s c a t t e r i n g  f o r  f i v e  s p e c i f i c  bands of NO are presented i n  Table 2-3. 
Calcu la t ions  were based on the optimum (well-matched) form of Equation 
( 2 - 7 )  : 
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S (resonant 1 - 
S (Rayleigh) 

- 

stimate df the con ten t  and d i s t r i b u t i o n  of  a 
d as follows. Barth (Ref .  3 )  
above 86 km by observat  

i n  the  ~(1-0) band of s o l a r  i l l u m i n a t  
deduca! t h a t  

2 [NO] dh = 1 . 7  x molecules/cm .r 
85 km 

Although the d i s t r i b u t i o n  of l o c a l  d e n s i t y  [NO] was not  measured i t  i s  
gene ra l ly  accepted t h a t  the d i s c r i b u t i o n  peaks i n  the  v i c i n i t y  of 90 km. 
The l a y e r  thickness  i s  probably 1 o r  2 scale heights ,  which a t  90 km i s  
about 5 km. Thus, i t  i s  assumed t h a t  t he  e f f e c t i v e  l a y e r  thickness  

8 -3 so t h a t  n[NOImax FS 1 . 7  x 10 c m  . A t  90 km,according t o  the ARDC 
model atmosphere, n ( a i r )  = 5 . 9 2  x 1013 
t u r e  the Doppler width f o r  NO i s  AvD % 0.8 x l o m 6  v. 

T = 1 6 6 O K .  A t  t h i s  tempera- 

The t abu la t ed  (see Table 2-3) parameters and the [NO], n and T- 
values  presented above were employed t o  c a l c u l a t e  the required 
S(resonant)/S(Rayleigh) r a t i o s  shown i n  l i n e  12 of the  t a b l e .  It i s  
evident  t h a t  f o r  t he  t r a n s i t i o n s  considered, favorable  values  o b t a i n  
only f o r  the 5 . 3 ~  v i b r a t i o n - r o t a t i o n  and y-band t r a n s i t i o n s .  Thus, 
on t he  b a s i s  of t he  p e r t i n e n t  spectroscopic  cons t an t s ,  i t  appears t h a t  
these two p o s s i b i l i t i e s  deserve f u r t h e r  cons ide ra t ion .  The problem of 
ob ta in ing  the required l a s i n g  wavelength i s  discussed i n  g r e a t e r  d e t a i l  
i n  Sect ions 3 . 1 ,  3 . 2  and 4 .1  of t h i s  r e p o r t .  For completeness, some 
p e r t i n e n t  notes  and r e fe rences  are presented below f o r  d a t a  a s soc ia t ed  
with the e n t r i e s  i n  Table 2-3. 

(1) v f  = upper, v*f = lower s ta te .  
(2) a , f , A  a r e  r e l a t e d  by Equation (2-1): 

2 

2 abs f [ c m l  
Ire - -  1 8 2  

mc a = l c r ( v )  dv = 2 gl A21 - 
21 81( C Y  l i n e  
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' 2  I n  p a r t i c u l a r ,  a , f  d i f f e r  only by fie /m2 = 8.83 x 
the non-dimensional " o s c i l l a t o r  absorpt ion s t r eng th"  and a i s  the 
" integrated c r o s s  s e c t i o n .  

c m  where f i s  

(3) R. benndorf, JOSA 47, 176 (1957), Reference 23. 
(4 )  The ground s t a t e  of NO i s  an e l e c t r o n i c  doublet ,  12 a t  Te = 0, 

(Corresponding bands of t hese  two states a r e  sepa- 

and 2il W 121 c m - l .  Therefore, the e l e c t r o n i c  p a r t i t i o n  func t ion  
Q i s  
38.7 percent  i n  ri3,2. 
r a t ed  a few tenthd wavenumber which exceeds the Doppler width a t  90 km.) 
The more populated 2ill12 s t a t e  i s  s e l e c t e d  f o r  t he  laser t r ansmi t t e r .  
The v i b r a t i o n a l  e x c i t a  i on  a t  166'K i s  n e g l i g i b l e ,  i . e . ,  a l l  molecules are 
i n  v'l = 0 s t a t e .  The populat ion f o r  VI' = 4 i s  exp (-4hc cue KT) e-65, 
which i s  a key problem f o r  the M (0,4) band. 

:EtT-p T312/KT) 1.53 a t  166OK wi th  65.3 percent  i n  2111/2, 

Of the 65.3 percent  i n  
(VI' = 0) the  maximum population w i l l  be i n  the r o t a t i o n a l  s ta te  (Ref. 26) 2R1 /2 

KT 1 m - - 1 / 2  X 5 T f o r  NO a t  166OK "mx 2hcB 

The r o t a t i o n  p a r t i t i o n  func t ion  w i l l  be 

KT W 68 a t  166'K 
Q, hcB 

-1 The : r o t a t i o n a l  energy T (5.5) = 58.9 cm , and the r e l a t i v e  populat ion 
(Ref. 34) J 

n 

n 
- -  - exp (-hcTJ/KT) 

QR 

Thus, the o v e r a l l  B o l t m n n  f a c t o r  f o r  the s t a t e  (Sll2, vfr = 0, 
j't = 5 1/2)  i s  

p W 0.069 

(5) The o v e r a l l  f l u o r e s c e n t  e f f i c i e n c y  q = 7, qv qr q (quenching). 
Most molecular lasers l i s t e d  by Bennett (Ref. 35) more r e a d i l y  lase on 
the  P-branch. It i s  assumed t h a t  a s i n g l e  l i n e  P(5.5) i s  t ransmit ted.  
Then the resonant ly  e x c i t e d  molecule i n  the  upper s t a t e  w i l l  be j' = 4.5.  
From t h i s  l e v e l ,  t h r e e  r o t a t i o n a l  components can  r a d i a t e  spontaneously, 
P(5.5), Q ( 4 . 5 ) ,  and R ( 3 . 5 ) .  Their  r e l a t i v e  s t a t i s t i c a l  weights a r e  given 
by the Hb'nl-London formulae ( in  terms of upper J): 
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( i t  - 1) ( j' + 1) 
j t  

= 4 . 2 8  = 

( 2 j '  + 1) = sum = 10.00 (2 -24)  

Therefore,  the f luo rescen t  e f f i c i e n c i e s  f o r  the th ree  r o t a t i o n a l  compo- 
nents  a r e  

T p  = 0.53, 

The f l uo te scen t  

qQ = 0 . 0 4 ,  qR = 0 . 4 3  

e f f i c i e n c i e s  f o r  b i r a t i o n  a r e  given by 

qv - - Av f lZv ,Av I v,t (2 -25)  

Barth (Ref. 3 )  has c a l c u l a t e d  qv = 0 . 2 9 2  f o r  the ~(1-0) band. 
Since A --*a i s  forbidden, no a l t e r n a t e  e l e c t r o n i c  decay of s i g n i f i c a n c e  
e x i s t s .  Thus, t he  o v e r a l l  n f o r  the r(1-0) band i s  est imated as 0.154(P), 
O.O116(Q),  and 0.125(R). Values f o r  r (0-0)  are s i m i l a r l y  estimated t o  
be ~ , ( 0 , 0 )  = 0.138. 

For the v i b r a t i o n - r o t a t i o n  (1-0) band t r a n s i t i o n ,  t he  only competi- 
t i o n  f o r  r a d i a t i v e  decay would a r i s e  from the  pure r o t a t i o n a l  t r a n s i t i o n ,  
e . g . ,  j = 5 -+ 4 ,  although abso lu te  r o t a t i o n a l  p r o b a b i l i t i e s  a r e  srall 
compared t o  v i b r a t i o n a l  t r a n s i t i o n s .  Thus, i t  i s  assumed t h a t  t h e  over- 
a l l  e f f i c i e n c y  i s  represented by the  above va lues  of qR f o r  the v i b r a t i o n -  
r o t a t i o n  band. 

The appropr i a t e  qv f o r  t he  rn bands have been c a l c u l a t e d  from Nichol ls '  
Franck-Condon f a c t o r s  and frequencies .  

2 . 2 . 2  Estimates of s i m a l .  s t r e n g t h ,  r e c e i v e r  noise ,  and ambient 
background sources.  - A  preceding s e c t i o n  contained a d i scuss ion  of the 
r a t i o  of resonant s ignal-from-trace spec ie s  t o  the Rayleigh s c a t t e r e d  
s i g n a l  from the t o t a l  atmospheric composition which e s t a b l i s h e s  one of 
the limits t o  threshold f o r  t r a c e  d e t e c t i o n  by an a c t i v e  probe. Since 
both these s i g n a l s  are d i r e c t l y  p ropor t iona l  t o  laser pu l se  energy, t h i s  
r a t i o  i s  independeqt of energy. I n  the  p re sen t  s ec t ion ,  abso lu t e  s i g n a l  
l e v e l s  are  est imated i n  o r d e r  t o  e s t a b l i s h  the s i g n a l  threshold l e v e l s  
as  l imi t ed  by t h e  d e t e c t o r  no i se  (S/N depends on the t ransmit ted laser 
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(2-26) 
c a  %J 

S(t,R) =( Ba ) 
That i s ,  the  e f f e c t  of the  f luo rescen t  d e l  i s  t o  a t t e n u a t e  the  re- 
ceived amplitude by (211h/cA~~). A t  t h i s  po in t ,  i t  i s  i n s t r u c t i v e  t o  
r ewr i t e  the amplitude of 

(2-27) 

In t h i s  form one can  now i n t e r p r e t  J / T ~  as the avera  e t r a n s m i t t e r  power 

f r a c t i o n a l  s o l i d  angle  in t e rcep ted  by the  r ece ive r  T~ np a s  c e r t a i n  non- 
dimensional e f f i c i e n c i e s  depending upon t ransmission,  f l uo rescen t  loss ,  
and popula t ion  f a c t o r .  

j dimensional "op t i ca l  abso rp t ion  depth" of the  [NO]& layer ,  s i n c e  a/&, 
r ep resen t s  t he  peak abso rp t ion  c r o s s  sec t ion ,  cr The fol lowing assumed 
o r  es t imated parameters have been employed: 

over  the  e f f e c t i v e  f luo rescen t  t i m e  cons t an t ;  AR/4aR B as the  e f f e c t i v e  

In add i t ion ,  a[NO]nh/AvD de f ines  the  non- 

P' 

2 A = 1000 cm R 
J = 1 j o u l e  (or 2.6 x 10'' photons) 

T = l  

= 0.53 

p = 0.069 
[NO]& = 1 . 7  x 10 14 c m  -2 

R = 9 0 k m  
2 12  2 R = 81 x 10 c m  

-1 AvD = 0.0015 c m  
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S u b s t i t u t i o n  of t hese  values  i n t o  Equation (2-27) y i e l d s  a r e t u r n  s i g n a l  
amplitude of S(t,R) W 2 x 7 wat ts  o r  5 . 2  x 10 photons/sec.  

The "noise equ iva len t  power," NEP, of t he  photovol ta ic  InSb de tec -  
t o r s  marketeb by Texas Instruments,  Inc.  i s  est imated f o r  ready compari- 
son. These h igh ly  developed d e t e c t o r s  (cooled by l i q u i d  n i t rogen)  are 
r e l a t i v e l y  s e n s i t i v e  t o  the c u t o f f  wavelength of about 5 . 5  microns 
tHat 'they are appropr i a t e  t o  employ f o r  t he  5.3-micron s p e c t r a l  region. 
The NEP i s  b e s t  descr ibed i n  t s of t he  conventional f i g u r e  of merit, 
D* W 1.5 x lo1' watts- '  c m  cpsf7', wi th  NEP W (A LS,)'/~/D where A i s  
the  d e t e c t o r  area ( f a b r i c a t i o n  of  t h i s  D i s  p r a c t i c a l  i n  t he  range lom3 
t o  10 cm2), and Af 
t i m e  cons t an t  of &e d e t e c t o r  and a s soc ia t ed  c i r c u i t r y  (the pv - InSb 
material a t  77OK i s  l imi t ed  t o  At = > 0.5 microsecond). 

= (1/2 AtR) desc r ibes  the  e l e c t r i c a l  bandpass o r  

Low NEP o r  noise  i s  favored by small A and long AtR, whereas range 
Assuming t y p i c a l  laser t r a n s m i t t e r  beam r e s o l u t i o n  r e q u i r e s  s h o r t  AtR. 

divergence AQ = 16'6 s t e r a d i a n  ( r ece ive r  te lescope same) and te lescope 

achieved. F i r s t ,  consider  t h a t  A t  x 100 psec, which i s  adequate t o  ob- 
serve the l a y e r  [NO]&, (though i t  w211 not  be adequate f o r  high r e s o l u -  
t i o n  of l o c a l  d e n s i t y  NO). Thus with these  suggested parameters NEP X 
1 .5  x wa t t s  o r  3 .9  x lo9  photons/sec. 

F/D = 1, AR = 10 3 2  cm , then the minimum p r a c t i c a l  A W loe3  c m 2  can be 

When t h i s  valde is  compared with the  previously est imated s i g n a l  of 
2 x wa t t s ,  i t  appears somewhat discouraging. A t  f i r s t  glance,  i t  
i s  not  obvious why one cannot d e t e c t  5200 photons i n  100 psec with a 
high quantum e f f i c i e n c y  d e t e c t o r  such as pv-InSb. The bas i c  reason i s  
t h a t  the background photons from the assumed (or laboratory)  300°K back- 
ground i n  the  c a l i b r a t i o n  of D provides a n  e f f e c t i v e  background of about 

provides the major o b s t a c l e .  
w a t t s ;  i t  i s  the  shot  noise  a s soc ia t ed  with t h i s  background which 

This a n a l y s i s  would suggest  ope ra t ion  of a p r a c t i c a l  probe wherein 
the instrument wa l l s  and o p t i c s  a r e  maintained a t  a s u f f i c i e n t l y  low 
temperature t o  s i g n i f i c a n t l y  reduce the thermal r a d i a t i o n  background. 
I n  t h i s  regard,  a previously reported (Ref. 16) a n a l y s i s  which con- 
s idered the atmospheric a t t e n u a t i o n  of t he  5.3-micron r a d i a t i o n  as w e l l  
a s  the ambient thermal background r a d i a t i o n  has ind ica t ed  t h a t  the 
p r a c t i c a l  ope ra t ion  of a 5.3-micron l a s e r  probe would be performed a t  
high a i r c r a f t  a l t i t u d e s  (about 40,000 t o  45,000 f t )  whereby the  thermal 
background (T Z 22OoK) r a d i a t i o n  i s  reduced by about two o r d e r s  of 
magnitude, Thus, under these admit tedly s t r i n g e n t  cond i t ions  i t  appears 
t h a t  favorable  S / N  r a t i o s  can  be obtained. 

* 
For information on low temperature d e t e c t i o n  problems, and p r o p e r t i e s  of '  
InSb and o t h e r  I R  quantum d e t e c t o r s ,  see Texas Instruments,  Inc.  b u l l e t i n  
"Infrared Devices," and such t e x t s  as Kruse, e t  a l . ,  "Elements of I R  
Technology," o r  Jamieson, e t  a l . ,  " IR  Physics and Engineering." 
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An analagous S./N determinat ion (Ref. 25)  involving the  0,O 7-band 
r a d i a t i o n  has a l s o  ind ica t ed  a requireme,nt t o  ope ra t e  a t  high a i rcraf t  
a l t i t u d e s .  However, in t h i s  case, the major f a c t o r  is  n o t  thermal back- 
ground r a d i a t i o n  but  atmospheric a t t enua t ion .  The s tudy (Ref. 2 5 )  has  
also i nd ica t ed  t h a t  f luorescence of solar i l l umina ted  NO as w e l l  as day 
and/or n igh t  a i rglow emissions p re sen t  no background problem f o r  pe r -  
forming 0,O 7-band l a s i n g  probe measurements. 

the I R  5.3-micron and UV 2155E l a s i n g  wavelengths so long a s  ope ra t ion  
i s  performed above high ope ra t iona l  a i rc raf t  a l t i t u d e s .  

Thus, i t  appears t h a t  favorable  S/N r a t i o  values  o b t a i n  f o r  both 

2.2.3 Discussion of minimum power requirements as a func t ion  of  
frequency f o r  t he  NO laser. - I n  the following d i scuss ion ,  t h e  e f f e c t  
of frequency on t h e  power requirements of t he  NO laser i s  considered 
i n  d i f f e r e n t  p o r t i o n s  of t he  electromagnet ic  spectrum. The development 
employed i s  similar t o  t h a t  due t o  Schawlow and Townes (Ref. 3 6 ) .  

Any ensemble of e x c i t e d  systems which is  capable  of producing co -  
he ren t  a m p l i f i c a t i o n  a t  very high frequencies  must a l s o  be expected t o  
emit the usual  amount of spontaneous emission. The power i n  t h i s  spon- 
taneous emission inc reases  r e l a t i v e l y  r a p i d l y  wi th  frequency s i n c e  i t  
i s  p ropor t iona l  t o  v4 i f  the width‘ Av i s  due t o  Doppler e f f e c t s  o r  as v 
i f  the width i s  produced by spontaneous emission. By proper s e l e c t i o n  
of a low t r a n s i t i o n  p r o b a b i l i t y ,  Av can be l imi t ed  t o  t h a t  a s soc ia t ed  
with t h e  Doppler e f f e c t .  However, t he  inc rease  i n  spontaneously emit ted 
power a s  rapid a s  v4 i s  unavoidable. 

6 

The minimum power, P, which must be suppl ied i n  o rde r  t o  maintain 
n systems i n  exc i t ed  s t a t e s  is  given by 

where = 
P ”  

t =  
h =  
v =  

- nhv p = - -  
T 

l i f e t i m e  of s ta te  
number of  modes which a r e  
spontaneous emission 
time cons t an t  f o r  r a t e  of 
Planck’s cons t an t  
frequency 

phv 
t 

e f f e c t i v e  i n  producing 

decay i n  c a v i t y  

v 2  v dv _ .  87t 
P ( V )  dv = 3 

C 

For a Lorentzian l i n e  shape 

(2-28) 

(2 -29) 

2 2  81t v U Av 
3 P =  

C 
(2-30) 
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For a Doppler l i n e  width 

( 2  - 3 3 )  2 v  nv = - 
P C  

while f o r  the  na tu ra l  l i n e  width 

Aa b AVN = 4r( ( 2 - 3 4 )  

where 
4 3  6 4 n  v- 

f R  3 ab 
l 2  = matrix element f o r  the -- 

d ipo le  t r a n s i t i o n  between 3h c 
Aab - 

SQbs t i tu t ing  Equations (2 -3  
r e spec t ive ly ,  where Equat i  
ob ta ins  

a s  

one cent imet  
h 
t o  
of 

2 4  



-6 = 1.3 x 10 wa t t s  pvR 

I f  l a s i n g  i s  attempted a t  t he  M bands o r  t he  7 bands of NO ( a t  approxi-  
mately 0 . 2 ~ )  the  power requirements become 

4 5 PM = ( 5 i . d O . Z ~ )  PvR = 3 . 9  x 10 PvR 

o r  between f i v e  and six orde r s  of magnitude g r e a t e r  

On the b a s i s  of these  arguments, i t  appears  t h a t  t he  use of t h e  M o r  
y-band r a d i a t i o n s  i s  con t r a - ind ica t ed ,  Thus, from the  view p o i n t  of 
power requirements a lone,  i t  appears  t h a t  employment of t he  I R  5.3-micron 
wavelength o f f e r s  t he  optimum p o s s i b i l i t y  f o r  a p r a c t i c a l  NO r ada r  probe 
a t  l e a s t  i n  l i g h t  of present  technology. I n  t h i s  regard,  the  following 
s e c t i o n  surveys a number of p o s s i b i l i t i e s  and mechanisms f o r  ob ta in ing  
l a s i n g  a c t i o n  i n  both the  I R  and UV s p e c t r a l  reg ions .  
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3. STUDY AND EVALUATION OF PROBING TECHNIQUES 

2 3 . 1  Analysis of MecharAsms f o r  Lasing Action i n  the  
Vibrat ional-Rotat ional  S t a t e s  of the NO Ground E lec t ron ic  S t a t e  (X IIr) 

The purpose of t h i s  s e c t i o n  i s  the p r e s e n t a t i o n  of a r e l a t i v e l y  de-  
t a i l e d  d i scuss ion  of the poss ib l e  mechanisms by which l a s i n g  a c t i o n  can  
be obtained e i t h e r  through t o t a l  o r  p a r t i a l  inversio:is i n  the  grouad 
e l e c t r o n i c  s t a t e  ‘(X ’IT ) of NO. 
would serve then a s  a gasis f o r  the s e l e c t i o n  of the most promising ap- 
proaches t o  tho’se problems which could be i s o l a t e d  f o r  f u r t h e r  a n a l y s i s  
a s  required.  Addit ional ly ,  t h i s  a n a l y t i c a l  material assists i n  the de-  
s i g n  of an appropr i a t e  experimental  s e tup  cha rac t e r i zed  by s u f f i c i e n t  
v e r s a t i l i t y  t o  explore  varioub type of i n v e r t i a g  mechanisms. The v a r i e t y  
of  p o s s i b i l i t i e s  f o r  achieving the required inve r s ions  involve the l a s i n g  
i n  ground s t a t e  NO by: (1) di - rec t  discharge,  (2) v i b r a t i o n a l - r o t a t i o n a l  
t r a n s f e r  v i a  i n e l a s t i c  c o l l i s i o n s ,  (3) e l e c t r o n i c - v i b r a t i o n a l  t r a n s f e r  
v i a  i n e l a s t i c  c o l l i s i o n s ,  ( 4 )  chemical r e a c t i o n s  r e s u l t i n g  i n  selective 
v i b r a t i o n - r o t a t i o n  enhankement, (5)Franck-Condon pumping involving 
e l e c t r o n i c - v i b r a t i o n a l  t r a n s i t i o n s ,  ( 6 )  pho tod i s soc ia t ion  and f luo r i e scence  
f o r  s e l e c t i v e  inve r s ion ,  (7) thermal e x c i t a t i o n s  and non-equilibrium cooling, 
and (8) d i r e c t  e x c i t a t i o n  by blackbody r a d i a t i o n ,  

This i n i t i a l  systematic  i n v e s t i g a t i o n  

F, 

I n  the following d i scuss ion ,  the ind iv idua l  mechanisms a r e  descr ibed 
i n  varying d e t a i l  depending upon the p re sen t  a v a i l a b i l i t y  of support ing 
d a t a  (cross  s e c t i o n s ,  c o l l i s i o n a l  t r a n s f e r ,  t r a n s i t i o n  p r o b a b i l i t i e s )  and 
conceptual Schemes f o r  e a l i n g  with the c a l c u l a t i o n s  involved i n  the  
mul t ip l e  competing processes .  F ina l ly ,  i n  some cases the re  w i l l  be a 
p a r t i a l  d u p l i c a t i o n  i n  some of the c a t e g o r i e s  whereas i n  o t h e r  c a t e g o r i e s  
a d e t a i l e d  a n a l y s i s  i s  not performed wi th  s p e c i f i c  reference t o  NO owing 
t o  the necessary l i m i t a t i o n s  i n  scope of  t he  above o r i e n t i n g  i n v e s t i g a -  
t i o n .  

3 . 1 . 1  Poss ib l e  l a s e r  a c t i o n  of r o t a t i o n a l - v i b r a t i o n a l  t r a n s i t i o n s  
i n  ground s t a t e  n i t r i c  oxide by d i r e c t  discharge.  - To d a t e  the re  have 
been few r e p o r t s  of laser a c t i o n  i n  molecular systems i n  a d i r e c t  d i s -  
charge system. Of these,  t he  system which has undergone the  most i n t e n -  
s i v e  i n v e s t i g a t i o n  i s  the f i r s t  p o s i t i v e  bands i n  n i t rogen  (Ref. 3 7 , 3 8 ) .  
These a r e  belived t o  terminate on exc i t ed  v i b r a t i o n a l  l e v e l s  i n  the 
A Cu e l e c t r o n i c  s t a t e .  Since t h i s  s t a t e  i s  metastable a g a i n s t  r a d i a -  
t i v e  decay, t he  mechanism by which the inve r s ions  a r e  maintained i s  of 
i n t e r e s t  herein.  The hypothesis  (since a t  p re sen t  the mechanism has 
not been va l ida t ed  completely) employed t o  expa l in  the observat ion is  
t h a t  the inve r s ion  exists only a s  a t r a n s i e n t  phenomenon during the  
buildup of the e x c i t a t i o n  pulse .  Further  d a t a  are required t o  substan-  
t i a t e  t h i s  i n t e r p r e t a t i o n  s i n c e  the inve r s ion  du ra t ion  does not s a t i s f y  
the  i n e q u a l i t y  T < 2g1/g A required i n  t r a n s i e n t  systems. The mech- 
anism hypothesized (Ref. 3 i’f’is 

3 +  
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1 +  
g 

C ) + N2 (B 311g 

N2 (X C + e + N2 (a 

1 1 +  
(a Xg> + N2 2 g 

I n  t h i s  system, the  on i s  presumed d t o  e l e c t r o n  impact 
i n  a d i scharge  r a t h e r  than by the  atomic recombination mechanism des-  
c r ibed  below i n  a subsequent d i scuss ion .  As y e t  
t o  be s u f f i c i e n t  evidence i n  Zavor of e i t h e r  mech d 
populat ion inve r  i an .  This h s i n g  a c t i o n  i s  not  
the NO v i b r a t i o n  r o t a t i o n  case  s i n c e  the  lower laser l e v e l  i s  an upper 
e l e c t r o n i c  s t a t e .  However, i t  does r ep resen t  a r e l a t i v e l y  metastable  
s t a t e  wh+ch i s  of i n t e r e s t  he re in .  

3.1.1.1 Carbon monoxide v i b r a t i o n - r o t a t i o n  l a s i n g  ( d i r e c t  pulsed 
d ischarge) .  - A  p e r t i n e n t  l a s i n g  a c t i o n  i s  t h a t  involving r o t a t i o n a l  
t r a n s i t i o n s  of 10-9, 9-8, 8 -7 ,  7-6 and 6-5 v i b r a t i o n a l  bands p e r t i n e n t  
t o  the  ground e l e c t r o n i c  s t a t e  (X iC+) of CO. Laser a c t i o n  i s  produced 
i n  a low-pressure CO pulsed discharge.  A genera l ized  t reatment  has 
been prepared of these  t r a n s i t i o n s  which a r e  due t o  p a r t i a l  i nve r s ions  
(Ref. 39 ) .  It has been shown t h a t  i t  is  advantageous t o  opera te  a t  a s  
low a temperature a s  poss ib l e  f o r  the  product ion of maximum gain.  
Analysis  of the  e x c i t a t i o n  mechanisms under pulsed ope ra t ions  has i n -  
d i ca t ed  t h a t  they a r e  complicated and time-dependent. I n  general ,  it 
i s  considered t h a t  d i r e c t  e x c i t a t i o n  of CO molecules from the  ground 
e l e c t r o n i c  s t a t e .  v = 0 l e v e l ,  t o  h igher  v i b r a t i o n a l  l e v e l s  is not a 
predominant mechanism. 

The c u r r e n t l y  favored mechanism i s  (Ref. 39) 

(3 - 4 )  
1 co O( IC+) + e + co (B C) + e 

1 1 

1 1 +  

1 +  

GO (B C) + CO (A II) + Angstom band (3-5) 

(3 -6) co (A n) -b co (X 2 Ivf  > 1 

Ivf  - 1 ( l a s ing  ac t ion )  (3-7) + C O  (x 

This r ep resen t s  a type of  Franck-Condon pumping by e l e c t r o n  e x c i t a t i o n  
i n  a d i scharge .  

McFarlane and Howe (Ref. 40)  have r e c e n t l y  demonstrated l a s i n g  
a c t i o n  i n  the  ground s t a t e  v i b r a t i o n a l - r o t a t i o n a l  system of CO i n  mixtures 
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of  C0,and C02 .  
t r a n s i t i o n s  were observed f o r  C 0 2  001 + 202 i n  which flow sysLems cha r -  

should be given t o  "co l l i s ions  of the  second kind, absorp t ion  by CO 

Thehe run from 1 2  t o  11 t o  6 t o  5 i n  CO. Addi t ional  

c u r r e n t  pulsed dc e x c i t a t i o n  were e oyed. No ex- 
f f e r e d  f o r  t he  observa t ions  othek t h  cons ide ra t  i on  

ecu le s  of hot band r a d i a t i o n  from C02, and a 1  e r a t i o n  of t he  chemical 
o s i t i o n  of the  mixture." (Ref. 40) .  Here, i i s  suggested t h a t  simi- 

l a r  systems wi th  NO and NO2 may opera te  success fu l ly  by analogy even 
though the mechanisms a r e  not  wel l  understood. 

t i o n a l l y  exc i t ed  i n  the  ground s t a t e .  The a n a l y s i s  of previous r e s u l t s  
i n d i c a t e  s t rong ly  t h a t  the  ope ra t ive  mechanism i s  a t r a n s f e r  of v i b r a -  
t i o n a l  erlergy f rommolecular  n i t rogen  t o  the modes of v i b r a t i o n  of the  
molecules of CO, C 0 2 ,  and N 2 0  owing t o  resonant  i n e l a s t i c  c o l l i s i o n s .  
The resonance i s  due t o  the  f a c t  t h a t  t he  f i r s t  v i b r a t i o n a l  l e v e l  of N2 
i s  2331 cm" while  t he  appropr ia te  s t a t e s  of CO, C02, and N20  a r e  loca t edC 
a t  2143, 2349, and 2224 cm'l r e spec t ive ly .  
these  l e v e l s  f a c i l i t a t e  a rap id  t r a n s f e r  of energy from the  n i t rogen .  
This f a c t ,  a s  w e l l  a s  t he  observa t ion  t h a t  the v i b r a t i o n  temperature i s  
high &60O0K) while  t h a t  of r o t a t i o n  i s  low, i n d i c a t e s  t h a t  l a s ing  capa-  
b i l i t y  may be poss ib le ,  p a r t i c u l a r l y  i n  C02,  because of t he  good match. 

The e x c e l l e n t  coincidence of 

This has been borne out  by the  recent  work of P a t e l  (Ref. 37)  on 
C02. I n  the  case  of CO, P a t e l  has observed l a s e r  a c t i o n  upon i n t e r -  
a c t i o n  with exc i t ed  N2 but he does not  a t t r i b u t e  t h i s  t o  v i b r a t i o n a l  
t r a n s f e r  from N but r a t h e r  t o  the  d i s s o c i a t i v e  a c t i o n  on the  CO of t he  
a c t i v e  n i t rogen?  Al t e rna t ive ly ,  Legay and Legay-Sommaire (Ref. 41 ) 
have observed the  v i b r a t i o n a l - r o t a t i o n a l  emission spectrum of CO i n  
the ground e l e c t r o n i c  s t a t e  up t o  v = 4 i n  a system where v i b r a t i o n a l -  
energy t r a n s f e r  from N2 t o  CO i s  bel ieved respons ib le .  

The e f f e c t i v e n e s s  of the  v i b r a t i o n a l  t r a n s f e r  depends upon the  
c loseness  of t h e  resonance and a l s o  upon the  allowedness of the  i n t e r -  
change. I n  Quar te r ly  Progress  Report No.  1 (Ref. 24 ), t he  we a r e  p r e -  
sented f o r  var ious  diatomic molecules s e l e c t e d  from Herzberg (Ref. 3 4 )  
which c l o s e l y  match t h a t  f o r  NO. It should be noted, however, t h a t  
these  va lues  a r e  d i f f e r e n t  from the  fundamental f requencies  s ince  

Even a b r i e f  survey of diatomic molecules r e v e a l s  t h a t  there  are 
seve ra l  o t h e r s  which have w -values p a r t i c u l a r l y  c l o s e  t o  t h a t  f o r  NO. e 
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I n  p a r t i c u l a r ,  BO (1885 cm-') and CuH (1904 c m - l )  should give good r e so -  
nances f o r  v i b r a t i o n a l  exchange where they ope ra t e  analogous t o  t h e  
n i t rogen  i n  the nitrogen-carbon dioxide experiment. 

It i s  now appropr i a t e  t o  cons ide r  the t r a n s i t i o n  (v ib ra t iona l )  f o r  
Av = 1 with s p i n  change from 1 / 2  t o  3/2. 
t i o n  changed from 1876 without the s p i n  t r a n s i t i o n  t o  approximately 
2000 cm". 
t o  v = 9,  v = 9 t o  v = 8, etc,  match very c l o s e l y  (approximately 2000 
cm' l ) .  
ground s t a t e  of  NO c o n s i s t s  of  t he  211 l2 and 2111/2 components with a 
s p l i t t i n g  of  121 cm'l. There i s  l i t t l e  materia 
change of energy between molecules with s p i n  change involved. However, 
i t  has been shotm by sound absorpt ion measurements t h a t  the probabi l i , ty  
of sp in - re l axa t ion  f o r  NO pe r  gas  k i n e t i c  c o l l i s i o n  i s  0.062 a t  298OK. 
There i s  a l s o  some evidence on s p i n - r e l a x a t i o n  of e l e c t r o n i c  s p e c i e s  
when quebchdd bp molecules. I n  p a r t i c u l a r  many experiments have been 
performed and s p e c u l a t i o n  e x i s t s  concerning the s p i n - r e l a x a t i o n  i n  Hg 

The energy jump f o r  t r a n s i -  

Ene rge t i ca l ly  t h e  GO v i b r a t i o n a l  t r a n s i t i o n s  from v = 10 

However, a s p i n  must be changed i n  the c o l l i s i o n  s i n c e  the  

on the  v i b r a t i o n a l  

Hg (6 3P1) -I- M + Hg (6 3P0) f M (3 -9) 

Theory i a d i c a t e s  t h a t  the i n t e r a c t i o n s  of  3Pl with a quenching molecule 
removes the degeneracy during the c o l l i s i o n .  The i n t e r a c t i o n  with a 
3P produces t h r e e  molecular sFecies ,only one of which can undergo the  
r a a i a t i o n l e s s  t r a n s i t i o n  t o  the 3P0 complex. Consequently, f o r  t he  NO 
v i b r a t i o n a l  t r a n s f e r  ca se  where the t r a n s i t i o n  of i n t e r e s t  is the NO 
(2Lllgi v = 0) -+ NO (211332, v = 1) of energy 2000 em" such a t r a n s f e r  
p o s s i  y may not  be s t r o n g l y  forbidden. The l a s i n g  t r a n s i t i o n  would 
'then be NO ( 2 113/2, v = 1) 4 NO (21T3/2, v = 0). 

-I- -1 

less than t h a t  of NO. However, the problem here involves  ob ta in ing  
adequate populat ions of 0; whose c o e f f i c ' e n t  of recombination being of 
the d i s s o c i a t i v e  type (a - 

Another molecule of i n t e r e s t  i s  O2 whose coe-value i s  only 28 c m  

cm3 sec-') i s  extremely r ap id .  

It has been shown ( R e f .  2 4  t h a t  f o r  v i b r a t i o n a l  exchange some o t h e r  
molecules of i n t e r e s t  i n  t h i s  regard are N2, CO? BO, AgH, CUB. 

F i n a l l y ,  i t  may be noted here  t h a t  t he re  are some advantages i n  
a t tempting laser t r a n s i t i o n s  from the  S = 3/2 component of t h e  n i t r i c  
oxide ground s t a t e ,  121.1 cm" above grctund s i n c e  the r e l a t i v e  popula- 
t i o n  i n  the  3/2 s t a t e  v a r i e s  from about 15 pe rcen t  a t  100°K t o  36 p e r -  
c e n t  a t  300°K. 
e , g . ,  i n  t he  pump removal technique. although the s p i n  r e l axa t ion ,  
3 / 2  4 1 /2 ,  is r e l a t i v e l y  slow, s i n c e  forbidden. 

Thus, i t  may be easier t o  i n v e r t  the 3 /2  t r a n s i t i o n s ,  
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3.1.3 E lec t ron ic -v ib ra t iona l  t r a n s f e r  i n  an i n e l a s t i c  c o l l i s i o n .  - 
The p resen t  bas i c  scheme involves  the  i n t e r a c t i o n  of NO with a n  e x c i t e d  
e l e c t r o n i c  spec ie s  which t r a n s f e r s  t he  v i b r a t o r s  from v = 0 t o  some ex- 
c i t e d  l e v e l  v > 1. A s  a n  example, t he  following two r e a c t i o n s  a r e  sug- 
gested:  

3 J&* (6 3P, 6 Po> f NO -+ Hg + NOv ( v i b r a t i o n a l l y  e x c i t e d )  v > 1 

+ NO 4 N a  + NOv ( v i b r a t i o n a l l y  exc i t ed )  v > 1 

(3-10) 

(3-11) 
* 

N a  

These a r e  r e a c t i o n s  f o r  which the re  i s  a l a rge  c r o s s  s e c t i o n  f o r  
quenchin& ankl i d  which some degree of v i b r a t i o n a l  e x c i t a t i o n  may be 
expected [see Tables 3-2 and 3-3 i n  Quarter ly  Progress Report No. 1 
(Ref. 2 4 ) ] .  For such a scheme, t o  in su re  l a s ing ,  i t  i s  d e s i r a b l e  t h a t  
v be g r e a t e r  than u n i t .  

There has been one r e a c t i o n  t o  d a t e  i n  which t h i s  process has been 
demonstrdted (Ref. 34) : 

(3 -12) 

I n  t h i s  experiment (Ref. 4 3 ,  the  mercury was exc i t ed  by absorpt ion 
of a 253721 l i n e  and the i n f r a r e d  emission was s tudied.  
t a t i o n  i n t o  l e v e l s  v = 7 ,  8 was more than a n  o rde r  of magnitude g r e a t e r  
than i n t o  the l e v e l  v = 2-5. The abso lu te  e f f i c i e n c y  i s  high and t h e r e  
i s  very l i t t l e  p o s s i b i l i t y  t h a t  CO v i b r a t i o n a l  l e v e l s  were c rea t ed  by 
cascading from an upper e x c i t e d  e l e c t r o n i c  s t a t e  because of inadequate 
energy i n  the mercury. 

The ra te  of exci- '  

The proposed mechanism is  due t o  Polanyi (Ref. 4?) and i s  i l l u s t r a t e  * i n  Figure 3 - 1  f o r  Hg and CO which approach each o t h e r  with thermal energy 
alocg e l e c t r o n i c  curvc A .  When the p a r t i c l e s  are c l o s e  they c r o s s  over 
t o  the s ta te  X(IC) i n  which, a s  one can see from the  s teepness  of t he  

c i  a t i o n  of t he  CO i s  believed t o  occur here  as izhe ' resu l t  of a suilden i m -  
pulse,. Regarding t h i s  i n t e r a c t i o n  c Lassically, ,  conservat ion of l i n e a r  
momentum e s t a b l i s h e s  an upper l i m i t  on the energy t h a t  can go i n t o  the  
r e l a t i v e  motion of B with r e spec t  t o  C v i b r a t i o n a l  energy. 
t h i s  f r a c t i o n  i s  f v  = q / m g C  which f o r  CO, i s  0.43. 
and approach from the 0 end the upper l i m i t  of e x c i t a t i o n  is v = 8 ;  €or an 
approach from the  C end v = 11. 

(40,000) em-' = 16,800 cz- l  and 21,200 c m - l .  The above contravenes t h e  
Landau-Teller theory of t r a n s l a t i o n a l - v i b r a t i o n a l  t r a n s f e r  according t o  
which the  c o l l i s i o n a l  t r a n s f e r  s e l e c t i o n  r u l e s  p a r a l l e l  the r a d i a t i o n a l  
ones.  This occurs because the  encounter) i s  impulsive i n  which the  c o l -  
l i s i o n  d u r a t i o n  i s  s tpr t .compared t o  the  v i b r a t i o n a l  period. 

coordinate ,  a r e l a t i v e l y  s t rong  fo rce  becomes ope ra t ive .  The ex- %$ -co 

I f  A* i s  heavy, 
as donor For J&* 6 3P 

S imi l a r ly  f o r  NO, f = 0,42 and 0.53, t he  energy a v a i l a b l e  i s  E, = f v  
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Figure 3-1. Schematic diagram of the potential energy curves 

perpendicular to the plane of the paper. The 
impulse experienced by CO, following the crossing 
from c u m  A to X,inducen vibration i n  the 
C-0 bond, of energy equivalent to v = 6-9. 

,,O), ), in the plane of the paper and E(r E (rHg-CP 
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For the  case  of NO, s e v e r a l  p o s s i b i l i t i e s  e x i s t  whereby use may be 
made of t h i s  process  a s  enumerated below. 

(1) Discharge through a mixture of n i t r i c  oxide and mercury. I n  
t h i s  type of s e tup  both the  6 3P1 and the  6 3P0 can e x c i t e  t he  NO. 

(2) Mingling i n  an i n t e r a c t i o n  zone [ s imi l a r  t o  the  P a t e l  (Ref. 37) 

Here only the  6 3P0 would be e f f e c t i v e  owing to  the  s h o r t  

N2-C02 setup:  of a mercury d ischarge  and cooled NO. 
so t h a t  l a s i n g  bn p a r t i a l  i nve r s ions  may occur even i f  complete inver -  
s ions  do no t .  
l i f e t i m e  of t he  6 3Pl s t a t e .  

25372 lamp. 
t i a l l y ,  of a mixture of mercury and NO. 
6 Po would be e f f e c t i v e .  

The l a s t  process  seems p a r t i c u l a r l y  a t t r a c t i v e  because o f :  

The NO is cooled 

(3) High power f l a s h i n g  o r  s t e a d y - s t a t e  e x c i t a t i o n  of 6 3P by a 
The gas  mixture i n  the  l a s e r  w i l l  c o n s i s t ,  a t  l ea s$  i n i -  

Here aga in  both the  6 3Pl and 
3 

3 (a) High quenching c r o s s  s e c t i o n s  of Hg 6 3P , 6 Po by NO 
(b) High popula t ion  of 6 3P0 which i s  poss ib t e  
(c) E x c i t a t i o n  i n t o  h igher  v i b r a t i o n a l  l e v e l s  by the  i n t e r a c t i o n  
(d) High power, 70 wat t s ,  i s  poss ib l e  f o r  photo- f lash ing .  

3.1.4, Chemical r e a c t i o n s  governing s e l e c t i v e  e x c i t a t i o n  of NO 
lasinp, i n  v i b r a t i o n - r o t a t i o n  bands. - This process  involves  those chemi- 
c a l  r eac t ions  which s e l e c t i v e l y  e x c i t e  c e r t a i n  e l e c t r o n i c  o r  v i b r a t i o n a l  
l e v e l s .  For convenience, those types of r e a c t i o n s  which occur i n  a f t e r -  
glow phenomena a r e  viewed a s  a subc la s s  and a r e  t r e a t e d  s e p a r a t e l y  below. 
I n  some cases ,  Poss ib l e  l a s i n g  a c t i o n  on e l e c t r o n i c  e x c i a t i o n s  w i l l  be 
ind ica t ed .  

. 3.1.4.1 A f t e r  glow, phenpmenon. - Afterglow i n v e s t i g a t i o n s  a r e  
o f t e n  analyzed i n  terms of  chemical r eac t ions  so  t h a t  the  r o l e  of e l e c t r o n  
e x c i t a t i o n  i s  omit ted.  This can  be j u s t i f i e d  s i n c e  the e l e c t r o n  ene rg ie s  
gene ra l ly  d i e  down rap id ly  wi th in  a mil l isecond of t he  d ischarge  e x c i t a -  
t i o n  region o r  terminat ion.  Thus, i n  the  following, i n t e r p r e t a t i o n s  a r e  
presented i n  terms of chemical r eac t ions  involved i n  the  a f te rg low 
phenomena. 

A t  low p res su res  ( < 1 
t h a t  

N +  

Througb p o t e n t i a l  switching 

nun) p reas soc ia t ion  r eac t ions  dominate so 

0 --* NO (C 5) + hv (3 -13) 

4 from the  a II s t a t e  t o  the  V I  = 0 level of  
t he  C “il s t a t e ,  r a d i a t i o n  t o  the  X ‘II ground s t a t e  (6 bands) occurs, 
where the  s t r o n g e s t  bands a r e  the  (0,2) and (,3) bands a t  2061 and 
214a, each r ep resen t ing  25 percent  of t he  t o t a l  emission. 

32 



For pressure g r e a t e r  than 1 m, the dominant r e a c t i o n  becomes 

N + 0 + M -+ NO + M 

-32 6 k2 = 2 x 10 c m  /sec 

I n  a d d i t i o g N 0  is  reiwved by 

N + NO + N2 -+ 0 

(3 -14) 

(3 -15) 

so t h a t  

3 = 2 x lo-'' c m  /sec and kg 

(3 -1 6) k2 

k3 
[NO1 = - 101 [MI 

It should be pointed ou t  t h a t  t he  6 bands are j u s t  border l i n e  i n  terms 
of l a s i n g  s i n c e  by 392 equat ing production and loss of X 21'Ivt = 

(3-17) -11 = 4~~ x 2 x 10 [N]  
[NO (C %> 1 

1 3 ,2  

16 x lo6 f o r  [N] = 10 % 

If N > 10l6 the chances are improved f o r  l a s i n g  the  6 bands. 

Consider t he  p o s s i b i l i t y  of i n v e r t i n g  the  r o t a t i c n  v i b r a t i o n  bands. 
F i r s t  , write 

) ]  EN] (3-18) 
V I  = 372 

- - k3 [NO@ !TI 
1 v = 3 , 2  - d [NO (X '11 

d t  

No(C "I - k3[NO(C %)] [ N ]  (3-19) 
6 7 [NO (C %)] = k2 [ N ]  [ O ]  [MI - d t  

I n  the s t e a d y - s t a t e  cond i t ion  

k2 EN3 [ O I  [MI 

- + k3 [ N I  

[NO (C %)] = 
1 

6 7 

(3 - 20) 
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16 
However s i n c e  1/78 >> k3 [N]  f o r  [ N ]  - 10 , 

! 

(3 -21) 

I n s e r t i n g  t h i s  value i n  Equation (3-18) y i e l d s  

= IO1' f o r  [N] = [O] = [MI = (3-22) 
k2 101 [MI 

k3 
NO [X% v = 3 , 2  I =  

assuming t h a t  r a d i a t i v e  decay (a = 0.1) of t h e v - r b a n d s  i s  too slow t o  
count and a l s o  t h a t  interchange of energy between the r - v  l e v e l s  by c o l -  
l i s i o n  i s  .slower than v i b r a t i  na l  energy exchange. This i s  i d t e r e s t i n g  
s ince  i t  implies  t h a t  t he  (C Ii) s t a t e  s h u t t l e s  r ap id ly  i n t o  the ground 
v - r  band. Using the formula below and assuming the lower l e v e l  t o  be 
empty. f o r  v = 2 x 103 c m - 1  (5p) 

V 

3 

a - & Av (I - R) v3 
a - 3  V L 

-1 2 Av = 0.04 c m  , R = 0.98, L = 10 

where G i s  the branching poss ib l e  i n  the t r a n s i t i o n .  It may run from 
approximately 2 t o  40 depending upon the number of r o t a t i o n a l  l e v e l s  
f i t t e d  i n  the upper Vib ra t iona l  l e v e l  and the number of v i b r a t i o n a l  
l e v e l s  t o  which the upper s ta te  can go. By coo l ing  the tube G may be 
minimized s i n c e  r o t a t i o n a l  equ i l ib r ium i s  e s t a b l i s h e d  r a p i d l y  i n  one o r  
two c o l l i s i o n s .  A f i r s t  o r d e r  approximation f o r  the t i m e  behavior of 
the C s t a t e  i s  

6 where Bo = k2 [ ~ l o ~ ~ l o ~ ~ l o ,  76 - - l i f e t i m e  of the 8 s t a t e  = 10 . 
16 Using va lues  [0l0 = [NIo  - [MIo - 10 and Bo = equi lbr ium 

i s  a t t a i n e d  i n  a microsecond. A similar  equat ion a p p l i e s  t o  the con- 
c e n t r a t i o n  of t he  X s ta te  w i t h  time cons tan t  of the o rde r  of  
seconds. I f  [N] = [O] = 3 x lof6  and [MI = 1 7  then [NO (X 'ITv = 3,2) ]  = 
3 x 1012. 
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Consequently, f o r  these assumed i n i t i a l  values,  t he  inve r s ion  i s  
Thus, t h e  experiment almost operable by the  above der ived c r i t e r i o n .  

i s  s t i l l  an i n t e r e s t i n g  one s ince :  

(1) P a r t i a l  i nve r s ion  may be obtained, p a r t i c u l a r l y  wi th  coo l ing  
of t he  tube.  

(2) Presen t ly  achievable  concen t r a t ions  of IN]. [O],  and [MI are 
wi th in  a f a c t o r  of only t h r e e  of t he  required amount. 

(3) Over-loading with O2 w i l l  i nc rease  the formation of atomic 
oxygen and inc rease  the  formation ra te  of the C s t a t e ,  but  
not i nc rease  the d e p l e t i o n  of  the X s ta te  which i s  only 
a f f e c t e d  by N.  

3.1.4.2 Other chemical processes  r e s u l t i n g  i n  complete o r  p a r t i a l  
i nve r s ion .  - I n  t h i s  c l a s s  of r eac t ion ,  t h e r e  i s  a s e l e c t i v e  r e a c t i o n  
i n t o  a v i b r a t i o n a l  l e v e l  a t  a ra te  of k > k where V I  > v. There a r e  
seve ra l  s e r i o u s  problems here  including;' V 

(1) The k ' s  a r e  only known f o r  a few r e a c t i o n s  and the a n a l y s i s  of 
s u i t a i l e  r e a c t i o n s  i s  consequently specu la t ive .  

(2) Cascading tends t o  s a t u r a t e  the lower l e v e l s  s i n c e  r a d i a t i v e  
and c o l l i s i o n a l  t r a n s i t i o n s  a r e  gene ra l ly  higher  €or higher  
v i b r a t i o n a l  l e v e l s .  Consequently, t h e r e  i s  s a t u r a t i o n  of 
lower l e v e l s  and pu l se  ope ra t ion  i s  much e a s i e r  thar: CW opera- 

lower v i b r a t i o n a l  l eve l s .  
: t i o n .  An a l t e r n a t i v e  i s  t o  chemically r e a c t  ou t  the v = 0 o r  

Polanyi (Ref. 4 2 )  has analyzed t h e  general  d i s t r i b u t i o n  of energy 
among the va r ious  products of simple types of chemical r e a c t i o n s  by 
examining the dynamics of the formation and break up of the a c t i v a t e d  
complex i n  the system below. The d e t a i l s  of t h i s  a n a l y s i s  a r e  presented 
i n  Figure 3-2.  

-1 A + BC --* AB + C + Q Kcal mole 

(1) A t t r a c t i v e :  I n  t h i s  ca se  the  major po r t ion  of t he  energy re- 

( 2 )  Repulsive: The major p o r t i o n  of the energy release occurs  a s  

(3) Mixed: This i s  a r e a c t i o n  i n  which the  r epu l s ive  and a t t r a c -  

l ea se  occurs a s  A i s  a t t r a c t e d  t o  B. 

C i s  r epe l l ed  away from AB 

t i v e  phases are not  w e l l  separated.  Among t h i s  i n t e r e s t i n g  c l a s s  of 
r e a c t i o n s  a r e  those i n  which the conf igu ra t ion  s h i f t  from a covalent  t o  
an i o n i c  na tu re .  

(4) Some Spec i f i c  Suggestions:  Two p o s s i b l e  r e a c t i o n s  are enumer- 
a t e d  below: 

\ 

Na + NO2 -+ NaO + N O  

Na + NO C,4 -+ NO 4- 61 Kcal/mole 
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I 
I 
I 
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I 

DI 1 - ------- 
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I 
1 
I 

t A - 8 . C  
t-REPH # A 8 c - 

B) 

Figure 3 - 2 .  P o t e n t i a l  energy changes during the  course of an exothermic 
r e a c t i o n  A + BG + A B  i- C (proceeding from l e f t  t o  r i g h t  i n  
the  drawing); d iv ided  i n t o  four  s t ages :  (i) A - 3  r epu l s ion ,  
( i i )  B-C ex tens ion ,  ( i i i )  A-B r e l a x a t i o n  (termed "-exten- 
sioh"),  ana ( i v )  B-C r e l a x a t i o n  (termed "-repulsion").  
D(BC) is the  d i s s o c i a t i o n  energy of bond being broken, 
D(AB) that  of t h e  bond b e i  
t he  h e a t  of r e a c t  
energy. In  the  s 

p lace  consecut iv  
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Although the prel iminary a n a l y s i s  i n d i c a t e s  t h a t  t h e  bulk of chemical 
energy passes  i n t o  the NaCk? band the v ib ra t io r l a l  e x c i t a t i o n  of NO re- 
mains a p o s s i b i l i t y .  Another p o s s i b i l i t y  involves  the  r e a c t i o n  
H + NOCk? --* gCk?* + NO* which has been s tud ied  by Polanyi (Ref. 4 2 ) .  
While ' the ma'jor emission o r i g i n a t e s  from the H C X  bands, emission has 
been observed from the NO v = 1-0 band of t he  ground s t a t e .  

The above material i s  somewhat gene ra l  and was intended s o l e l y  f o r  
t h e  systematic  completion of p e r t i n e n t  da t a .  A more c a r e f u l  examination 
of the t h e o r e t i c a l  laser and experimental  r e s u l t s  t o  d a t e  would be re- 
quired t o  select  the optimal type of chemical system f o r  t h i s  type of 
i nve r s ion  mechanism. However, any a d d i t i o n a l  e f f o r t  i n  t h i s  d i r e c t i o n  
i s  not w i th in  t h e  scope of the  p re sen t  survey. 

! .  
3.1.5 Franck-Cond0.n pumping. - The d i s c r e t e  abso rp t ion  of r a d i a -  

t i o n  by molecules l eads  them from the ground e l e c t r o n i c  s ta te  t o  an 
exc i t ed  k l e c t r o n i c  s ta te .  Subsequently, a f t e r  e m i t t i n g  f l u o r e s c e n t  ra- 
d i a t i o n ,  the molecule can  f a l l  back t o  some o t h e r  lower s t a t e  o r  to the 
ground s ta te .  It has been suggested ear l ier  (Ref. 43) t h a t  the absorp- 
t i o n  and emission of r a d i a t i o n  by molecules may be used f o r  ob ta in ing  
populat ion inve r s ion  between the  r o t a t i o n a l  v i b r a t i o n a l  l e v e l s  of the 
molecules. Since the r e l a t i v e  p r o b a b i l i t i e s  of the above type of t r a n s i -  
t i o n  between two v i b r a t i o n a l  l e v e l s  i s  governed by the  Franck-Condon 
p r i n c i p l e ,  i t  i s  designated a s  the method of Franck-Condon pumping f o r  
ob ta in ing  populat ion inversion.  Shuler,  e t  a l .  (Ref. 44) have presented 
d e t a i l e d  d i s c u s s i o n s  of t h i s  s u b j e c t ,  t he  s a l i e n t  f e a t u r e s  of which a r e  
summarized b r i e f l y  be low. 

Consider t he  r a d i a t i v e  t r a n s i t i o n s  between the v i b r a t i o n a l  levels 
t of two e l e c t r o n i c  states (X and A) of a diatomic molecule (see Figure 3 - 3 ) .  

When t h i s  molecule i s  placed i n  a r a d i a t i o n  f i e l d  wi th  frequencies  of 
r a d i a t i o n  which can  be absorbed by the molecule i n  the t r a n s i t i o n  A +X, 
a molecule i n  lower l e v e l ,  j ,  undergoes a t r a n s i t i o n  t o  upper l e v e l ,  m. 
The normalized p r o b a b i l i t y  of such a t r a n s i t i o n  i s  given by: 

(3 -23) 

J 

where U ( v  . )  i s  the r a d i a t i o n  d e n s i t y  a t  the frequency v and IRmjl i s  
the t r a n s i i i o n  moment matr ix  element. After  a t t a i n i n g  the upper level, 
m. t h e  molecule w i l l  r a d i a t e  spontaneously t o  the l e v e l  i of t he  lower 
s t a t e  X.  The n e t  r e s u l t  of t h i s  absorption-emission cyc le  i s  a t r a n s i -  
t i o n  o f  the molecule from the l e v e l  j t o  t h a t  of i of the lower e l e c -  
t r o n i c  s t a t e .  Neglecting the e f f e c t  of  i n t e rmolecu la r  c o l l i s i o n s ,  t he  
p r o b a b i l i t y  of the  t r a n s i t i o n  of molecules from the  l e v e l  j t o  l e v e l  i 
as a r e s u l t  of abso rp t ion  emission cyc le  i s  given by 

m m j  
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Figure3-3. Pranck-Condon pumping of diatomic molecule. 
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v 
(3 -24) 

r o b a b i l i t y  of tr s i t i o n  between i s  

i 
Following the method of Shuler, e t  al. (Ref. 44), t he  s teady  state d i s t r i -  
bu t ion  of molecules i n  d i f t e r e n t  v i b r a t i o n a l  l e v e l s .  of t he  lower elec- 
t r o n i c  s t a t e  X can be ca l cu la t ed .  Shuler, e t  a l .  (Ref. 4 4 ) ,  have con- 
cluded t h a t  i f  the  r a d i a t i o n  dens i ty  i s  independent of t he  frequency and, 
provided 

29mj = 1 a n d L r  i m  = 1, (3 -26) 

the  d i s t r i b u t i o n  of molecules i n  d i f f e r e n t  v i b r a t i o n a l  l e v e l s  of the  
lower s t a t e  i s  uniform under s teady  s t a t e  i l l umina t ion .  However, the  
above cond i t ion  may break down i n  some cases  t o  y i e l d  an  inve r t ed  popu- 
l a t i o n  among the v i b r a t i o n a l  l e v e l s  of t he  lower s t a t e .  Moreover, t he  
inve r s ion  of popula t ion  may be sourght  i n  the  t r a n s i e n t  d i s t r i b u t i o n  
produced soon a f t e r  the  i n i t i a t i o n  of pumping r a d i a t i o n .  The inve r s ion  
i s  p a r t i c u l a r l y  l i k e l y  wben the  Franck-Condon parabolas  a r e  w e l l  sepa-  
r a t ed ,  and when the  pumping r a d i a t i o n  e x c i t e s  a s i n g l e  e l e c t r o n i c  t r a n s i -  
tiori. I n  some cases ,  t he  molecules i n  a given upper l e v e l  may undergo 
t r a n s i t i o n s  i n t o  s e v e r a l  nonadjacent v i b r a t i o n a l  levels.  I n  such cases  
the  populat ions of some adjacent  v i b r a t i o n a l  l e v e l  may be inver ted .  For 
a p a r t i c u l a r  case,  a c a r e f u l  examination of t he  Franck-Condon a r r a y s  w i l l  
i n d i c a t e  the  most favorable  t r a n s i t i o n s  f o r  popula t ion  inve r s ion  by 
Franck-Condon pumping. Extensive information regarding the  Franck- 
Condon f a c t o r s  f o r  va r ious  NO molecular t r a n s i t i o n s  i s  a v a i l a b l e  i n  the  
l i t e r a t u r e  (Ref. 30). The energy l e v e l  diagram showing some s e l e c t e d  PO- 
t e n t i a l  energy curves has been presented i n  Figure 2-1. Reference t o  
t h a t  f i g u r e  i n d i c a t e s  t h a t  the  Lowest e l e c t r o n i c  s t a t e s  from which an 
e l e c t r o n i c  t r a n s i t i o n  i s  allowed t o  the  ground s t a t e  of NO a r e  A 2Zf and 
B 'IIr. 
d i f f e r e n t  f r o &  t h a t  of  the ground s t a t e .  This  d i f f e r e n c e  i s  r e f l e c t e d  
i n  the  c a l c u l a t e d  a r r a y s  of Franck-Condon fac tors ,  qv,  
e t  a l .  (Ref. 30). 
a r e  h igher  f o r  h igher  VI' va lue  and the re fo re  the  abso rp t ion  and re-emission 
of 8-system can be employed more e f f i c i e n t l y  f o r  pumping NO molecules t o  

The equi l ibr ium i n t e r n u c l e a r  d i s t a n c e  of B 2Xr i s  s i g n i f i c a n t l y  

given by Nichol ls ,  
I n  add i t ion ,  t he  tabula ted  qvt,vtt va lues  of t he  @-system 
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higher  v i b r a t i o n a l  l eve i s .  
e x i s t  f o r  acqu i r ing  selective enhancement of ground s ta te  v i b r a t i o n a l  
states v i a  Franck-Condon pumping. 

Thus, i n  p r i n c i p l e  a t  least ,  o p p o r t u n i t i e s  

mon - 
s t r a t e d  ( R e f .  4 5 )  t h a t  t he  pho tod i s soc ia t ion  of t h e  n i t r o s y l  h a l i d e s  
NOCa and NOBr produces NO i n  high v i b r a t i o n a l  l e v e l s  of the e l e c t r o n i c  
s ta te .  
b r a t i o n a l  inveksions v i a  photodissociat ion.  Although i n  t h i s  p a r t i c u l a r  
ca se  the  mechanism has not  been d e f i n i t e l y  e s t a b l i s h e d  as ye t ,  i t  i s  very 
l i k e l y  t h a t  t h i s  p e r t a i n s  s i n c e  high v i b r a t i o n a l  l e v e l s  are s t r o n g l y  popu- 
l a t e d ,  and the. r o t a t i o n a l  temperature i s  low. Furthermore, apparent ly  
:he NO molecules a r e  formed i n  l e v e l s  up t o  VI) = 11 d i r e z t l y  i n  the  break- 
up of NOCl o r  NOBr. The employed l i g h t  source was a f l a s h  lamp of dura-  
t i o n  about 25 microseconds, and d i s s i p a t i n g  2000 j o u l e s  p e r  f l a s h  over a 
s p e c t r a l  range between 1900 and 26008. 
the  f l a s h  pho tod i s soc ia t ion  of  CS2, which y i e l d s  v i b r a t i o n a l l y  exc i t ed  
CS (Ref. 4 6 ) .  However, v i b r a t i o n a l  i nve r s ion  i n  t h i s  ca se  i s  r e l a t i v e l y  
u n c e r t a i n  . 

This can  serve a s  a n  example of poss ib ly  obtaining required v i -  

Another case  of t h i s  type involved 

The general  na tu re  and some s e l e c t e d  problems a s soc ia t ed  wi th  t h i s  
type of l a s i n g  a r e  discussed below. 

F i r s t ,  i t  i s  p e r t i n e n t  t o  i n q u i r e  a s  t o  the  d i s t r i b u t i o n  of energy 
i n  the  fragments of photodissociated polyatomic molecules. Such d i s t r i -  
bution, i n  general ,  does not  correspond t o  equ i l ib r ium a t  any s i n g l e  
temperature. Theore t i ca l  i n v e s t i g a t i o n  of t he  energy d i s t r i b u t i o n  has  
proceeded g e n e r a l l y  along two main l i n e s .  The f i r s t  has involved the  
f a c t  t h a t  the energy i s  d i s t r i b u t e d  s t a t i s t i c a l l y  among the degrees of 
freedom of the  fragments c o n s i s t e n t  with the  conservat ion of energy and 
angular  momentum. This s t a t i s t i c a l  o r  s t rong  coupling approach (which 
neve r the l e s s  may show inve r s ions )  has shown f a i r  agreement f o r  the case 
o f  the OH r a d i c a l  r o t a t i o n a l  d i s t r i b u t i o n  i n  H20 photodissociat ion.  A 
secbnd l i n e  of t h e o r e t i c a l  i n v e s t i g a t i o n  has involved the c a s e  when the  
exc i t ed  molecule has a s h o r t  l ifetime o r  i n t e r a c t i o n  between the  d i s -  
s o c i a t i o n  fragments i n  weak coupling. Such a process  i s  almost equiva- 
l e n t  t o  a c o l l i s i o n  and i n s i g h t  has been gained by work on molecular 
c o l l i s i o n s  both experimental ly  and t h e o r e t i c a l l y .  

I n  the molecular s i t u a t i o n  some of the problems a r e  s i m i l a r  t o  t h a t  
encountered i n  atomic f luorescence.  There remains t h e  requirement t o  
d e a c t i v a t e  the lower laser level usua l ly  by means of c o l l i s i o n .  Con- 
sequently,  some degree of s e l e c t i v i t y  i n  d e a c t i v a t i o n  i s  required a l -  
though the  upper l e v e l  i s  a l s o  populated from above. I n  add i t ion ,  t he  
c r i t i c a l  i n v e r s i o n  d e n s i t y  is  p ropor t iona l  t o  the  l i n e  width so t h a t  
consequently the Doppler width of  r a d i a t i o n  emit ted by the  d i s s o c i a t i o n  
fragments i s  important. The k i n e t i c  energy of the fragments may d i f f e r  
considerably from t h a t  of a Maxwellian v e l o c i t y  d i s t r i b u t i o n .  Addition- 
a l l y ,  a n i s o t r o p i c  effects are t o  be expected depending upon the  o r i e n t a -  
t i o n  of the e lec t r ic  f i e l d  of t h e  e x c i t i n g  r ad ia t ion ,  t he  d i p o l e  moment 
of the molecule, and t h e  d i r e c t i o n  of viewing. 
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The l a r g e  number of poss ib l e  types of i nve r s ion  a r e  no t  reviewed here. 
Rather,  f o r  t he  p re sen t  app l i ca t ion ;  i n t e r e s t  i s  confined t o  the  fol lowing 
two p o s s i b i l i t i e s :  (a) i nve r s ion  between r o t a t i o n a l  l e v e l s  i n  d i f f e r e n t  
v i b r a t i o n a l  l e v e l s  of t he  e l e c t r o n i c  ground s t a t e  and (b) e l e c t r o n i c  t r a n s i -  
t ions .  

An example of Case (a) involves  the  pho tod i s soc ia t ion  of t he  n i t r o s y l  
ha l ides  NOCJ and NOBr which have been found t o  produce NO i n  high v i b r a -  
t i o n a l  l evP l s  of the  ground s t a t e  under a c t i v e  wavelengths 
I n  addi t ion ,  f l a s h  pho to lys i s  and d i s s o c i a t i o n  of CS2 y i e l d s  v i b r a t i o n a l l y  
exc i t ed  CS, 
sequent. FrAnck-Cohdon pumping t o  occur. (The theory of Franck-Condon pump- 
ing  has been t r e a t e d  previous ly  i n  Sec t ion  3.1.5,) 
den t ly  involved i n  the  photodecomposition of cyanogen (CN) 
h a l i d e  CNBk and C N I  w i th  r e spec t ive  wavelengths of 1900 an2 220& and some- 
what longer  f o r  t he  h a l i d e .  

1900 and 26008. 

The p o s s i b i l i t y  also exis t s  f o r  both pho tod i s soc ia t ion  and sub- 

Such a mechanism i s  e v i -  
and cyanogen 

An example of Case (b) involves  the  pho tod i s soc ia t ion  of H20 (by 10 eV 
photons) which produces e l e c t r o n i c a l l y  exc i t ed  OH(A 2C+) molecules most of 
which a r e  formed i n i t i a l l y  i n  high r o t a t i o n a l  l e v e l s  of t he  lowest v i b r a -  
t i o n a l  s t a t e  wi th  r o t a t i o n a l  d i s t r i b u t i o n  peaks a t  K = 22. However, i n  t h i s  
case  the  populat ion d e n s i t y  i n  t h i s  l e v e l  is  not adequate f o r  t he  present  
purpose. On the  o t h e r  hand, t he re  a r e  o the r  cases  which invo l  e C2N2, CNBr, 
and s i m i l a r  molecules. I n  add i t ion ,  the  f luorescence  of  NH C JI) produced 
i n  the photodissoc ia t ion  of NH3 a t  wavelengths 1165 t o  1295 i Y  a s  wel l  a s  
e l e c t r o n i c a l l y  exc i t ed  H o r  H2 from photons of energy g r e a t e r  than 15 e V  
may be u t i l i z e d  f o r  t h i s  purpose. 
s p e q i f i c  T l e c u l a r  E luorescence processes .  
vantageously employed than atomic f luorescence processes  s ince  i n  a molecule 
t;he i n t e n s i t y  may be d i s t r i b u t e d  over  many f requencies  due t o  (I) occupat ion 
i n  the  e l e c t r o n i c  s t a t e  of s e v e r a l  v i b r a t i o n a l  and r o t a t i o n a l  l e v e l s ,  and 
(2) t r a n s i t i o n s  downward t o  many v, J l e v e l s  may occur. I n  some s p e c i a l  
ca ses  (1) may be minimized because s p e c i a l  V I ,  J r  l e v e l s  nay be found i n  
photodissoc ia t ion .  The v a r i a t i o n  i n  (2) can be est imated from s tandard  
spectroscopic  theory. 

Photodissoc ia t ion  i s  o f t e n  followed by 
I n  genera l ,  these  a r e  less ad-  

For each of  t he  ind iv idua l  v i b r a t i o n y r o t a t i o n  components of an e l e c -  
t r o n i c  t r a n s i t i o n ,  t he  l i n e  s t r e n g t h  can be approximated by 

where C S(v' 4 v) = 1 
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and 

C S(2,v',J'+ l ,v , J )  = (25' + 1) S(2 -+ 1) 
v, j 

Here the  e l e c t r o n i c  f a c t o r ,  S(2 + l), may be comparable t o  the  s t r e n g t h  
of an atomic l i n e  and i s  r e l a t e d  t o  the  molecular o s c i l l a t o r  s t r eng th .  
The v i b r a t i o n a l  f a c t o r ,  S(v' 3 v) ,  i s  the  Franck-Gondon f a c t o r  discussed 
e a r l i e r  whereas the  r o t a t i o n a l  f a c t o r ,  S(J'  3 J) i s  usua l ly  denoted by S 
and c a l l e d  the  J.-l75nl-London f a c t o r .  j 

With reasonable  approximations t h e  r e l a t i v e  o p t i c a l  ga in  f o r  t he  
var ious  V I ,  S' + v, J l i n e s  wi th in  the  e l e c t r o n i c  t r a n s i t i o n  i s  b a s i c a l l y  

(3 -28) 

From the above i t  can  be seen t h a t  the t o t a l  s t r e n g t h  assoc ia ted  with 
each progression of V I  - + v  l i n e s  i s  comparable t o  an  atomic l i n e .  Often, 
the  Franck-Condon f a c t o r  (Ref. 2 1 )  pu t s  most of t he  i n t e n s i t y  i n  one o r  
two members of each progression,  e .g . ,  t he  f i r s t  p o s i t i v e  and second p o s i -  
t i v e  bands of N2 and the angstrom band of CO. 

The l i n e  width of the  f luo rescen t  l i n e  r ep resen t s  an important param- 
e t e r  a f f e c t i n g  the  laser a c t i o n  of the  system. I n  the case  of atomic 
f luorescence  exc i t ed  by the  pho tod i s soc ia t ion  of the  molecules i t  depends 
on the  fol lowing f a c t o r s :  
(2) the  magnitude of t he  r e c o i l  v e l o c i t y  of the  d i s soc ia t ed  molecule( and 
( 3 )  the  angular  d i s t r i b u t i o n  of t he  r e c o i l  ve loc i ty .  

(1) thermal motions of the  parent  molecule, 

I n  the case  of the  photodissoc ia t ion  of molecules, the  c o n t r i b u t i o n  
from the f i r s t  f a c t o r  i s  n e g l i g i b l e  i n  comparison wi th  the  o t h e r  two. 
The Doppler width due t o  the  r e c o i l  v e l o c i t y  depends on the  f i n a l  rela- 
t i v e  k i n e t i c  energy E of the  fragments of the  parent  molecule and i s  
given by: 

1 PL 

v r  
- TAB + 2: - 2 E = hv + EAB 

P 
0 

(3 -29) 

(here i t  i s  assumed the  daughter  molecule A i s  NO), where hv 
energy of the  pumping photon, EAB i s  the  sum of the  d i s s o c i a t i o n  energy 
of t he  A - B  bond and the  v i b r a t i o n a l  e x c i t a t i o n  energy of t he  daughter 
molecule A. The f i n a l  term rep resen t s  t he  energy due t o  the  r o t a t i o n  of 
the  parent  molecule. It i s  d e s i r a b l e  from the  view po in t  of l a s e r  a c t i o n  
t h a t  the width of t he  f luo rescen t  l i n e  should be a minimum, so t h a t  t he  
l a r g e r  f r a c t i o n  of the  pumped power can  be channelled t o  the  l a s e r  r a d i -  
a t i o n .  The Doppler width of t he  f luo rescen t  l i n e  can  be a minimum i f  t he  

i s  the  
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i t y  a s  a n  atmospheric probe. 
s i g n i f i c a n t l y  d i f f e r e n t  l a s i n g  may s t i l l  occur. 

A s  noted previously,  even i f  Tv and T, a r e  

. - The objec-  
t i v e  here  i s  t o  seek p a r t i a l  popula t ion  inve r s ion  and consequent st imu- 
l a t e d  emission i n  a molecular material which i s  r e l ax ing  fol lowing a 
thermal pulse .  

Furnaces of reasonably high temperature a r e  a v a i l a b l e ,  e.g., z i r -  
conium carbidd an8 hafnium ca rb ide  a r e  capable  of producing up t o  4000°K, 
zirconium oxide t o  2500 K, tungs ten  t o  2000°K, e t c .  
volume the  Libby plasma to rch  achieves temperatures i n  a flowing system 
of between 30,000 and 40,000°K i n t o  which i t  i s  conceivable  t h a t  NO could 
be passed. Highly extreme temperature would have t o  be avoided t o  pre-  
vent  decomposition. With water-cooled wal l s  and high a x i a l  temperatures 
the  necessary r a t i o  of Tv t o  Tr might be obtained f o r  p a r t i a l  emission. 

The bas ic  scheme f o r  l a s i n g  by nonequilibrium cool ing  was advanced 
by Polanyi (Ref. 42) .  More r ecen t ly ,  Wells (Ref. 4 7 )  has suggested a 
v a r i a t i o n  i n  which a beam of hot  molecules i n t e r a c t s  wi th  d i s t a n t  c o l l i -  
s ions  wi th  a cold gas of another  spec ie s  a t  r e l a t i v e l y  low pressure .  
Ce r t a in  energy l e v e l s  i n  the  ho t  gas a r e  cooled f a s t e r  than o t h e r s  owing 
t o  co inc idkn ta l  resonances i n  the  s p e c t r a  of t he  two gases .  
p a r t i a l l y  cooled nonequilibrium s t a t e ,  popula t ion  inve r s ions  a r e  poss ib l e  
i n  the ho t  spec ies .  For example, i n i t i a l  a n a l y s i s  ha 
Schawlow-Townes cond i t ions  f o r  maser a c t i o n  can  be sa  
t r a n s i t i o n  i n  HF a t  123.1 cm'l o r  81.25 microns. 

0 I n  a reasonable  

I n  the  

The a c t i v e  medi c onc a e the  working 
f l u i d  of  a hea t  engi  t i v e  while i n  
dur ing  passage from hot t o - c o l d  hea t  reserv 
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resonant  i n t e r a c t i o n  levels f o r  s e l e c t i v e  depopulation i s  ind ica t ed  
schematical ly  i n  Figure 3-4(b) with the dashed l i n e  showing the i d e a l  
l i m i t  of the l e v e l  populat ion i n .  the  hot  spec ie s  of the resonant t r a n s -  
f e r .  

Consideration of appropr i a t e  molecules leads t o  the conclusion t h a t  
pure r o t a t i o n a l  t r a n s i t i o n s  a r e  optimal. The number of p o s s i b i l i t i e s  i s  
narrowed f u r t h e r  by e l imina t ing :  
(2) molecules having l a rge  moments of  i n e r t i a ,  and (3) asymmetric top 
molecules - too many .energy l e v e l s  and allowed t r a n s i t i o n s .  

(1) molecules having no d i p o l e  moments, 

3.1.8 Creat ion of  l a s i n g  a c t i o n  i n  v i b r a t i o n - r o t a t i o n a l  l e v e l s  by 
d i r e c t  e x c i t a t i o n  by blackbody r a d i a t i o n .  - This scheme was f i r s t  suggested 
and i n i t i a l l y  analyzed by H e i l  and Wagner (Ref. 4 8 ) .  Bas ica l ly  t h e  concern 
here  involves the degree of quenching of i nve r t ed  populat ions i n  v i b r a t i o n a l  
l e v e l s  by colLis iona1 excitatS.on t r a n s f e r ;  such c a l c u l a t i o n s  have been pe r -  
formed f o r  CO sand HC4 (Ref. 48.). It was shown t h a t  t he  ope ra t ion  of lasers 
involving a v ib ron ic  o r  r o t a t i o n a l  t r a n s i t t o n  i n  a molecular gas i s  i n h i b -  
i t e d  s t rong ly  by the  p o s s i b i l i t y  of resonant e x c i t a t i o n  c o l l i s i o n  t r a n s f e r .  
Elet t ramaghet ic  t r a n s f e r  i s  hindered because of the unharmonicity i n  the  
energy l e v e l s  which i s o l a t e s  t he  absorpt ive (v = 1 t o  v = 0 l e v e l )  from 
the  amplifying populat ion (v = 2 t o  v = 1) and consequently c o n s t i t u t e s  no 
p r o b l e d  

By a n a l y s i s  o f  the f i v e  dominant processes:  

= l o s s  of r a d i a t i o n  from c a v i t y ,  

= ra te  a t  which electromagnet ic  r a d i a t i o n  i n  the  c a v i t y  i s  
amplif ied by a given excess of populat ion i n  the second 
v ib ron ic  l e v e l  r e l a t i v e  t o  the  f i r s t  one, 

yc = r c l a t e s  t o  the r a t e  a t  which resonant i n e l a s t i c  c o l l i s i o n s  
i n  which a molecule i n  the  v = 2 v ib ron ic  l e v e l  c o l l i d e s  
with a molecule i n  the v = 0 l e v e l  producing two molecules 
i n  the  v = 1 l e v e l ,  

and i n  Heil scheme a r e  supplied by pumping with overtone 
r ad ia t ion ,  and 

bronic l e v e l s  from o t h e r  than the resonant process,  

Ye 

yg 

I 

= r a t e  a t  which molecules i n  the v = 2 l e v e l  a r e  suppl ied 
'p 

I 

= r a t e  a t  which molecules a r e  l o s t  i n  the two exc i t ed  v i -  
Y W  

t he  following i s  obtained:  

yL = c (1 - r ) / a  (1) 
r = r e f l e c t a n c e  c o e f f i c i e n t  of end mi r ro r  

R = l eng th  of c a v i t y  
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Figure 3 - 4 .  Populat ion of energy l e v e l s .  The s o l i d  curves are p l o t s  
of t h e  i n i t i a l  r e l a t i v e  populations of l e v e l s  i n  both a 
ho t  and cold spec ie s .  The dashed l i n e  i n  p a r t  (b) shows 
t h e  i d e a l  l i m i t  of t he  l e v e l  populations i n  t h e  ho t  spec ie s  
a f t e r  resonant  t r a n s f e r .  
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(2) i., = 

d12 - 

a =  
- 

R =  

u =  

(3) Y c  = 

n =  

S =  
0 

821 edI2 (n2 - nl) Rc/u 

f i n e  s t r u c t u r e  cons t an t  

d ipo le  moment between the v = 2 and v = 1 level, 

e = elementrary charge 

r o t a t i o n a l  d i l u t i o n  f a c t o r  

r e l a t i v e  v e l o c i t y  

2xaedol d12 no S 

ground vibronic  populat ion 

Stueckelberz f a c t o r  expressing the e f f e c t i v e  r e a c t i v e  
c r o s s  s e c t i o n  as a f r a c t i o n  of the exac t  resonant c r o s s  
s e c t i o n  

The supply r a t e  of molecules i n  the second vibronic  s t a t e  i s  W 

> 2 
W = a d 02 (0 20 n0/{3 c [exp (h u20/kTs)-1]} 

For l a s i n g  

> (5) W = ( y  + y ) n where i t  i s  assumed f o r  pulsed ope ra t ion  

Then the de f in ing  equat ion i s  
C 0 2  

t h a t  nl = 0 and 7 = 0. 

(0) [exp (h W20/kTs - 11-l zd-2 (1 - r) Su ~ / 1 6  R A 

2 where T = 3 c /4a d w i s  the l i f e t i m e  of the fundamental. 01 10 

While the temperatures (T,) required f o r  l a s i n g  CO i n  t h i s  f a sh ion  
(ld5'K) a r e  excessive,  t h a t  f o r  HCR (10,000'K) i s  not i n  l i g h t  of Libby's 
r e c e n t  development of plasma torches ope ra t ing  i n  the  regime 30,000 t o  
40,000°K. 
r e q u i s i t e  Ts. 

Such c a l c u l a t i o n s  may be performed f o r  NO t o  determine the  

It i s  pointed out  by H e i l ,  e t  a l .  (Ref. 48) ,  t h a t  t h i s  concept i s  
based upon the anharmonicity of the l e  e l  system where the r e l e v a n t  

s t r e s s e d  by H e i l  i n  the p r a c t i c a l  sense, i s  minimizing the pumping of 
the v = 1 l e v e l .  This scheme does not s e e m  s u i t a b l e  f o r  the high energy 
requirements f o r  the NO l a s e r  system (Ref. 48) .  

parameter i s  A defined by dOz2'= A dol 3 . Also important, al though no t  

3 . 2  The U s e  of Shift-Tuning Techniques t o  Produce the Required 
Lasing Action 

On the b a s i s  of t he  m a t e r i a l  presented i n  Sect ion 3 . 1 ,  i t  appears 
t h a t  the p rospec t s  a r e  no t  p a r t i c u l a r l y  promising f o r  a s h o r t  range 
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developmen+, t o  produce a d i r e c t  gaseous l a s e r  gene ra to r  of s u f f i c i e n t  
power f o r  a probe of atmospheric NO. A major reason f o r  t h i s  
i s  t h a t  t he  i d e a l  prcjbing t r a n s i t i o n  would be one te rmina t ing  
ground s t a t e s  of NO, i .e.,  X 2111/2,3/2 (v = 0). 
s t a t e  i s  f a r  more d i f f i c u l t  i n  any gaseous s 
t r a n s i t i o n s  (4- level  l a s e r ) .  This  i s  e s p e c i a l l y  t r u e  i n  the  case  of 
n i t r i c  oxide s ince  the  f i r s t  e l e c t r o n i c  l e v e l s  l i e  a t  37965 cm'l  and 
43965 cm-l above ground l e v e l .  
of p r a c t i c a l  d i f f i c u l t i e s  i n  success fu l  d i r e c t  gas  laser genera t ion .  

Inve r s ion  on t h e  ground 
tern than on upper 1 

These UV f requencies  can  p resen t  a number 

The e f f i c i e n c y  of a resonance s c a t t e r i n g  experiment diminishes  r ap id -  
l y  a s  t he  ldwer l e v e l  energy va lue  inc reases  above ground, due t o  the  r e l a -  
t i v e l y  sharp decrease i n  Boltzmann populat ion a t  the  low atmospheric t e m -  
pe ra tu re  of 167'K a t  an  a l t i t u d e  of 90 km, Although the  i n f r a r e d  funda- 
mental of n i t r i c  oxide has been lased  success fu l ly  by means of both e l e c -  
t r o n i c  and pho tod i s soc ia t ion  of NOC&, the  p r e s e n t l y  observed v i b r a t i o n a l  
t r a n s i t i o n s  i n  NO a r e  11-10 t o  6-5, i n  CO 18-17 t o  5-4 (maximum pulsed 
power 100 WW). 
b u t  wi th  increas ing  d i f f i c u l t y ,  and t h  populat ion d i f f i c u l t y  f o r  t he  
probe a p p l i c a t i o n  w i l l  i nc rease  a t  e-" pe r  v i b r a t i o n a l  l eve l .  Y e t ,  i t  
w i l l  be shown t h a t  s i g n a l  l e v e l  and d e t e c t i o n  background noise  d i f f i c u l -  
t i e s  a r e  a l ready  marginal f o r  5 m i l l i j o u l e  pu l ses  i n  the  1-0 band. 

Fur ther  development may r e s u l t  i n  lower v i b r a t i o n a l  s t a t e s  

On the b a s i s  of r ecen t  GCA l abo ra to ry  experiments,  it appears  t h a t  
the  s h i f t i n g  of ruby o r  neodymium l a s e r  l i n e s  t o  the  n i t r i c  oxide reso-  
nance l i n e s  by harmonic genera t ion  and Raman s h i f t i n g ,  o f f e r s  more promise 
of high power than a d i r e c t  l a s e r  t r a n s i t i o n .  S p e c i f i c a l l y ,  t he  f o u r t h  
harmonic of the neodymium-glass l a s e r  has been produced a t  GCA a t  
10,4088/4.= 26522 a t  50 m i l l i j o u l e s  p e r  pu lse ,  which matches the  M(0,O) 

.band of NO. 
demonstrated a t  GCA a t  t he  resonance l i n e s  of Na, Ba, K, L i ,  Z r ,  and Rb 
by these  tuning techniques.  

Addi t iona l ly ,  under high power l a s e r  ou tputs  have been 

I n  s e l e c t i n g  the  most u s e f u l  l a s i n g  wavelength t o  i n v e s t i g a t e ,  t he  
fol lowing comments apply. I n  cons ider ing  the  u t i l i t y  and p o s s i b i l i t y  
of developing a success fu l  minor c o n s t i t u e n t  atmospheric probe, t he  two 
most important cons ide ra t ions  a r e  (1) the r a t i o  of t he  resonance s c a t -  
t e r i n g  s i g n a l  t o  the  Rayleigh s c a t t e r i n g  s i g n a l  and (2) the  r a t i o  of 
t he  resonant  s c a t t e r i n g  s i g n a l  t o  the  d e t e c t o r  and background no i se  prob- 
lem (i.e.,  measure of the  S/N). Concerning (1) the  resonant/Rayleigh 
r a t i o  has been t r e a t e d  i n  d e t a i l  i n  Sec t ion  2 .2 .1 ;  the  p e r t i n e n t  r e s u l t s  
of  t h a t  d i scuss ion  a r e  summarized i n  Table 2-1. 
s t rong  permitted e l e c t r o n i c  t r a n s i t i o n ,  t he  l i n e  s t r eng th ,  a, i s  gene ra l ly  
of the  o rde r  of cm; the  tabula ted  resonant l l iayleigh r a t i o s  a r e  
690 ( y  O,O>, 2400 (y  1,O). 
l o s s e s  i n  l i n e  s t r eng th ,  popula t ion  f a c t o r ,  o r  f l uo rescen t  e f f i c i e n c y  de- 
grade these  moderate magnitude r a t i o s .  For example, t he  M(0,O)  band i s  

weaker i n  l i n e  s t r e n g t h  (unfavorable Franck-Condon f a c t o r  a s  w e l l  as 
prohib i ted  t r a n s i t i o n ) ,  and weaker i n  f luo rescen t  e f f i c i e n c y .  The 

For the  y-bands, a 

For any o t h e r  e l e c t r o n i c  (UV) t r a n s i t i o n s ,  
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M(0,4) band i s  somewhat more favorable  with r e spec t  t o  both these f a c t o r s ,  
but has no s i g n i f i c a n t  populat ion i n  the  lower l e v e l  f o u r t h  v i b r a t i o n a l  
s t a t e .  Therefore, only the  Y (n,O)bands o r  the v i b r a t i o n - r o t a t i o n  bands 
(1-0), 2-0, o r  2-1) r ep resen t  poss ib l e  probe s l e c t i o n s  from the  srand-  
po in t  of resonant/Rayleigh r a t i o  alone. This e q u i r e s  l a s i n g  i n  the ex- 
tre& W o r  IR ,  where va r ious  p r a c t i c a l  d i f f i c u l t i e s  involving t h e  a v a i l a -  
b i l i t y  of o p t i c a l  components, atmospheric t ransmission o r  emission, add 
l a s e r  technology a r e  much more unfavorable than i n  the v i s i b l e  o r  near  I R  
s p e c t r a l  regions.  

Concerning requirement (2) above, the estimates of abso lu t e  s i g n a l  
and noise  f o r  t he  I R  ( l , O ) ,  y (0,O) and y (1-0) bands a r e  summarized i n  
Table 3-1. The va lues  were c a l c u l a t e d  on the b a s i s  of t he  parameter- 
values  ind ica t ed  i n  the t ab le .  Reasonable values  of s c a t t e r e d  r e t u r n  
photons p e r  1 j o u l e  pu l se  a r e  presented i n  l i n e  (16). However, i t  i s  
estimated ?hat  i m e d i a t e l y  p r a c t i c a l  s h i f t  tune techniques can  produce 
a t  b e s t ' 3  m i l l i j o u l e s  a t  5.3 microns (from second harmonic C02 laser) o r  
50 m i l l i j o u l e s  a t  t he  7 bands. 
shown on l i n e  (18). The p r a c t i c a l  p o s s i b i l i t i e s  f o r  immediate pe r fo r -  
mance of t he  ind ica t ed  experiments w i l l  be discussed i n  the next  s ec t ions .  

The f i n a l  es t imated photons/pulse a r e  

It should be noted t h a t  the quan t i ty  l i s t e d  as "photons/pulse" i s  
a l s o  c a l c u l a t e d  f o r  a s i n g l e  range r e s o l u t i o n  element, which i s  3 . 8  km i n  
the 0.26 mictosecond l i f e t i m e  of y (1,O). Therefore, by e l e c t r o n i c a l l y  
lengthening the receiver time cons t an t  t o  1 microsecond, f o r  example, one 
ob ta ins  fou r  times t h e  s i g n a l  i n  photons p e r  r e s o l u t i o n  element. Now the 
r e s o l u t i o n  i s  15 km o r  about the halfwidth of the peak NO concen t r a t ion  
a t  90 km. I n  add i t ion ,  s ince  the background from a l l  sources i s  a f r a c -  
t i o n  of an e l e c t r o n  pe r  pulse,  s t a t i s t i c a l  i n t e g r a t i o n  of s e v e r a l  pu l se s  
can  be employed t o  o b t a i n  u s e f u l  da t a  even a t  a r e t u r n  a s  low a s  1 elec- 
t r o n  per  pulse  p e r  r e s o l u t i o n  element. 

On t h i s  bas i s ,  i t  appears t h a t  a promising l abora to ry  p o s s i b i l i t y  
e x i s t s  f o r  gene ra t ing  the required y (1-0) 2155g r a d i a t i o n  by means of 
a dye l a s e r  a t  8620g (ADP second harmonic) - (KDP f o u r t h  harmonic). 
f e a s i b i l i t y  (Ref. 16 of  t h i s  l a s i n g  technique has been demonstrated p re -  

The 

viously f o r  the 265 28 m (0,4) band. I 

I n  the present  case involving the generat ion of 2155g r a d i a t i o n ,  i t  
appears t h a t  t he  at ta inment  of 50 m i l l i j o u l e s ,  as  i n  the  previous two- 
s t e p  process may be d i f f i c u l t ,  al though 1 t o  5 m i l l i j o u l e s  i s  f e a s i b l e .  
This  w i l l  r e s u l t  i n  about 1 t o  10 received e l e c t r o n s  p e r  pulse ,  p e r  0.5 
microsecond of range ga te ,  w i th  a r e s o l u t i o n  of 3.8 km. Perhaps i t  w i l l  
be required t h a t  a number of pu l se s  be i n t e g r a t e d  t o  o b t a i n  acceptable  
s t a t i s t i c a l  da t a .  

I n  p r a c t i c e ,  i t  i s  suggested t h a t  a l abora to ry  s c a t t e r i n g  experiment 
from a resonance c e l l  be performed which should test  most of the ca l cu -  
l a t e d  performance parameters, except atmospheric transmission. Speci- 
f i c a l l y ,  i t  would demonstrate the f e a s i b i l i t y  of both achieving the  
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Terms a Variable Function of Transition: 

BAND IR(1,O) Y (0,O) Y G Y  0 )  
LINE P6 P6 P6 
h(P) 5.33 0.2269 0.2 155 
v (cm'l) 1876 44,100 46,450 

(8) AtF, lifetime (sec) 0.088 0.26 x lom6 0.26 x lom6 
(9) q y  fluor. eff. 0.53 0.073 0.154 
(10) p ,  population 0.069 0.069 0.069 
(11) a (cm), strength 4.27 x 3.5 x 7 x 
(12 ) GvD (cm-l) , Doppler 1.5 3.5 3.7 

(13) Relative & 1.18 x 1.93 x lo-'' 7.7 x 10-l0 
D F  

2.0 2.5 10-l~ 1.0 x 10-l0 1 (14) S (t); Signal (watts) 
8 1.1 x 10 7 (15 1 11 (photons /sec) 5.3 x 2.0 x 10 

(16) 11 (photons/joule 4.7 x 10 1.9 x 10 7 lo3 
pulse) 

(300°K Back- 
ground) 
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match can be achieved and holding i t  s u f f i c i e n t l y  s t a b l e  t o  tune t h e  
source throughl the resonant l i n e .  By t h i s  method then, disseminat ion can 
be achieved between resonance and t h e  background due t o  a l l  o t h e r  sources.  
In a d d i t i o n ,  i n  a short-range resonance c e l l  experiment, no problem w i l l  
be encountered with e i t h e r  t h e  energy th re sho ld ,  o r  signal-to-noise:  

A promising s h i f t - t u n i n g  p o s s i b i l i t y  e x i s t s  f o r  generat ing l o s i n g  
a c t i o n  i n  t h e  IR 5.3-micron band. 
t he  second harmonic of t h e  CO2 laser 10.6-micron r a d i a t i o n .  

This may be accomplished by generat ing 

Both p o s s i b i l i t i e s  (y-bandyand I R  5.3-micron bands) are discussed 
i n  g r e a t e r  d e t a i l  below. 

3 . 2 . 1  Matching NO-5.3 microns with harmonic of C07-10.6 microns. - 
A promising p o s s i b i l i t y  i s  a v a i l a b l e  f o r  generat ing 5.3-micron r a d i a t i o n  
by generat ing t h e  second harmonic of t he  C02 laser 00'1-10'0, R-branch, 
J = 24. 
l i n e s  which have been reported and t h e  l i n e s  of NO(1,O). 
matched t o  0.02 cm-l, which i s  e s s e n t i a l l y  t h e  accuracy of t h e  a v a i l a b l e  
da ta .  The a c c i d e n t a l  p r e c i s e  match i s  required i n  the  case of two mole- 
c u l e s ,  s i n c e  t h e  narrow l i n e s  cannot be s h i f t e d  f a r ,  as i n  t h e  case  of t he  
wide f luo rescen t  bands of ruby, neodymium, o r  dyes, which can be tuned 
continuously by c a v i t y  mode s e l e c t i o n .  

I n  Figure 3-5 t h e  b e s t  values are presented f o r  2v of t h e  C 0 2  
N O ( 1 , O )  = R ( J  = 1) 

This harmonic doubling experiment of t h e  C02 l a s e r  has been performed 
by Pate1 (Ref. 49,50)  and o t h e r s .  The nonl inear  medium employed i s  a 
s i n g l e  c r y s t a l  of t e l lu r ium.  

The v e r t i c a l  abso rp t ion  of a r e l a t i v e l y  dry atmosphere i s  about 80 
percent  a t  5 .3  microns. I n i t i a l  probe experiments should be performed 
us ing  CW, with a coded chopper a t  about a hundred c p s  and a phase s e n s i -  
t i v e  d e t e c t o r  (Pr inceton Research Associates) .  This i s  suggested owing 
t o  the  long l i f e t i m e  of t h e  n i t r i c  oxide I R  t r a n s i t i o n ,  i . e .  88 m i l l i -  
seconds. Although t h i s  approach does not r e s u l t  i n  f i n e  range r e s o l u t i o n ,  
it may provide a measurement of t o t a l  n i t r i c  oxide along t h e  path,  by 
c a r e f u l  a n a l y s i s  of t h e  phase changes i n  the  modulation. Because t h e  
average power i n  the  CW C 0 2  lasers is  comparable with t h a t  i n  t h e  b e s t  
pulsed C 0 2 ,  lasers of high r e p e t i t i o n  rate,  t he  modulated -CW type r ada r  
probe experiment i s  e s s e n t i a l l y  as s e n s i t i v e  as t h e  pulsed radar type.  
The C 0 2  laser mi r ro r  Q-switched a t  120 cps y i e l d s  10-kW peak power a t  
300-nanoseconds pulsewidth, o r  3 m i l l i j o u l e s  p e r  pulse ,  3.6-watts average 
power. The t e l l u r i u m  harmonic y i e l d s  3 microjoules p e r  pulse .  A 10-watt 
CW C 0 2  laser in t e r rup ted  a t  100 microseconds gives  t h e  m i l l i  joule/pulse .  
I n t e r r u p t i o n  a t  10 mil l iseconds (50 cps square wave) y i e l d s  100 m i l l i j o u l e s l  
pu l se ;  a t  t h e  N O ( 1 , O )  l i f e t i m e  of 88 mil l iseconds,  t h i s  amounts t o  0.880 
jou le s /pu l se .  The former approach i s  more promising s i n c e  it can be 
accomplished more e a s i l y  with the  present  GCA l abora to ry  f a c i l i t i e s .  

5 0  



" 
0 o t 

I 
a 
I 
g5 

(u 

0 z 

- 
I -  o z -  - 
a - a  - m 

c 9 -  

e 
00 

e ao- 

a 
m w 
I 
3 z w > a 
? 

8 
E 

I o z a a 
m 
I I 

c- 
8 
B n 
" 0  
8 
8 
u) 
Y 

T I 
0 z 
K 
a 
m 
n 
J 
P 

0 

I 

X 
0 

E z 

m 

N 

- 

I 

P 

u, 

00 

N 
rr) 

I o z a a g  m 
I 
a. 
c 

N 
Y 

0" o 

51 



The above discus,sed s h i f t - t u n i n g  p o s s i b i l i t i e s  have been inves t iga t ed  
under the p re sen t  program e f f o r t .  A d e s c r i p t i o n  of t h e  general  laboratory 
techniques involved and t h e  experimental  d a t a  and r e s u l t s  are presented 
i n  t h e  foliowing Sect ion of t h i s  r epor t .  

3.2.2 The matching of NO resonance l ines by s h i f t - t u n i n g  ruby o r  
Since neodymibm l i n e s  v i a  hhrmonicgeneration and/or Raman s h i f t i n g .  - 

che re  are no lasers a v a i l a b l e  with tin output  a t  t h e  215511 NO band, a most 
promising method of producing a usable  output  i s  by s t a r t i n g  wi th  a laser 
which del ivers  s u b s t a n t i a l  power a t  o t h e r  wavelengths and us ing  nonl inear  
o p t i c a l  techniques t o  generate  a n  output  a t  t h e  wanted wavelength. The 
two laser materials which have been employed t o  produce s u f f i c i e n t  power 
output  when Q-switched t o  give high e f f i c i e n c y  i n  nonl inear  o p t i c s  are 
ruby with a n  output  a t  69438 and neodymium-doped g l a s s  a t  10,600g. However, 
i f  t h e  output  o f  t h e  lat ter laser can be s h i f t e d  t o  10,77511, t he  f i f t h  
harmonic w i l l  be s h i f t e d  t o  2155g. 
of Nd-doped g l a s s ,  such tuning i s  possible .  Broude, e t  a l .  (Ref. 5 1 )  
have indeed reported tuning from 10,5008 t o  11,0008 which includes t h e  
region of i n t e r e s t  a t  10,775a. This tuning w a s  performed with a g l a s s  
p r i s m  i n  t h e  laser c a v i t y  which acted as a d i s p e r s e r  t o  select  t h e  output  
wavelength. By combining t h i s  technique wi th  mode s e l e c t i o n ,  i t  is  pos- 
s i b l e  t o  generate  a narrow l i n e  output tunable  over a broad region.  

Owing t o  the  broad f luo rescen t  l i n e  

The second, t h i r d ,  and f o u r t h  harmonic generat ion of t h e  neodymium- 
doped g l a s s  laser have been reported (Ref. 5 2 )  and second and f o u r t h  
harmonic generat ion have been performed a t  GCA (Ref. 25): Although t h e  
f i f t h  harmonic could t h e o r e t i c a l l y  be generated d i r e c t l y  by t h e  f i f t h -  
o rde r  nonl inear  s u s c e p t i b i l i t y ,  t h i s  i s  so  s m a l l  t h a t  it is more e f f i c i e n t  
t o  employ t h e  second-order s u s c e p t i b i l i t y ;  i .e . ,  second harmonic generat ion 
and mixing of two frequencies  t o  generate  higher  o rde r  harmonics. Therefore,  
"fourth" harmonic i s  obtained by generat idg t h e  second harmonic of t h e  
second harmonic and t h e  " f i f t h "  harmonic can then be obtained by mixing 
t h e  f o u r t h  harmonic and t h e  fundamental. 

To generate  t h e  f i f t h  harmoniy e f f i c i e n t l y ,  t he  wave vectdr  of t h e  
second-order p o l a r i z a t i o n  wave, ek5 , which i s  equal  t o  t h e  f o u r t h  harmonic 
p lus  fundamental mixed l i g h t  wave must be made equivalent  t o  t h e  f i f t h  
harmonic second-order l i g h t  wavk, ek5, t o  provide phase matching of t h e  
two wave (Ref. 53 ) o r :  

I 
k = k  e 5 e 5 = ok4 4- ok l  

and n .w x i  k .  = - 
1 e 

(3-30) 

where n i  i s  t h e  index of r e f r a c t i o n  a t  t h e  wavelength of t he  i - t h  harmonic, 
u'i i s  i t s  angular  frequency, and c i s  t h e  speed of l i g h t .  
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The s u b s c r i p t s  e and o i n d i c a t e  t h a t  the f i f t h  harmonic i s  a n  e x t r a -  
ordinary wave i n  the c r y s t a l  and the fundamental and fou r th  harmonic a r e  
ordinary waves,respectively.  This permits the phase d i f f e r e n c e  due t o  
d i s p e r s i o n  t o  be cancel led by the b i - r e f r ingence  of a u n i a x i a l  c r y s t a l  
such a s  potassium diHydrogen phosphate (KDP) o r  ammonium dihydrogen 
phosphate (ADP). The ang le ,  B ,  a t  which phase matching occurs i s  given 
by (Ref, 54):  

2 s i n  (3- 31) 8 =  

where on5 and en5 a r e  the o rd ina ry  and ex t r ao rd ina ry  ind ices  of r e f r a c t i o n ,  
r e s p e c t i v e l y ,  a t  t he  f i f t h  harmonic wavelength, and?i5 = X5/2n where A 5  i s  
the wavelength of the f i f t h  harmonic. Then Equations (3-30) and (3-31) may 
be r e w r i t t e n  a s  

no3 + n u  ' 0 1 1  0 4 4  
ek5 = C 

-2  
- on5 5 

- 9  -7 

w 2 s i n  9 = 

where CD is  the angular  frequency of t he  f i f t h  harmonic. 5 

In o rde r  t h a t  s i n  6 < 1: 

= 0.2 n + 0.8 n on l  + w4 on4 
0 1  0 4 '  5 w w5 en5 < 

(3-32) 

(3- 33) 

(3- 34) 

The problem is  t h a t  i n  the  u l t r a v i o l e t  region,  the d i spe r s ion  is  so g r e a t  
t h a t  f o r  most m a t e r i a l s ,  the  above cond i t ion  cannot be s a t i s f i e d  i n  general .  
The index values  f o r  ADP and KDP c a l c u l a t e d  from Zernike's  empir ical  equat ion 
(Ref. 54) which i s  accu ra t e  t o  a r e  presented i n  Table 3-2. A s  can be 
seen,  n e i t h e r  ADP nor KDP f u l f i l l  t he  cond i t ion  f o r  phase matching a t  any 
angle.  However, potassium dideuterium phosphate (KDDP) has a lower d i s -  
pers ion i n  proport ion to  i t s  b i - r e f r ingence  than KDP (Ref. 55) and, t h e r e f o r e ,  
should permit phase matching s i n c e  KDP i s  so c l o s e  t o  i t .  Unfortunately,  no 
index values a r e  a v a i l a b l e  f o r  KDDP i n  the u l t r a v i o l e t  of  s u f f i c i e n t  accuracy 
t o  permit exac t  c a l c u l a t i o n  of t he  phase matching angle.  The s t rong  poss i -  
b i l i t y  of being a b l e  t o  accomplish phase matching using KDDP, suggests  t h a t  
a n  appropr i a t e  s e r i e s  of experiments should be performed i n  o rde r  t o  t es t  
t h i s  p o s s i b i l i t y  a s  w i l l  be discussed i n  g r e a t e r  d e t a i l  i n  Sect ion 4.1.3. 
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TABLE 3-2 

INDEX VALUES FOR ADP AND KDP 

0"l Materia 1 0.2 n f 0.8 n 
0 1  0 4  6 

en5 

ADP 1.5071 1.5800 1.5654 1.5711 

KDP 1.4943 1.5602 1.5470 1.5484 

In the event t h a t  the " f i f t h  harmonic" of the neodymium l a s e r  cannot 
be tuned d i r e c t l y  t o  the 2155w NO l i n e ,  t he re  a r e  a number bf ways i n  which 
harmonic generat ion,  sum frequency generat ion,  and Raman s h i f t i n g  can be 
combined t o  y i e l d  the des i r ed  frequency. The exact  o rde r  can be determined 
by the c h a r a c t e r i s t i c s  of t he  Raman m a t e r i a l  and s e l e c t e d  i n  order  t o  maxi- 
mize the conversion e f f i c i e n c y  a t  each s t ep .  Regardless of the o rde r ,  the 
frequency involved can be cha rac t e r i zed  a s  follows: l e t  v0 be the i n i t i a l  
l a s e r  frequency, v i  i s  the Raman frequency s h i f t ,  and i s  the f i n a l  des i r ed  
frequency., Then 

- 

v = nv 5 mvl . 
0 

(3-35) 

-1 -1 For the neodymium-in-glass l a s e r  vo = 9418 k 10 cm 
the amount by which the l a s e r  can be tuned) and v(21558) = 46389 cm-'. 
Here i t  is  assumed t h a t  n = 5 and one is  only i n t e r e s t e d  i n  Stokes Raman 
l i n e s  s o  t h a t  the minus s i g n  is  employed. Then: 

( 5  10 cm rep resen t s  

(Y - 5v0) 
1 - 

v l - - -  m 

-1 v1 - - - (701 If: 50) cm m 

(3- 3 6 )  

Taking m-values 1 through 5, y i e l d s  the following required Raman f re -  
quehcies with the ind ica t ed  posgible ma te r i a l s :  

54 



Expected 
Mater ia l  (MP/BP OC) Raman S h i f t  v1 m 

m = l  v1 = 701 5 50 TeF6 (- 36/ 35 5) 697 cm’l 

710 cm-’ SeF6 (-46/ - 35) 

m = 2  vi = 350 rt 25 A j 2  CR6 (sub1 117.8) 340 c m - l  

S i 2  C J 6  (-Ul45) 354 cm-’ 

m = 3  v1 = 234 5 17 Sn B r 4  (31/303) 220 c m - l  
-1 G e  B r 4  (26/186) 234 cm 

Sn CR B r 3  (1/73) 235 cm-’ 

S i  B r 4  (5.4/154) 249 cm” 

m = 4  vl = 175 k 12 Sn H B r 3  180 cm” 

m = 5  vl = 140 t- 10 A.e2 lj, (191/360) 146 cm-’ 

Under another  c o n t r a c t  program, the  s t imu la t ed  Raman e f f e c t  i n  SF6, 
This sug- , and Ge CR4 has bken observed. 

si “’4 C CRF3, Sn CR4, S i  Cd4, 
g e s t s  t h a t  experiments be per  ormed with SeF6 o r  TeF6 with the  Raman s h i f t  
generated a f t e r  the f i r s t  second harmonic s t e p  i n  the  following b a s i c  m n n e r :  

Only the,more important of t he  many r e s u l t i n g  frequencies  a r e  shown 
i n  the fou r - s t ep  process.  

Similar  analyses  suggest  using the ruby l a s e r  which o f f e r s  two possi-  
b i l i t i e s .  ’ The f i r s t  involves the  Stokes Raman s h i f t  of 2790 cm-’ from the  
ruby l a s e r  followed by a second harmonic s t e p  using ADP, and a f o u r t h  
harmonic s t e p  using KDP o r  some o the r  c r y s t a l .  However, t h e r e  exists the  
lack oE a good Raman m a t e r i a l  y i e l d i n g  a s h i f t  of 2790 c m - l  and a c r y s t a l  
which a f f o r d s  good phase match f o r  the second s t e p  of harmonic generation. 

The second ruby l a s e r  approach involves the  coupling of a n  equ iva len t  
t h i r d  harmonic gene ra t ion  with ant i -Stokes Raman s h i f t .  This would r e q u i r e  
the  production of a s t r o n g  ant i -Stokes l i n e  using the  ruby l a s e r  and a sub- 
sequent summing with the  l a s e r  harmonic. 
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It i s  known t h a t  s i g n i f i c a n t  ant i -Stokes components can be produced 
i n  gases  a s  Raman ma te r i a l s  due t o  the low d i spe r s ion  of t h e  gas (Ref. 56) .  
It i s  poss ib l e  i n  a gaseous medium t h a t  t he  phase matching cond i t ion  (Ref. 
57 )  f o r  ant i -Stokes production i s  almost s a t i s f i e d .  Th-is ant i -Stokes produc- 
t i o n  can be copious i f  the phase mismatch 

nzC = 2KR - 

(with K the propagation vec to r ,  1 - l a s e r ,  s - s tokes ,  a - ant i -Stokes)  
i s  small. A t  small phase mismatch, t he  i n t e n s i t y  of the ant i -Stokes wave 
approaches t h a t  of the Stokes wave (Ref. 58). This has been demonstrated 
i n  s e v e r a l  gases (Ref. 59, 66). These r e s u l t s  seem t o  be supported a l s o  
i n  the GCA i n v e s t i g a t i o n s  of the gases s u l f u r  hexafluoride,  c h l o r o t r i -  
fluoromethane, and hexafluoroethane. In such a n  approach, t he  Raman f r e -  
quency required t o  generate  output  a t  2155g is  3195 cm- l .  
pected s t imulated Raman s h i f t s  (derived from the l i t e r a t u r e  on spontaneous 
Raman measurements) con ta ins  no m a t e r i a l s  with a 3195 c m - l  s h i f t .  
l i t e r a t u r e  on observed s t imulated Raman e f f e c t  l i s t s  a s h i f t  of 3182 cm' 
f o r  7-picol ine (Ref. 61) (4-methyl pyridine - a l i q u i d )  although the  
frequency e r r o r  l i m i t s  a r e  5 10 percent.  
and, un fo r tuna te ly ,  the b a s i c  r i n g  v i b r a t i o n  a t  1016 c m - l  i s  a l s o  reported.  
How ve r ,  t o  
cm i s  required by t h i s  " th ' rd  harmonic" ruby method. Carbonyl s u l f i d e  
(COS) has a s h i f t  of 858 and i s  a r e a d i l y  a v a i l a b l e  gas about which 
much information (Ref. 62) i s  a v a i l a b l e .  I f  s i g n i f i c a n t  ant i -Stokes Raman 
conversion is poss ib l e ,  t h  s method o f f e r s  some advantages over t h a t  in-  
volving the " f i f t h  harmonic" equ iva len t  of neodymium-glass l a s e r .  

A l i s t  of ex- 

1 

This s h i f t  i s  the  6-H v i b r a t i o n  

The 

generate  r a d i a t i o n  a t  the 7(0,0) bands, 2260x s h i f t  of 864 -7 

The f i n a l  suggested technique i n  t h i s  category involves the use of dye 
l a s e r s .  Recent developments Ref. 63-7 6) i n d i c a t e  t h a t  the generat ion of 

harmonic generat ion of e i t h e r  a f l a s h  lamp pumped o r  ruby harmonic pumped 
dye l a s e r .  A dye f o r  t h i s  purpose might be 3-ethyl-aminopyrene 5, 8,  10- 
t r i s u l f o n i c  a c i d  i n  the  appropr i a t e  so lven t .  The problem with harmonic 
gene ra t ion  i n  t h i s  a p p l i c a t i o n  i s  the same a s  t h a t  encountered e a r l i e r  
with regard t o  the "fourth harmonic" generat ion of a Raman s h i f t e d  ruby 
l a s e r ,  i .e. l ack  of a good nonl inear  m a t e r i a l  i n  which phase matching can 
be accomplished f o r  the 431Og-21552 harmonic s t e p .  An a d d i t i o n a l  problem 
with the dye l a s e r s  i s  the  broad l i n e  output  so t h a t  work would be r equ i r ed  
on l i n e  width reduction. However, consider ing the  s a t i s f a c t o r y  r e s u l t s  
a l r e a d y  achieved with the  Ne-glass l a s e r  one could be o p t i m i s t i c  about 
achieving s i m i l a r  r e s u l t s  with dye l a s e r s .  Once t h i s  i s  achieved, t h e r e  
i s  then a s t r o n g  p o s s i b i l i t y  t h a t  a f l a s h  lamp pumped l a s e r  with a n  output  
near 6465g (such a s  3,3'- diethyloxadicarbocyanine iodide)  could be employed 
a s  a source f o r  " third harmonic" [(v, + vo) + vo] generat ion with a v a i l a b l e  
c r y s t a l s  such a s  ADP. 

r a d i a t i o n  a t  21558 o r  a t  2269 s can be accomplished by a one-step second- 
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4 ,  EXPERIMENTAL PROGRAM 

4.1 Laboratory Survey of Lasing Techniques 

The previous d i scuss ions  presented i n  Sect ions 3.1 and 3.2 have 
suggested a number of p o s s i b i l i t i e s  f o r  j e n e r a t i n g  l a s i n g  a c t i o n  i n  a 
v a r i e t y  of systems. Of ' t hese ,  the more promising schemes have been 
s e l e c t e d  f o r  f u r t h e r  l abora to ry  i n v e s t i g a t i o n  i n  o rde r  t o  eva lua te  
t h e i r  f e a s i b i l i t y  f o r  a p p l i c a t i o n  a s  a n  atmospheric probe. Owing t o  
the  l imi t ed  scope of  t he  program, i t  was decided t o  survey a number of 
p o s s i b i l i t i e s  r a t h e r  than s i n g l e  ou t  any p a r t i c u l a r  scheme f o r  d e t a i l e d  
i n v e s t i g a t i o n  a t  the present  t i m e .  A s  such, the program involved p re -  
l iminary measurements f o r  a number of systems. S p e c i f i c a l l y ,  the pro-  
gram included l abora to ry  i n v e s t i g a t i o n s  involving the following systems: 
(1) CW and pulsed discharge experiments with NO and/or NO2 with mixtures 
containing va r ious  p a r t i a l  p re s su res  of N2 and/or He, (2) af terglow ex- 
periments involving a c t i v e  n i t rogen  and oxygen, ( 3 )  at tempts  t o  generate  
the second harmonic of CO ( 1 0 . 0 ~ )  t o  match NO I R  5.3-micron r a d i a t i o n ,  

and Raman s h i f t i n g .  
and (4 )  the  tuning of neo 2 ymium l a s e r  l i n e s  by both harmonic generat ion 

Laboratory i n v e s t i g a t i o n s  on systems (1) and (2) r ep resen t  a t tempts  
t o  achieve d i r e c t  l a s i n g  of NO a t  the required t r a n s i t i o n s  whereas s y s -  
t e m s  ( 3 )  and (4 )  r ep resen t  p o s s i b i l i t i e s  of tuning o t h e r  l a s e r s  t o  the  
dksired frequency. Thus, f o r  convenience the r e s u l t s  a r e  discussed i n  
these two general  c a t e g o r i e s .  

4 . 1 . 1  Di rec t  l a s i n g  of NO a t  the required t r a n s i t i o n s .  -Of the  
I l a r g e  number and v a r i e t y  of p o s s i b i l i t i e s  t o  o b t a i n  d i r e c t  l a s i n g  of 

NO (see Sect ion 3.1) the present  l abora to ry  e f $ o r t  r e s t r i c t e d  the i n -  
v e s t i g a t i o n  t o  CW and pulsed discharge experiments involving a l a r g e  
number and v a r i e t y  of gaseous mixtures and some prel iminary work on 
af terglow s t u d i e s .  For these purposes a s u i t a b l e  experimental  appara- 
t u s  was designed and cons t ruc t ed ;  a schematic of the gaseous laser 
apparatus  shown i n  Figure 4-1. 

The apparatus  shown was cons t ruc t ed  of s tandard 2-inch g l a s s  pipe 
components pe rmi t t i ng  r e l a t i v e l y  simple (and l o w  c o s t )  modif icat ion of 
e i t h e r  the length o r  diameter.  The gold coated mi r ro r s  i n  the c a v i t y  
have a r ad ius  of cu rva tu re  of 1.75 meters. The output  energy is  re- 
moved through an output  coupling ho le  bored through the a x i s  of  one 
mirror  and an o p t i c a l  f l a t  of i r t r a n  I V  which makes the  vacuum seal  
on the  mi r ro r  f l ange .  The end (mirror) f l anges  may be ad jus t ed  f o r  
o p t i c a l  alignment i n  a near  confocal  arrangement by the micrometric 
screws anchored t o  the o p t i c a l  bench r a i l .  

A 1500/l i ter /minute  P r e c i s i o n  Model D-1500 mechanical pump i s  e m -  
ployed evacuat ing the  apparatus.  The gas mixtures can  be regulated 

57 



I 
8 
E 

v) 
w 

L 
W 
4 '  w 
W 
(3 

5 > 

I 

I 
(3 

In 
0 

I 

I 

58 



and va r i ed  wi th  c a l i b r a t e d  Edwards high vacuum valves .  
Tiernan vacuum gauge (0-20 m) was employed t o  check t h e  composition of 
the gas mixtures. 

A Wallace and 

For CW operat ion,  a r a t e d  LO-kV, 150-mA commercial power supply 
was employed. For the  2-inch diameter,  ;:-meter long discharge tube, 
the breakdown vo l t age  va r i ed  from 4 t o  7 kV depending on gas mixture. 
For some experiments a 5-kV, 250-mA power supply was used. 

For p u l s e r  o p e r a t i o n  the  c i r c u i t  shown i n  Figure 4 - 2  was employed. 
The RC-charging c i r c u i t  had a t i m e  cons t an t  of 0,003 seconds (approxi- 
mately 11’5 the  r e p e t i t i o n  ra te ) ,  thus l ead ing  t o  n e a r l y  f u l l  power 
supply vol tage on condenser f o r  each discharge.  The s to red  energy f o r  
each discharge was 1/2 CV2 a 2 j o u l e s  p e r  pu l se  f o r  a 4-kV supply. 
This i s  more energy than i n  the  p u l s e r  used by P a t e l  (Ref .  49) ,  though 
the GCA discharge t i m e  was about 10 psec as  observed by osc i l l o scope .  
P a t e l  r e p o r t s  h i s  p u l s e r  a s  15-kV, 15-A i n i t i a l  amplitude and 1 psec 
d u r a t i o n ,  thus 0.25 j o u l e s  pe r  pu l se .  

The r a d i a t i o n  d e t e c t o r  employed f o r  t h i s  experimental  phase was an 
Eppley Thermopile No. 3630 wi th  a 10-second response time. Absolute 
c a l i b r a t i o n  of the thermopile was accomplished by comparison of i t s  re- 
sponse a g a i n s t  dn NBS s tandard ‘lamp. The r e s u l t s  i nd ica t ed  a s e n s i -  
t i v i t y  of 0.056 pV/pW pe r  cm2.  
p i l e  has a 1-mm LiF window which reduces i t s  s e n s i t i v i t y  a t  9.51.1 and 
10.511 by f a c t o r s  of 10 and 100, r e spec t ive ly .  These c a l i b r a t i o n  re- 
s u l t s  were checked a g a i n s t  a TRG Model 107 c a l o r i a e t e r  employed wi th  
a C02 - CW l a s e r  ou tpu t .  I n  any case,  t h i s  d e t e c t o r  w a s  employed as 
ind ica t ed  f o r  the discharge and af terglow experiments discussed below. 

Unfortunately,  t h i s  p a r t i c u l a r  thermo- 

P r i o r  t o  the performance of the ind ica t ed  l a s e r  experiments i n -  
volving a v a r i e t y  of gases,  i t  was necessary t o  e s t a b l i s h  the ope ra t ing  
c h a r a c t e r i s t i c s  of t h e  apparatus  and i t s  c a p a b i l i t y .  This t a s k  was 
performed by s u c c e s s f u l l y  l a s i n g  C 0 2  i n  the 9.511 t o  10.611 band i n  ac -  
cordance with P a t e l  (Ref. L9 & 5 0 ) .  The r e s u l t s  of these tests e s t a b -  
l i shed  the proper func t ion ing  of the following: 

(1) mi r ro r  alignment and s t a b i l i t y  of a l l  mechanical components, 
(2) c a l i b r a t i o n  and t e s t i n g  of flow and vacuum systems, 
(3) check and c a l i b r a t i o n  of power output  measuring devices  

( 4 )  o t h e r  general  o p e r a t i o n a l  tasks .  
(is e .  , thermocouple, and ca lo r ime te r ,  and 

Subsequent t o  these  i n i t i a l  tests, a number of C02-N2-He p a r t i a l  
pressure combinations were inves t iga t ed .  It was found t h a t  t h e  optimum 
p a r t i a l  p re s su res  f o r  t h i s  system were 0.4  m C02, 1 . 2  mm N and 2.4 mm 
He.  It was found t h a t  l a s i n g  power output  increased with discharge c u r -  
r e n t  up t o  about 40 mW a t  40-mA c u r r e n t ;  t h e r e a f t e r  i t  was cons t an t  t o  
the power supply l i m i t  of 150 mA. 

2 
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Figure 4-2.  I n t e r r u p t e r  gap pulse  dis- 
charge source,  60 pps  



d 

. - The r a t i o n a l e  f o r  

was discussed previous ly  i n  s e c t i o n s  3.1.1 and 3.1.2.  
periments were s e l e c t e d  on t h e  b a s i s  of s i m p l i c i t y  and the  p o s s i b i l i t y  
of ga in ing  some s c i e n t i f i c  i n s i g h t  i n t o  :he NO v i b r a t i o n a l - r o t a t i o n a l  
e x c i t a t i o n  processes  s ince  J n v e s t i g a t i o n s  of v i b r a t i o n a l  t r a n s f e r  sys- 
tems under s teady  s t a t e  d i scharge  cond i t ions  * a r e  a t t r a c t i v e  from t h i s  
po in t  of view. 

The s p e c i f i c  ex-  

The C02 l a s e r  apparatus  was employed t o  perform b r i e f  l abo ra tb ry  
surveys of s p e c t r a l  ou tput  i n  the  5-micron region a s  a func t ion ’o f ’  
t o t a l  and p a r t i a l  p re s su re  and c u r r e n t  d e n s i t y  f o r  t he  fol lowing gases  
and mixtures : 

(a) pure NO a t  p re s su res  of 0 .1  t o  1.0 t o r r  ( t y p i c a l  l a s i n g  f o r  
p r e s s u t e s ) ,  

(b) mixtures of NQ and N2 where the  p a r t i a l  p ressure  of NO var ied  
from 0 , l  t o  1 .0  t o r r  and the  t o t a l  p re s su re  was maintained a t  
1 .0  t o r r ,  

(c) mixture of NO and He as i n  (b), 
(d) mixtures of NO wi th  N and/or  He a s  bu f fe r  gases .  Here the  

p a r t i a l  pressures of 60 aga in  va r i ed  from 0.1 t o  1 .0  t o r r  
w h i l e  the  t o t a l  p ressure  was always maintained a t  1.0 t o r r .  
I n  a l l  ca ses  the  bu f fe r  gas was a 50-50 mixture of N2 and He.  

[ i n  p lace  of the  NO i n  (a), (b), (c), and (d) ]  wi th  analogous 
use of t he  bu f fe r  gases .  ’ 

(e), ( f ) ,  (g) ,  and (h) mixtures  involved NO2 a s  the  l a s i n g  gas  

The ind iv idua l  mixtures [involved i n  I t e m s  (a) through (h)] were 
appara tus  prev ious ly  shown formed and fed 

i n  Figure 4-1. t he  inpu t  power was va r i ed  
from about 2 t o  8 j o u l e s  s l a s i n g  a c t i o n  observed 
o r  de t ec t ed  i n  the  5-mic p i l e .  It  may be sug- 
gested t h a t  these  nega t ive  r e s u l t s  may be a t t r i b u t a b l e  t o  the  r e l a t i v e l y  
long t i m e  cons t an t  of the thermopile d e t e c t o r  employed and/or t he  longer  
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pu l se  discharge t i m e  

n- 
era1 i n  

generate  the required N and 0 atoms whi re fed i n t o  
marked "gas i n l e t "  i n  Figure 4-1. 
between 5 and 15 kV. The p res su res  of t he  gases were va r i ed  from 0.25 t o  
3 . 0  mm. 
thermopile. A Bass Kessler wide ape r tu re  spectrograph was used t o  d e t e r -  
mine the  s p e c t r a  of the gas discharges.  A Hg spectrun. was employed f o r  
the c a l i b r a t i o n  and the wavelength of t he  emission l i n e s  were c a l c u l a t e d .  
No atomic l i n e s  of oxygen o r  n i t rogen  could be i d e n t i f i e d  from the spec- 
t r a ,  but a l e a s t  f o u r  l i n e s  (band heads) i n  the molecular spec t r a  of O2 
and N2 were i d e n t i f i e d .  On the b a s i s  of t hese  r e s u l t s ,  i t  was concluded 
t h a t  the antenna which was used on the microwave generator  probably d i d  
not produce N atoms o r  0 atoms with s u f f i c i e n t  e f f i c i e n c y .  
t hese  experiments were repeated using a microwave c a v i t y  coupled wi th  
the microwave gene ra to r  as the e x c i t a t i o n  source a s  descr ibed below. 

Pulsed and CW discharges were attempted 

No l a s i n g  was de tec t ed  i n  the  5-micron region with the Eppley 

Therefore, 

The f i n a l  se t  of  a f t e rg low experiments were performed i n  which a n  
e l e c t r o d e l e s s  discharge was generated w i t h i n  an Evensen c a v i t y  which i n  
t u r n  was coupled t o  a Raytheon diathermy u n i t  ope ra t ing  on 2450 Mc 100 
watt  maximum. The c a v i t y  was tuned t o  optimum power using a Bendix 
Model 725 RF power meter which allows measurement of both the  i n c i d e n t  
and r e f l e c t e d  power de l ive red  t o  the microwave c a v i t y .  The experimental  
arrangement ( fo r  generat ing the  N and 0 atoms) which was at tached t o  t h e  
"gas i n l e t "  p o s i t i o n  i s  ind ica t ed  i n  Figure 4-3. I n  add i t ion ,  t h i s  
equipment was a l s o  employed f o r  the d e t e c t i o n  and monitoring of N and/or 
0 atom concen t r a t ions  descr ibed below. 

A f t e r  passing through the rowave discharge,  t he  mixture of N2 
and N (Reaction 1) w a s  t i t r a t e d  t h  n i t r i c  oxide t o  g ive  molecular ni.- 
t rogen and oxygen atoms (Reaction 2) :  

N2 i- N (1 pe r  

N2 -f- 0 
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The n i t rogen  af te rg low was monitored wi th  a photomul t ip l ie r  a t  a d i s t ance  
of 15 c m  from the  mixing po in t .  
a func t ion  of t he  n i t r i c  oxide concen t r a t ion  is presented i n  Figure 4-4, 
The r e a c t i o n  between n i t rogen  atoms and NO i s  very East as evidenced by 
the  t i t r a t i o n  p l o t  d a t a .  The minimum rep resen t s  the end po in t  i n  t i t r a -  
t i o n  where the  n i t rogen  and oxygen atom concen t r a t ions  a r e  equal ,  
the  t i t r a t i o n ,  t he  fol lowing end po in t  r e a c t i o n  becomes important 

A p l o t  of t he  photomul t ip l ie r  reading 

A t ’  

N + 0 -+ NO* 

The d ischarge  i n  the  l a s e r  c a v i t y  was t r i gge red  and maintained wi th  
the  Sorensen 3-kW power supply opera t ing  between 15 and 150 mA, The de-  
t e c t o r  was aga in  the  Eppley thermopile wi th  a Kei thley microvolt  a m p l i f i e r  
readotrt. 

A t  each pressure  employed a similar NO t i t r a t i o n  was performed, and 
the d ischarge  i n  the  l a s e r  was i n i t i a t e d  when the  oxygen and n i t rogen  
atom concent ra t ions  were equal  ( t i t r a t i o n  end po in t ) .  The t o t a l  p ressure  
was var ied  between 1 and 8 t o r r  ( the usual  pressure  range f o r  $as l a s e r s )  
but s t i l l  no l a s i n g  was de tec ted  with the  thermopile. 
added as a b u f f e r  gas  and the  t o t a l  p ressure  was var ied  between 2 and 8 
t o r r  with no d e t e c t a b l e  increase  i n  the  s i g n a l .  These experiments y ie lded  
negat ive  l a s i n g  results from t h i s  system when conducted a t  both the  CW and 
pulsed modes. 

Helium was then 

4 . 2  S h i f t  Tuning of Other Laser Lines  t o  &nera te  5.31.1 
and 2155g Lasing Radiat ion 

I n  a d d i t i o n  t o  the  labora tory  e f f o r t s  descr ibed  i n  the  previous sec -  
t i o n ,  cons iderable  emphasis was placed upon i n v e s t i g a t i n g  the  s h i f t -  
tuning methods discussed i n  Sec t ion  3.2. S p e c i f i c a l l y ,  two programs were 
inves t iga t ed :  (1) the  product ion of 5.33-micron r a d i a t i o n  by genera t ing  
the second harmonic of C02 laser r a d i a t i o n  a t  10.6~ and (2) t he  produc- 
t i o n  of 2155g r a d i a t i o n  by genera t ing  a frequency approximately f i v e  
times t h h t  of t he  neodymium-glass l a s e r ,  10,600g. 

4.2.1 Production of 5 . 3 ~  r a d i a t i o n  v i a  harmonic genera t ion  of the  
%, 10.6~ l a s i n g  r a d i a t i o n .  - The = l o s e  coupl ing (within 0.02 c m - l )  
between 2v of the  C02 l i n e s  and the  5 . 3 ~  l i n e s  of t he  NO (1,O) v i b r a -  
t i o n a l - r o t a t i o n a l  t r a n s i t i o n  have been emphasized i n  Sec t ion  3.2.2. 

. P a t e l  (Ref. 49,50) achieved experimental  v e r i f i c a t i o n  of t h i s  pro- 
cess by observing frequency doubling of t h e  10;s~ r a d i a t i o n  from a 1-watt 
ou tput  C02 laser. 
t i o n  through a t e l l e r i u m  c r y s t a l  c u t  a t  the  c o l l i n e a r  index matching 
angle  of 14 degrees .  
i . e . ,  about Thus, these  r e s u l t s  suggested t h a t  an  i n i t i a l  t a s k  would 
be t o  inc rease  the  l a s e r  ou tput  above the  40 mW previous ly  achieved (see 
Sec t ion  4.1.1) t o  a t  least 1 watt  p r i o r  to  a t tempt ing  to experimental ly  
observe second harmonic genera t ion .  

The doubling was accomplished by pass ing  the  r a d i a -  

The process  was noted t o  occur wi th  a low e f f i c i e n c y ,  
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4.2. '2  Power output  op t imiza t ion  of ,the COIL 1 0 . 6 ~  l a s i n g  r a d i a t i o n .  - 
A major f a c t o r  involved i n  inc reas ing  the  10.6p. output  (from the  previous 
40-mW value)  t o  about 0.8 wa t t s  i s  the  diameter  change of t he  output  coup- 
l i n g  hole  i n  the  mir ror  from the  o r i g i n a l  2 mm t o  about 6 mm. Horrigan 
(Ref. 77) has repor ted  t h a t  f o r  hole  coupling, a hole  0.6 times the  tube 
diameter seemed t o  provide the  optimum coupl ing.  Thus, i n  p r i n c i p l e ,  i f  
the diameter  of the  output  coupl ing hole  is  increased t o  30 mm, one should 
be a b l e  t o  de r ive  about 85 t o  100 wa t t s  of power a t  1 0 . 6 ~ .  
agreement with the  genera l  es t imated output  of 50 t o  75 watts p e r  meter 
f o r  C 0 2  l a s e r s .  

This i s  i n  

Rigden and Moller (Ref .  78) have concluded t h a t  the  gas  mixture 
which y ie lded  the  optimum power f o r  t he  C02 laser was helium, 80 pe rcen t ;  
n i t rogen ,  15 pe rcen t ;  C02,  5 percent .  The above premixed gas was purchased 
from Suburban Welders. The output  power was measured as a func t ion  of t he  
p a r t i a l  p ressure  of each gas added t o  the  i n i t i a l  mixture (see Figure 4-5). 
Small i nc reases  i n  the amounts of the  gases  increased the  output  only 
s l i g h t l y  u n t i l  f i n a l l y  quenching occurred a t  higher  pressures .  The o p t i -  
mum mixture then i s  e s s e n t i a l l y  equiva len t  to t h a t  repor ted  by Rigden and 
Moller (Ref. 7 8 ) .  

Higher l a s e r  ou tpu t s  of the  l a s e r  a r e  observed wi th  inc reas ing  power 

The output  power was measured as a func-  
input  up t o  a maximum (usual ly  about 100 t o  125 mA) then a gradual  de-  
c rease  as shown i n  Figure 4-6) .  
t i o n  of pressure  f o r  the 80 percent  helium, 15 percent  n i t rogen ,  and 5 
percent  C02 mixture (the va lues  p l o t t e d  i n  Figure 4-7 represent  the  peak 
powers obtained a t  the  p a r t i c u l a r  gas  pressure) .  
sharp ly  Q i t h  inc reas ing  pressure  and peaks a t  6 nun. A t  h igher  pressure ,  
the output  power and the  e f f i c i e n c y  decrease cons iderably .  The a c t u a l  
va lues  might not  vary a s  much a s  suggested i n  Figure 4-7 s i n c e  the  l e v e l  
l i f e t i m e s  a r e  pressure  dependent. 

The l a s e r  power rises 

The e f f i c i e n c y  (which i s  not  co r rec t ed  f o r  t he  power d i s s i p a t e d  a t  
This i s  the  e l ec t rodes )  i s  only 0.31 percent  a t  6 t o r r  t o t a l  p ressure .  

low compared t o  the  10 t o  15 percent  e f f i c i e n c i e s  repor ted  f o r  t h i s  l a s e r ;  
however, a s  ind ica ted  previously,  optimum output  coupl ing does not  p r e v a i l  
here .  If the  e f f i c i e n c y  i s  p l o t t e d  as a func t ion  of power output  (watts), 
i t  i s  ev ident  t h a t  the  e f f i c i e n c y  decreases  wi th  inc reas ing  power a s  
shown i n  Figure 4-8. Q u a l i t a t i v e l y ,  a t  least, these  r e s u l t s  resemble 
those obtained by Rigden and Moller (Ref. 78) .  

It  has been reported t h a t  the a d d i t i o n  of water  vapor to the  
CO2 l a s e r  l eads  t o  an  increased  e f f i c i e n c y  through a de -exc i t a t ion  mecha- 
nism (Ref. 79) .  This  experiment was attempted and a reduct ion  i n  power 
of about 7 5  percent  was observed f o r  which no ready explana t ion  i s  o f fe red .  
No f u r t h e r  e f f o r t  w a s  d i r e c t e d  toward t h i s  phase. 

The divergence was measured f o r  t he  laser beam which i s  coupled 
through a 6-rum hole  i n  the  mir ror  (Figure 4 - 9 ) .  This was performed by 
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rackihg the  thermopile a c r o s s  the  beam p a r a l l e l  t o  the mi r ro r  and mea- 
su r ing  the power as a func t ion  of the d i s t a n c e  t raversed.  

In any c a s e  i t  is  ev iden t  t h a t  a t  t h i s  s t a g e  a power output  of 
approximately 1 watt  was 
perform the i n i t i a l  expe ments on second harmonic gene ra t ion  which 
are descr ibed below, 

chieved which w a s  considered s u f f i c i e n t  t o  

4.2.3 CC12 second harmonic generat ion.  - The i s o l a t i o n  of 2v of 
the C 0 2  laser was attempted wi th  the equipment i l l u s t r a t e d  i n  Figure 
4-10. S p e c i f i c a l l y ,  the 5.3-micron region was i s o l a t e d  by combining 
a 4 . 5 ~  long pass f i l t e r  w i t h  a sapphire  window. 
f i l t e r  combination shown i n  Figure 4-11 was success fu l  i n  e l i m i n a t i n g  
the  C 0 2  discharge emission a t  4.311 as  w e l l  as the  10.611 laser s i g n a l .  

The band pass  of t h i s  

The I R  measurements were performed w i t h  the Texas Instruments 
IR-1OA mercury-doped germanium d e t e c t o r  which ope ra t e s  a t  l iquid-hel ium 
temperatures.  The. s i g n a l  was amplif ied wi th  a Tektronix p reampl i f i e r  
and displayed on a Pr inceton Applied Research HR8 phase - sens i t i ve  de-  
t e c t i o n  a m p l i f i e r  chopped a t  600 cps.  
f i e r ,  the s e n s i t i v i t y  i s  l imi t ed  only by t h e  magnitude of the thermal 
(room temperature) r a d i a t i o n .  
n u l l i n g  ou t  the thermal s i g n a l  w i th  a 0.1-watt r e s i s t o r  which could be 
regulated by a va r i ac .  
v o l t s  /wa t t . 

With t h i s  d e t e c t o r  and ampli- 

Lower s e n s i t i v i t i e s  were a t t a i n e d  by 

The r e spons iv i ty  of t h i s  d e t e c t o r  i s  5 x lo4  

P a t e l  (Ref. 49,50), using a 1 wat t  C02 l a s e r  and a t e l l u r i u m  c r y s -  
t a l  a s  the nonl inear  medium, achieved w a t t s  of second harmonic 
generat ion (SHG) power. Therefore, the i n i t i a l  experiments u t i l i z e d  the 
C 0 2  l a s e r  ope ra t ing  CW a t  a maximum power of 0.8 wa t t s .  
background s i g n a l  which l imi t ed  d e t e c t a b i l i t y  was of  the o r d e r  of 
w a t t s .  Thus a s i g n a l  which was f o u r  o rde r s  of  magnitude small than 
t h a t  observed by P a t e l  could be de t ec t ed .  

The thermal 

The experiments with the  0 .8  w a t t  source ind ica t ed  t h a t  a small 
s i g n a l  (- 3 x 10-9 wat t s )  passed the combination of both f i l t e r s .  
This "apparent" SHG s i g n a l  f a i l e d  t o  demonstrate t h e  dependence of 
SHG power on the  o r i e n t a t i o n  of the c r y s t a l  which P a t e l  observed i n  
h i s  experiment. Since t h i s  s i g n a l  was marginal e s p e c i a l l y  f o r  a reso-  
nance s c a t t e r i n g  experiment, an at tempt  was made t o  inc rease  the  "ap- 
parent"  SHG power. The most obvious method f o r  improvement involves  
inc reas ing  the l a s e r  power ou tpu t .  It should be noted (by comparing 
a rea  inc rease  with power inc rease )  t h a t  t he re  i s  a n  inc rease  i n  power 
d e n s i t y  a s  w e l l  a s  an inc rease  i n  t o t a l  output  power. Owing t o  the 
basic  n o n l i n e a r i t y  of second harmonic generat ion,  the harmonic con- 
ve r s ion  e f f i c i e n c y  i s  power d e n s i t y  dependent while the t o t a l  power 
out  i s  a func t ion  of both t o t a l  power i n  and power d e n s i t y .  Therefore, 
the SHG s i g n a l  might be increased by a s  much as  two o r d e r s  Of magnitude 
with the t en fo ld  power i n c r e a s e  of t he  laser. 
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Owing t o  the  r e s u l t s  i nd ica t ed  above, i t  was decided t o  attempt 
f u r t h e r  power output  opt imizat ion.  Thus, a s e p a r a t e  i n v e s t i g a t i o n  was 
performed i n  o rde r  t o  determine the inc rease  of power ou tpu t  with in- 
c r e a s e  i n  the  hole  s i z e  of the output  coupling mirror.  The r e s u l t s  
a r e  summarized b r i e f l y  as follows: 

Mirror Coupling Hole (mm) 

2 
6 

15 
24 

0.1 - 0.2 
1 

12 
16 

On the b a s i s  of  employing a mirror  coupl ing hole of  s l i g h t l y  less 
than 15 mm, i t  was poss ib l e  t o  achieve an output  power of approximately 
10 wa t t s .  Thus, a second series of SHG experiments were conducted i n -  
volving t h i s  new power c a p a b i l i t y .  I n  s p i t e  of t h i s  improvement, 
analogous r e s u l t s  were obtained, i . e . ,  no inc rease  i n  apparent SHG s i g -  
n a l  was observed. From t h i s  r e s u l t  and the absence of th& angular  de-  
pendence i n  the c r y s t a l  o r i e n t a t i o n ,  i t  was concluded t h a t  t he  "signal" 
obtained i n  e a r l i e r  experiments (involving lower power output)  could 
not have been due t o  second harmonic r a d i a t i o n  of t he  C02 laser .  

F i n a l l y .  a series of experiments were performed whereby a 2-inch 
f o c a l  length germanium l e n s  was used t o  focus the  laser 5.3-micron 
r a d i a t i o n .  However, these experiments f a i l e d  owing t o  the excessive 
heat ing of the t e l l u r i u m  c r y s t a l .  This concluded t h i s  category of 
l abora to ry  e f f o r t  involving second harmonic g e n e r a t i o n 0 . 3 ~ )  of  C02 
10 .6  in l aser  r a d i a t i o n .  The l abora to ry  e f f o r t  program was then d i r e c t e d  
toward generat ing 21558 [ y ( l , O ) ]  r a d i a t i o n  from s h i f t  tuning of the 

' neodymium-glass l a s e r  as  descr ibed i n  the fol lowing s e c t i o n .  

4 .2 .4  S h i f t  tuning of  the neodymium l i n e  (10,6008) t o  the  y(1,O) 
l i n e s  21551. - I n  Sect ion 3 .2 .1  the f e a s i b i l i t y  w a s  demonstrated f o r  
f o r  i n v e s t i g a t i n g  s h i f t  tuning techniques t o  generate  NO resonance l i n e s .  
I n  p a r t i c u l a r ,  i t  was shown t h a t  a n  i n i t i a l  a t tempt  should involve t h e  
genera t i o n  of t he  f i f t h  harmonic i n  neodymium (10: 6008) t o  produce 21558 
r a d i a t i o n  to match the y (1 ,O)  band i n  NO. For t h i s  purpose, i t  was sug- 
gested t h a t  potassium dideuter ium phosphate (KDDP) be employed owing t o  
i t s  r e l a t i v e l y  low d ispers ioni 'b i re f r ingence  r a t i o .  On t h i s  bas i s ,  a 
s e r i e s  of s h i f t  tuning experiments were performed t o  tes t  the  f e a s i b i l i t y  
of accomplishing the  required frequency s h i f t s  a s  descr ibed below. 

4 .2 .4 .1  Experimental Program. - The experimental  arrangement used 
i n  these tests is  shown i n  Figure 4-12. A t y p i c a l  series of tests 
s t a r t e d  By optimizing the 53008 output  power by adjustment of  the angle  
of t he  second harmonic c r y s t a l  f o r  phase match, i nd ica t ed  by maximum 
output .  The c r y s t a l  was mounted i n  a gimbal which permitted angular  
adjustments t o  the required 2 1 minute of arc.  
loscope were employed t o  monitor output .  

A photodiode and o s c i l -  
A f t e r  peaking the  53008 output ,  
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YS - 
t 
Ph 

of t he  pho tomul t ip l i e r  output  was obtained f o r  each l a s e r  pulse .  

The laser had a 3/8-inch diameter by 3- inch pumped l eng th  Kodak 
ND 11 Nd3+ doped g l a s s  laser rod which was Q-switched by a r o t a t i n g  
prism. The power output  was 20 Mw i n  a 13-ns pulse .  The second harmonic 
a t  53002 was generated with a phase matched ADP c r y s t a l  and a power o u t -  
put of 1 . 7  MW was measured with a n  EGG L i t e  Mike. The f o u r t h  harmonic 
a t  26502 was generated i n  another  phase matched ADP c r y s t a l  and t h e  power 
output  was measured with a c a l i b r a t e d  photomult ipl ier  using a sodium 
s a l i c y l a t e  (Ref. 8 0 )  coa t ing  t o  convert  the W i n t o  v i s i b l e  r a d i a t i o n .  
An output  of about 20 kW was measured a t  26508. 

A s  discussed previously,  KDDP rep resen t s  t he  most promising ma te r i a l  
f o r  f i f t h  harmonic generat ion.  I n i t i a l  e x p e r i m n t s  were conducted us ing  
a n  a v a i l a b l e  sample of KDDP. Unfortunately,  t h i s  sample was c u t  a 45 
degrees t o  the x - a x i s  and c l o s e  t o  90 degrees o r i e n t a t i o n  was required 
f o r  phase matching. This made i t  d i f f i c u l t  t o  g e t  t he  beam through the  
c r y s t a l .  The technique normally adopted i s  t o  immerse the c r y s t a l  i n  a 
l i q u i d  of t he  same index of r e f r a c t i o n  contained i n  a c e l l  w i th  fused 

L quar t z  windows. This e l imina te s  the n e c e s s i t y  f o r  a high q u a l i t y  p o l i s h  
on t.he c r y s t a l  and prevents  moisture from a t t a c k i n g  i t .  However, few 
l i q u i d s  e x i s t  with s u f f i c i e n t l y  low absorpt ion a t  21208. A f t e r  a sea rch  
of the l i t e r a t u r e ,  a c e t o n i t r i l e  was chosen, though i t s  index of 1.35  d i d  
not r ep resen t  a good match f o r  KDDP a t  1 .5 .  

Detect ion of the f i f t h  harmonic was f i r s t  attempted us ing  the 1- 
meter McPherson spectograph and Polaroid 3000 speed f i lm,  with no success.  
However, i t  was subsequently found t h a t  the f i l m  g e l a t i n  was somewhat 
absorbing below 2500i, thereby reducing i t 5  s e n s i t i v i t y .  For t h i s  reason, 
the c a l i b r a t e d  photomult ipl ier  with the  sodium s a l i c y l a t e  c o a t i n g  was e m -  
ployed subsequently with an i n t e r f e r e n c e  f i l t e r  have a 10 percent  t r a n s -  
mission a t  21208. The beam was a t t enua ted  by allowing i t  t o  impinge on 
a magnesium oxide block and observing a p o r t i o n  of the d i f f u s e  s c a t t e r e d  
l i g h t .  It was found, however, t h a t  the i n t e r f e r e n c e  f i l t e r  t r ansmi t t ed  
s u f f i c i e n t  second and f o u r t h  harmonic r a d i a t i o n  t o  mask any f i f t h  harmonic. 

I n  o rde r  t o  reduce t h i s  leakage the f i l t e r  was combined with the 
McPherson spectrograph set  up a s  a monochromator a t  21208. 
the leakage of 530& and 26508 r a d i a t i o n  t o  below the s e n s i t i v i t y  l i m i t  
of t he  sodium s a l i c y l a t e  coated photomult ipl ier .  However, no f i f t h  

This reduced 
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harnionic wds de tec t ed ,  
EM1 95584 photomult ipl ier  with a qua r t z  window was then t r i e d  i n  the  
monochromator but again no f i f t h  harmonic was detected.  A check of the 
transmissidn of t he  KDDP i nd ica t ed  t h a t  i t  was t r ansmi t t i ng  only about 
25 percent  a t  2 1 2 d  and, because of t h i s  and the i n c o r r e c t  angle  of  
t h i s  b D P  sample i t  was decided t o  o rde r  a new c r y s t a l  a t  the c o r r e c t  
o r i e n t a t i o n  and of higher p u r i t y .  The experiment was repeated using the  
new c r y s t a l  but f i f t h  h a r m n i c  was s t i l l  not  de t ec t ed .  A c a l c u l a t i o n  of 
the d e t e c t i o n  s e n s i t i v i t y  ind ica t ed  t h a t  the maximum amount of f i f t h  
harmonic present  was less than 10-mW peak. 

I n  o rde r  t o  extend the s e n s i t i v i t y  f u r t h e r ,  a n  
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5. SUMMARY AND CONCLUSIONS 

t i ons  of t h i s  rep  

atmospheric n i t r i c  ox 
l a s e r  probing of the atmosphere by the  mechanism 

2. A developmental program wherein var ious methods were 
f o r  producing l a s e r  r a d i a t i o n  from NO gas a t  t r a n s i t i o n s  where 
terminal  s ta te  both corresponded t o  a w e l l  populated state i n  atmospheric 
NO and whose c h a r a c t e r i s t i c s  made probing poss ib le .  

3 .  An experimental  program t o  explore  techniques of s u i t a b l y  tuning 
ex is t i r ig  l a s e r s  t o  t h e  appropr i a t e  resonance wavelengths wi th  s u f f i c i e n t  
output energy t o  provide reasonable  s igna l - to -no i se  r a t i o s .  

The t h e o r e t i c a l  i n v e s t i g a t i o n  centered on c a l c u l a t i o n s  of t he  r a t i o  
of i n t e g r a t e d  resonance s c a t t e r i n g  c r o s s  s e c t i o n  t o  t h e  Rayleigh s c a t t e r -  
ing  c r o s s  s e c t i o n  f o r  t he  ambient atmospheric molecules, termed the  
resonantlRayleigh r a t i o .  
t o  s e l e c t  candidate  t r a n s i t i o n s  from among those f o r  which p e r t i n e n t  data 
were a v a i l a b l e .  It w a s  concluded on the  b a s i s  of t h i s  c r i t e r i o n  t h a t  t he  
r (n ,o)  bands, o r  t he  v i b r a t i o n  r o t a t i o n  bands (1-0, 2-0, o r  2-1) c o n s t i t u t e d  
the  only l i k e l y  candidates  f o r  a laser probing scheme. In tu rn ,  t h i s  re- 
s t r i c t e d  ope ra t ions  t o  t h e  f a r  W o r  t h e  f a r  I R ,  where both p r a c t i c a l  
l a s e r  t echno log ica l  d i f f i c u l t i e s  e x i s t  such as the  a v a i l a b i l i t y  of o p t i c a l  
components as we l l  as t h e  presence of atmospheric t ransmiss ion  o r  emission 
problems a r e  encountered. 

This parameter was employed as a f i g u r e  of m e r i t  

5 .1  Di rec t  Production of NO Resonant Frequencies 

The r e s u l t s  of t he  development program demonstrate t h a t  ope ra t ing  
a d i r e c t  NO l a s e r  a t  e i t h e r  of t h e  above s p e c t r a l  regions i s  not  promising par  
t i c u l a r l y  f o r  e l e c t r o n i c  t r a n s i t i o n s  i n  the  W. Moreover, the  I R  l a s e r  
energy already produced i n  NO i n  the  ground s t a t e  by pho tod i s soc ia t ion  
of NOCJ i s  on h ighe r  v i b r a t i o n  r o t a t i o n  l eve l s  t han  r equ i r ed  f o r  a 
resonant probing experiment. Fu r the r  development may r e s u l t  i n  l a s i n g  
of lower v i b r a t i o n a l  s t a t e s ,  al though inc reas ing  d i f f i c u l t i e s  may be 
involved. 

5 . 2  I n d i r e c t  Frequency S h i f t i n g  Techniques 
f o r  Producing NO Resonant Frequencies 

er imental  work performed under the  program involved t h e  
of known h igh  power lasers using harmonic generat ion,  sum 

enera t ion ,  s t imu la t ed  Raman s h i f t i n g ,  and parametric o s c i l -  
l a t i o n .  These techniques appear t o  o f f e r  reasonable  means of generat ing 
r a d i a t i o n  a t  t h e  l i n e s  of i n t e r e s t .  
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.5.2.1 Evaluat ion of Frequency S h i f t e d ~  y(130) , ,  21552 Laser  Probe.- 
A t  t h e ' ? ( 1 , 0 )  2155x t r a n s i t i o n ,  a r e t u r n  s i g n a l  of 350 photons was  
ca l cu la t ed  f o  
low-noise pho 

s i t i o n  of moderate c 
f u r t h e r .  A t  t h i s  wavelength, no a d d i t i o n a l  o p t i c a l  backgrounds of 
s i g n i f i c a n c e  should e x i s t ,  c e r t a i n l y  not  a t  n igh t  o r  i n  the  presence 
of moderate f i l t e r i n g  of t h e  photomul t ip l ie r .  

Two major d i f f i c u l t i e s  e x i s t  with r e spec t  t o  t h i s  experiment: 
(1) the  atmospheric t ransmiss ion  c u t o f f ,  and (2) t he  problem of pro-  
ducing 50 m i l l i j o u l e s  a t  the  s h i f t - t u n e  wavelength. 

I t  happens t h a t  t he  21552 wavelength matches an absorp t ion  minimum 
between the  oxygen and ozone absorp t ions .  
opaque a t  s e a  l e v e l ,  a t ransmiss ion  of about 70 percent  e x i s t s  through 
t h e  v e r t i c a l  a t  about 40,000 f e e t ,  as  demonstrated from obs2rved s o l a r  
s p e c t r a  from an a i r c r a f t .  Although the  inconvenience of mounting t h e  
r e l a t i v e l y  massive l a s e r  genera tor  and 1 2  inch te lescope  r e c e i v e r  on 
a n  a i r c r a f t  d i t h  t r a n s m i t t i n g  window a t  215561 (high q u a l i t y  fused 
qua r t z )  i s  a r e l a t i v e l y  s e r i o u s  problem, it r e p r e s e n t s  t h e  bes t  pos- 
s i b i l i t y  f o r  t h e  opera t ion  of an NO probe on an e l e c t r o n i c  t r a n s i t i o n .  

Although t h e  atmosphere is 

Experimental a t tempts  t o  d a t e  t o  produce 2155g r a d i a t i o n  employ- 
ing  sum-frequency genera t ion  of a 20 MW Neodymium-glass l a s e r  were 
gene ra l ly  unsuccessfu l .  However, i t  is f e l t  t h a t  t he  method is  s t i l l  
somewhat promising and t h e  use of h igher  powered lasers is  recommended. 

5. .2 .2  Evaluat ion of Frequency S h i f t e d  NO Fundamental 5 . 3 ~  Laser 
Probe.- For probing a t  the  5.3311 t r a n s i t i o n ,  use  can be made of t h e  
acc iden ta l  match between the  second harmonic of t h e  CO l a s e r  t r a n s i -  
t im  on the  O O o l  - 10'0, P-branch, .J = 24 and the  NO ( f , O ) ,  R branch, 
J = 1. I n  t h i s  case ,  t h e  atmospheric t ransmiss ion  is  about 20 percent  
a l though the  major d i f f i c u l t y  involves  t h e  thermal background r a d i a t i o n .  

resonance s c a t t e r i n g  i n  40 us ing  t h e  harmonic w a s  n o t  observed. Fur- 
thermore , t he  conversion e f f i c i e n c y  i n t o  t h e  harmonic was s i g n i f i c a n t l y  
l e s s  than both theory  and the  r e s u l t s  of o the r s  would ind ica t e .  This  
r e s u l t  i s  a t t r i b u t e d  t o  a poor q u a l i t y  t e l l u r i u m  c r y s t a l .  Unfortunately,  
an acceptab le  replacement could not  be acquired dur ing  t h e  c o n t r a c t  
performance per iod.  

While h igh  power C O  laser opera t ion  has  been demonstrated, 

Another method of producing r a d i a t i o n  a t  the  5.31.1 NO t r a n s i t i o n  
involved t h e  use  of s t imula ted  Raman s h i f t i n g  from t h e  Neodymium-glass 
o r  Neodymium calcium-tungstate  l a s e r s .  Nd-glass l a s e r s  have an output  
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-1 -1 
between 9410 cm and 9458 cm . The range of NO f requencies  t o  be 
probed is  between approximately 1850 ~ r n ' ~  and approximately 1900 cm'l 
which r equ i r e s  a Raman s h i f t  of between 7510 cm-1 and 7610 cm'l. The 
t h i r d  Stokes l i n e  of a material having a s h i f t  between 2503 cm-l t o  
2535 cm'l could be employed. 
i s  used t o  produce a f i r s t  Stokes l i n e ,  t h i s  in  t u r n  could produce a 
f i r s t  Stokes l i n e  i n  a ma te r i a l  wi th  Raman frequency between 3354 and 
3454 cm'l. It was  found t h a t  t h e  N-H bond i n  a l i p h a t i c  compounds has  
a frequency i h  t h i s  range. 

A l t e rna t ive ly ,  i f  H2 gas (Av = 4156 cm'l) 

4 

Considering t h e  r ap id  advances i n  CO., l a s e r  technology and t h e  
genera l  s t a t e  of knowledge concerning theLs t imula ted  Raman e f f e c t ,  i t  
i s  recommended t h a t  f u t u r e  e f f o r t s  be placed otl s h i f t  tun ing  t o  t h e  
v i b r a t  i on - ro t a t  i on  (1,O) trans it ion  f o r  NO atmospheric probing. 
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