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SUMMARY 

An in f r a red   he t e rodyne   r ad iomete r  (IHR) w i t h   a n   o p t i c a l   b a n d w i d t h   o f  

c m - l  was u s e d   t o   m e a s u r e   a t m o s p h e r i c   t r a n s m i t t a n c e  a t  s e l e c t e d   h y d r o g e n  
f l u o r i d e   ( 2 . 7  pm) and   deu te r ium  f luo r ide   (3 .8  pm) l a s e r   t r a n s i t i o n s .  The I H R  
w a s  i n s t a l l e d   a b o a r d  a KC-135 a i r c r a f t   f o r   a n   a i r b o r n e   a t m o s p h e r i c   m e a s u r e -  
ments   p rogram  tha t   used   the   sun  as a b a c k l i g h t i n g   s o u r c e   f o r   t h e   t r a n s m i s s i o n  
measurements.  The c r i t i c a l  components are:  a wideband  indium  antimonide  (InSb) 
photomixer,  a CW HF/DF laser LO, a r a d i o m e t r i c   p r o c e s s o r ,   a n d  a 1900K blackbody 
r e f e r e n c e   s o u r c e .  The  measured  heterodyne receiver s e n s i t i v i t y  (NEP) is 1.3 X 

lo-'' W/Hz, w h i c h   y i e l d s  a c a l c u l a t e d  I H R  t empera tu re   r e so lu t ion   accu racy  of 

ATS/TS = 5 x 10 f o r  a s o u r c e   t e m p e r a t u r e  of  l O O O K  and a t o t a l   t r a n s m i t t a n c e   o f  

0 .5 .  Measured   a tmospher ic   t ransmi t tance  a t  s e v e r a l   w a v e l e n g t h s   a n d   a i r c r a f t  
a l t i t udes   f rom  9 .14  km (30,000 f t )   t o   1 3 . 7 2  km ( 4 5 , 0 0 0   f t )  were o b t a i n e d   d u r i n g  
the  measurements   program  and  have  been  compared  with  values   predicted  by  the 
AFGL Atmospheric  Line Parameter Compilat ion.  
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INTRODUCTION 

One o f   t h e  c r i t i c a l  i s s u e s   i n   t h e   c o n s i d e r a t i o n  of HF and DF laser t r a n s -  
m i s s i o n  i s  the   a tmosphe r i c   mo lecu la r   abso rp t ion .   A l though   molecu la r   abso rp t ion  
c a l c u l a t i o n s   h a v e   b e e n   c a r r i e d   o u t   i n   t h e  2 t o  5 pm r e g i o n   ( r e f .   l ) ,   l i m i t e d  
ground-based f i e l d   m e a s u r e m e n t s   ( r e f .  2 )  and   no   h igh   a l t i tude   measurements   have  
b e e n   p r e v i o u s l y   r e p o r t e d .  

AProgram sponsored  by A i r  Force  Weapons Labora tory ,  A i r  Force  Systems Command, 
K i r t l a n d  AFB, New Mexico  under   Contract  F29691-76-C-0045. 
Capta in   Ter rence  F.  Deaton  of  the A i r  Force  Weapons Labora tory  w a s  i n s t r u -  
m e n t a l   i n   a s s e m b l i n g   a n d   c o n d u c t i n g   t h c   e n t i r e   f l i g h t   m e a s u r e m e n t s   p r o g r a m .  
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A h igh   a l t i t ude   a tmosphe r i c   measu remen t s   p rog ram w a s  c a r r i e d   o u t   b y  the 
A i r  Force  Weapons L a b o r a t o r y   w h e r e i n   t h e   t r a n s m i t t a n c e   c h a r a c t e r i s t i c s  a t  t h e  
l a s i n g   t r a n s i t i o n s  of h y d r o g e n   f l u o r i d e  (HF) and   deu te r ium  f luo r ide   (DF)  
lasers  have   been   measu red .   In   pa r t i cu la r ,   measu remen t s  were c a r r i e d   o u t   u s i n g  
a KC-135 a i r c r a f t   p l a t f o r m  a t  a v a r i e t y   o f   a l t i t u d e s .   A t m o s p h e r i c   t r a n s m i t t a n c e  
a l o n g  a p a t h  from a KC-135 a i r c r a f t   p l a t f o r m   t o   t h e   s u n  was measu red   u s ing   t he  
same t e c h n i q u e   p r e v i o u s l y   e m p l o y e d   t o   m e a s u r e   t h e   h i g h   a l t i t u d e   t r a n s m i s s i o n  a t  

C120216 laser w a v e l e n g t h s   ( r e f .  3) .  These  measurements were c a r r i e d   o u t   o n  

t h e  P 2 ( 7 ) ,   P 2 ( 6 ) ,   P 2 ( 5 ) ,   P 2 ( 4 ) ,   P 2 ( 3 ) ,  and P ( 4 )  t r a n s i t i o n s  (2.8706 t o  

2 .6401 pm) o f   t h e  HF laser a n d   t h e  P3 ( 9 ) ,   P 3 ( 8 ) ,  P3 (7 ) ,  P3 ( 6 ) ,   P 2   ( 9 ) ,   P 2  ( 8 ) ,  

P 2 ( 7 ) ,   P 2 ( 6 ) ,  and P2(5 )  t r a n s i t i o n s  (3 .9654 t o  3 .698  pm) o f   t h e  DF laser. The 

m e a s u r e m e n t   r e s u l t s   i n d i c a t e  a u n i t y   a t m o s p h e r i c   t r a n s m i t t a n c e   o n  a l l  o f   t h e  
DF laser t r a n s i t i o n s ,   a n d  a g e n e r a l l y   l o w e r   t r a n s m i t t a n c e   t h a n   p r e d i c t e d   f o r  
t h e  HF laser t r a n s i t i o n s .  

1 

The IHR m e a s u r e d   a t m o s p h e r i c   t r a n s m i t t a n c e   w i t h i n  a spec t r a l   bandwid th   o f  

cm-' about  a l l  o f   t h e  HF and DF laser t r a n s i t i e n s .  The  measured receiver 

s e n s i t i v i t y  (NEP) of t h e  I H R  i s  1 .3  x lo-'' W/Hz, w h i c h   y i e l d s  a c a l c u l a t e d  

IHR t e m p e r a t u r e   r e s o l u t i o n   a c c u r a c y   o f  AT / T  = 5 x 10 fo r   sou rce   t empera -  

t u r e s ,  TS = l O O O K  a n d   t r a n s m i t t a n c e  c1 = 0 . 5 .  Measurement   accurac ies   near  

0 . 5  pe rcen t   have   been   ca l cu la t ed  a t  HF and DF laser wavelengths .  

-3 
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I H R  OPTICAL TRAIN 

The IHR o p t i c a l   t r a i n ,  shown i n   f i g u r e  1, c o n s i s t s   o f   a n   o b j e c t i v e   l e n s  
t h a t   b r i n g s   i n c i d e n t   s o l a r   o r   c a l i b r a t i o n   b l a c k b o d y   r a d i a t i o n   t o  a f o c u s ,  
where i t  i s  D i c k e   s w i t c h e d   ( a l t e r n a t e l y   r e f e r e n c e d   t o   a n   a m b i e n t   t e m p e r a t u r e  
blackbody)  by a motor-dr iven  chopper   wheel .  The chopper   wheel ,   which  serves  
as the   ambient   b lackbody,  i s  coa ted   w i th   h igh -emiss iv i ty   pa in t   and   he ld  a t  a 
f i x e d   r e f e r e n c e   t e m p e r a t u r e .  The r a d i a n c e   p a s s i n g   t h r o u g h   t h e   c h o p p e r ,   a n d  
t h a t   e m i t t e d  by t h e   c h o p p e r   b l a d e ,  i s  c o l l e c t e d   a n d   f o c u s e d   o n t o   t h e  PV:InSb 
photomixer  by a r e l a y   l e n s .  A p l a n e - p a r a l l e l  beam f r o m   t h e   l o c a l   o s c i l l a t o r  
laser is d i r e c t e d   o n t o   t h e   p h o t o m i x e r   b y  a small i n j e c t i o n   m i r r o r   l o c a t e d  
d i r e c t l y   b e h i n d   t h e   r e l a y   l e n s .  

The o p t i c a l   D i c k e   s w i t c h  i s  l o c a t e d  a t  t h e   f o c a l   p o i n t   o f   t h e   o b j e c t i v e  
l e n s   i n   o r d e r   t o   p r o v i d e   s q u a r e  wave c h o p p i n g   o f   t h e   s o u r c e s ,   w i t h  a d u t y  
cyc le   o f  50  p e r c e n t .   T h e   p o s i t i o n  of t he   D icke   swi t ch  is e l e c t r o n i c a l l y  mon- 
i t o r e d   b y   c h o p p i n g   a n   a u x i l i a r y   l i g h t   s o u r c e   t o   p r o v i d e  a s y n c h r o n i z i n g   s i g n a l  
f o r   t h e   r a d i o m e t r i c   p r o c e s s o r .   T h i s   s y n c   s i g n a l  i s  s e n t   t o   t h e   e l e c t r o n i c s  
c o n s o l e ,   i n   t h e   f o r m   o f   s y n c h r o n i z i n g   p u l s e s ,  s o  t h a t   d e t e c t i o n   c a n   b e   s y n c h r o -  
n o u s   w i t h   t h e   D i c k e   s w i t c h   p o s i t i o n .  
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Provis ions  w e r e  made fo r   t empera tu re   ca l ib ra t ion  of t h e  IHR output  
w i t h   r e s p e c t   t o  a 300K and a 1900K blackbody  ca l ibra t ion   source .   S ince   the  
una t tenuated   so la r   t empera ture  is  approximately 5750K ( r e f .  41,  t h e   u s e  of a 
1900K ca l ib ra t ion   b l ackbody   ( r a the r   t han  1300K) provided  improved IHR measure- 
ment accuracy a t  t empera tu res   g rea t e r   t han  1300K due t o   r e d u c e d   e x t r a p o l a t i o n  
of t h e   c a l i b r a t i o n   s i g n a l s .  The IHR in t e rna l   ca l ib ra t ion   sou rces   can   be   i n -  
s e r t e d  by using a f l i p   m i r r o r   a h e a d   o f   t h e   o b j e c t i v e   l e n s .  

The pho tomixe r   r e sponds   t o   t he   i nc iden t   r ad ia t ion   ene rgy  a t  i n f r a r e d  
frequencies   above and  below t h e   l o c a l   o s c i l l a t o r   f r e q u e n c y  and i s  band-limited 
by I F   f i l t e r s .   T h i s   d e t e c t e d   s i g n a l  is amplif ied and processed   ( re f .  5). The 
f requency   reso lu t ion  i s  f i x e d  a t  twice the   IF   bandwidth   and ,   therefore ,   the  
IHR can   provide   an   ex t remely   h igh   spec t ra l   reso lv ing   capabi l i ty .   Indeed ,   the  
present   ins t rument   has   p rovis ion   for  a 50-MH.z I F   f i l t e r   t h a t   y i e l d s   a n   i n f r a r e d  

s p e c t r a l   r e s o l u t i o n   o f  3 x 10 c m  a t  X = 2 . 7  pm. The n e c e s s i t y   f o r   s u c h  
high s p a t i a l  r e s o l u t i o n  is evident  when one  considers   the  extremely  act ive  and 
d i s c r e t e   l i n e   s p e c t r a  of   a tmospheric   species   in   the 2 t o  5 pm region.   For  
the  intended  measurement,   the I H R  instrument  must  have a s p e c t r a l   r e s o l u t i o n  
t h a t  i s  comparable   wi th   the   l aser   l ine   reso lu t ion   in   o rder   to   measure  a 
meaningful   a tmospheric   t ransmit tance.  
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The IHR op t i ca l   sys t em is shown i n   f i g u r e  2. The c a l i b r a t i o n   i n s e r t i o n  
mir ror   can   be   seen   ad jacent   to   the   ob jec t ive   l ens .   This   mir ror ,   toge ther   wi th  
t h e  300K ca l ibra t ion   b lackbody,   can   be   pos i t ioned   remote ly   f rom  the   e lec t ronics  
cont ro l   console .  The u n i t  i s  RFI sh i e lded ,  and a l l  power l e a d s   e n t e r   t h e  
opt ica l   package   v ia   an  RFI f i l t e r  box.  These  precautions  have  been  taken  to 
ensure  minimum i n t e r f e r e n c e  from the   a i r c ra f t   env i ronmen t  and t h e  HF (DF) 
laser LO, which is p o t e n t i a l l y  a major  source of RF i n t e r f e r e n c e .  

So la r   r ad ia t ion  i s  b r o u g h t   i n t o   t h e   r a d i o m e t e r   v i a   a n   o p t i c a l   t r a c k i n g  
system. The t r a c k e r  i s  a video  system  with 30-cm (12-in.)   diameter  primary 
and  secondary  mirrors.  The t a r g e t   a c q u i s i t i o n  i s  manual,   and  the  control i s  
then handed over  to  an  on-board  computer.   Separate  optical   paths are  used  for :  
(1) t h e   v i s i b l e   l i g h t   t o   t h e   v i d e o   c a m e r a ,  and  (2) t h e   i n f r a r e d   r a d i a t i o n   t o  
t h e  I H R .  The "bicolor"  window c o n s i s t s  of a 15  cm ( 6  i n . )  x 25 c m  (10  in . )  
qua r t z  window f o r   t h e   v i s i b l e   r a d i a t i o n ,  and a 10 c m  ( 4  i n . )  x 25 cm (10 i n . )  
germanium window f o r   t h e   i n f r a r e d   r a d i a t i o n .  The unobscured  f ield  of  view  of 

t h e   t r a c k e r  is approximately +6 i n   az imuth  and 0 t o  45 i n   e l e v a t i o n .  0 0 0 

I H R  ELECTRONICS 

S i n c e   t h e  IHR uses   an  ambient   temperature   reference  ( the  Dicke  switch 
chopper   wheel) ,   d i rect   nul l -balanced  radiometer   operat ion is  n o t   p o s s i b l e  when 
observing  hot   sources   such as the   sun .  The method  employed t o   d e a l   w i t h   t h e s e  
hot   sources  i s  the   u t i l i za t ion   o f   ga in   modu la t ion   i n   t he   r ad iomete r   ( r e f .   5 ) .  
The ga in   modu la t ion   c i r cu i t ry  al ters the   sys t em  ga in   du r ing   a l t e rna te   phases  of 
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the   Dicke   swi tch   cyc le ,   thereby   ad jus t ing   tha t   por t ion   o f   the   de tec ted   s igna l  
t ha t   r ep resen t s   t he   r e f e rence   t he rma l   ene rgy .   Th i s   enab le s   nu l l -ba l ance   ope ra -  
t i o n   o f   t h e  I H R  f o r   s o u r c e   t e m p e r a t u r e s   t h a t  are much l a r g e r   t h a n   t h e   r e f e r e n c e  
temperature.  Gain  modulation is achieved by e l ec t ron ica l ly   swi t ch ing  a f i x e d  
a t t enua to r   i n to   t he   nu l l -ba l anc ing   l oop   o f   t he   synchronous   de t ec to r  a t  t h e  
Dicke  switch rate. The IHR tempera ture   reso lu t ion   wi th   ga in   modula t ion  is  
i d e n t i c a l   t o   t h a t   o b t a i n e d  when t h e  I H R  is nul l   ba lanced   by 'means  of a r e f e r -  
ence   t empera ture   tha t  i s  equa l   t o   t he   sou rce   t empera tu re .   The re fo re ,   no  de- 
g r a d a t i o n   i n  I H R  performance i s  expe r i enced   due   t o   any   va r i a t ions   i n  laser LO 
power or I H R  gain  which  occur  slowly compared to   t he   D icke   swi t ch  rate. 

The IF  output  from  the  InSb  photomixer i s  amplif ied  and  processed  in   an 
A I L  777 Radiometer  Processor.  The processor   provides   synchronous  detect ion 
t h a t  employs the   se l f -ba lanc ing   ga in   modula t ion   technique   ( re f .  3 ) .  A s impli-  
f ied   b lock   d iagram of the   p rocesso r  i s  shown i n   f i g u r e  3 .  The output   o f   the  
InSb  photomixer is  IF  amplified,   detected,   and  decommutated. The o u t p u t   l e v e l  
obtained  while   viewing  the  chopper   wheel   reference  temperature  is  used   t o  
maintain a f ixed   sys tem  ga in  by  means  of f e e d b a c k   t o   t h e  AGC a m p l i f i e r   l o c a t e d  
ahead  of  the  square-law  detector.  The decommutated  output is  used   to   p rovide  
s e p a r a t e   c o n t r o l  of t he   p rocesso r   ga ins ,  when v iewing   e i the r   t he   r e f e rence  
chopper   wheel   o r   the   ex te rna l   source /ca l ibra t ion   b lackbody.  The output   of   the  
synchronous  detector  i s  d r i v e n   t o  a n u l l  ba lance  by  means of a v a r i a b l e   d i g i t a l  
a t t enua to r   wh ich   con t ro l s   t he   v ideo   ga in   i n   t he   p rocesso r  when viewing  the 
re ference   source .  

Temperature   range  and  resolut ion  control   of   the   processor   output  are 
a v a i l a b l e   t o  maximize t h e   r e s o l u t i o n  of t h e   d i g i t a l   o u t p u t   f o r  any  range  of 
expected  source  temperatures.  The d i g i t a l   a t t e n u a t o r   o u t p u t ,  which i s  d i r e c t l y  
p r o p o r t i o n a l   t o   i n p u t   s o u r c e   r a d i a n c e ,   h a s  1024 d i s c r e t e   s t e p s .  

IHR PHOTOMIXER AND LASER LO 

A pho tovo l t a i c   InSb   de t ec to r   w i th   an   ac t ive  area of 1 .5  x 10 cm is 
used as the  I H R  photomixer. The reverse   shunt   res i s tance   o f   the   InSb  de tec tor  
i s  of t h e   o r d e r  of 3 megohms, r e s u l t i n g   i n  low va lues  of photomixer  dark  cur- 
r e n t   ( I D ) ,  and the   r equ i r emen t   fo r   an   IF   p reampl i f i e r   t ha t   ope ra t e s  from a 

relatively  high  source  impedance.  Frequency  response  measurements were c a r r i e d  
out   wi th   the  InSb  photomixer a t  77K i n   t h e  I H R  conf igu ra t ion .  The measured 
3-dB cutoff   f requency w a s  f = 50 MHz f o r  a r e v e r s e   b i a s   v o l t a g e  of V = 

-600 mV, and i n c r e a s e d   t o   f c  = 60 NHz f o r  V = -800 mV. The laser LO induced 

photocurrent  w a s  about  0.15 mA compared t o  a da rk   cu r ren t  of  approximately 
0.02 mA. 

- 4  2 

C B 

B 

The CW HF (DF) laser i s  of the   bas ic   des ign   which  w a s  i n i t i a l l y   r e p o r t e d  
by  Hinchen ( r e f .  6 ) ,  w i t h   a p p r o p r i a t e   m o d i f i c a t i o n s   f o r   a i r b o r n e   u s e .  The 
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grating-tunable,  flowing-gas,  water-cooled  laser  has  an  optical  cavity  which 
is 30 cm  long  and  provides  a  TEM  transverse  mode. A stabilization  loop  is 

employed  to  continuously  adjust  the  cavity  length  and  maintain  the  laser  tuned 
on  the  center  of  the  selected  transition. 

00 

IHR  TEMPERATURE  RESOLUTION ACCURACY 

The  IHR  temperature  resolution,  Ts,  is  defined  as  the  maximum  change in 

source  temperature  for  which  no  change  in  output  signal-to-noise  ratio  is 
observable.  The  IHR  temperature  resolution  is  given  (ref. 4 )  by 

+ i' 
fl 

NEP kB ( f )  df J 
where CL is  the  transmittance  of  the  media  and  optics  between  thermal  source 
and  infrared  photomixer, K is  the  sensitivity  constant  which  is 2 for  a 
Dicke-type  receiver,  T  is  the  source  temperature,  B  is  the  predetection  (IF) 

bandwidth, T is  the  postdetection  integration  time  for  a  pure  integration, 

and f is  the  IF  frequency. 

S 

is the  infrared  frequency, k is Boltzmann's  constant,  h is Planck's  constant, 

The  receiver  sensitivity (NEP) for  a  heterodyne  receiver  with  a  photo- 
voltaic  photomixer  is  given  (ref. 7) by 

NEP = i2 NEP  (f) df 

fl 
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where q is the   photomixer   quantum  e f f ic iency ,  T i s  the   photomixer   t empera ture ,  

T i F  i s  t h e   e f f e c t i v e   i n p u t   n o i s e   t e m p e r a t u r e   o f   t h e  I F  a m p l i f i e r ,  G i s  t h e  

reverse shunt   conductance   o f   the   photomixer ,  I is t h e  LO induced   pho tocur ren t ,  

f i s  t h e  3-dB cu to f f   f r equency   o f   t he   pho tomixe r ,   and  n’ i s  t h e   e f f e c t i v e  re- 

ceiver quantum  e f f ic iency .  

m 

D 
0 

C 

T h e   t e m p e r a t u r e   r e s o l u t i o n   o f   t h e  IHR i s  a f f e c t e d   b y   o p t i c   l o s s e s ,  
s p h e r i c a l   a b e r r a t i o n ,  coma, a s t i g m a t i s m ,   l e n s   e m i s s i v i t y ,   l e n s   t e m p e r a t u r e ,  
a m p l i t u d e   f l u c t u a t i o n s   t h a t   o c c u r   f a s t e r   t h a n   t h e   D i c k e   s w i t c h  ra te ,  a n d   t h e  
o b s c u r a t i o n   d u e   t o   t h e  LO i n j e c t i o n   m i r r o r .  The c a l c u l a t e d   r e s o l u t i o n   a c c u -  
r a c y ,  ATs/Ts, of a gained-modulated  Dicke-switched IHR is g i v e n   i n   f i g u r e  4 f o r  

A = 3 v m ,  6~ = 5 x l o 9 ,  and a he terodyne  receiver NEP of  1 . 3  x W/Hz w i t h  
t h e   t r a n s m i t t a n c e  ct as a parameter .   For  a s o u r c e   t e m p e r a t u r e  of 1000°C and 
ct = 10 p e r c e n t ,   t h e   c a l c u l a t e d   t e m p e r a t u r e   r e s o l u t i o n   a c c u r a c y  is  AT /T = 

1.6  x 10 , w h i l e   f o r  ct = 100 p e r c e n t ,   t h e   r e s o l u t i o n   a c c u r a c y   i m p r o v e s   t o  

ATs/Ts 1 . 6  x For  t h e   s o l a r   v i e w i n g  case (T 2 5750K f o r  100 p e r c e n t  

a t m o s p h e r i c   t r a n s m i t t a n c e ) ,   t h e   c a l c u l a t e d   t e m p e r a t u r e   . r e s o l u t i o n   a c c u r a c y  is  

A T ~ / T ~  = 9 x f o r  a t r a n s m i t t a n c e  of ct = 0 . 2 5 .  

-2 s s  

S 

IHR TEMPERATURE RESOLUTION 

The s o l a r   r a d i a t i o n ,   P ( v ) ,   c o l l e c t e d  a t  t h e  I H R  is t h e   p r o d u c t  of t h e  
i n c i d e n t   u n a t t e n u a t e d   s o l a r   r a d i a t i o n ,  P a n d   a n   e x p o n e n t i a l   a t t e n u a t i o n  term 

d u e   t o   t h e   i n t e r v e n i n g   a t m o s p h e r i c   l o s s e s .   T h e r e f o r e  
0, 

P ( v )  = P exp  [ -k   (v)   nsec 81 ( 3  1 
0 ct 

where k (v)  i s  t h e   a t m o s p h e r i c   a t t e n u a t i o n   c o e f f i c i e n t  a t  s e l e c t e d  laser LO 

f requency ,  h i s  t h e   h e i g h t   o f   a t m o s p h e r e ,  8 i s  t h e   z e n i t h   a n g l e   o f   t h e   s u n ,  
and  nsec 0 i s  t h e   p a t h   l e n g t h   o f   s u n l i g h t   t h r o u g h   t h e   a t m o s p h e r e .  

ct 

The I H R  o u t p u t   v o l t a g e  is p r o p o r t i o n a l   t o   t h e   c o l l e c t e d   S o u r c e   e n e r g y .  
The s l o p e   o f   t h e   l o g a r i t h m   o f   P ( v )   p l o t t e d   a g a i n s t  sec 8 i s  -k   (v)   h ,   and  

exp [-k ( v ) h ]  is  t h e   t o t a l  ve r t i ca l  p a t h   t r a n s m i t t a n c e  ct ( r e f .  2 ,  4 ,  8,  and 9 ) .  

The ver t ica l  p a t h   a t m o s p h e r i c   t r a n s m i t t a n c e   c a n   t h e r e f o r e   b e   e x p e r i m e n t a l l y  
de t e rmined   by   measu r ing   t he   so l a r   r ad iance   wh i l e   t r ack ing   t he   sun  as t h e   e a r t h  

ct 

ct 
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t u rns .  The  measurements  can  be  carried  out a t  d i f f e r e n t  laser l o c a l   o s c i l l a t o r  
f r equenc ie s ,   so l a r   ang le s ,  and a l t i t u d e s .  

When observing a t h e r m a l   s o u r c e   t h a t   f i l l s   t h e  IHR f i e ld   o f   v i ew,   t he  
pos tde tec t ion   s igna l - to -no i se   r a t io  is g iven   ( r e f .  4 )  by 

Equation ( 4 )  can  be r ewr i t t en  as 

S 
a =  Y N  

where y is a c o n s t a n t   f o r  a f i x e d   s e t  of  measurement  parameters.   Differentiat-  
ing a w i t h   r e s p e c t   t o  S y i e l d s  

da = - ds Y 
N 

The minimum detec tab le   s igna l   change   occurs  when ds  = N. Therefore ,   the  
accuracy of t h e  measurement  of  atmospheric  transmittance is  given  by 

da 1 
a SNR 
- = -  

For a typ ica l   so l a r   obse rva t ion ,   where  T = 5000K, B = 50 MHz, T = 10 s ,  
9 S 

B = 5 x 10 , q’ = 0 . 2 ,  and a to t a l   a tmosphe r i c   t r ansmi t t ance   o f  a = 0.5  from 
sea l e v e l   t o  30 km dur ing   mid la t i t ude  summer a t  X = 3 u m ,  t h e  SNR of  an I H R  
o b s e r v i n g   t h e   s o l a r   d i s c  a t  z e n i t h  is ca l cu la t ed   t o   be  SNR = 2000,  and  the 
expected  accuracy of t h e  measurement is da /a  = 0.05 percent .  

Ca lcu la t ions   have   a l so   been   ca r r i ed   ou t   t o   de t e rmine   t he   ob ta inab le  IHR 
power r e s o l u t i o n .  The r e s o l u t i o n  is  a func t ion  of t h e   e f f e c t i v e   s y s t e m  quantum 
e f f i c i ency ,   t he   ca l ib ra t ion   b l ackbody   t empera tu re ,   and   t he  Br product  of t h e  
I H R .  The smallest ca lcu la ted   change   in   i r rad iance   tha t   can   be   measured   for  a 
g iven   input   rad iance  i s  g i v e n   i n   f i g u r e  5. I t  shou ld   be   no ted   t ha t   t he   ove ra l l  
system quantum e f f i c i e n c y ,  q’, depends  on  both  the  quantum  efficiency  of  the 
infrared  photomixer  and the  heterodyne  mixing  eff ic iency  which is determined 
by t h e  IHR o p t i c a l   c o n f i g u r a t i o n  and the   photomixer   s ize .  

The PV:InSb photomixer  used i n   t h e  IHR has  a quantum e f f i c i e n c y  of 
approximately 75 percent .  The I H R  sys t em  lo s s   f ac to r  i s  approximately 3 dB due 
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t o   b o t h   o p t i c s   l o s s e s   a n d   m i x i n g   i n e f f i c i e n c y .   T h i s   r e s u l t s  i n  a n   o v e r a l l  
IHR sys t em  quan tum  e f f i c i ency   o f  r)’ = 37 p e r c e n t .  A s  s e e n   f r o m   f i g u r e  5, a 
1900K b lackbody   sou rce  w i l l  y i e l d  a r e s o l u t i o n   o f   a b o u t  3 p a r t s   p e r  1000 as 
compared  with a r e s o l u t i o n   o f   a b o u t  10 p a r t s   p e r  1000 f o r  a 1300K s o u r c e  t e m -  

p e r a t u r e   f o r  X = 2.9 um and BT = 10 . 9 

CALCULATED AND MEASURED ATMOSPHERIC TRANSMITTANCE DATA 

C a l c u l a t i o n s   a n d   m e a s u r e m e n t s   h a v e   b e e n   c a r r i e d   o u t   t o   d e t e r m i n e   t h e  
e x p e c t e d   a t m o s p h e r i c   t r a n s m i t t a n c e  a t  v a r i o u s   a l t i t u d e s   f o r  a number  of 
s e l e c t e d  HF and DF laser  t r a n s i t i o n s .  A s  a n   e x a m p l e ,   t h e   c a l c u l a t e d   t r a n s -  
m i t t a n c e   f o r  a m i d l a t i t u d e   w i n t e r   m o d e l   ( w i t h   n o   a e r o s o l s   p r e s e n t )  is g i v e n   i n  
t a b l e  I f o r   t h e  P ( 7 )   t r a n s i t i o n  ( A  = 2.8706 um) o f   t h e  HF laser ( r e f .  1). The 
t r a n s m i t t a n c e   v a l u e s   h a v e   b e e n   c a l c u l a t e d   f o r   t h e   o p t i c a l   p a t h   b e t w e e n   t h e   e d g e  
o f   t h e   a t m o s p h e r e   a n d   t h e   s e l e c t e d   a i r c r a f t   a l t i t u d e ,   w i t h   t h e   s o l a r   v i e w i n g  
a n g l e  as a v a r i a b l e   p a r a m e t e r .  A s  c a n   b e   s e e n   i n   t a b l e  I, t h e   c a l c u l a t e d  
t r a n s m i t t a n c e   f o r   t h e  P ( 7 )   t r a n s i t i o n   o f  HF i n c r e a s e s   w i t h   i n c r e a s i n g   a i r c r a f t  
a l t i t u d e .  

2 

2 

The I H R  f l igh t   measurements   p rogram  occurred   be tween  Ju ly ,   1977  and  
J a n u a r y ,   1 9 7 8 .   D u r i n g   t h e   f l i g h t  tests, a tmosphe r i c   p re s su re ,   t empera tu re ,  
and   humidi ty   da ta  were o b t a i n e d   f r o m   p o i n t   a n a l y s e s   s u p p l i e d   b y   t h e  USAF En- 
v i r o n m e n t a l   T e c h n i c a l   A p p l i c a t i o n s   C e n t e r  (ETAC). ETAC has   deve loped  a l i n e a r  
r e g r e s s i o n   m o d e l   ( r e f .  10) which estimates water vapor  levels a b o v e   t h e  

-40 l eve l ,  a t  w h i c h   s t a n d a r d   o p e r a t i o n a l   r a w i n s o n d e s   f a i l .  The ETAC model 
i s  based  on a series o f   a c t u a l   s o u n d i n g s   b y   t h e  Naval Research   Labora tory .  
Each p o i n t   a n a l y s i s  i s  based   on   t he   da t a   f rom a pa r t i cu la r   r awinsonde   l aunch .  
F o r   e a r l y   m o r n i n g   f l i g h t s   o v e r  New Mexico, t h e  12002 (5 A.M. MST) Albuquerque 
r awinsonde   da t a   and   co r re spond ing   po in t   ana lys i s   da t a  were used   to   compute  
t h e   t r a n s m i t t a n c e .   I n  a few ins t ances ,   sound ings   f rom E l  Paso  and  Midland, 
Texas,   and  Grand  Junct ion,   Colorado were a l s o   u s e d .  A s ample   p ro f i l e   showing  
the   compar i son   be tween   t he   po in t   ana lys i s   and   t he   r awinsonde   da t a   o f   t he  water 
v a p o r   p r o f i l e  is shown i n   f i g u r e  6. A s  can   be   s een ,   t he   ag reemen t  is e x c e l l e n t  
and   t he  water v a p o r   p r e s s u r e  a t  30,000 f e e t  i s  about  two orders   o f   magni tude  
l o w e r   t h a n   t h e  water vapor   pressure  between  ground level  and 1.83 km (6,000 f t ) .  

0 

The c a l c u l a t e d   t r a n s m i t t a n c e   v a l u e s   d o   n o t   a c c o u n t   f o r   a e r o s o l   s c a t t e r i n g  
o r   abso rp t ion ,   wh ich   migh t   have  a small e f f e c t  o n   t h e   t r a n s m i t t a n c e  a t  t h e  
a l t i t u d e s   o f   i n t e r e s t .  The c a l c u l a t e d  water v a p o r   a b s o r p t i o n ,   e v e n   f o r  rela- 
t i v e l y   h i g h   h u m i d i t y   c o n d i t i o n s ,  is a l m o s t   n e g l i g i b l e   f o r   a l t i t u d e s   a b o v e  
12.19 km (40,000 f t )   f o r  a l l  t h e  laser t r a n s i t i o n s   w h i c h  were measured.  The 
m o l e c u l a r   a b s o r p t i o n  i s  d u e   c h i e f l y   t o  CO w i t h   s i g n i f i c a n t  N 0 a b s o r p t i o n  

o n l y  on t h e  P ( 7 )   t r a n s i t i o n   o f   t h e  HF laser. The  agreement  of  the  measure- 

m e n t s   w i t h   t h e   c a l c u l a t e d   t r a n s m i t t a n c e   v a l u e s  i s  genera l ly   good.   Because   o f  
n o i s e   p r o b l e m s ,   d u e   t o   p o o r  HF laser s t a b i l i t y ,   t h e  I H R  s i g n a l - t o - n o i s e   r a t i o  

2’ 2 

2 
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f o r   u n a t t e n u a t e d   s o l a r   r a d i a t i o n  w a s  about   30 : l   and ,   therefore ,  i t  w a s  d i f f i c u l t  
t o  measure t ransmission  of  less than  0: = 0.10. 

Measured   a tmospher ic   t ransmi t tance   da ta   for  several s e l e c t e d  HF laser 
t r a n s i t i o n s  are g i v e n   i n   f i g u r e s  7 and 8. Tables 11, I11 and I V  summarize 
some of   the   measured   a tmospher ic   t ransmi t tance   da ta   for   the   P2(6) ,  P2(7), and 

P ( 4 )  t r a n s i t i o n s  of t h e  HF laser. 1 

CONCLUSION 

An infrared  heterodyne  radiometer   has   been  designed,   developed,   and  fab-  

r i c a t e d   f o r   u s e  on a KC-135 a i r c r a f t .  The extremely  narrow  bandwidth 

c m  ') IHR has   been  designed  to   operate  a t  t h e  HF/DF laser t r a n s i t i o n s  and 
e x h i b i t s   t h e   f o l l o w i n g   c h a r a c t e r i s t i c s :  

- 

Wavelength 

Receiver   type 

R e c e i v e r   f i e l d  of view 

R e c e i v e r   s e n s i t i v i t y  (NEP) 

Dicke  switch ra te  

IF  bandwidth 

I n t e g r a t i o n  t i m e  

Reference  temperature 

Cal ibra t ion   tempera ture  

Blackbody ca l ib ra t ion   accu racy  

Blackbody c a l i b r a t i o n  

Overall  measurement  accuracy 

2 . 7  t o   3 . 8  urn 

Gain  modulated,  Dicke-switched, 
heterodyne 

2 mrad 

1 .3  x W / H ~  

500 t o  2000 Hz, s e l e c t a b l e  

50 o r  100 MHz, s e l e c t a b l e  

0 .1 ,  0.5,  1 .3 ,   o r   10  s s e l e c t a b l e  

Ambient 

1000 t o  1900K, ambient 

= 1 percent  

= 0.25  percent,   long  term 
= 0.05 p e r c e n t ,   s h o r t  term 

0 .5  t o  0 . 1  percent  

During  the  design and  development  of t h e  IHR,  cons ide ra t ion  w a s  a l s o  
g i v e n   t o   o p e r a t i o n  a t  other   infrared  wavelengths .   Al though  the I H R  is  pres- 
e n t l y   b e i n g   u s e d   f o r   s o l a r  and  a tmospheric   t ransmit tance  measurements ,   there  
are a number o f   o the r   po ten t i a l   app l i ca t ions   fo r   t h i s   un ique   i n s t rumen t .  The 
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in f ra red   spec t rum i s  r i c h   i n   a b s o r p t i o n   ( e m i s s i o n )  phenomena i n   t h e  2 t o  1 2  pm 
s p e c t r a l   r e g i o n .  The narrow  bandwidth IHR o f f e r s   t h e   p o t e n t i a l  of s p e c t r a l  
ove r l ap   w i th   s e l ec t ed   s igna tu re   l i nes   t o   pe rmi t   t he   r emote   de t ec t ion  and mon- 
i t o r i n g  of var ious  a tmospheric   const i tuents .   Previous  a tmospheric   measurements  
near  X = 10 Urn ( r e f .  8) have   r e su l t ed   i n   t he   r emote   de t e rmina t ion  of t h e  con- 
cen t r a t ion   p ro f i l e   o f   a tmosphe r i c  ammonia and  ozone. 
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TABLE I. CALCULATED  ATMOSPHERIC  TRANSMITTANCE  FOR P2(7) TRANSITION 

OF HF LASER  FOR  MIDLATITUDE  WINTER (NO AEROSOL) AND 
€I = SUN'S ANGLE  FROM  ZENITH 

Altitude 
(km) 

10 

9 

8 

7 

6 

€I = 80° 

0.9552 

0 .9348 

0 .8984 

0 . 8 2 4 1  

0 . 6 7 9 1  

Transmittance 

" €I = 70' €I = 60° 

0.9770  0 .9842 

0.9664  0 .9769 

0.9471  0 .9635 

0 .9064  0 .9350 

0 .8216  0 .8742 

, e  = 50' 

0.9877 

0.9820 

0.9715 

0 . 9 4 9 1  

0.9007 

TABLE 11. ZENITH  TRANSMITTANCE  FOR P2(6 )  TRANSITION OF HF LASER 

( A  = 2.8318 pm) 

Altitude 

9 . 4 5  km ( 3 1 , 0 0 0  ft) 

10.67  km ( 3 5 , 0 0 0  ft) 

1 1 . 2 8  km ( 3 7 , 0 0 0  ft) 

1 1 . 8 9  km ( 3 9 , 0 0 0  ft) 

1 2 . 5 0  km ( 4 1 , 0 0 0  ft) 

1 3 . 7 2  km ( 4 5 , 0 0 0  ft) 

Measured transmittance 

0 . 9 2 4  

0 .954 

0.987 

0 .970 

0 .982 

1 .00  

Calculated 
transmittance 

0 . 9 1 8  

0 . 9 3 9  

0 . 9 6 8  

0 .954 

0 . 9 6 4  

0 . 9 7 4  
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TABLE 111. ZENITH  TRANSMITTANCE  FOR P2(7) TRANSITION OF KF LASER 
(X = 2.8706 pm) 

Altitude 

10.67 km (35,000  ft) 

11.28 km (37,000 ft) 

11.89 km (39,000  ft) 

12.50 km (41,000  ft) 

13.72 km (45,000 ft) 

Calculated 
Measured  transmittance  transmittance 

0.993  0.995 

1.0 0.993 

1.0 

1.0 

0.996 

0.998 

1.0 0.998 

TABLE  IV.  ZENITH  TRANSMITTANCE  FOR P1(4) TRANSITION OF HF LASER 
(X = 2.6401  pm) 

Altitude 

10.97 km (36,000 ft) 

12.50 km (41,000 ft) 

13.72 km (45,000  ft) 

Measured  transmittance 

0.55 

0.74 

0.85 

Calculated 
transmittance 

0.975 

0.99 

0.995 
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Figure 1.- Diagram of I H R  optical train. 

Figure 2.- Top view of I H R  optical system. 

194 



""I """ 

0 FILTER 
SOURCE 
OUTPUT 

SWITCH RATE fl SUMMER AC 
AMPLIFIER 

T T I 
SYNC 
DICKE 

TEMPERATURE TEMPERATURE 
RESOLUTION RANGE 
CONTROL CONTROL 

SYNCHRONOUS 
DETECTOR 

OUTPUT 
REFERENCE 

SYNC 
DICKE 

r 
ANALOG 
OUTPUT - ATTENUATOR 

LOW-PASS 
FILTER 

TO BCD 
BINARY 

CONVERSION 

LEO ' DIGITAL 
DISPLAY DATA 

4 

Figure 3.- Block  diagram of I H R  processor with 
self balancing gain modulation. 
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Figure 4.- Calculated IHA temperature resolution. 
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Figure  5 . -  Calcula ted  I H R  r e so lu t ion   accu racy .  
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Figure  6.- ETAC p o i n t   a n a l y s i s  water v a p o r   p r o f i l e  
compared t o  ac tua l   rawinsonde   da ta  €or sounding 
of  Bismarck, ND 1700 MST, 7 Jan.  1978. 
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10.0 HF 2-1 P (5) TRANSMISSION 
22 SEP 77 
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Figure 7.- HF P2(5) transmission  plot for altitudes 
shown over Rapid City, SD, 22 Sept. 1977. 

HF 2-1 P (6) TRANSMISSION 
24 SEP 77, RAPID CITY, SD 
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Figure 8.- HF P2(6) transmission plot  €or  altitudes 
shown over Rapid City, SD, 24 Sept. 1977. 

197 


