
NASA 
CP 
2 138- 

c .  1 
p t .  2 

NASA Conference Publication 2138 

Proceedings  of an 
international conference 
held at Williamsburg,  Virginia 
March 25-27, 1980 

https://ntrs.nasa.gov/search.jsp?R=19800021171 2020-03-21T17:54:57+00:00Z



BANDWIDTH  BANDWIDTH 

'IF 80 

OUTPUT 

AMPLIFIER/ 
FILTER C DETECTOR 

FILTER/ 

"IF 

- 
INTEGRATOR 

"D.C." 

Y I F  u s -  " L 1 
Bo: - 

OPTICAL  "IF << "S 
ANTENNA  "IF e "L 

4r 

A h  A ,  

OSCILLATOR 
LOCAL 

"L'  PL 

Figure 1.- Block  diagram  of  a  representative  heterodyne  receiver. 
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Figure 2.- Huygen's  wavelet  model  for  propagation of the  mutual 
intensity function  between  the  antenna  and  mixer plane. 
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Figure 3.- Huygen's  wavelet  model  for  propagation  of the mutual 
intensity  from an extended  incoherent  source. 
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PREFACE 

The  proceedings of the  International  Conference  on  Heterodyne  Systems  and 
Technology  held  in  Williamsburg,  Virginia  March 25-27, 1980, are  reported  in 
this  NASA  Conference  Publication.  This  conference  was  sponsored  by  the  National 
Aeronautics  and  Space  Administration. 

The  conference  was  the  first  of  its  kind,  bringing  together  technologists, 
systems  engineers,  and  applications  scientists  to  exchange  technical  informa- 
tion on  all  aspects  of  optical  heterodyning.  Topics  covered  various  aspects 
of  heterodyning  throughout  the  electromagnetic  spectrum  including  detectors, 
local  oscillators,  tunable  diode  lasers,  astronomical  systems,  and  environmen- 
tal  sensors,  with both active  and  passive  systems  represented. 

The  conference  organization  consisted  of  a  General  Program  Chairman, 
Robert  H.  Kingston  of  M.I.T.  Lincoln  Laboratory,  and  a  Program  Committee  whose 
members  are  listed  for  reference  elsewhere  in  these  proceedings.  The  conference 
organizers  were  Stephen J. Katzberg  and  James M. Hoell;  the  conference  coordi- 
nator  was  Patricia  Hurt.  Conference  support  was  led by Jane T.  Everett  with 
assistance  from  Vivian  Parrous  and  Sheila A. Armstrong,  all  from  Langley 
Research  Center. 

Use of trade  names  or  names  of  manufacturers  in  this  report  does  not  cons- 
titute  an  official  endorsement  of  such  products  or  manufacturers,  either 
expressed or implied,  by  NASA. 

Stephen J. Katzberg 
James M. Hoell 

Conference  Cochairmen 
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FOREWORD 

Robert H. Kingston 
Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 

Lexington;  Massachusetts 021 73 

heterodyne - (hetero + dyne) - separate  force 

superheterodyne - (super(sonic1 + heterodyne) 

To introduce  the  proceedings  of  this  conference,  it  is  interesting  to 
review  the  origin  of  the  above  two  words  and  trace  the  early  history  of  hetero- 
dyne  systems  up  to  the  first  optical  heterodyne  experiment of 1955.  The  story 
begins  in 1902 with  the  issue  of  a  patent  to  Fessenden  with  the  simple  title, 
Wireless  Signaling ( 1 ) .  The  invention  was  the  concept  of  transmitting  two 
separate  radio  frequencies,  receiving  the  same  on  two  separate  antennas  and 
mixing  the  two  to  produce  an  audio  frequency.  The  "mixer"  in  this  case  was  an 
iron-core  coil  driving  a  telephone  diaphragm,  and  the  deflection  was  proportional 
to  electrical  power,  thus  yielding  acoustic  output  at  the  difference  frequency. 
A  curious  and  ironic  phrase  in  the  patent  reads:  "By  the  term  'electromagnetic 
waves'  as  used  herein  is  meant  electromagnetic  waves  long  in  period  compared 
with  that  are  called  'heat-waves' or 'radiant  heat'." 

It is  not  clear  when  the  term  "heterodyne"  was  coined,  but  we  find  a  paper 
by  Hogan ( 2 )  in 191 3 with  the  title  "The  heterodyne  receiving  system,  and  notes 
on  the  recent  Arlington-Salem  tests."  One  section  of  this  paper  is  particu- 
larly  significant  as  it  reads,  "It is evident  that  an  economy  may be brought 
about  by  transmitting  only  one  wave  and  generating  the  second  frequency at the 
receiving  station."  And  thus  came  the  birth  of  the  local  oscillator;  "The 
heterodyne ... is  seen  to  consist  of  a  standard  receiving  set  associated  with  a 
local  generating  circuit  by  means  of  an  inductive  coupler.  The  generator G may 
be an  alternator...which  is  a 2 K.W. machine  capable  of  generating  frequencies 
up  to 100,000 cycles  per  second."  This  is  probably  a  record  value  for  local 
oscillator pwer, radio or optical.  Unfortunately,  this  first  heterodyne  system 
was  adequate  for C.W. or Morse  code  signals,  but  seriously  distorted  voice 
communications. 

The  next  step  in  the  developnent  of  the  heterodyne  technique  was  taken  by 
Armstrong,  later  the  inventor  and  developer  of f.m. broadcasting.  During  World 
War  I,  as  a  member  of  the U.S. Army  Signal  Corps,  he  devised  a  technique  for 
receiving  and  separating  signals  over  a  wide  range  of  radio  frequencies  using  a 
modification  of  the  heterodyne  principle. To quote  from  his 1921 paper ( 3 )  : 
"This  expedient  consists  in  reducing  the  frequency  of  the  incoming  signal  to 
sane  predetermined  super-audible  frequency  which  can be readily  amplified, 
passing  this  current  through  an  amplifier,  and  then  detecting or rectifying  the 
amplified  current."  Thus  came  the  superheterodyne,  supersonic  being  the  pre- 
jet  age  version  of  ultrasonic. In  a  technical  discussion  still  valid  today, 
Armstrong  points  out  the  difficulties  of r.f. amplification  (poor  vacuum  tube 
amplifiers)  and  the  difficulties  of  audio  amplification  (poor  local  oscillator 
stability  and  high  tube  noise  at  audio  frequencies).  Armstrong's  invention was 
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in  response  to  the  problem  which  he  proposed  at  the  beginning  of  this  paper: 
"The  problem  may  be  summed  up  in  the  following  words -- to  construct  a  receiver 
for  undamped,  modulated  continuous,  and  damped  oscillations  which  is  substan- 
tially  equally  sensitive  over  a  range  of  wavelengths  from 50 to 600 meters, 
which  is  capable  of  rapid  adjustment  from  one  wave  to  another,  and  which  does 
not  distort  or  lose  any  characteristic  note  or  tone  inherent  in  the  trans- 
mitter."  By  this  time,  the  mixers  were  diode  rectifiers  or  vacuum  tubes  and, 
since  the  early  thirties,  the  superheterodyne  has  been  the  standard  method  of 
radio  wave  reception. 

The  next  two  steps  which  led  to  the  development  of  heterodyne  systems  from 
the  sub-millimeter  to  the  visible  occurred  in 1955 and 1960. First,  Forrester, 
Gudmundsen,  and  Johnson (4) demonstrated  photoelectric  mixing  of  the  Zeeman  com- 
ponents  of  a  mercury  emission  line  thus  establishing  the  feasibility  of  optical 
heterodyning.  Then,  in 1960, Maiman (5) gave  the  first  demonstration  of  optical 
maser or laser  action,  thus  giving  promise  of  a  local  oscillator  and  mixer  which 
in  Armstrong's  words  could  "reduce  the  frequency  of  the  incoming  signal  to  some 
predetermined  super-audible ( ! )  frequency  which  can  be  readily  amplified." 

The  papers  in  these  proceedings  take  up  the  story  from  there.  The  applic- 
cations  are  of murse much  broader  than  simple  signal  reception  and  include 
spectroscopy,  radiometry,  communications,  and  radar.  The  critical  technologies 
are  the  design  and  fabrication  of  local  oscillators  and  detectors.  We  are  all 
indebted  to  the  staff of  NASA  Langley  Research  Center  for  initiating  and  orga- 
nizing  the  conference  and  for  the  preparation  of  these  proceedings,  the  first 
such  work  devoted  exclusively  to  the  exciting  field of heterodyne  systems  at 
really  short  wavelengths. 
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n-p (Hg,Cd)Te PHOTODIODES  FOR 

8-14 MICROMETER  HETERODYNE 

APPLICATIONS 

J .F. Shanley and C.T. F l  anagan 

Honeywell E l  ectro-Opt i cs Center 

2 Forbes Road 

Lexington, Massachusetts 02173 

ABSTRACT 

This   paper   p resents   exper imenta l   resu l ts   descr ib inq   the  dc and C02 l a s e r  

he te rodyne   cha rac te r i s t i cs   o f  a three  element  nt-p Hgo. &do. 2Te photodiode  array 

and single  e lement and f o u r  element  n+-n--p Hgo.8Cdo.zTe photodiode  arrays.  The 

measured data shows t h a t   t h e  nt-p c o n f i g u r a t i o n   i s   c a p a b l e  o f  ach iev ing  
bandwidths  of 475 t o  725 MHz and no ise   equ iva len t  powers o f  3.2  x 10-20W/Hz a t  

77 K and 1.0  x  10-''W/Hz a t  145 K. The  n+-n--p photodiodes  exhib i ted  wide 

bandwidths (-2.0 GHz) and f a i r l y  good e f f e c t i v e   h e t e r o d v n e  quantum e f f i c i e n c i e s  

(-13-30% a t  2.0 GHz). No ise   equ iva len t  powers rang ing   f rom 1.44  x lO'''W/Hz t o  

6.23  x 10-20W/Hz were  measured a t  2.0 GHz. 
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INTRODUCTION 

I n f r a r e d   h e t e r o d y n e   d e t e c t i o n  as  a  means o f  d e t e c t i n g  weak s i g n a l s   i s  use- 

f u l   i n  many systems a p p l i c a t i o n s ,  such as remote  sensing,  communications, 

op t i   ca l   radar   range f i nders, b a t t l   e f  i e l  d su rve i  11  ance, v e l   o c i  t y  and tu rbu lence  

measurements  and i n f r a r e d  astronomy. I n f r a r e d   h e t e r o d y n e   r e c e i v e r s   w h i c h   u t i l -  

i z e  (Hg,Cd)Te photodiodes i n  a 10.61.m CO, l ase r   he te rodyne   app l i ca t i on  have  been 

devel  oped f o r  use i n   t h e s e  systems.  There  are  two (Hg,Cd)Te photodiode  s t ruc-  

tures  which have  been designed t o  meet t h e  needs of   var ious  heterodyne appl  i c a -  

t i o n s :   t h e  n -p  photodiode and t h e  n -n  -p  photodiode. 
+ t -  1-5 

The nt-p (Hg,Cd)Te pho tod iode   s t ruc tu re  was i n i t i a l l y  des igned   fo r  use i n  

d i r e c t   d e t e c t i o n  systems,  and  hence, t h e   d e v i c e   d e t e c t i v i t y  has  been o p t i -  

mized. 3-5  There  are a number o f  CO, 1 aser  heterodyne  system  appl icat ions  which 

require  moderate  bandwidths (-500 MHz) and e leva ted   tempera ture   opera t ion  

(T 120 K). The  n -p  pho tod iode   s t ruc tu re  i s  optimum f o r   e l e v a t e d  tempera- 

t u r e   o p e r a t i o n   s i n c e  it i s  c a p a b l e   o f   a t t a i n i n g  fa i r l y  low s a t u r a t i o n   c u r r e n t s .  

t 

It i s  v e r y   d i f f i c u l t   t o   o p e r a t e  n -n   -p  (Hg,Cd)Te photodiodes a t  tem- 

pera tures   g rea ter   than 110 K due t o   t h e   l o w   c a r r i e r   c o n c e n t r a t i o n   ( n e a r   i n t r i n -  

s i c )   c o n t a i n e d   i n   t h e   n - - l a y e r .  However, t he   adven t   o f   t echn iques   f o r   u l t ra -  

wideband  modulat ion  of CO, 1 a s e r   t r a n s m i t t e r   s i g n a l  s and the   requ i remen t   t o  

handle  large  Doppler   f requency  o f fsets  has c rea ted   t he  need f o r   e x t e n d i n g   t h e  IF 
bandwidth  performance o f   i n f r a r e d   r e c e i v e r s   t o   a t   l e a s t  2.0 GHz. The  n -n -p 

(Hg,Cd)Te p h o t o d i o d e s   a r e   i d e a l l y   s u i t e d   f o r  such app l ica t ions   s ince   they   a re  

capable o f  a t t a i n i n g  1 arge IF bandwidths. 

t -  

+ -  

Th is   paper   p resents   resu l ts   per ta in ing   to   the   two  d iode  s t ruc tu res .   The 

n -p  photodiode  at ta ined  heterodyne  s ignal   f requency  response  of  475 - 675 MHz 

a t  a temperature  o f  145 K. A1 so, t h e  n -n  -p  photodiode  demonstrated band- 

w i d t h s   o f  2000 MHz when operated i n  a heterodyne mode a t  a temperature of 77 K. 

t 

t -  
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HETERODYNE FIGURE OF W R I T  

The no ise   equ i  V a l  en t  power (NEP) o f f e r s  a v e r y   c o n v e n i e n t   f i g u r e   o f   m e r i t  

fo r   eva lua t ing   the   he terodyne  per fo rmance  o f  a (Hg,Cd)Te photodiode. The NEP i s  

de f i ned  as t h e   i n c i d e n t   s i g n a l  power t h a t  must be d e t e c t e d   i n   o r d e r   t o   g i v e  a 

s i g n a l - t o - n o i s e   r a t i o  (SNR) o f  1.0 i n  a bandwidth  o f  1.0 Hz. The NEP p e r   u n i t  
bandwidth f o r  an n-p  (Hg,Cd)Te photodiode i s  given by the   f o l l ow ing   exp ress ion :  

where  ILO i s   t h e   l a s e r   l o c a l   o s c i  11 a t o r   i n d u c e d   c u r r e n t   w h i c h   i s   r e 1   a t e d   t o   t h e  
i n c i d e n t   l a s e r  power through  the  express ion:  

where h i s   P l a n c k ' s   c o n s t a n t ,  v i s  frequency, q i s   t h e   e l e c t r o n  charge, 

and n i s   t h e  dc quantum e f f i c i e n c y .  

The l a s t  two  terms i n   e q u a t i o n  (1) e s t a b l i s h   t h e   c r i t e r i a   f o r   d e t e r m i n i n g  

t h e   t r a d e - o f f  between t h e   f r a c t i o n a l   d e g r a d a t i o n   i n  NEP as a f u n c t i o n   o f   t h e  

l o c a l   o s c i l l a t o r  power, u s i n g   t h e   f o l l o w i n g   q u a n t i t i e s  as parameters: 

0 The dev ice   equ iva len t   c i r cu i t   pa ramete rs  (GD the  shunt  conduct- 
ance, Rs  t he   se r ies   res i s tance ,  and CD t he   j unc t i on   capac i -  
t ance) , 

0 The pho tod iode   sa tu ra t i on   cu r ren t  (ISAT), 

0 The physical   temperature  of   the  photodiode  (TM),  

0 The dev ice  quantum e f f i c i e n c y  (TI), 

0 The I F   p r e a m p l i f i e r   c h a r a c t e r i s t i c s  (TIF the   equ iva len t   p re -  
amp1 i f i e r   n o i s e   t e m p e r a t u r e ) .  
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It i s   i n s t r u c t i v e   t o   r e c a s t   e q u a t i o n  (1) by d e f i n i n g  a  minimum de tec tab le  

s igna l  power Pmi n = hv/rrq,  an ava i l ab le   t he rma l   no i se  power, 

and  an a v a i  1 ab le  shot   no ise power, 

The NEP can  then be w r i t t e n  as: 

I n  o r d e r   f o r   t h e  NEP t o  approach  the   theore t ica l  1 imit (Pmi n)   the  photo-  

diode must be operated  under   the  fo l  1 owing  condi t ions:  

1. ILO >> ISAT 

2 .  psh >> P t h  

F o r   t h e   b e s t   h e t e r o d y n e   d e t e c t i o n   s e n s i t i v i t y ,   t h e   l o c a l   o s c i l l a t o r   i n d u c e d  

c u r r e n t   ( 1 ~ 0 )   i s   f i x e d  so tha t   t he   sho t   no i se  domi nates  the  thermal  noise and 

the  photo- induced  current   dominates  the  saturat ion  current  so t h a t :  

Under these   cond i t i ons   t he   dev i ce   sens i t i v i  t.y i s   o n l y  1 i m i t e d  by t h e  dc quantum 

e f f i c i e n c y .   I n   r e a l i t y  it i s  very d i f f i c u l t   t o   a d j u s t   t h e   i n c i d e n t   l o c a l   o s c i l -  

l a t o r  so t h a t  i t  completely  dominates  the  shot  noise and t h e   s a t u r a t i o n  

current.   Therefore,   the  observed NEP i s  

NEP h v  - 
” 

B q 2 H  

where t h e   e f f e c t i v e   h e t e r o d y n e  quantum e f f i c i e n c y  qEH i n c l u d e s   t h e   e f f e c t s  

c o n t r i b u t e d  b.y the   b racke ted   t e rm  i n   equa t ion  (1). The e f fec t i ve   he te rodyne  
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quantum e f f i c i e n c y   i s ,   t h u s ,  a f i gu re -o f -mer i t   wh ich   desc r ibes   quan t i t a t i ve l y  

how c l o s e l y  a g i v e n   i n f r a r e d   h e t e r o d y n e   r e c e i v e r   ( i  .e., t he  (Hg,Cd)Te photodiode 

and amp1 i f  i e r  combi nat  i on)  approaches  the  maxi mum t h e o r e t i c a l   e f f  i c i  ency , 
i.e. , ~ E H  = 100% which  corresponds t o  t h e  quantum  noise 1 i m i t e d  NEP o f  
1.87 X lo-'' W/Hz a t  a wavelength  o f  10.6 micrometers. 

The (Hg,Cd)Te photodiode  device  parameters (IsAT,GD,Rs, and CD)are 
a l s o  ver.y i m p o r t a n t   q u a n t i t i e s   w h i c h   m s t  be considered i n   o r d e r   t o   o p t i m i z e   t h e  

e f fec t i ve   he te rodyne  quantum e f f i c i e n c y .  The i d e a l  (Hg,Cd)Te heterodyne  photo- 

d i o d e   i s  one i n  which  the  thermal ly   generated  detector   no ise  is   min imized.   Th is  

means that  t h e   s a t u r a t i o n   c u r r e n t  must  be 1 imi t e d  t o  very  small  values  by 
choosing  the (Hg,Cd)Te m a t e r i a l   w i t h   t h e   l o n g e s t   p o s s i b l e   m i n o r i t y   c a r r i e r   l i f e -  

t ime and the   de tec tor   con f  i qura t i on   w i th   t he   sma l l   es t  volume f o r  thermal  genera- 

t i o n  o f  e lec t ron -ho le   pa i r s .  Thus, i f  the   sa tu ra t i on   cu r ren t   i s   m in im ized   t hen  

moderate 1 evels  ( - 500 mic rowat ts )   o f  1 oca1 osc i  11 a t o r  power a r e   r e q u i r e d   t o  

overcome the   e f fec ts   o f   the   thermal ly   genera ted   de tec tor   no ise  ( ISAT) .  

F i n a l l y ,  it i s  noted  that   the  laser   induced  shot   no ise power i s  dependent 

upon the  photodiode  shunt  conductance,  series  resistance, and junc t i on   capac i -  

tance. The  maximum shot  noise power i s   o b t a i n e d  when the  device  possesses a low 

se r ies   res i s tance  ( 5 t o  10 ohms) , a low  capaci tance ( -  1.0 t o  2.0 pF) and a 

low shunt  conductance (- 1.0 X l o w 3  t o  2 X mhos).  Therefore, i n   d e s i g n i n g  

the   bes t  n-p  (Hg,Cd)Te photod iode  s t ruc tu re  it i s  necessary t o  reduce  the  ther-  

mal n o i s e   c o n t r i b u t i o n   t o  as low a value as i s   p o s s i b l e  and t o   m i n i m i z e   t h e  

GD, RS , and CD parameters. 

THE n -p  Hg, ,Cd , 2Te PHOTODIODE + 

t The  n -p  photodiode  structure  possesses  low  saturat ion  currents  because 

t h e   d o p i n g   l e v e l s   i n   t h e  n and p regions  are  chosen  such  that   the  width  of   the 

d e p l e t i o n   r e g i o n   i s  reduced.  This, i n   e f f e c t ,   m i n i m i z e s   t h e   g e n e r a t i o n -  

recombina t ion   cur ren t   con t r ibu ted  by the   dep le t i on   l aye r .  The t h e r m a l   d i f f u s i o n  

cur ren t   f rom  the   n - reg ion   i s   m in imized by f a b r i c a t i n g  a f a i r l y   t h i n   n + - l a y e r  
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(0.3 t o  0.7 micrometers) .   Therefore,   the  p- reg ion i s   t h e   p r i m a r y   s o u r c e   o f   t h e  

saturat ion  current.   Reducing  the  volume  of   the  p-region will also   he lp  m i  n imize 

the   thermal   d i f fus ion   cur ren t   f rom  the   p -s ide .  The bandwidth o f  t he  n+-p 

photodiode i s  d e t e r m i n e d   b y   t h e   l i f e t i m e   o f   t h e   m i n o r i t y   c a r r i e r s   ( e l e c t r o n s )  

d i f f u s i n g   t o   t h e   j u n c t i o n   f r o m   t h e   p - r e g i o n .   T h i s   i m p l i e s   t h a t   t h e   b a n d w i d t h   o f  

t h e  n+-p dev ice wi 11 be smal l   e r   than  the  n -n   -p   dev ice  s ince  the band- 

w i d t h   o f   t h e  n -n   -p   dev ice i s  RC l i m i t e d  and t h e  primar.y c o l l e c t i o n  

mechanism i s  due t o   t h e   e l e c t r i c   f i e l d   i n   t h e   d e p l e t i o n   r e g i o n .  However, i n  

o r d e r   t o   a c h i e v e  (Hg,Cd)Te photodiodes  that  are  capable of h i g h   s e n s i t i v i t . y  

heterodyne  detect ion  a t   e levated  temperatures,  one nust  pay the   pena l t y   o f   l oss  

i n  bandwidth. 

+ -  
+ -  

P lanar   process ing  techniques were  used t o   f a b r i c a t e   t h e  n - j u n c t i o n s  on a 

subs t ra te   o f   copper  doped p- type (NA - 2.0~10  cm ) Hg,,~,Cd,~,Te. The 

h i g h   c a r r i e r  n l a y e r  (ND - l . O ~ l O - ~ ~ c m - ~ )  was achieved  by  the  ion 

imp lan ta t ion   o f   boron ,  a s low ly   d i f f us ing   donor   spec ies ,   i n to   t he   p - t ype  sub- 

s t r a t e .  A double  boron  ion  implantat ion was employed t o  achieve  n+- junct ion 

depths  of   approximately 0.3 t o  0.7 micrometers. The ions were i m p l a n t e d   i n t o  

p h o t o l i t h o g r a p h i c a l l y   d e f i n e d   a r e a s  and the  wafers were t h e n   s u b j e c t e d   t o  

post- implant  thermal  anneals. The anneals,  which  reduce  implant  induced damage 

t h a t  will mask t h e   e l e c t r i c a l   a c t i v i t y   o f   t h e   i m p u r i t y   s p e c i e s , 4 3 5  were  per- 

formed i n  a reducing  atmosphere o f  forming gas a t  temperatures  ranging  from 125 

t o  175°C w i th   du ra t i ons   o f  one to   t h ree   hou rs .  

+ 
1 6  - 3  

+ 

Front  and backside  contacts were made subsequent t o   t h e   p o s t - i m p l a n t  

anneals. A t h i n   g o l d   l a y e r  was used f o r  the  backs ide  contact .  Upon compl e t i o n  

o f   t he   f ab r i ca t i on   p rocedure ,   t he  (Hg,Cd)Te wafer was then   d i ced   i n to   ch ips  

w h i c h   w e r e   t h e n   i n d i v i d u a l l y   a f f i x e d   t o  a h igh  f requency  mount ing  s t ructure.  

The c h a r a c t e r i z a t i o n   o f   t h e  nt-p  photodiode i s  made through  the  use  o f  dc 

c h a r a c t e r i s t i c s  (I-V charac te r i s t i cs ,   spec t ra l   response ,  and capaci tance-vo l tage 

measurements) and shot  noise and blackbody  heterodyne  radiometry measurements. 

The data  obta ined  f rom  these measurements i s   p r e s e n t e d   i n   T a b l e  1. 
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The current-voltage (I-V) character is t ics  of the n+-p Hg0.8Cdo.zTe 
photodiodes were  measured a t  77 K and 145 K. The devices  exhibited forward 
resistances of approximately 20 t o  40 ohms a t  bo th  temperatures, and the  zero 
bias  resistance was found t o  vary from 75 t o  7000  ohms at  77 K, while a t  145 K 

the  zero  bias  resistance ranged from 30 t o  250  ohms.  The  breakdown voltage, 
defined t o  be t h a t  voltage a t  which  1.0 m4 o f  excess  reverse  current flows i n  
the  junction,  varied from approximately 0.20 t o  0.75 volts a t  77 K and from 0.06 
t o  1.30 volts a t  145 K. Figure 1 shows the  current-voltage  characteristic of 
element one  of the  three element array.  Spectral  response measurements revealed 
t h a t  the photodiodes  possessed  cutoff wavelengths of approximately 10.31 t o  14.1 
micrometers and 8.89 t o  11.4 micrometers a t  77 K and 145 K, respectively. 

Blackbody  measurements  were performed a t  a frequency of 1.0 kHz t o  measure 
the dC q u a n t u m  efficiencies of the  devices. The result  of these measurements 
are shown i n  Table 1. The devices  are seen t o  exhi bit  dC q u a n t u m  efficiencies 
rangi ng from 73% t o  78%. 

Capacitance-voltage measurements  were performed on the  three elements of 
the a r r a y ;  the  results of the measurements on element one are shown in  Figure 2 ,  
where a graph o f  1 / C  versus  the  reverse  bias  voltage a t  77 K i s  presented. 
The straight  line  plot  reveals t h a t  the n - p  junction  is a b r u p t  ( i  .e. 
ND>>NA). The net acceptor  concentrations  in  the  p-regions of the ar ray  were 
determined from the  line  slopes t o  vary from 1.0~10 t o  3.1~10 cm . 
This resul t   i s   consis tent  with the   in i t ia l  copper  concentration 
(NA - 2.0~10 cm ) t h a t  was introduced  during  the growth  of the p-type 
Hgo.8Cdo.2Te. I n  addition, Hall measurements performed a t  77 K yielded 
acceptor  concentrations of approximately 1 . 5 ~ 1 0  t o  3.4~10 cm . 

2 

t 

1 6   1 6  - 3  

1 6  - 3  

1 6  16 - 3  

Shot  noise and blackbody heterodyne  radiometry  techniques were  used t o  
measure the n -p  photodiode's  frequency  response and noise  equivalent power 
(NEP).1,2,6,7 The measurements  were made with a low noise wide  bandwidth 
preamplifier which possessed a net  gain of approximately 35 dB, a noise  figure 
of 2.5 dB, and a bandwidth of 5 t o  1000 MHz. The shot-noise  frequency  response 
was measured by illuminating  the  photodiode's  active  area w i t h  sufficient chop- 
ped C02 laser  power t o  overcome the thermal noise. The shot  noise  spectrum 

+ 
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was determined by slowly  scanning a spectrum  analyzer over the induced shot 
noise and synchronously detecting  the chopped signal by connecting a lock-i n 
amplifier t o  the  vertical  output of the spectrum  analyzer. 

The measured shot  noise  frequency  response of the n - p  photodiode array 
ranged from 581 t o  820 MHz for  incident CO, laser  power levels of 175 t o  300 
microwatts a t  77 K and 145 K. The response  did not vary as a function of device 
temperature. 

+ 

The heterodyne  frequency  response and sensitivity  (represented by e i the r  
the noise  equivalent power, N E P ,  or the  effective heterodyne q u a n t u m  efficiency, 
~ E H )  were  measured using the experimental  configuration  illustrated i n  
Figure 3. A blackbody source (T = 1000 K )  beats  against  the CO, laser  local 
oscillator  source. The local  oscillator power is  adjusted so t h a t  the shot  
noise domi nates  the thermal noise  in  the  receiver. By measuring the  signal - t o -  
noise  ratio (SNR) , the  effective heterodyne q u a n t u m  efficiency can be calculated 
from the  fol 1 owi ng expression: 

where T is  the post detection  integration  time, B is   the IF bandwidth, x is   the  
optics  transmission  factor, TBB and Tr are  the blackbody and reference tem- 
peratures and EBB and E r  are  the  emissivities of the blackbody and refer- 
ence. 

Figure 4 presents  the  heterodyne  frequency  response  for element one 
measured a t  145 K .  I t  i s  seen t o  be f l a t  t o  approximately 600 MHz. The right 
side o f  Table 1 presents a summary o f  the  heterodyne  Droperties o f  the  three 
element n - p  photodiode ar ray .  I t  a l so   l i s t s  the operating  points  (i.e., 
reverse  bias  voltage,  capacitance and  dark current a t  the  bias  voltage, and 
incident CO, laser  power) a t  which the heterodyne measurements  were made.  The 
d a t a  clearly  indicates t h a t  i t   i s  possible t o  operate  the n+-p photodiode in 
the  heterodyne mode and t o  obtain moderate bandwidth (475 - 725 MHz) and fair1.y 
good sens i t iv i t ies ,  n ~ ~ - 5 8 %  and n ~ ~ - l 9 % ,  a t  77 K and 145 K ,  respectively. 

+ 
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The n- i -p  photodiode i s   t h e  optimum (Hg,Cd)Te d e v i c e   s t r u c t u r e   f o r   u s e  as  a 

h i g h  speed, i.e., wide  bandwidth, CO, l a s e r   h e t e r o d y n e   d e t e c t o r   o f   i n f r a r e d  
r a d i a t i ~ n . ~ ~ ~  The dev i ce   cons i s t s   o f  a s l a b   o f   n e a r l y   i n t r i n s i c  "i" semicon- 
duc tor ,  bounded on  one s ide  by a re1 a t i  v e l y   t h i n   l a y e r  o f  very   heav i l y  doped 

n- type  mater ia l  and on the   o the r   s ide  b.y a r e l a t i v e l y   t h i c k   l a y e r   o f   h e a v i l y  

doped p-type  semiconductor  mater ia l .  Ohmic c o n t a c t s   t o   t h e   h e a v i l y  doped 

reg ions  serve as a means o f   a p p l y i n g   s u f f i c i e n t  dc r e v e r s e   b i a s   v o l t a g e   t o   t h e  
s t r u c t u r e  so t h a t   t h e   d e p l e t i o n   l a y e r   o f   t h e   j u n c t i o n   s p r e a d s   o u t   t o  occupy t h e  

e n t i r e   i n t r i n s i c   o r  1 i g h t l y  doped  n-volume. Th is  volume then becomes a r e g i o n  

o f   h i g h  and n e a r l y   c o n s t a n t   e l e c t r i c   f i e l d ,  a region  which i s  swept f r e e   o f  

e l e c t r o n - h o l e   p a i r s ,  and  one wh ich   cons t i t u tes   t he   ac t i ve  volume o f   t h e  
device.10, l l  

Abso rp t i on   o f   i n f ra red   rad ia t i on   i n   t he   semiconduc to r   p roduces   e lec t ron -  

h o l e   p a i r s   t h a t   a r e   e i t h e r   c o l l e c t e d  by t h e   d r i f t   ( e l e c t r i c   f i e l d )   o r   d i f f u s i o n  

mechanism. For   h igh  speed d e v i c e s ,   t h e   d r i f t  mechanism  must domi na te   s ince   the  

d i f f u s i o n  mechanism on ly   serves   to  limit the  heterodyne  dev ice 's   h iqh  f requency 

s e n s i t i v i t y .   F o r  maximum c o l l e c t i o n   e f f i c i e n c y ,   t h e   i n t r i n s i c   r e g i o n  must  be 

t a i l o r e d   t o  be 2 / a  t h i c k ,  where a i s  t h e   a b s o r p t i o n   c o e f f i c i e n t   o f   t h e   i n c i d e n t  

i n f r a r e d   r a d i a t i o n .  Thus, d i f f u s i o n   o f   c a r r i e r s   f r o m   t h e   p - s i d e   o f   t h e   j u n c t i o n  

i s  minimized by proper  p lacement  of   the i region  below  the  surface. 

I n   p r a c t i c e ,  it i s  v e r y   d i f f i c u l t   t o   a c h i e v e   t h e   i d e a l i z e d   i n t r i n s i c   l a y e r  

i n  most  semiconductors, i .e., s i1   icon,   ga l l ium  arsenide,   mercury cadmium 

t e l l u r i d e ,   e t c .   T h e r e f o r e ,   t h e  "i" reg ion   i s   app rox ima ted  b.y e i t h e r  a l i g h t l y  
doped n - l a y e r   o r  a l i g h t l y  doped p- layer.  It i s  because o f   t h e   l o w   d o p i n g   i n  

t h e  i r e g i o n   t h a t  most o f   the   po ten t ia l   d rop   appears   across   th is   reg ion .  The 
n -n  -p  photodiode i s   t h e   b e s t  (Hg,Cd)Te dev ice   s t ruc tu re   fo r   w ide   bandwid th  

C02 l a s e r   h e t e r o d y n e   a p p l i c a t i o n s   s i n c e   t h i s   c o n f i g u r a t i o n   i s  analogous t o   t h e  

n - i  - p  photodiode. 

8 

t -  
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Planar  processing  techniques  were  used t o   f a b r i c a t e   t h e   l i g h t l y  doped n' 
1 a y e r s   ( a c t i v e   a r e a   i s   1 . 8 ~ 1 0  cm ) on a subs t ra te   o f   p - t ype  

(NA - 1 . 0 ~ 1 0  cm ) Hgom8Cdo.2Te.1y2  The s u b s t r a t e s   a r e   i n i t i a l l y  doped 

w i t h  a ne t   donor   concent ra t ion  o f  approx imate ly   1 .0~10 cm . A mercury 

d i f f us ion   p rocess   wh ich  compensates the  non-sto ich iometr ic   defects ,   presumably  

mercury  vacancies, i n   t h e   p - t y p e   s u b s t r a t e   i s  employed t o   c o n v e r t  a su r face  

l a y e r   o f   t h e   p - t y p e   m a t e r i  a1 t o  n- type  mater ia l .   Anneal ing i n  a mercury  atmos- 

phere  al lows  mercury t o   d i f f u s e   i n t o   t h e   p - t y p e   s u b s t r a t e  and t h i s   r e s u l t s   i n  

t h e   a n n i h i  1 a t i on   o f   t he   mercu ry   vacanc ies  , thereby  a1 1 owing  the  res idual   donor  

i m p u r i t i e s   a l r e a d y   p r e s e n t   i n   t h e   s u b s t r a t e  t o  predominate. A sha l l ow  

n -1 ayer (ND - 5x10 t o   1 . 0 ~ 1 0  cm ) was a p p l i e d   t o   t h e   s u r f a c e   o f  

n - l a y e r   i n   o r d e r   t o   r e d u c e   t h e   d e v i c e ' s   s e r i e s   r e s i s t a n c e .  

- 4  2 

17 -3 

14 -3 

+ 17 18 - 3  

I-V c h a r a c t e r i s t i c s  measured  on t h e  n -n  -p  photodiodes  revealed  for-  

ward   res is tances   o f   approx imate ly  10 t o  35 ohms and ze ro   b ias   res i s tances   o f  180 

t o  5000 ohms. The breakdown vol tage  ranged  f rom 630 t o  2250 mV for   dev ices  pos-  

sess ing   cu to f f   wave lengths   o f  10.88 t o  12.5 micrometers. 

+ -  

C - V  measurements  were  performed on t h e  n -n - p  devices and p l o t s   o f  

1 / C 2  ve rsus   t he   reve rse   b ias   vo l tage   have   resu l ted   i n  a s t r a i   g h t - 1  i ne 

behav io r .   Th is   ind ica tes   tha t   the   mercury   d i f fus ion   p rocess   c rea tes  a one-sided 

a b r u p t   j u n c t i o n  (NA>>ND). A leas t   square  fit a p p l i e d   t o   t h e  1/C data  

y i e l d e d  a net   donor   concentrat ion  o f   approx imate ly  1.1 x 10 t o  
1 .0~10  cm i n   t h e  n- l aye r .  The donor  concentrat ions  measured by t he  C - V  

t e c h n i q u e   a r e   c o n s i s t e n t   w i t h   t h e   i n i t i a l   d o n o r   c o n c e n t r a t i o n s   t h a t  were i n t r o -  

duced dur ing   the   g rowth   o f   the   p - type  (Hg,.  ,Cd,. ,)Te. 

+ -  

2 

14  

1 5  -3 

Blackbody  measurements  performed a t  a frequency o f  1 kHz r e s u l t e d   i n  dC 

quantum e f f i c i e n c i e s   r a n g i n g   f r o m  34% t o  65%. The n -n  -p   photodiodes  d id  

n o t  possess a n t i - r e f l e c t i o n   c o a t i n g s  on t h e i r   a c t i v e  areas. 

+ -  

The  shot  noise and blackbody  heterodyne  radi   ometry  techniques a1 ready 

discussed were  used t o   c h a r a c t e r i z e   t h e  n -n  -p  photodiode. The r e s u l t s   o f  

the   sho t -no ise  measurements i n d i c a t e d   t h a t  many o f   t he   pho tod iodes   t es ted  had 

frequency  responses  that  were f l a t   t o  2.0 GHz; n o   s i g n   o f   t h e  R C  r o l l - o f f  was 

+ -  
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present a t  t h i s  frequency.  However,  the  frequency  response was observed t o  be  a 

func t i on   o f   t he   app l i ed   reve rse   b ias   vo l tage .   I nc reas ing   t he   reve rse   b ias   vo l -  

tage  inc reases   the   dep le t ion   w id th  and, hence, reduces  the  device  capacitance. 

Since  the  photodiode  shot-noise  frequency  response i s  RC 1 imi ted ,   reduc ing   the  

capac i tance  resu l ts   in   inc reas ing   the   dev ice   f requency   response.  

The shot-noise  f requency  response  of  an n -n -p (Hg,Cd)Te photodiode, 

w i t h  a bandwidth  greater  than 2.0 GHz, i s  presented i n  F igu re  5. The observed 

shot-no ise  s ignal   leve l   presented i n   F i g u r e  5 changes as the   reverse   b ias   vo l -  

t a g e   i s   v a r i e d   s i n c e   t h e   d e v i c e  impedance i s  a f u n c t i o n   o f   t h e   r e v e r s e   b i a s   v o l -  

tage.  Network  analyzer  measurements  presented i n   F i g u r e  6 show that  the   vo l tage  
s tanding wave r a t i o  changes as a f u n c t i o n   o f   t h e   r e v e r s e   b i a s   v o l t a g e .  The data 

presented i n   F i g u r e  6 was measured us ing  a computer cont ro l led   Hewle t t -Packard  

8542 network  analyzer and c l e a r l y  shows t h a t   t h e   d e v i c e  impedance  changes as a 

func t ion  o f  the   app l ied   reverse   b ias   vo l tage.  S i m i l a r  measurements  have a l so  

demonstrated  that  the  device  impedance i s  a lso  dependent on t h e   i n c i d e n t  CO, 

l a s e r  power. 

+ -  

6 

Blackbody  heterodyne  measurements  were made on t h e  n -n--p  photo- 

d iodes.   Ef fect ive  heterodyne quantum e f f i c i e n c i e s  were measured i n   t h e  100 t o  
2000 MHz frequenc,y  region and ranged f r o m  13 t o  30%. These values  correspond t o  

no ise   equ iva len t  powers o f  l.44x1O1'W/Hz t o  6 . 2 3 ~ 1 O - ~ ~ W / H z ,  respec t i ve l y .  

Table 2 presents a summary o f   the   he terodyne  charac ter is t i cs   o f   s ing le   e lement  

n -n -p  photodiodes  whi le Tab1 e  3 presents  heterodyne  data on a 2 x 2 el   e-  
ment a r ray .  All of   t he   da ta   p resen ted   i n   t h i s   paper  was measured on devices 

possessing a square  act ive  area  o f  1.8 x 10 crn . Both   tab les  1 i s t   t h e  

opera t i ng   po in ts ,  i.e., t h e   i n c i d e n t  CO, l a s e r  power, the   b ias   vo l tage,   the  
dark  current,  and t h e   l o c a l   o s c i l l a t o r   i n d u c e d   c u r r e n t  a t  which  the NEP and 
e f fec t i ve   he te rodyne  quantum e f f i c i e n c i e s  were  measured. 

+ 

+ -  

- 4  2 

The e f fec t i ve   he te rodyne  quantum e f f i c i e n c i e s  have been measured t o   b e  

f a i r l y   f l a t   i n   t h e  100 t o  2000 MHz frequency  range.  Figure 7 presents  data 
showing  the  measured e f fec t i ve   he te rodyne  quantum e f f i c i e n c y  as a f u n c t i o n   o f  

f requency  for   e lement 2 o f   the   four   e lement   a r ray  whose p r o p e r t i e s   a r e   l i s t e d   i n  
Table 2. The dev ice   exh ib i ted  an e f fec t i ve   he te rodyne  quantum e f f i c i e w y   o f  19% 
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a t  2.0 GHz when r e v e r s e   b i a s e d   t o  0.450 v o l t s  and w i t h  0.641 m i l l i w a t t s  of C02 

l a s e r  power  focused  onto  the  photodiode  act ive  area. 

All o f   t h e   e f f e c t i v e   h e t e r o d y n e  quantum e f f i c i e n c i e s   l i s t e d   i n   T a b l e s  2 

and 3 were  measured a t  2.0 GHz. The i n c i d e n t  CO, l a s e r  powers r e q u i r e d   t o  

p r o v i d e   t h e   l i s t e d   e f f e c t i v e   h e t e r o d y n e  quantum e f f i c ienc ies   ranged  f rom  approx-  

ima te l y  0.295 t o  1.090 m i  11 iwa t t s .  These  power l e v e l s   r e s u l t e d   i n   p h o t o i n d u c e d  

c u r r e n t s   o f  1.4 t o  2.5 m4. It i s   e n t i r e l y   p o s s i b l e   t o   i n c r e a s e   t h e   e f f e c t i v e  

heterodyne quantum e f f i c i e n c y  by u t i 1   i z i n g   l a r g e r   l e v e l s   o f   i n c i d e n t  CO, l a s e r  

power.  However, s a t u r a t i o n   e f f e c t s  and thermal damage may r e s u l t   f r o m   t h e  use 

o f   i nc reased   l ase r  power l e v e l s .  

CONCLUSION 

The measurements p resen ted   f o r   t he  n -p  Hg,,,Cd,.,Te photodiode show 

t h a t  it i s   p o s s i b l e   t o  use i t  as a moderate  bandwidth, 10.6vm CO, l a s e r   h e t e r -  

odyne detector .   Th is   d iode may be operated a t  e i t h e r  77 K o r  145 K w i t h  a f a i r -  

1.y qood S e n s i t i v i t y .  By proper   ad justment   o f   the (Hg,Cd)Te  bandgap  and doping 

1 eve1 s on e i t h e r   s i d e   o f   t h e  n-p j u n c t i o n ,  it should be p o s s i b l e   t o  use t h e  

nt -p   dev ice  s t ructure  cooled  to   the  temperature  range  o f  185 t o  205 K f o r  8-14 

m i  c rometer   in f rared  heterodyne  appl  i c a t  i ons. 

+ 

S i n g l e  .element  and four   e lement  n -n -p (Hg,Cd)Te photodiode  arrays 

have  been  devel  oped f o r  10.6vm wide  bandwidth CO, 1 aser  heterod.yne  appl  ica- 

t i ons .   E f fec t i ve   he te rodyne  quantum e f f i c i e n c i e s   o f  approximate1.y 13 t o  30% a t  

2000 MHz have  been exh ib i ted .  The photodiode's  frequency  response and he tero-  

dyne s e n s i t i v i t y  may be improved  by  the  proper  choice  of   junct ion  geometry,  by 

microwave  matching o f  the  photodiode 's   output   to   the  wide  bandwidth  preampl i -  

f i e r ,  by t h e   a p p l i c a t i o n   o f  an a n t i - r e f l e c t i o n   c o a t i n g   t o   t h e   p h o t o a c t i v e   a r e a ,  

and b.y o p t i m i z i n g   t h e   j u n c t i o n   d e p t h  and the   dep le t i on   reg ion   w id th .  

t -  

Current  research and devel opment i s  aimed a t  devel   opi   nq  arrays (1 2 

elements) and increas ing   the   bandwid th  and h e t e r o d y n e   s e n s i t i v i t y   o f   t h e  

n -n -p(Hgo,,CdO~,)Te photodiode. 
+ -  
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Table 1 .  

Characteristics Of A Three Element n+- p Photodiode Army At Temperatures 
Of77 K-And 145 K 

I 11 13.81 20.5 IO0 0.240 18 

2 I 1  13.66 21 .o I02  0.230 

145 11.10 19.38 
160 20.4 

10 0.046 18 2 4 0  21.1 1.85 0.400 675 1.0~10-  19 
0.55 0.268 625 3.2r10"'~ 58 

I I  .01 20.51 ao 0.060 :: 2 0 0  
90 23.9 0.35 0.322 125 8.4x10"' 2 2  

19.1 1.5 0.201 600 1 . 2 ~ 1 0 - ~ '  16 

145 11.40 
14.11 

18.5 
19.0 0.200 

34 0.032 
26.5 0.15 0.263 500 n . e X l o - . ~  21 

15 ?50 11.1 1.65 0.180 415 1.3.10- !a 

145 

I I  15 16 55 

Table 2. 

Summary Of Single Element n -n - p Hg Cd Te Photodiode b w  Flequency + 
0.8 0.2 

And Heterndyne Characteristics 

Table 3. 

Summary Of The Hetemdyne Characferistics Of A Four Element n n p 
4" 

Hg0.8 0.2 Cd Te Photodiode Army 

RF RO VOLTAGE 
ELEMENT k o  'p(IJm) S c  (ohms) (ohms) ( V O L T S )  

BREAKDOWN OARK 
CURRENT NEP 

( w / H ~ )  "EH (m4) 

1 11.5 10.5  0.375 28.5 270 1.7 2.35  0.716  0.35 

3 11.5 10.5  0.385 29 270 0.80 2.0 0.633  0.180 1.34~10-19  14% 200 

. .  
6.93~10-20 27%  100 

2 11.18  10.5  0.50  33.3 250 1.8  1.98  0.641  0.450 9.84~10-20 19%  100 

4 11.5  10.5  0.365  25 500 2.1 1-95 0.656 0.530 1.31~10-19 14.3% 50 
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T = 77 
= 13.83pm 

V 0.240 volts B 
R~~~~~~~ = * O m 5  
R, = 100 ohms 
A = 1.8 x IO- cm 4 2  

T 145 
A = 11.10um 
V,., = 0.046 volts 
co 

RFORWARD = 19.38 ohms 

R = 30 ohms 

Ao= 1.8 x cm 2 

Figure 1.- I-V c h a r a c t e r i s t i c s  of element 1 measured a t  77 K and 145  K. 
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Figure 2 .- l / C L  ver sus   r eve r se   b i a s   vo l t age  €or element 1. 



F t  
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RF AMPLIFIER 
l o o  - 2000 

I t  

(Hg,Cd)Te 

r“ 

Figure  3 . -  Heterodyne  radiometer.  

- 

. - A ~ . P I I ~ > F P  ~ c l ‘ r  lfvcs 
T = 145 K 

BIAS VOLTAGE=240mV 
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Figure 4.- Heterodyne  s ignal   f requency  response of element 1 measured a t  145 K. 
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0 

Figure  5.- Shot -noise   s igna l   response   versus   f requency  for element 2 of a f o u r  
e lement   array.  

I I I I 

1 0 0  580 1 0 6 0  . 1 5 4 0  2 0 2 0  2 5 0 0  
FREOUf .NCY ( M H z )  

Figure  6.- Vol tage   s tanding  wave r a t i o   v e r s u s   f r e q u e n c y  for element 2 of a f o u r  
e lement   array.  
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pLo = 0.641 m W  

VBlaS 0.69 VOLTS 

Figure  7.- E f f e c t i v e   h e t e r o d y n e  quantum e f f i c i e n c y   v e r s u s   f r e q u e n c y   f o r  
e lement  2 of a four   e lement   photodiode  array.  
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CONCEPTUAL  DESIGN AND APPLICATIONS OF HgCdTe INFRARED 

PHOTODIODES  FOR  HETERODYNE  SYSTEMS 

Michel  B. S i r i e i x  
S o c i e t e  Anonyme de   Te lecommunica t ions ,   Pa r i s ,   F rance  

Henry  Hofheimer 
ELTEK Corporat ion,   Larchmont  NY 

SUMMARY 

HgCdTe pho tod iodes   r ep resen t   an   impor t an t   componen t   fo r  
h e t e r o d y n e   d e t e c t i o n   s y s t e m s   o p e r a t i n g   i n   t h e  9 t o  l l p m  CO, l a s e r  
w a v e l e n g t h   r e g i o n .   T h e i r   s u c c e s s f u l   f a b r i c a t i o n   r e q u i r e s   t h o r o u g h  
u n d e r s t a n d i n g   o f   t h e   p h y s i c a l   p r o p e r t i e s  of t h e   b a s i c   m a t e r i a l s .  
T h e   i m p l e m e n t a t i o n   o f   c o n t r o l l e d   i n d u s t r i a l   p r o c e s s e s   e n s u r e s   t h e  
y i e l d  of p r e d i c t a b l e   a n d   r e p e a t a b l e   d e t e c t o r   c h a r a c t e r i s t i c s  t o  
s a t i s f y   t o d a y ' s   d i s c r i m i n a t i n g   s y s t e m s '  demands f o r   h i g h   c u t o f f  
f r e q u e n c i e s ,   q u a n t u m   e f f i c i e n c y ,   a n d   r e l i a b i l i t y .  The most s a l i e n t  
p r o d u c t i o n   s t e p s   a n d   d i o d e   c h a r a c t e r i s t i c s  w i l l  be d e s c r i b e d .  
M e a s u r e d   r e s u l t s   f r o m   p r e s e n t   p r o d u c t i o n   u n i t s  w i l l  be p r e s e n t e d .  

INTRODUCTION 

Numerous CO, l a s e r   a p p l i c a t i o n s ,   i n   p a r t i c u l a r   t h o s e  
d e a l i n g   w i t h   h e t e r o d y n e   d e t e c t i o n   a t  10.6pm, a r e   l a r g e l y   r e s p o n -  
s i b l e  f o r   t h e   g e n e r a l l y   i n c r e a s e d   i n t e r e s t  i n  f a s t   p h o t o d i o d e s  
f o r   t h i s   w a v e l e n g t h   r e g i o n .  

A s  p r e v i o u s l y   r e p o r t e d  (l), ( 2 ) ,  ( 3 ) ,  HgCdTe pho tod iodes  
h a v e   i n h e r e n t   c u t o f f   f r e q u e n c y   c a p a b i l i t i e s   b e y o n d   o n e  GHz.  This 
i s  r e n d e r e d   p o s s i b l e   b y   t h e   n o r m a l   v a l u e   o f   t h e   m a t e r i a l s  
p e r m i t t i v i t y   a n d   t h e   a b i l i t y  t o  c r e a t e  a j u n c t i o n  of v e r y  low 
c a p a c i t a n c e .  I n  f a c t ,   b e c a u s e   o f   t h e   v e r y   h i g h   e l e c t r o n   m o b i l i t y  
i n  na r row-bandgap   s emiconduc to r s ,   t he   dynamic   cha rac t e r i s t i c s  of 
t h e   m i n o r i t y   c a r r i e r s   a r e   n o t   e x p e c t e d  t o  become s i g n i f i c a n t  
l imi t ing   mechanisms of t h e   d i o d e .   F u r t h e r m o r e ,   t h e   h i g h   v a l u e  
of t h e   a b s o r p t i o n   c o e f f i c i e n t   p e r m i t s   e x c e l l e n t   o p t i m i z a t i o n  of 
q u a n t u m   e f f i c i e n c y   a n d   c u t o f f   f r e q u e n c y .  
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The extent   of   s tudies   conducted  during  the  past   decade on 
the   me ta l lu rgy   o f   t he   ma te r i a l s  and on the  diode  technology  have 
enabled  us t o  ga in  a bet ter   understanding  of  t h e  f a c t o r s   a f f e c t i n g  
the   d iode   cha rac t e r i s t i c s ,   pe r fo rmance , and   r e l i ab i l i t y .  Thanks t o  
the  knowledge  gained on the  diodes  and on the i r   i n t e rdependen t  
parameters,  it i s  now p o s s i b l e  t o  optimize  the  development  of a 
d iode   for  a g iven   appl ica t ion .  

PHOTODIODE  OPTIMIZATION (77K) FOR A 10.6pm HETERODYNE RECEIVER 

The he terodyne   rece iver   s igna l - to-noise   ra t io   can   be  
expressed u s i n g  the   pass ive   e lements   o f   the   d iode   equiva len t  
c i rcu i t   (F ig . l ) ,   inc luding   shunt   conductance  ( G o ) ,  j unc t ion  
capaci tance ( C , ) ,  series r e s i s t a n c e  ( R , )  a s  well  a s   t h e   s i g n a l  
and noise   genera tors  and the   p reampl i f i e r  ( 4 ) ,  ( 5 )  , a s  shown i n  Eq.1: 

where 7 = t h e  quantum efficiency  which  must  be maxi- 
mized for   the  wavelength  region of i n t e r e s t  

PslG = s i g n a l  power 

I, = dark  current  

ILo = l oca l   o sc i l l a to r   i nduced   cu r ren t  

T, = diode  temperature 

Ti,., = preamplif ier   noise   temperature  

Quantum e f f i c i e n c y  

Quantum e f f i c i e n y  (7) i s  d e f i n e d   a s   t h e   r a t i o   o f   c a r r i e r s  
c ros s ing   t he   j unc t ion  t o  t h e   t o t a l  number of  incident  photons.  It 
i s  l imited  by:  
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- r e f l e c t i o n  losses on the  semiconductor  surface.  
These  losses  can be reduced  through  ant i ref lect ion 
coa t ing  

- electron-hole   recombinat ion  in   the  bulk  before  
r each ing   t he   j unc t ion .  To minimize t h i s   e f f e c t ,   t h e  
c a r r i e r s  mus t  be generated  as  close a s   p o s s i b l e   t o  
t he   j unc t ion   e i the r   t h rough   t he   c r ea t ion   o f   supe r -  
f i c i a l   j u n c t i o n s  or by u t i l i z i n g   t h e   t r a n s p a r e n c y  
e f f e c t   r e s u l t i n g  from  the  doping of the  n-surface 
of   the p-n junc t ion .  The t r anspa rency   e f f ec t  (1) i s  
pa r t i cu la r ly   p rominen t   i n  narrow-bandgap  semicon- 
duc to r s  

- surface  recombination  which  can  be  reduced  through 
su r face   pas s iva t ion  or by  avoiding  carr ier   gener-  
a t ion   i n   t he   bu lk   t h rough   u t i l i za t ion   o f   t he   t r ans -  
parency   e f fec t  

Cutoff  Frequency 

The HgCdTe de tec tor   response   var ies   as  a funct ion  of  
f requency.   Three  factors   contr ibute  t o  t h e   l i m i t a t i o n  of t h e  
usable  cutoff  frequency ( 6 ) ,  (F ig .2)  : 

a .  D i f fus ion   e f f ec t s .  
When the   dep le t ion   r eg ion  i s  narrow  with  respect 

t o   t he   abso rp t ion   l eng th  (case of the  very  mildly 
b i a s e d   j u n c t i o n ) ,   o n l y   t h o s e   c a r r i e r s   c r e a t e d  
wi th in  less than  one  diffusion  length w i l l  reach 
t h e   j u n c t i o n  and t h e  t i m e  r e q u i r e d   f o r   t h i s   a c t i o n  
t o   t a k e   p l a c e  l i m i t s  the   speed.  The corresponding 
cutoff   f requency i s  

f 2.4 D u 2  
C DIFF 2 n  

- - 

where D = d i f fus ion   coe f f i c i en t   o f   minor i ty  
c a r r i e r s  

a = photon   absorp t ion   coef f ic ien t  

For  example:  for a = 3 x 10 c m  and D near 
un i ty ,   the   cu tof f   f requency  is  l imi t ed  t o  
about 10 MHz. 

3 - 1  
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b. T r a n s i t  t i m e  in   the   d .ep le t ion   reg ion .  
The wid.ening  of   the  deplet ion  region  causes   an 

increase i n  t h e  number o f   ca r r i e r s   gene ra t ed .  The 
speed of t h e s e   c a r r i e r s  is  increased  by  the e lectr ic  
f i e l d  and  the  corresponding  cutoff  frequency is 
given  by 

f 
2.4 vs 

2 n w  
CDRIFT - 

- 

where w = width  of   the  deplet ion  region 
vs = car r ie r   speed ,   reaching  i t s  l i m i t  

near 107cm s- ‘ 
Thus, for w = 3pm,  the   cutoff   f requency i s  i n  
excess  of 10 GHz.  

c. Junct ion  capaci tance.  
The photodiode  equivalent c i r c u i t  (Fig.1) shows 

the  presence  of  a cu to f f   f r equency   l imi t a t ion  
through  the  R L C D  t ime  constant,   wherein R L  i s  t h e  
diode  load  res is tance  and C D  the   junc t ion   capac i -  
t ance .  For a load of 50 ohms and 1 pF capaci tance,  
the  cutoff   f requency i s  approximately 3 . 2  GHz.  

The improvement of the   cu tof f   f requency  of a photodiode 
t h e r e f o r e   r e q u i r e s   t h e   f o l l o w i n g   e f f o r t s :  

1. Reduction  of  the  junction  capacitance by reducing 
t h e   s u r f a c e  a r e a  and the   doping   leve l  on e i t h e r  
s ide   o f   t he   j unc t ion .  

2 .  Widening of the   dep le t ion   r eg ion  and  bringing it 
closer t o  the   su r f ace .   Th i s   a l so   r equ i r e s  low 
doping  level ,  a junction  depth  adapted t o  t h e  
ex tens ion   of   the   deple t ion   reg ion   and   to   the  
absorp t ion   length ,   and   e leva ted  breakdown f i e l d  
s t r e n g t h .  

These  conditions  can  be  simultaneously  met,  as shown i n  
Fig.3. A doping  level   of  2 x 10’4c63 and b i a s  of  about -1V 
l e a d   t o  a depletion  region  width  of  about l/a, t h a t  i s ,  3pm. 
T h i s ,  i n  t u r n ,  r e su l t s  in   the  fol lowing  advantages:  

- high   quantum  e f f ic iency ,   i f  t h e  junct ion  depth is 
of t h e  same order  of magnitude ( 3 t o  5pm) 
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- high  cutoff   f requency  resul t ing  f rom  the  short  
t r a n s i t  t i m e  i n   t h e   d e p l e t i o n   r e g i o n  ( 3  x 10"'s) 
and t h e  l o w  junct ion  capaci tance ( 1 pF for   an  
area  of 2 x 1 0 - 4 ~ m ~ )  

Planar  Technology 

The planar  technology  developed  and  implemented  for  the 
fabr ica t ion   of  HgCdTe photodiode  arrays and mat r ices  ( 7 )  p re sen t s  
numerous  advantages  for  the  manufacture  of  fast   photodiodes,  
such  as:  

- protect ion  of   the  edges  around  the  junct ion,   thus 
reducing  leakage  currents  and p e r m i t t i n g   t h e  use  
of h igh   b i a s   vo l t ages  

- pass iva t ion   o f   t he   s ens i t i ve   a r ea ,   wh ich   r educes  
i n t e r n a l   r e f l e c t i o n   l o s s e s  and surface  recombination. 
I t  a l s o   i n c r e a s e s   t h e   r e l i a b i l i t y  by diminishing 
t h e   e f f e c t   o f   e x t e r n a l   f a c t o r s  

The p-type HgCdTe m a t e r i a l  i s  prepared   th rough  recrys ta l -  
l i z a t i o n  a t  t h e   s o l i d   s t a t e   o r   t h r o u g h   e p i t a x i a l   d e p o s i t i o n  and 
i so thermal   d i f fus ion .  The p u r i t y   o f   t h e   b a s i c   m a t e r i a l  m u s t  be 

. very   h igh   i n   o rde r   t o   a t t a in   t he   des i r ed  low doping  levels .  

Substrate   preparat ion  (Fig.4)   includes  mechanical   pol ishing 
and   c leaning   in  a bromine-alcohol  solution,  followed by passiva-  
t i o n   w i t h  a ZnS depos i t ion .  The d i f f u s i o n   a p e r t u r e s  a r e  developed 
through  loca l ized   chemica l   e tch ing   of   th i s   l ayer .  Two methods a r e  
employed t o  form the   junc t ion :   mercury   d i f fus ion  and ion  implan- 
t a t i o n .  A pas s iva t ion   l aye r  of ZnS i s  then   appl ied   which ,   in   tu rn ,  
i s  etched t o  prepare   the   contac ts .  The contac t   a reas  a r e  formed 
through a deposit   of  gold-chromium,and  this i s  fol lowed  by  overal l  
pas s iva t ion .  

This t echnology  permi ts   the   fabr ica t ion   of   a l l   k inds   o f  
geometries  and  photodiode  groupings  (square,  rectangular,  or  round 
sens i t ive   a reas ,   s ing le-e lement   de tec tors ,   a r rays ,   quadrants ,  
and  small   matr ices) .  
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Photodiode   Ins ta l la t ion  i n  c r y o s t a t  

The method  used f o r  mounting t h e  photodiode i n  i t s  cryo- 
s t a t  is  of  primary  importance. On t h e  one  hand,one mus t  reduce 
pa ras i t i c   capac i t ance   and ,  on t h e  other  hand, it i s  e s s e n t i a l   t o :  

- reduce  the  inductance  of  t h e  connections (Ls) 
- feed   the  I F  output  through t h e  c ryos t a t ,   u s ing  

- p r o t e c t  t h e  photodiode  against   e lectro-magnet ic  
a coax ia l   cab le  

i n t e r f e r e n c e  

These  goals  are  reached by i n s t a l l i n g  t h e  photodiode i n  
a housing  which  serves   to   support  and p r o t e c t  it w h i l e ,   a t   t h e  
same time,  providing t h e  l i n k   t o  a coaxial   output   connector  (Fig.5). 
A minia ture   coaxia l   cab le  w i t h  a s t a i n l e s s  s teel  sheath  connects 
t h i s  housing  to  t h e  output  of t h e  c r y o s t a t .  

RESULTS 

High-speed HgCdTe photodiodes  (Class C 4 )  for   heterodyne 
d e t e c t i o n   a t  10.6pm from present   p roduct ion   exhib i t  t h e  following 
c h a r a c t e r i s t i c s :  

Sensit ive  area:   between  10-4and 2 x 10-4cm2 
Quantum e f f i c i ency :  50 t o  60% 
Breakdown f i e l d   s t r e n g t h   ( a t  ImA): i n  excess  of 2 V ,  

reaching  or  exceeding 3V on ce r t a in   d iodes  
Max. r eve r se  dynamic res i s tance :   about  100  kohms 
S e r i e s   r e s i s t a n c e :  1 0  ohms 

Analysis of  t h e  capac i t ance   va r i a t ion  w i t h  i nc reas ing   b i a s  
vo l tage   d i sc loses   the   p resence   o f  a s t e e p   j u n c t i o n   ( v a r i e s   a s  
1/c2 a s  a func t ion   of   reverse   b ias   vo l tage)   (F ig .6)  and of a 
doping  level  of  about 1 t o  2 x 10 c m  . T h i s  confirms  the  high 
p u r i t y   l e v e l  of t h e  s t a r t i n g   m a t e r i a l .  

14 -3 

The pa r t i cu la r ly   h igh  breakdown f i e l d  s t r e n g t h  which we 
measured ( F i g . 7 ) ,   r e v e a l s   t h a t  t h e  leakage  currents   around  the 
edges  of t h e  junction  are  minimized by t h e  pas s iva t ion   l aye r .  A s  
predicted by mathematical   models,   cutoff  frequencies i n  excess  of 
1 G H z  have  been  achieved w i t h  a reverse   bias   value  of  - l V  ( P r i v a t e  
communication  from  Lemaine,  Laboratoire  de  Spectroscopic 
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Hertzienne, L.A.C.N.R.S. 249 U.S.T.L.)  (Fig. 81, while heterodyne 
detection operation with these detectors was reported at frequen- 
cies of 8.7 GHz (8)  (Unpublished report by J. P. Sattler et al., 
U.S. Army, Harry Diamond Laboratories). 

Reliability 

Reliability tests to military specifications, including 
cycling up to temperatures of 80°C,*which were conducted for 
periods  of several thousand hours without degradation of  the diode 
characteristics, testify to the  high degree of reliability of 
these  components. This is further confirmed by the fact that detec- 
tors, which have seen operation in the  field for over 10  years, 
are still operating  (Private  communication  from B. J. Peyton of 
A I L ) .  The use of a  passivation  layer  is  primarily responsible for 
the immunity to external disturbing factors and, in particular, to 
short wavelength  radiation. 

Operation at Temperatures in Excess of  77K 

The proper operation of a IigCdTe photodiode at temperatures 
in excess of 77K requires the  following  conditions: 

1. High quantum efficiency at this temperature at 
10.6pm. This can be  achieved  by selecting the 
composite material so that  the  absorption coef- 
ficient will always be 1000 or  higher. 

2. Saturation current below  the  level  of  the  local 
oscillator current, the  latter  being generally 
on the order of 1  to 3 mA. 

3 .  A reverse dynamic resistance ( R D )  selected so that: 

2kT 
q R ~ * ~ ~  >>  - 

Numerous studies conducted in our laboratories (DRET con- 
tract no.  76/422) on detectors operating at temperatures in excess 
of 77K enabled us to reach R A products  at 10-2Qcm-2 at 140K for  a 
spectral  peak wavelength of P O .  5pm. These detectors can operate in 
a  heterodyne  mixer without noticeable degradation of their perfor- 
mance characteristics, when compared  to  those normally experienced 
at 77K. "Long wavelength" detectors (Xpz14pm at 77K) were measured 
at temperatures within the operating range of thermoelectric 
coolers (S.A.T. internal report). In accordance with our predic- 
tions regarding the variation  of  the  intrinsic concentration as a 
function of temperature and  based on the characteristics measured 
at 77K, these detectors exhibit saturation current levels of about 
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20mA a t  200K and r eve r se  dynamic res i s tance   o f   about  40  ohms. 
Calcu la t ions   d i sc lose  a degradation  of t h e  he t e rodyne   s ens i t i v i ty  
on the   o rder   o f  1 0  dB under   these  condi t ions.  

Figure  of Merit (Heterodyne Quantum Ef f i c i ency)  

I n  o rde r   t o   cha rac t e r i ze   t he   pe r fo rmance   o f  a heterodyne 
de tec tor ,   one   can   inc lude   a l l   degrada t ion   fac tors   in to  a s i n g l e  
parameter:   the  heterodyne quantum e f f i c i e n c y  ( 7 ' ) .  Referr ing 
back t o  Eq.1, we obta in :  

where q '  i s  a function  of t h e  l o c a l   o s c i l l a t o r  ( L . O . )  induced  photo- 
c u r r e n t ,   t h e  I F  frequency and t h e  d e t e c t o r   c h a r a c t e r i s t i c s .  The 
maximum value   for  a given  intermediate  frequency i s  obta ined   for  
optimum l o c a l   o s c i l l a t o r  power and d e t e c t o r   r e v e r s e   b i a s  con- 
d i t i o n s .  I t  m u s t  be  noted  that  it is  n o t   p o s s i b l e   t o   i n d e f i n i t e l y  
i n c r e a s e   t h e   l o c a l   o s c i l l a t o r  power t o  minimize the   i n f luence  of 
t h e   p a r a s i t i c   e f f e c t s  of   the  diode and p r e a m p l i f i e r ,   a s  t h i s  would 
l e a d   t o   s a t u r a t i o n  and t h u s  reduce  the quantum e f f i c i ency .  T h i s  
can  occur a t   l o c a l   o s c i l l a t o r   c u r r e n t   l e v e l s  i n  excess  of a few 
mil l iamperes   (Fig.9) .   Degradat ion  of  quantum e f f i c i e n c y  can a l s o  
be  observed when comparing it t o  t h e  quantum e f f i c i e n c y  measured 
a t  very low frequencies .  T h i s  i s  caused  by t h e  f a c t   t h a t   o n l y  
those   car r ie rs   genera ted  i n  the  depletion  region  can  be  used a t  
very  high  frequencies.  I t  is, the re fo re ,   poss ib l e   t o   no t i ce  a 
va r i a t ion   o f  t h e  heterodyne  quantum  efficiency  as a function  of 
d e t e c t o r   r e v e r s e   b i a s .  The low-frequency  value  of quantum e f f i -  
ciency i s  again  reached when the   deple t ion   reg ion   ex tends   very  
nea r   t o   t he   de t ec to r   su r f ace .  

Values  of  heterodyne  quantum  efficiency on the  order   of  
40% xe re  measured i n  t h e  l a b o r a t o r y   f o r   d e t e c t o r s  whose low- 
frequency  quantum  efficiency was 50 t o  60%. These  f igures  confirm 
t h e   f a c t   t h a t ,  by optimizing  the  operating  point  of  the  photodiode, 
the  degradat ion w i l l  only  be  very  small. 
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CONCLUSION 

HgCdTe photodiodes,   opt imized  for   operat ion a t  h igh   f re -  
quencies,   are  manufactured  through a con t ro l l ed ,   r epea tab le  
process .  They e x h i b i t   e x c e l l e n t  I - V  c h a r a c t e r i s t i c s  which permit 
the   appl ica t ion   of   h igh   reverse   b ias   vo l tages ,  t h u s  y i e l d i n g   a t  
t h e  same t ime  high  cutoff-frequency  capabi l i ty  and high  hetero- 
dyne   sens i t iv i ty .  

These  detectors  can  be used  i n  many d i f fe ren t   sys tems 
opera t ing  i n  t h e  9 t o  l l p m  wavelength  region,  such  as  optical  
radars ,   te lecommunicat ion  l inks,and  interferometers .  A n  important 
f r i n g e   b e n e f i t   l i e s  i n  t h e i r   g r e a t   r e l i a b i l i t y   f o r   t e r r e s t r i a l  
a s  w e l l  a s   fo r   ae rospace   app l i ca t ions .  
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Figure  1.- Pho tod iode   equ iva len t   c i r cu i t .  

d e p l e t i o n  
r e g i o n  j u n c t i o n  

e l e c t r o n  
d i f f u s i o n  

F igure  2.- Photon-induced  current   generat ion  process   in   photodiode  ( junct ion 
depth  = photon   absorp t ion   length) .  
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Figure  3 . -  Junc t ion   capac i t ance  and deple t ion   zone   wid th  vs. bias vo l t age  €or 
d i f f e r e n t   n .   d o p i n g   l e v e l s   i n  HgCdTe photodiode. 
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Figure  4.- P lanar   t echnology.  
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Figure  5.-  Detector   housing.  

I V = 8 3  m V  ; b i  N D  

b 1  N D  2 --- V . = 5 9  m V  ; 

= 1 .  I O  1 4  c m - 3  

= 1 . 2 . 1 0  c m  1 4  - 3  
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Figure  6.- Doping l e v e l   c a l c u l a t i o n s  from C ( V )  p l o t s .  
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Figure 7.- I ( V )  characteristics of some  wide  bandwidth  detectors. 
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Figure 8.- Frequency  response of some  10-pm  photodiodes. 
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Figure 9.- Quantum e f f i c i ency   v s .   l oca l   o sc i l l a to r  power for   var ious  values  
of  reverse  bias.  
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COMPARATIVE  PERFORMANCE  OF  HgCdTe  PHOTODIODES FOR HETERODYNE  APPLICATION 

Herbert R. Kowitz 
Langley  Research  Center 

SUMMARY 

Photodiodes  are  used  as  optical  photomixers  in  Laser  Heterodyne  Spectro- 
meters (LHS) systems  to  enable  high  resolution  spectroscopy. A very  important 
parameter  in  any  photomixer  application  is  the  photodiode's  quantum  efficiency 
because  of  its  direct  effect  on  the  system's  signal-to-noise  ratio.  Quantum 
efficiency,  however,  is  usually  specified  by  photodiode  manufacturers  as  the 
direct  current  (dc)  quantum  efficiency. It is  important  for  the LHS applica- 
tion  to  determine  if  the  quantum  efficiency  differs  for  the  heterodyne  mode  of 
operation  and  by  how  much.  This  paper  describes  the  measurement  techniques 
used  by  the LHS Conceptual  Design  Team  (CDT)  to  determine  photodiode  dc  and 
heterodyne  quantum  efficiencies.  The  theory  behind  these  measurements  as  well 
as  actual  measurement  data  for  two  currently  available  HgCdTe  photodiodes  are 
presented. 

DC  QUANTUM  EFFICIENCY 

The  dc  quantum  efficiency  of  a  photodiode  represents  a  figure  of  merit of 
how  well  the  device  converts  light  energy  into  electrical  energy  or,  more 
specifically,  how  many  amperes  of  photocurrent  are  generated  for  each  watt  of 
optical  signal  power.  The  response (R) of  a  photodiode  in  amperes/watt  is 
given  by 

R =  q dc (&) 
where : 

'ldc 
q = electron  charge = 1.602 Cmlombs 
h = 6.625 (10-34)  Joule-sec 
f = 3 /x with  the  wavelength (X) expressed  in  microns 

= dc  quantum  efficiency 

As can be seen by  equation (l), the  theoretical  response  is  maximum for 
100 percent  dc  quantum  efficiency.  At  a  wavelength of 10.6 microns?  the 
maximum  response  is 8.544 amperes  per  watt. 

The  dc  quantum  efficiency  of  a  given  photodiode can be  determined  by 
measuring  the  photocurrent  generated  for  a  given  signal  power  impinging  on  the 
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photodiode ' s   sens i t ive  area. The d i f f i cu l ty   ( and  any poss ib le   inaccuracy)  lies 
i n  the  determinat ion of t h e   f a c t o r s   t h a t   i n f l u e n c e   t h e  amount of s i g n a l  power. 
The measurement set-up that  w a s  used  for  photodetector  response  measurements 
(see f i g .  1) cons i s t s   o f  a b l ackbody   r ad ia t ion   sou rce ,   an   op t i ca l   f i l t e r ,  and 
focusing mirrors. This set-up was par t  of an   ove ra l l  LHS layout  and  not 
optimized  for  photodetector  response  measurements. The chopper  and  the beam 
splitter are not  required  €or  the  dc  measurements,  but are needed fo r   he t e ro -  
dyne  measurements  discussed l a t e r   i n   t h i s   p a p e r .  

The blackbody  emittance (N ) is given by x 
c, dh w a t t s  

where c1 is  3.7405 (lo4) and c2 is  1.4388 ( l o 4 )  if the  wavelength is 
expressed  in  microns  and  the  blackbody  temperature (T) i s  in   degrees   Kelvin.  
The tests were conducted a t  10.6  microns  with a 0.3963  micron o p t i c a l   f i l t e r  
r e s u l t i n g   i n  a radiance  of  1.866 (104) watts /cm2*ster   €or   the 1273 K source.  

The o p t i c a l  power a t  t he   de t ec to r  is  r e l a t e d   t o   t h i s   r a d i a n c e  by 

3 
'det h CH F M BS POL 4 2 Adet  

2 
= N T  " ( T I T  T '(') COS 8 wat t s  

where : 

T = chopper  factor = 0.5 

= f i l t e r   t r a n s m i s s i o n   f a c t o r  = 0.65 

= mirror   t ransmiss ion   fac tor  = 0.97 

'BS 
= beam s p l i t t e r   f a c t o r  = 0.5 

T = po la r i za t ion   f ac to r  = 0.5 

d = lens   diameter  = 5.0 cm 
fi = foca l   l eng th  = 15.2 cm 
8 = of f  normal d e t e c t o r  mounting  angle = 3C0 

Adet 

CH 

TF 

TM 

POL 

= de tec to r  area = 1 . 2 1  cm2 f o r   u n i t  (A)  
= 1 .7  cm2 f o r   u n i t  (B) 

Using t h e s e   g i v e n   f a c t o r s   i n   e q u a t i o n   ( 3 )   r e s u l t s   i n   o p t i c a l  powers  of 
0.0123  microwatts f o r   u n i t  (A)  and  0.0173 microwatts f o r   u n i t  ( B ) .  These 
powers d i f fe r   because   de tec tor  (B) has  about 40 pe rcen t   g rea t e r   s ens i t i ve   a r ea .  
To assure  a v a l i d  comparison  the  detectors  have t o  be  overf i l led.   This   condi-  
t i o n  w a s  v e r i f i e d  by t r ansve r se  movement of the   photodetec tors   wi thout   loss  
of photocurrent.  The measured  photocurrents were 0.05 and 0.1 microamperes 
f o r   d e t e c t o r s  (A) and (B) , respec t ive ly .   Appl ica t ion  of equation (1) resu l t s  
i n  qdC = 48 percent  for  de t ec to r  (A)  and rl = 68 pe rcen t   fo r   de t ec to r  (B) .  dc  
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HETERODYNE QUANTUM EFFICIENCY - THEORY 

The heterodyne quantum e f f i c i ency  is  more d i f f i c u l t  t o  ascer ta in   because 
it involves  the  heterodyne mode of   opera t ion ,  i .e.,  the  mixing  of t w o  o p t i c a l  
s i g n a l s   t o   o b t a i n  a " b e a t   s i g n a l "   i n  the microwave frequency  range. The test  
set-up  used  for the heterodyne  eff ic iency measurements (see f i g .  2)  c o n s i s t s  
of a blackbody  source, a 50 percent  duty  cycle  chopper,   focusing optics, and a 
50/50 beam spli t ter  t o  combine the  signal  (blackbody)  with  the local o s c i l l a t o r  
('202 laser). The RF po r t ion   cons i s t s   o f  a 5 t o  550 MHz preampl i f ie r ,  a 
10 t o  115 MHz amplifier,   and a square-law  detector t o  de tec t   the   he te rodyne  
s igna l  power i n   t h e  midband frequency  range (10 t o  155 MHz). The d e t e c t o r  
output  i s  then  synchronously  demodulated  and  filtered by a running-mean 
i n t e g r a t o r  whose value is  read a t  a 1-second in t eg ra t ion  t i m e  and reset t o  
zero. The chopper rate w a s  chosen t o  be  1024 Hz t o  s implify  the  generat ion  of  
the   requi red   cont ro l   pu lses .  

The scheme followed t o  obta in  a heterodyne quantum e f f i c i e n c y  measurement 
is  similar t o   t h e   d c  quantum e f f i c i ency  measurement excep t   t ha t   fo r   t he   he t e ro -  
dyne case ,   the  measured s igna l - to-noise   ra t io  (SNR) is compared t o   t h e  maximum 
theore t i ca l   ob ta inab le  SNR. 

The SNR for  the  described  implementation is given by 

'lHet 'ph t . BIFT 
SNR = 

[exp(hf/kT) - I] kT, (F - 1) - 
R1l 

+ 2q(Iph + Id) 

where : 

uHet = heterodyne quantum e f f i c i ency  

I = signal  induced  photocurrent 
Ph 

t = op t i ca l   t r ansmiss ion   f ac to r  = 0.093 

T = pos t   de tec t ion   in tegra t ion   t ime = 1 sec  
F = noise   fac tor   o f   p reampl i f ie r  = 1.58 (NF = 2 dB) 

BIF = I F  bandwidth = 105 MHz 

TO 
= 290 K 

Rll = equiva len t   input  impedance  of preamplif ier  

I d  = dark  photocurrent 

A s  can  be  seen by equa t ion   (4 ) ,   t he  SNR is direct ly   dependent  on the  
photodiode's  heterodyne quantum e f f i c i ency .  It should  be  noted  that   the   opt i -  
ca l   t ransmiss ion   fac tor   has   the  same impact on the  system SNR as t h e  quantum 
ef f ic iency   ind ica t ing   tha t   bo th   fac tors   should  be  maximized. An i n c r e a s e   i n  
t h e   I F  bandwidth or the   i n t eg ra t ion  time, however,  has less ef fec t ;   doubl ing  
e i t h e r   o n l y   r e s u l t s   i n  a 41.4  percent improvement in   t he   s igna l - to -no i se   r a t io .  
A l s o ,  i n t eg ra t ion  t i m e  is  mission  dependent  and  cannot  be  arbitrarily  increased 
e x c e p t   f o r   s t a t i c  measurements (as i n   t h e  lab). The I F  bandwidth is  l imi t ed  
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by  two f a c t o r s :  (a) the  photomixer 's  own frequency  response  l imitation, and 
(b) the   i nc reased   no i se   f ac to r   o f  wide  bandwidth  preamplifiers. 

o the r   impor t an t   f ac to r s   t ha t   i n f luence   t he  SNR are the  temperature  of  the 
blackbody  source  and  the  effective  temperature  of  the  noise sources opera t ing  
i n   t h e  LHS system The blackbody  source  temperature  affects  the SNR v i a   t h e  
[exp(hf/kT) - l]-i factor of  equation ( 4 ) .  For  example, a t  10.6 microns  the 
SNR increases  by a factor  of  approximately 7 when considering  the  blackbody 
temperature  of  the  sun a t  5600 K versus   the  temperature  of 1273 K of the  labora-  
to ry   source .  

The noise   sources   opera t ing   in  a LHS system are b a s i c a l l y  Johnson  noise 
r e fe r r ed   t o   t he   i npu t   o f   t he   p reampl i f i e r  and  photodiode  shot  noise.  Their 
effects are accounted for by the  (F - l)kTo/Rll  and 2q(Iph + I d )   f a c t o r s ,  
respectively.   Because  an  unstable  reference  source w i l l  cause  an  apparent 
noise  component as w e l l ,  a C02 l a s e r  w a s  chosen as t h e   l o c a l   o s c i l l a t o r   f o r   t h e  
heterodyne quantum e f f i c i e n c y  measurements. 

HETERODYNE QUANTUM EFFICIENCY M.T3ASUREMENTS - MIDBAND 

The heterodyne quantum e f f i c i ency  measurements f o r   t h e  midband case were 
conducted i n   t h e  10 t o  105 MHz frequency  range  (determined by the   ampl i f ie r  
bandwidth of the  A I L  2392C radiometer  of  f ig.  2 )  t o   a s s u r e   t h a t   t h e  measurement 
is  within  the  photodetector  response  bandwidth. It should  be  noted  that   the 
test set-up w a s  part o f   an   ove ra l l   op t i ca l   l ayou t   fo r   t he  LHS system  and w a s  
not  optimized  for  photomixer  response  measurements. The inab i l i t y   t o   de t e rmine  
the   exac t   t ransmiss ion   fac tors ,   therefore ,  w i l l  c ause   e r ro r s   i n   t he   abso lu t e  
measurements,  but  should  be more than  adequate  for  determining  heterodyne 
frequency  response  rolloff.  The SNR w a s  measured by using a microprocessor 
c o n t r o l l e d   d i g i t a l   v o l t m e t e r  ( D m )  t o  measure the  average of t h e  R F  de t ec to r  
output   vol tage (1 second  integrator)  and i t s  s tandard   devia t ion .  The measured 
SNR w a s  determined as follows: 

'LO+BB - %B 'HET 
SNR = - 

where : 

'LO+BB 

v~~ 

'HET 

= average  detected  output  with  the C02 l a s e r  and BB heterodyning 

= average  detected  output   with  the C02 laser   pa th   b locked  

0 = standard  deviation  of  detected  output  during  heterodyning 
= heterodyne  signal  output 

The SNR was measured for   photocurren ts  up t o  about 1 milliampere. The 
tes t  r e s u l t s  are provided i n  table I for   both  avai lable   photomixers .  I t  should 
be noted   tha t   the   photocurren ts  shown are above the  photomixer  dark  currents. 
T a b l e  I1 dep ic t s   t he  parameter values  used and t h e   t h e o r e t i c a l  SNR ca l cu la t ion  
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r e s u l t s .  I t  should be noted  that   for  photomixer (B), the   dark  durrent  para- 
meter va lue   used   in   the   theore t ica l  SNR ca lcu la t ions  w a s  about 50 percent  of 
the  measured dark  current  because it w a s  found that   only  about   half   of   the  
dark   cur ren t   for   th i s   photomixer   cont r ibu ted   to   shot   no ise .   This  phenomenon 
needs   fur ther   inves t iga t ion   bu t  is  outs ide  the  scope  of   this   paper .   Figure 3 
shows both  the  measured  and  the  calculated  values  for  the SNR i n   t h e  10 t o  
115 MHz band. A comparison  between t h e   t h e o r e t i c a l  and the  measured SNR's 
r e su l t s   i n   he t e rodyne  quantum e f f i c i e n c i e s  of 16.5  percent  for  photomixer (A) 
and  about 62 percent  for  photomixer (B) . 

HETERODYNE QUANTUM EFFICIENCY  VERSUS FREQUENCY 

The quantum ef f ic iency   for   photodiode  (A)  decreased  from 48 percent  a t  dc 
t o  16 .5   percent   in   the   10  t o  115 MHz band  and  photodiode (B) decreased from 
68 p e r c e n t   t o  62 percent.  This  prompted  implementation  of  the tes t  set-up 
shown i n   f i g u r e  4 t o  enable a heterodyne  frequency  response che.ck. The r e s u l t s  
of t h e s e   t e s t s  are shown i n   f i g u r e  5 f o r  photomixer (A) and i n   f i g u r e  6 f o r  
photomixer ( B ) .  Because  the  dc  response  cannot  be  obtained  with  this test  
implementation, no d i r e c t  comparison t o  the  dc quantum efficiency  can  be made. 
Also, this  implementation  introduces i t s  own s igna ture  on the  overall   frequency 
response  because of VSWR, ampl i f i e r  in-band r i p p l e ,  and RF mixer  response 
e f f e c t s .  These e f f e c t s h a v e  been  "backed  out"  result ing  with  the  corrected 
response  curves shown i n   f i g u r e s  5 and  6. I t  i s  seen  that  photomixer ( A )  has 
a r o l l - o f f   i n   t h e   1 0   t o  110 MHz band t h a t  is no t  as pronounced f o r  photomixer (B). 
Photomixer ( A )  appea r s   t o  be a t  i t s  ha l f  power po in t  a t  about 450 MHz. 
Photomixer (B)  has  not  approached i ts  ha l f  power po in t s  a t  t he  500 MHz 
l imi ta t ion   o f   the  tes t  set-up  and  requires a wider  bandwidth  implementation t o  
inves t iga t e .  

CONCLUSIONS 

Photodiodes  used  as  photomixers  in LHS systems  exhibi t  quantum e f f i c i e n c i e s  
i n  the  heterodyne mode o f   ope ra t ion   t ha t   a r e  lower  than  their   dc quantum 
e f f i c i e n c i e s .  A l s o ,  th i s   he te rodyne   e f f ic iency  is  not  constant  over  the  photo- 
diodes  specif ied  bandwidth,   but   exhibi ts  a gent le   rol l -off   wi th   f requency.  
Consequently,  photodiodes  that are t o  be  used i n  heterodyne  applications  should 
be t e s t e d   i n   t h a t  mode and a minimum heterodyne quantum e f f i c i ency   spec i f i ed  
a t   t h e  upper  frequency  of  interest.  These tests r equ i r e  much care, however, 
due t o  the   s igna ture   o f   the  RF components i n   t h e  test setup.  
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TABLE I.- SNR MEASUREMENTS (MIDBAND) 

Photo- 
mixer 
(A) 

fId = 38 

Photo- 
mixer 

(B) 

Id = 375 Pa 

'ph* 

124 va 

209 

276 

298 

409 

603 

833 

1034 

- 

60 

105 

210 

335 

445 

575 

655 

900 

1020 

v ~ o  + 'BB 

1.11 v 

1.487 

1.55 

1.539 

1.73 

2.063 

1.967 

2.182 

L 

1.72 

2.06 

2.87 

3.49 

4.14 

4.26 

4.64 

4.99 

5.30 

V~~ 

0.688 V 

0.688 

0.645 

0.641 

0.614 

0.615 

0.54 

0.538 

"" 

0.86 

0.80 

0.74 

0.70 

0.69 

0.65 

0.65 

0.614 

0.61 

- 

(5 

0.0087 V 

0.0097 

0 - 0116 

0.0096 

0.0085 

0.0114 

0.0109 

0.0113 

0.0118 

0.0103 

0.0108 

0.0082 

0.01 

0.0087 

0.0096 

0.01 

0.0098 

SNR 

48.5 

82.4 

78.0 

93.5 

131.3 

127.0 

130.9 

145.5 

72.9 

122.3 

197.2 

340.2 

345.0 

414.9 

415.6 

437.6 

478.6 



TABLE 11.- SNR  CALCULATIONS 

PARAMETER 

IBB T e m p e r a t u r e  (K) 

I'HET 

.t 

N F  (dB)  

IRl1 (Ohms) 
D a r k   C u r r e n t   ( p a )  

B (MHz) 

T ( s e c )  

DET . 
(A) 

1273 

0.25 

0.093 

2.0 

50 

38 

105 

1.0 

DET . 
(B) 

1273 

0.55 

0.093 

2.0 

50 

195* 

105 

1.0 

*Portion of 375 Va dark current  t h a t  
contributes t o  sho t  noise. 

I 
Ph 

100 pa 

200 

300 

400 

500 

600 

7 0 0  

800 

900 

1000 

SNR  (A) 

88 

130 

155 

171 

18 3 

191 

198 

203 

207 

211 

SNR (B) 

170 

277 

351 

404 

447 

478 

504 

525 

543 

559 
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Figure 1.- Photodetector  dc  response test. 
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Figure 2.- Photomixer  heterodyne  response t e s t   s e t - u p .  
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Figure  3.- Measured v e r s u s   t h e o r e t i c a l  SNR. 
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Figure  4.- Swept f requency  response t e s t  set-up.  
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Figure 5.- Photomixer (A)  response - 300 pa. 
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Figure 6.- Photomixer (B) response - 300 pa. 
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EXTENDING  THE  OPERATING  TEMPERATURE,  WAVELENGTH AND FREQUENCY 

RESPONSE OF HgCdTe HETERODYNE  DETECTORS* 

D . L. Spears 
L i n c o l n   L a b o r a t o r y ,   M a s s a c h u s e t t s   I n s t i t u t e   o f   T e c h n o l o g y  

Lexington,  Massachusetts  02173 

ABSTRACT 

Near - idea l   op t ica l   he terodyne  per fo rmance has  been o b t a i n e d   a t  GHz I F   f r e -  
quencies i n   t h e   1 0 - D m - w a v e l e n g t h   r e g i o n   w i t h   l i q u i d - n i t r o g e n - c o o l e d  HgCdTe 
photodiodes.  Heterodyne NEP's as low as 2.7 x W/Hz a t  100 MHz, 
5.4 x 10-20 W/Hz a t  1.5 GHz, and 9.4 x 19-20 W/Hz a t  3 GHz have  been  achieved. 
V a r i o u s   p h y s i c a l  phenomena wh ich   occu r   w i th in  a photodiode and a f f e c t   h e t e r o d y n e  
operation  have  been  examined i n   o r d e r   t o  a s s e s s   t h e   f e a s i b i l i t y   o f   e x t e n d i n g   t h e  
opera t i ng   t empera tu re ,  wave1 ength, and f requency   response  o f   these HgCdTe photo- 
m i x e r s .   H o l e   t r a n s i t   t i m e   i s  seen t o  limit the  fundamental   bandwidth  of  10-pm 
HgCdTe photod iodes   to   about  5 GHz. Long o p t i c a l   a b s o r p t i o n   l e n g t h s  and smal l  
d e p l e t i o n   w i d t h s   o f  30-pm pho tod iodes   l ead   t o  a r e s p o n s e   l i m i t e d   b y   m i n o r i t y  
e l e c t r o n   d i f f u s i o n .   H i g h   d a r k   c u r r e n t ,   v e r y   s m a l l   d e p l e t i o n   w i d t h s ,  and slow 
a m b i p o l a r   d i f f u s i o n   a f f e c t   t h e   s e n s i t i v i t y  and  speed o f   h igh - tempera tu re  10-um 
HgCdTe photodiodes.  For T 200 K, p- type HgCdTe photoconductors  should  outper-  
form  photodiodes  as  moderately-wide-bandwidth  photomixers.  

INTRODUCTION 

I n   r e c e n t   y e a r s   t h e  1 i q u i d - n i t r o g e n - c o o l e d  HgCdTe photodiode has  emerged  as 
the   super io r   w ide -bandw id th   i n f ra red   he te rodyne   de tec to r   i n   t he   10 -pmwave leng th  
r e g i o n   ( r e f s .  1 and 2 ) .  High dc  quantum e f f i c i e n c i e s   ( 7 5 %   t o  90%) and R C  r o l l -  
o f f   f r e q u e n c i e s   i n   e x c e s s   o f  2 GHz have  been r o u t i n e l y   a c h i e v e d   ( r e f .  3 ) .  These 
devices  have  been  used  as  photomixers  at  IF f requenc ies   as   h igh  as 60 GHz 
( r e f .  2 ) .  Q u a d r a n t a l   a r r a y s   ( r e f .   4 )  have  been  used i n  a monopul  se CO2 r a d a r  
s y s t e m   ( r e f .   5 )   f o r   t h e   p a s t   f i v e   y e a r s ,   t r a c k i n g   a t  I F  f requenc ies   over  
1.25 GHz a t   d i s t a n c e s   o f   o v e r  1000 krn. The f i e 1  d o f   l a s e r   h e t e r o d y n e   r a d i o m e t r y  
has made e x t e n s i v e   u s e   o f   t h e s e   h i g h - s e n s i t i v i t y  HgCdTe photomixers  for   such 
a p p l i c a t i o n s  as p r o f i l i n g  gas d i s t r i b u t i o n s  and w i n d   v e l o c i t i e s  on p l a n e t s  
( r e f s .  6 and 7 )  , rneasuri ng  ozone ( r e f .  8 )  and c h l o r i n e   m o n o x i d e   ( r e f .   9 )  con- 
c e n t r a t i o n s   i n   t h e   e a r t h ' s   s t r a t o s p h e r e ,  and s t e l l a r   h e t e r o d y n e   i n t e r f e r o m e t r y  
( r e f .  l o ) .  

I n   t h i s  paper, t h e   s t a t e - o f - t h e - a r t   p e r f o r m a n c e   o f  HgCdTe photodiode  hetero-  
dyne  rece ivers  and t h e   p h y s i c s   a s s o c i a t e d   w i t h   t h e i r   o p e r a t i o n  will be 
d i s c u s s e d .   O p t i c a l   a b s o r p t i o n   c o e f f i c i e n t ,   i n t r i n s i c   c a r r i e r   c o n c e n t r a t i o n ,  

"This  work was sponsored  by   the   Nat iona l   Aeronaut ics  and  Space A d m i n i s t r a t i o n ,  
the   Defense Advanced  Research P r o j e c t s  Agency,  and t h e   D e p a r t m e n t   o f   t h e  Air 
Force. 
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i n t e r b a n d   t u n n e l i n g ,   m i n o r i t y - c a r r i e r   d i f f u s i o n ,  and h o l e   t r a n s i t   t i m e  will be 
shown t o   p r e s e n t   l i m i t a t i o n s  and per formance  t rade-of fs   for  a HgCdTe photodiode 
h e t e r o d y n e   r e c e i v e r   o p e r a t i n g   a t  a f r e q u e n c y   o f  10 GHz, a wave length   o f  30 pm,or 
a temperature  near  200K. A d iscuss ion   o f   p - type  HgCdTe photoconductors   for   use 
as  e levated-temperature  C02- laser  photomixers i s   a l s o   p r e s e n t e d .  

STATE OF THE ART 

Dur ing   the   pas t   ten   years ,   h igh-per fo rmance HgCdTe photodiodes and photo- 
d iode  a r rays   have been  deve loped  a t   L inco ln   Labora tory   ( re f .  3 )  f o r  use  as  wide- 
bandwidth  heterodyne  receivers.  Numerous t e s t  measurements  were a1 so developed 
t o   e v a l u a t e   t h e s e   p h o t o d i o d e s  and c h a r a c t e r i z e   t h e i r   s e n s i t i v i t y  and bandwidth 
i n   t h e   h e t e r o d y n e  mode o f   o p e r a t i o n .  The blackbody  heterodyne  measurement has 
p r o v e n   t o  be t h e   m o s t   d i r e c t  and r e 1   i a b l e  method fo r   de te rm in ing   t he   he te rodyne  
NEP a t   h igh   f requenc ies .   Here   t he  measured s i g n a l   - t o - n o i s e   r a t i o   i s  compared 
w i t h   t h a t   c a l c u l a t e d   f o r  an i d e a l   p h o t o m i x e r   i n   o r d e r   t o   o b t a i n  an e f f e c t i v e  
heterodyne  quantum  ef f ic iency V E H  ( r e f s .  11 and 12) f rom  which  the NEP can be 
de termined  us ing   the   express ion  NEP = hVB/'IEH, where B ( n o i s e   b a n d w i d t h )   i s  
u s u a l l y   n o r m a l i z e d   t o  1 Hz. I n   f i g u r e  1 a r e  shown t h e   b e s t   v a l u e s   o f  NEP 
o b t a i n e d   t o   d a t e   ( r e f .  3 )  as a f u n c t i o n   o f  IF f requency  f rom 10 MHz t o  4 GHz. 
A t  1 GHz t h e  NEP i s   o n l y   a b o u t  a f a c t o r   o f  2 above t h e  quantum 1 imit o f  an i d e a l  
photod iode- rece iver   sys tem.  A s e n s i t i v i t y   o f  6.2 x 10-20 W/Hz has a l s o  been 
r e p o r t e d   ( r e f .  13) a t  2 GHz. As t he   IF   f requency   i nc reases ,  RC r o l l - o f f  , d i f -  
f u s i o n   e f f e c t s ,  and h i g h e r   p r e a m p l i f i e r   n o i s e   f i g u r e s  a l l  c o n t r i b u t e  t o  a degra- 
d a t i o n   i n  NEP o f   p r e s e n t  HgCdTe photomixers .   (The  no ise   f igures   o f   the  
d e c a d e - b a n d w i d t h   p r e a m p l i f i e r s   u s e d   t o   o b t a i n   t h e   d a t a   i n   f i g u r e  1 ranged  from 
about 1.1 dB a t  10 MHz t o  4.5 dB a t  4 GHz.) The b e s t   r e s u l t s   c u r r e n t l y   a r e  
below 1.5  GHz where  most o f   t h e   e f f o r t  has  been  concentrated.  Twelve-el ement 
a r r a y s   w i t h   a v e r a g e   s e n s i t i v i t i e s   o f  7.1 x 10-20 W/Hz a t  1.5 GHz and 
4.3 x 10-2O W/Hz a t  0176 GHz have  been  demonstrated  (refs. 3 and 14 ) .  

The values  of  NEP i n   f i g u r e  1 were obta ined  under   opt imum  condi t ions  o f  
b i a s  Va ( t y p i c a l l y  0.3 t o  0.7 v o l t s )  and LO power PLO ( t y p i c a l l y  0.2 t o  0.5 mW) . 
I n   f i g u r e  2 i s  shown t h e  NEP o f  a t yp i ca l   h igh -pe r fo rmance   d iode  as a f u n c t i o n  
o f   p h o t o c u r r e n t   ( I p c  = v ( o ) q  P Q/hw,  where T ( o )  i s  t h e  dc quantum e f f i c i e n c y )   a t  
0.76 GHz and 1.5 GHz. The so t i d  curves  were  ca lcu lated  f rom  the  s imple asymp- 
t o t i c   e x p r e s s i o n   ( r e f .  1 5 )  f o r  NEP shown i n   f i g u r e  2, c o n t a i n i n g   t h e   r a t i o s   o f  
preamp1 i f i e r   n o i s e   t o   s h o t   n o i s e  and dark   -cur ren t   no ise   to   sho t   no ise .  Ta i s  
t h e   e f f e c t i v e   n o i s e   t e m p e r a t u r e   o f   t h e   p h o t o d i o d e  and preampl i f ie r ,  and RL i s   t h e  
e f f e c t i v e   l o a d   r e s i s t a n c e .   F o r  a 10.6-pm pho tod iode   a t  7 7 K ,  t he   da rk   - cu r ren t  
te rm i s  a lmos t   a lways   neg l i g ib le   a t   w ide   bandw id ths .   (No t   a l l   sou rces   o f   da rk  
c u r r e n t   a r e   n o i s y  a t  h igh  f requencies. )  These ca l cu la ted   cu rves   p rov ide  a good 
f i t  t o   t h e   d a t a  up t o   I p c  = 1 mA. Beyond tha t ,   t he  NEP s a t u r a t e s   a t  a va lue 
h i g h e r   t h a n   g i v e n   b y   t h e   s i m p l e   e x p r e s s i o n .   I n  some photodiodes  , the NEP 
i n c r e a s e s   w i t h   i n c r e a s i n g   p h o t o c u r r e n t .   T h i s   s a t u r a t i o n   i s  a r e s u l t   o f   p h y s i c a l  
changes w i t h i n   t h e   p h o t o d i o d e  caused   by   t he   i n tense   op t i ca l   f l ux  += 1 x 1020 
photons/cm*-sec.  These  processes  are  complicated,  are  not we1 1 understood,and  vary 
c o n s i d e r a b l y   w i t h   d e t e c t o r   g e o m e t r y ,   i m p u r i t y   d o p i n g   l e v e l s ,  and energy gap Fg. 
Band f i l l i ng ,   i nc reased   recomb ina t ion ,   amb ipo la r   e f fec ts ,   i nc reased   tunne l i ng  
cur ren t ,  and  simp1 e heat ing  can a1 1 c o n t r i b u t e .  These w i  11  be  described i n  more 
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de ta i l   be low.  The e f f e c t s   a r e  more   impor tan t   a t   h igh   f requenc ies   where   l a rge r  
v a l u e s   o f   p h o t o c u r r e n t   a r e   r e q u i r e d   t o  overcome h i g h e r   a m p l i f i e r   n o i s e .  By 
simple  narrow-band  impedance  matching, we have  been a b l e   t o   r e d u c e   t h e  LO power 
r e q u i r e m e n t   a t  0.76 GHz from  150 pW (1 mA) as shown i n   f i g u r e  2 t o  about 50 pW 
(0.3 m A ) .  T h i s   i s   v e r y   d i f f i c u l t   t o  do fo r   mu l t i oc tave   bandw id ths ,   however .  

PHOTODIODE PHYSICS 

Bas ic   Dev ice   Opera t ion  

S e v e r a l   e f f e c t s   c a n   c o n t r i b u t e   t o   t h e   r e s p o n s e   o f  a p -n   j unc t i on   pho tod iode :  
R C  r o l   l - o f f  , t h e   t r a n s i t   t i m e   o f   e l e c t r o n s  and h o l e s   a c r o s s   t h e   d e p l e t i o n  
r e g i o n ,   t h e   d i f f u s i o n   o f   h o l e s   f r o m   t h e   n - t y p e   r e g i o n   t o   t h e   s p a c e - c h a r g e   r e g i o n ,  
a n d   t h e   d i f f u s i o n   o f   e l e c t r o n s   f r o m   t h e   p - t y p e   r e g i o n   t o   t h e   s p a c e - c h a r g e  
r e g i o n .  The d i f f u s i o n   t i m e   c a n   b e  a s   l o n g   a s   t h e   l i f e t i m e   o f   t h e   m i n o r i t y  
c a r r i e r s ,   w h i c h   f o r  0 .l-eV HgCdTe can  be  severa l   microseconds  ( re f .   16) .  
Obv ious l y ,   such   s low   d i f f us ion   e f fec ts   mus t   be   m in im ized   f o r   h igh -pe r fo rmance  
wide-bandwidth  operat ion.  The most  successful   wide-bandwidth HgCdTe d e t e c t o r  
s t r u c t u r e   t o   d a t e  has  been t h e   s h a l   l o w - j u n c t i o n  n'n-p geometry ( r e f .  4 )  , a c ross  
s e c t i o n   o f   w h i c h   i s  shown i n   f i g u r e   3 .  Here t h e   j u n c t i o n   d e p t h   i s   a b o u t  3 pm, 
and  under   reverse   b ias   the   dep le t ion   w id th   i s   about  2 pm, l e a v i n g  a 1-pm r e g i o n  
o f   u n d e p l e t e d   n - t y p e   m a t e r i a l   a t   t h e   s u r f a c e .   A l s o  shown i n   f i g u r e  3 i s   t h e  
e x p e c t e d   a b s o r p t i o n   p r o f i l e   f o r  10.6-pm r a d i a t i o n ,  where t h e   a b s o r p t i o n   c o e f -  
f i c i e n t  CL i s  about 3000 cm-1 ( r e f .   1 7 ) .  

E l  e c t r o n - h o l e   p a i r s   a r e   c r e a t e d   i n  a1 1 t h r e e   r e g i o n s ,   g i v i n g   r i s e   t o  
several   d i f ferent  response  mechanisms.  Holes  produced i n   t h e   n - t y p e   r e g i o n  must 
d i f f u s e   t o   t h e  edge o f   t he   space -charge   reg ion  and d r i f t   a c r o s s   i n   o r d e r   t o  
g e n e r a t e   c u r r e n t .   T h i s   d i f f u s i o n   t i m e   i s   a p p r o x i m a t e l y   e q u a l   t o   ( ~ x ) ~ / D ,  where 
6x i s   t h e   d i s t a n c e   f r o m   t h e   s p a c e - c h a r g e   l a y e r  where t h e   e l e c t r o n - h o l e   p a i r   i s  
produced  and D = pkT/q i s   t h e   m i n o r i t y - c a r r i e r   d i f f u s i o n   c o e f f i c i e n t   ( r e f .   1 8 ) .  
H o l e   d i f f u s i o n   i s  a s low  process as  Dh-1 z 2 nsec / (pm)z   a t  77K,  and on ly   t hose  
ho les   p roduced   w i th in  a f r a c t i o n   o f  a pm o f   t he   space -charge   reg ion  will respond 
i n  0.3 nsec ( i  .e., 1 GHz bandwidth) .  The d i f f u s i o n   l e n g t h   o f   h o l e s  (i .e., t h e  
ave rage   d i s tance   t hey   can   d i f f use   be fo re   t hey   recomb ine )   can   be  as l o n g  as 
10 p m ,  so y ( 0 )  c o u l d   b e   v e r y   h i g h   f o r  a j u n c t i o n  as  deep  as  10 pm. However, 
such a device  would  have a very  s low  response,   even  though  the  junct ion  capaci -  
t ance  may be smal 1 .   For   e lec t ron   concent ra t ions   g rea ter   than  about   1016 cm-3 
t h e   c o n d u c t i o n  band becomes degenerate and t h i s  band f i  11 ing   reduces   the   absorp-  
t i o n   n e a r   t h e   c u t o f f   w a v e l e n g t h   i n   t h e  n+ l a y e r  and improves   the   h igh   f requency  
per fo rmance  ( re fs .  1 and 1 7 ) .  

The t r a n s i t   t i m e   a c r o s s   t h e   d e p l e t i o n   r e g i o n   i s   g i v e n   b y  

tt = J WD v( x '  )-I d x '  
wD-x' 

wherewD i s   t h e d e p l e t i o n w i d t h , x '  i s t h e p o s i t i o n w i t h i n t h e d e p l e t i o n r e g i o n , a n d v ( x ' )  
i s   t h e   l o c a l   c a r r i e r   d r i f t   v e l o c i t y   i n   t h e   d e p l e t i o n   r e g i o n .  A t  v e r y   l o w  
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f i e l d s ,   e l e c t r o n s   i n  HgCdTe reach a s c a t t e r i n g - l i m i t e d   s a t u r a t i o n   v e l o c i t y  due 
t o   t h e i r   h i g h   m o b i l  i ty  ( re f .   16 )  and, consequen t l y ,   t r ave l   ac ross   t he  space- 
c h a r g e   r e g i o n   w i t h   c o n s t a n t   v e l o c i t y   o f   a b o u t  2 x 107  cm/sec o r  Ye-1 = 
0.005 nsec/pm. I f  e l e c t r o n   t r a n s i t  were the   on l y   l im i ta t i on ,  a 10-GHz bandwidth 
c o u l d  be o b t a i n e d   w i t h   d e p l e t i o n   w i d t h s  as 1 arge  as 6 pm. However , holes  must 
a l s o   t r a n s i t   t h e   s p a c e - c h a r g e   r e g i o n  and they  have a r e l a t i v e l y   s m a l l   m o b i l i t y  
(ph  = 600  cm2/V-sec a t  77K)  and t h e i r   d r i f t   v e l o c i t y  Vh i s  a func t ion   o f  
p o s i t i o n .   F o r  a 0 . l-eV  photodiode , vh-1 i s  expec ted   to   vary   f rom 0.02 nsec/pm 
t o  2 nsec/pm. 

C a r r i e r s   g e n e r a t e d   i n   t h e   p - t y p e   r e g i o n   a r e   c o n t r o l   l e d   b y   e l e c t r o n   d i f f u -  
s ion   wh ich   can   be   re la t i ve l y   f as t .  Assuming  pe = 30 000 cm2/V-sec i n   t h e   p - t y p e  
r e g i o n ,  we o b t a i n  De-1 = 0.05 nsec/  (pm)2,  which means t h a t   e l   e c t r o n - h o l e   p a i r s  
c r e a t e d   i n   t h e   p - t y p e   r e g i o n   w i t h i n  a few   m ic romete rs   o f   t he   j unc t i on   can  
respond   a t  1 GHz. However, i f  the   m ino r i t y -e lec t ron   concen t ra t i on   app roaches  1% 
o f   t h e   h o l e   d e n s i t y   ( b y   e i t h e r   t h e r m a l   g e n e r a t i o n   o r   t h e   l o c a l   - 0 s c i l   l a t o r   f l u x )  , 
ambi p o l   a r   e f f e c t s   ( r e f .   1 9 )   e n t e r  and b e g i n   t o   s l o w   t h i s   d i f f u s i o n   p r o c e s s .  

The  response o f  any  given  photodiode will be a compos i te   o f  a1 1 t h e  above 
e f f e c t s  and t h e  R C  r o l l - o f f  due t o   t h e   e x t e r n a l   c i r c u i t  and t h e   j u n c t i o n   c a p a c i -  
tance. The r e 1   a t i v e   i m p o r t a n c e   o f  each o f   these  p rocesses  will depend  on t h e  
p r e c i s e   j u n c t i o n   d e p t h ,   d o p i n g   l e v e l s ,  HgCdTe a l l o y   c o m p o s i t i o n ,  and t h e   l o c a l  - 
o s c i  11 a t o r  f l  ux 1 eve1 . 

Slow d i f f u s i o n ,   w h i c h   c a n   f r e q u e n t l y  be  seen as a t a i l  on the   pu l se  
response   o f  a photodiode, i s   p a r t i c u l a r l y   d e t r i m e n t a l   t o   h e t e r o d y n e   o p e r a t i o n .  
T h i s   d i f f u s i o n   n o t   o n l y   g i v e s   r i s e   t o  a l o s s   i n   s i g n a l   a t   h i g h   f r e q u e n c y ,   b u t  
g i v e s   a d d i t i o n a l   n o i s e ,  as t h e   s l o w l y   d i f f u s i n g   c a r r i e r s  have t h e  same s h o t -  
no i se   spec t ra  as t h e   f a s t  ones ( r e f .  20) .  The shot -no ise-1   im i ted  NEP i n   t h e  
p r e s e n c e   o f   d i f f u s i o n   i s   g i v e n   b y  

where v ( f )  i s   t h e  quantum e f f i c i e n c y   a t   f r e q u e n c y  f. I n  a p lanar   d iode,  
l a t e r i a l   d i f f u s i o n   f r o m   a r o u n d   t h e   p e r i m e t e r   c a n   d e g r a d e   i t s   h i g h   - f r e q u e n c y  
performance. To ge t  maximum s e n s i t i v i t y ,   t h e   l o c a l   o s c i l l a t o r   s h o u l d  be  con- 
f i n e d   t o   w i t h i n   t h e   j u n c t i o n   a r e a .  A steep mesa d iode  does  not   have  th is  
l a t e r a l   d i f f u s i o n   p r o b l e m .  

O p t i c a l - A b s o r p t i o n   C o e f f i c i e n t  

A h igh   va lue  o f  o p t i c a l   a b s o r p t i o n   c o e f f i c i e n t  a i s   d e s i r a b l e   i n  a wide- 
bandwidth  photodiode i n   o r d e r   t o   l o c a l i z e   t h e   p h o t o c a r r i e r   g e n e r a t i o n .  However, 
i n  smal l -energy-gap  mater ia l ,  a i s   n o t   v e r y   l a r g e .   I n   f i g u r e  4 i s  shown t h e  
wavelength  dependence o f  a as g iven  by   the  Kane t h e o r y   ( r e f .   1 7 )   f o r  HgCdTe w i t h  
energy  gaps o f  0.1 eV and  0.035 eV, r e q u i r e d   f o r  10.6-pm and 30-pm photodiodes, 
respect ive ly .   Accurate  exper imenta l   va lues  have  been  repor ted  on ly   for  a < 
1000 cm-1. However, t h e s e   c a l c u l a t e d   c u r v e s   a r e   c o n s i s t e n t   w i t h  a1 1 pub1 ished 

31 2 



d a t a  and with transmission measurements made a t  Lincoln  Laboratory on thin 
epitaxial samples. The sol  id  curves do not  take  into account effects  of charge 
carr iers ,   impuri t ies ,   or   la t t ice   vibrat ions,   a l l  of which tend t o  "smear out' ' 
the  absorption edge. Band f i  11 ing  occurs  in narrow-energy-gap HgCdTe with rela- 
t ive ly  low electron  concentrations due to   the smal 1 density of s ta tes  i n  the 
conduction band. This  produces a Burstein-Moss sh i f t  in  the  absorption edge as 
indicated by the dashed curves  in  figure 4 ,  which  show the  effects of 
1 x 1016 el  ectrons/cm3  in 0 .l-eV HgCdTe and 1 x 1015 electrons/cm3  in 0.035-eV 
HgCdTe. These electron  densit ies  are  similar t o  those  optically  generated by a 
100-pm-diameter LO beam producing IPC = 1 mA. Thus if  the background doping 
does not  render  the  n-type  region  transparent near the  absorption  edge,  the L O  
flux most 1 i kely wi 11 . A t  a wavelength of 10 pm, the  absorption  length l / a  i s  
about 3 pm, whereas f o r  X = 30 pm, l / a  i s  about 10 pm. Confi  nement  of the pho- 
tocarrier  generation  is   particularly  difficult  a t  30 pm. 

Tunneling Breakdown 

The fundamental breakdown  mechani sm in a reverse-bi  ased, narrow-energy-gap 
photodiode i s  the  tunneling of electrons from the  valence band t o  the conduction 
band due t o  the high fie1 d i n  the  space-charge  region. In  a one-sided a b r u p t  
junction  this  field  varies  linearly  across  the  depletion  layer with a peak value 
of  ~ V / W D ,  where V i s   t h e  sum of the  external  bias and the  built-in  junction 
potential ( - E g / 2 q ) .  The depletion width i s  given by 

where K i s  the  dielectric  constant (-18.6 for  Hgo 8Cdo  .;ZTe) and N i s  the  carrier 
concentration on the  lightly-doped  side of the  junction. The value of WD a t  
breakdown sets  a l i m i t  t o  the RC; r o l l - o f f  frequency of the  device. In figure 5 
i s shown the  calculated  depletion w i d t h  a t  a tunnel -current  density of 
1 A/cm* as a function of N for energy gaps of 0.1 eV and 0.035 eV, according t o  
equation 16 of reference 21. The  peak f ie ld  a t  breakdown Emax i s  a strong func- 
t ion of energy g a p  (Emax a ~ ~ 5 1 3 )  b u t  i s   re la t ive ly  independent of N .  Emax a t  
J T  = 1 A/cm2 i s  about  1 V / u m  f o r  E g  = 0.1 eV and 0.17 V/pm for E g  = 0.035 eV. 
As can be seen i n  figure 5 ,  WD a t  breakdown i s  a s t r o n g  function of N and E g ,  

varying  approximately a s  E 1=43/No-9. For E g  = 0.1 eV, depletion  widths i n  
excess of 6 pm should be o h a i  nab1 e w i t h  present HgCdTe material  technology 
( N - 1  x 1014 ~ m - ~ ) .  I n  high-performance wide-bandwidth photodiodes, WD has 
been typically  in  the range of 2 t o  3 pm a t  breakdown. A 1-GHz RC roll-off  fre- 
quency into 50 Ohms for a 100-pm-diameter photodiode requires > 0.4 pm, which 
i s  achieveable with N = 2 x 1015 c r 3  in 0.1-eV material.  Clearly very high RC 
roll-off  frequencies  are  possible with carrier  concentrations  in  the low 
1014 cm-3 range. A device  sensitive a t  a wavelength of 30 pm, however, 
requires N t o  be less  t h a n  3 x 1014 c r 3  for a 1 %Hz RC rol l -off .  



I n t r i n s i c   C a r r i e r   C o n c e n t r a t i o n  

A h i g h   d e n s i t y   o f   c a r r i e r s  can  be  generated  thermal l y  i n  smal 1-energy-gap 
semiconductors. I n   f i g u r e  6 i s  shown t h i s   i n t r i n s i c   c a r r i e r   c o n c e n t r a t i o n  n i  as  
a f u n c t i o n   o f   t e m p e r a t u r e   f o r  E ~ =  0.1 eV and E = 0.035 eV ( r e f .  22). For good 
d i o d e   c h a r a c t e r i s t i c ,   n i   s h o u l d   b e  much l e s s   & a n   t h e   d o p i n g   l e v e l s  on e i t h e r  
s i d e   o f   t h e   j u n c t i o n .   F o r  a wide-bandwidth 30-pm p h o t o d i o d e ,   t h i s   r e q u i r e s  
o p e r a t i o n   b e l  ow about 50K t o   a c h i e v e   n i  1 ess  than  1014 cm-3, as seen  from 
f i g u r e   6 .  S i m i  1 a r l y  a 10-GHz 10.6-pm diode  must  be  operated  below  about l O O K .  
Note as t h e  0.1-eV mater ia l   approaches 200K, n i  becomes g rea te r   t han  1016 cm-3. 
Thus f r o m   f i g u r e  5 we see t h a t   t h e   d e p l e t i o n   w i d t h   a t  breakdown i n  a high- 
temperature 10.6-pm photodiode will be much l e s s   t h a n  1 pm and , s ince  l / a  > 
3 pm, i t s  response will be d i f f u s i o n   l i m i t e d .  

Photogenera ted   Car r ie rs  

The LO f l ux   can   cause  enormous  changes i n   t h e   m i n o r i t y   ( a n d   m a j o r i t y )  
e l e c t r o n  and h o l e   c o n c e n t r a t i o n s   i n  a photodiode. I n   t h e  absencQ o f   d r i f t  and 
d i f f u s i o n   e f f e c t s ,   t h e   s t e a d y - s t a t e   e x c e s s   p h o t o c a r r i e r   c o n c e n t r a t i o n   i s   g i v e n  
s imply   by a +  T, where T i s   t h e   m i n o r i t y - c a r r i e r   l i f e t i m e .   I n   l i g h t l y  doped 
0 . l-eV  n-type HgCdTe, i s   o f   t h e   o r d e r   o f  10-6  sec ( r e f .   1 6 ) ,  so a + Th ;=: 
3 x 1017  c~n-3 f o r  + =';h020 photons /cd-sec .   Th is   e lec t ron   concent ra t ion   wou ld  
c l e a r l y   g i v e   s t r o n g  band f i l l i n g  ( s e e   f i g u r e  4 )  and r e n d e r   t h e   m a t e r i a l  
t ransparen t   nea r   t he   abso rp t i on  edge.  Near a p-n j u n c t i o n ,   d i f f u s i o n  and d r i f t  
e f f e c t s  must  be  considered,  however  (see  reference  19). The excess m i n o r i t y -  
e l e c t r o n   c o n c e n t r a t i o n  6n in  t h e   p - t y p e   s i d e   o f  an n - p   j u n c t i o n   i l l u m i n a t e d   f r o m  
t h e   n - t y p e   s i d e   i s   g i v e n   b y  

aLe # I 

where x i s   t h e   d i s t a n c e   f r o m   t h e   s p a c e - c h a r g e   r e g i o n ,  and  Le = (DeTe)1/2 i s   t h e  
m i n o r i t y   - e l e c t r o n   d i f f u s i o n   l e n g t h .   F i g u r e  7 shows s n ( x )   c a l c u l a t e d   u s i n g  
p a r a m e t e r s   a p p r o p r i a t e   f o r  a t y p i c a l  10.6-pm HgCdTe photodiode  at   moderate LO 
f l u x .  The m i n o r i t y   - e l e c t r o n  1 i f e t i m e  'e i s  a s t r o n g   f u n c t i o n   o f   h o l e   c o n c e n t r a -  
t i o n  and 10  nsec i s   b e l i e v e d   a p p r o p r i a t e   f o r  a h o l e   c o n c e n t r a t i o n  p i n   t h e  
r e g i o n  of 3 x 1016 cm-3 a t  77K ( r e f .  23 . Note ,   t he   ca l cu la ted   pho toe lec t ron  
d e n s i t y  peaks a t  a va lue   o f   abou t  1 x 10 1 4 cm-3 a t  a d i s t a n c e   f r o m   t h e   j u n c t i o n  
abou t   equa l   t o   t he   abso rp t i on   l eng th .  A t  t h i s   c o n c e n t r a t i o n , t h e s e   m i n o r i t y  
e l e c t r o n s   c o n t r i b u t e   s i g n i f i c a n t l y   t o   t h e   c o n d u c t i v i t y  due t o   t h e   h i g h   e l e c t r o n -  
t o - h o l e   m o b i l i t y   r a t i o  b (-100 i n  HgCdTe) . I n   t h i s   a m b i p o l a r   r e g i m e   ( r e f .   1 9 ) ,  
t h e   d i f f u s i o n   c o e f f i c i e n t   i s   g i v e n  by 

where n = 6n + no. As n approaches P/b , Da decreases , slowing down t h e  d i f -  
f u s i o n   p r o c e s s ,   w h i c h   i n  tu rn   reduces   t he  f requency response and  quantum 
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e f f i c i e n c y .   F o r   l o w   v a l u e s   o f  p, a m b i p o l a r   e f f e c t s   e n t e r   i n   a t   l o w e r   v a l u e s   o f  
o p t i c a l   f l u x .   I n   t h e   v e r y - s t r o n g   - f l u x  limit, t h e   l i f e t i m e ,   t h e   m o b i l i t y ,  and 
t h e   a b s o r p t i o n   c o e f f i c i e n t   a r e   a l l   e x p e c t e d   t o  be f u n c t i o n s   o f  LO power, and a 
s e l f - c o n s i s t e n t   c a l c u l a t i o n   o f   s n ( x )   i s   v e r y   d i f f i c u l t .  

ULTRAWIDE-BANDWIDTH  PHOTODIODES 

W i t h   i n c r e a s i n g   b a n d w i d t h ,   h o l e   t r a n s i t   t i m e   b e g i n s   t o   a f f e c t   t h e   r e s p o n s e  
o f  a 10-pm HgCdTe photodiode, as t h e   h o l e   v e l o c i t y  Vh w i th in   the   space-charge 
r e g i o n   i s   l o w  and a f u n c t i o n   o f   p o s i t i o n ,  Vh(X) = ph   E (x ) .  I n  t h e   c a s e   o f  a 
one-s ided  abrup t   junc t ion ,   E(x )   var ies   l inear ly   ac ross   the   space-charge  reg ion ' .  
I f  we assume vh(  x)  = (X/WD) Vm + vo, t h e n   i n t e g r a t i n g   e q u a t i o n  1 we o b t a i n   t h e  
t r a n s i t   t i m e ,  

f o r  a ho le  generated  wi th in   the  space-charge  reg ion a d i s t a n c e  x f rom  the  n- type 
s ide .   Us ing   t h i s   exp ress ion  we have made numerous n u m e r i c a l   c a l c u l a t i o n s   o f   t h e  
step  response  of   photodiodes  assuming:  1)   the  photogenerat ion  var ies  exponen- 
t i a l l y   i n t o   t h e   d e v i c e  as e-ax  and 2)  t h e   d e l a y   i n   t h e   r e s p o n s e   o f  each o f   t h e s e  
pho togenera ted   ca r r i e rs   i s   g i ven   by   t he  sum o f   t h e i r   d i f f u s i o n   t i m e   ( s x ) Z / D  and 
t r a n s i t   t i m e ,  i .e. t h e   t i m e   r e q u i r e d   f o r   h o l e s   t o   r e a c h   t h e   p - t y p e   r e g i o n  and 
e l e c t r o n s   t o   r e a c h   t h e   n - t y p e   r e g i o n .   F o r  1/a << WD (which i s   t h e  common s i t u a -  
t j o n   f o r  wide-energy-gap,  high-speed  photodiodes), a sb.a l low- junct ion 
p - n - d e v i c e   i s   t h e   b e s t   s t r u c t u r e   f o r   m i n i m i z i n g   h o l e - t r a n s i t   e f f e c t s  as t h e  
e l e c t r o n - h o l  e pa i rs   a re   genera ted   near   the  p+ s i d e   o f   t h e   d e p l e t i o n   l a y e r  and 
o n l y   e l e c t r o n   t r a n s i t   i s   i n v o l v e d .  However, f o r   s m a l l   a b s o r p t i o n   c o e f f i c i e n t s ,  
such as here a t  x Z l O p m ,  t h e   d i f f e r e n c e  between  ann-p and p-n   d iode  s t ruc tu re  i s  
smal l .  The s tep   response   ca l cu la ted   f o r   two  n'n-p photod iodes   w i th   dep le t ion  
w i d t h s   o f  4 pm a r e  shown i n   f i g u r e  8. Here t h e  R C  t i m e   c o n s t a n t   i s  assumed 
zero  and the  undepleted  n+-region i s  assumed t ransparent ,   i .e .  no h o l e d i f f u s i o n  
e f f e c t s .  The curve  on t h e   r i g h t   i s   f o r  a s i m p l e   t r i a n g u l a r   f i e l d   p r o f i l e  
(Emax = 1 V/pm). E lec t rons   genera ted   near   the  p s ide   o f   t he   space -charge   reg ion  
g i v e   t h e   i n i t i a l   r e s p o n s e   a f t e r  a 15-psec t r a n s i t   t i m e   d e l a y .  The s l o w e r   r i s e  
c o n t i n u i n g   t o   a b o u t  120  psec i s   t he   de layed   response   o f   ho les   p roduced  
throughout  the  space-charge  region. If t h e   t h i c k n e s s   o f   t h e  n- r e g i o n   i s   o n l y  
4 pm and v e r y   l i g h t l y  doped ( i  .e. p in- type  device),   ' 'punch  through"  can  occur 
w e l l   b e f o r e  breakdown, g i v i n g  a more u n i f o r m   f i e l d   p r o f i l e  as shown i n   t h e  
diagram  on  the l e f t   i n   f i g u r e  8. I f  t h e   a v e r a g e   f i e l d   i s  75% o f   t h e  breakdown 
f i e l d   ( i  .e. 0.75 V/pm) , the  s tep  response on t h e   l e f t   i s   c a l c u l a t e d .  The very  
s l o w   r i s e   a t   t h e   t o p   i s  due t o   t h e   c o m p a r a t i v e l y   s l o w   d i f f u s i o n   o f   p h o t o e l e c -  
t rons  produced i n   t h e   p - t y p e   r e g i o n .   T r a n s i t   t i m e   c o u l d  be  reduced  by 
dec reas ing   t he   w id th  o f  the  space-charge  layer ;   however ,   th is   would  resul t  i n  a 
1 oss i n  quantum e f f i c i e n c y  and  increased  junct ion  capaci tance.  We chose 
WD = 4 pm here  because it i s   g r e a t e r   t h a n  l / a  and g ives  a IO-GHz RC r o l   1 - o f f  
f r e q u e n c y   f o r  a 100-pm-diameter  photodiode.  Judging  from  the  step  response 
shown i n   f i g u r e  8, a 10-GHz bandwid th   (wh ich   requ i res  a 30-psec r i s e   t i m e )  does 
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not  appear possible  in a 10.6-pm HgCdTe photodiode. The fundamental bandwidth 
limit  will be about 5 GHz. However, since  the  shot  noise  spectra i s   a l so  
i nfl uenced by t r ans i t  time ( re f .  24)  (both  the  signal and the shot  noise wi 11 
roll  off between 5 and 10 G H z )  , reasonably good sens i t iv i ty  (1 x 10-19 W/Hz) may 
be possible a t  10 GHz in an optimized  device. 

LONG -WAVELENGTH PHOTODIODES 

I n  figure 9 i s  shown the  reverse-bias I-V characteristic  calculated fo r  2 
100-pm-diameter, 0.035-eV n--p  photodiode a t  40K with n- = 2 x 1014 cm-3. For 
the  case of  Auger-1  imi ted 1 ifetimes  (refs.  16 and 23) used here,  the dominant 
diffusion component i s  from the p-type side and given by 

where A i s  the photodiode area. As seen from figure 9 ,  this current  is  small 
(-0.1 A/cm2) a t  40K. The tunnel  current I T  shows a character is t ic   sof t  break- 
down. The  magni tude of I T   i s  not a problem for V < 100 m V ;  however, for  the 
impedance dV/dI t o  be greater t h a n  50 Ohms, the  bias must  be  below about  60 m V ,  
where WD = 0.7 pm. Since l/a 9 1 0  pm, essent ia l ly   a l l  of the  photocarrier gen- 
eration  takes  place  in  the p-type region. I n  a thick  photodiode,the  frequency 
response  limited by electron  diffusion  is  approximately a2De ( r e f .  24),  which 
for  T = 40K, pe = 50 000 cm*/V-sec and a = 1000  cm-l , i s  about  250 MHz. A d i f -  
fusion-limited bandwidth o f  1 GHz could be obtained by thinning  the p-type 
region to  about  3 pm. With a reflecting  contact t o  increase  the  absorption, a 
q u a n t u m  efficiency of 40% should be possible. However, a very important 
question  remains. The minority  electron mobi 1 i t y  pe i s  expected t o  be a func- 
t ion of hole  concentration. Can pe = 50 000 cmZ/V-sec  be obtained with p = 
1 x 1016 cm-3 in 0.035-eV HgCdTe ? A concentration much less t h a n  this  will be 
susceptible t o  strong arnbipolar effects.  If  these  parameters  are  consistent, 
then an NEP of a b o u t  5 x W/Hz a t  1 GHz should be possible a t  30 pm. 

ELEVATED-TEMPERATURE PHOTODIODES 

There has been great  interest  in developing CO2 laser  photomixers operating 
a t  temperatures  in  the  region of 200K where thermoelectric  coolers  are 
convenient,  reliable and reasonably  efficient. A t  elevated  temperatures, 
narrow-energy-gap  photodiodes are  subject  to very  high  dark current in reverse 
bias due t o  d i f fus ion ,   d r i f t  and/or  tunneling.  If  the  minority-carrier recom- 
bination  times  in a 0 .l-eV photodiode are Auger-1 imited ( r e f s .  16 and 23) ,  then 
electron-diffusion  current from the  p-side of the  junction i s  the dominant dif-  
fusion component and re la t ively independent of p. In the Auger limit,Te  varies 
as l / p 2  (see  reference 2 3 ) .  I n  figure 10 i s  shown this  diffusion  current 
(calculated from equation 7 )  as a function of temperature  for energy gaps of 
0 .I1 eV and 0.14 eV, corresponding t o  a = 1000 cm-1 a t  11 pm and 9 pm ( r e f .  2 5 ) ,  
respectively. Also shown are d a t a  taken on a photodiode  with a cutoff wave- 
length of abou t  9 pm a t  185K, which are  in  reasonable agreement with these 
calculations.  Diffusion  current can be reduced by thinning  the p-type region 
in  order  to  limit  the  diffusion volume ( r e f .  19 ) .  However, diffusion-current 
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va lues   be l  ow these  curves i n   f i g u r e  10 a r e   y e t   t o  be repor ted .  A1 so, t h i s  
s i m p l e   t h e o r y   i s   n o t   s t r i c t l y   v a l i d   a t   t h e s e   v e r y   h i g h   c u r r e n t   d e n s i t i e s  
(-100 A/cm2). I f  e i t h e r  n o r  p i s   c l o s e   t o   t h e   v a l u e   o f   n i ,  a l a r g e  component 
o f  d r i f t  c u r r e n t  a1 so f l o w s   a c r o s s   t h e   j u n c t i o n ;  whereas i f  n and p are   bo th  
much g r e a t e r   t h a n   n i ,   t u n n e l i n g   c u r r e n t  becomes excess ive   a t   even  very   low 
b i a s e s .   I n   b o t h   o f   t h e s e  cases, t h e   c a l c u l a t e d  maximum r e v e r s e - b i a s   r e s i s t a n c e  
o f  a 200K 0.12-eV HgCdTe photodiode i s   o n l y  a few ohms. The frequency  response 
a t   h i g h   t e m p e r a t u r e s   o f  an o p t i m a l l y   d e s i g n e d   s h a l l o w - j u n c t i o n n - p   p h o t o d i o d e   i s  
d e t e r m i n e d   b y   m i n o r i t y - e l e c t r o n   d i f f u s i o n ,   w h i c h   i s   i n   t h e   s t r o n g   a m b i p o l a r  
regime.  Here,  as  seen  from  equation 5, Da approaches 2 De/b  and the   absorp t ion-  
l i m i t e d   d i f f u s i o n   t i m e   i n c r e a s e s   i n t o   t h e   r a n g e   o f  10 t o  50 nsec.  Faster 
response  can be ach ieved  by   heav i l y   dop ing   the   p - type   reg ion  and reduc ing   t he  
1 i f e t i m e   o f   t h e   m i n o r i t y   e l e c t r o n s ,   b u t   t h i s   i s   a t   t h e  expense o f  quantum 
e f f i c i e n c y .  

A t  173K, we have  measured an NEP of  4 x 10-19 W/Hz a t  9.3 pm f o r  a 90-MHz 
photodiode, and an NEP o f  8 x 10-19 W/Hz a t  10.6 pm has been r e p o r t e d   ( r e f .   2 6 )  
a l s o   a t  173K f o r  a 23-MHz device.   Wi th   fur ther   development ,  NEPs approaching 
1 x 10-19 W/Hz and bandwidths  approaching  100 MHz should  be  real  i zed i n  180K 
photodiodes.  This  performance will be v e r y   s e n s i t i v e   t o   t e m p e r a t u r e ,  however. 

p-TYPE  HgCdTe PHOTOCONDUCTORS 

As the   pe r fo rmance   o f  HgCdTe photodiodes  degrades  wi th  increasing  temper- 
a tu res ,   t he   p - t ype  HgCdTe photoconductor becomes v e r y   a t t r a c t i v e  as a 
moderately-wide-bandwidth CO2- l a s e r   p h o t o m i x e r .   I n   t h i s   d e v i c e ,   t h e   b a n d w i d t h  
and pho to response   a re   de te rm ined   by   t he   l i f e t ime  Te and  mobil i t y  p e   o f   t h e  m i -  
n o r i t y   e l e c t r o n s .   I n   a d d i t i o n ,   t h e   r e s i s t a n c e   c a n  be reasonab ly   h igh   a t  200K 
due t o   t h e   l o w   m o b i l i t y   o f   h o l e s .   I n   o r d e r   t o   o b t a i n   q u a n t u m - n o i s e - l i m i t e d   p e r -  
formance i n  a p-type  photoconductor (NEP = 2 hllB/v ) ,  t h e  LO power  must be such 
t h a t   ( 1 )   t h e   d e n s i t y   o f   p h o t o e l e c t r o n s   g r e a t l y  exceeds the   background  minor i ty  
e l e c t r o n   d e n s i t y   ( n i z / p )  and ( 2 )  the   assoc ia ted   g - r   no ise   g rea t ly   exceeds  the  
Johnson or   thermal   no ise  4kT/R o f   t h e   d e t e c t o r  and p r e a m p l i f i e r   ( r e f .   2 4 ) .   B o t h  
o f   t h e s e   r e q u i r e m e n t s   a r e   v e r y   s e n s i t i v e   t o   n i  ,pe, and Te. The dashed c u r v e   i n  
f i g u r e  11 shows the  photoconductor  bandwidth ( ~ I I  .e)-' determined  f rom  the  ca lcu-  
1 ated  Auger-1  imi ted 1 i f e t i m e   ( r e f .   2 3 i  as a f u n c t i o n   o f   h o l e   c o n c e n t r a t i o n   a t  
200K f o r  0.12-eV HgCdTe (n = 1 x 101 cm-3).  Using t h i s   t h e o r e t i c a l  1 i f e t i m e  
and assuming  pe = 10 000 ch2/V-sec, we have ca l cu la ted   (unpub l i shed   work   o f  D. L. 
Spears , P. E .  Duffy ,   and C. D. Hoy t )   t he  LO power r e q u i r e d   i n   o r d e r   t o   a c h i e v e  a 
pho toe lec t ron   concen t ra t i on   equa l   t o   t he   backg round   e lec t ron   concen t ra t i on  and 
a g - r   no i se   equa l   t o   t he   t he rma l   no i se .  These  values o f  PLO a r e  a s t rong   f unc -  
t i o n   o f  p as shown b y   t h e   s o l i d   c u r v e s   i n   f i g u r e  11. A minimum i n   t h e   c a l c u l a -  
t e d  LO power  occurs f o r  p = 3 x 1016 ~ m - ~ ,  w i t h  a co r respond ing   bandw id th   o f  
12 MHz. N o t e ,   f o r  a 100 MHz bandw id th ,   t he   ca l cu la ted  CO2  LO power i s  about 
10 mW. The over-100-mW r e q u i r e m e n t   a t  1 GHz i s  unreasonable, as excess ive  heat-  
i n g  (AT > 100K)  would  surely  occur i n  these  smal l -area (100 pm x .IO0 pm) dev ices.  

P - t  pe  photoconductors we have f a b r i c a t e d  have shown a 9.3-pm NEP o f  about 
2 x 10-1 4 W/Hz a t  38 MHz a t  ZOOK, w i t h  a bandwidth o f  over 50 MHz and a LO power 
r e q u i r e m e n t   o f  7 mW. O t h e r   d e v i c e s   w i t h   b a n d w i d t h s   i n   e x c e s s   o f  
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150 MHz have shown NEPs b e t t e r   t h a n  4 x 10-19 W/Hz a t  200K. Wi th   t he  optimum 
geometry,  ener y gap,  and h o l e   c o n c e n t r a t i o n ,  we e x p e c t   t h a t  an NEP of 
about 1 x 10-13 W/Hz a t  100 MHz c o u l d  be  achieved i n  a 200K photoconductor   w i th  
a t o t a l  power d i s s i p a t i o n   o f  10 mW, which i s   c o m p a t i b l e   w i t h  a 1-wat t  TE c o o l e r .  
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INFRARED  HETERODYNE  RECEIVERS WITH I F  RESPONSES  APPROACHING 5 GHz* 

J . M .  Wolczok  and B. J .  Pey ton  
E a t o n   C o r p o r a t i o n ,  AIL D i v i s i o n ,   M e l v i l l e ,  NY 11747 

SUMMARY 

Laser   p robing   of   h igh   dens i ty   tokamak  p lasmas   has   l ed   to   the   deve lopment  
of s p e c i a l i z e d   c o h e r e n t  .10.6 pm i n f r a r e d   r e c e i v e r s   w i t h   I F   f r e q u e n c y   r e s p o n s e s  
approach ing  5 GHz. C02 lasers a re  employed f o r   t h e s e   a p p l i c a t i o n s   b e c a u s e  
of t h e i r   a v a i l a b i l i t y ,   s t a b i l i t y ,   a n d   h i g h   a v e r a g e - p o w e r   l e v e l s .   T h e   u s e  of a 
high-power laser  p rob ing   sou rce   and  a h i g h l y   s c a t t e r i n g   p l a s m a   r e q u i r e s   t h e  
u s e  of a photomixer   which   can   de tec t  weak laser s i g n a l s   i n   t h e   p r e s e n c e   o f  
h igh   s t r ay - l a se r   l eve l s .   Accord ing ly ,   he t e rodyne   r ece ive r s   wh ich   employ  
e x t r i n s i c   p h o t o c o n d u c t i v e  Ge:Cu(Sb) mixers have  been  developed  for  measure- 
ments of CO2 laser s c a t t e r i n g   t o   d e t e r m i n e :   ( 1 )   t h e   d r i v e n   l o w e r - h y b r i d  
wave d e n s i t y   f l u c t u a t i o n s ,   a n d   ( 2 )   t h e   p l a s m a   i o n   t e m p e r a t u r e   o f   d e n s e  
tokamak  plasmas. 

The   l i qu id   he l ium  coo led   Ge :Cu(Sb)   de t ec to r s  are  o p e r a t e d   i n  a h i g h  
pho toga in  mode in   which   the   photomixer   impedance  i s  approximate ly   1200 ohms. 
T h i s   p a p e r   r e p o r t s  on I F  impedance  matching  techniques  which a re  aimed a t  
o p t i m i z i n g :  (1) t h e  power t r ans fe r   be tween   t he   pho tomixe r   and   t he  I F  pre-  
a m p l i f i e r ,   a n d   ( 2 )   t h e   r e c e i v e r   s e n s i t i v i t y   o v e r   t h e  I F  f requency   range  of 
i n t e r e s t .   I n   p a r t i c u l a r ,   c o o l e d   1 2 0 0   t o  50 ohm impedance  matching  networks 
have   been   employed   t o   op t imize   he t e rodyne   r ece ive r   pe r fo rmance .   A l though  
t h i s  work h a s   b e e n   c a r r i e d   o u t   w i t h  Ge:Cu pho tomixe r s ,   t hese  I F  impedance 
matching   techniques  a re  a l s o   a p p l i c a b l e   t o   o t h e r   w i d e b a n d   i n f r a r e d   p h o t o m i x e r s ,  
such as PV:HgCdTe. 

Two r e l a t i v e l y   n a r r o w   b a n d   1 0 . 6  pm h e t e r o d y n e  receivers w i t h   I F  center 
f requencies   near   2 .5   and   4 .6  GHz have  been  developed  for   lower-hybrid wave 
dens i ty   f l uc tua t ion   measu remen t s   i n   t okamak   p l a smas .   The   2 .5  GIlz r e sponse  
he t e rodyne  receiver p r o v i d e s   a n  NEP o f  2 X W/Hz f o r   a n   a p p l i e d   d c  
b i a s  power  of  104 mW w h i l e   t h e  4.6 GHz r e s p o n s e   h e t e r o d y n e   r e c e i v e r   p r o v i d e s  
a n  NEP of  4.4 X W/Hz f o r   a n   a p p l i e d   d c   b i a s  power of 150 mW. A 
broadband  10.6 pm h e t e r o d y n e   r e c e i v e r   h a s   a l s o   b e e n   d e v e l o p e d   f o r   r e m o t e   i o n  
temperature   measurements  of a tokamak  p lasma.   This   rece iver   opera tes   over   the  
200 t o  1300 MHz IF f requency   range   and   provides   an  NEP as low a s  1.5 X 
W/Hz wi th   an   app l i ed   dc   b i a s   power  of on ly  60 mW. 

*This work was s u p p o r t e d  by the   Un i t ed   S t a t e s   Ene rgy   Resea rch   and   Deve lopmen t  
A d m i n i s t r a t i o n .  
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PLASMA  PROBING 

C 0 2  laser s c a t t e r i n g  of q u a s i - f r e e   e l e c t r o n s   i n  a dense  tokamak  plasma 
( r e f .  1) p e r m i t s   t h e   r e m o t e   d e t e r m i n a t i o n   o f :  (1) t h e   a m p l i t u d e   a n d   s p e c t r a l  
a n d   s p a t i a l   d i s t r i b u t i o n s  of dr iven   lower-hybr id  wave f l u c t u a t i o n s   ( r e f .  2 and 
3 ) ,  and ( 2 )  t h e   p l a s m a   i o n   t e m p e r a t u r e   ( r e f .  4 and 5). The u s e  of a 100 W CW 
C 0 2  laser  r a d i a t i o n   r e s u l t s   i n  a f o r w a r d   s c a t t e r i n g   a n g l e  of abou t  1' and a 
r e l a t i v e l y   l a r g e  amount (1 t o  3 mW) of s t r a y  laser r a d i a t i o n  a t  t h e   i n f r a r e d  
d e t e c t o r .  However, t h e   o v e r a l l   h e t e r o d y n e   s e n s i t i v i t y  i s  r e l a t i v e l y  
u n a f f e c t e d  by t h e   s t r a y  laser  r a d i a t i o n   b e c a u s e   t h e   d i a g n o s t i c   r e c e i v e r  
u t i l i z e s :  (1)  t r a n s m i t t e r   a n d   l o c a l   o s c i l l a t o r  (LO) sources   wh ich   ope ra t e  a t  
t h e  same f requency ,   and  ( 2 )  a n   e x t r i n s i c   p h o t o c o n d u c t i v e  mixer which u t i l i z e s  
a n   i n c i d e n t  laser LO l e v e l  of  between 50 and 100 mW ( r e f .  6 ) .  ( I t   h a s   a l s o  
b e e n   s u g g e s t e d   ( r e f .  7 )  t h a t  C 0 2  laser d i a g n o s t i c s  w i l l  pe rmi t   t he   r emote  
measurement  of t h e   p o l o i d a l - f i e l d   i n  a tokamak  plasma.) 

An important   method of hea t ing   t okamak   p l a sma   i nvo lves   t he   app l i ca t ion  of 
RF ene rgy   wh ich   gene ra t e s   l ower   hybr id   waves   t ha t   p ropaga te   t o   t he   cen te r   o f  
t h e   p l a s m a   a n d   d e p o s i t   e n e r g y   i n t o   t h e   i o n s   a n d   e l e c t r o n s   ( r e f .  3 ) .  A t  t h e  
MIT Alcator   tokamak,  50 kW of CW mic rowave   r ad ia t ion  i s  c o u p l e d   i n t o   t h e   c o r e  
a t  a plasma wave r e sonan t   f r equency  of 2.5 ( o r  4 . 6 )  GHz ( r e f .  2 ) .  A c o h e r e n t  
100 W C 0 2  laser beam p r o b e s   t h e   p l a s m a   t o   d e t e r m i n e   t h e   d e p t h  of t h e  RF 
ene rgy   pene t r a t ion   and  a wideband   he t e rodyne   r ece ive r   has   been   deve loped   fo r  
plasma  diagnost ic   measurements .  A microwave  antenna i s  u s e d   t o   d i r e c t   t h e  RF 
r a d i a t i o n   t o w a r d   t h e   p l a s m a .  Two C 0 2  beams ( a  100 W t r a n s m i t t e r   a n d  a 1 W 
LO) from a common laser  s o u r c e  are c o u p l e d   i n t o   t h e   p l a s m a  a t  r i g h t   a n g l e s   t o  
t h e   m i c r o w a v e   r a d i a t i o n   ( f i g .  1).  The  two laser beams are a d j u s t e d   t o   c r o s s  
i n  a small s p a t i a l   c r o s s - s e c t i o n  (1 mm X 1 mm) of t h e   p l a s m a   ( r e f .  8).  The 
i n t e r a c t i o n  of t h e   m i c r o w a v e   r a d i a t i o n   a n d   t h e   t r a n s m i t  laser beam i n   t h e  
n o n l i n e a r   p l a s m a   r e s u l t s   i n   b o t h  a s p a t i a l   a n d   D o p p l e r   s p e c t r a l   s h i f t   i n   t h e  
tramsitter laser r a d i a t i o n .  The s h i f t e d  laser  beam a n d   t h e   u n s h i f t e d  laser  LO 
beam are  s p a t i a l l y   a l i g n e d   t o   f a l l  on the  wideband  photomixer .  The  measured 
i n t e n s i t y  of t h e   f r e q u e n c y   s h i f t e d  (2.5 o r . 4 . 6  GHz o f f s e t )  laser beam a c r o s s  
t h e   p l a s m a   p r o v i d e s   i n f o r m a t i o n  on t h e  RF mismatch a t  t h e   t u r b u l e n t  
vacuum-plasma  boundary  layer ,   and  the  measured  f requency  spread of t h e   s h i f t e d  
laser beam p r o v i d e s   i n f o r m a t i o n   o n   t h e   b o u n d a r y   l a y e r   p h y s i c s .  

The ion   tempera ture   measurement  s e t u p  employs a p u l s e d  COz laser beam 
w i t h  a peak   t r ansmi t   power   l eve l   nea r  5 X lo5 W. From a s i n g l e   p a r t i c l e  
p e r s p e c t i v e ,   t h e   e l e c t r o n s   r a d i a t e  a Dopp le r   sh i f t ed   f r equency   wh ich  i s  
r e l a t e d   t o  i t s  v e l o c i t y   c o m p a r e d   t o   t h e   i n c i d e n t   a n d   s c a t t e r e d  laser  beams. 
The average   o f  a l l  s u c h   s c a t t e r i n g   e v e n t s   l e a d s   t o  a sca t t e red   spec t rum  whose  
w i d t h  i s  r e l a t e d   t o   t h e   p l a s m a   i o n   t e m p e r a t u r e .   T h e   a c t u a l   a v e r a g e   D o p p l e r  
s h i f t  i s  due t o   t h e   i o n   m o t i o n   i n   t h e  plasma r a t h e r   t h a n   t h e   e l e c t r o n   m o t i o n  
because   t he  laser  s c a t t e r i n g  i s  f r o m   t h e   e l e c t r o n   s h i e l d   t h a t   s u r r o u n d s   e a c h  
ion.  The wid th  of t h e   s c a t t e r e d   s p e c t r u m   i n   t h e  300 t o  1300 MHz f r equency  
range i s  de termined   us ing  I F  c h a n n e l i z e r   t e c h n i q u e s .  



HETERODYNE RECEIVER DESIGN 

The s e n s i t i v i t y  (NEP) a n d   t h e   a v a i l a b l e   c o n v e r s i o n   g a i n  (G) f o r   a n  
i n f r a r e d   h e t e r o d y n e  receiver w h i c h   u s e s   a n   e x t r i n s i c   p h o t o c o n d u c t i v e   m i x e r  are 
g i v e n   ( r e f .  9 )  by 

2huB + 

(Tm+T;F)B 2hvB 
rl Gc 17' NEP = - - 

" 

where h i s  P l a n c k ' s   c o n s t a n t ,  u i s  t h e   i n f r a r e d   f r e q u e n c y ,  B i s  t h e   I F   b a n d -  
w i d t h ,  rl i s  the   photomixer   quantum  e f f ic iency ,  k i s  Bol tzmann ' s   cons tan t ,  
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 F   a m p l i f i e r   n o i s e   f i g -  

u r e ,  C i s  the   IF   impedance   ma tch ing   e f f i c i ency ,  0' i s  t h e   e f f e c t i v e   h e t e r o d y n e  
quan tum  e f f i c i ency ,  q i s  t h e   e l e c t r o n i c   c h a r g e ,  V i s  t h e   m i x e r   b i a s   v o l t a g e ,  
T i s  the   photomixer  carr ier  l i f e t i m e ,  T i s  t h e   p h o t o m i x e r   t r a n s i t  t ime, and 
w is t h e   a n g u l a r   I F   f r e q u e n c y .  

m 

Optimum heterodyne  receiver performance is achieved   by   min imiz ing   the  
t h e r m a l   n o i s e  term i n   e q u a t i o n   ( 1 ) .   T h i s  term can  be  minimized  by:  (1) u s i n g  
a low  no i se   IF   p reampl i f i e r ,   ( 2 )   i nc reas ing   t he   pho tomixe r   ga in ,   and  ( 3 )  maxi- 
miz ing   the   impedance   matching   e f f ic iency   by   us ing  a matching  network. 

The pho tomixe r   conve r s ion   ga in   [ equa t ion   (2 ) ]   can   be   i nc reased   by   i nc reas -  
i n g   t h e   a p p l i e d   d c   b i a s   v o l t a g e .  However,   the  photomixer  must  be  operated i n  a 
l i n e a r  p o r t i o n   o f  i t s  c u r r e n t - v o l t a g e  ( I - V )  c h a r a c t e r i s t i c .  I t  shou ld   be   no ted  
t h a t   t h e   p h o t o m i x e r   t r a n s i t  time v a r i e s   d i r e c t l y   w i t h   t h e   p h o t o m i x e r   i n t e r e l e c -  
t r o d e   s p a c i n g   a n d   i n v e r s e l y   w i t h   t h e   a p p l i e d   b i a s   v o l t a g e .   T h e  (1 + u 2   ~ 2 ) - 1  
term i n   e q u a t i o n   ( 2 )   r e p r e s e n t s   t h e   f i n i t e   p h o t o m i x e r   I F   f r e q u e n c y   r e s p o n s e .  

where L i s  t h e   p h o t o m i x e r   i n t e r e l e c t r o d e   s p a c i n g ,  p is t h e   m o b i l i t y   o f   p r i n -  
c i p a l  carr iers ,  and P i s  t h e   i n c i d e n t  laser LO power. A s  c a n   b e   s e e n ,   t h e  
p h o t o m i x e r   I F   o u t p u t   r e s i s t a n c e   v a r i e s   i n v e r s e l y  as the   squa re   o f   t he   pho to -  
mixe r   i n t e re l ec t rode   spac ing .   Accord ing ly ,  a pho tomixe r   he igh t  of L = 250 pm 
w a s  s e l e c t e d   f o r   t h e   p l a s m a   p r o b i n g   a p p l i c a t i o n s   t o :  (1) ease the  impedance 
matching   ne twork   requi rements ,   and   (2)   increase   the   photomixer   ga in   by   decreas-  
i n g   t h e   p h o t o m i x e r   t r a n s i t  time. 

LO 
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S u b s t i t u t i n g   e q u a t i o n   ( 3 )   i n t o   e q u a t i o n  (2)  , t he   pho tomixe r   conve r s ion  
g a i n  is  

1 G = -  

From e q u a t i o n s  ( 3 )  and ( 4 ) ,  the   photomixer   ga in   and   the   photomixer  
r e s i s t a n c e   b o t h   i n c r e a s e   i n v e r s e l y   w i t h  LO power .   Therefore ,  a t r a d e o f f  is  
r e q u i r e d   t o  se lect  t h e   i n c i d e n t  laser  LO power level which w i l l  r e s u l t   i n  
s u f f i c i e n t   o v e r a l l   p h o t o m i x e r   g a i n   a n d  a pho tomixe r   r e s i s t ance   wh ich   can   be  
e f f i c i e n t l y   m a t c h e d   t o   t h e  50-ohm I F   p r e a m p l i f i e r .  The   photomixer   res i s tance  
is  t y p i c a l l y  1 2  megohms w i t h   n o   i n c i d e n t  LO power  and i s  reduced   to   approxi -  
mately 1200 ohms w i t h   a p p l i e d   l a s e r  LO power. A cooled  microwave  impedance 
matching  network is u s e d   t o   o b t a i n   n e a r l y  optimum  power t r a n s f e r   b e t w e e n   t h e  
pho tomixe r   and   IF   p reampl i f i e r   ove r   t he  I F  f r e q u e n c y   r a n g e   o f   i n t e r e s t .  

Ge:Cu(Sb) PHOTOMIXERS 

A s  has   been   ment ioned ,   wideband  ex t r ins ic   germanium  photomixers  are used 
f o r  CO l a se r  p l a s m a   p r o b i n g   d i a g n o s t i c s   b e c a u s e   t h e   s t r a y  laser r a d i a t i o n  
would s a t u r a t e   a n d   p o s s i b l y  damage ava i l ab le   w ideband  PV:HgCdTe photomixers .  
Measured carr ier  l i f e t i m e s   o f  Ge:Au and Ge:Cu photomixers  are  g i v e n   i n   f i g -  
u r e  2. A s  c a n   b e   s e e n ,   t h e  carrier l i f e t i m e  varies w i t h   d o n o r   c o n c e n t r a t i o n  
and   appl ied  e l ec t r i c  f i e l d   ( r e f .  10 ,  11, and 1 2 ) .  T y p i c a l  Ge:Cu c h a r a c t e r -  
i s t ics  € o r  a highly  doped  photomixer   which  exhibi ts   wideband  performance are 
g i v e n   i n   t a b l e  I. To o u r   k n o w l e d g e ,   t h i s   p h o t o m i x e r   c u t o f f   f r e q u e n c y   ( s e t   b y  
t h e   c a r r i e r   l i f e t i m e )  i s  t h e   h i g h e s t   v a l u e   r e p o r t e d   f o r  Ge:Cu(Sb)  photomixers. 
The  photomixer   IF  response i s  f l a t   t o  300 MHz,  3-dB down a t  800 MHz, and 10-dB 
down a t  2500 MHz. 

2 

The  measured  photomixer I - V  c h a r a c t e r i s t i c   ( f i g .  3 )   demonst ra tes   tha t   an  
a p p l i e d   v o l t a g e  of 15 v o l t s ,   a n d   a b o v e ,   c a n   b e   u s e d   i n   t h e   p o s i t i v e   b i a s i n g  
d i r e c t i o n   t o   m a x i m i z e   t h e   p h o t o c o n d u c t i v e   g a i n   [ e q u a t i o n  ( 2 ) j .  F o r   h e t e r o -  
dyne receiver o p e r a t i o n  a t  l o w e r   I F   f r e q u e n c i e s ,   s p e c i a l   a t t e n t i o n   m u s t   b e  
g iven  t o  m i n i m i z e   t h e   c o n t a c t   ( l / f )   n o i s e  a t  h i g h   b i a s  levels  b y   u t i l i z i n g  
good  ohmic c o n t a c t s .  

I F  IMPEDANCE MATCHING 

I t  h a s   b e e n   d e m o n s t r a t e d   ( r e f .   1 0 )   t h a t   w i d e b a n d   i n f r a r e d   r e c e i v e r s   w h i c h  
have   impedance   mismatches   be tween  the   photomixer   ou tput   and   the   IF   p reampl i f ie r  
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w i l l  e x h i b i t   s i g n i f i c a n t   v a r i a t i o n s   i n   s e n s i t i v i t y   w i t h   c h a n g i n g  I F  f requency .  
T h e s e   s e n s i t i v i t y   v a r i a t i o n s  are exaggera ted   by   the   use   o f  a f ixed   (50  ohm) 
i m p e d a n c e   t r a n s m i s s i o n   l i n e   b e t w e e n   t h e   p h o t o m i x e r   a n d   I F   p r e a m p l i f i e r .  A 
p r e v i o u s l y   d e v e l o p e d   ( r e f .  13) w i d e b a n d   I F   p r e a m p l i f i e r  w a s  mounted i n  a l i q u i d  
n i t r o g e n  (Tm = 77K) Dewar f lask  a n d   i n t e r f a c e d   d i r e c t l y  w i t h  a PV:HgCdTe photo- 
mixer. T h e   c o o l e d   I F   p r e a m p l i f i e r   u t i l i z e d   a n   i n p u t   i m p e d a n c e   m a t c h i n g   n e t w o r k  
a n d   o p e r a t e d   o v e r   t h e   1 0   t o  2200 MHz f requency   range .  

C o o l e d   p r e a m p l i f i e r s  are n o t   s u i t a b l e   f o r  laser p lasma  probing   appl ica-  
t i o n s   b e c a u s e   t h e y   p r e s e n t l y   d o   n o t   o p e r a t e  a t  t h e   l i q u i d   h e l i u m   t e m p e r a t u r e  
levels (T = 4.2K) of  e x t r i n s i c  germanium  photomixers .   Therefore ,   cooled 

impedance  matching  networks have been   deve loped   which   t ransform  the   photomixer  
impedance   to   approximate ly   match   the  50-ohm i m p e d a n c e   c h a r a c t e r i s t i c s   o f   t h e  
i n t e r c o n n e c t i n g   t r a n s m i s s i o n   l i n e   a n d   t h e   I F   p r e a m p l i f i e r .  A microwave  net- 
work   ana lyzer  is  employed t o   d e t e r m i n e   t h e  real  and  imaginary  components  of  the 
photomixer  impedance i n  i t s  o p e r a t i n g  mode. A cooled  microwave  matching  net-  
work   wh ich   ope ra t e s   ove r   t he   IF   band   o f   i n t e re s t  is then   des igned   and   i nco r -  
po ra t ed   be tween   t he   pho tomixe r   ou tpu t   and   t he   i npu t   t o   t he  50-ohm p r e a m p l i f i e r  
f o r  maximum I F  power t r a n s f e r .  A cooled  impedance  matching  network  for  Ge:Cu 
photomixers w a s  p r e v i o u s l y   d e v e l o p e d   ( r e f .  1 4 )  f o r  CO laser r a d a r   a p p l i c a -  
t i o n s .  

m 

2 

A t y p i c a l   m a t c h i n g   n e t w o r k   f o r  a photomixer   wi th  R = 1200 ohms* and 
0 

Co = 0.05 pF ( f i g .  4 )  u t i l i z e s  a m u l t i p o l e   f i l t e r   a n d  a quar te r -wave   t rans-  
f o r m e r   t y p e   m i c r o s t r i p   c i r c u i t   o n   a n   a l u m i n a   s u b s t r a t e .   T h e   c o o l e d   m a t c h i n g  
c i r c u i t   c o n n e c t s   d i r e c t l y   t o   t h e   p h o t o m i x e r .  A Kovar  housing i s  employed  be- 
c u a s e  o f :  (1)  i t s  s i m i l a r i t y   t o   t h e   t h e r m a l   c h a r a c t e r i s t i c s   o f   a l u l n i n a ,   a n d  
(2)  i t s  low  thermal   expans ion .   These   fac tors  are i m p o r t a n t   b e c a u s e   o f   t h e  
l a r g e  amount   o f   t empera ture   cyc l ing   tha t  i s  r equ i r ed   be tween  room tempera ture  
and   l i qu id   he l ium  t empera tu re   ove r  a 6 t o   1 2  month tes t  p e r i o d .  A t y p i c a l  
b lock   d iagram of t h e  CO laser h e t e r o d y n e   r e c e i v e r  i s  g i v e n   i n   f i g u r e  5 and a 

photograph  of   the receiver package i s  shown i n   f i g u r e  6 .  An RFI s h i e l d e d  en- 
c l o s u r e   a n d  a f i b e r   o p t i c   d a t a   l i n k  are  used  to   minimize RF p i c k u p   i n   t h e  
i n f r a r e d   r e c e i v e r .  

2 

RECEIVER SENSITIVITY MEASUREMENTS 

The receiver s e n s i t i v i t y  (NEP) has   been   de t e rmined   u s ing :   (1 )   an   i nd i r ec t  
g-r no ise   measurement   t echnique ,   and   (2)  a d i r e c t   s i g n a l - t o - n o i s e   r a t i o  (SNR) 
measurement  using a b lackbody  source .  The noise   measurement   technique  con-  
sists o f   i r r a d i a t i n g   t h e   p h o t o m i x e r   w i t h   t h e  laser LO and  measuring  the  g-r  

* For a 50-ohm I F  p r e a m p l i f i e r ,   t h i s   r e p r e s e n t s  a VSWR of  2 4 : l .  The VSWR i s  
t h e   r a t i o   o f   t h e   r e f l e c t e d   a n d   t r a n s m i t t e d  waves. M a x i m u m  p o w e r   t r a n s f e r  
o c c u r s   f o r  VSWR = 1:l. 
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n o i s e   a n d   t h e  receiver t h e r m a l   n o i s e  as a f u n c t i o n   o f   a p p l i e d   d c   b i a s   ( r e f .   9 ) .  
The d i r e c t  SNR m e a s u r e m e n t   t e c h n i q u e   ( r e f .   1 5 )   u t i l i z e s  a s p e c t r a l l y   b r o a d b a n d  
b lackbody  source   and  a s i n g l e   f r e q u e n c y  laser LO i n  a h e t e r o d y n e   c o n f i g u r a t i o n .  

1300-MHz RECEIVER 

The   measu red   he t e rodyne   s ens i t i v i ty   and   ma tch ing   ne twork   pe r fo rmance  as a 
f u n c t i o n  of I F   f r e q u e n c y   f o r   t h e  1300-MHz r e s p o n s e   r e c e i v e r  is g i v e n   i n   f i g -  
u r e  7 .  The  impedance  matching  network  provides  a VSWR o f   3 : l   b e t w e e n   t h e  
photomixer  and  the I F  p r e a m p l i f i e r   o v e r   t h e   4 0 0   t o   1 5 0 0 ” H z   b a n d   ( f i g .  7) and 
the   measured  receiver NEP i s  less t h a n  2 x W/Hz o v e r   t h e  300 to   1300  MHz 
I F   f r e q u e n c y   r a n g e   f o r   a n   a p p l i e d   b i a s   v o l t a g e  of  1 0   v o l t s .  The upper  end  of 
t h e   m e a s u r e d   h e t e r o d y n e   r e s p o n s e   ( f i g .  7) i s  l i m i t e d   b y   t h e   I F   a m p l i f i e r   g a i n  
r o l l - o f f .  

2500”HZ RECEIVER 

The measured   he te rodyne   sens i t iv i ty   and   matching   ne twork   per formance  as a 
f u n c t i o n   o f   I F   f r e q u e n c y   f o r   t h e   2 5 0 0 ” H z   r e s p o n s e  receiver i s  g i v e n   i n   f i g -  
u r e  8. The  impedance  matching  network  provides a VSWR o f  1 .5 : l   be tween   t he  
pho tomixe r   and   t he   IF   r eampl i f i e r   ove r   t he  2100- t o  2300-MHz band. A s  c a n   b e  
s e e n ,   a n  NEP =2 x W/Hz was o b t a i n e d  a t  a n   I F  = 2.3 GHz k 200 MHz and   the  
d a t a  i s  i n  good   ag reemen t   fo r   t he  two measurement   techniques.  

Improved  heterodyne receiver s e n s i t i v i t y   a n d   h i g h e r   p h o t o m i x e r   g a i n   c a n  
b e   o b t a i n e d   b y   i n c r e a s i n g   t h e   d c   b i a s  power a t  the   pho tomixe r   ( equa t ions  (1) 
and   (4 ) ) .  The maximum a p p l i e d   d c   b i a s  power ( P  = 350 mW) i s  f i x e d   b y   t h e  

d i ame te r   o f   t he   go ld  wire between  the  photomixer   and  the  impedance  matching 
ne twork .   Rece ive r   s ens i t i v i ty   measu remen t s  as a func t ion   of   dc   b ias   power  
r e s u l t e d   i n  a receiver NEP improvement  from NEP = 2 x 10-19 W/Hz f o r  

’dc 

dc  

= 100 mW, t o  NEP = 1.35 x 10-19 W/Hz f o r  P = 250 mW. 
dc  

4600”HZ RECEIVER 

The   measu red   he t e rodyne   s ens i t i v i ty   and   ma tch ing   ne twork   pe r fo rmance  as a 
f u n c t i o n   o f   I F   f r e q u e n c y   f o r   t h e  4600-MHz r e s p o n s e   r e c e i v e r  is  g i v e n   i n   f i g -  
u r e   9 .  An  NEP of  4.4 x lO-l9 W/Hz was o b t a i n e d  a t  a n   I F   o f   4 . 5  GHz f o r  

’dc = 150 mW and   the  I F  h e t e r o d y n e   s e n s i t i v i t y  i s  i n  good  agreement   with  the 

spec t r a l   cha rac t e r i s t i c s   o f   t he   impedance   ma tch ing   ne twork .  

332 



CONCLUSION 

The use of selected  wideband germanium  photomixers  and  cooled  impedance 
matching  networks  has   permit ted  the  development   of   high  sensi t ivi ty   heterodyne 
r ece ive r s   w i th   IF   r e sponses  of 1 .3 ,  2 .5 ,  and 4 . 6  GHz. The heterodyne receivers 
use  microwave  techniques  to   opt imize  the  infrared  performance  over  a s p e c i f i c  
IF   f r equency   i n t e rva l  and   have   ach ieved   e f fec t ive   he te rodyne   quantum  e f f ic ien-  
cies o f :  (1) q' = 30% a t  IF 's   which are t h r e e  times the  photomixer 3-dB cu to f f  
frequency,  and (2)  q' = 8.5% a t  IF's  which are  a b o u t   s i x  times the  photomixer 
3-dB cutoff   f requency.  

The r e su l t an t   i n f r a red   he t e rodyne   r ece ive r s   have   pe rmi t t ed   un ique  CO 
2 

laser diagnost ic   probing  measurements  of tokamak  plasmas. Some i n i t i a l  mea- 
su remen t s   have   r e su l t ed   i n   t he   de t e rmina t ion  of  t he   pene t r a t ion   dep th   o f   t he  
RF heat ing  source  and  information  which is be ing   u sed   t o   mode l   t he   i n t e rac t ion  
mechanism a t   t h e   t u r b u l e n t  plasma boundary   ( r e f .   3 ) .  P l a s m a  ion   tempera ture  
measurements are p r e s e n t l y   i n   p r o g r e s s .  

Heterodyne  operat ion a t  h ighe r  I F  f r equenc ie s ,  as w e l l  as o t h e r   d i a g n o s t i c  
a p p l i c a t i o n s ,  are p resen t ly   be ing   i nves t iga t ed .  The reported  impedance 
matching  techniques are be l i eved   t o   be   app l i cab le  a t  I F  f r equenc ie s  as h igh  as 
8 GHz. I n   a d d i t i o n ,   t h e  I F  impedance  matching  techniques  are   appl icable   to  
o ther   types  of in f ra red   photomixers .  
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TABLE I. MEASURED Ge:Cu(Sb) PHOTOMIXER CHARACTERISTICS 

Mixer opera tor   t empera ture ,  T .......................... 4.2K 

E l e c t r i c   f i e l d ,  E 500 V c m  

3-dB cutoff   f requency,  f ................................ 800 MHz 

Power h a n d l i n g   c a p a b i l t i t y  .............................. 500 mW 

Carrier l i f e t i m e ,  ..................................... 2 x s e c  

m 
-1 ....................................... 

C 

Mixer d c  r e s i s t a n c e ,  R ................................ 1200 ohms (with LO 
0 appl ied)  

Quantum e f f i c i e n c y ,  q ................................... 0.55 

Photo  gain,  T / T  ......................................... 0.011 
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Figure 2.- Measured variation of carr ier   l i fe t ime  with doner  concentration 
€or  extrinsic germanium photoconductors. 
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Figure 3 . -  I - V  charac te r i s t ics  of  Ge:Cu(Sb) photomixer. 
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Figure 4.- Cooled mixer impedance matching  network  €or 2.5-GHz 
infrared  heterodyne  receiver. 
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Figure  6.- Packaged   in f ra red   he te rodyne   rece iver   for   lower  
hybr id   hea t ing   d iagnos t ics .  
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IF FREQUENCY IN MHz 

Figure 7.-  Measured NEP and  matching  network  performance  versus I F  
frequency  for 1300 MHz response  infrared  heterodyne  receiver .  
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Figure 8.- Measured he terodyne   rece iver   sens i t iv i ty   versus  I F  frequency. 
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Figure  9.- Measured NEP and  matching  network performance for 4600 MHz 
response   in f ra red   he te rodyne   rece iver .  
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FAR INFRARED HETERODYNE SYSTEMS 

P . E. Tannenwald 
L inco ln   Labora to ry ,*   Massachuse t t s   In s t i t u t e  of  Technology 

Lexington,  Massachusetts  02173 

ABSTRACT 

Three   f a r   i n f r a red   de t ec to r s ,   t he   InSb   ho t   e l ec t ron   bo lomete r ,   t he  G a A s  
Schot tky  diode and the   Josephson  po in t   contac t   junc t ion ,   have   been   incorpora ted  
as mixers i n t o   s e n s i t i v e   h e t e r o d y n e   s y s t e m s .  The performances  of  existing 
he te rodyne   r ece ive r s / r ad iomete r s   u s ing   t hese   de t ec to r s  are  descr ibed  and 
compared.  Other  applications  of  submill imeter  heterodyne  techniques are 
d iscussed .  

I INTRODUCTION 

Over t h e  l a s t  few y e a r s   t h r e e   f a r   i n f r a r e d   d e t e c t o r s   ( r e f .  1) have  been 
deve loped   i n to   u se fu l   mixe r s   t ha t  are p resen t ly   be ing   u sed   i n  a number  of 
appl ica t ions :   InSb,   the  G a A s  Schot tky  diode,   and  the  Josephson  junct ion.  
InSb,   which  acts  by way of a h o t   e l e c t r o n  mechanism, has  shown i t s e l f   t o   b e  a 
h igh ly   s ens i t i ve   he t e rodyne   de t ec to r   be tween  1 mm and 600 p m .  Its very low LO 
requirement  permits a v a r i e t y  of tunable   klystron  harmonics   to   be  used,   and  the 
needed low temperature   environment   has   not   been  par t icular ly   t roublesome.  
InSb ' s   ou t s t and ing   l imi t a t ion  is i ts  s low  re laxa t ion  t i m e  (10-7 s e c )  , l ead ing  
t o  a quite  narrow  IF  bandwidth of 1-2 MHz. 

The GaAs Schottky  diode  has  proved  to  be a h i g h l y   u s e f u l  room temperature 
mixer  over a wide   spec t ra l   range   wi th   exceedingly   b road  band I F   c a p a b i l i t y  
l i m i t e d   t o  40 GHz only  by I F   c i r c u i t   p a r a m e t e r s   ( r e f .  2 ) .  I n   t he  millimeter 
r eg ion  it has  been  engineered  to  a h igh  state of p e r f e c t i o n   i n  low no i se  
r e c e i v e r s  and rad iometers ,   whi le  a t  submil l imeter   wavelengths  it is j u s t  
becoming a p r a c t i c a l   m i x e r  when used   in   conjunct ion   wi th   quas i -opt ica l  
techniques.   For   example,   f igure 1 shows the   des ign  of the   L incoln   Labora tory  
quas i -opt ica l   d iode  mount t ha t   cove r s   t he   r ange  1 rmn to   100 p m  with 
appropr i a t e ly   s ca l ed   an tenna   l eng ths   ( s ee   r e f .   i n   t ab l e  I, Fetterman e t  a l . )  
A t  the   lower   f requencies   the  mixer design  problem is r e l a t i v e l y  much easier 
inasmuch as waveguide  techniques  can  be  employed,  and  harmonics of tunable  
k lys t rons   can   be   used  as l o c a l   o s c i l l a t o r s .  A t  f a r   i n f r a r e d   w a v e l e n g t h s ,   t h e  
much more  cumbersome o p t i c a l l y  pumped f a r   i n f r a r e d  lasers are used as LOs, and 

*Suppor ted   in   par t  by t h e  U. S. Army Research  Off ice  and the  Department 
of   the  Air Force. 
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t h e i r   f i x e d   f r e q u e n c y   o u t p u t  makes t h e  wideband I F  capab i l i t y   o f   t he   Scho t tky  
d iode   impera t ive .  

The superconduct ing   po in t   contac t   o r   Josephson  junc t ion   ( JJ )  is a l s o   j u s t  
be ing   readied  as a mixer in   r ad iomete r s   fo r   f i e ld   expe r imen t s .  The p lanar  
superconductor-insulator-superconductor (SIS) junc t ion   has   no t   ye t   been  
operated  beyond mm f r equenc ie s   ( r e f .   3 ) .  JJ rece ive r   sys t ems   have   exce l l en t  
s e n s i t i v i t y ,   b u t   t h e i r   o p e r a t i o n a l   r e s t r i c t i o n   t o   l i q u i d  H e  temperature  and the  
a t tendant   t empera ture   recyc l ing   could   be   t roublesome.  One great   advantage of 
JJs is the i r   exceed ing ly  low Lo requirement .  They have a moderate  IF  bandwidth 
of  around 100 MHz. 

11. FAR IR HETERDOYNE RADIOMETERS/RECEIVERS 

Table  I l i s t s  a l l  the   cu r ren t ly   ope ra t iona l   he t e rodyne   r ad iomete r /  
r e c e i v e r  sys t ems  from  1.3 mm (230 GHz) to   119  p m  (2521 GHz). The do t s  ( 0 )  

d e n o t e   t h a t   t h e   d e t e c t o r  w a s  cooled. Some estimates and i n t e r p o l a t i o n s  were 
made from t h e   i n f o r m a t i o n   r e p o r t e d   i n   t h e   l i t e r a t u r e   i n   o r d e r   t o   a c h i e v e  
moderate  compactness  of  the  data. 

The DSB systems  noise   temperatures   f rom  table  I are  p l o t t e d  in f i g u r e  2 
as a func t ion  of  wavelength. The s o l i d   o r   h a l f - s o l i d   p o i n t s   r e p r e s e n t  low t e m -  
perature   measurements ,   the   open  points  room temperature   operat ion.  The range 
o f   cu r ren t ly   r epor t ed   bes t   va lues  of DSB system  temperature  a t  3 mm fo r   bo th  
coo led   ( so l id   ba r )  and  uncooled  (open  bar)  mixers are a l s o  shown f o r  compari- 
son. For room tempera ture   mixers   there  is a r o u g h l y   l i n e a r   t r e n d   w i t h   u n i t y  
s l o p e ;   t h e r e  is no f u n d a m e n t a l   b a s i s   f o r   t h i s ,   b u t  i t  is n e v e r t h e l e s s   a n  
i n t e r e s t i n g   g u i d e ,   e s p e c i a l l y   s i n c e  a l l  t h e  room temperature   mixers  are G&S 
Schottky  diodes.  

The p l o t  shown i n   f i g u r e  2 makes no a l lowance   for   the   ins tan taneous  band- 
wid th   ava i lab le   wi th   each   de tec tor  when e s t ima t ing   s igna l - to -no i se   r a t io s  
obta inable   f rom  observa t ion  of sources  whose s p e c t r a l   f e a t u r e s  are moderately 
broad. To the   ex ten t   t ha t   t he   obse rved   ob jec t   exceeds  1 MHz i n   s p e c t r a l   w i d t h ,  
performance  of  the  broad  band  Schottky  diodes  increases  proportionally as com- 
pared   wi th   the  1 MHz wide  InSb  detectors.  In other   words,   in   the  InSb case a 
s ing le   pos t -de t ec t ion   channe l  must be   scanned   sequent ia l ly   across   the  spectral  
l i ne ,   wh i l e   w i th   t he   Scho t tky   d iode   t he   b road  band I F  can  feed a multi-channel 
f i l t e r  bank,   thus  integrat ing  over   the  whole spectral  f ea tu re   s imu l t aneous ly .  
Of c o u r s e ,   i f   t h e   s i g n a l   i n t e n s i t y  is so small as t o   g i v e   o n l y  a margina l ly  
usab le  S/N r a t io   w i th   InSb ,   t hen  no s p e c t r a l   c h a r a c t e r i s t i c s  would be re- 
so lvable   wi th   Schot tky   d iodes .   This  is e s p e c i a l l y   t r u e  a t  the   ve ry   sho r t  
wavelengths   where   op t ica l ly  pumped lasers must be  used as LOs, and  the  system‘s 
s t a b i l i t y   o v e r   l o n g   i n t e g r a t i o n  times has   ye t   to   be   demonst ra ted .  In the  case 
o f   supe rconduc t ing   j unc t ions ,   w i th   t he i r  -100 MHz bandwid th ,   t he   s i t ua t ion  
f a l l s  somewhere in   be tween ,   bu t   c lo se r   t o   t he   Scho t tkys .  
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111. OTHER HETERODYNE APPLICATIONS 

Tunable   Far   Infrared  Sources  

Low power ( -10-7 W) tunable   sources  are now avai lab le   th roughout   the  sub- 
millimeter reg ion  by  means  of tunable   s ideband  generat ion.  In  such  schemes a 
tunab le  millimeter k l y s t r o n   o r   t u n a b l e  microwave  source is mixed wi th  a f ixed  
f r e q u e n c y   o p t i c a l l y  pumped f a r   i n f r a r e d  laser i n  a G a A s  Schot tky  diode  ( refs .  
4 ,  5 ) .  The narrow  l inewidths  of these   s ideband  sources  make them q u i t e   s u i t -  
a b l e   f o r   f a r   i n f r a r e d   s p e c t r o s c o p y .   I n   o n e   p a r t i c u l a r l y   s o p h i s t i c a t e d   a r r a n g e -  
ment, shown i n   f i g u r e  3 ,  t h e   d e t e c t o r   i n   t h e   f a r  I R  spec t romete r   cons i s t s  of a 
complete  heterodyne receiver t h a t   u t i l i z e s  as LO t h e  same laser with  which  the 
source   s idebands  are genera ted   ( re f .  5 ) .  

Planar  Diode  Technology 

In   t he   nex t   gene ra t ion   o f   Scho t tky   d iode   de t ec to r s ,   d i sc re t e   wh i ske r  con- 
t ac t  diodes will be  supplanted by a new type of device  -- t he   p l ana r ,   su r f ace -  
or iented  Schot tky  diode.   This   device is  f a b r i c a t e d  by  means of photo l i tho-  
graphic   t echniques   in   conjunct ion   wi th   ion   implanta t ion  and proton bombardment 
( r e f .  6 ) .  Figure 4 shows a s impl i f i ed   ske t ch  of a whisker   contact   d iode and a 
planar   diode.  The su r face -o r i en ted   cha rac t e r  of the   p lanar   d iode  is c l e a r l y  
e v i d e n t   i n   t h a t   b o t h  ohmic connec t ing   contac ts  are brought   ou t   in   the  same sur- 
f ace   p l ane .  A photomicrograph  of a s i n g l e   d i o d e  is shown i n   f i g u r e  5, one of 

d iodes  is p resen t ly   l imi t ed  by i n e f f i c i e n t   c o u p l i n g  of r a d i a t i o n   i n t o  them, 
they  are used  routinely  in  high-order  harmonic  mixing and d i r ec t   he t e rodyne  
experiments  between 1 mm and 100 pm. They are more rugged and r e l i a b l e ,  and 
u l t i m a t e l y  w i l l  lend  themselves   to  mass f a b r i c a t i o n  of i n t eg ra t ed   an tennas ,  
mixer  diodes and I F  a m p l i f i e r s  on t h e  same chip ,   and   to   a r ray   conf igura t ions  
fo r   he t e rodyne   imag ing   i n   t he   f a r   i n f r a red .  

. many devices  made on a s i n g l e  G a A s  ch ip .   A l though   t he   s ens i t i v i ty  of p l ana r  

Frequency  Standards 

It is genera l ly   des i rab le   to   measure   f requencies  of v i s i b l e  lasers i n  
terms of  microwave  standards.   This  has  been  possible  with  the  metal-oxide- 
metal (MOM) diode,  which  can mix v i s i b l e  lasers with  harmonics of f a r  I R  lasers, 
which i n   t u r n  are locked  to   microwave  s tandards  ( ref .  7 ) .  Two improvements 
over  such a scheme  would be  advantageous: a replacement of t he  MOM diode by a 
more reproducib le  and s tab le   mix ing   e lement ,   and   the   e l imina t ion  of t he   cha in  
o f   i n t e r m e d i a t e   f a r  I R  lasers. 

One s t e p  in   such  a d i r ec t ion   has   been   t he   mix ing  of a He-Ne laser with a 
cw dye laser with approximately 80 GHz f r e q u e n c y   o f f s e t   i n  a reverse-biased 
G a A s  Schot tky  diode  ( ref .  8 ) .  The b e a t   f r e q u e n c y   d e t e c t o r   i n   t h i s  case w a s  a 
s e n s i t i v e  80 GHz he te rodyne   rece iver .  Thus la rge   f requency   d i f fe rences   be tween 
lasers emi t t i ng  in  t h e   v i s i b l e   c a n   b e   d e t e r m i n e d   w i t h   t h e   h i g h   a c c u r a c y   i n h e r -  
en t   i n   he t e rodyn ing   t echn iques .  
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Another  step  has  been  the  high-order  harmonic  mixing of a s t a b i l i z e d  X- 
band  source  with a f a r  I R  laser i n  a planar   Schot tky  diode -- e.g., most 
recent ly   the   145th   harmonic  of 12 GHz wi th  a 170 p m  formic   ac id  laser ( r e f .  9 ) .  
The d e s i r a b i l i t y  o f   ex t end ing   t h i s   t o  10 p m  or  even 1 p m  is obvious. 

F i n a l l y ,  it has   been   poss ib le   to   ex tend   the  GaAs diode mixer ope ra t ion  up 
t o  30 THz ( r e f .  10). Two laser l i n e s   i n   t h e  10 p m  regime  from a s i n g l e   s t a b i -  
l i z e d  laser cavi ty ,   which   inc luded  two c e l l s   f i l l e d   w i t h  C02 and  i so topic  C02, 
r e s p e c t i v e l y ,  were mixed in   both  whisker   point   contact   and  planar   diodes.   Fig-  
u r e  6 shows the   he te rodyne   s igna l   p roduced  a t  15.6 GHz, with  second  heterodyn- 
ing   wi th  a microwave LO down t o  a 50 MHz I F  t a k i n g   p l a c e   e i t h e r   i n   t h e   S c h o t t k y  
d i o d e   i t s e l f  o r  i n   a n   e x t e r n a l  microwave  mixer  diode.  Further  experiments are 
underway t o   c l a r i f y   t h e   m i x i n g   p r o c e s s  a t  t hese   h igh   f r equenc ie s ,  which  could 
b e  RC ro l l -o f f  of thermionic   emiss ion   or   perhaps   f ie ld   emiss ion .  

I V .  SUMMARY 

T h r e e   f a r   i n f r a r e d  
mixe r s   t ha t  are p resen t  

heterodyne  detectors  have  been 
ly   be ing   used   in   rad io   as t ronom 

deve loped   i n to   u se fu l  

o t h e r   a p p l i c a t i o n s .  The lowest   system  noise   temperatures   have  been  obtained 
wi th   t he   l i qu id   he l ium  coo led  InSb  hot   e lectron  bolometer .  Its p r i n c i p a l  
drawback i s  the  narrow IF bandwidth of 1-2 MHz imposed  by t h e  slow e l e c t r o n  
r e l a x a t i o n  time. The supe rconduc t ing   po in t   con tac t  or Josephson  junc t ion  will 
probably  approach  this   performance,   wi th somewhat less convenience  and  perhaps 
less r e l i a b i l i t y ,   b u t   w i t h  - 100 MHz bandwidth.  Both  InSb  and  the JJs r e q u i r e  
extremely l i t t l e  LO power (microwatts) .  

i c a l   e x p e r i m e n t s  and 

The  exceedingly  impressive  performance  obtained earlier from G a A s  Schottky 
d iodes  a t  3 mm [room temperature  T (system) DSB - 300'K; cooled T (system) DSB 
200'KI i s  gradual ly   be ing   ex tended   to   shor te r   wavelengths   [a t  1 mm, T (system) 
DSB -2000 K ] .  The two pr inc ipa l   advantages  of G a A s  Schottky  diode  mixers are 
room tempera ture   opera t ion   and ,   inherent ly ,   un l imi ted  I F  bandwidth.   Further 
ex tens ion  of Schot tky  diode  mixers   in   heterodyne  systems  to   wavelengths   as  
s h o r t  as 119 p m  has   a l so   been   recent ly   accompl ished   us ing   quas i -opt iona l  
t e c h n i q u e s ,   w i t h   p e r f o r m a n c e   f a l l i n g   o f f   r o u g h l y   l i n e a r l y   w i t h   i n c r e a s i n g  
f r equency .   In   o rde r   t o   fu l ly   u t i l i ze   t hese   advances   i n   de t ec to r   t echno logy   fo r  
va r ious   r ad iomet r i c   app l i ca t ions ,  i t  is now d e s i r a b l e   t o   a c h i e v e   e q u a l  
progress   in   the  devlopment  of t u n a b e   f a r   i n f r a r e d  LOs, e s p e c i a l l y   s o l i d  s ta te  
sources .  
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TABLE I.- OPERATIONAL HETERODYNE  SYSTEMS 
( d o t s  a d e n o t e   r e c e i v e r s   t h a t  use cooled mixers) 

FREQUENCY (GHz) 

230 

230 

230 

285 

300 

300 

342 

0 346 

a 452 

460 

492 

530 

693 

693 

1630 

2521 

X 

1.3 mm 

1.3 mm 

1.3 mm 

1.05 mm 

1 .O mm 

1 .O mm 

877 wn 

870 pm 

660 wn 

652 pm 

608 pm 

566 wn 

433 pm 

433 pm 

184 pm 

1 I9 wn 

f DETECTOR ~ NOISET IDSBl 
- 

GoAs S.D. 

GaAs S.D. 

lnSb 1 
GaAs S.D. 

N b   p t .  contact 

lnSb 

GoAs S.D. 

lnSb 

N b  pt.  contact 

InSb 

lnSb 

lnSb 

GaAs S.D. 

GaAs S.D. 

GaAs S.D. 

GaAs S.D. 

1250'K 

1500 

3 00 

1450 

500 

,500 

2200 

2000 

2100 

650 

500 

4200 

3800 

19,000 

32, M)O 

AUTHORS 

Ericksan' 

Carlson 8 Schneider 

Phillips 8 Jefferts 

Erickson 

Edrich et  al. 

ESWESTEC 

Erickson 

Phillips  et  al. 

Blaney et  al.  

ESWESTEC 

Phillips 

ESA/ESTEC 

Lincoln Lab 

Lincoln Lab 

Lincoln Lab 

Lincoln Lab 

LO POWER 

2 mW 

< 10 mW 

mW 

1 mW 

4 X klystron 

10-3 mW 

-10 mW 

mW 

 IO-^ mw 

-10 mW 

-10 mW 

-60 mW 

-30 mW 

IF FREQUENCY 

1.3 GHz 

1.4 GHz 

2 MHz 

1.3 GHz 

1.3 GHz 

1.7 GHz 

1 MHz 

100 MHz 

1.48 GHz 

1.48 GHz 

1.48 GHz 

1.48 GHz 

cow. LOSS 

8 dB 

<IO dB 

TIF = 50°K 

7 dB 

11 dB 

10.5 dB 

12 dB 

COMMENTS 

2 X klysfron 

sutharm. pump 

2 X klystron a 

3 X klystron 

Cooled FET, TN = 45OK 

Carcinotron a 

Carcinotron 

3 X klystron a 

OP laser, TIF = 110°K a 

Carcinotron 

5 X klystron a 

2 X carcinatron a 

OP laser,  TIF = 100°K 

Diode  cooled to 40°K 

OP laser LO 

OP laser LO 

Also personal cornrnunlcatlon 
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Figure 1.- Quasi-optical 90 -corner reflector diode mount. 0 
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TEMPERATURE 
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WAVELENGTH 

Figure 2.- Performance  of operational  heterodyne  receiver/radiometer  systems 
above 230 GHz. The solid ( 0 )  or half-solid (0,a) points represent  low 
temperature results. The  ranges of the best 100 GHz room temperature (11) 
and low temperature receivers (I) are also shown. 
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SUBMILLIMETER 
LASER 

I 

BEAMSPLI T TE R 
\ I /  

SIDE8 
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H ETERODYN E 
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QUARTZ 
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"l I \ t 
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Figure 3 . -  Sketch of tunable  sideband  submillimeter  spectrometer.  Sideband  generator 
and heterodyne  receiver  each  use a Schottky  diode  mixer.  In  the  particular example 
shown, C02 laser excites  molecules  under  study  in  absorption  cell   while  tunable 
submillimeter  radiation  provides  high  resolution  spectrum of exc i ted   s ta te .  



SCHOTTKY  BARRIER  CONTACT 

n+ - GaAs 
HMlC  CONTACT 

OHMIC CONTACT  SCH3TTKY  'BARRIER  CONTACT 

HIGH 
RESISTIV ITY 

GaAs 
CONDUCTING 

GoAs 

Figure 4.- Ske tch   o f   whisker   contac t   d iode  (a) and Planar   d iode  (b) - In Planar   d iode  
both  ohmic con tac t s  are brought   out  i n  same s u r f a c e  plane. 



I 

Figure  5.- Photomicrograph of a p l ana r ,   su r f ace -o r i en ted   d iode .  



Figure 6.- Beats between two C 0 2  lasers i n   t h e  1 0  Vm regime  obtained  with a GaAs Schottky  diode. 
Second  down-conversion t o  a 50 MHz IF  i s  p roduced   e i the r   i n   t he   Scho t tky   d iode   i t s e l f  or i n  
an e x t e r n a l  microwave diode. 



BULK SUBMILLIMETER-WAVE MIXERS:  STRAIN AND SUPERLATTICES 

M. M. L i tvak   and  H. M. P i c k e t t  
Jet P ropu l s ion   Labora to ry  

C a l i f o r n i a   I n s t i t u t e  of Technology 
Pasadena ,   Ca l i fo rn ia   91103  

SUMMARY 

St ra ined   germanium  c rys ta l s ,   doped   wi th   ga l l ium,  are used as he terodyne  
mixers  a t  THz f r e q u e n c i e s ,   w i t h  I F  bandwidths   approaching a GHz. The mixer  
per formance   (convers ion   loss   and   mixer   no ise)  i s  a n a l y z e d   i n  terms of non- 
l i n e a r i t i e s   a s s o c i a t e d   w i t h   a c c e p t o r  l eve ls  a n d   w i t h   r e l a x a t i o n  rates of f r e e  
holes .   Comparison i s  made w i t h  similar mixers  employing  low-lying  donor 
levels i n   h i g h - p u r i t y  G a A s  and   wi th   ho t -e lec t ron   InSb  mixers .  

INTRODUCTION 

Stress  h a s   b e e n   u s e d   t o   t u n e   t h e   p h o t o c o n d u c t i v e   r e s p o n s e   o f   l i g h t l y  Ga- 
doped G e  b o l o m e t e r s   i n   t h e   f a r   i n f r a r e d   o v e r   t h e   r a n g e  50 t o   1 0 0  cm-l (100 
t o  200 vm) ( r e f .  1). 

The   degeneracy   of   the   va lence   band   edge   ( f ig .  1) and   o f   t he   accep to r  
g r o u n d   l e v e l s  i s  l i f t e d  by t h e   s t r a i n   ( r e f .   2 ) .  The a c c e p t o r   b i n d i n g   e n e r g y  
d e c r e a s e s   w i t h   c o m p r e s s i v e   s t r a i n   ( r e f .  3 ) .  The s p l i t - o f f  component of  t h e  
band  edge  that  i s  h i g h e r   i n   t h e   g a p   d o m i n a t e s   t h e   c h a r a c t e r   o f   t h e   h o l e   m o t i o n .  
That i s ,  f o r   l a r g e   s t r a i n s   t h e   a c c e p t o r   g r o u n d   l e v e l  wave f u n c t i o n  i s  a super- 
p o s i t i o n  o f  wave f u n c t i o n s   f o r   t h e   e n e r g y - r a i s e d   p a r t   o f   t h e   v a l e n c e   b a n d .  
The e f f e c t  of t h e  wave f u n c t i o n s  of t he   ene rgy- lowered   pa r t  i s  small f o r  
stresses approaching l o 4  kg/cm2.  For  somewhat  weaker stress, t h e   b i n d i n g   e n e r g y  
i s  given  by E (S)  = c0 + E 1 / S  , where E = 4.9 meV,  E = 8.64 eV-kg/cm2 and S i s  
t h e  stress i n  kg/cm2. 

The  mechanism fo r   mix ing   i n   n - InSb  i s  t h e  power  dependence  of  the  mobili ty 
( r e f .   4 ) .  The m o b i l i t y  i s  t empera tu re   dependen t ,   ma in ly   due   t o  momentum- 
c h a n g i n g   c o l l i s i o n s   o f   e l e c t r o n s   w i t h   i o n i z e d   i m p u r i t i e s .  The tempera ture  
inc reases   w i th   t he   abso rbed   power .   Th i s  power c o n t a i n s   t h e   u s u a l   c o n t r i b u t i o n  
t h a t   o s c i l l a t e s  a t  t h e   b e a t   f r e q u e n c y   b e t w e e n   t h e   s i g n a l   a n d   l o c a l - o s c i i l a t o r  
f r equenc ie s .   The   r e sponse  t i m e  is  t h e   e n e r g y   r e l a x a t i o n  t i m e  o f   h o t   e l e c t r o n  
e n e r g y   t o   t h e  l a t t i c e ,  which time i s  10-75.  This  corresponds  to  an  IF  band- 
wid th   o f  -3  MHz (FWHM). 

E x t e n s i v e   f a r - i n f r a r e d   s p e c t r o s c o p y   ( r e f .  5) and  mixing  experiments  
( r e f .   6 )   h a v e   b e e n   d o n e   i n   h i g h - p u r i t y  n-GaAs. The  main  mechanism fo r   mix ing  
has   been  v ia  the   modu la t ion   o f   t he   dens i ty   o f   conduc t ing   e l ec t rons   upon  
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pho to ion iza t ion   o f   t he   l ow- ly ing   donor  levels. T h i s   p h o t o i o n i z a t i o n   m i g h t  arise 
from a two-s t ep   p rocess   o f   pho toexc i t a t ion   t o   an   exc i t ed ,   bound  level  of t h e  
donor ,   fo l lowed   by   r ap id   t he rma l   (o r   nea r   t he rma l )   i on iza t ion   by   acous t i c  
phonons a t  4 K ,  w i t h  l i t t l e  carr ier  h e a t i n g .  The time r e s p o n s e  i s  t h e   c a p t u r e  
r e l a x a t i o n  time o f   t h e   c o n d u c t i o n   e l e c t r o n s   b y   t h e   i o n i z e d   d o n o r s ,   w h i c h  time 
i s  ( a b o u t   t e n  times s h o r t e r   t h a n   f o r   I n S b ) .   T h i s   c o r r e s p o n d s   t o   a n  
IF  bandwidth  of  30 MHz  (FWHM). T h i s  time .and  bandwidth  depend  upon  the 
d e n s i t y   o f   c a p t u r e   c e n t e r s ,  a s  d e t e r m i n e d   b y   t h e   d o p i n g ,   t h e   d e g r e e   o f  compen- 
s a t i o n ,   t h e   t e m p e r a t u r e , a n d   t h e   a m o u n t   o f   p h o t o i o n i z a t i o n .  

H e t e r o d y n e   m i x i n g   b e t w e e n   t h e   s i g n a l   a n d   l o c a l   o s c i l l a t o r  (LO) a t  THz 
(1012 Hz) f r e q u e n c i e s  i s  d e t e c t e d   i n   t h e   p h o t o c u r r e n t   c o l l e c t e d   w i t h   a n   a p p l i e d  
b i a s   v o l t a g e .  The  mixing i s  accompl ished   main ly   th rough  modula t ion   of   the  
free-carrier d e n s i t y .  The f r e e   c a r r i e r s   a p p e a r   f r o m   t h e   p h o t o i o n i z a t i o n  of t h e  
impuri ty   ground level .  F o r   a c c e p t o r s   ( G a ) ,   t h e   b o u n d   h o l e s   a r e   e x c i t e d   t o  
t he   va l ence   band   by   abso rp t ion   o f   t he   combined   s igna l   t o   be   measu red   and   t he  
LO. S e e  f i g .  2 .  The  modulat ion  has  a f r e q u e n c y   ( I F )   e q u a l   t o   t h e   d i f f e r e n c e  
o f   f r e q u e n c i e s   o f   t h e s e  two s o u r c e s .  

The dep th   o f   modu la t ion   r ap id ly   dec reases  when t h e   I F   ( i n  s-') exceeds   t he  
inverse- response  time o f   t h e   c a r r i e r   d e n s i t y .   T h i s   r e s p o n s e  time i s  ma in ly   t he  
ho le   cap tu re   ( r ecombina t ion )  time owing t o   i o n i z e d   a c c e p t o r s .  The  Coulomb-like 
c a p t u r e   c r o s s   s e c t i o n s   a r e   v e r y   l a r g e   a t  low  temperatures.   Compensation  by 
d o n o r s   a s s u r e s   t h e   p r e s e n c e  o f  i o n i z e d   a c c e p t o r s   d e s p i t e   t h e   t e n d e n c y   f o r  
carr ier  f reezeout .   Higher   degrees   o f   compensa t ion   and   h igher  LO power 
l n c r e a s e   t h e  number o f   c a p t u r e   c e n t e r s   a n d ,   t h u s , t h e   i n v e r s e - r e s p o n s e  t ime, 
which i s  t h e  FWHM IF   bandwid th   (d iv ided   by  n). 

M I X I N G  MECHANISM 

T h e   p h o t o c u r r e n t   w a v e f o r m   i n   t h e   c r y s t a l  i s  t h e   c u r r e n t   d e n s i t y ,   j ( t ) ,  
i n t e g r a t e d   o v e r   t h e   c r o s s - s e c t i o n a l  area. Assuming carr iers  o f  on ly   one   t ype  
f o r   s i m p l i c i t y ,  j ( t )  = e n ( t )   v ( t ) ,   w h e r e  n and v_ a r e   t h e  number d e n s i t y   a n d  
v e l o c i t y  o f  t h e   c a r r i e r s .   T h e n ,   i n   t h e   s m a l l - s i g n a l  limit, t h e   c u r r e n t   c a n  
be  modulated a t  t h e   I F   u n d e r   t h r e e   c i r c u m s t a n c e s ,  i . e . ,  t h e   d e n s i t y   c a n   b e  
m o d u l a t e d   a t   t h e   I F ,   t h e   v e l o c i t y   c a n   b e   m o d u l a t e d  a t  t h e   I F ,   o r   o n e  i s  modu- 
l a t e d  a t  t h e  LO f r e q u e n c y   a n d   t h e   o t h e r  a t  t h e   s i g n a l   f r e q u e n c y .  A d c   b i a s  
c u r r e n t  i s  a l s o   p r e s e n t .   M o d u l a t i o n   o f   t h e   d e n s i t y ,   t h e   f i r s t  case, i s  mainly 
caused  by  the  square- law  dependence on t o t a l   i n c i d e n t   e l e c t r i c   f i e l d   E ( t ) ,  i . e . ,  
LO p l u s   s i g n a l ,   E ( t )  = 1 / 2  [a exp(-iwLt) + E1 e x p ( - i w l t ) ]  + complex   conjugate ,  
t h r o u g h   t h e   r a t e o f   p h o t o i o n i z a t i o n   i n  p-Ge (Ga) ,   o r  photo-excitation/ioniza- 
t i o n   i n  n-GaAs, o r   f r e e - c a r r i e r   a b s o r p t i o n   i n   n - I n S b .   M o d u l a t i o n   o f   t h e  
v e l o c i t y ,   t h e   s e c o n d  case, can   occur   th rough  tempera ture   dependence   of   the  
m o b i l i t y   o r   t h r o u g h   n o n p a r a b o l i c - b a n d   e f f e c t s .  The t h i r d   c a s e ,   m o d u l a t i n g  
d e n s i t y   a n d   v e l o c i t y   e a c h  a t  h i g h   f r e q u e n c y , r e a l l y   c o r e s p o n d s  t o  a d i s p l a c e -  
ment c u r r e n t   d e n s i t y .  Only t h e   f i r s t   c a s e ,   m o d u l a t i o n   o f   t h e  car r ie r  densi ty ,  
appears   capable   o f   bo th  good s e n s i t i v i t y  and   la rge   bandwidth .   Modula t ion   of  
t h e   v e l o c i t y   t h r o u g h   t h e   m o b i l i t y  i s  the   ho t   e lec t ron   mechanism  of   n - InSb,  
whi le   the   o ther   mechanisms  appear   too  weak ( r e f .  7 ) .  
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T h e   e q u a t i o n   f o r   t h e  carrier d e n s i t y  n i n   e x c e s s   o v e r   d a r k   c o n d i t i o n s  
is 

an - + I . n y = n - -  
- n  

a t  T 

where i~ is the   vo lume r a t e  f o r  carrier pho togene ra t ion   and  r is t h e  carrier 
recombinat ion t i m e .  The  dominant  component a t  t h e   I F   f o r   t h e   c u r r e n t   d e n s i t y  
is given  by 

w h e r e   k d e n o t e s   t h e   m o b i l i t y   t e n s o r   i n   t h e   p r e s e n c e   o f   u n i a x i a l   s t r a i n ,  Edc is 
t h e   b i a s   f i e l d   a n d  a is t h e   a b s o r p t i o n   c o e f f i c i e n t  (cm-1) a t   t h e  LO o r   s i g n a l  
f r e q u e n c y ,   t h e   d i s t i n c t i o n   b e i n g   n e g l e c t e d .   Q u a n t i t i e s   a s s o c i a t e d   w i t h   t h e   I F ,  
L 0 , a n d   s i g n a l   f r e q u e n c i e s   a r e   d e n o t e d   b y   s u b s c r i p t  0 ,  L,and 1, r e s p e c t i v e l y .  

Conversion Loss 

The i n t r i n s i c   c o n v e r s i o n  loss L ’  i s  t h e   r a t i o   o f   t h e   a b s o r b e d   s i g n a l  power 
t o   t h e   I F  power a s s o c i a t e d   w i t h   t h e   a b o v e   c u r r e n t   d e n s i t y ,  i . e . ,  

where oo i s  t h e   I F   c o n d u c t i v i t y   a n d   t h e   i n t e g r a l s   a r e   o v e r   t h e   c r y s t a l   v o l u m e .  
See f i g .  3 for   the   geometry   be ing   used .   Thus ,  

w h e r e   t h e   r e s p o n s i v i t y Z =  G e R o / h  l q w l  I (vo l t s /wa t t )   and   t he   pho toconduc t ive  
g a i n  G = T/Td,  where Td = R/pEdc, i s  t h e   d r i f t  time a l o n g   t h e   c r y s t a l   l e n g t h  2. 
The  power PL = EL* cRw/8n,  where w is  t h e   w i d t h   ( s e e   f i g .   3 ) .  The e f f i c i e n c y  
f a c t o r  17 accounts   for   absorp t ion   and   sur face   impedance-mismatch .  The conver- 
s i o n  l o s s  L based  on power d e l i v e r e d   t o   a n   I F   l o a d   r e s i s t a n c e  R0,,  i s  o b t a i n e d  
b y   m u l t i p l y i n g  L ’  by (Ro + Ro,e)2/RoRo,e  (ref.  4 ) .  

The  conversion l o s s  fo r   InSb  i s  a similar e x p r e s s i o n  as f o r  L ’ ,  when t h e  
r e s p o n s i v i t y , B ,  i s  set e q u a l   t o   t h e   f o l l o w i n g   ( r e f .  4 ) :  % = [GeRo/(3kTe/2)] 
( d  Rn Ro/d Rn Te)  and  when r i s  rep laced   everywhere   by  rE ,  t h e   h o t   e l e c t r o n -  
t empera tu re   (Te )   r e l axa t ion  time. Wi th   t he  same a b s o r p t i o n   e f f i c i e n c i e s  ?l 
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f o r   t h e  Ge-  and   InSb-cases ,   t he   conve r s ion   l o s ses  w i l l  b e   i n   t h e   i n v e r s e   s q u a r e  
o f   t h e   r a t i o   o f   t h e   r e s p o n s i v i t i e s .   S i n c e   t h i s   r e s p o n s i v i t y   r a t i o  i s  ( T / T ~ )  
( 3 k T e / 2 6 w ~ ) / ( d  RnRo/d RnTe) a n d   s i n c e   t h e   f i r s t  two f a c t o r s  are c o n s i d e r a b l y  
smaller t h a n   u n i t y ,   a n d   t h e   t h i r d   f a c t o r  i s  a p p r o x i m a t e l y   u n i t y ,   t h e   h i g h e r  
c o n v e r s i o n   l o s s   f o r  G e  i s  e v i d e n t .   N o t e   t h a t   t h e   p r o d u c t  GRo i n   t h e   f o r m u l a  
f o r   e i t h e r   r e s p o n s i v i t y  i s  i n d e p e n d e n t   o f   t h e   m o b i l i t y   a n d   t h e   c r y s t a l   l e n g t h .  
However, L '  i s  p r o p o r t i o n a l   t o  Ro,  i n   e q u a t i o n   ( l ) ,   w h i c h  makes L' v a r y  
i n v e r s e l y   w i t h   t h e   m o b i l i t y .  The r e s p o n s i v i t y   f o r  Hg0.8 CdOa2 Te is r e p o r t e d  
( r e f .  8) t o   b e  15 times h ighe r   t han   InSb ,   owing   t o  a l a r g e r   l o g a r i t h m i c   d e r i v a -  
t i v e   o f   t h e   r e s i s t a n c e  when a m a g n e t i c   f i e l d   i n d u c e s  a t r anspor t   anomaly  a t  
low  temperature .  A s  s e e n   i n   e q u a t i o n   ( l ) ,   t h e  I F  r e s p o n s e   h a s  a ha l f -wid th  
a t  half-maximum  equal   to  ~ - 1 ,  where 'I is t h e   e f f e c t i v e   r e c o m b i n a t i o n  time. 
A s  t h e  LO power i s  i n c r e a s e d ,   t h i s   b a n d w i d t h  is  a l s o   i n c r e a s e d ,   o w i n g   t o   t h e  
appearance of a d d i t i o n a l   i o n i z e d   a c c e p t o r s   w h i c h   h a v e   l a r g e   c a p t u r e   c r o s s -  
s e c t i o n s .  

Po la r i za t ion   Dependence  

The  ground  acceptor  level  and the   uppermost   va lence   band   edge   have  J = 312, 
MJ = 2112 f o r   a n g u l a r  momentum quantum  numbers.  The e l e c t r i c  d i p o l e   l i n e -  
s t r e n g t h s   f o r   t h e  two o r t h o g o n a l   s e n s e s   o f   l i n e a r   p o l a r i z a t i o n   ( p a r a l l e l   a n d  
p e r p e n d i c u l a r   t o   t h e   u n i a x i a l   s t r e s s )  are  p r o p o r t i o n a l   t o :  

S K =  (25  + (-M J 1 J 
K M -K ) 'K 

2 

J J 

where ,   in   the   Wigner  3-5  symbol ( r e f .  9 )  K = 0 f o r   p a r a l l e l   p o l a r i z a t i o n ,  K = 1 
f o r   p e r p e n d i c u l a r   l i n e a r   p o l a r i z a t i o n ,  = 1 and &1 = 1 1 2 .  Then S o  = 4 / 1 5  
and S 1  = 16 /15  = 4 S 0 .  T h u s ,   p o l a r i z a t i o n   p e r p e n d i c u l a r   t o   t h e  stress i s  
p r e f e r r e d   b y   t h e   r e l a t i v e   l i n e   s t r e n g t h s   b y  a f a c t o r  of   four .  The e l e c t r i c  
d i p o l e  moment s q u a r e d   f o r   a b s o r p t i o n   a l o n g   e i t h e r   d i r e c t i o n  is  a l so   p ropor -  
t i o n a l   t o   t h e   s q u a r e   o f   t h e   i n v e r s e - m a s s   c o m p o n e n t   f o r   t h a t   d i r e c t i o n .   S i n c e  
t h e   r a t i o  of p e r p e n d i c u l a r - t o - p a r a l l e l   m a s s   ( r e f .  3 )  i s  2 . 5  f o r  stress i n   t h e  
[ l o o ]   d i r e c t i o n   ( a n d  3 . 2  f o r  a [111] stress d i r e c t i o n ) ,   t h e  mass dependence 
m o r e   t h a n   o f f s e t s   t h e   a b o v e   l i n e - s t r e n g t h   p r e f e r e n c e .  

N o i s e   C h a r a c t e r i s t i c s  

Mixer I F  n o i s e   c o n s i s t s   m a i n l y   o f   t h e r m a l   n o i s e   a s s o c i a t e d   w i t h   d i s s i p a -  
t ive  p r o c e s s e s ,   s h o t   n o i s e   a s s o c i a t e d   w i t h   t h e   c u r r e n t   p r o d u c e d   b y   t h e  LO, and 
g e n e r a t i o n - r e c o m b i n a t i o n   n o i s e   a s s o c i a t e d   w i t h   i o n i z a t i o n  of i m p u r i t i e s   a n d  
cap tu re   o f  carriers.  
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I 

The  thermal   no ise  i s  m a i n l y   c a u s e d   b y   c a r r i e r - v e l o c i t y   f l u c t u a t i o n s  
<6v2> = .kT/m, so t h a t   t h e   s p e c t r a l   d e n s i t y   o f  cu r ren t  f l u c t u a t i o n s  i n  a band- 
wid th  Av is  g i v e n   b y   ( r e f .  10) 

where Ynn is  t h e   t o t a l   a d m i t t a n c e   f o r  mixer a n d   e x t e r n a l   l o a d   o r   t e r m i n a t i o n s .  
The c o t h   f a c t o r   i n c l u d e s   t h e   z e r o - p o i n t   q u a n t u m   f l u c t u a t i o n s .  The frequency 
(s-1) w, = wo + n q ,  i s  f o r   t h e   n - t h   s i d e b a n d   f o r   a n  LO frequency WL and  an 
I F ,  wo. 

I n   g e n e r a l ,  Ymn is  t h e   m a t r i x   e l e m e n t   o f   a d m i t t a n c e   t h a t   m u l t i p l i e s   t h e  
s m a l l - s i g n a l   v o l t a g e  a t  f requency  W, t o   g i v e   t h e   s m a l l - s i g n a l   c u r r e n t  a t  
f requency %. Thus, 

'mn  m-n = G  - i (w0 + maL> Cm-n 

where Gk and  ck are  the   t ime-Four i e r   componen t s   o f   t o t a l   conduc tance   and  
c a p a c i t a n c e   i n   t h e   p r e s e n c e   o f   t h e   l a r g e - s i g n a l ,   p e r i o d i c ,  LO e l ec t r i c  f i e l d  
( r e f .  11) a t  t h e   f r e q u e n c y  w L '  

S h o t   n o i s e   c o n s i s t s   o f   c h a r g e - d e n s i t y   f l u c t u a t i o n s  owing t o   t h e   d i s c r e t e  
p a r t i c l e   n a t u r e   o f   t h e  carr iers .  The   co r re spond ing   no i se -Four i e r   co r re l a t ion  
ma t r ix   e l emen t s  are g iven   by  

<61, 61 *> /Av = 2e 1 n m-n 

where Im-v i s  t h e  (m-n)- th   Four ie r   component   o f   the   l a rge-ampl i tude   cur ren t  
waveform l ( t >   i n   t h e   p r e s e n c e   a l o n e   o f   t h e  LO e l e c t r i c   f i e l d   a t  wL, i . e . ,  

03 
-ikw t 

i ( t )  = I k e  
L 

k = a  

The o f f - d i a g o n a l   e l e m e n t s   r e p r e s e n t   a n o m a l o u s   n o i s e   o w i n g   t o   c o r r e l a t i o n s  among 
t h e  up- and  down-converted  components   of   the   modulated  shot   noise ,   which i s  
p r o p o r t i o n a l   t o   t h e   i n s t a n t a n e o u s   c u r r e n t   i ( t > .  

The   no ise   t empera ture  TM of t h e  mixer i s  d e t e r m i n e d   b y   t h e   a p p a r e n t   n o i s e  
c u r r e n t ,   a c t i n g   i n   t h e   s i g n a l   s i d e b a n d   a l o n e  a t  t h e  mixer i n p u t ,   t h a t   w o u l d  
r e s u l t   i n   t h e   o b s e r v e d   I F   n o i s e   v o l t a g e .   T h i s   I F   n o i s e   v o l t a g e  is ma in ly   t he  
r e s u l t   o f   t h e r m a l   n o i s e ,  LO sho t -no i se , and   gene ra t ion - recombina t ion   (g - r )   no i se  
a t  - a l l  s idebands .  
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I f  the  impedance Z i j  is t h e   i j - t h  matrix e l emen t   o f   t he  inverse of the 
a d m i t t a n c e  matrix, t h e n   t h e   a p p a r e n t   s i g n a l   n o i s e   c u r r e n t   i n   t h e   b a n d w i d t h  Av 
is  given  by 

61: > /  Av = hul c o t h  (""I-) R e  Yll 
1 2kTM 

* *w 
where Re <&Ii 61 .> /Av = 6i j  hwi c o t h  (&) R e  Yii + 2eIi-j  + ( g - r )   n o i s e  

J 

and 

T h e   s u b s c r i p t s  0, 1 and L r e f e r   t o   t h e  I F ,  t h e   s i g n a l   a n d   t h e  LO, r e s p e c t i v e l y .  
The a d m i t t a n c e s   w i t h   s u b s c r i p t  e r e f e r   t o   e x t e r n a l   l o a d s   o r   t e r m i n a t i o n s ,  
which may b e   s u i t a b l y   m a t c h i n g .   A d m i t t a n c e s   a r e   i n   G a u s s i a n   u n i t s .   F o r   p r a c -  
t i c a l  u n i t s ,   r e p l a c e  c / 4 ~  by l / Z o ,  where Zo i s  t h e  wave impedance  of   f ree   space.  
The f a c t o r  rl i s  t h e   o v e r a l l   e f f i c i e n c y   f a c t o r   f o r   a b s o r p t i o n   o f   t h e   i n c i d e n t  
r a d i a t i o n ,   i n c l u d i n g   t h e   f a c t o r   c o r r e c t i n g   f o r   s u r f a c e   r e f l e c t a n c e .  

For  n o   s u r f a c e   r e f l e c t i o n   a n d  a t h i n   c r y s t a l   w i d t h ,  a w ,  where i s  t h e  
a b s o r p t i o n   c o e f f i c i e n t   f o r   a c c e p t o r   p h o t o i o n i z a t i o n   a n d  w is  t h e   w i d t h .  Equa- 
t i o n  (2) may b e   s o l v e d   t h e n   f o r  TM. 

With t h i s   a d m i t t a n c e   f o r m a l i s m ,   t h e   c o n v e r s i o n   l o s s  L c a n   b e   r e w r i t t e n  
m o r e   g e n e r a l l y   ( r e f .   1 1 )  as 



where  the  impedance matrix e lements  are  o b t a i n e d   f r o m   t h e   i n v e r s e   a d m i t t a n c e  
ma t r ix ,   wh ich   i nc ludes  a l l  s i d e b a n d s   t o g e t h e r .  The  image  s ideband,   for  
example, a t  w - ~  can   be   expec ted   t o   have  some i n f l u e n c e .  

The p h o t o c o n d u c t o r   d e n s i t y   f l u c t u a t i o n s   d u e   t o   g e n e r a t i o n - r e c o m b i n a t i o n  
(g - r )   o f   t he  carriers i s  g iven   by  <6n{> = q PL ~ / ( v o l .  . t r w ~ ) ,  where   vo l .  
is  t h e   c r y s t a l  vo lume  be ing   i l lumina ted .  The  g-r n o i s e   c u r r e n t  i s  t h e n  

T h i s   s p e c t r a l   s h a p e   ( w i t h   r e s p e c t   t o  W o )  arises f r o m   t h e   e x p o n e n t i a l   d e c a y   i n  
time, w i t h   c o r r e l a t i o n  t i m e  T ,  o f   t h e   d e n s i t y   f l u c t u a t i o n s .   T h i s   n o i s e   s o u r c e  
is t o   b e   i n c o r p o r a t e d   i n t o   t h e   r i g h t - h a n d   s i d e   o f   t h e   e q u a t i o n   f o r   t h e   m i x e r  
t e m p e r a t u r e ,   e q u a t i o n   ( 2 ) .   S p a c e - c h a r g e   e f f e c t s   c a n   i n f l u e n c e   t h i s   s p e c t r a l  
s h a p e   ( r e f .  lo). A p a r t i c u l a r   c o n c e r n  i s  t h e   p l a s m a   r e s o n a n c e   n e a r   t h e   h o l e  
plasma  f requency,  wp = (4.rrnh e 2 / m , ) 1 / 2 .   S p a t i a l   f l u c t u a t i o n s   c a u s e   c h a r g e  
s e p a r a t i o n   f i e l d s   b e t w e e n   h o l e s   a n d   i o n i z e d   a c c e p t o r s .   T h e   d i v e r g e n c e   o f  
t h i s   f i e l d   c a u s e s  a V v - c o n t r i b u t i o n   i n   t h e   e q u a t i o n   f o r   t h e  carr ier  
d e n s i t y ,   r e s u l t i n g   i n   a n   e n h a n c e m e n t   o f   t h e   a b o v e   f l u c t u a t i o n s   b y  a f a c t o r  I &(wO) where 

” 

and T~ i s  t h e   m o b i l i t y   r e l a x a t i o n  t i m e .  T h e s e   e x p r e s s i o n s   i g n o r e   t h e   s h i e l d i n g  
e f f e c t s   b y   e l e c t r o n s   a n d   t h e   w a v e v e c t o r   d e p e n d e n c e ,   i n v o l v i n g   t h e  Debye l e n g t h s .  
The t h e r m a l   n o i s e  w i l l  be   enhanced   t h rough   mod i f i ca t ion   o f   t he  I F  a d m i t t a n c e s .  
No te   t ha t   t he   p l a sma   f r equency  i s  - 1 GHz f o r  % = 10l1 holes/cm3.  

HETEROJUNCTION - SUPERLATTICES 

S p a t i a l l y   p e r i o d i c   h e t e r o j u n c t i o n s   ( e . g . ,  Ge/GaAs) e s t a b l i s h  w a l l s  of 
a d j a c e n t   o n e - d i m e n s i o n a l   p o t e n t i a l  wells and b a r r i e r s .   T h e s e   c a n   f a v o r a b l y  
a f f e c t   t h e   h o l e   d e n s i t y   o f  s tates a n d   c o l l i s i o n / c a p t u r e  times i n   t h e   v a l e n c e  
band  ( re fs .   12   and   13) .   Improved  mixer p e r f o r m a n c e   r e s u l t s   f r o m   a n   i n c r e a s e d  
p h o t o a b s o r p t i o n   w i t h  a g r e a t e r   d e n s i t y   o f   f i n a l  states and  f rom  decreased 
t h e r m a l   n o i s e   w i t h   d e c r e a s e d   d i s s i p a t i o n   i n   t h e   I F   s i d e b a n d .  

Major   improvement   would  occur   with  an  increased  s teepness   of   photocurrent  
dependence   on   modula ted   power .   Tunnel ing   th rough  the   po ten t ia l   bar r ie rs   a l lows  
an   exponent ia l   dependence .  One means   o f   in t roducing   th i s   dependence  i s  t o  
c o n s i d e r   t h a t   t h e  power  modulat ion  causes  a carr ier  d e n s i t y   m o d u l a t i o n   A n ( t )   i n  
t h e  G e  doped  with a. N o t e   t h a t   t h e   s u p e r l a t t i c e  ac t s  t o   l i f t   t h e   d e g e n e r a c y  
o f   t he   va l ence   band   edge  much as s t r a i n  would .   The   dens i ty   modula t ion   causes  
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a n   e l e c t r o s t a t i c   p o t e n t i a l   e n e r g y  e@ = 4 ~ r  e2a2 An(t)/E,  where E is t h e  G e  
d i e l e c t r i c   c o n s t a n t ,   a n d  a i s  t h e   r a d i u s   o f   c u r v a t u r e   o f   t h e   b a n d   b e n d i n g  
( i n   t h e  G e  p o t e n t i a l   w e l l s )   o w i n g   t o   e x c e s s   h o l e s   n e a r   t h e  wal ls  t o   t h e   a d j a -  
c e n t   b a r r i e r s .  S e e  f i g u r e  4 .  T h i s   p o t e n t i a l   e n e r g y   o s c i l l a t e s  a t  t h e  I F ,  

T h i s  time d e p e n d e n c e   a f f e c t s   t h e   h o l e   q u a n t u m  wave f u n c t i o n s   f o r   t h e  
p o t e n t i a l  wells. The r e s u l t i n g   t u n n e l i n g   c u r r e n t  AIo a t  t h e  IF i n v o l v e s   t h e  
o v e r l a p   o f  wave f u n c t i o n s   f o r   m o d u l a t e d   e n e r g y  levels  i n   t h e  wells, whose 
e n e r g i e s   c o n s i s t e n t l y   d i f f e r   b y  ho,. Thus, i n  terms g i v e n   ( r e f .  14) b y   t h e  
Bessel f u n c t i o n s  J n '  

co 

where X = e$,/hw0 and  Idc i s  t h e   d c   c u r r e n t  as a f u n c t i o n   o f   b i a s   v o l t a g e .  
T h i s   f u n c t i o n   c a n   b e   a n   a p p r o x i m a t e   e x p o n e n t i a l   f u n c t i o n   o f   b i a s   v o l t a g e ,   w h i c h  
i s  e f f e c t i v e l y   ( v d c  + n hw0/e )   fo r   t he   n -pho ton   con t r ibu t ion .  

By a p p r o p r i a t e   s p a t i a l   m o d u l a t i o n   o f   t h e   d o p i n g   a n d   c o m p e n s a t i o n   i n  
t h e   s u p e r l a t t i c e   t h e  carr ier  l i f e t i m e   c a n   b e   s h o r t e n e d   t o   i n c r e a s e   t h e   b a n d -  
w i d t h ,   y e t   t h e   m o b i l i t y   c a n   b e   i n c r e a s e d   t o   r e d u c e   t h e   n o i s e   a n d   c o n v e r s i o n  
l o s s .   T h i s   r e q u i r e s   t h e   t r a p p i n g   i n   t h e  Ge wells t o   i n c r e a s e   c a p t u r e   b y  
t h e   l o c a l   a c c e p t o r s   b u t   t h e  sca t te r  o f   t h e   t w o - d i m e n s i o n a l   h o l e   g a s ,   e s p e c i a l l y  
b y   i m p u r i t i e s   i n   t h e  GaAs b a r r i e r   r e g i o n s ,   t o   b e   r e d u c e d .  

CONCLUSIONS 

The  mixing  mechanism i n   s t r e s s e d  G e  i s  similar t o   t h a t   i n   h i g h - p u r i t y  
G a A s ,  a n d   l e a d s   t o   l a r g e r   b a n d w i d t h s   t h a n   f o r   h o t - e l e c t r o n   I n S b .  Stress a l l o w s  
t u n a b i l i t y   o f   t h e  Ge (doped  with Ga) i n  a w a v e l e n g t h   r a n g e   i n a c c e s s i b l e   t o  
n-GaAs e v e n   w i t h   m a g n e t i c   f i e l d s .  

S u p e r l a t t i c e s   c a n   p r o v i d e   e x p o n e n t i a l - t y p e  I F  c u r r e n t - v o l t a g e   c h a r a c t e r i s -  
t i c s  f o r   g r e a t e r   s e n s i t i v i t y .   S p a t i a l   m o d u l a t i o n   o f   t h e   d o p i n g   a n d   c o m p e n s a -  
t i o n   c a n   i n c r e a s e   t h e   b a n d w i d t h   a n d   t h e   m o b i l i t y   f o r   b e t t e r   p e r f o r m a n c e ,  i . e . ,  
less conve r s ion   l o s s   and  less n o i s e .  
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Figure 1.- Sp l i t   va l ence  bands of un iax ia l ly  compressed germanium.  Uppermost 
valence band is  heavy  hole (J = 3 / 2 ,  MJ = +1/2) band with  perpendicular  
mass g r e a t e r   t h a n   p a r a l l e l  mass. 
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Figure 3 . -  Crystal  geometry and d i r ec t ions   fo r   i l l umina t ion ,   pho tocur ren t ,  
and un iax ia l  stress. 
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Figure 4.- Energy  band  diagram f o r  p-Ge/GaAs (110) s u p e r l a t t i c e .  
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ABSTRACT 

The o p t i c a l   d e s i g n   c o n s i d e r a t i o n s   f o r   o p t i m i z a t i o n   o f   s e n s i t i v i t y ,  
t u n e a b i l i t y  and v e r s a t i l i t y   o f  an i n f r a r e d   h e t e r o d y n e   s p e c t r o m e t e r  will be 
d i s c u s s e d   u s i n g  t h e  GSFC C 0 2  laser  h e t e r o d y n e   s p e c t r o m e t e r   o p t i c a l   f r o n t  
end as an   example .   Problems  re la ted   to   the   coherent   na ture   o f   the  laser 
l o c a l   o s c i l l a t o r  beam ( e . g .   i n t e r f e r e n c e  e f fec ts  a t  e d g e s   o f   o p t i c a l  
e lements   and a t  t h e  beam combin ing   beamsp l i t t e r )  will be   descr ibed   and  
p r o p e r   b e a m s p l i t t e r   d e s i g n   d i s c u s s e d .  Optimum m a t c h i n g   t o   t h e   t e l e s c o p e  
w i l l  be   d i scussed .  The s e v e r e   e f f e c t s   o f  large c e n t r a l   o b s c u r a t i o n  on t h e  
c o h e r e n t   t e l e s c o p e   e f f i c i e n c y  w i l l  b e   d e s c r i b e d   a n d   s t e p s   t o   p a r t i a l l y  
r e c o v e r   t h e   l o s t   s y s t e m   s e n s i t i v i t y  w i l l  be  proposed.  Measurements  made 
w i t h   t h e  GSFC 4 8 - i n c h   t e l e s c o p e   ( l i n e a r   o b s c u r a t i o n   r a t i o  = 0.5) and t h e  
KPNO McMath t e l e s c o p e   ( n o   o b s c u r a t i o n )  will be   g iven  as examples. 

DISCUSSION 

S e n s i t i v i t y   o f   i n f r a r e d   h e t e r o d y n e   s p e c t r o m e t e r s   c a n  be expressed   by  
t h e   i n s t r u m e n t a l   n o i s e   e q u i v a l e n t  flux 

(NEF) = p h o t o n s / s e c  Hz 

The degrada t ion   of   per formance   f rom  idea l ,  A ,  is a t o t a l   d e g r a d a t i o n   f a c t o r  
- d u e   t o  effects  o f   c h o p p i n g ,   p o l a r i z a t i o n ,   d e t e c t o r - p r e a m p l i f i e r  
e f f i c i e n c y ,   p h a s e   f r o n t   m i s a l i g n m e n t ,  beam f i l l i n g   f a c t o r ,   l i n e   s h a p e  
d i s t r i b u t i o n ,  and o p t i c a l   l o s s e s   ( r e f s .   1 , 2 ) .  

I n   a n   o p e r a t i n g   s y s t e m   t h e   o p t i c a l   d e g r a d a t i o n   f a c t o r   c o n s i s t s   m a i n l y  
of  two  components - l o s s e s   d u e   t o   t h e   t e l e s c o p e   a n d   t h e   s y s t e m - t e l e s c o p e  
ma tch ing ,   and   l o s ses  i n  t h e   o p t i c a l   f r o n t   e n d .  Careful o p t i c a l   d e s i g n   c a n  
limit b o t h   l o s s e s   t o   e s s e n t i a l l y   t h o s e   d u e   t o   o p t i c a l   t r a n s m i s s i o n  of t h e  
components ( A - 1.2) .   However ,   h ighly   obscured   te lescopes   and   improper  
f r o n t  e n d   d e s i g n   c a n   i n t r o d u c e   s i g n i f i c a n t   d e g r a d a t i o n  i n  he t e rodyne  
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e f f i c i e n c y .   I n   t h i s   p a p e r  we w i l l  describe a r ep resen ta t ive   he t e rodyne  
system  design and d i s c u s s   s e v e r a l   o f   t h e  many op t i ca l   p rob lems  arising on 
t h e   o p t i c a l  table as well as in   coup l ing   t he   sys t em  wi th  a f i e l d   t e l e s c o p e .  

L e t  us   consider  the o p t i c a l   d e s i g n   o f  the Goddard  Space  Flight  Center 
CO laser-infrared heterodyne  spectrometer   (Figure 1 ) .  The des ign   goa l s  
were to   op t imize   sys t em  sens i t i v i ty   wh i l e   ma in ta in ing  m a x i m u m  s p e c t r a l  
tun ing   range ,   permi t   easy   tun ing  and a b s o l u t e   c a l i b r a t i o n ,  and i n   g e n e r a l  
m a i n t a i n   s y s t e m   v e r s a t i l i t y   f o r   f i e l d  or l abora to ry   u se .  

2 

In   F igure  1 t h e   s i g n a l  beam S (source)   f rom  the  te lescope is chopped 
a g a i n s t  a r e fe rence  beam R (sky). A d i c h r o i c   m i r r o r  D permi ts  a po r t ion  
of t h e  v i s i b l e  beam t o   e n t e r  a guiding  eyepiece.  It a?so  can be moved t o ,  
i n   e f f e c t ,   i n t e r c h a n g e   t h e  S and R beams. The t e l e scope  beam, v is 
col l imated  by an of f -ax is   parabola .  The output  beam, vLo, o f  an  in-house 
b u i l t  grating t u n e d ,   l i n e   c e n t e r   s t a b i l i z e d  C02  laser is a t t e n u a t e d ,  
expanded,  coll imated and combined a t  a ZnSe beamsp l i t t e r   w i th   t he   t e l e scope  
beam. The two  matched  collimated beams are then  focussed  onto a HgCdTe 
photomixer  (supplied by Dr. David Spears ,  MIT L inco ln   Labora to r i e s ) .  A 
p o r t i o n   o f   t h e   v i s i b l e   s i g n a l  is a g a i n   t r a n s m i t t e d   t o  a guid ing   eyepiece  by 
d i c h r o i c  D2. The d i f f e rence   f r equency  1 v -v. 1 gene ra t ed   i n  t h e  
photomixer  over a bandwidth  of - 2  GHz is &enlfed  into  our  R.F. s p e c t r a l  
l i n e   r e c e i v e r  ( r e f .  3). System  cal ibrat ion  can be done by i n s e r t i n g  a 
kinematic   mirror  M and measuring a calibrated black body r e fe rence .  This  
arrangement  can a l s o  be used   fo r   l abo ra to ry   spec t roscopy   o f   t a rge t  f i e l d  
molecules ( refs.  4,5 1 . 

I R  ' 

1 

Minimum op t i ca l   t r ansmiss ion   l o s ses  and e l imina t ion   of   chromat ic  
effects  were achieved by the  use  of  a l l  reflecting o p t i c s   ( e x c e p t  
beamsp l i t t e r  and dewar window).  Thus, a l l  f o c a l   p o i n t s  and a l l  major 
component p o s i t i o n s  ( e  .g .   off  axis parabolas ,   p inholes ,   photomixer)  are 
independent  of t h e  operating  wavelength and no ad jus tments  are necessary  as 
one t u n e s   t h e   l o c a l   o s c i l l a t o r .  T h i s  concept is even more impor t an t   fo r  
more broadly   tuneable   sys tems  such  as diode laser  heterodyne  spectrometers .  

Even with the bas i c   des ign   goa l s  met, many problems  can ar ise  t o  
fur ther   degrade  heterodyne  performance,   such as op t i ca l   f eedback   i n to  the 
laser c a v i t y ,   o p t i c a l   s t a n d i n g   w a v e s ,   i n t e r n a l   r e f l e c t i o n s  and 
i n t e r f e r e n c e .  These problems  can be  minimized by t i l t i n g  and  wedging 
various  system  components. 

Let us   look a t  two specif ic   problems,   both  of   which are consequences 
of   the   coherent   na ture   o f  the C 4  laser l o c a l   o s c i l l a t o r .  The first 
problem is i l l u s t r a t e d   i n   F i g u r e  2.  Displayed are scans   o f   t he  expanded 
laser beam c r o s s   s e c t i o n .  The upper   plot  shows a near ly   Gauss ian   c ross  
sec t ion   o f   t he  laser beam which is u l t i m a t e l y  combined with t h e  s i g n a l  
beam. I f   t h e   o p t i c a l   e l e m e n t s   i n  the beam pa th   ( e .g .   mi r ro r s ,   ape r tu re s  
beamsplitter) are smaller than   t he  beam d iame te r   ( "d i s t ance  between l / e  3 
power po in t s )   F re sne l   f r i nges   r e l a t ed   t o   edge   d i f f r ac t ion   pa t t e rns  are 
formed ( lower   p lo t ) .   Focuss ing   such  a l o c a l   o s c i l l a t o r   i n t e n s i t y  
d i s t r i b u t i o n  on the photomixer can in t roduce   phase   cance l la t ion  and no i se ,  
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and  can degrade t h e   h e t e r o d y n e   s i g n a l   t o   n o i s e .  

A second  problem is related t o  the d e s i g n   o f  t h e  combining 
b e a m s p l i t t e r .  If s u f f i c i e n t  laser power ex i s t s ,  p r o p e r  d ie lec t r ic  c o a t i n g  
( o r  s u b s t r a t e )  w i l l  e n a b l e  m a x i m u m  c o u p l i n g   o f  the s i g n a l  beam 2 95% o f  
s i g n a l )   w i t h   s u f f i c i e n t   l o c a l   o s c i l l a t o r   s i g n a l  ( < 1 mW) f o r   s h o t   n o i s e  
l i m i t e d   o p e r a t i o n .  The b e a m s p l i t t e r  is d e s i g n e d   t o  re f lec t  t h e  LO beam, 
the  f r o n t   s u r f a c e   b e i n g  t h e  beam combining  plane.   The back s u r f a c e  w i l l  
a lso  re f lec t  a p o r t i o n  of the LO beam. I n t e r f e r e n c e   f r i n g e s  will t h u s  be 
g e n e r a t e d  w i t h  their  s e p a r a t i o n   d e p e n d e n t  on the   wave leng th  and t h e   p a t h  
d i f f e rence   be tween  the  reflected beams ( i . e .  wedge angle   be tween  the   two 
s u r f a c e s ) .   F i g u r e  3 i l l u s t r a t e s  t h i s  p rob lem  fo r  a 30 arc-second wedged 
ZnSe b e a m s p l i t t e r .   F r i n g e s   d u e   t o  the reflected CO laser beam were 
measured  by  scanning a d e t e c t o r   a c r o s s  the  beam. TEe f r i n g e   s p a c i n g  was 
c o n s i s t e n t  w i t h  the measured wedge a n g l e .  The i n t e n s i t y   d i s t r i b u t i o n s  and 
p o s i t i o n s   o f  t he  p r i n c i p a l  and second   su r f ace  reflected beams y i e l d i n g   s u c h  
f r i n g e s  are p l o t t e d  below. If the  u s a b l e ,  matched beam diameter is abou t  
2.54 cent imeters  (1 i nch )   cen te red  on t h e   o p t i c  axis ( c e n t e r   o f   p r i n c i p a l  
beam),   the  laser beam p r o f i l e   i n c i d e n t  on the   mixer  i s  r educed   i n  power and 
i s  far from  Gaussian. It i s  obv ious   t h i s   can   i n t roduce   s ign i f i can t   deg ra -  
d a t i o n   i n   t h e   r e s u l t a n t   h e t e r o d y n e   s i g n a l .  The worst  case  would  be i f  t h e  
i n t e n s i t y  minimum occurs  on the   op t i c   ax i s .   Th i s   p rob lem  can   be   so lved  
by   des ign ing   su f f i c i en t ly  wedged beamsp l i t t e r s  so  t h a t   t h e   b a c k   s u r f a c e  
r e f l e c t i o n  i s  de f l ec t ed   ou t  of the   op t ica l   acceptance   angle   o f   the   sys tem.  

Let u s  now look  a t  the d e g r a d a t i o n   a s s o c i a t e d  wi th  t e l e s c o p e  - system 
i n t e r f a c e   a n d   m a t c h i n g .   I d e a l l y ,  t h e  o p t i c s  are matched t o  t h e  d i f f r a c t i o n  
limit o f  t h e  t e l e s c o p e   a p e r t u r e  and the  on ly  l o s s  is t h e  o p t i c a l  
t r a n s m i s s i o n   o f  t h e  t e l e s c o p e .   T e l e s c o p e s  w i t h  a c e n t r a l   o b s c u r a t i o n   c a n ,  
however ,   in t roduce  greater l o s s e s   i n   h e t e r o d y n e   s i g n a l .   S u c h  e f fec ts  are 
i l l u s t r a t e d   i n  FigLire 4 .  Assuming .a p l a n e  wave i n c i d e n t  on t h e  t e l e s c o p e  
a t  first g l a n c e  the  losses   expec ted   would  be d u e   t o  area blockage  by t h e  
obscura t ion   and  a r e l a t i v e   m e a s u r e d   s i g n a l ,   h e t e r o d y n e  or d i rec t ,  can be 
r ep resen ted   by  t h e  e q u a t i o n  

where D and DA are the  o b s c u r a t i o n   a n d   a p e r t u r e  diameters. 
T h i s  pa%gol i c   cu rve  is p l o t t e d   i n   F i g u r e  4 ( u p p e r   s o l i d   c u r v e ) .  

For a p o i n t   s o u r c e ,  the i n t e n s i t y  a n d   p h a s e   d i s t r i b u t i o n s  a t  t h e  
t e l e s c o p e   a p e r t u r e  are b o t h   u n i f o r m   ( n e g l e c t i n g   s e e i n g ) .   T h e   l o c a l  
o s c i l l a t o r  beam has a G a u s s i a n   c r o s s   s e c t i o n  and is matched t o  t he  Ai ry  
p a t t e r n   o f  a f i x e d  s i ze  a p e r t u r e .  A s  t h e   c e n t r a l   o b s c u r a t i o n   i n c r e a s e s ,  t h e  
Airy  pat tern  becomes  narrower  and less power is c o n c e n t r a t e d   i n  the c e n t r a l  
m a x i m u m  and more i n   t h e   s e c o n d a r y  maxima ( r e f .  6 ) .  For a matched f i x e d  
area d e t e c t o r  t h i s  leads t o   l o w e r   i n c i d e n t   p o w e r   a n d   s i g n a l   c a n c e l l a t i o n  
due to   t he   ou t   o f   phase   componen t s   o f  t h e  e lec t r ic  f i e l d  i n  t he  secondary  
maxima, which are now w i t h i n  t he  d e t e c t o r  area. These effects  on t h e  
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h e t e r o d y n e   s i g n a l  were c a l c u l a t e d   b y  Degnan  and K l e i n  ( r e f .  7 )  and are 
p l o t t e d   i n   F i g .  4 ( c r o s s e s ) .  These l o s s e s  are s e e n   t o   b e  greater t h a n  
areal. 

For an e x t e n d e d   s o u r c e   ( p l a n e t s ,  Moon, Sun) t h e  i n t e n s i t y   p a t t e r n  a t  
t h e   t e l e s c o p e   a p e r t u r e  is a p l a n a r   d i s t r i b u t i o n .  Assuming a d e t e c t o r   s i z e  
matched t o   t h e  first A i r y  maximum ( i . e .  2.4 1/01, t h e n  t h e  measure  of  
sou rce   cohe rence ,  t h e  mutua l   coherence   func t ion  (MCF) , takes the form  of  an 
A i r y   p a t t e r n  w i t h  first minima  occurr ing a t  t h e  e d g e s   o f  t h e  t e l e s c o p e  
a p e r t u r e  ( r e f .  8 ) .  S i n c e   h e t e r o d y n e   d e t e c t i o n  is a cohe ren t   t echn ique ,   one  
would  expect   any  obscurat ion  of  t h e  mutua l   cohe rence   func t ion   t o   i n t roduce  
a d d i t i o n a l   l o s s e s .  To demonst ra te  t h i s  on t h e  o p t i c a l  t ab l e ,  a v a r i a b l e  
obscu ra t ion   t e l e scope   and   sou rce  were s imula ted  w i t h  an  extended  black-body 
r e f e r e n c e   s o u r c e   a n d   s e v e r a l   a n n u l a r   a p e r t u r e s   i n s e r t e d   i n  t he  source  beam. 
The r e s u l t i n g   h e t e r o d y n e   s i g n a l s  ( c i r c l e s  i n   F i g .   4 )  show  even   grea te r  
l o s s e s   t h a n  the  p o i n t   s o u r c e  case, a t  large o b s c u r a t i o n   r a t i o s .  Similar 
measurements on t h e  Sun i n c r e a s i n g  t h e  0 . 4 5   l i n e a r   o b s c u r a t i o n   o f  t h e  48 
i n c h  GSFC t e l e s c o p e   ( t r i a n g l e s )  show a similar t r e n d .  

The e x t e n t   o f  t h i s  "coherence"   loss   can  be estimated f o r  a g i v e n  
o b s c u r a t i o n   b y   i n t e g r a t i n g  the unobscured  annulus   of  the mutual   coherence 
funct ion.   Assuming a d i r e c t .  r e l a t i o n s h i p   b e t w e e n  t h i s  i n t e g r a l  and t h e  
heterodyne  s ignal   one  can  compare the  r e s u l t s   t o  our  measurements.  The 
A i r y - l i k e   c u r v e   i n   F i g .  4 r e p r e s e n t s  these c a l c u l a t i o n s   a n d   i n d e e d  is i n  
good agreement w i t h  measured   po in ts .  

Varying t h e  c e n t r a l   o b s c u r a t i o n   i n  a 10 i n c h   o f f - a x i s   a p e r t u r e   i n  the 
48-inch  primary  shows a he terodyne   s igna l   dependence   more  l i k e  t h e  s imple  
area blockage case. T h i s  is c o n s i s t e n t  w i th  t h e  p resen t   a rgumen t s   s ince  
t h e   s y s t e m   o p t i c s  are matched t o  t he  f / n o .   a n d   a p e r t u r e   o f  t h e  48-inch 
t e l e s c o p e .  The I R  mixe r   t hus  "sees" t h e  whole   aper ture   and  t h e  f u l l  mutual 
cohe rence   func t ion .  A 10 i n c h  s l ice  o f   t he   48 - inch  wide MCF w i l l  n o t   v a r y  
s i g n i f i c a n t l y   a n d   b l o c k i n g  t h i s  more un i fo rm  func t ion  is similar t o  t h e  
s imple   p l ane  wave case. The i n t e n s i t y   d i s t r i b u t i o n  on the  f i x e d  area 
d e t e c t o r  will a l s o  n o t   c h a n g e   a p p r e c i a b l y ,   s i n c e  t he  d e t e c t o r   i n t e r c e p t s  
on ly  - 1/5 of  t he  A i r y   i n t e n s i t y   p a t t e r n   o f  the 10 i n c h   a p e r t u r e .   T h u s ,  as 
t h e  o b s c u r a t i o n  is m o d e s t l y   i n c r e a s e d ,  t he  a c t i v e   i n t e n s i t y  on t h e  d e t e c t o r  
is n o t   s e v e r e l y  al tered.  

We attempted to   improve  t h e  h e t e r o d y n e   e f f i c i e n c y  on ex tended   sources  
a t  a h ighly   obscured   te lescope   by   vary ing   and  matching t h e  i n t e n s i t y  
pa t t e rn   f rom the  l o c a l   o s c i l l a t o r   t o  t h a t  o f  t he  t e l e s c o p e .  We were able 
t o   r e c o v e r ,  50% o f  t h e  s i g n a l  (star i n  F ig .   4 )   by   i n t roduc ing  a matched 
c e n t r a l   o b s c u r a t i o n   i n  t h e  L .O.  beam. However, t h i s  r e s u l t s   i n  a great 
r e d u c t i o n   o f  laser power on the photomixer  and it may not   a lways be 
p o s s i b l e   t o   r e c o v e r  the n e c e s s a r y  power  from weak lasers t o   o b t a i n  optimum 
h e t e r o d y n e   e f f i c i e n c y  a t  t h e   m i x e r   ( s h o t   n o i s e  l imited o p e r a t i o n ) .   T h i s  
may be i m p o s s i b l e  w i t h  p r e s e n t   d i o d e  laser l o c a l   o s c i l l a t o r s ,   i m p l y i n g  that  
c e n t r a l   o b s c u r a t i o n s   s h o u l d  be avo ided   i n   d iode  laser he terodyne  



s p e c t r o m e t e r s .   T h e o r e t i c a l   t r e a t m e n t   o f   t h e   o b s c u r a t i o n  effect  f o r  
extended  sources   by Degnan ( ref .  9) s u g g e s t s  that it may b e   p o s s i b l e   t o  
r e c o v e r  all b u t   t h e  areal l o s s e s ;  however t h i s  was n o t   f o u n d   t o  be t r u e  on 
our measurements ,   possibly  because  not  a l l  the A i r y   l o b e s  f a l l  o n t o   o u r  
photomixer.  

Measurements  on t he  Sun, i d e n t i c a l   t o   t h o s e   t a k e n  a t  t h e   4 8   i n c h  
Goddard   t e lescope ,  were made w i t h  ou r   he t e rodyne   spec t romete r  matched t o  
t h e  55 i n c h  McMath t e l e s c o p e  a t  K i t t  Peak  National  Observatory.   Under 
matched  condi t ions,   and after a c c o u n t i n g   f o r  the  d i f f e r e n c e s   i n  the 
t ransmiss ion   be tween the two t e l e s c o p e s ,   t h e  Sun s igna l   measured  a t  t h e  
unobscured McMath t e l e s c o p e  was a f a c t o r   o f  2 t o  3 g r e a t e r   t h a n  a t  GSFC. A 
d e g r a d a t i o n   f a c t o r  A ry 1.3 i s  d u e   t o  area b lockage   a lone .  An a d d i t i o n a l  
"coherence"  component A of  up t o  2.2 was thus   observed  a t  t h e  48-inch 
t e l e s c o p e  (Dabs /DA - O???. 

It is t h u s  clear t h a t   c o h e r e n c e  effects  i n   i n f r a r e d   h e t e r o d y n e   s y s t e m  
o p t i c a l   d e s i g n  and  use  have t o  be c a r e f u l l y   c o n s i d e r e d   i n   o r d e r   t o   o b t a i n  
optimum he te rodyne   pe r fo rmance .   In   pa r t i cu la r ,   h igh ly   obscu r ing   t e l e scopes  
are i n a p p r o p r i a t e   f o r   s e n s i t i v e   h e t e r o d y n e   m e a s u r e m e n t s ,   p a r t i c u l a r l y  when 
u s i n g   d i o d e   l a s e r   l o c a l   o s c i l l a t o r s .  
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Figure 1.- GSFC C02 laser-infrared heterodyne  spectrometer. 

NEARLY  GAUSSIAN 
NO FRESNEL FRINGES 

0.51 I 0 2  I 53 

FRESNEL 

MIRROR MIRROR 
-EDGE 

Figure 2.- C02 laser  beam cross section.  Upper  plot shows 
nearly  Gaussian  output beam. Lower  plot  shows edge 
diffraction of beam by undersize mirror  resulting in 
Fresnel  interference fringes  on laser beam profile. 
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Figure 3 . -  Beam s p l i t t e r   i n t e r f e r e n c e   f r i n g e .  The upper  trace i s  the  
i n t e n s i t y   d i s t r i b u t i o n   o f   t h e   l o c a l   o s c i l l a t o r  measured a f t e r   t h e  
beam s p l i t t e r .  The f r o n t  and back s u r f a c e   r e f l e c t e d  beams which 
i n t e r f e r e   t o   g i v e   t h i s   p a t t e r n  are i n d i c a t e d   i n   t h e  lower ha l f  of 
t h i s   f i g u r e .  A s u f f i c i e n t l y   l a r g e  wedge angle  w i l l  cause  the con- 
vented beam t o  m i s s  the   focuss ing   parabol ic   mir ror ,   e l imina t ing  
he terodyne   e f f ic iency   losses .  Wedge angle  = 30 arc-seconds. 
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Figure 4.- Heterodyne  signal losses due t o  cen t r a l   obscu ra t ion  
of   the   s igna l  beam. 
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HF SPEC’PRWlETERS FOR HETZRODYNE RECEIVERS 
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S p e c t r a l   l i n e   r e c e i v e r s   r e q u i r e  a s p e c t r o m e t e r  t o  d i v i d e  t h e  d e t e c t e d  
s i g n a l   i n t o  a number o f   h i g h   r e s o l u t i o n   c h a n n e l s  fo r  d i s p l a y   a n d   a n a l y s i s  
of  a. m o l e c u l a r   l i n e   p r o f i l e .   S e v e r a l   t y p e s  of s p e c t r o m e t e r s   h a v e   b e e n  
d e v e l o p e d   f o r   r a d i o   a s t r o n o m y   r e c e i v e r s   w h i c h   u t i l i z e  Hi? f i l t e r s ,  m u l t i p l e  
o s c i l l a t o r s  a n d   m i x e r s ,   d i g i t a l   a u t o - c o r r e l s t o r s   a n d   a . c o u s t o / o p t i c   d e v i c e s .  
I n   t h e   i n f r a r e d  t h e  h e t e r o d y n c   r e c e i v e r   p l a c e s   s e v e r e   r e q u i r c n e n t s   o n  t h e  
s p e c t r o x e t e r ,   p a r t i c u l a r l y  i f  i t  is t o  be  used w i t h  B b a l l o o n  o r  s p a c e  
f l i T h t  r e c e i v e r .  

H e t e r o d y n e   s p e c t r o s c o p y   b q a n  30 y e a r s  ago w i t h  t h e  d i s c o v e r y   o f   l i n e s  
d u e  t o  hydrogen  ( H I )  a n d   t h e n   h y d r o x y l  ( O H )  i n   v z r i o u s   y a l a c t i c  gas c l o u d s .  
T n e s e   e a r l y   r e c e i v e r s   o p p r a t e d   a t  L-bend (1-2 GHz) and  used  maser  and 
p a r a m e t r i c   s m p l i f i e r s  t o  a c h i e v e   h i g h   s e n s i t i v i t y .   S u b s e q u e n t   h i g h e r  
f r e q u e n c y   r e c e i v e r s   r e v e a l e d  a n u m b e r   o f   g e i a c t i c   m o l e c u l u   s p e c i e s   ( f i g u r e  
1 ) .  A c t i v i t y  was p a r t i c u l a r l y   i n t e n s e   i n  t h e  mm s p e c t r u m ,   l e a d i n g  t o  t h e  
d i s c o v e r y   o f   o v e r  50 i n t e r s t e l l z r   m o l e c u l e s .  The s p e c t r a l   l i n e s   o f   t h c s e  
m o l e c u l e s   c o n t i n u e   i n t o  t h e  f a r  i n f r a r e d  ( F I R )  where l i n e   i n t e n s i t i e s  
s h o u l d   i n c r e a s e .   I n   a d d i t i o n   t o  t h e  r o t a t i o n a l   l i n c s  shown i n   f i q u r e  1 
t he re  a r e   v i b r a t i o n 2 1   l i n e s   o f   m o l e c u l e s   i n  t h e  i n f r a r e d .  T h i s  is 
i l l u s t r a t e d   i n  t h e  e n e r g y   l e v e l   d i a g r a m   i n  f igure  2. R o t a t i o n 3 1   l i n e s   o f  
S i0  a r e  shown as  b a r s   w h i l e   v i b r a t i o n a l   l i n e s   a r e  shown a s  a r r o w s   m a r k e d  6 
and 4~ The r o t a t i o n q l   l e v c l   s e p a r a t i o n s  are e x a g g e r a t e d ,  be ing  
a p p r o x i m a t e l y  1000 times w e z k e r   t h a n  t h e  v i b r a t i o n a l   l e v e l s .  The  m o l e c u l a r  
spF.ctrum f o r   O r i o n   ( F i g u r e  2 )  shows a w i d t h  o f  50 km/s w i t n  a s p e c t r a l  
d e t a i l   r e q u i r i n g  a r e s o l u t i o n  o f  < 1 km/s. Hence t h e   s p e c t r o m e t e r   a u s t  be 
c a p a b l e  of p r o v i d i n g   s e v e r a l   h u n d r e d   c h a n n e l s  w i t h  ;-? t o t a l  bandwid th  
a p p r o a c h i n g  100 km/s. 

A b l o c k   d i a g r a m  of a t y p i c a l   h e t e r o d y n e   r e c e i v e r  is shown i n   f i g u r e  3 .  
For most r e c e i v e r s   i n  t h e  i n f r ; r r e d   t h e   p h a s e l o c k   s y s t e m  is g e n e r a l l y  a 
f r e q u e n c y   s t a b i l i z e r .  I F  a m p l i f i e r s   v a r y  from bandwid ths  of 100 PlHz t o  
s e v e r a l  GHz dcpend inq   on  t h e  l i n e  w i d t h s  e x p e c t e d .   G e n e r a l l y  t he re  i s  a 
t r a d e  of f  between low n o i s e  and wide  bandwidth.   The G a A s  FET a m p l i f i e r  is 
now wide ly   u sed   because  of i t s  lobi n o i s e ,  power 2nd w e i y h t  . 

The HF s p e c t r o m e t e r   h 2 s   b e e n   d e v e l o p e d   a t  GSFC t o  p r o v i d e   v i d e  
bandwid ths  ( >  1 GHz) as  well as h i g h   r e s o l u t i o n  ( 5  HHz). T h i s  is  
a c c o m p l i s h e d   b y   d i v i d i n g   t h e  128 c h a n n e l  f i l t e r  b m k   i n t o   h i g h  and low 
r e s o l u t i o n   s e c t i o n s .  Thc h i q h   r e s o l u t i o n   s e c t i o n  is L u n e a b l e   b y   p r o v i d i n g  
a second  mixer   ahead  of t h e  f i l t e r  bank. T h i s  is n e c e s s a r y   b e c a u s e  
i n f r a r e d   r e c e i v e r s   w h i c h   u s e  qas l asers  a s  l o c a l  o s c i l l a t o r s  a r e  o n l y  
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t u n e a b l e  t o  s p e c i f i c  l aser  f r e q u e n c i e s .  To compensa te  for as t ronomicz .1  
d o p p l e r  sh i f t s  and m o l e c u l e   f r e q u e n c y   d i f f e r e n c e s  a s e c o n d   l o c a l  o s c i l l a t o r  
a n d   n i x e r  is needed .  A d i a g r a m  of t h e  RF s e c t i o n  of t h e  f i l t e r  bank is 
shown i n   f i g u r e  4.  

l’his RF s p e c t r o m e t e r  was d e s i g n e d  for  a lop CO l a s e r   r e c e i v e r .  The 
mixer i s  a HgCdTe d i o d e  made  by D.  S p e a r s   ( L i n c o l n  f a b ) .  Ou tpu t  o f  t h e  
m i x e r  is u s e a b l e  t o  1 . 5  GHz and so t h e  low r e s o l u t i o n   s e c t i o n  of  t h e  f i l t e r  
bank   has  a bandwidth  of 1 .6  GHz and a r e s o l u t i o n  of 2 5  I4Hz. The h i p h  
r e s o l u t i o n   s e c t i o n   h a s  a bandwidth  of 320 MHz and a r e s o l u t i o n   o f  5 KHz. 
T u n e a b i l i t y  is p r o v i d e d   b y  a ba lanced   mixer   2nd  osc i l le tors  which   tune  from 
1.6  t o  3 .2  GHz. T h i s  allows the h i g h  r e s o l u t i o n   s e c t i o n  t o  be s e t  at; any  
p o i n t   w i t h i n  t h e  l o w   r e s o l u t i o n   s e c t i o n  where t h e   s p e c t r a l   f e a t u r e  is 
l o c a t e d .   T h i s  is i l l u s t r a t e d   i n   f i y u r e  5 which shows a n  atmosphgric 
a b s o r p t i o n   l i n e  of Ozone as s e e n   a q a i n s t   t h e  solar  cont inuum.  The l e f t  
hand  spectrum is t h e  low r e s o l u t i o n   s e c t i o n   r u n n i n g  from 0 t o  1 . 6  GHz w i t h  
r e s p e c t  t o  t h e  CO l a se r  f r e q u e n c y .  The h i g h   r e s o l u t i o n   s e c t i o n  on t h e  
r i g h t  is set  on t2e wiqs of t h e  l i n e   p r o f i l e  and shows a 320 MHz d e t a i l   o f  
t h e  w i n g   s h a p e .   I n  terms of v e l o c i t y  for a n   a s t r o n o m i c a l   s o u r c e ,  1 km/s is 
e q u a l   t o   1 0 0  MHz a t  a m v e l e n q t h   o f  lop. Hence t h e  f i l t e r  bank  bandwidth 
c o r r e s p o n d s  t o  5 1 6  km/s a n d   2 3 . 2  km/s a n d   t h e   r e s o l u t i o n  t o  0 .25  kn/s   and  
0.05 km/s for  t h c  two s e c t i o n s .  

The RF d i a g r a m   i n   f i g u r e  4 starts a t  t h e  o u t p u t  of t h e  HqCdTe mixer  
where t h e  RF s i g n a l  goes t h r u  a b ias  T and a low n o i s e   p r e a m p   l o c a t e d   c l o s e  
t o  t h e   m i x e r   d e w a r .  A v a r i a b l e   a t t e n u a t o r  is a t  t h e   i n p u t   t o  t h e  f i l t e r  
bank rack a n d   p r o v i d e s  a l e v e l  se t  as  well a s  a r e i n o t e l y   c o n t r o l  zero 
f u n c t i o n  for  r e c o r d i n g   t h e  DC c h a n n e l  o f f se t s .  The s i g n a l  is t h e n   s p l i t   i n  
h a l f  f o r  t h e  0-1  and 1-2 Gh‘z a m p l i f i e r   c h a i n s .  After b o o s t i n g   t n e   s i z n a l  
l e v e l  to  100 mw it is s p l i t  by power dividers and fed t o  t h e  individual 
f i l t e r  t r a y s   w h i c h   c o n t a i n  8 f i l t e r s  e a c h .   I n   a d d i t i o n   t h e  0.1-2 GHz 
s i g n a l  is  s p l i t   t o   d r i v e   t h e   b a l a n c e d   n i x e r   a n d  t h e  h i g h  r e s o l u t i o n  
a m p l i f i e r   c h a i n s .   V a r i o u s   b a n d p a s s  f i l ters  are  p r e s e n t   i n  t h e  h i g h  
r e s o l u t i o n   s e c t i o n   t o   p r e v e n t   a m p l i f i e r   s a t u r a t i o n .  The RF s i g n r l   f r o m  
e a c h  f i l t e r  is p a s a e d   t h r o u g h  a s q u a r e  l a w  d e t e c t o r  so t h a t  t h e  v o l t a s e  
o u t p u t  is p r o p o r t i o n a l . t o  t h e  power   i npu t .  A v a r i a b l e   g a i n  op amp b o o s t s  
t h e  s i g n a l   l e v e l   a n d   t h e n  t h e  i n d i v i d u a l   c h a n n e l   o u t p u t s  are  s e n t  t o  an  
i n t e g r a t o r / m u l t i p l e x e r   w h i c h   i n t e g r a t e s   a n d   c o n v e r t s  t h e  s i g n a l s   t o   1 2  b i t  
numbers  which are a c c u m u l a t e d   s e p a r a t e l y   a s   s i g n a l  ar.d r e f e r e n c e   i n  a. 32 
b i t  m m o r y .   F u r t h e r   s y n c h r o n o u s   d e t e c t i o n   a n d   s p e c t r a l   p r o c e s s i r , ?  are done  
by an  LSI-11 computer  o r  HP 9830 c a l c u l a t o r   c o n n e c t e d  t o  a T e k t r o n i x  
t e r m i n a l .  T h i s  p r o v i d e s   o n   l i n e   s p e c t r a l   a n a l y s i s   c a p a b i l i t y  for  immediate 
r e t r i e v a l  of m o l e c u l a r   l i n e   p r o f i l e s .  

A 64  c h a n n e l   f i l t e r b a n k  was  developed for  u s e   w i t h   l o p   a n d  5OOp 
r e c e i v e r s .  The l o p  c o n f i g u r a t i o n  i s  s i m i l a r  t o  t h e   f i l t e r b a n k  d e s c r i b e d  
p r e v i o u s l y .  The 5 0 0 p  s y s t e m   r e q u i r e s   n a r r o w e r   b a n d w i d t h s   s i n c e  t h e  d o p p l e r  
s h i f t ,  is 2 Mliz f o r  1 km/s. The b a n k   c o n t a i n s  a 5 MHz low r e s o l u t i o n  
s e c t i o n   a n d  a 1 MHz h i u h   r e s o l u t i o n   s e c t i o n   w h i c h  are b o t h   t u n e a b l e .  The 
RF s e c t i o n  of t h e  s p e c t r o m e t e r  is shown i n   f i g u r e   6 .  A t  t h e  i n p u t  t o  t h e  
f i l t e r  bank is a mixer d r i v e n   b y  two t r a n s i s t o r  o s c i l l a t , o r s  which  can be 
selected t o   a c q u i r e  ar,y RF f r equency   up  t o  5 GHz. F o l l o w i n g  this there is 
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an o p t i o m l   a m p l i f i e r   a n d  a v a r i a b l e   a t t e n u a t o r  t o  p r o v i d e   t h e  correct g a i n  
o r  a t t enua t ion  to  set  t h e   l e v e l  i n  t h e  f i l t e r  c h a n n e l s .  Two a m p l i f i e r s   a n d  
a f i l t e r  b o o s t   a n d   b n n d l i m i t  t he  s i g n a l   b e f o r e  it is s p l i t   i n t o   t h e   h i g h  
a n d  low reso lu t ion  p a t h s .  A t  t h i s  p o i n t   t h e   h i g h   r e s o l u t i o n   s i g n a l  is s e n t  
t h r u   a n o t h e r  mixer t o  down c o n v e r t  it t o  165 MHz. F i n a l   p o w e r   a m p l i f i e r s  
t h e n   d r i v e   t h e   i n d i v i d u a l  f i l t e r  t m y s  t h r o u g h  a p o w e r   s p l i t t e r .   T h e  rest 
of t h e   s y s t e r n  is similar t o  t h c  128 c h a n n e l  f i l t e r  bank.   The  64 c h a n n e l  
s p e c t r o m e t e r   h a s   b e e n   u s e d   w i t h  E lop d i o d e   l a s e r  receivei' ( r e f .  1 ) .  
F i g u r e  7 shows some 32 c h a n n e l   s p e c t r n  of e x c e s s   n o i s e  it? t h e  m i x e r   c a u s e d  
b y   n o i s e   s i d e b a n d s   a n d   m u l t i p l e   m o d e s   i n   t h e   d i o d e  l a se r  l o c a l  o s c i l l a t o r .  
The first t h r e e   ( a , b   a n d   c )  show b r o a d b a n d   n o i s e  w i t h  d i f f e r e n t   s p e c t r a l  
s h a p e s .   T h e   n e x t  two ( d  and  e )  show beats b e t w e e n   d i f f e r e n t  modes of t h e  
l aser .  T h e   n u m b e r s   i n s i d e  t h e  f i g u r e s   i n d i c a t e   t h e   r e d u c t i o n  f a c t o r s  w h i c h  
were u s e d   o n   t h e   s p e c t r a   ( a , d   a n d  e > .  The l a s t  s p e c t r a   s h o w s   t h e  noise  of 
t h e   p r e a m p  w h i c h  h a s  been subtracted from the  o ther  spectra.  T h e s e  
f i q u r e s   i l l u s t r a t e   t h e   p r o b l c m  of d e s i a n i n q  a s p e c t r o m e t e r   w h i c h  is a b l e  t o  
cope w i t h  t h e  large d y n a m i c   r a n g e   i n  t h e  n o i s e   a n d  its chanT;e i n   s p e c t r a l  
s h a p e ,   w h i c h  is  d e t e r m i n e d   b y  t h e  m i x e r  RF r e s p o n s e   a n d  t h e  n o i s e   p r o f i l e  
o f  t h e  local o s c i l l a t o r .  

The 5 / 1  KHz c o n f i g u r a t i o n  of t h e  f i l t e r b a n k  is s c h e d u l e d  t o  be   u sed  
w i t h  a 5 0 0 ~  r e c e i v e r  ( r e f .  2 ,  3 a n d  4 ) .  F o r   a n   a s t r o n o m i c a l   s p e c t r o s c o p y  
e x p e r i m e n t   a t  t h e  MASA ?in t e l e s c o p e  on FIauna Kea i n  ;.lay, 19d0. D e s p i t e   t h e  
l a r q e  a t m o s p h e r i c   a b s o r p t i o n  ( >  10 d b )   s e v e r a l   i n t e r s t e l l a r  o r  p l a n e t a r y  
m o l e c u l e s   s h o u l d   b e   d e t e c t e d .   T h i s  is t h e  f irst  major a s t r o n o m i c a l  
s p e c t r o s c o p y   e x p e r i m e n t   i n  t h e  500 m i c r o n   r e q i o n   a n   s h o u l d   q i v e   a n  
i n d i c a t i o n  of t h e  i n t e n s i t y ,   w i d t h   a n d   c o m p l e x i t y  o f  fa r  i n f r z r e d   m o l e c u l a r  
p r o f i l e s   o n  whicn t o  base f u t u r e   s p e c t r o m e t e r   d e s i z n s .  

The  RF s p e c t r o m e t e r  will c o n t i n u e  t o  p r o v i d e  t h e  b e s t  me?ns of 
a c h i w i n g   u l t r a - w i d e   b a n d w i d t h s  f o r  i n f r a r e d   h c t e r o t i y n e   r e c e i v e r s .  For 
h i g h  r e s o l u t i o n   w i t h  a l a r s e  n u m b e r   o f   c h a n n p l s ,  t h P  a c o u s t o / o p t i c a l  
s p e c t r o m e t e r  will be t h e  p r i n c i p l e   i n s t r u r n s n t ,   p a r t i c u l a r l y  f o r  b a l l o o n  o r  
sp.ace f l i g h t   a p p l i c a t i o n s  ( r e f .  5 ) .  
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ABSTRACT 

One of the  most  significant  developments  in  radio  astronomy has been 
the  recent  discovery of over 50 different  molecules in the  interstellar 
medium. These observations have changed  our  picture  of  the  distribution of 
mass  in the galaxy,  altered  our  understanding  of  the  process of star 
formation,  and has also  opened up  a new  and  lively  field of interstellar 
chemistry.  This  achievement  was made possible  not  only  by  the  development 
of sensitive heterodyne receivers (front-end)  in  the centimeter  and 
millimeter range, but also  by  the  construction of sensitive RF spectrometers 
(back-end)  which  enabled  the  spectral  lines of molecules to  be detected  and 
identified.  Traditionally  spectrometers have been  constructed as banks of 
discrete  adjacently  tuned RF filters or  as  digital  auto-correlators. 
However, a new  technique  combining  acoustic  bending of a collimated  coherent 
light  beam by a Bragg cell  followed  by  detection by a sensitive  array of 
photodetectors (thus forming an RF  acousto-optic  spectrometer (AOS)) promises 
to have distinct  advantages  over  older  spectrometer  technology. An AOS 
has wide  bandwidth,  large  number  of  channels,  high  resolution,  and is 
compact,  lightweight,  and  energy  efficient. These factors become very 
important as.heterodyne receivers are developed  into  the  submillimeter,  far 
infrared, and 10 micron spectral  ranges  and  as  more  observations  are 
performed  from  remote, airborne, or spaceborne  platforms. 

We give a short  description  and  report of existing  AOS  back-ends  in 
Australia and Japan but  will  concentrate on our  recent construction of  a 
proto-type  AOS at Goddard  Space  Flight  Center.  The  GSFC  AOS  uses a 
discrete  bulk  acoustic wave Itek Bragg cell, 5 mW Helium-Neon laser,  and a 
1024 element  Reticon CCPD array. The analog  signals  from the photodiode 
array  are  digitized,  added  and  stored in a very high-speed custom  built 
multiplexer board  which  allows  us to perform  synchronous  detection of weak 
signals.  The  experiment is controlled  and the data is displayed  and  stored 
with an L S I - I 1  microcomputer  system  with  dual  floppy  disks. We will  report 
the  performance of the GSFC  AOS  obtained  from  our  initial  tests. 

We also  will give a description of  an integrated  SAW  Bragg  cell  which 
will miniaturize a complete  AOS  system  into a 2.5 X 7.6-cm (1 X 3-in) package. 

*This work is sponsored by Goddard  Space  Flight Center Director's 
- - . . ~~ . " ~- 

7iscretionary  Fund  for FY1979 and  FY1980. 



INTRODUCTION 

A recent  compilation of observed  interstellar molecules' lists  forty- 
six molecular species  with  close to 600 different  observed  transitions.  The 
actual  number o f  observed  molecules is now over fifty  with  this  figure 
constantly  increasing.  Observed  molecular  lines  range in frequency  from 
1 to N 345 GHz. A variety of receiver  front-ends  are  needed to cover  this 
extremely  broad  frequency  spectrum 2 . Below 20 GHz the  signals  may  be 
amplified  directly by transistor,  parametric, or maser  amplifiers. These 
receiver  systems  range  in  system  temperature  from 50K for the 20 GHz 
ruby-maser receiver to 4 O O K  for the 50 MHz transistor  receivers. Above 
20 GHz,  the  lack of suitable  pre-amplifiers  forces  the  signal to  be  mixed 
(heterodyne)  with a local  oscillator (LO)  and  the  intermediate  frequency 
(IF) amplified by a low noise system. Heterodyne receivers in the 80-120 
GHe range have achieved  system  temperatures of 500-1000K single  side band 
(SSB)  per  channel by efficiently  coupling  signal  and LO into cooled 
Schottky  diode mixers followed by cooled  parametric  amplifiers. A room 
temperature heterodyne mixer  receiver  in the 130-170 GHz range has a system 
temperature  of 2000K SSB  while a bolometer  receiver  operating in the 250 
GHz range has a system  temperature of 30000K.  Recently heterod e tech- 
niques have been  employed in the  10pm  infrared  band, i.e. 3x101'Hz, using 
broad  band  infrared  detectors as photo-mixer  and l o p  CO2 laser  as  local 
oscillator . Work has been  done on Josephson mixer  receivers  for 115 GHz 
and  for higher frequencies 4 . 

3 

The thrust of receiver  development is towards  high  frequency  heterodyne 
systems  particularly in the millimeter, submillimeter, far  infrared,  and 
10pm  spectral  ranges.  The  motivation for this  development  comes  from the 
need  to  determine  the  chemical  composition of the interstellar  medium  and 
to achieve a thorough  understanding of the  excitation of interstellar 
molecules.  The  most  important  constituent of the  interstellar  medium  after 
molecular hydrogen i s  carbon monoxide (CO) which  has  its  rotational 
transitions at 115.3, 230.5,  345.8 GHz, etc., while hydroxyl (OH), an 
equally  important  constituent, has its ground-state rotational  transition 
at 2508 GHz.  In general,  the  lighter  the molecule, the higher its ground- 
state  transitions which  fall  often  above currently accessible  receiver 
ranges. 

The LO, LO coupler, and  mixer  present  difficult  challenges  as  the  range 
of the receiver is extended  towards higher frequencies.  Klystrons  which are 
already  expensive  and  short-lived  in the 3 millimeter  range  become 
impractical at shorter  wavelengths  forcing  development of frequency  doubling 
or  tripling mixers utilizing  cheaper and.more robust  lower  frequency LOs. 
In the lOpm band COP gas  laser-heterodyne systems, with  its  various 
isotopic  mixtures, can cover  only  about LO% of the spectral band due to  the 
limited  tunability of the  gas  laser  transition  and  limited  bandwidth 
response of mixers. Work is presently  underway  in  this  laboratory t o  
construct a diode  heterodyne  system  which will have a 2pm continuously 
tunable range. R F  tuned  cavity LO couplers  which work well in the 3 
millimeter  wavelength  become highly lossy in the  millimeter  range  forcing 
development of quasi-optical  techniques to combine  signal and Lo efficiently 
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to the mixer. Mixer development  is  also  continuing to extend usable range 
of mixers into  the  far  infrared  and  lOpm  bands. 

Common to all heterodyne systems is a RF spectrometer (back-end) which 
recovers the power spectrum of the signal  from  the IF. Traditionally  the 
spectrometer  is a bank of discrete  adjacently  tuned RF filters or a digital 
auto-correlator.  Most  radio  telescopes have 256 or 512 channels at 1 MHz 
or 0.25 MHz resolution. Heterodyne receivers in the millimeter,  submilli- 
meter, or far  infrared will be operated  from  remote  mountain,  airborne, 
balloon-borne, or spaceborne  platforms to avoid  the severe atmospheric 
attenuation in  the 2Opm to 1 mm range. This  will  place  severe  demands of 
size, weight,  and  energy  usage on the  back-end which RF filters  may not be 
able to satisfy. A feasibility  study of placing a submillimeter  telescope 
on the  space  shuttle has been made at  JPL5. A recent  study of a lOpm 
heterodyne receiver on the Upper Atmospheric  Research  satellite shows 
that a 20-channel filter  bank requires -25% of the volume, -33% of the weight, 
and -30% of the  power of the  total  instrument. A back-end  using  RF  filters 
which can provide  bandwidth  and  resolution  coverage  comparable to ground- 
based installations  will  prove  prohibitive with respect to volume, weight, 
and  power  requirements  in  any  free  flying  spaceborne  experiment. 

ACOUSTO-OPTIC  SPECTROMETER (AOS) 

Recent  developments in acousto-optic  techniques  and  in  photodetector 
arrays have made feasible a new  type  of RF spectrometer 7 7 8  offering the 
advantages of wide  bandwidth,  high  resolution,  large  number of channels  in 
compact, lightweight,  energy  efficient, and relatively low cost systems. 
Such a system  employs an acousto-optic  diffraction  cell  which  serves the 
key role of converting RF signals to ultrasonic  traveling-waves  modulating 
the optical  index of the  cell. The cell is  illuminated  across  its  aperture 
by a monochromatic  laser beam. A fraction of the  light is diffracted by 
the  acoustic waves; the  angle of diffraction is determined by  the  frequency 
while  the  intensity of the  diffracted  light is proportional to the  power 
of the  input RF signal.  (The  major  portion of  the  laser  beam at zero order 
passes  through  the  cell  undeflected.) A focusing  lens  follows  the  cell 
and essentially  performs a Fourier  transform  of  the RF signal  into a far- 
field  intensity pattern. The output  intensity  distribution is typically 
received by a linear  array of photodetectors  whose  output  is  the RF power 
spectrum  we seek. The advantages of an AOS are due to the simplicity 
arising  from the small  number of components  needed to build up the  system. 

Currently  there is intense  commercial  interest in applying  acousto- 
optic  techniques to electronic warfare (EW) electronic  countermeasures 
(ECM) and  electronic  support  systems (ESM)g~lo which  is  spurring  rapid 
technical  advancements in the  field. The Air Force and Navy,  in a joint 
effort,  are  funding  research  at GTE-Sylvania, ATI-Itek, ESL, Teledyne-MEC, 
and Rockwell  International in bulk  Bragg cell AOS  components.  One  benefit 
from  this  research is the  commercial  availability of 1 GHz bandwidth, 
1 MHz resolution  Bragg cells. The Air Force and  the  Navy have also  funded 
Hughes Research  and Westinghouse in an effort to further  miniaturize an 
acousto-optic  system by integrating  all its components on a single 



subs t r a t e .   These   r ecen t   deve lopmen t s   have  made a c o u s t o - o p t i c   t e c h n i q u e s  
i n c r e a s i n g l y   a t t r a c t i v e   f o r   u s e  i n  a s t r o n o m i c a l   a p p l i c a t i o n s .  

Radio  Astronomy 

Commonwealth S c i e n c e   a n d   I n d u s t r y   R e s e a r c h   O r g a n i z a t i o n  (CSIRO) i n   A u s t r a -  
l i a  a n d   t h e  Tokyo   As t ronomica l   Obse rva to ry   i n   J apan   have   t aken   t he   l ead   i n   u s ing  
a c o u s t o - o p t i c   t e c h n i q u e s   i n   a s t r o n o m i c a l   a p p l i c a t i o n s .   T h e   f i r s t  pract ical  
d e v i c e  was s u c c e s s f u l l y  made a t  CSIRO f o r   o b t a i n i n g   d y n a m i c a l   s p e c t r o g r a p h s   o f  
s o l a r   r a d i o   e m i s s i o n l 1 , l 2   u s i n g  a Data L i g h t  SLM 100 qua r t z   modu la to r   w i th  
L iNb03   t r ansduce r .   Th i s   i n s t rumen t   has  a bandwidth  of 100 MHz cen te red   on  
150 MHz a l t h o u g h   t h e   p e r f o r m a n c e   o f   t h e   m o d u l a t o r  w a s  a c t u a l l y  less. The  out- 
pu t   o f   t he   modu la to r  is d e t e c t e d   b y  a 512 element R e t i c o n   a r r a y   ( m 5 1 2 c / 1 2 ) ,  
c o r r e c t e d   b y  a min icompute r ,   and   subsequen t ly   s to red   on   pho tograph ic  f i l m .  The 
in s t rumen t   p rov ided  time r e s o l u t i o n   o f  0.06 sec. 

C S I R O  h a s   a l s o   c o n s t r u c t e d   p r o t o t y p e  A 0  b a c k - e n d s   f o r   s p e c t r a l  l i ne  obser-  
v a t i o n s   o n   t h e   P a r k e s   r a d i o  t e l e ~ c o p e ~ ~ r ~ ~ .  T y p i c a l   g a l a c t i c   m o l e c u l a r  l ines  
a r e   v e r y  weak compared t o   r e c e i v e r   n o i s e   f i g u r e s ;   e . g .  1 K s i g n a l s   o n   t o p  
o f  -1OOOK r e c e i v e r   n o i s e .  The s t a n d a r d   a p p r o a c h   t o   r e c o v e r   t h e  weak 
s p e c t r a l   l i n e   s i g n a l   f r o m   t h e   r e c e i v e r   n o i s e  i s  t o   s u b t r a c t  a background 
when t h e   t e l e s c o p e  i s  p o i n t e d   o f f   s o u r c e   f r o m   t h e   r e c e i v e r   o u t p u t  when t h e  
t e l e s c o p e  i s  p o i n t e d   o n   s o u r c e   ( o r  some o t h e r   f o r m  o f  Dicke   swi tch ing) .  The 
C S I R O  backends  used  both a qua r t z   and  a water -medium  modula tor   to   recover  
t h e   g a l a c t i c  OH m a s e r   s p e c t r a   o n   t h e   P a r k e s   t e l e s c o p e .  The qua r t z   modu la to r  
sys t em  ob ta ined  80 MHz bandwidth a t  200 kHz r e s o l u t i o n ,   w h i l e   t h e  water 
m o d u l a t o r   a c h i e v e d   a n   e f f e c t i v e   r e s o l u t i o n   o f  20 kHz and a bandwidth  of  1.5 
MHz. The background   sub t r ac t ion  was performed  by a minicomputer  system 
w i t h   g a i n   v a r i a t i o n s  removed  by  observat ion of a broadband  no ise   source .  

The radio  as t ronomy  group i n  J a p a n   h a s   c h o s e n   t o   b y p a s s   t h e   t r a d i t i o n a l  
RF f i l t e r  a n d   a u t o - c o r r e l a t o r   b a c k e n d s   i n   f a v o r   o f   t h e   a c o u s t o - o p t i c  
t e c h n i q u e s   f o r   t h e  6-m mill imeter wave t e l e s c o p e  a t  t h e  Tokyo Astronomical  
0 b s e r v a t o r y l 5 .  They h a v e   c o n s t r u c t e d   t h e i r  own Bragg  modulators  from  bonding 
a c ross -cu t   L iNb03   t r ansduce r   on  a Te02 c r y s t a l  (2-cm l e n g t h )   w i t h  a Pb 
acous t i c   a t t enua to r   bonded   on   t he   o the r   end .  The B r a g g   c e l l  i s  i l l u m i n a t e d  
by a 5 mW HeNe laser a n d   t h e   o u t p u t  i s  d e t e c t e d   b y  a 256-element   Ret icon 
p h o t o d e t e c t o r   a r r a y  (RL256C/17). The achieved  RF bandwidth was 10.4 MHz 
a t  40.7 kHz r e s o l u t i o n .  The image i s  i n t e g r a t e d   o n   t h e   R e t i c o n   f o r  40 m s  
i n   c o n j u n c t i o n   w i t h  2 sec   cyc le   chopping   wheel .  The o u t p u t  is  d i g i t i z e d ,  
s t o r e d ,   a n d   c a l i b r a t e d   b y  a min icompute r   sys t em.   The i r   r epor t ed   spec t r a  
showed 5K S i 0  maser   emiss ion   a t   86 .2  GHz ( v = l ,  J=2 + 1) from  the   evolved  
v a r i a b l e  s tar  Mira ( 0  C e t i )   a f t e r  5 - 6   h o u r s   i n t e g r a t i o n   w i t h  a SSB r e c e i v e r  
tempera ture   o f  3500K. 

P r o t o t y p e  AOS a t  GSFC 

Al though   t he re  i s  extensive  commercial   development  i n  A 0  t e c h n i q u e s  
i n   t h i s   c o u n t r y ,  a l l  o f   t h e   a p p l i c a t i o n s   a r e   g e a r e d   t o w a r d s   m i l i t a r y   n e e d s .  
A t ho rough   eva lua t ion   o f  A 0  t e c h n i q u e s   f o r   a s t r o n o m i c a l   u s e  is  i n   o r d e r ,  
e s p e c i a l l y   s i n c e   t h e   t h r u s t   i n   r e c e i v e r   d e v e l o p m e n t s  i s  t o   h i g h e r   f r e q u e n c y  



and  wider  bandwidth  and  because of encouraging  reports of successful A0 
back-ends in Australia  and  Japan. 

The GSFC prototype  AOS  uses  a  discrete  bulk  acoustic wave Itek/Applied 
Technology  Bragg  cell  with 300 MHz bandwidth  (specified) 0.67 MHz resolution 
(-500 resolution elements), 5 mW Spectrophysics  Model 120 helium-neon laser, 
and  a  1024-element Reticon CCPD array. The system is. mounted on stainless 
steel  and  anodized  aluminum optical assembled  bench  components from Klinger 
Scientific (see figure 1). 

The length of the  stainless-steel  rods is 1 meter, and  although  the 
optical  layout is fairly compact, no attempt  was  made to optimize the unit 
for size. The  laser is located on the  bottom of a  two  tier construction, 
with  the  beam  directed  to  the upper level by guiding  mirrors.  A  beam 
expander (16X)  is placed in front of the Itek Bragg  cell  with  the  cell 
mounted on X-Z position  translators. An aberration-minimized  bi-convex  lens 
80 m diameter  with  a 47 cm focal  length  follows  the  Bragg  cell.  The 
diffracted  light  is then guided  downward  by  a  flat mirror, and  the  output 
light is detected by a 1024 element CCPD Reticon  array  mounted on precision 
rotation and tyanslation stages. The interlocking construction of the 
Klinger  assembly  gives the system  very  good rigidity, and once the optical 
path has been aligned  retains  its  alignment  even  after  movement of the 
assembly  as  a unit.  Although no attempt has been  made to temperature  control 
the assembly,  the  AOS  appear to drift  less  than 1 channel  over  a  24-hour 
period. 

The  Itek/Applied Technology Bragg  cell is made  from  a  1 cm optical 
aperture LiNb03 crystal  with  a  specified 300 MHz bandwidth  centered  at 450 
MHz. The  interaction  time is  -1.51~1~  with a  time-bandwidth  factor of d50. 
The  diffraction  efficiency of the  cell is reported to be  7%/watt of RF power. 
The deflection  angle  as  a  function of frequency is given by 

a e = A  L 6328~10-~(cm) 
Af v  5 - 9 . 6 ~ 1 0 ~ ~  rad/MHz 

s 6.57~10 (cm/s) 

where vS  the  speed of sound in LiNb03. The resolution is given by 

and 

b e = = $ = -  .6328~10-~(cm) 
1 (cm) 

- 6.328~10-~ rad 

bf = - A0 6f 6 8  657 kHz 

This  is  consistent  with  the time bandwidth  product: 
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The 1024-element  Reticon CCPD a r r a y   h a s  15pm c e n t e r   t o   c e n t e r .   I n  
o r d e r   t o  match the   de t ec to r   e l emen t   t o   t he   f r equency   r e so lved   l i gh t   spo t  
(using 2 d e t e c t o r   e l e m e n t s / r e s o l u t i o n   u n i t ) ,  

F = - -  A - 30 x IOm6 m ~ o o 4 7  
e 6 . 3 2 8 ~ 1 0 - ~  

where F i s  the   foca l   l eng th   o f   t he   Four i e r   t r ans fo rm  l ens ,  and A i s  the  2 
element   spacing  of   the  Ret icon  array.  We w i l l  see t h a t   t h e   a c t u a l   d e f l e c t i o n  
f o r   t h e  Bragg ce l l   appea r s   l a rge r   and   t ha t   t he   Re t i con   a r r ay  i s  over 
i l luminated  with a 47-cm foca l   l ength   l ens .  

A cus tom-bui l t   mul t iDlexer   un i t   cont ro ls   the   opera t ion   of   the  AOS by 
c o n t r o l l i n g   t h e   r e a d o u t ,   d i g i t i z a t i o n ,  and s torage   o f   the   in tegra ted   spec t rum 
( see   f i gu re   2 ) .  Two 1024x32 b i t   b u f f e r  memories a re   necessa ry  so t h a t   s i g n a l  
and  reference  can b e  s u b t r a c t e d   t o   r e t r i e v e  small s i g n a l s  by synchronous 
de t ec t ion .  The mul t ip l exe r  i s  i n t e r f a c e d   t o  a LSI -11  microcomputer  system 
where  scans are ca l ibra ted   and   d i sp layed   on   Tekt ronix   t e rmina l   and   s tored   on  
dua l -dens i ty   f loppy  d i sks .  

The Re t i con   a r r ay  i s  read  out   every  15 m s  with  each  1024  photodetector 
e l emen t   t r ans fe r r ed   i n   pa ra l l e l   t o   on -ch ip   bu f fe r s   t hen   r ead   ou t   s equen t i a l ly .  
The ana log   s igna ls   f rom  the   a r ray  are d i g i t i z e d   t o   1 0 - b i t   a c c u r a c y  and  added t o  
32-b i t  memory.  The s tandard  CCPD evalua t ion   board  was used   to   p rovide   the  
four -phase   c locking   to   the   de tec tor   ch ip   wi th  a pr imary  c lock  s ignal   f rom 
t h e   m u l t i p l e x e r   u n i t .  The mul t ip l exe r  i s  des igned   t o   run  a t  a maximum r a t e  
of 1 MHz, i . e .  1 p s e c   t o   d i g i t i z e  and t o   a d d   t o  memory, provid ing  -1msec 
i n t e g r a t i o n  on t h e   d e t e c t o r   c h i p .  We hope to   run   exper iments   vary ing   the  
pho tode tec to r   i n t eg ra t ion   pe r iod  from 1 t o  20  msec to   eva lua te   the   per formance  
o f   t h e   d e t e c t o r   c h i p  a t  d i f f e r e n t   r e a d   o u t   r a t e s .  A balanced set of s i g n a l  
and re ference  must  be  obtained  and  usually a mul t ip l e   o f  -40 s e c s   t o t a l  
i n t eg ra t ion   t ime ,  20 s e c  on s i g n a l ,  20 s e c  on r e fe rence ,  i s  used i n  conjunc- 
t i on   w i th   15  msec Re t i con   i n t eg ra t ion  and  readout. 

Bandwidth  and  Frequency  Linearity 

F igure  3 shows the   d i rec t   readout   o f   the   1024-e lement   Ret icon   a r ray .  
The AOS was opera ted   wi thout  a l i g h t  box a t  o rd ina ry  room i l l umina t ion .  T h e  
lower   t race  shows t h e   d e t e c t o r   r e a d o u t   a f t e r  20 s e c   i n t e g r a t i o n  a t  ambient 
l i g h t   l e v e l .  The two sp ikes  are defec ts   on   the   g lass   cover ing   the   de tec tors .  
The upper  curve shows the  spectrometer  response  to  broadband  noise (300K/ 
500   t e rmina to r   a f t e r  120 dB gain)  and i s  the   response   o f   the   Ret icon   a r ray  
t o   t h e   d i f f r a c t e d   l a s e r  beam. The h o r i z o n t a l   t i c  marks i n d i c a t e  256  channel 
d i v i s i o n s  and t h e  450 MHz mark i s  a t  t h e   c e n t e r   p o s i t i o n   o f   t h i s   s c a n .  A 
frequency comb w i t h   s i g n a l s   s t a r t i n g  a t  300 MHz sepa ra t ed  by 25 MHz each 
(we c o u l d   n o t   c o v e r   t h e   f u l l  300 MHz r a n g e   o f   t h e   c e l l  due to   f requency  
l i m i t a t i o n   o f   o u r   s i g n a l   g e n e r a t o r  and the   over   i l lumina t ion   of   the   Ret icon  
a r r ay )  was used  to   produce  Figure 4 ,  which   graphica l ly   d i sp lays   the   f requency  
as a funct ion  of   channel  number ( the   unce r t a in ty   i n   bo th   channe l  number and 
frequency  are  smaller than   t he   s i ze   o f   t he   do t s ) .   F igu re  4 shows t h a t   t h e  
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AOS i s  ve ry   l i nea r   w i th   f r equency   a l though   t he   de f l ec t ion  i s  g r e a t e r   t h a n  
what i s  c a l c u l a t e d  by equat ion  1. The Ret icon   a r ray   covers   -235  MHz range 
r a t h e r   t h a n   t h e  300 MHz implied by us ing  a lens   with a foca l   l ength   g iven  by 
equat ion  5. We a l s o   s e e  from  Figure 3 t h a t   t h e  3 dB b a n d w i d t h   f o r   t h i s  
I t e k  Bragg c e l l  i s  c l o s e r   t o  150 MHz than   t he   r epor t ed  300 MHz. The response 
of   the   spec t rometer  a t  300 MHz bandwidth  appears  to  be down by a t  least  8 dB. 

S e n s i t i v i t y  

The A 0  spectrometer  i s  a ve ry   s ens i t i ve   dev ice  i n  d e t e c t i n g  weak 
s i g n a l s .  We s imula ted   observa t ion   of  a s p e c t r a l   l i n e  by using  the  chopper  
square wave dr ive  f rom  the  mult iplexer   to   ampli tude  modulate  a 450 MHz 
-30 dBm s i g n a l   t o   t h e  Bragg c e l l  from t h e   s i g n a l   g e n e r a t o r  (we achieved 
-70% AM). The unmodulated  signal i s  s t o r e d   i n   t h e   s i g n a l  memory whi le   the  
modulated  signal i s  s to red  i n  the   r e f e rence  memory. F igure  5 shows t h e  
d i f fe rence   be tween  s igna l   and   re ference   a f te r  40 s e c .   t o t a l   i n t e g r a t i o n  
(20 sec   on   s igna l   p lus  20 sec   on   r e fe rence ) .  We g e t  a s i g n a l   t o   n o i s e   o f  
be t t e r   t han   50 :1 ,   bu t  more important ly   the  noise   spectrum away from t h e  
s i g n a l  i s  f l a t   w i thou t   any   sys t ema t i c   pa t t e rn .  We have  used  the AOS t o  
d e t e c t  a -40 dBm s i g n a l   t o   t h e  Bragg c e l l  by in t eg ra t ing   ove r   24   h r s  
ach iev ing   be t t e r   t han  30:l s i g n a l   t o   n o i s e ,  and aga in   wi th  no sys temat ic  
e r r o r s   o v e r   t h e  1024  channels .   Using  this   synchronous  detect ion mode t h e  
dynamic  range  of  the AOS i s  b e t t e r   t h a n  -40 dB. 

The response  of   the AOS t o  a given RF s i g n a l  i s  given by 

v = G . I .  + Z i i ( 6 )  1 1  

where  vi i s  the   ou tput   vo l tage  a t  t he   i - t h   channe l ,  Gi i s  the   i - t h   channe l  
ga in  of  the   sys tem  (Bragg   ce l l ,   ampl i f ie r ,  and d e t e c t o r   a r r a y   g a i n s ) ,  I i  i s  
t h e  RF i npu t   s igna l ,  and Z i  i s  the   zero   o f fse t   o f   the   i - th   channel   (Ret icon  
z e r o - t h   l e v e l ,   a m b i e n t   l i g h t ,   a n d   l a s e r   s c a t t e r e d   l i g h t ) .  The sys temat ic  
ga ins   o f   the  AOS may be  removed  by fo rming   t he   r a t io  

S i  - Ri 

Rk 'i 

where si 

Ri 

- G.I. ( s i g n a l )  + Zi  

= G . I .  ( r e f e rence )  + Z 
1 1  

1 1  i 

The difference  between  the  upper   and  lower  curves   in   Figure 3 gives  essen-  
t i a l l y   t h e   r e s u l t   f o r  R i  - Zi  over  the  1024  channels.  The RMS no i se   o f  
equat ion  7 should  give  us  
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where B i s  the   bandwidth   o f   the   measurements   and  7: i s  t h e   i n t e g r a t i o n  time. 
F i g u r e  6 d i s p l a y s   g r a p h i c a l l y   t h e   e x p e c t e d  ~ / ( B T )  f o r  B = 333 kHz a t  40 sec 
7 i n c r e m e n t s   f o r   t h e   u p p e r   s o l i d   c u r v e   a n d   f o r   t h e   l o w e r   s o l i d   c u r v e ,  B = 3.3 
MHz a t  40 sec T increments .   Measured  values  a t  40 sec i n t e g r a t i o n  time 
inc remen t s   a r e   g iven   by   po in t s   su r . rounded   by   boxes .  We see t h a t   t h e   m e a s u r e d  
n o i s e   o f   t h e  AOS f o l l o w s   t h e  1/7ll2 law v e r y  well f o r   o v e r   t h e  2000 sec 
(33 m i n u t e )   p e r i o d   o f   t h e   m e a s u r e m e n t .   T h i s   i n d i c a t e s   t h a t   t h e r e  i s  no 
c o r r e l a t e d   n o i s e   s o u r c e   a s s o c i a t e d   w i t h   t h e   i n s t r u m e n t .  The AOS n o i s e   s h o u l d  
fo l low  the   upper   curve ,   which  i t  d o e s   n o t .   B u t   t h i s  i s  n o t   t o   s a y   t h a t   t h e  
f r e q u e n c y   r e s o l u t i o n   o f   t h e  AOS i s  3 MHz. The  lower  scale   of   measured 
p o i n t s  i s  due t o   u n c e r t a i n t y   i n   m e a s u r i n g  R-Z,  and i s  c a u s e d   b y   f l u c t u a t i n g  
a m b i e n t   l i g h t   l e v e l s   a n d   s l o w  d r i f t s  i n   R e t i c o n   z e r o   l e v e l s .  The impor tan t  
r e s u l t   o f   t h i s   m e a s u r e m e n t  i s  t h a t   t h e   p r o t o t y p e   s y s t e m   h a s   n o   i n d i c a t i o n   o f  
c o r r e l a t e d   n o i s e   w h i c h  l imits  t h e   l e n g t h   o f   i e t e g r a t i o n .  However, we have 
n o t   y e t   e s t a b l i s h e d   t h e   s c a l e   o f   t h e   n o i s e   l e v e l .  

SUMMARY 

The p r e l i m i n a r y   r e s u l t s   o f  t e s t s  w i t h   t h e  GSFC AOS are encouraging.  
We h a v e   d e t e r m i n e d   t h a t   t h e   i n s t r u m e n t  i s  l i n e a r  i n  f r equency ,   has   h igh  
dynamic  range, i s  s e n s i t i v e   i n   r e t r i e v i n g  weak s i g n a l s ,   a n d   h a s   n o   c o r r e l a t e d  
noise   which limits i n t e g r a t i o n  t ime. However, we n o t e   t h a t   t h e   b a n d w i d t h   o f  
t h e   I t e k   B r a g g   c e l l  i s  n o t   a s   w i d e   a s   a d v e r t i s e d  (- 1/2 t o  2/3 o f  t h e  300 MHz 
s p e c i f i e d   w i d t h ) ,   b u t   t h i s  i s  n o t   a n   i n t r i n s i c   l i m i t a t i o n   t o   t h i s   t e c h n i q u e  
s i n c e ,   h o p e f u l l y ,   t h e r e   a r e   B r a g g   c e l l s   w h i c h   d o  meet t h e i r   s p e c i f i c a t i o n .  
A t  t h i s   p o i n t  we a re  r e a d y   t o  move t h e   i n s t r u m e n t   t o   a n   e x i s t i n g   r a d i o  
t e l e s c o p e   t o   p e r f o r m   a c t u a l   o b s e r v a t i o n s .  

Future  Developments 

We are  p l a n n i n g   t o  t e s t  a 1 GHz bandwidth 1 MHz r e s o l u t i o n   I t e k   B r a g g  
c e l l   o n   t h e   e x i s t i n g   o p t i c a l   s e t u p .  The on ly   change   necessa ry  i s  t o   o b t a i n  
a F o u r i e r   t r a n s f o r m   l e n s   w h i c h  w i l l  match   the  1 MHz r e s o l u t i o n   l i g h t   s p o t  
t o   t h e  15pm R e t i c o n   d e t e c t o r   e l e m e n t s .  

A more exc i t ing   deve lopment  i s  t h e   p o s s i b i l i t y   o f   u s i n g   i n t e g r a t e d  
o p t i c s   t o   m i n i a t u r i z e  a complete  AOS system  on a s i n g l e   s u b s t r a t e   o f  LiNb03 
wi th   d imens ions   o f  1 i n  x 3 i n .   T h i s   c o n c e p t   i n v o l v e s   u s i n g   s u r f a c e  
acoustic  waves (SAW) t o   d i f f r a c t  a l a s e r  beam t r a v e l i n g   i n  a single-mode 
wave gu ide   fo rmed   by   i nd i f fus ing  T i  on a LiNb03 s u b s t r a t e 1 6 .  The l a s e r  
s o u r c e  i s  a G a A s  d i o d e  l a se r  i n   t h e   n e a r   i n f r a r e d   b u t t   c o u p l e d   t o   o n e   e n d  
o f   t h e   s u b s t r a t e ,   w h i l e   t h e   p h o t o d e t e c t o r s   w o u l d   b e   b u t t - c o u p l e d   t o   t h e  
o the r   end .  Two geodes i c   l enses   fo rm  concave   a sphe r i c   su r f aces   wh ich  are 
d i f f r a c t i o n   l i m i t e d   l e n s e s   t o   c o l l i m a t e   a n d   f o c u s   t h e  laser  beam. We h o p e   t o  
a c q u i r e  a h y b r i d   i n t e g r a t i o n  AOS i n   t h e   n e a r   f u t u r e   f o r   e v a l u a t i o n   f r o m  
Wes t inghouse   Ba l t imore .   In   p l ace   o f   t he  GasAs d i o d e  laser  w e  w i l l  e n d - f i r e  
couple   an H e N e  laser as a f i r s t   p h a s e   p r o j e c t .  We w i l l  e v a l u a t e   a n d  t e s t  a 
c o m p l e t e l y   i n t e g r a t e d   u n i t   f o r   t h e   s e c o n d   p h a s e .   T h e   i n t e g r a t e d  AOS w i l l  
have 400 MHz bandwidth  with 100 c h a n n e l s  a t  4 MHz r e s o l u t i o n .  
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Figure 1.- GSFC acousto-optic  spectrometer mounted on stainless s t e e l  and 
anodized aluminum o p t i c a l  bench. HeNe l a s e r  is located on lower l e v e l  
and beam i s  d i rec ted  t o  upper l e v e l  where I t e k  Bragg c e l l  is  located. 
The 1024 CCPD Reticon  array is  mounted on r i g h t .  
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Figure 2.- Block  diagram for  the  high  speed AOS multiplexer.  
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Figure  3.- Output of t h e  1024 channel  AOS. Vertical scale i n  a r b i t r a r y   u n i t s ;  
~ 

h o r i z o n t a l  scale ind ica t e s   channe l .  Lower curve i s  output   with  broad-  
band n o i s e  off while  upper  curve shows tbe   bandpass  of t h e  AOS. Spikes  
are f a u l t s  on t h e   g l a s s   c o v e r  of t h e   p h o t o d e t e c t o r s .  

Figure 4.- F r e q u e n c y   l i n e a r i t y  of t h e  AOS. 
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Figure 5.-   Simulated  observations of 450 MHz s p e c t r a l   l i n e   w i t h   t h e  AOS. 
The  -30 dBm s i g n a l  w a s  o b s e r v e d   a f t e r  40 sec i n t e g r a t i o n .  Vertical  
s c a l e   i n   a r b i t r a r y   u n i t s ;   h o r i z o n t a l   s c a l e   i n d i c a t e s   c h a n n e l .  

\ 
n. IOOOI:-OJ 

0.2000E-03 

Figure  6.- RMS no i se  of t h e  AOS f a l l i n g  as l / ~ " ~  (T = 40 sec increments)  - 
Sol id   curves   cor respond  to  B = 333 kHz (upper) , and B = 3.3 MHz 
(lower).   Observed  values are points   surrounded by  boxes. Vertical  scale 
i n   a r b i t r a r y   u n i t s ;   h o r i z o n t a l  scale indica tes   channel .  
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MICROWAVE TUNABLE LASER SOURCE: A STABLE, 
PRECISION TUNABLE mTERODYNE LOCAL OSCILLATOR 

Glen W. Sachse 
NASA Langley  Research  Center 

SUMMARY 

A t unab le   l a se r   sou rce   u t i l i z ing  a wideband electro-opt ic   modulator  and a 
C02 l a se r   has  been  developed. Its p r e c i s i o n   t u n a b i l i t y  and h i g h   s t a b i l i t y   a r e  
demonstrated  with  examples of laboratory  spectroscopy.  Heterodyne  measurements 
are  also  presented  to  demonstrate  the  performance of the   l aser   source  as a 
heterodyne  local   osci l la tor .  

INTRODUCTION 

A s tab le ,   p rec is ion- tunable   l aser   source   for   the   in te rmedia te   in f ra red  
( I R )  would have numerous applications  including:  remote  sensing of t h e   e a r t h ,  
p lane tary ,  and s t e l l a r  atmospheres,   injection  locking of high-pressure  laser  
amplif iers ,   u l t ra-high  resolut ion  spectroscopy,   isotope  separat ion,   e tc .  Diode 
lasers   possess  wide t u n a b i l i t y  i n  t h i s   r eg ion  and have  found  wide  usage in   lab-  
oratory  spectroscopy. However, o p e r a t i o n a l   d i f f i c u l t i e s   p r i m a r i l y   a s s o c i a t e d  
with  cryogenic  requirements and lack of built-in  wavelength  information  have 
hampered the  appl icat ion  of   diode lasers outside  the  laboratory.   Although 
several  heterodyne  measurements  using  the  diode  laser  have  been  reported  (refs. 
1 t o  3 ) ,  mode competition  problems  (ref. 4 )  p r e s e n t   a d d i t i o n a l   d i f f i c u l t i e s   i n  
t he i r   u se  as he terodyne   loca l   osc i l la tors .  On the   o ther   hand ,   severa l   l ine-  
tunable   gas   lasers ,   including  the C02,  CO, and N20 l a s e r s ,   a l s o   e x i s t  i n  the  
intermediate  I R .  These lasers  generally  possess  high-frequency s tabi l i ty  and 
accuracy,  possess good mode q u a l i t y ,  and ope ra t e   a t   o r   nea r  room temperature. 
The C02 l a s e r  and, to a l imi t ed   ex ten t ,   t he  CO l a s e r  have  been  used  success- 
f u l l y  as he terodyne   loca l   osc i l la tors   in   severa l   ins t ruments .   (See   re fs .  5 t o  
7 . )  However, t h e i r   d i s c r e t e   t u n a b i l i t y   r e s t r i c t s   t h e i r   u s e   t o   c h a n c e   c o i n c i -  
dences   wi th   f requencies   o f   in te res t   ( i -e . ,   spec i f ic   absorp t ion- l ine  or window 
frequencies)  . 

An a l te rna t ive   approach   for   p rovid ing   tunabi l i ty   in   the   in te rmedia te   in f ra -  
red i s  t o   u t i l i z e  wideband e lec t ro-opt ic   modula tors   to   genera te   tunable   op t ica l  
sidebands on gas- laser   carr iers .   This   approach  has   the  potent ia l   €or   providing 
some of t h e   a t t r a c t i v e   f e a t u r e s  of gas lasers along  with  piecewise  continuous 
tunab i l i t y   ove r   s ign i f i can t   po r t ions   o f   t he   i n f r a red  where l ine-tunable  gas 
l a s e r s  of  moderate power output  (2 1 W )  exist.  Absolute  wavelength  accuracy 
and s t a b i l i t y  of such a laser   source  is l imited  only by the   gas   l aser .  Its 
room-temperature  operating  capability may a l s o  make it more r ead i ly   app l i cab le  
to   i n - the - f i e ld   ope ra t ion .  

Severa l   in f ra red   modula tors   ( re fs .  8 t o  10)  have  been  developed;  however, 
only  the GaAs waveguide  modulator ( r e f .  11) developed by Pe te r  Cheo of  United 
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Technologies  Research  Center is d i scussed   i n   t h i s   pape r .  The Microwave 
Tunable  Laser  Source (MTLS) is  an optical/microwave  system which w a s  developed 
u t i l i z i n g   t h e  G a A s  modulator  (ref.  1 2 ) .  I n   t h i s   p a p e r   t h e  MTLS is  b r i e f l y  
descr ibed and examples of   laboratory  spectroscopy and a cha rac t e r i za t ion  of 
i t s  heterodyne  propert ies   are   presented.  

MTLS DESCRIPTION 

The key component of  the MTLS is  the  G a A s  waveguide  modulator. The modu- 
l a t o r   u t i l i z e s   t h e   l i n e a r   e l e c t r o - o p t i c   e f f e c t   ( r e f .   1 3 )   t o   g e n e r a t e   o p t i c a l  
sidebands on an inc iden t  C02 l a s e r   c a r r i e r .  The s idebands   a re   loca ted   a t   the  
sum and d i f fe rence   f requencies  and may be  tuned  by s imply  varying  the  micro- 
wave frequency  within  the  modulator  bandpass. The modulator was o r i g i n a l l y  
r e p o r t e d   t o  have a nominal 3-dB bandpass  of 5 GHz. (See  ref .  11.) Since  then 
the   s ideband  tunabi l i ty  of t h i s  same modulator  has  been  improved t o  : 10 GHz. 
(See  ref.  1 2 .  ) This  bandpass  (see  fig. 1) is  located between t h e   o f f s e t   f r e -  
quencies  of 8 and 18 GHz. The conve r s ion   e f f i c i ency   ( r a t io  of output  sideband 
t o   c a r r i e r  power)  reaches a maximum a t  10 GHz, where it equals   0 .7   percent   for  
20 wat ts   of  microwave  power. The opt ical   throughput  of the  modulator i s  
20 percent ,  and the   ou tput  beam i s  a s lowly  diverging  e l l ipse  with a major t o  
minor a x i s   r a t i o  of 3. Af te r  more than a year  of  use  in  our  laboratory,  no 
significant  changes  in  the  modulator  performance  have  been  observed. 

The MTLS transforms  the  multifrequency  output of the  modulator  into a 
p rec i se ly   t unab le  monochromatic output.  The c a r r i e r ,  which is  t y p i c a l l y  150 
t o  300 times more in tense   than   e i ther   s ideband,  is  suppressed by pass ing   the  
modulator  output  through a heated ( z  6OoC), 0.375-m long   whi te   ce l l   wi th  an 
i n t e r n a l  22-m pa th  and containing  low-pressure C 0 2 .  Figure 2 contains  Fabry- 
Perot   scans of the   whi te -ce l l   ou tput  which i n d i c a t e   t h a t ,   w i t h   t h e  aforemen- 
t ioned   whi te -ce l l   parameters ,   the   car r ie r  is  suppressed t o  a l e v e l   e q u a l   t o   o r  
l e s s   t han   t he   s idebands   fo r   t he   l a s ing   t r ans i t i ons  P(10) t o   P (30) .   S ing le -  
frequency  operation is achieved by d i t h e r   s t a b i l i z i n g  a tunable  Fabry-Perot 
e t a lon  on the   des i red   s ideband,   thereby   re jec t ing   the   remain ing   car r ie r  and 
extra  sideband. A small   desk-top  calculator   present ly   controls   the microwave 
sweeper, power meter, and frequency  counter. The c o n t r o l l e r  can  accurately 
p lace   the  microwave frequency anywhere  between 8 and 18 GHz, o r  can  perform 
high-precision  scans  with microwave frequency  resolution  well  below 0 . 1  MHz. 
For a pe r spec t ive   o f   t he   op t i ca l  and  microwave  powers involved ,   the   s ing le  
frequency MTLS output  i s  t y p i c a l l y  0.5 mW f o r  an inc iden t  C 0 2  l a s e r  power of 
3 W and)  20 W of  microwave  power. A t  l e a s t  a 50-percent improvement i n  MTLS 
output is real izable   through  s t ra ightforward  increases   in   the  system  opt ical  
throughput. 

By u t i l i z i n g   t h e   l i n e   t u n a b i l i t y  of C 0 2  l a s e r s ,   s i g n i f i c a n t   s p e c t r a l  
coverage  over  the 9- t o  1 2 - u m  region is  achievable.  Since  the  average C 0 2  
l i ne   s epa ra t ion  is about 50 GHz, approximately  40-percent  spectral  coverage i s  
achieved  within  the  las ing  region  of  a s i n g l e  C02 i so tope  laser. Figure 3 
shows the   ca l cu la t ed  MTLS spec t ra l   covera  e t h a t   r e s u l t s   w i t h   f i v e   d i f f e r e n t  
C02 i so tope   l a se r s  (C120;6, C120J8, C130$2, C13038, and C140$6). This   bar  
graph was generated by d iv id ing   the  9- t o  12-pm reg ion   in to   b ins   each  2 cm-l 
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(60 GHz) wide and ca lcu la t ing   the   percentage   spec t ra l   coverage   wi th in   each   b in .  
Laser t u n a b i l i t y  w a s  assumed t o  be P (10) t o  P (30) and R(10) t o  R(30) i n  each 
band. The ca lcu la t ions   ind ica te   tha t   the   spec t ra l   coverage   approaches  100  per- 
cen t   i n   r eg ions  of high  isotope  overlap,  and  exceeds 50 percent  when averaged 
across   the  en t i re  9- t o  12-?&1 region. The N 0 laser tunabi l i ty   should  add s ig-  
n i f i c a n t l y   t o   t h e  spectral cove rage ,   pa r t i cu la r ly   i n   t he  10- t o  11-w region. 
However, i t s  t u n a b i l i t y  was not   included  in   the  preceding  calculat ion.  

2 

SPECTROSCOPIC MEASUREmNTS 

To i l l u s t r a t e   t h e   p r e c i s i o n   t u n a b i l i t y  of the  system, laboratory  spectro-  
scopy  of .SF6 and NH3 was performed. The Cl2O;6 laser   used   in   these  measure- 
ments w a s  not   grat ing-tunable;   consequent ly ,   laser   operat ion was confined  to  a 
f e w  l i n e s   i n   t h e  10.6-pm  band. The single-frequency  sideband  output was d i g i t -  
a l ly   s tepped  in   intexlrals   of   0 .6  MHz by command from the   ca l cu la to r .  A scan 
r a t e  of 6 MHz/sec was used i n   t h e s e  measurements. A beam s p l i t t e r   d i v e r t e d  
approximately 50 percent  of t h e   o p t i c a l  beam t o  a py roe lec t r i c   de t ec to r ,  which 
served  to  monitor power changes  during  the  frequency sweep. The remaining 
o p t i c a l  power passed  through  the 12.5-cm-long  sample c e l l  and was focused on a 
second pyroe lec t r i c   de t ec to r .  The two de tec tor   ou tputs  were ana log   ra t ioed   to  
provide  the  normalized  spectra shown i n   f i g u r e s  4 and 5 .  

I n  f i g u r e   4 ( a ) ,   t h e  upper  sideband  of  the  P(20)  line was stepped 10 000 
times  between 1 2  and 18 GHz, which revealed  the  complicated  absorption  spectrum 
of  low-pressure SF6. I n  f i g u r e   4 ( b ) ,   t h e  same sideband was scanned  across a 
narrower  f requency  interval   to   i l lustrate   that   the   narrow 38-MHz FWHM absorp- 
t i on   l i nes   a r e   ea s i ly   r e so lved  by the  MTLS. I n  f igure   5 ,   the  MTLS was scanned 
across  two NH3 l i n e s  - one located  within  the  tuning  range  of  the  lower  side- 
band, and the  other   within  the  range of the  upper  sideband  of  the  P(18) C 0 2  
l i n e .  The de termina t ion   of   the   l ine   pos i t ions   d i f fe red   s ign i f icant ly  from 
Taylor   ( re f .  1 4 1 ,  but   agreed  to   within 250 MHz wi th   the   pos i t ions   repor ted  by 
C u r t i s  ( r e f .   1 5 ) .  When these measurements  were  performed,  the microwave 
counter,  which provides  frequency  accuracy  to  better  than 1 kHz, was not  i n  use 
and the  C 0 2  l a s e r  was no t   ac t ive ly   s t ab i l i zed .  The frequency  accuracy of t he  
sweep osci l la tor ,   independent  of the  frequency  counter, i s  spec i f i ed  by the  
manufacturer  as 220 MHz, and t h e   s t a b i l i t y  of the  C 0 2  l a se r   du r ing   t he  measure- 
ment per iod was e s t ima ted   t o  be be t t e r   t han  ? 5  MHz. Through s t a b i l i z a t i o n  of 
t he  C 0 2  l a se r ,   spec t roscop ic  measurements with  f requency  resolut ion  bet ter   than 
1 MHz (0 .000033 cm-l) should  be  readily  achievable. 

HETERODYNE CHARACTERIZATION 

Before  heterodyne  measurements  were  performed,  the  noise  characteristics 
of  the  sidebands  between 0 . 1  and 100 MHz were investigated.   This  frequency 
range  corresponded t o   t h e  approximate  bandpass  of  the  heterodyne  photomixer, I F  
ampl i f i e r ,  and f i l t e r .  A qua l i t a t ive   l ook  a t  t h e   i n t e g r a t e d   n o i s e   w i t h i n   t h i s  
bandpass w a s  accomplished  by  monitoring  the  rectified R F  photomixer  output 
while  the  Fabry-Perot was spec t ra l ly   scanned   across   the   car r ie r  and  sidebands. 
The upper r ight   photograph  in   f igure 6 shows t h a t   s i z a b l e   r e c t i f i e d   n o i s e  i s  
present   a t   the   s ideband  f requencies   bu t  is  ba re ly   d i sce rn ib l e  a t  t h e   c a r r i e r  
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frequency.  For t h i s   p a r t i c u l a r  measurement, t h e  carrier and sideband power 
l e v e l s  were equal  as shown by the  Fabry-Perot  scan  of  the  quasi-dc  photomixer 
output   (upper   lef t   photograph) .  The c a r r i e r  power w a s  made to   equa l   t he   s ide -  
band power  by f ine   tun ing   the   whi te -ce l l   t empera ture .  I t  w a s  found t h a t   t h e  
sideband  noise w a s  a function  of  the  traveling-wave-tube (TWT) ampl i f i e r   d r ive  
power  and t h a t  a d i p   i n   t h e   n o i s e  w a s  achieved by opera t ing   the   ampl i f ie r  
beyond t h e   s a t u r a t i o n   p o i n t   a t  a microwave output  power of 15.6 W .  (The output  
power a t  t h e   s a t u r a t i o n   p o i n t  w a s  about 20  W.) I n t e r e s t i n g l y ,  as the   d r ive  w a s  
decreased,  the  sideband  noise grew rap id ly  and  reached a maximum  when t h e  micro- 
wave output w a s  7.2  W ,  which i s  below sa tu ra t ion .  The dc  sideband power (lower 
l e f t  photograph)  responded  proportionally  to  the microwave  power as expected, 
but  the  noise  peaks  ( lower  r ight  photograph)  increased  approximately 1 2  dB. 
Since  the RF de t ec to r   ou tpu t  w a s  p ropor t iona l   to   the   p roduct   o f   the   dc   s ideband 
power and the  s ideband  noise  power, the   ac tua l   increase   in   s ideband  no ise  w a s  
approximately  15 dB. Further   reduct ion  of   the  dr ive power r e su l t ed  i n  the  
noise  peaks  decreasing a t  t he  same rate,  which  implied a constant  sideband  noise 
power. The osc i l l o scope   s ca l e  w a s  t h e  same for  each  photograph. The quasi-dc 
photomixer  output w a s  not   preamplif ied;  however, t he  RF output  was amplified 
60 dB. 

The in t e rp re t a t ion   o f   t hese   da t a  i s  as follows: The broadband  noise out -  
p u t  PN of an amplifier  consists  of  amplified  Johnson  noise and internal ly   gener-  
ated  noise.   These  noise  contributions  are  independent  of  the  drive power,  pro- 
vided  the  amplif ier  is opera t ing   in   the   l inear   reg ion .   For  a matched inpu t ,  

where k is  Boltzmann's  constant, T i s  room temperature,  G is t h e  TWT gain,  
and N is  the   no i se   f ac to r .  The no i se   f i gu re   ( t he  dB equivalent   of   the   noise  
f a c t o r )  is  t h e  measure  of  the  internally  generated  noise and w a s  manufactured 
s p e c i f i e d   t o   b e  35  dB. The smal l   s igna l   ga in  w a s  measured t o  be 62 d B  a t   t h e  
operating  frequency.  Since  the sweep o s c i l l a t o r  is capable  of  delivering 
10 d B m ,  only 33-dB TWT gain is  necessary   to   reach   the   des i red  2 0  watts micro- 
wave output.  Because the   d r ive   s igna l  w a s  by necess i ty   s t rongly   a t tenuated ,  
t h i s   excess  TWT ga in   i n   e f f ec t   con t r ibu ted   nea r ly   t he  same signal-to-noise ( S / N )  
degradation as d id   t he   no i se   f i gu re  when the  TWT w a s  operated  in   the  small  
s ignal   region.  The large  reduction  in  sideband  noise  observed when the  TWT was 
ope ra t ed   we l l   i n to   s a tu ra t ion  was simply  due t o  a 15-dB gain  compression  which 
reduced PN according t o  the  preceding  equat ion.  

The p rope r t i e s  of the   s ideband  noise  were fur ther   analyzed by monitoring 
the  photomixer  amplifier  output  with a spectrum  analyzer.  Three  conditions  of 
photomixer  illumination  were  investigated.  In  the  bottom  spectrum of f i g u r e 7 ( a ) ,  
the  photomixer was not   i l lumina ted ,  which r e s u l t e d   i n  a noise  spectrum  associ- 
ated  with  the  photomixer and the  I F  amplifier.   Next,   the  etalon  bandpass w a s  
tuned so that   only  the  carr ier   i l luminated  the  photomixer .   This   resul ted i n  a 
broadband  noise  increase  of 2 3 dB a s soc ia t ed   w i th   t he   ca r r i e r   sho t   no i se .  
When the   e t a lon  was tuned to  the  sideband  frequency,  the  expected  large  increase 
in   no i se  w a s  observed. The increase  above t h e   c a r r i e r   n o i s e  amounted t o  16 dB 
a t   t h e  low-frequency  end  and =: 12  dB near  100 MHz. The sideband and c a r r i e r  
power were roughly  equal a t  140  pW, and t h e  TWT was operated well i n t o   s a t u r -  
a t i o n  t o   y i e l d   t h e  minimum sideband  noise. 



With the  TWT used in  the  aforementioned  measurements,  the minimum sideband 
noise  w a s  achieved  with  the TWT ga in  compressed t o  47  dB and an output  power of 
15.6 W. Under these   condi t ions ,   the   d r ive   s igna l  had t o  be  a t tenuated = 15 dB, 
which r e s u l t e d   i n  a corresponding microwave S / N  degradat ion.   Since  the  s ide-  
band  noise w a s  1 2  t o  16 dB grea te r   than   the  carrier sho t   no i se ,  a lower-gain 
TWT ampl i f ie r   no t   requi r ing   a t tenuat ion   of   the   input   d r ive   s igna l   might  be 
expected to  introduce a n o i s e   l e v e l  comparable t o   t h e   s h o t   n o i s e .  A lower- 
power (10 W )  TWT ampl i f ie r   wi th  low ga in  and a manufacturer-specified  noise 
f igu re  of 35 dB w a s  located and its noise  spectral c h a r a c t e r i s t i c s  were inves- 
t i g a t e d   i n   f i g u r e   7 ( b ) .  With  no input   a t tenuat ion ,   the   ampl i f ie r  w a s  dr iven t o  
9.6 W output.  The c a r r i e r  power w a s  again made t o  equal  sideband power. A t  a 
reduced c a r r i e r  power of 100 pW, a shot   no ise  of 1 . 5  t o  2 dB above t h e  "photo- 
mixer"  noise w a s  observed. As expected,  the  broadband component of   the  s ide-  
band noise   decreased   sharp ly   to  a l e v e l  3 t o  4.5 dB above the   shot   no ise .  
Narrow-band noise  a t  5 and 15 MHz is  probably  due t o   c o h e r e n t   o s c i l l a t i o n s  
( r e f .   16 )   i n   t he   t r ave l ing  wave tube,  and is not   general ly   found  in  a w e l l -  
designed tube t h a t  is operating  properly.   Further  reductions  in  the  sideband 
noise  can  be  achieved by lowering  the  noise   f igure.  Low-gain TWT ampl i f i e r s  
are commercially  available  with  noise  f igures on the  order  of 30 dB. An alter- 
na t ive  method of   lowering  the  overal l   noise   f igure would be t o  include an  i n t e r -  
mediate  amplifier  of low no i se   f i gu re .  

A heterodyne measurement  of the  thermal   radiat ion from a 1273 K blackbody 
w a s  performed t o  compare the  S/N achieved  using  the  carr ier  and the  s ideband  as  
l o c a l   o s c i l l a t o r s .  The collimated  blackbody beam  was passed  through a long- 
wave p a s s   f i l t e r   ( 8 . 9  pm cut-on  wavelength) i n   o r d e r   t o  minimize the   cont r i -  
bution  of  the chopped thermal   shot   noise   to   the  heterodyne I F  output .  A 50- 
percent  beam s p l i t t e r  w a s  used t o   b r i n g   t h e   l o c a l   o s c i l l a t o r  and blackbody beams 
into  coincidence.  During  the  experiment  the MTLS de l ivered  220 pW a f t e r   t h e  
beamspl i t ter ,   but   generated a detector  photo-current  the  equivalent of  only 
100 pW. The excess ive   de t ec to r   ove r f i l l   occu r red   s ince  no attempt was made t o  
o p t i c a l l y  match t h e   e l l i p t i c a l  modulator   output   with  the  c i rcular   detector .  A 
1 0 " H z  high-pass f i l t e r  w a s  added to   the  heterodyne I F  s t a g e   i n   o r d e r  t o  r e j e c t  
the   s t rong  TWT-generated noise  peak a t  5 MHz. Thus,   the  total   heterodyne band- 
pass  was 90 MHz. 

The r e s u l t s  of  the  heterodyne  measurements  are shown i n   f i g u r e  8. The 
r e c t i f i e d   o u t p u t s  of the  heterodyne I F  s t a t e   a r e   p lo t t ed   aga ins t   t ime   fo r   t h ree  
l o c a l   o s c i l l a t o r   c a s e s  - c a r r i e r ,  no l o c a l   o s c i l l a t o r ,  and sideband.  In  each 
case a measurement period  of 30 s e c  is  p lo t t ed .  The RC t ime  constant  of  the 
lock - in   ampl i f i e r   f i l t e r  w a s  1.25  sec,  which is  equivalent  t o  an e f f e c t i v e  band- 
pass of 0.1 H z  f o r  a 1 2  dB/octave f i l t e r .  A s  expected,  the  heterodyne  signal 
magnitudes  were  very  nearly equa l  and the   s ideband   l oca l   o sc i l l a to r   exh ib i t ed  
sbmewhat poorer S / N  t han   t he   ca r r i e r .  The non-zero  output  registered  with  no 
l o c a l   o s c i l l a t o r  w a s  due t o   t h e  chopped thermal  shot  noise.  

CONCLUDING REMARKS 

A stable p rec i s ion  tunable laser source  has  been  developed  using a wide- 
band electro-opt ic   modulator  and a C02 l a s e r .  With the   use   o f   f ive  C02 i so tope  
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lasers and t h e  8 t o  18 GHz s ideband   o f f se t   t unab i l i t y  of the  modulator,  calcu- 
l a t i o n s   i n d i c a t e   t h a t  > 50 percent   spec t ra l   coverage   in   the  9- t o  12-pm region 
is achievable.  This  wavelength  region is  especial ly   important   for   the  develop-  
ment of   opt ical   a tmospheric   sensing  instrumentat ion,   s ince it coincides   with an 
atmospheric window and a region where high  technology  infrared components e x i s t .  
The wavelength  accuracy and s t a b i l i t y  of t h i s  laser source is  l imi ted  by the  C02 
laser and is  more than adequate  for  the measurement  of  narrow  Doppler-broadened 
l i n e   p r o f i l e s .   T h i s  w a s  demonstrated  with  the  spectroscopic measurements of 
SFg- The room-temperature ope ra t ing   capab i l i t y  and the  programmability of the  
MTLS are a t t r a c t i v e   f e a t u r e s   f o r  i t s  in-the-field  implementation.  Although 
heterodyne  measurements  indicated some S/N degradation when using  the MTLS as 
a l o c a l   o s c i l l a t o r ,   t h e r e   d o e s   n o t   a p p e a r   t o   b e  any  fundamental l i m i t a t i o n   t o  
the  heterodyne  eff ic iency of t h i s   l a se r   sou rce .  Through the  use of a lower 
noise-f igure TWT ampl i f ie r  and optical   matching  of  the MTLS output  beam wi th   the  
photomixer, a subs tan t ia l   increase   in   the   he te rodyne  S/N is  expected. 
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Figure 2.-  Fabry-Perot scans of   white-cel l   output  as a funct ion of 
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SUBMILLIMETER LOCAL OSCILLATORS FOR 

HETERODYNE  SPECTROSCOPY* 

Edward J. Danielewicz, Jr. 
Electronics  Research  Laboratory 

The  Aerospace  Corporation 
P.O. Box 92957 

Los Angeles, CA 90009 

SUMMARY 

The  far  infrared  or  submillimeter  portion  of  the  elektromagnetic 
spectrum,  which  spans  the  range of  wavelengths  between  roughly 50 pm  and 
1.0 mm, is  experiencing a  tremendous  growth  in  attivity  due  to  rapidly 
emerging  source  technologies.  This  paper  reviews  the  major  technological 
innovations  in  continuous  wave (aJ) submillimeter  sources  which  are 
specifically  suitable  for  application  as  local  oscillators  in  heterodyne 
systems. A description of  the  various  sources  is  given  which  underscores 
the  general  principles  and  operating  features  for  each  type  of  device. 
Particular  emphasis  is  .placed  on Uv' optically  pumped  lasers,  which  have  had 
a  dramatic  impact  as  widely  available  sources  of  narrow  linewidth  coherent 
radiation.  The  state-of-the-art  is  summarized  for  these  lasers  and 
performance  data  are  presented  for  a  compact  and  reliable  local  oscillator 
package  recently  developed  at  the  Aerospace  Corporation  and  for  several 
different  designs  from  other  laboratories.  Optically  pumped  lasers  are 
then  compared  and  contrasted  with  other  competing  sources  such  as  backward 
wave  oscillators,  IMPATT  diodes,  and  Josephson  junctions. By  comparing 
their  advantages  and  limitations  for  use  as  local  oscillators,  the 
potential  applications of these  different  sources  are  projected.  The 
prospects  for  increased  tunability,  reliability  and  scalability  are  briefly 
considered,  and  several  novel  techniques  for  generating  partially  tunable 
radiation  using  Schottky  diode  mixers  or aJ Raman  lasers  are  highlighted. 

I. INTRODUCTION 

The  submillimeter  wave (SMMW) portion  of  the  electromagnetic 
spectrum  between  the  infrared  and  millimeter  regions  corresponding  to 
wavelengths  between 50 pm  and 1.0 mm is experiencing  tremendous  growth  due 
to  rapidly  developing  source technologies. In  spite  of  absorption by 
atmospheric  water  vapor  in  the SMMW region,  there  is  an  enormous  wealth  of 
information  to  be  somehow  obtained  within  this  large  segment  of  the 
spectrum  that  covers  nearly  two  decades  in  frequency.  This  potential 
provides  strong  motivation  for  attempts  to  exploit  the  recent  progress  in 
source  availability. 

*This  work  supported  by  the  Division of Magnetic  Fusion of the U. S .  
Department of Energy 
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Many  practical  applications  of SPlMW technology in areas  sueh  as 
high-resolution  astronomy [I], plasma  diagnostics [2],  remote  sensing  of 
upper  atmosphere  constituents [31, molecular  spectroscopy [ 41 ,  imaging  and 
non-destructive  testing [51, and  all-weather  radar  and  communication [ 6 ]  
will  require  the  advantages  of  high  spectral  resolution  and  sensitivity 
provided by heterodyne  systems.  Coherent  sources  are  essential  as  local 
oscillators  in  any  heterodyne  system,  and  several  excellent  general  review 
articles  on SMMW sources  are  available [7], [ 81. The  aim  of  this  paper  is 
to  review  the  present  state-of-the-art  of  the  most  promising  continuous 
wave ((X) SMMW sources  suitable  for  local  oscillator  applications. 
Strictly  speaking  this  paper  should  only  assess  the  relevant  properties  of 
SMMW sources.  However,  it  is  useful  to  preface  the  detailed  description  of 
the  various  sources  with  some  general  remarks  about SMMW heterodyne 
receivers. 

In contrast  to  other  spectral  regions,  the  performance  of a SMMW 
heterodyne  receiver  is so intimately  coupled  to  the  performance  of  both  the 
local  oscillator  and  the  mixing  element  that an  understanding of  these 
receivers  requires  some  discussion  of  the  complete  "front  end".  There  are 
two  possibilities  for  a  heterodyne  receiver:  lone  chooses  either a tunable 
oscillator  and  a  narrow  band  detector  or  a  fixed  frequency 
oscillator  and  a  broad  band  detector.  Both  approaches  have  been 
successfully  demonstrated  in  the SMMW range. A very  important 
consideration  in  both  cases  is  the  minimum  local  oscillator  power  for  which 
maximum  sensitivity  can be  obtained  from  the  mixer.  ?his  requirement  is a 
strong  function of  the  selected  mixer  element. 

The  most  widely  used  mixer  element  at  microwave  and  millimeter  wave 
frequencies  is  the  Schottky  diode. It is a  room  temperature,  wide 
bandwidth  device  having  high  sensitivity  and  good  mechanical  stability. A 
basic  property  of a  Schottky  diode  is  that  substantial  local  oscillator 
power  is  needed  to  minimize  its  conversion  loss. On the  order  of a  few 
milliwatts  is  typically  required  at  lower  frequencies  near A - 1  mm, and 
this  increases  to  tens  of  milliwatts as one  goes  toward  higher 
frequencies.  Such SMMW power  has  been  difficult  and  expensive  to  obtain  in 
the  past,  and  this  was  the  primary  limitation  in  the  development  of SMMW 
technology. However, recent  innovations  in SMMW sources,  particularly  the 
optically  pumped  lasers,  have  provided  the  necessary  local  oscillator  power 
needed  for  efficient  Schottky  diode  receivers.  If  one  can  accommodate 
cryogenic  mixers  such as photoconductors  or  Josephson  junctions,  the 
requirements on local  oscillator  power  are  significantly  relaxed  at  the 
expense  of  the  added  complications  with  helium  cooled  operation. In 
addition,  the  photoconductors  have  fundamental  bandwidth  limitations  of 

t l O O  MHz. Besides  the  threshold  requirements  on  output  power,  there  are a 
number  of  other  criteria  listed  in Bble I which  also  must  be  considered 
when  comparing  the  choices  for a  local  oscillator.  In  the  next  section 
these  criteria  will  be  used  to  compare  the  competing  sources  in  an  attempt 
to  evaluate  the  potential  of  each  type  for  local  oscillator  applications. 
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11. (;w SUBMILLIMETER  SOURCES 

SMMW source  development is being  pursued  from  both  of  the  bounding 
spectral regions.  From the  low f r equency   s ide   e f fo r t s  are underway t o  
extend millimeter wave technology  toward  higher  frequencies.   Others are 
t r y i n g   t o   t r a n s f e r   o p t i c a l   o r  laser techniques  from  the  high  frequency  end, 
s o  t h a t  one o f t e n   f i n d s  a blend  of  these two t echno log ie s   i n   t he  SMMW 
t r a n s i t i o n   r e g i o n .  The overlapping and in te rmingl ing   of   t echnologies  are 
r e f l e c t e d   i n   T a b l e  I1 which l is ts  the   poss ib l e  W s o u r c e s   t o  be  considered. 

Heading the  list are t h e   o p t i c a l l y  pumped lasers, which  have  had a 
r evo lu t ion iz ing  impact on SMMW t e c h n o l o g y   s i n c e   t h e i r   i n c e p t i o n   i n  1970 

developments   in   these  rapidly  matur ing  sources .  
[91 Par t icu lar   emphas is  w i l l  be  placed on desc r ib ing   t he  l a tes t  

Backward wave o s c i l l a t o r s  are a cons iderably   o lder  vacuum tube  
technology  which  has  enjoyed  renewed  interest   in  the SMMW region  because  of 
t h e i r   h i g h l y   d e s i r a b l e   t u n a b i l i t y .  

Josephson  junct ions are more e s o t e r i c   d e v i c e s  which o f f e r   t h e  
p o t e n t i a l  of ac t ing   s imul taneous ly  as both  the  mixing  element  and  the  local 
o s c i l l a t o r .  LO power can be der ived  f rom  the  internal   Josephson 
o s c i l l a t i o n   i n   t h e   j u n c t i o n   i t s e l f ,   w i t h   t h e   f r e q u e n c y  of t h i s   i n t e r n a l  
o s c i l l a t i o n   p r o p o r t i o n a l   t o   t h e   v o l t a g e   b i a s   a c r o s s   t h e   d e v i c e .   I n  
p r i n c i p l e ,  a readi ly   tunable   rece iver  is  then  possible .  The main source of 
d i f f i c u l t y   w i t h   t h e   i n t e r n a l  LO mode of opera t ion  i s  the  broad  l inewidth on 
the   o rder  of 1 GHz, which i s  c h a r a c t e r i s t i c  of such  Josephson 
osc i l la t ions .   Promis ing  resul ts  have  been  reported a t  s h o r t  MMW 
f requencies  [ 101, however, so t h i s   t y p e  of sys tem cannot be r u l e d   o u t   f o r  
wide  bandwidth  heterodyne  systems  in  the  future.   Unless arrays of 
junct ions  can be developed,  Josephson  devices do not a p p e a r  t o  be the   bes t  
prospect   for   tunable   coherent  SMMW sources   with milliwatt l eve l   ou tpu t  
powers. However, Josephson  devices w i l l  cont inue   to  be of importance as 
he terodyne   mixers   in   conjunct ion   wi th   ex te rna l  LO sources  because  they are 
h ighly   nonl inear ,   ex t remely   fas t ,  and  have  very low LO power requirements  
on the   o rder  of 1-10 VW i n   t h e  SMMW region [ 113. 

IMPATT diodes are s o l i d  s ta te  sources  which  have  been  operated  into 
the  SMMW r eg ion ,and  combined with  harmonic  generators   offer  some hope  of 
ach iev ing  compact s o l i d   s t a t e   l o c a l   o s c i l l a t o r s   i n   t h e   n e a r   f u t u r e .  
Progress   in   these  two areas w i l l  a l s o  be covered   in   the   fo l lowing   sec t ions .  

Electric d ischarge  lasers can  provide  large  amounts of power up t o  
about 300 mW, but  only a t  a very few f ixed   f requencies  a t  s h o r t  SMMW 
wavelengths. This limits t h e i r   u t i l i t y   i n   h e t e r o d y n e   a p p l i c a t i o n s  [lZj. 

Gyrotrons are r e c e i v i n g   c o n s i d e r a b l e   a t t e n t i o n   l a t e l y  as sources  of 
exceedingly  high power and e f f i c i e n c y  [13] .  CW output power on the   o rder  
of 1.5 kW has  been  reported a t  a wavelength of 0.9 mm 1141, but   the  main 
emphasis is on  achieving  high power and these  are l a rge   dev ices  a t  
p re sen t .   Gyro t ron   o sc i l l a to r s  have  poor  temporal  coherence  and i t  appears  
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that  these  devices  cannot  be  scaled  down in  size  and  power  for LO 
applications  without  significant  loss in efficiency. 

In the  following  sections,  advantages  and  limitations  will  be 
discussed  in  more  detail  for  a  few  selected  sources  which  have  been  most 
successfully  utilized  in  practical  heterodyne  applications. 

111. BACKWARD  WAVE  OSCILLATORS 

The  operating  features  of  a  backward  wave  oscillator  (BWO)  or 
carcinotron  can be  very  briefly  described  in  a  highly  simplified  manner 
with  the  help  of  the  cross-sectional  diagram  given  in  Fig. 1. An electron 
beam  is  emitted  from  a  cathode (1) and  is  focused  through  an  interaction 
region ( 4 )  by a  magnetic  field if (3)  and  is  collected  at  the  collector 
( 6 ) .  The  electron  beam  moving  in  a  vacuum  interacts  with  a  periodic 
structure ( 4 )  which  supports  the  generated  electromagnetic  wave.  The 
interaction  is  phase-matched  for  the  wave  in  the  reverse  direction  to  the 
electron  beam  (hence  the  name  backward  wave  oscillator)  and  is  coupled  out 
through  the  output  port (5). The  BWO  is  essentially  a  voltage  tunable 
oscillator  whose  tuning  characteristics  are  strongly  dependent  on  the 
characteristics of  the  periodic  slow  wave  structure.  'Ihe  advantages  and 
limitations  are  summarized  in  Table  I11  for  these  devices. 

The  primary  advantage  of  the  BWO  is  the  continuous  electrical 
frequency  tuning  which  can  be  done  rapidly  without  mechanical 
adjustments.  The  typical  tuning  range  for  a  wideband  BWO  is  about 20% of 
the  center  frequency.  Thomson  CSF,  Paris,  offers  the  highest  frequency 
commercially  available  carcinotrons (up  to 400 G H z )  and  they  are  presently 
developing  tubes  which  would  have  output  powers > lOmW  in  the 400-600 GHz 
range [15]. Frequencies of up  to 1,300 GHz have  been  reported for 
laboratory  models [ 1 6 j ,  but  above 300 GHz the  efficiency  of  operation  falls 
off  rapidly.  Table  IV  hows  that  at X = 0.4 mm the  efficiency  has fallen 
to  less  than 2 x 10 %, compared  with 11% for  a  tube  designed  for 

X = 4.0 mm. Unless  there  is  a  considerable  advance  in  the  technology  of 
cathode  emitters,  there  seems  to be  little  hope  of  pushing  the  efficient 
performance  to  higher  frequencies. 

-3 

State-of-the-art  in  performance  for SMMW BWO's  is  illustrated  in 
Fig. 2 which  shows  the  operating  characteristics of an  extended  bandwidth 
BWO  intended  for  use  as  a  local  oscillator  in  a  heterodyne  receiver [17]. 
Continuous  spectral  coverage  from 320-390 GHz with  greater  than 10 mW 
output  power  is  achieved  at  rather  low  power  consumption.  One  obvious 
technical  weakness  of  the  BWO is the  strong  variation  in  the  output  power 
as the  frequency  is  changed  (Fig. 2) due  to  the  unintended  resonances  in 
the  guiding  structure  and  the  output  couplers. 

A relatively  high  sensitivity  of  the  output  frequency  to  the  beam 
voltage  of 10-30 MHz/V for  these  tubes  would  seem  to  preclude  their  use in 
heterodyne  systems  when  a  stable  frequency  is  necessary.  However,  recent 
studies [18] designed  to  evaluate  the  potential  of  using  BWO's  as  local 
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oscillators  for  heterodyne  spectroscopy  have  shown  that  they  can be  readily 
phase-locked  to  an  external  stable  reference  source  of  lower  frequency. 
Linewidths  as  narrow as 750 kHz at 40 db  below  the  peak  value  at 244 GHz 
were  achieved.  These  same  studies  measured  the  noise  properties in the 
230-380 GHz  range  of  three  different  tubes.  Noise  temperatures  were  in  the 
1000-3000°K range  at  an IF frequency  of 1.4 GHz,  which  corresponds  to  a 
signal  to  noise  ratio  approximately  equal  to 120 db/MHz.  This  resulted  in 
the  conclusion  that  the  BWO  has  all  of  the  required  qualities  of  a  tunable 
oscillator  for  wavelengths  near X 3 1  mm and  several  successful  heterodyne 
experiments  have  already  been  performed [ 191, E201 , [211 

A  fine  example  of  a  practical  application  of  a  BWO in  a SMMW 
heterodyne  receiver is the  recent  observation  of  the  carbon  monoxide 
molecule  in  interstellar  clouds by Erickson [221, who  was  able  to  achieve 
system  noise  temperatures  as  low  as 3400°K (SSB)  at 345 GHz.  The 
requirements  for  high  voltages  and  magnetic  fields  make  carcinotrons 
relatively  large  and  heavy (10-30 kg),  but  this situation  may be  improved 
with  the  development  of  new  advanced  magnetic  materials. 

The  BWO  performance  at  long SMMW wavelengths  is  satisfactory,  but 
there  are,  however,  basic  fundamental  limitations  to  extending  the 
efficient  operation  of  BWO's  to  higher  frequencies.  Serious  fabrication 
difficulties  arise,  because  extremely  high  precision  of  machining  and 
alignment  is  demanded  for SMMW operation.  The  slow  wave  structure  has  to 
be  machined  to  tolerances  within l u m  and  the  dimensions  of  the  structure 
are on  the  order  of a  fraction of a  free  space  wavelength. As the  size  of 
the  device  decreases,  a  difficulty  arises  in  avoiding  serious  heat 
dissipation  due  to  unwanted  interception  of  the  electron  beam by  the 
structure.  Along  with  these  problems  are  additional  circuit  losses  which 
increase at  least  as  the  square  root  of  the  frequency  due  to  the  decrease 
in  the  skin  depth  and  even  more  rapidly  increasing losses caused by surface 
machining  imperfections. All of  these l o s s  mechanisms  contribute  to  the 
rapid  power  falloff  with  increasing  frequency,  and  impose  severe 
requirements  on  the  electron  beam  quality,  particularly  with  respect  to  the 
high  values  of  beam  current  density  and  magnetic  focusing  field  required. 
To offset  the  increasing osses, the  beam  current must be  intreased  to 
densities  of 10-20 A/cm , which  can  only  be  obtained  at  cathode 
temperatures  exceeding  the  values  usually  recommended  for  long  life. 
Lifetimes of 1000-2000 hours  are  typical  for  tubes  operating  near 300 GHz 
and  decrease  at  higher  frequencies.  These  rather  short  lifetimes,  the  high 
cost  of  approximately $80,000 for  the  tube  and  its  stabilized  high  voltage 
power  supply,  and  the  limited  availability  of  these  devices,  especially  for 
frequencies  above  abut 400 GHz, diminish  the  prospect  of  near  term 
widespread  application  of  the  BWO  as  a  local  oscillator  for  the SMMW 
region. 

i! 

A very  promising  alternative  electron  beam  oscillator  design,  the 
ledatron [23] ,  offers  the  possibility  of  overcoming  or  reducing  the 
deficiencies of  the  BWO. Oscillation  at X = 1  mm has been  observed  with  a 
peak  power  of  about 300 mW  and a tuning  range  of 40%, but  these  tubes are 
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s t i l l  i n   a n   e a r l y   s t a g e   o f   d e v e l o p m e n t   a n d  more  work i s  needed t o   e s t a b l i s h  
t h e   p o t e n t i a l   f o r   e f f i c i e n t  SMMW o p e r a t i o n .  

IV. IMPATT D I O D E  OSCILLATORS 

Over t h e   p a s t   s e v e r a l   y e a r s ,   s i g n i f i c a n t   p r o g r e s s   i n   i n c r e a s i n g  
output  power  and e f f i c i e n c y   h a s   b e e n   a c h i e v e d   w i t h   s i l i c o n  IMPATT diode  
o s c i l l a t o r s   o p e r a t i n g  a t  f r e q u e n c i e s  up t o   a b o u t  300 GHz [ 2 4 ] .  These 
r e s u l t s   c l e a r l y   p l a c e  IMPATT diodes  as t h e   p r e m i e r   s o l i d  s ta te  d e v i c e   f o r  
t h e   g e n e r a t i o n   o f  millimeter wave power. T h e r e f o r e ,   t h e i r   p o t e n t i a l   f o r  
e x t e n s i o n   i n t o   t h e  SMMW r e g i o n  must  be  examined. 

The o p e r a t i n g   p r i n c i p l e  of IMPATT ( impact   ava lanChe  and   t rans i t  
t ime)   d iodes  is  based   on   the   in jec t ion  of carriers, g e n e r a t e d   i n  a r e v e r s e -  
b iased  p-n j u n c t i o n  by a v a l a n c h e   b r e a k d o w n ,   i n t o   a n   i n t r i n s i c   d r i f t  
reg ion .  The e lectr ic  f i e l d   a c r o s s   t h e   d r i f t   r e g i o n  is high  enough so t h a t  
t h e   v e l o c i t y  of t h e   e l e c t r o n s  i s  cons tan t   and   independent  of t h e  e lectr ic  
f i e l d .  When a n   a l t e r n a t i n g   v o l t a g e  is a p p l i e d ,  a phase   de lay   occurs  
b e t w e e n   t h e   c u r r e n t   a n d   t h e   v o l t a g e   w a v e f o r m s   d u e   t o   t h e   t r a n s i t  time 
e f f e c t .   T h i s   r e s u l t s   i n  a f r e q u e n c y   d e p e n d e n t   n e g a t i v e   r e s i s t a n c e   t h a t   c a n  
be  used t o   g i v e   o s c i l l a t i o n  when t h e   c r y s t a l  is  i n c o r p o r a t e d   i n  a microwave 
c i r c u i t  as i n  Fig. 3.  V a r i a t i o n  of t h e   e x t e r n a l   c i r c u i t   i m p e d a n c e   a l l o w s  
the   f r equency  of o s c i l l a t i o n   t o  be  tuned  over a broad   range   s ince   the  
nega t ive   conductance   covers  a wide  frequency  bandwidth  of 10-20%. Bias 
c u r r e n t   t u n i n g  is  t h e  most e f f e c t i v e  way of producing  broadband  swept 
f requency   genera t ion ,   and   h igh   f requency   modula t ion  rates (2100 MHz) can  
be achieved.  Mechanical  tuning is  necessary  f o r  optimum performance a t  a 
s p e c i f i c   f r e q u e n c y   a n d   t h i s  is  achieved by v a r y i n g   t h e   p o s i t i o n   o f   t h e  
m o v a b l e   s h o r t   i n   t h e   o s c i l l a t o r   c i r c u i t .  

A comparison  of   the  propert ies   of  IMPATT devices  is g i v e n   i n  E b l e  
V. B e s i d e s   t u n a b i l i t y ,   t h e r e  are many o t h e r   a t t r a c t i v e   f e a t u r e s  of such a 
s o l i d - s t a t e   g e n e r a t o r   l i k e   c o m p a c t   s i z e   a n d   r u g g e d n e s s ,  low  power 
consumpt ion ,   and   r e l i ab le   ope ra t ion   w i th   l ong   l i f e t imes .   These   advan tages  
would make IMPATT d e v i c e s   h i g h l y   d e s i r a b l e   a s   l o c a l   o s c i l l a t o r s   i n   t h e  SMMW 
r e g i o n   i f   t h e   h i g h   e f f i c i e n c y   o p e r a t i o n   c a n   b e   e x t e n d e d   t o   h i g h e r  
f r e q u e n c i e s .  

U n f o r t u n a t e l y ,   t h e r e  are some fundamenta l   l imi ta t ions   which   have  
h i n d e r e d   t h e   s c a l i n g  of IMPATT's t o   h i g h e r   f r e q u e n c i e s .  The c u r r e n t  state- 
of - the-ar t  i s  shown i n   F i g u r e  4 w h e r e   t h e   s t e e p   f a l l o f f   i n   o u t p u t  power 
with  f requency  above  the  demarcat ion  point  a t  about  100 GHz can be c l e a r l y  
seen. The output  power i s  u l t i m a t e l y   l i m i t e d  by t h e   r e a l i z a b l e   c i r c u i t  
impedance  which  causes   the  mismatch  between  the  device  and  the  c i rcui t   to  
become i n c r e a s e l y   d i f f i c u l t   t o  overcome a t  h i g h e r   f r e q u e n c i e s .  The power 
f a l l o f f  is  m a i n l y   d u e   t o   t h e   a d v e r s e   e f f e c t s  of the  diode  package  and 
m o u n t i n g   p a r a s i t i c s .   L i m i t a t i o n s   o t h e r   t h a n   t r a n s i t  time e f f e c t s   h a v e   a l s o  
been  considered.  There are p rob lems   w i th   d i f fus ion   a ided   sp read ing   and  
bu i ldup   o f   t he   i n j ec t ed   cu r ren t ,   and   w i th   t he   f r equency   r e sponse  of t h e  
a v a l a n c h e   p r o c e s s   i t s e l f  [ 2 5 ] .  
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As one  attempts  to  extend  IMPATT  operation  to  higher  frequencies, 
the  diode  dimensions  must be reduced  to  reduce  the  parasitic  capacitance 
effects.  Unfortunately,  thermal  problems  associated  with  dissipation  of 
the  power  increase  as  the  size  of  the  device  decreases.  Since  the 
parameters of the  junction  are  strongly  dependent on  temperature,  the 
minimization  of  thermal  resistance  in  device  packaging  plays  an  important 
role  in  performance [ 2 6 ] .  The  physical  dimensions  of  the  device  also 
become  inconveniently  small  and  severe  demands  are  placed  on  processing  and 
fabritation  techniques.  Recent  improvements  in  output  power  from  the MMW 
devices  are  primarily  due  to  diamond  heat-sinking  and  improved  packaging 
techniques.  Commerically  available IMPATT  oscillators  can  now  produce 
single  device  outputs  of  700  mW  at 94 GHz, 100 mW  at 140 GHz,  and 25 mW  at 
220 GHz. Recently,  liquid  nitrogen  cooled Si  IMPATT's  have  produced  output 
powers  of 2.2 mW  and 4.5 mW  at  frequencies  of 412 and 295 GHz  respectively 
with  a  tuning  range  of 10% [27].  With such  output  powers  these  devices 
are  on  the  verge  of  being  useful  as LO sources  and  hopefully  developments 
in  this  area  will  continue. 

Another  serious  problem  with IMPATT  oscillators  is  the  very  high 
noise  level,  which  is  attributable  to  the  random  way  in  which  the  avalanche 
grows  from  a  few  initial  ionizing  events.  ?he  noise  exceeds  that  of  a 
klystron  or  Gunn  diode "W oscillator  and  for  this  reason  they  are 
difficult  to  use  as LO'S in  low  noise  receivers.  Recent  results  have  shown 
that  they  can  be  phase-locked  at  harmonic  frequencies  through  injection- 
locking  with  a  fundamental  mode  reference  source  of  high  frequency 
stability  and  low  noise  [28].  But  as  yet it is  difficult  to  assess  the 
extent  to  which  this  technique  will  be  effective  in  the SMMW region. 

The catastrophic  fall  in  efficiency  as  the  frequency  approaches  the 
SMMW region  is  reasonably  well  understood  and it is  unlikely  that  efficient 
operation  will  be  extended  beyond 400 GHz  with  conventional  techniques. 
Perhaps  a  quasioptical  approach  to  diode  packaging m y  be  the  only  way  to 
extend  the  frequency  coverage  further  into  the SMMW range.  There  is  no 
doubt  about IMPATT utility  at  the  long  wavelength  end  of  the SMMW spectrum, 
and,  as  shown  in  the  following  section,  harmonic  generators  can  provide 
useful  extension  of  the  frequency  coverage. 

In  addition  to  avalanching,  electron  tunneling  can  occur  in  a 
sufficiently  thin  p-n  junction  and  this  leads  to  a  tunnel  transit  time  or 
TUNNETT  mode of oscillation [ 2 5 ] .  Since  tunneling  is  a  very  fast  process 

sec),  the  idea  of  using a  tunnel  transit  time  mode  offers  promise  of 
enabling  one  to  extend  the  frequency  limit  well  beyond 300 GHz,  assuming 
the  appropriate  quasioptical  circuit  can be  devised.  Further  experimental 
work  on  TLJNNETT's  should  enhance  their  value  for SMMW systems. 

V. HARMON1 C GENERATORS 

The  long-standing  method  of  harmonic  generation in  nonlinear 
junctions  pumped by tunable  sources  offers  the  possibility  of  extending  the 
range  of  tunable MMW oscillators  into  the SMMW region.  ?he  formidable 
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problems  of   pushing  exis t ing "W sources   t o   h ighe r   f r equenc ie s ,   combined  
w i t h   r e c e n t   a d v a n c e s   i n   t h e   f a b r i c a t i o n   o f   S c h o t t k y   d i o d e s   h a v e   c a u s e d  
renewed i n t e r e s t   i n   t h e s e   h a r m o n i c   g e n e r a t i o n   t e c h n i q u e s .  

A harmonic   genera tor  is  simply a frequency  converter   in   which  power 
i s  genera ted  a t  a h igher   f requency  by e x p l o i t i n g  a n o n l i n e a r i t y   i n   t h e  
c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c .  For   example ,   the   cur ren t   th rough a 
Schot tky  diode w i l l  conta in   harmonics   o f   the   f requency  of t h e   d r i v i n g  
f i e l d ,  and th i s   ha rmon ic  power can be r a d i a t e d   i n t o   f r e e   s p a c e   o r   i n t o  a 
waveguide i n  which  the  diode is  mount d [ 2 9 ] .  I n   p r i n c i p l e   h a r m o n i c  power 
can be g e n e r a t e d   i n   p r o p o r t i o n   t o   l / n  a t  the   n th   ha rmon ic   o f   t he   app l i ed  
f i e l d ,   b u t   t h e   u s e f u l   r a n g e   o f   f r e q u e n c i e s  is l i m i t e d  by j u n c t i o n  
capac i t ance   and   impedance   ma tch ing   t o   t he   ex t e rna l   c i r cu i t  [ 3 0 j .  Higher 
f r e q u e n c i e s   r e q u i r e   s p e c i a l   f a b r i c a t i o n   t e c h n i q u e s   t h a t   p r o d u c e   e x t r e m e l y  
small area con tac t s   w i th   d i ame te r s  of 0.1-2.0 Um and  very  low  values  of 
j u n c t i o n   c a p a c i t a n c e  [ 3 1 ] .  These small c o n t a c t  areas create a limit on t h e  
amount  of  generated  harmonic  power,  however,  since  they restrict t h e  
al lowable  fundamental  pump power t o   a b o u t  100 mW. Above t h i s  power l e v e l  
the   d iode  w i l l  u s u a l l y   b u r n   o u t   o r   s u f f e r  e lec t r ica l  breakdown. 

5 

The most s u c c e s s f u l   d e v i c e  of t h i s   t ype   has   been  a crossed  waveguide 
harmonic   genera tor   (F igure  5 ) ,  and   conve r s ion   e f f i c i enc ie s   o f  2% g i v i n g  2 
mW of output  power a t  228 GHz have  been  obtained [29 3 .  The  maximum second 
harmonic  output was 3.5 mW a t  226 GHz f o r   t h e   s a t u r a t i o n  limit of 200 mW of 
input  power f rom  the   source   k lys t ron ,   and  a f r e q u e n c y   t u n a b i l i t y  of about  
5% was r e t a i n e d .   I n   t h e  200-300 GHz r e g i o n  more r e c e n t   r e s u l t s   h a v e  
ach ieved   s econd   ha rmon ic   conve r s ion   e f f i c i enc ie s  as high as 6-8% y i e l d i n g  4 
mW at  270 GHz, and 2-3 mW was produced a t  305 GHz w i t h  -1% convers ion  
e f f i c i e n c y   i n  a t r i p l i n g  mode [ 3 2 ] .  T h i s   r e p r e s e n t s   s u f f i c i e n t  LO power 
f o r  good c o n v e r s i o n   e f f i c i e n c y   i n  a Schot tky  diode mixer a t   t h e s e  
frequencies ,   and  has   a l lowed  system  noise   temperatures  of 3100'K (SSB) t o  
be  reached a t  270 GHz [ 3 2 ] .  

F u r t h e r   i n t o   t h e  SMMW region,  output  powers of about 0.1 mW have 
been   ob ta ined   a t  447 G H z  1301 which are t h u s   f a r   i n s u f f i c i e n t  as sources   o f  
LO power for   Schot tky  diode  mixers .  However, t h e s e  power l e v e l s  w i l l  
s u f f i c e   f o r  He cooled   InSb  or   Josephson  mixers ,   and   severa l   he te rodyne  
r e c e i v e r s   h a v e   b e e n   r e a l i z e d   f o r   s u c h   a p p l i c a t i o n s  as m e a s u r i n g   t h e   f i r s t  
SMMW m o l e c u l a r   l i n e   i n   a n   a s t r o n o m i c a l   s o u r c e  [ 3 3 ] ,  a n d   f o r   a i r b o r n e  
observa t ion   of   a tmospher ic   ozone   in   the  440-530 GHz r e g i o n  [ 3 4 ] .  I n  
molecular   spectroscopy,  more SMMW experiments  have  been  performed  using 
th i s   t echnique   than   wi th   any   o ther  1351. Above about 500 GHz, however, 
harmonic  generation  has  not  proved a u s e f u l   s o u r c e  of LO power e v e n   f o r   t h e  
v e r y   s e n s i t i v e   c r y o g e n i c   d e t e c t o r s .  

Some improvement   can  be  ant ic ipated as new f a b r i k a t i o n   t e c h n i q u e s  
are in t roduced ,   s ince   t hese   sou rces  are  as ye t   r e l a t ive ly   undeve loped .  If 
more  power c a n   b e   g e n e r a t e d   i n   t h e   f u t u r e ,   t h e   f a v o r a b l e   f e a t u r e s   o f   t h e s e  
devices  w i l l  b r i n g  them i n t o  much more widespread  use.  
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V I .  OPTICALLY PUMPED  MOLECULAR LASERS - ___ 

All  of  the  sources  previously  discussed  are  characterized by a 
drastic  falloff  in  output  power  with  increasing  frequency.  Transit  time 
effects,  unrealizable  mechanical  tolerances,  and  impedance  matching 
problems severelylimit their  high  frequency  response. To circumvent  these 
limitations a fresh  approach  was needed.  The  departure from  attempts to 
extend  conventional  technology  to  higher  frequencies  was  pioneered  in 1970 
by  Chang  and  Bridges,  who  introduced  the  optically  pumped  molecular (OPM) 
laser [361.  The  optical  pumping  technique  has  now  succeeded  in  generating 
a  rich  spectrum  of  laser  lines  from X = 40 to 2000pm,  thereby  bridging  the 
gap  in  source  availability  up  to  the  infrared. A comparison of OPM lasers 
with  other CN SMMW sources  (Fig. 6 )  shows  that  for  frequencies  greater  than 
600 GHz they  are  clearly  the  dominant  source  technology [ 3 7 ] .  A brief 
outline  of  the  operating  features  of  these  lasers  is  worthwhile,  since  they 
have  had  such a  dramatic  impact  on  the SMMW region.  Detailed  descriptions 
are  available  in  several  excellent  review  articles  1371, 1381. 

The  basic operation of an OPM laser  is  illustrated  in  Figure 7. 
Transitions  between  specific  rotational  energy  levels  within  the  ground  and 
first  excited  vibrational  states  of a polar  molecular  gas  are  utilized  in 
both  the  absorption  and  emission  processes.  The  pumping  is  achieved 
through  an  accidental  near  coincidence  between  a  rotational-vibrational 
absorption  line  of  the  molecule  and  a  suitable  pump  laser  line.  The 
intense  and  efficient C02 laser  emission  lines  in  the  infrared  near 
X = 10pm are  almost  exclusively  used  for  this  purpose.  The  pump  photons 
selectively  excite  a  particular  rotational  level  in  the  excited  vibrational 
state  and  produce  population  inversion  between  the  unoccupied  adjacent 
rotational  states. In typical  molecules  like  CH3F  and m3OH possessing  a 
permanent  dipole  moment,  the  large  rotational  transition  matrix  elements 
lead  to  high gain, and  laser  emission  can  be  achieved  with a  suitable 
optical  cavity.  The  molecular  kinetics  are a l s o  very  important  for 
efficient CW operation of an OPM laser. In the  steady  state,  vibrational 
relaxation  through  diffusion  or  V-T/R  processes  must  be  sufficiently  fast 
to  prevent  destruction  of  the  inversion by rotationally  thermalizing 
collisions.  Operating  pressures  are  typically  limited  to  the 100 mtorr 
region by  the relatively  slow  rate of vibrational  relaxation  in  diffusion 
dominated  systems,  such  as CH3F, and  this  adversely  affects  the  rate  of 
energy  extraction by limiting  the  pump  absorption. However,  non-diffusion 
limited  operation  using  molecules  such  as  CH2F2  with  very  fast  V-T/R 
relaxation  rates  has  recently  overcome  this  limitation,  leading  to 
increased (3 power  and  operating  efficiencies as high  as 32% of  the 
theoretical  limit [ 3 9 ] ,  [ 401 .  

The  physical components  which  make  up  an  actual OPM laser  system  are 
displayed  in  Figure 8 .  The  setup  consists  of a  grating  tuned aJ C02  laser 
with  a  single  line  output  power  in  the  range  of 10-50 W. The  pump 
radiation  is  normally  injected  into  the SMMW resonator by focusing  through 
a  hole  in  one  of  the  cavity  end  reflectors.  The  more  common  resonators  and 
output  coupling  schemes  have  been  well  reviewed [411, [42],  but  in  general 



t h e   b e s t  beam  mode q u a l i t y ,   l i n e a r   p o l a r i z a t i o n ,   a n d   o u t p u t  powers  have 
been  obtained  f rom  hol low  dielectr ic   waveguide  resonators  [431 .  The 
combina t ion   d i e l ec t r i c -me ta l l i c   r ec t angu la r   wavegu ide  is another  
conf igu ra t ion  [ 4 4 ]  which has   proven  to  be ve ry   u se fu l   fo r   S t a rk   t un ing  
[ 4 5 ] ,  high  speed  modulation 1461, and  phase-locking of the  laser output  
[ 4 7 ] .  Output  coupling  can be accomplished  with a s imple   ho le   in   the   cav i ty  
end   r e f l ec to r ,   bu t   fo r  practical a p p l i c a t i o n s  where output  beam q u a l i t y  is 
important some t y p e  of hybr id   ou tpu t   coup le r   e i t he r  metal mesh-dielectr ic  
[ 4 8 ]  or   d i e l ec t r i c -ho le   coup le r  [ 4 3 ]  i s  necessary.  

The p r o p e r t i e s  of OPM lasers are summarized i n  Table V I .  A pr ime 
advantage of t he  OPM laser as a l o c a l   o s c i l l a t o r  is  i ts  inherent ly   narrow 
l inewid th ,   s ince   mo lecu la r   t r ans i t i ons   i n   t hese  low p res su re   gases   y i e ld  
ga in   l inewidths  of < 10 MHz. OPM lasers are eas i ly   cons t ruc t ed   and  
r e l a t ive ly   i nexpens ive .  Commercial systems complete  with power supp l i e s  
and a s s o c i a t e d   e l e c t r o n i c s  are ava i l ab le   fo r   unde r  $40K from a number of 
s u p p l i e r s ,  so t h a t   t h e s e   s o u r c e s   a r e   w i d e l y   a v a i l a b l e   t o   r e s e a r c h e r s .  
Another  important  advantage of t hese  lasers is  t h e i r   v e r s a t i l i t y .  A l a r g e  
number  of emis s ion   l i nes  (>1000) are a v a i l a b l e ,  so  t h a t   t h e r e  is  almost 
complete  coverage of t h e   e n t i r e  SMMW range  with  an  average  spacing on the  
order  of a f r a c t i o n  of a wavenumber [ 4 9 ] .  A s i n g l e  laser can   a l so  be made 
t o   o p e r a t e   o v e r   t h e   e n t i r e  SMMW on a v a r i e t y  of wavelengths by tun ing   t he  
C02 pump. Molecules   l ike CH3OH [501 and CH2F2 [511 each  have more than 50 
laser l ines   spread   th roughout   th i s   reg ion .  For other  wavelengths,  it is 
o f t e n  a r e l a t i v e l y  s imple  procedure  to   change  the laser gas. These lasers 
operate   sealed-off   because  there  i s  no d ischarge  t o  des t roy   t he   l a s ing  
molecules .   This   a l lows  very  high  f requency  s tabi l i ty ,   about   three  orders  
of  magnitude b e t t e r   t h a n   f o r   f r e e   r u n n i n g  e lectr ic  d ischarge  SMMW lasers 
[ 5 2 ] .  Phase-locking  to a low frequency  reference  s tandard  has   a lso  been 
demonstrated [ 5 3 ] .  

The major disadvantage of OPM lasers is  t h e i r   l a c k  of t u n a b i l i t y .  
S t a rk   t un ing   o f f e r s   t he   po ten t i a l   fo r   i nc reased   r ange ,   bu t   on ly  up to   about  
100 MHz [ 5 4 ] .  Recent  advances in  Schottky  diode  mixer  technology  have 
p rac t i ca l ly   e l imina ted   t h i s   p rob lem,  however s ince  I F  bandwidths as l a r g e  
as 20 GHz can be now obtained [551 .  In conjunct ion   wi th   the   ava i lab le  
laser l i nes ,   t h i s   i nc reased   bandwid th  w i l l  a l low a heterodyne  spectrometer  
t o  be b u i l t  which provides  almost  complete  coverage of the  SMMW region  
[ 5 6 ] .  Several   novel   techniques  have  a lso  been  recent ly   demonstrated  for  
increas ing   the   tun ing  of OPM lasers and  they w i l l  be desc r ibed   i n   t he  
fo l lowing   sec t ion .   Another   l imi ta t ion  of OPM lasers is t h e i r   i n h e r e n t  
i n e f f i c i e n c y .  The o p t i c a l  pumping process  a t  best   cannot  achieve power 
conversion  exceeding  about  one-half of t he  Manly-Rowe limit [ 3 7 ] .  Only a 
handful  of l i n e s   a c t u a l l y   o p e r a t e   w i t h  (w c o n v e r s i o n   e f f i c i e n c i e s   w i t h i n   a n  
order  of magnitude of t h i s  limit, bu t   t he   p ro l i f e ra t ion  of new source 
molecules  such as CH2F2 has   g rea t ly  added t o   t h e  number of such  s t rong SMMW 
laser l i n e s .   R e l a t i v e l y  low ef f ic iency   imposes   l a rger   s ize   and   h igher  
power requirements on the  C02 pump laser system,  and  the  need  for two laser 
resonators   increases   the   complexi ty  of the  overall   system.  Amplitude 
i n s t a b i l i t y   c a u s e d  by  coupling  between  the two laser c a v i t i e s   h a s   b e e n  a 
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problem i n   t h e   p a s t ,   b u t  recent design  improvements  have now e s s e n t i a l l y  
e l imina ted   t h i s   p rob lem.  None of t h e   l i m i t a t i o n s   f o r  OPM laser s o u r c e s  
have  proved  insurmountable,  and  compact  and well engineered  systems  have 
been b u i l t   i n  several l a b o r a t o r i e s .  

One such OPM laser system was c o n s t r u c t e d  a t  the  Aerospace 
C o r p o r a t i o n   f o r   u s e   i n  a t r a n s p o r t a b l e   h e t e r o d y n e  receiver s u i t a b l e   f o r  
d i agnos t i c   expe r imen t s   on   l a rge  Tokamak plasma  machines [ 5 7 ] .  S e v e r a l  
u n i q u e   d e s i g n   f e a t u r e s   h a v e   b e e n   i n c o r p o r a t e d   i n t o   t h i s  new s e l f - c o n t a i n e d  
OPM laser package .   'Because   o f   t he   s t r i ngen t   r equ i r emen t s   fo r   r e l i ab le  
o p e r a t i o n   i n   h o s t i l e   e n v i r o n m e n t s   a n d   r e m o t e   f i e l d  sites, t h i s  new d e s i g n  
i s  much more complex  than  the laser norma l ly   u sed   i n   t he   l abo ra to ry .   Fo r  
compactness   and   mobi l i ty ,   bo th   the  C02 pump laser and   t he  FIR laser 
c a v i t i e s  were b u i l t   i n t o  a s ing le   Inva r   f r ame   w i th   ove ra l l   d imens ions  of 
2.0 m x 0.4 m x 0.4 m. Figure 9 shows a view of the   comple te   package   wi th  
t h e  C02 pump laser mounted  above  the SMMW waveguide  resonator .  The low 
t e m p e r a t u r e   c o e f f i c i e n t  of expansion of I n v a r   h e l p s   t o   e n s u r e   t h e   l o n g  term 
t e m p o r a l   s t a b i l i t y  of   the laser power  and  f requency.   In   addi t ion,  a 
t e m p e r a t u r e   c o n t r o l l e r   c i r c u l a t e s   c o n s t a n t   t e m p e r a t u r e   c o o l a n t   t h r o u g h o u t  
t h e   s t r u c t u r a l   c o m p o n e n t s  of the  f rame.   Provis ions  have  a lso  been made f o r  
remote-tuning of t h e  C02 and SMMW lasers fo r   ope ra t ion   f rom  r emote   con t ro l  
areas. 'Ihe h i g h e s t   p o s s i b l e  CW output  power i s  r e q u i r e d ,  as w e l l  as a 
s m a l l   a n g u l a r   d i v e r g e n c e   f o r   t h e   o u t p u t  beam. To a c h i e v e   t h e s e   g o a l s ,   t h e  
SMMW laser i s  equipped  with a s t a t e -o f - the -a r t   hybr id   ou tpu t   coup l ing  
mir ror .  

Prel iminary  performance  measurements   have  been  obtained  with two 
p ro to type   sys t ems   ope ra t ing   i n   ou r   l abo ra to ry .   Us ing  CH2F2 a s   t h e   l a s i n g  
medium, t r u e  CW output  power  of t y p i c a l l y  45 mW is  o b t a i n e d   a t  a wavelength 
of  214.7 pm with  long term a m p l i t u d e   s t a b i l i t y  of *3% (F igure   10) .  I t  must 
b e   e m p h a s i z e d   t h a t   t h i s   e x c e l l e n t   a m p l i t u d e   s t a b i l i t y   h a s   b e e n   a c h i e v e d  
w i t h o u t   a c t i v e l y   s t a b i l i z i n g   t h e  C02 pump laser,  and  conceivably i t  can  be 
improved  with  such a s t a b i l i z a t i o n   s y s t e m .   A n o t h e r   i m p o r t a n t   f e a t u r e   o f  
the  package is t h a t  i t  can   be   opera ted   in  a sealed-off  mode w i t h  a s i n g l e  
f i l l  of CH2F2 gas   fo r   ex t ended   pe r iods  of up t o  2 weeks. This i s  very 
d e s i r a b l e   f o r   i n c r e a s e d   r e l i a b i l i t y   a n d   e a s e  of  day t o  day   opera t ion .  A 
v a p o r   t r a p   h a s   a l s o   b e e n   c o n s t r u c t e d   t h a t   c a n  be  used t o   r e c a p t u r e   a n d  
r e c y c l e   t h e  CH2F2 g a s   f o r  a number  of c y c l e s ,   s i n c e   t h e   c h e m i c a l   r e a c t i v i t y  
of t h i s   mo lecu le  i s  q u i t e  low. 

The n o i s e   s p e c t r u m   a n d   f r e q u e n c y   s t a b i l i t y   o f   t h i s  SMMW laser 
package are cr i t ical  pe r fo rmance   cha rac t e r i s t i c s .   These   pa rame te r s  were 
measured by he terodyning  two of   these lasers toge ther .  The outputs   f rom 
both lasers were mixed i n  a 0.25pm Scho t tky   d iode   mixe r   f ab r i ca t ed   i n  
house   and   op t imized   for   the   h igh  laser frequency [ 5 8 ] .  The I F   s i g n a l  
produced by o f f s e t t i n g   o n e  laser 3 . 9  MHz f r o m   t h e   o t h e r   i n   F i g u r e  11 
c o n f i r m s   s i n g l e  mode ope ra t ion   f rom  bo th  lasers, s i n c e   o n l y  a s i n g l e   b e a t  
no te  i s  p r e s e n t   o n   e i t h e r   s i d e  of t he   r ece ive r   cen te r   f r equency .  The f r e e -  
r u n n i n g   f r e q u e n c y   s t a b i l i t y   o f   t h e   b e a t   s i g n a l   i n   F i g u r e . 1 2  was b e t t e r   t h a n  
20 kHz, as measured   f rom  the   ha l f -wid th   o f   the   s igna l   for  a two minute 

4 27 



exposure .   This   exce l len t   l eve l   o f   per formance  is well w i t h i n   t h e  
r e q u i r e m e n t s   f o r   l o c a l   o s c i l l a t o r   a p p l i c a t i o n s   i n  Tokamak d i a g n o s t i c  
expe r imen t s ,   and   p l ans   t o   u t i l i ze   t h i s   sys t em  fo r   such   measu remen t s  are now 
underway. 

Another   noteworthy  design  has   been  developed a t  t h e  NASA Goddard 
Space  Flight  Center,   where C02 pump laser r a d i a t i o n  i s  i n j e c t e d   o f f - a x i s  
i n t o  a nove l   fou r - fo ld   degene ra t e   Gauss i an   r e sona to r   w i th in   t he  SMMW 
waveguide  [59] .   This   has   the  advantages of i m p r o v e d   s t a b i l i t y ,   t h r o u g h  
e l i m i n a t i o n   o f   f e e d b a c k   e f f e c t s   a n d   g r e a t e r   e f f i c i e n c y   a s s o c i a t e d   w i t h  
b e t t e r   u t i l i z a t i o n  of t h e  pump power. The technique  may p r o v e   e s p e c i a l l y  
u s e f u l   f o r  many of t h e  more weak ly   abso rb ing   gases   o the r   t han  CH2F?. 
E x c e l l e n t   a m p l i t u d e   a n d   f r e q u e n c y   s t a b i l i t y   h a s   b e e n   o b t a i n e d   w i t h   t h l s  
system,  which is d e s c r i b e d   i n   d e t a i l   e l s e w h e r e   i n   t h e s e   p r o c e e d i n g s   [ 6 0 ] .  

A SMMW heterodyne   rece iver   sys tem  has   a l so   been   cons t ruc ted  a t  t h e  
Max P l a n c k   I n s t i t u t e   f o r   R a d i o   A s t r o n o m y   f o r   t h e   o b s e r v a t i o n   o f  
i n t e r s t e l l a r   m o l e c u l e s   [ 6 1 ] .   F i g u r e  13 shows r e s u l t s   f o r   h e t e r o d y n e   m i x e r  
c o n v e r s i o n   l o s s   i n d i c a t i n g   t h a t   v a l u e s  as low as 11.6 dB have  been  achieved 
a t  761 GHz. T h i s   t r a n s l a t e s   t o  a sys tem  noise   t empera ture  of only  3,670"K 
(DSB) [62] .  From Figure 13 one  can see t h a t   t h e   c o n v e r s i o n   l o s s   f o r   t h i s  
Schot tky  diode is n o t   y e t   s a t u r a t e d  up t o   t h e  maximum a v a i l a b l e  laser LO 
power  of  10 mW. T h i s   e s t a b l i s h e s  a lower limit on t h e  amount  of LO power 
n e c e s s a r y   f o r   e f f i c i e n t   p e r f o r m a n c e  a t  these   h igh   f r equenc ie s ,   and   imp l i e s  
t h a t   w i t h   i n c r e a s e d  LO power i t  w i l l  b e   p o s s i b l e   t o   a c h i e v e  s t i l l  lower 
system  noise   temperatures .  

OPM laser technology is  now rap id ly   ma tu r ing ,   and   s eve ra l  well- 
eng inee red   sys t ems   have   been   des igned   and   cons t ruc t ed   fo r   va r ious  
purposes .   Present   l eve ls   o f   per formance  are s u f f i c i e n t   f o r   l o c a l  
o s c i l l a t o r   a p p l i c a t i o n s   i n   p r a c t i c a l   h e t e r o d y n e   s y s t e m s  w e l l  i n t o   t h e  SMMW 
region .   Novel   t echniques   descr ibed   in   the   fo l lowing   sec t ion   for   ex tending  
the   tun ing   range   of  OPM lasers w i l l  c o n t r i b u t e   s i g n i f i c a n t l y   t o   t h e i r  
u t i l i t y ,  a n d   t h e   a c c e l e r a t i n g  ra te  of  advance i n  OPM laser technology 
s h o u l d   l e a d   t o   a d d i t i o n a l   p r a c t i c a l   a p p l i c a t i o n s   d u r i n g   t h e   n e x t  1-3 years .  

VII. NOVEL OPTICALLY  PUMPED LASER TUNING TECHNIQUES 

The t e c h n i q u e s  of s ideband  genera t ion   and  (315 s t i m u l a t e d  Raman 
emiss ion   have   recent ly   been   ex tended   in to   the  SMMW region.  These  advances 
show promise of e l i m i n a t i n g   t h e   s e r i o u s   t u n i n g   p r o b l e m s  now a s s o c i a t e d   w i t h  
OF" lasers. 

The p r i n c i p l e  o f   gene ra t ing   t unab le   s idebands  is  i l l u s t r a t e d   i n  
Figure 14. A quas i -op t i ca l   Scho t tky   d iode  mixer is f e d   c o a x i a l l y   w i t h  
tunable   microwave   rad ia t ion   and   s imula taneous ly   i r rad ia ted   wi th   the   ou tput  
of an OF" laser. Tunable  sidebands are g e n e r a t e d   a t   t h e  SMMW frequency by 
non l inea r   mix ing   i n   t he   Scho t tky   d iode   and   r ad ia t ed  by t h e   l o n g  wire 
antenna of the  corner  cube  mixer.  Output  powers  of W cont inuous ly  
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tunable  from 2.5 to 18 GHz  have  been  obtained  in  this  way  from  the  first 
SMMW experiments [ 6 3 ] .  Initial  laboratory  experiments  have  used  this 
tunable SMMW source in  an infrared-submillimeter  double  resonance  study  of 
an excited  vibrational  state in Cd3F [ 6 4 ] .  A Schottky  diode  heterodyne 
receiver  easily  detected  the  sideband  radiation  with  signal  to  noise  ratios 
of 40 dB,  and  since  the  time  response  is  fast  the  kinetics  of  energy 
transfer  processes  could  also  be  investigated.  ’Ihus,  the  introduction  of 
these  tunable  sources  combined  with  the  sensitive  heterodyne  detectors  has 
opened  up  the  possibility  for  new  types  of  high  resolution SMMW 
spectroscopic  studies. 

The  technique  of aJ stimulated  Raman  scattering in  a three  level 
molecular  system  is  schematically  illustrated  in Fig. 15. An intense  pump 
laser  with  frequency v is  nearly  resonant  with  an  infrared  transition of 
frequency v with  aR  offset Av = v - ujl. Using  the  nonlinear 
properties ollthe molecular  gas  itgelf, ’a signal  is  generated by the 
stimulated  Raman  effect  near  the  rotational  frequency v32. In contrast  to 
the  two  step  resonant  absorption  and  re-emission  process  of  a  normal OPM 
laser, the (w Raman  laser  is  a  simultaneous  two-photon  process,  and 
changing  of  the  pump  offset will  tune  the S M ”  frequency by  the  same 
amount.  The  tuning  in  the  Raman  case  is  larger,  since  in  the  normal  laser 
the  change  in  the  emission  frequency  is  reduced by  the ratio of  the SMMW 
frequency  to  the  pump  frequency  due  to  the  Doppler  effect.  Experiments 
have  been  conducted  with NH3 ** and  HCOOH [65] and  interpreted  as  the 
first  observations  of  stimulated SMMW Raman  lasing  using a aJ pump  laser. 
These  results  demonstrated  that  Raman  effects  can  be  observed  at  the  power 
levels  typical  in a CW OPM laser,  and  that  dramatic  increases  in  tuning 
range  can  be  achieved. A frequency  tuning  of 50 MHz,  which  is  roughly  the 
tuning  range  of  the CO2 pump  laser,  was  observed  using  NH3  at  67pm.  This 
corresponds  to  about  an  order  of  magnitude  increase  in  tunability.  Raman 
emission  has  the  additional  advantage  that  the  power  scaling  behavior  will 
also be different  from  normal O E ”  lasers,  and  could  eventually  lead  to 
higher  achievable  output  powers.  Although  very  promising,  this  technique 
is  still  in  the  preliminary  stages of development  and  more  work  will  be 
needed  to  fully  assess  its  true  potential. 

VIII. CONCLUSION 

This  review  has  summarized  the  state-of-the-art  performance  of aJ 
SMMW sources.  Each  source  type  was  introduced  with a brief  description  of 
its  basic  operating  features.  The  advantages  and  limitation  of  the  various 
devices  were  then  compared  in an attempt  to  assess  their  potential  for 
applieation  as  local  oscillators  in  low  noise  heterodyne  receivers. 

**Unpublished  article  by G. D. Willenberg, U. Huebner, and J. Heppner 
entitled  “Far  Infrared CW  Raman  Lasing  in  NH3.” 



The assessment of t h e   c u r r e n t   s i t u a t i o n   l e a d s   t o   t h e   f o l l o w i n g  
conclusions.  The Combination of a sealed-off ,   h igh power OPM laser and a 
room-temperature  Schottky  diode  mixer is an   ex t r eme ly   a t t r ac t ive   package  
for   he te rodyne   sys tems.   Present   l eve ls  of performance are s u f f i c i e n t   f o r  
many p r a c t i c a l   a p p l i c a t i o n s .  As a consequence of t h e  new compact  and 
r e l i a b l e  laser packages ,   immedia te   appl ica t ions   to   sc ien t i f ic   p roblems  and  
f e a s i b i l i t y   s t u d i e s   c a n  be expected. The near  term out look i s  t h a t  OPM 
l a s e r s  w i l l  be implemented ,   s imply   because   o f   the i r   ava i lab i l i ty ,  
throughout   the SMMW range. For f requent ies   above  500 GHz, they are the  
so le   a l te rna t ive .   In   the   long   wavelength   por t ion  of t he  SMMW spectrum, 
backward-wave osc i l la tors   have   demonst ra ted   sa t i s fac tory   per formance   in  
heterodyne systems.  However, h igh   cos t ,  l i m i t e d  a v a i l a b i l i t y ,  and a 
r epu ta t ion  of s h o r t   l i f e t i m e  have  prevented  widespread  applications.   In 
s p i t e  of t h e s e   l i m i t a t i o n s ,  backward-wave o s c i l l a t o r s   a r e   c u r r e n t l y   t h e  
only  sources  of widely  tunable  coherent SMMW r ad ia t ion .  A t  p r e s e n t ,   s o l i d  
s t a t e   sou rces   such  as the  IMPATT diode  have  not  yet   reached a s t age  of 
development  to be u s e f u l   i n   t h e  SMMW region. The long  range  prospects are 
good t h a t   f u r t h e r   e f f o r t s  w i l l  l e a d   t o  compact t u n a b l e   s o l i d   s t a t e  SMMW 
sources .   In   the  near   future ,   harmonit   generators  w i l l  extend  the  useful  
range of both  the BWO and IMPATT dev ices   t o   h ighe r   f r equenc ie s ,   bu t  
probably  not much beyond 600 GHz. 

A so l id   founda t ion  now exis t s   for   cont inued   deve lopment  of SMMW 
sources,   but SMMW technology i s  s t i l l  i n  i t s  infancy   and   s ign i f icant  work 
remains. As i n   t h e  pas t ,  p rogress  w i l l  depend  on t h e   s y n e r g i s t i c  
re la t ionship   be tween pract ical  appl ica t ions   and   v iab le   sources .  The 
n e c e s s i t y   t o   e x p l o i t   t h e   u n i q u e   p r o p e r t i e s  of SMNW rad ia t ion   i n   impor t an t  
a p p l i c a t i o n s  w i l l  accelerate the  advancement of SMMW sources .  Improved 
source   per formance ,   in   tu rn ,  w i l l  mu l t ip ly   t he  number  of p o t e n t i a l  
appl icat ions.   This   cycle   can be expec ted   t o   con t inue ,   and   s ign i f i can t  
r e s u l t s   c a n  be a n t i c i p a t e d  from SMMW heterodyne systems i n   t h e   n e a r   f u t u r e .  

The a s s i s t a n c e  of my co l leagues ,  D. T. Hodges and J. R. Tucker, i n  
c r i t i ca l ly   r ev iewing   t he   manusc r ip t  is  g r a t e f u l l y  acknowledged. 
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TABLE I. - CRITERIA FOR COMPARISON OF cw sw LOCAL OSCILLATORS 

OUTPUT POWER LINEWIDTH 

FREQUENCY RANGE LIFETIME 

EFF I C I ENCY NOISE 

TUNING  BANDWIDTH SIZE 

FREQUENCY STABILITY COST AND AVAILABILITY 

TABLE 11.- SUMMARY OF CW SMMW SOURCES 

OPTICALLY  PUMPED LASERS 

BACKWARD WAVE OSCILLATORS 

JOSEPHSON  JUNCTION  OSCILLATORS 

IMPATT D I ODES 

HARMON  IC GENERATORS 

S IDEBAND GENERATORS 

ELECTR I C  D ISCHARGE LASERS 

GYROTRONS 
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TABLE 111.- PROPERTIES OF BACKWARD WAVE OSCILLATORS 

ADVANTAGES 
0 CONTINUOUSLY  TUNABLE  ELECTRICALLY 

0 WIDE  RANGE OF TUNABILITY 

0 NARROW LINE  WIDTH 

0 EASILY  PHASE OR FREQUENCY LOCKED 

0 LOW NOISE  CHARACTERISTICS 

0 COMPACT 

LIMITATIONS 

0 FABRICATION PROBLEMS 

0 RELATIVELY  HIGH  COST 

0 UNAVAILABIL ITY 

0 RAPID POWER FALLOFF WITH FREQUENCY 

0 REDUCED LIFETIME  AT  HIGH FREQUENCIES 

TABLE 1V.-  CHARACTERISTICS OF AVAILABLE  CARCINOTRONS 

WAVELENGTH 
(mm) 

~~ 

4 

2 

1 

0.5 

0.4 

0.35 

CURRENT 
(mA) 

65 

45 

30 

35 

35 

45 

VOLTAGE 
(kV) 

6 

6 

10 

10 

10 

10 

POWER EFF I C I ENCY 
(W) 

0.5 1.4 

4 8 

11 38 

( 7 0 )  

15 x 

6 x 0.25 x 

2 x 9 x 

4 x 
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TABLE V.- PROPERTIES OF IMPATT DIODES 
1 
I 

ADVANTAGES 

0 COMPACT S IZE AND RUGGEDNESS 

0 POTENTIAL LONG LIFE AND RELIABILITY 

0 WIDELY TUNABLE 

0 MODEST DC POWER REQUIREMENTS 

0 POTENTIAL HIGH EFFICIENCY 

LIMITATIONS 

0 HIGH NOISE LEVELS 

0 WIDE  LINEWIDTH 

0 RAPID POWER FALLOFF AT HIGH 
FREQUENC I ES 

0 UNAVAILABILITY 

TABLE V1.- PROPERTIES O F  OPTICALLY PUMPED  MOLECULAR LASERS 

ADVANTAGES 

0 INHERENTLY NARROW LINEWIDTH 
0 EASILY CONSTRUCTED AND WIDELY  AVAILABLE 
0 RELATIVELY I NEXPENS I VE 
0 WIDE SPECTRAL RANGE 
0 HIGH FREQUENCY STABILITY 
0 PHASE- LOCKED OPERATION DEMONSTRATED 
0 VERSATILITY 

LIMITATIONS 

0 LACK OF TUNABILITY 
0 INEFFICIENT 
0 HIGH POWER REQUIREMEMS 
0 INSTAB  lLlT IES 
0 INCREASED COMPLEXITY 
0 RELATIVELY LARGE S IZE 



Figure 1.- Cross-sectional  diagram of a backward wave o s c i l l a t o r   ( a f t e r  
R e f .  15) .  
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Figure 2.- Performance c h a r a c t e r i s t i c s  of a wide  bandwidth medium power 
carc inot ron   (a f te r  Ref. 17) . 

440 



IMP. TRANS. 

\ 

TO LOA0 
IT 

DIODE 
'PACKAGE 

3 'i 
LP 

LS 

1% I'd 
== CP 

-RN - "- ~~ ~ ~ 

IMPEDANCE TUNING PARASITICS 
TRANSFORMER  SHORT 

DIODE 

Figure 3 . -  Cross-sectional  diagram and e q u i v a l e n t   c i r c u i t  of an IMPATT 
o s c i l l a t o r   ( a f t e r  Ref. 24) - 
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Figure 4.- State-of-the-art  performance  of IMPATT d i o d e s   ( a f t e r  R e f .  2 4 ) .  
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Figure 5.- Cross-sectional  diagram of a  crossed-waveguide  mounted  Schottky 
diode  harmonic  generator (after Ref. 22). 1" = 2.54 cm. 

FREQUENCY I N  GHz 

I I 
600 300 200 

I 

WAVELENGTH I N  pm 

Figure 6.- Comparison of CW SMMW source  technology (after Ref. 37). 
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Figure 7.-  Energy level  diagram  for an o p t i c a l l y  pumped l a s e r .  
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Figure 8.- Schematic of an OPM laser system. 



Figure 9.- P i c t u r e  of Aerospace SMMW l a s e r  package. 
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Figure  10.-   Amplitude  stabil i ty of OPM l a s e r .  
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Figure  11.- Heterodyne  mixing of t w o  OPM lasers .  

30 kHz BW -20 dBm 

1 -  I 
I I I 1 I I I  I 

1 

f 
- s t  CH2F2  214.5p.m t 

1 I I I I I  I I 1  I I 
-4 -3 -2 -1 0 1 2 3 4 

20 kHzlDlV I 5 mseclDlV 

CENTER  FREQ = 2.0 MHz 
EXPOSURE TIME = 2.0 min 

Figure  1 2 . -  Frequency j i t t e r  of he t e rodyne   bea t   s igna l .  



GaAs SCHOTTKY-BARRIER DIODE 

I I I I 
-5 0 *5 *10 

LOCAL OSCILLATOR POWER (dBm) 

Figure  13.- Schottky  diode  mixer  performance a t  761 GHz ( a f t e r  R e f .  6 2 ) .  
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Figure  14.-  Schematic  diagram  of a Schot tky  diode  tuneable   s ideband 
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SUB MM LASER LOCAL  OSCILLATORS: 

DESIGN CRITERIA AND RESULTS 

Gerhard A. Koepf* 
Phoenix   Corpora t ion  

INTRODUCTION 

The  main t h r u s t   i n  c w  s u b m i l l i m e t e r  (smm) laser r e s e a r c h   i n   t h e   p a s t   h a s  
been   t oward   t he   d i scove ry   o f  laser l ines   and   t oward   h ighe r   ou tpu t   power  levels. 
Diagnos t i c   expe r imen t s  were l i m i t e d   t o  a v e r y  small number  of  gases.  The were 
d i r e c t e d   t o w a r d   t h e  pump abso rp t ion   and   p re s su re   dependence   r eg ime   [1 ,2 ,39 .  
Very l i t t l e  a t t e n t i o n   h a s   b e e n   p a i d   t o   t h e   s p e c t r a l   f e a t u r e s   o f   t h e  smm laser 
emiss ion .  I t  w a s  o n l y   r e c e n t l y   t h a r :   g a i n   p r o f i l e   a n d   f r e q u e n c y   s t a b i l i t y  meas- 
urements  were performed  [4 ,5 ,6] .   The  general   experience w a s  t h a t   t h e s e  lasers 
are q u i t e   u n s t a b l e   s o u r c e s   a n d   i n   t h e  common d e s i g n   n o t   g e n e r a l l y   s u i t a b l e   f o r  
l o c a l   o s c i l l a t o r   a p p l i c a t i o n s  [5 J ] .  The r e a s o n s   f o r   t h i s  are t h a t  (1) power 
and  f requency  changes  of   the C 0 2  pump laser t r a n s l a t e   i n t o  power  and  frequency 
changes   o f   the  smm o u t p u t ,  (2 )  t h a t   r e f l e c t i o n s   o f  pump r a d i a t i o n   f r o m   t h e  smm 
r e s o n a t o r   c a u s e  severe i n s t a b i l i t i e s   o f   t h e  pump laser and ( 3 )  t h a t  smm reson-  
a t o r   i n s t a b i l i t i e s  are o f t e n   v e r y  c r i t i c a l  b e c a u s e   o f   r e s o n a n c e   e f f e c t s  a t  t h e  
pump f r e q u e n c y .   I n   t h e   f o l l o w i n g ,  new d i a g n o s t i c   r e s u l t s  w i l l  b e   g i v e n   o f   t h e  
s p e c t r a l   f e a t u r e s   a n d   t h e  power   conve r s ion   e f f i c i ency .  A s  a r e s u l t   o f   t h e s e  
exper iments ,  several cr i ter ia  are o b t a i n e d   f o r   t h e   d e s i g n   o f   f r e q u e n c y   s t a b l e  
a n d   e f f i c i e n t  smm lasers f o r   l o c a l   o s c i l l a t o r   a p p l i c a t i o n s .   F i n a l l y ,  a new de- 
s i g n  i s  d e s c r i b e d   a n d   r e s u l t s   o n   t h e  power output   and  power  and  f requency sta- 
b i l i t y  w i l l  be   given.  

*This  work w a s  per formed  under   Cont rac t  No. NAS5-26030 f o r   t h e   I n s t r u m e n t  
E l e c t r o o p t i c s   B r a n c h ,  NASA, Goddard   Space   F l igh t   Center .  
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SMM LASER  DIAGNOSTICS 

S p e c t r a l   F e a t u r e s  

The harmonic  mixing  technique  has   been  used  for   heterodyne  diagnost ics   of  
t h e  smm laser ou tpu t  a t  a number of laser l ines   ranging   f rom 170 pm t o  1 2 2 1  pm. 
This   technique  has   been  appl ied  before   to   measure  the  absolute   f requency  of  smm 
laser l i n e s  [8,9,10]. A G a A s  Schot tky Barrier d i o d e   i n  a q u a s i o p t i c a l  mount 
was used   to   genera te   very   h igh   harmonics   o f   microwave   f requencies   and   for  down 
convers ion   of   the  smm laser frequency [ll]. With t h i s   t e c h n i q u e  w e  ob ta ined  
f r e q u e n c y   m u l t i p l i c a t i o n   f a c t o r s  up to   145 .   Th i s  made d i agnos t i c s   o f   t he  
170 pm l i n e  of CH3OH poss ib l e   w i th  a s i g n a l   t o   n o i s e   r a t i o   o f   o v e r  30 dB. The 
s p e c t r a l   f e a t u r e s   o f   t h e  laser g a i n  were s tud ied  by tun ing   t he  laser r e sona to r  
whi le   d i sp lay ing   the   bea t   f requency  on a spec t rum  ana lyze r   s c reen   i n  a h igh  
p e r s i s t e n c e  mode. S e v e r a l   b a s i c   p h y s i c a l   e f f e c t s   c o u l d   b e   i s o l a t e d  by a proper  
choice  of   the  laser g a s ,   t h e  laser gas   p re s su re ,   t he  pump i n t e n s i t y   a n d   t h e  
pump frequency. 

Genera l ly ,  a t  t h e  low o p e r a t i n g   p r e s s u r e s  of t h e  laser g a s e s ,   t h e  pump 
r a d i a t i o n   t r a v e l l i n g   b a c k  and f o r t h   i n   t h e   r e s o n a t o r  acts v e l o c i t y   s e l e c t i v e  on 
two groups of molecules  [l]. When opera ted  a t  ex t remely   low  pressure ,   a l so   the  
smm laser t r a n s i t i o n  is Doppler   b roadened .   In   the   absence   o f   subs tan t ia l   ve-  
l o c i t y   c r o s s   r e l a x a t i o n   a n d  power broadening ,   the  laser g a i n   p r o f i l e   c o n s i s t s  of 
two d i s t inc t   sp ikes   o f   Loren t i an   shape .  The sepa ra t ion   o f   t he   sp ikes  is  tun- 
a b l e  by t h e  pump f requency ,   and   the i r   wid th   increases   wi th   increas ing   sa tura-  
t i o n   o f   t h e  pump and  the smm t r a n s i t i o n .   T h e s e   e f f e c t s   c o u l d  be v e r i f i e d   f o r  
t h e   f i r s t  time a t  t h e  496 pm l i n e  of CH3F. One example is  g i v e n   i n   F i g u r e  1. 
The d i f f e r e n c e   i n   a m p l i t u d e  of t h e   s p i k e s  is d u e   t o   d i f f e r i n g  pump rates i n   t h e  
two d i r e c t i o n s .  

A n o t h e r   t y p e   o f   g a i n   p r o f i l e   s p l i t t i n g  is due   t o   t he   Au t l e r -Tomes   o r  
dynamic S t a r k   e f f e c t  [12]. The s t r o n g  pump f i e l d   i n   t h e  laser a c t i n g  on t h e  
molecules l i f t s   t h e  "degeneracy   of   the   ro ta t iona l   l eve ls .  The laser t r a n s i -  
t i o n   s p l i t s  up i n t o  2 (J+1) l i n e s ,  where J i s  t h e   r o t a t i o n a l  quantum  number  of 
the   upper  laser l e v e l .  A t  no rma l   ope ra t ing   p re s su res ,   t hese   l i nes  are c o l l i -  
s ion  broadened.  The r e s u l t i n g   s h a p e  of t h e   g a i n   p r o f i l e   d e p e n d s  on t h e   t y p e  
(P ,Q ,R)  o f   the  pump and laser t r a n s i t i o n  on the  magnitude  of  the pump f i e l d  and 
t h e  pump frequency [13]. T h i s   e f f e c t ,  which is  w e l l  known in   pu l sed  smm lasers , 
has   r ecen t ly   been   obse rved   a l so   i n  a CW ampl i f i e r   and   i n   t he  CH30H laser [4]. 
However, measurements   o f   the   l ine   shape   have   no t   been   repor ted  s o  f a r .  Our 
harmonic  mixing  technique  revealed  that   dynamic  Stark  spl i t t ing i s  p r e s e n t  a t  
a l a r g e  number of laser l i n e s   u n d e r   r e g u l a r   o p e r a t i n   c o n d i t i o n s .  We succeeded 
t o   i s o l a t e   t h i s   e f f e c t   b e s t  a t  the  1 2 2 1  pm l i n e  o f  Cg3H3F as shown i n   F i g u r e  2 .  
T h e o b s e r v e d   l i n e   s h a p e   v e r i f i e s   t h e   e x p e c t e d   p r o f i l e  w e l l :  I n   t h i s  case, t h e r e  
are 5 p a i r s  of M-sublevels. The l a r g e s t   s p l i t t i n g   o c c u r s   f o r  M=O and  the  low- 
est f o r  M=5. The highest   ampli tude  goes  with M = l .  The symmetry o f   t he  two 
p e a k s   i n d i c a t e s   c l o s e   t o   r e s o n a n t  pumping. 

A less w e l l  known s p e c t r a l   f e a t u r e  of smm lasers is  t h e i r   t e n d e n c y   t o  
r e l a x a t i o n   o s c i l l a t i o n s .  Such o s c i l l a t i o n s   c a n   r e a d i l y   b e   o b s e r v e d   w i t h  fas t  



d e t e c t o r s  on many l i n e s  i n   t h e  t i m e  domain when t h e  pump laser o p e r a t e s   i n  a 
chopped mode. G e n e r a l l y   t h e s e   o s c i l l a t i o n s  are of a damped kind;  however,   they 
a l s o  may o c c u r   i n  a cont inuous mode, e s p e c i a l l y  when t h e  pump laser i s  n o t  w e l l  
s t a b i l i z e d .  The f r e q u e n c y   o f   t h e s e   o s c i l l a t i o n s  is  t y p i c a l l y  a few MHz. A t  
low p r e s s u r e s  it increases approximate ly   wi th  the squa re   roo t  of the p res su re  
and   t he  pump rate. A t  h igh   pressure   and   h igh  pump rate i t  approaches a f i x e d  
va lue .  We h a v e   v e r i f i e d   t h i s   b e h a v i o r   w i t h   o b s e r v a t i o n s   i n   t h e  t i m e  and  f re-  
quency  domain [ 1 4 ] .  Our harmonic  mixing  technique  allowed a clear d iscr imina-  
t i o n   a g a i n s t   t r a n s v e r s e  mode bea t s   by   t he   ex i s t ence   o f  symmetrical frequency 
componen t s   and   by   t he   f ac t   t ha t   t he   obse rved   w id th   o f   t he   ga in   p ro f i l e  i s  less 
t h a n   t h e   o s c i l l a t i o n   f r e q u e n c i e s .  

Pump Absorption 

Our concept of c o n t r o l l e d  pump beam propagat ion   descr ibed   be low  a l lows   to  
measure  the pump power r e f l e c t e d  from t h e  smm laser resonator .   Wi th   the  laser 
evacuated,  w e  measured  ref lect ion  of  40-50% o f   t h e  pump power depending  on  the 
pump frequency. A pa r t   o f   t hese   l o s ses   ( abou t  15% per   pass )  are d u e   t o   t h e  
t i gh t   d imens ion   o f   t he   i n j ec t ion   ho le   and   t he   un favorab le  mode o f   t h e  pump 
laser. We a l so   obse rved  5% l o s s e s  p e r  pass through  the  Brewster  window  and a 
t o t a l  of 10-20% r e f l e c t i o n   l o s s e s  a t  t h e   r e s o n a t o r   m i r r o r s .  A s  t h e  laser gas  
p re s su re  is d e c r e a s e d   t h e   r e f l e c t e d  pump power decreases .  The abso rp t ion  co- 
e f f i c i e n t ,   t h e   t r a n s i t i o n   f r o m   s a t u r a t e d   t o   u n s a t u r a t e d   a b s o r p t i o n   a n d   t h e  
t rans i t ion   f rom  Doppler   b roadening   to  homogeneous broadening i s  s p e c i f i c   t o  
each   gas .   Therefore ,   the   par t icu lar   dependence  of t h e   r e t u r n e d  power ve r sus  
p r e s s u r e   p l o t t e d   i n   F i g u r e  3 i s  n o t   r e l e v a n t .  However, i t  shows how  much o r  
how l i t t l e  pump power i s  a c t u a l l y   a b s o r b e d  a t  a number of r e p r e s e n t a t i v e  laser 
gases, when opera ted  a t  t h e i r  optimum pres su re . and  a t  optimum pump detuning.  

DESIGN C R I T E R I A  

These   d iagnos t ic   exper iments   p rovide  new i n p u t s   i n t o   t h e   q u e s t i o n   o f  how 
t o  i m p r o v e   t h e   s t a b i l i t y   a n d   e f f i c i e n c y  of o p t i c a l l y  pumped smm laser l o c a l  os- 
c i l l a t o r s .   G e n e r a l l y ,  a s i n g l e  mode ope ra t ion  on a low l o s s  mode wi th   h igh  
mode q u a l i t y  is r e q u i r e d .   T h i s   p o i n t s   t h e  way t o   r a t h e r   l a r g e   d i a m e t e r   d i e l e c -  
t r i c  waveguides. The Dopp le r   con t r ibu t ion   and   t he   dynamic   S t a rk   sp l i t t i ng  
should   be   avoided;   var ia t ions  of t h e  pump frequency  and pump i n t e n s i t y   c a u s e  
compl ica ted   changes   o f   the   ga in   p rof i le   shape .   This   l eads   to   changes   in   the  
smm o s c i l l a t i o n   f r e q u e n c y   b y   t h e   c a v i t y   p u l l i n g   e f f e c t .   I n  smm lasers c a v i t y  
p u l l i n g  is very  pronounced  because  the  l ine Q and t h e   r e s o n a t o r  Q are of t h e  
same order  of  magnitude. Of t h e   l i n e   s p l i t t i n g s   t h e  dynamic S t a r k   s p l i t t i n g  
by t h e  pump f i e l d  is  observed more l i k e l y .  Most laser l i n e s   o p e r a t e  w e l l  be- 
yond the  Doppler  broadened  regime.  Therefore,   low pump i n t e n s i t i e s  are d e s i r -  
a b l e  as they are obta ined  by us ing   l a rge r   wavegu ide   d i ame te r s .  

451 



A f u r t h e r   c a u s e  of i n s c a b i l i t i e s  are resonances  of   the  pump frequency 
i n s i d e   t h e  smm r e s o n a t o r .   I n   t h e  common  mode of o p t i c a l l y  pumping, t h e  pump 
beam i s  r e f l e c t e d   b a c k   a n d   f o r t h   i n   t h e   r e s o n a t o r   i n   a n   u n c o n t r o l l e d  way. 
Standing waves are b u i l t   u p   t h a t  are h i g h l y   s e n s i t i v e   t o   c h a n g e s   i n   r e s o n a t o r  
length.  Such  changes are t r a n s l a t e d   t o   t h e  smm f i e l d .  A s  a consequence,  the 
smm laser s e n s i t i v i t y   t o   t h e r m a l   a n d   a c o u s t i c a l   e f f e c t s  i s  g rea t ly   i nc reased .  

The criteria f o r   h i g h   c o n v e r s i o n   e f f i c i e n c y  of t h e  pump power i n t o  smm 
rad ia t ion   fo l low  f rom  ou r   F igu re   3 .  The pump power a c t u a l l y   a b s o r b e d   i n   t h e  
laser gas  a t  t h e  optimum pres su re  i s  gene ra l ly   on ly  a f r a c t i o n  of t h e  power 
provided by pump laser. T h i s   e x p l a i n s   t h e   r a t h e r  small c o n v e r s i o n   e f f i c i e n c i e s  
r e p o r t e d   t h r o u g h o u t   t h e   l i t e r a t u r e .  The h ighes t   r epor t ed   va lues  (20-30%) are 
g iven   for   d i f luoromethane .   This  i s  a gas   wi th   an   except iona l ly   h igh   absorp t ion  
a t  i t s  ope ra t ing   p re s su re  [15,16]. It  i s  e s t i m a t e d   t h a t  most  of t he  power i s  
absorbed   in   th i s   gas   a f te r   one   round  t r ip ,   such   tha t   losses   in to   the   waveguide  
walls and r e f l e c t i o n s  are of  no  importance. However, i f  w e  u se   t he  power ac tu-  
a l l y   a b s o r b e d   i n   t h e   g a s e s  as g i v e n   i n   F i g u r e  3 as a r e fe rence ,  w e  o b t a i n  con- 
v e r s i o n   e f f i c i e n c i e s  of  over 25% o f   t h e   t h e o r e t i c a l   v a l u e s   a l s o   f o r   o t h e r   g a s e s  
t h a t  are r a t h e r  weak absorbers .  The laser des ign   therefore   should   avoid  a h igh  
degree  of pump s a t u r a t i o n  and  provide a l o n g   i n t e r a c t i o n   l e n g t h  of t h e  pump 
beam wi th   t he  laser gas   bes ides   min imiz ing   losses   in   the   waveguide  walls. The 
d e s i g n   c r i t e r i a  as d i s c u s s e d   i n   t h i s   s e c t i o n  are summarized i n   T a b l e  I. 

0 S t a b i l i z e  pump laser i n  power and frequency 
0 Avoid  feedback of pump r a d i a t i o n  
0 Minimize  resonances  of pump f i e l d  
0 Minimize   cav i ty   pu l l ing   e f fec ts   due   to   ga in  

0 Contro l   p ressure  and temperature  
0 Prov ide   s ing le  mode ope ra t ion  
0 P r o v i d e   e f f i c i e n t  pumping 

p r o f i l e   s p l i t t i n g  

Table I. Criteria f o r  smm laser l o c a l   o s c i l l a t o r   d e s i g n .  

LASER  LOCAL  OSCILLATOR DESCRIPTION 

The new concept   of   control led pump beam propagation  has  been  introduced a 
while  ago [17]. A four - fo ld   degenera te   resonator   conf igura t ion  i s  chosen  with 
two m i r r o r s  of 6m r a d i u s  of curva ture   separa ted  a t  1.76m. The pump beam is in-  
jec ted   th rough a h o l e   t h a t  i s  displaced  halfway  between  the  center  and t h e  r i m  
of t he   mi r ro r .  A s  it  is shown schemat i ca l ly   i n   F igu re  4 ,  t h e  pump beam makes 
four   roundt r ips   th rough  the   resonator .  It  d ive rges  to a maximum diameter  and 
converges   to  a beam waist be fo re   l eav ing   t he   r e sona to r   t h rough   t he   i n j ec t ion  
hole .  The t o t a l   i n t e r a c t i o n   l e n g t h   w i t h   t h e  laser gas  is  14m. No resonances 
and  no  losses  into  the  waveguide walls occur.  The outgoing beam i s  a t  an 
angle  of about  1 / 2  degree.  It s e p a r a t e s  from the  ingoing beam a f t e r  a d i s t a n c e  
and c a n   b e   r e f l e c t e d   t o   a n   a b s o r b e r   o r   t o  a power meter. Feedback i n t o   t h e  
pump laser and pump resonances are completely  e l iminated.  
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The smm laser head  consis ts   of  a s t a i n l e s s  steel tube   t ha t   suppor t s   t he  
3.8m I D  glass   waveguide,   wi th   f langes a t  each  end  for   a t tachment   of   the   mirror  
and window assemblies .  The mode coupl ing   losses   in t roduced   by   the   use  of 
curved  mirrors  are minimal [18]. A t  wavelength  below 150-200 u m ,  t h e   r e s o n a t o r  
becomes  Gaussian. One of t h e  laser end assemblies  is separated  f rom  the  f lange 
by vacuum bellows. It inc ludes  a l a r g e   d i a m e t e r   d i f f e r e n t i a l   d r i v e   c e n t e r e d  a t  
t h e   a x i s   f o r   l e n g t h   t u n i n g .  The mir ror   assembl ies  are jo ined   t oge the r  by t h r e e  
invar   rods .  The thermal   expansion  of   the  rods i s  compensated  by  high  expansion 
aluminum sleeves. 

For  the CO2 laser w e  c h o s e   a c t i v e   s t a b i l i z a t i o n  by locking  i t  t o  t h e  
resonance  frequency of a temperature   control led,   mechanical ly   and  thermally 
s t a b l e   e t a l o n .  The scheme i s  shown in   F igu re  5. The pump beam passes  through 
a ZnSe d i s c  which is r o t a t e d   c l o s e   t o  Brewsters angle  so tha t   abou t  100 mW are 
s p l i t - o f f .  One p a r t   o f   t h i s  beam se rves   t o   mon i to r   t he  pump power l e v e l ,   t h e  
o t h e r   p a r t  i s  matched t o   t h e   c o n f o c a l   e t a l o n   w i t h  a l e n s .   I n   a d d i t i o n   t o   t h e  
tunab le  DC vo l t age ,  a 41 Hz d i t h e r   v o l t a g e  i s  a p p l i e d   t o   t h e   p i e z o e l e c t r i c  
t r a n s l a t o r   i n   t h e   e t a l o n  which  modulates  the  transmission  band. The  power mod- 
u l a t i o n  of the   t ransmi t ted  beam is phase  detected,  and a h igh   vo l t age  is de- 
r i v e d   f o r   l e n g t h   c o n t r o l  of t h e  COz laser resonator .  When the  feedback  loop i s  
c losed ,   t he   e t a lon  DC vol tage   can   be   used   to   tune   the  pump laser  f r equency   fo r  
maximum smm laser output  power. T h i s   s t a b i l i z a t i o n  scheme provides  a pump beam 
which is  e s s e n t i a l l y   f r e e  of modulation. 

Descr ipt ion  of  Laser Performance 

The output  power of t he  smm laser and t h e  pump laser were recorded 
s imultaneously  over   extended  per iods.  The smm laser w a s  o p e r a t e d   i n  a sea led-  
o f f  mode. Due t o   r e s i d u a l   l e a k s   i n   t h e  vacuum sys t em,   p re s su re   i nc reases  of 1-2 
mTorr per  hour were observed. A warm-up per iod of  one  hour w a s  al lowed  before 
making  measurements. The temperature  of both end assembl ies ,   the  steel tube 
and the   invar   rods  were monitored  with  thermocouples.  The readings  never   ex-  
ceeded 2-3 C above room temperature.  A s  a consequence,   the   resonator   requires  
no   re -ad jus tment   a f te r   the  warm-up per iod .  

0 

From the   record ings  a drop by 4% and  by 1.5% fo l lows   fo r   t he   pu tpu t  power 
of t h e  smm laser and t h e  pump laser, r e spec t ive ly ,   ove r  a period  of two hours 
( see   F igu re  6 ) .  Dur ing   t h i s  time t h e  PZT v o l t a g e   t h a t   c o n t r o l s   t h e  C 0 2  laser 
frequency i s  dr iven  through i t s  e n t i r e   r a n g e  of 1000 V by t h e   a c t i v e   l o o p  cir- 
c u i t .  It  w a s  observed   tha t   the  CO2 laser always  dr i f ts   toward  lower  f requen-  
c i e s ,   e v e n   a f t e r   s e v e r a l   h o u r s  of  operation.  Relocking of t he   con t ro l   l oop  a t  
t h e   o t h e r  end  of  the PZT voltage  range  occurs   automatical ly ,   sometimes  within 
as l i t t l e  as 10 seconds. The  somewhat l a r g e r   d r o p  of t h e  smm power seems t o   b e  
caused by po l lu t ion   o f   t he  laser gas .   Af t e r   s eve ra l   hour s  of o p e r a t i o n ,   t h e  
o r i g i n a l  power l eve l   cou ld   u sua l ly   be   ob ta ined   on ly   w i th  a f r e s h l y   f i l l e d  laser 
tube .  

These r e su l t s   can   be   cons ide red   t yp ica l   fo r   l i nes   t ha t  are pumped wi th   t he  
COz laser o p e r a t i n g   n o t   t o o   f a r   o f f  i ts  l i n e   c e n t e r .   T h i s  w a s  confirmed by  ad- 
d i t i o n a l   a l t h o u g h  less extensive  measurements a t  a number o f   o the r   l i nes   r ang-  
ing  from 70 pm t o  1.22mm. For  detunings  of more than 40 MHz f rom  the   l i ne  
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c e n t e r   t h e   l o c k i n g   o f   t h e   l o o p  is less r e l i a b l e   b e c a u s e   o f  mode competi t ion.  
The s p e c t r a l   r a n g e   o f   t h e  CO2 laser is about  90 MHz. The ou tpu t  power l e v e l s  
a t  a number o f   c h a r a c t e r i s t i c   l i n e s  as i n d i c a t e d   o n   t h e  scale of a S c i e n t e c  
power meter are g i v e n   i n   T a b l e  11. 

WAVELENGTH  LASER-GAS READING 

118 pm CH 3 OH 62.0  mW 

1 7 0  um CH 30H 39.0  mW 

206 pm CD 3F 25.0  mW 

247 I,rm CD3F 15.0 mW 

3 9 4  pm HCOOH 38.0 mW 

433 I,rm HCOOH 3 2 . 0  mW 

447 I,rm CH 3I 32.0 mW 

496 um CH3F - SF6 1 5 . 0  mW 

513 pm HCOOH 17.0 mW 

570 urn CH 30H 3 . 5  mW 

747 pm CH 3 B r  3.0  mW 

1 2 2 1  Urn C 3H3F 2.5  mW 

Table 11. Laser output  power readings   f rom  Sc ien tec  power meter. 

The laser output  w a s  a l s o   i n v e s t i g a t e d   w i t h  a wave ana lyze r .  It w a s  found 
t h a t   t h e   d i t h e r   f r e q u e n c y   o f  4 1  Hz produces a 0.4% modula t ion ,   whi le   the  60  and 
1 2 0  Hz components  from  the C 0 2  d i scha rge  are  below 0 . 3 % .  

With respec t   to   matching  of t h e  laser beam t o   t h e   a n t e n n a   p a t t e r n   o f  a 
mixer, t h e  mode p a t t e r n   o f   t h e  laser beam is of  importance [ 1 9 ] .  The laser was 
found t o   o p e r a t e   a l t e r n a t e l y  on a s t rong  and a very weak t r a n s v e r s e  mode  when 
t h e   r e s o n a t o r   l e n g t h  was changed. The c r o s s   s e c t i o n   o f   t h e   s t r o n g  mode w a s  re- 
corded   in   the   focus   o f  a l e n s  by a p y r o e l e c t r i c   d e t e c t o r   w i t h   a n   a p e r t u r e   o f  
lmm. This   r evea led   an   a lmos t   pe r f ec t   Gauss i an   i n t ens i ty   pa t t e rn ,   wh ich  is  sur-  
p r i s i n g   t o  some degree   in   v iew of t h e   t o r o i d a l   e x c i t a t i o n  volume of t h e  pump 
beam, the   hybr id   ho le   coup le r  and t h e   l a r g e  number o f   r e l a t i v e l y   l o w  loss modes 
i n  a waveguide  resonator.  The l i n e a r   p o l a r i z a t i o n  of t h e  mode w a s  ensured by a 
p o l a r i z e r .  

The f r e q u e n c y   s t a b i l i t y  of t h e  laser w a s  i n v e s t i g a t e d  by  mixing  the laser 
beam with  harmonics  of a v e r y   s t a b l e  microwave o s c i l l a t o r   i n  a Schot tky  diode.  
A s  compared t o   o t h e r  similar e f f o r t s  [ 2 0 ] ,  a very   s imple   approach   of   genera t ing  
a s t a b l e   r e f e r e n c e   i n   t h e  smm r eg ion  w a s  chosen. The ou tpu t  of a s t a b l e  SF- 
t h e s i z e r   o p e r a t i n g   i n   t h e  X-band w a s  ampl i f i ed   and   app l i ed   t o   t he   d iode   coax ia l -  
l y   t h rough  a b a n d p a s s   f i l t e r .  Due t o   t h e   s t r o n g   n o n l i n e a r i t y   o f   t h e   d i o d e   v e r y  
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l a rge   mu l t ip l i ca t ion   f ac to r s   can   be   ob ta ined .  By u s i n g   t h e  62nd harmonic,  and 
tun ing   the   synthes izer   th rough a 50 MHz wide band centered at 12.25 GHz, bear  
s igna l s   r ang ing  from 10  MHz t o  2.5 GHz were obta ined .   Af te r  a second down con- 
v e r s i o n   i n t o   t h e   1 5 0  MHz band, a frequency  counter   with  pr inter   and a spectrum 
analyzer  were used to   mon i to r   t he   l ong  term f r e q u e n c y   s t a b i l i t y  of t h e  laser 
l i n e  a t  761 GHz of formic  acid.  

The s h o r t  term f l u c t u a t i o n s   o f   t h e   b e a t   s i g n a l  as d isp layed  on t h e  spectrum 
analyzer  were t y p i c a l l y  5-10 kHz wide,   in   c lose  agreement   with  other   measure-  
ments  performed a t  t h i s   l i n e  [SI. I n   t h i s   r e f e r e n c e ,  heavy pump power feedback 
is  mentioned t o   h a v e   a f f e c t e d   t h e   s t a b i l i t y  measurements f o r  t i m e  intervals 
above  0.1  second.  In  our laser no  such  effects   could  be  observed.   For   long 
term frequency  measurements,   the  printer w a s  set t o  take  samples a t  d i f f e r e n t  
time i n t e r v a l s .  The observed   f requency   changes   var ied   in  ra te  and d i r e c t i o n .  
Over a one  second  and a one  minute t i m e  i n t e r v a l  mean d r i f t s  of 740 Hz and 14 
kHz were obta ined .  The A l l a n   v a r i a n c e   f o r   t h e s e   i n t e r v a l s  was c a l c u l a t e d   t o   b e  
7 . 8  lo-' ' and 1 .2  lo -* ,  r e s p e c t i v e l y .  The lowest   and  highest   f requencies  re- 
corded  over  one  locking  period  of  the CO2 laser (two  hours) were about  0.5 MHz 
a p a r t  . 

The f r e q u e n c y   d r i f t s  are m a i n l y   a t t r i b u t e d   t o   d r i f t s  of t h e  CO2 pump laser .  
As ide   f rom  the   ac t ive   s t ab i l i za t ion ,   t he re  a re  several mechanisms t h a t  can 
c a u s e   f r e q u e n c y   d r i f t s .  The s t a b i l i t y  of t h e   e t a l o n  i s  l i m i t e d   t o  1.5 MHz p e r  
day. The a c t i v e   l o o p   e l e c t r o n i c s  are n o t   p e r f e c t l y   l i n e a r  and are  a l s o   s u b j e c t  
t o   t h e r m a l   d r i f t s .   I n   a d d i t i o n ,  small changes   i n   t he   o r i en ta t ion  of t h e  COz 
laser beam were obse rved   t o   sh i f t   t he   t r ansmiss ion  band  of t h e   e t a l o n .  Such 
d i rec t iona l   changes   o f   the  pump beam can  occur as  a consequence of the   tun ing  
of t he  CO2 laser by the  PZT mounted g r a t i n g .  

CONCLUSIONS 

A smn laser wi th   an   ampl i tude   and   f r equency   s t ab i l i t y   su i t ab le   fo r   app l i -  
c a t i o n  as a l o c a l   o s c i l l a t o r  i n  a h igh   reso lu t ion   he te rodyne   rad iometer / spec-  
t rometer   has   been  descr ibed.  The mode p a t t e r n  i s  v e r y   c l o s e   t o  a Gaussian 
p r o f i l e  so  t h a t   e f f i c i e n t   c o u p l i n g   t o  a q u a s i o p t i c a l  m i x e r  i s  poss ib l e .  The 
laser p rov ides   su f f i c i en t   ou tpu t  power a t  a l a r g e  number of l i n e s   t o   d r i v e   t h e  
mixer   into  the low conversion l o s s  regime.   Radiometr ic   integrat ion times of 
severa l   minutes   wi th  a s p e c t r a l   r e s o l u t i o n  of 1 MHz w i l l  be   poss ib l e .  With 
present   s ta te-of- the-ar t   Schot tky  mixers   and low n o i s e   p r e a m p l i f i e r s  a radio-  
metric tempera ture   reso lu t ion  of a f e w  K can  be  expected  over a s p e c t r a l   r a n g e  
from  500 t o  900 GHz. 

0 
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Figure 1.- Gain p r o f i l e   s p l i t t i n g  due t o   v e l o c i t y   s e l e c t i v e  pumping: CH3F 
pumped with 9P20 l i n e  a t  3m Torr   pressure;   center   f requency 604 G H z ,  
1 MHz/div. 

Figure 2.- Gain p r o f i l e   s p l i t t i n g  due t o  dynamic S ta rk  e f f e c t :  C H3F pumped 
by 9P32 l i n e  a t  36m Torr   pressure;   center   f requency 245 G H z ,  1 MHz/div. 
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Figure 3 . -  Measurement of pump power re f lec ted  from resonator f o r  representa- 
t i ve   l a se r   gases   a t   t he i r   r e spec t ive  optimum operating  pressures.  The 
pressure  scale i s  uncalibrated.  

PUMP  BEAM PROPAGATION IN FOURIQLD 
DEGENERATE RESONATOR 

Figure 4.- Schematic  of four fold  degenerate  resonator and pump  beam footpr in ts .  
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Figure 5.- CO l a s e r   s t a b i l i z a t i o n  and pump  beam propagation. 2 

Figure 6.- Long t e r m  power s t a b i l i t y .  Upper t r a c e :  761 G H z  l i n e  of HCOOH, 
lower t r a c e  9R18 pump power.  Both base l ines  are h e a v i l y   o f f s e t .  
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DESIGN  CONSIDERATIONS FOR OPTICAL HETERODYNE  RECEIVERS: A RFXIEW 

John J. Degnan 
I n s t r u m e n t  Electro-optics Branch 
NASA Goddard  Space  Fl ight   Center  

Greenbel t ,   Maryland 20771 

ABSTRACT 

By i ts  v e r y   n a t u r e ,   a n   o p t i c a l   h e t e r o d y n e  receiver is b o t h  a receiver and 
an   an tenna .   Ce r t a in   fundamen ta l   an t enna  properties o f   h e t e r o d y n e   r e c e i v e r s  are 
desc r ibed   wh ich  set t h e o r e t i c a l  limits o n   t h e   r e c e i v e r   s e n s i t i v i t y  for  t h e  
d e t e c t i o n   o f   c o h e r e n t   p o i n t   s o u r c e s ,   s c a t t e r e d   l i g h t ,   a n d   t h e r m a l   r a d i a t i o n .  
I n   o r d e r  t o  a p p r o a c h   t h e s e   l i m i t i n g   s e n s i t i v i t i e s ,   t h e   g e o m e t r y   o f   t h e   o p t i c a l  
antenna-heterodyne receiver conf igu ra t ion   mus t  be c a r e f u l l y   t a i l o r e d  t o  t h e  
i n t e n d e d   a p p l i c a t i o n .   T h e   g e o m e t r i c   f a c t o r s   w h i c h   a f f e c t   s y s t e m   s e n s i t i v i t y  
i n c l u d e   t h e   l o c a l   o s c i l i a t o r  (LO) ampl i tude   d i s t r ibu t ion ,   mismatches   be tween  the  
s i g n a l   a n d  LO p h a s e f r o n t s ,   c e n t r a l   o b s c u r a t i o n s   o f   t h e   o p t i c a l   a n t e n n a ,   a n d  
nonuniform  mixer   quantum  eff ic iencies .  The c u r r e n t  s t a t e  of knowledge i n   t h i s  
area, which rests heav i ly   on   modern   concep t s   o f   pa r t i a l   cohe rence ,  i s  reviewed. 

Fol lowing a d i s c u s s i o n  of n o i s e   p r o c e s s e s   i n   t h e   h e t e r o d y n e   r e c e i v e r   a n d  
t h e  manner i n  w h i c h   s e n s i t i v i t y  i s  i n c r e a s e d   t h r o u g h  t i m e  i n t e g r a t i o n   o f   t h e  
d e t e c t e d   s i g n a l ,  w e  d e r i v e   a n   e x p r e s s i o n  for t h e  mean s q u a r e   s i g n a l   c u r r e n t  
o b t a i n e d  by mixing a c o h e r e n t  local  osc i l la tor  w i t h  a p a r t i a l l y   c o h e r e n t ,   q u a s i -  
monochromatic  source.  We then   demons t r a t e   t he   manner   i n   wh ich   t he  I F  s i g n a l  
c a l c u l a t i o n   c a n  be t r a n s f e r r e d  t o  a n y   c o n v e n i e n t   p l a n e   i n   t h e   o p t i c a l   f r o n t   e n d  
o f   t h e   r e c e i v e r .   U s i n g   t h e s e   t e c h n i q u e s ,  w e  o b t a i n  a r e l a t i v e l y   s i m p l e   e q u a t i o n  
f o r   t h e   c o h e r e n t l y   d e t e c t e d   s i g n a l  from an   ex tended   incoherent   source   and   apply  
it t o  the   he t e rodyne   de t ec t ion   o f   an   ex tended   t he rma l   sou rce   and  t o  the   back-  
scatter l i d a r   p r o b l e m   w h e r e   t h e   a n t e n n a   p a t t e r n s   o f   b o t h   t h e   t r a n s m i t t e r  beam 
and  heterodyne receiver m u s t   b e   t a k e n   i n t o   a c c o u n t .   F i n a l l y ,  w e  c o n s i d e r   t h e  
d e t e c t i o n   o f  a c o h e r e n t   s o u r c e   a n d ,   i n   p a r t i c u l a r ,  a d i s t a n t   p o i n t   s o u r c e   s u c h  
a s  a star or  laser t r a n s m i t t e r   i n  a long  range  heterodyne  communicat ions  system. 
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1. INTRODUCTION 

Heterodyne or  coherent  detection  can be  advantageous i n  a var ie ty   of  
applications.  Heterodyne  receivers have a t  least  two fea tures  which are quali-  
t a t i v e l y   d i f f e r e n t  from incoherent   (or   d i rec t   de tec t ion)   rece ivers   ( re f .  1). 
First of a l l ,  the  receiving bandwidth is determined by the I F  bandwidth  which, 
i n  p r inc ip le ,  can  be var ied a t  w i l l  to   give  very  high  spectral   resolut ion.  
Secondly,  information  related  to  the  phase  of  the  radiation  signal is  retained 
i n  the I F  output and the  outputs  of two o r  more rece ivers  can be cor re la ted   to  
make coherence measurements comparable t o  t h e  aperture  synthesis  techniques  of 
radio  astronomy. 

To achieve  high  spectral   radiat ion  with  incoherent   or   di rect   detect ion 
systems,   radiat ion  f i l ters   or   spectrometers  must  be u t i l i z e d  and the  combination 
of  very  narrow  bandwidth  and  high s e n s i t i v i t y  (low l o s s )  i s  u s u a l l y   d i f f i c u l t   t o  
rea l ize .  I n  general ,  a heterodyne  receiver w i l l  be more sensit ive  than a d i r e c t  
detection  receiver  with an equivalent  noise  equivalent power (NEP) fo r   spec t r a l  
resolut ions below a cutoff bandwidth which depends on the NEP and the   in f ra red  
wavelength ( r e f s .  1, 2 ) .  The sub-Doppler spectral  resolution  of  heterodyne 
receivers  can be exploi ted  to   s tudy  the  molecular   const i tuents  and kinematics 
of  remote  sources  yielding  specific  information s u c h  a s   a l t i t u d e   p r o f i l e s  of 
absolute  abundance  of  the  species,   vertical   temperature  profiles,  and wind 
ve loc i t i e s   ( r e f .  3 ) .  I n  detect ing  extraterrestr ia l   thermal   sources ,   the   infor-  
mation i s  gathered by passive  heterodyne  spectrometers  whereas, i n  our own atmo- 
sphere  or i n  planetary  atmospheres  visi ted by spacecraf t ,   act ive  backscat ter  
l i d a r s  can  be  employed. I n  cont ras t   to   the  above appl icat ions where the  radia- 
t ion  s ignal  is total ly   incoherent   or   only  par t ia l ly   coherent ,   the   s ignal  from 
the   l aser  transmitter i n  a heterodyne communication  system ( r e f .  4 )  i s  coherent 
except  as  modified by atmospheric   effects   ( ref .  5 ) .  T h i s   a r t i c l e   a t t e m p t s   t o  
present a unified  theory of heterodyne  receivers which addresses   the  opt ical  
des ign   cons idera t ions   for   a l l   o f   these   appl ica t ions .  

A representative  heterodyne  receiver is i l l u s t r a t e d  i n  Figure 1. Signal 
radiat ion i s  co l lec ted  by an opt ical   antenna and focused,  along w i t h  a loca l  
o s c i l l a t o r  beam, onto a square-law  frequency  mixer  operating a t   t he   r ad ia t ion  
frequency. The l a t t e r  beams have center  frequencies Vs and VL and  powers 
Ps and PL. The  two frequencies mix to   g ive  an output  spectrum  centered a t  the 
intermediate  frequency VIF = VS - VL where VIF i s  much smaller  than  the 
infrared  frequencies VS and VL and t y p i c a l l y  on the  order  of a GHz o r   l e s s .  
The resu l t ing   s igna l   cur ren t  i s  amplified by an I F  amplif ier  of  bandwidth BIF 
and r e c t i f i e d  by a nominally  square-law  detector  to  give a current  output  pro- 
por t iona l   to   the  power i n  the I F .  This i s  usua l ly   input   to  a low-frequency 
f i l t e r   o r   i n t e g r a t i n g   c i r c u i t   t o   f u r t h e r  enhance  the  spectral  resolution  and/or 
s e n s i t i v i t y  and i s  then  recorded. 

Although the   p re sen t   a r t i c l e  w i l l  address most factors  influencing  the  per- 
formance  of t h e  receiver  i n  Figure 1, it w i l l  emphasize  the  design of the  opt ica  
f ront  end of the   rece iver   for  a var ie ty  of applications  and, i n  p a r t i c u l a r ,  t h e  
manner i n  which the  opt ical   antenna geometry and l o c a l   o s c i l l a t o r   d i s t r i b u t i o n  
a f f e c t  system s e n s i t i v i t y .  I n  Section 2 of t h i s   pape r ,  we review  the  noise 
processes  relevant  to  the I F  s ignal  and discuss  the  system  signal-to-noise i n  
the I F  i n  terms  of  an as  yet   undefined mean square  signal  current.   Section 3 
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b r i e f l y   o u t l i n e s   t h e   s e n s i t i v i t y  improvement  achieved by time in t eg ra t ion   t ech -  ’ 
niques .   In   Sec t ion  4 ,  w e  address   the   ca lcu la t ion   of   the  mean squa re   s igna l  
c u r r e n t   i n   t h e   m i x e r   p l a n e   f o r  a general ,   par t ia l ly   coherent ,   quasi-monochromatic  
source  and,   in   Sect ion 5, demonstrate   the manner i n  which t h e  I F  s igna l   ca l cu la -  
t i on   can  be t r a n s f e r r e d   t o   a n y   c o n v e n i e n t   p l a n e   i n   t h e   o p t i c a l   f r o n t   e n d   o f   t h e  
receiver. I n   S e c t i o n  6, w e  a p p l y   t h e   g e n e r a l   r e s u l t  t o  the   spec i f i c   p rob lem  o f  
coherent ly   de tec t ing   an   ex tended   incoherent   source .  The r e s u l t s   o f   t h a t   s e c t i o n  
are then   appl ied  t o  the   he te rodyne   de tec t ion   of   an   ex tended   thermal   source   in  
Sec t ion  7 and t o  t h e   b a c k s c a t t e r   l i d a r   p r o b l e m   i n   S e c t i o n  8 and some use fu l  
des ign   gu ide l ines  are genera ted .   In   Sec t ion  9,  w e  a p p l y   t h e   r e s u l t s   o f  Sec- 
t i o n  4 t o   t h e   d e t e c t i o n   o f  a spa t ia l ly   coherent   source   such  as a laser t r ans -  
mitter i n  a heterodyne  communications  system  or a d i s t an t   po in t   sou rce   such  as 
a star. 

2.  THE SIGNAL-TO-NOISE RATIO OF A HETERODYNE RECEIVER 

The power s i g n a l - t o - n o i s e   r a t i o  of a he te rodyne   rece iver  i s  a measure of 
i t s  s e n s i t i v i t y   s i n c e   s e t t i n g   t h e   r a t i o   e q u a l   t o  one   permi ts   ca lcu la t ion   of   the  
noise   equiva len t  power ( N E P ) .  I t  i s  g i v e n ,   i n  most cases o f   i n t e r e s t ,  by 
( r e f .  1) 

We w i l l  leave t h e   c a l c u l a t i o n  of t h e  mean s q u a r e   s i g n a l   c u r r e n t  <iM > t o  la ter  
sec t ions   and  l i m i t  ou r   p re sen t   d i scuss ion  t o  the   va r ious   no i se  terms i n   t h e  
denominator of Equation ( 2 . 1 )  . 

2 

The l o c a l   o s c i l l a t o r   i n d u c e d   s h o t   n o i s e ,   o r  quantum no i se ,  <is2> is  
often  the  dominant  noise i f  h V  >> KTB where TB i s  the  equivalent   blackbody 
temperature of a thermal   source   ly ing   ins ide   the   an tenna   pa t te rn  of t h e  
rece iver .   Shot   no ise  i s  due t o   f l u c t u a t i o n s   i n   t h e  ra te  of a r r i v a l   o f  LO pho- 
tons .  If  t h e  LO power i s  much grea te r   than   the   s igna l   power ,   the  mean square 
sho t   no i se   cu r ren t  is given by 

<is > - 2BeBIFiDC 2 -  - 

where iDc is t h e  DC cu r ren t   gene ra t ed  by t h e  LO, e is  t h e   e l e c t r o n i c   c h a r g e ,  
B I F  is the  intermediate  frequency  bandwidth,   and hV is  the  photon  energy.  
The in t eg rand   con ta ins   t he   de t ec to r  quantum e f f i c i e n c y  nQ and t h e  LO i n t e n s i t y  
IL which are assumed t o   v a r y   o v e r   t h e   p l a n e  of t h e   d e t e c t o r   d e f i n e d  by t h e  two- 
dimensional   coordinate  rD. The parameter B equa l s  1 for   photoemissive  mixers  

- 

-+ 
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whi le ,   for   photoconductors ,  it equa l s  2 d u e   t o   f l u c t u a t i o n s   i n   t h e   g e n e r a t i o n  
and  recombination  of  charge carriers as desc r ibed  by L e v i n s t e i n   ( r e f .  6). 

One can rewrite Equat ion   (2 .2)   in   the  more fami l ia r   form 

i f  w e  def ine   an   average  quantum e f f i c i e n c y  nQ by 
- 

and PL is  t h e  local oscillator power i n c i d e n t   o n   t h e   d e t e c t o r .  

Radiation  from a the rma l   sou rce   con ta ined   w i th in   t he   r ece ive r   f i e ld   o f  view 
and the  receiver   bandwidth BIF w i l l  be   cohe ren t ly   de t ec t ed  and s u b j e c t   t o  
so-ca l led   "he terodyne   ampl i f ica t ion ."   In  some experiments,   such as i n   p a s s i v e  
he te rodyne   spec t romet ry ,   th i s   thermal   source  i s  t h e   o b j e c t  of s t u d y ,   w h i l e   i n  
o t h e r s  it co r re sponds   t o  unwanted 
s e c t i o n s   t h a t  it can be descr ibed  

background  noise. We w i l l  show i n  la ter  
by   the   equat ion  

where nT i s  'an o v e r a l l   e f f i c i e n c y  which  depends i n   p a r t  on the   des ign   of   the  
op t i ca l   f ron t   end .  

F luc tua t ions   in   background  rad ia t ion ,   which   spec t ra l ly  is  o u t s i d e   t h e  
rece iver   bandwidth   bu t   wi th in   the   in f ra red   response   band   of   the   mixer ,  w i l l  a l s o  
produce   no ise   cur ren ts ,   g iven  by <iB2> in   Equa t ion  ( 2 . 1 )  as  w i l l  sources   o f  
r a d i a t i o n   o u t s i d e   t h e   a n t e n n a   p a t t e r n   o f   t h e   r e c e i v e r   b u t   i n s i d e   t h e   h e t e r o d y n e  
receiving  bandwidth.  McLean and P u t l e y   ( r e f .  7 )  have  der ived  expressions  €or  
t h i s   n o i s e  component  which are complicated  €unct ions of wavelength ,   spec t ra l  
i n t e r v a l ,   d e t e c t o r  area and  temperature ,   and  f ie ld  of view. The la t te r  no i se  
is not   ampl i f ied  by the  heterodyne  process,   however,   and  can  be  rendered 
n e g l i g i b l e  by choosing a l a r g e  enough l o c a l   o s c i l l a t o r  power  and  by s p a t i a l l y  
and s p e c t r a l l y   f i l t e r i n g   t h e   i n p u t   r a d i a t i o n .  

Two o ther   impor tan t   sources   o f   no ise  are Johnson or   thermal   no ise   asso-  
c ia ted   wi th   the   mixer   and   the   IF   ampl i f ie r .  The mixer no i se  is given by 
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<iJ2> = 4 K T ~ B ~ ~  
%I 

where TM and % are  the  mixer's  (or  mixer  load  resistor's)  temperature  and 
resistance as seen by  the  IF  amplifier.  For  most  cooled  mixers,  this  would be 
negligible  compared with the  amplifier  noise  given  by 

<iA2> = 4 K T ~ B ~ ~  
MRA 

(2.7) 

where TA and RA are  the  amplifier's  noise  temperature  and  input  resistance, 
and M is a  factor  less  than  unity  which  accounts  for  impedance  mismatches 
between  the  mixer  and  amplifier. 

Clearly,  other  sources  of  noise exist.  "Excess  noise" is common  in 
receivers  which  employ  diode  laser  local  oscillators  and  generally  arises  from 
multimode  effects or other  non-ideal  behavior  in  the LO. Noise  can  also  be 
introduced at the  electrical  contacts  to  the  mixer  element or by  temperature 
fluctuations  in  the  mixer.  These  sources  are  unique  to  specific  systems  and 
will not be  considered  further  here. 

With  sufficient LO power,  most of the  above  noise  sources  can  be  made 
negligible  relative  to  the  quantum  noise  <is2>  and/or  the  background  thermal 
noise  contribution <iT2>. If the  mean  square  signal  current  is  given  by  an 
expression of the  form 

where Ps is  the received  signal  power  and  qHET  is an as yet undefined 
heterodyne  receiver  efficiency,  then,  under  strong LO illumination,  the  signal- 
to-noise  ratio  tends  to 

Setting  the  latter  ratio  equal  to  one  and  solving for PS/BIF yields  the  noise 
equivalent  power  per  unit  bandwidth; i.e., 

NEP  (W/Hz) = - hV { B + QT [exp (hV/KT) - 13 "> 
~H E T  

(2.10) 



where nHET and nT bo th   depend   on   t he  optical  f r o n t   e n d   g e o m e t r y .   I n   t h e  
quantum  noise  l i m i t  (hV >> KT) , Equat ion   (2  . l o )  r e d u c e s  t o  

NEP(W/Hz) = - BhV 

~ H E T  

whereas,  i n   t h e   t h e r m a l  l i m i t  (hV << KT), it becomes 

nnl 
NEP (W/Hz) = KT 

~ H E T  

(2.11) 

(2.12) 

If w e  i nc lude   mixe r   and  amplifier Johnson   no i se ,  w e  can  w r i t e  f o r  a g e n e r a l  
photoconductor  

2hV + nThv K(TM + TA) NEP (W/Hz) = - + 
%ET [exp(hw/KT) - 11 G 

'HET 

(2.13) 

where G is t h e   " c o n v e r s i o n   g a i n "   d e f i n e d   b y  A r a m s  e t  a l .  ( r e f .  8) 

3. DETECTION AND TIME  INTEGRATION 

I f   t h e  power   s igna l - to-noise  r a t i o  i n   t h e   I F  is  less t h a n   u n i t y ,   t h e   s i g n a l  
can be d e t e c t e d   b y   i n t e g r a t i n g   t h e  detector o u t p u t   o v e r  a s u f f i c i e n t l y   l o n g  
period o f  time. The v o l t a g e   s i g n a l - t o - n o i s e  r a t i o  a t  t h e  f i l ter  o u t p u t   i n  
F i g u r e  1 i s  l i n e a r l y  related t o  t h e  power S/N b y   t h e   e q u a t i o n   ( r e f .  1) 

The l a t t e r  e q u a t i o n  assumes t h a t   t h e   I F   a m p l i f i e r   h a s  a r e c t a n g u l a r   b a n d p a s s  
s p e c t r u m   ( d o u b l e   s i d e b a n d ) ,   t h e   r e c t i f y i n g   d e t e c t o r  is  an   i dea l   squa re - l aw 
d e v i c e ,   t h e   f i n a l   o u t p u t  f i l t e r  h a s  a noise   bandwidth  Bo much less t h a n  BIF 
and  the  power S/N is much less t h a n   u n i t y .   S m i t h  ( r e f .  9)  h a s   c o n s i d e r e d  
t h e  more g e n e r a l  case w h e r e   t h e   I F   a m p l i f i e r  is  n o t   s t r i c t l y   s q u a r e - l a w   a n d   d o e s  
not   have  a r ec t angu la r   bandpass   spec t rum.  H e  h a s  a lso c o n s i d e r e d  power S/N 
r a t i o s  much g r e a t e r   t h a n   u n i t y .  If t h e   o u t p u t  f i l ter  i s  a s i n g l e   s t a g e  RC 
c i r c u i t   s u c h   t h a t  Bo = -c0/4 = RC/4,  Equat ion   (3 .1)  becomes 
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4.  COHERENT  DETECTION OF A  GENERAL  QUASI-MONOCHROMATIC  SOURCE 

We turn  now  to  the  calculation of the  mean  square  signal  current <iM > 
for a  general  quasi-monochromatic  source. This problem  has  been  considered  pre- 
viously by  Rye  (ref. 10) and  McGuire  (ref. 11). With  only minor  modification, 
the  derivation  given  here  parallels  that of McGuire. If  we assume  that  the 
detected  radiation  lies  within  a  frequency  bandwidth Avs that is narrow with 
respect to  the  center  frequency VS,  the  real  signal  field at the  mixer  plane 
can be  represented  by an expression  of  the  form 

2 

where W = 2TVS and  the  complex  signal  field  envelope E, t) at the point 
rD  in  the  detector  plane  varies  slowly  in  time  relative  to  the  exponential 
exp(iwSt). The time  dependence of the  envelope  might  reflect  the  modulated 
output of a transmitter  laser  in a heterodyne  communications  system,  the  ampli- 
tude  and  phase  fluctuations  inherent  in  the  signal  from  an  incoherent  thermal 
source or backscatter  lidar, or even the effects of atmospheric  turbulence  on 
the  signal.  The  envelope,  through  its  dependence  on  the  detector  coordinate 
rD, also  contains  spatially  dependent  amplitude  and  phasefront  information. 

+- S 

-+ 

If  we  represent  the  LO  field by a similar expression, the  current out of 
the  square-law  mixer is given  by 

where wL is the LO center  frequency  and  the  integral  is  over  the  active 
detector  area.  Upon  performing  the  quadratic  multiplication  of  fields  in 
Equation  (4.2),  we  obtain  both  sum  and  difference  frequencies.  High-frequency 
sum terms  varying as exp(+2iwst),  exp(f2iwLt),  exp(fi ( W  +W ) t) , lie  outside  the 
bandwidth of the  mixer  and  hence  can  be  ignored. The  dlfference  terms  produce 
two  "DC"  currents  corresponding  to  the  average  signal  and  local  oscillator 
induced  currents  and  an  additional  mixing  term  given  by 

$ L  
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where  the  IF  frequency WIF - - Ws - WL. Squaring  Equation ( 4 . 3 )  yields 

If we average  the  above  expression  over  a  time  interval T short  compared  to 
the  coherence  times of the signal  and  local  oscillator  field (Ts and TL) but 
long  compared  to  the  IF  beat  period,  TIF,  we  may  write 

dt iM  (t) 2 

since the field  envelopes  can  be  viewed  as  effectively  constant  over  this  time 
interval  and  hence  the  terms  varying as exp(k2iwIFt)  in  Equation (4.4) average 
to zero  over  an  IF  beat  period. In certain  applications, such as passive 
heterodyne  spectrometry of a thermal source,  the  integration time  can  be 
arbitrarily  long. The limit  of  Equation  (4.5) as T approaches  infinity  is 
then 
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where we have  invoked  the fact  that  the  signal  and  local  oscillator  fields  are 
statistically  independent  and  hence  the  fourth-order  correlation  function 
<Es(rD,t) E,* (:D' rt) €L(~D' ,t) EL*(:D,t)> can  be  written as the  product of two 
second-order  functions. The second-order  correlation  functions  can  be  related 
to quantities  appearing  in  the  theory of partial  coherence  by  noting  that  the 
"mutual  coherence  function"  (MCF) of a  quasi-monochromatic,  stationary  optical 
signal  field is defined  by  (ref. 12) 

+ 

Under  the  assumption of cross  spectral  purity  (refs. 12, 13) , the  spatial  and 
time  variables  are  separable  leading  to 

where g ( 0 )  = 1 and Js (rlrr2) is the  "mutual  intensity  function"  (MIF) 
of the  signal  field.  From  Equations  (4.7)  and  (4.8)  we  note  that 

<Es(:D,t) E ,  (rD  ,t) > = TS(rD,rD ,0) = JS(rDrrD') and  hence  Equation (4 .6 )  
can  be  written  in  its  final  form 

+ +  

* - + a  + + I  - + +  

where Js(;D,ZD') and JL(ZD' ,;?,) are the  mutual  intensity  functions of the 
signal  and  local  oscillator  fields  in  the  detector  plane.  Calculation of the 
mean  square  mixing current  by  means  of  Equation (4.9) is not  always  a  simple 
task  due  to  the  difficulty in computing Js (ZDrrD' ) for  many  sources of 
practical  interest. In ensuing  sections, we will  demonstrate  how  the  calcula- 
tion  can  be  carried  out  in  optical  planes  other  than  the  detector  plane  and  the 
enormous  simplifications  that  often  result. 
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B e f o r e   c l o s i n g   t h i s   s e c t i o n ,  it i s  worthwhile t o  no te  two u s e f u l   p r o p e r t i e s  
o f   t he   mu tua l   i n t ens i ty   func t ion ;  i . e . ,  

and 

(4.10) 

(4.11) 

where Is(?D) i s  t h e  t i m e  ave raged   s igna l   i n t ens i ty  a t  t h e   p o i n t  rD. + 

5. PROPAGATION OF THE MUTUAL INTENSITY  FUNCTION 

Cons ider   the   s igna l  e lec t r ic  f i e ld   p ropaga t ing   f rom  the   an tenna   p l ane   i n  
Figure 2 t o   t h e   d e t e c t o r   p l a n e .   S m a l l   a n g l e  scalar d i f f r a c t i o n   t h e o r y   ( r e f .  1 2 )  
g i v e s   t h e  e lec t r ic  f i e l d   i n   t h e   d e t e c t o r   p l a n e ;  i .e. ,  

where k = 2~r/A,  PA(ZA) is  the   an tenna   pup i l   func t ion  and t h e  term i n   b r a c k e t s  
co r re sponds   t o  a Huygen's  wavelet  emanating  from a p o i n t  rA i n   t h e   a n t e n n a  
p lane   and   t rave l ing  a d i s t a n c e  rlU! t o  a p o i n t  rD in   t he   mixe r   p l ane .  Then, 
from t h e   d e f i n i t i o n   o f   t h e   m u t u a l   I n t e n s i t y   f u n c t i o n  (MIF),  it i s  clear t h a t  

-+ 
-f 

For a s t a t i o n a r y   p r o c e s s l   t h e  t i m e  o r i g i n  is  of no consequence  and  therefore 

( E S k A . t  - -) I-'AD C ES*(ZA' , t  - %)> C = (Es(sAlt) E, rA , t  - 
*[. I C - 

(5.3) 
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NOW, i f   the- t ransverse   d imens ions   o f   the   an tenna  and de tec to r   pup i l  are small 
compared to   the  coherence  length of t he   s igna l   r ad ia t ion   de f ined  by 1 = c/AVs, 
t h e   v a r i a t i o n   o f   t h e   s i g n a l   e l e c t r i c   f i e l d   o v e r  a time i n t e r v a l  
t = - rm)/c is neg l ig ib l e  and  Equation (5.3) i s  e f f e c t i v e l y   t h e  
s igna l  MIF in  the  antenna  plane.   Equation  (5.2)  then becomes the  propagat ion 
l a w  f o r   t h e  MIF as f i r s t   d e r i v e d  by Zernike  ( refs .  1 2 ,  14); i .e. ,  

If w e  subst i tute   Equat ion  (4 .5)   in   (4 .9)   €or   the mean square   s igna l   cur ren t  and 
reverse   the   o rder   o f   in tegra t ion ,  w e  ob ta in  

where PD (;D) is  t h e  mixer pup i l   func t ion .   I f  we now de f ine   an   e f f ec t ive  
l o c a l   o s c i l l a t o r   f i e l d   g i v e n  by 

the  corresponding  effective MIF i s  then  equal   to  

Subs t i tu t ing   Equat ion   (5 .7)   in to   (5 .5)  and  comparing t h e   r e s u l t i n g  
expression  with  the MIF propagation l a w  ( 5 . 4 ) ,  we note   tha t   the   b racke ted  t e r m  
in  Equation  (5.5) i s  simply  the MIF o f   t he   e f f ec t ive   l oca l   o sc i l l a to r  back- 
propagated t o  the  antenna  plane.  We may the re fo re   wr i t e   fo r   t he  mean square 
mixing cu r ren t  
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The physical   s ignif icance  of   Equat ion (5.8) i s  tha t   t he   ca l cu la t ion   o f  
mean square IF s igna l   cur ren t   can  be c a r r i e d   o u t   i n  any  convenient  optical   plane 
as f i r s t   p o i n t e d  out by Rye ( r e f .  10) .  This  has practical importance  since i t  
i s  u s u a l l y   e a s i e r ,   f o r  example, t o  compute the  backpropagation  of a coherent LO 
e lec t r ic   f ie ld   th rough  an   op t ica l   sys tem  than   to   p ropagate   the  MIF of an 
incoherent   source   in  a forward  direction  through  the  system  to  the  mixer.  This 
f a c t  w i l l  b e   w e l l   i l l u s t r a t e d   i n   l a t e r   s e c t i o n s .  

Although we have considered  only  free  space  propagation  in  the  present 
der ivat ion,   the   approach i s  equa l ly   va l id  when intervening  opt ical   e lements  
such a s   l e n s e s ,   m i r r o r s ,  and ape r tu re s   a r e   p re sen t .  The simple Huygens wavelet 
in  Equation (5.1) i s  then  replaced by an appropriate   t ransmission  funct ion  €or  
t h e   o p t i c a l  system ( r e f s .  10,  1 2 ) .  

6. HETERODYNE DETECTION OF AN EXTENDED INCOHERJ3NT SOURCE 

The expressions  der ived up t o   t h i s   p o i n t  have assumed a g e n e r a l ,   p a r t i a l l y  
coherent,  quasi-monochromatic  source. We consider  now an  important   pract ical  
a p p l i c a t i o n   i n  which the  s ignal   radiat ion  emanates  from  an extended  incoherent 
source and propagates   to   the  antenna  plane  as   in   Figure 3 .  The propagation  of 
the MIF proceeds i n  p rec i se ly   t he  same fa sh ion   a s  i n  the   p rev ious   sec t ion  
except   tha t   there  i s  no coherence  between  the Huygens wavelets  emanating from 
the   i n f in i t e s ima l   sou rces   l oca t ed  a t  rS and rs ' .  Thus the  second-order 
cor re la t ion   func t ion   in   the   source-antenna   p lane   vers ion  of Equation (5.3) 
becomes 

-+ -+ 

(6.1) 

where Is(rs)  i s  the   t ime  averaged   rad ia t ion   in tens i ty   a t   the   po in t  r S  i n  the  
source  plane  and 6 ( r s  - r s ' )  is  the  two-dimensional  Dirac  delta  function. I t  
can  be shown t h a t   s u b s t i t u t i o n  of Equation  (6.1)  into  the  source-antenna  plane 
vers ion of  Equation  (5.2)  and  performing  the  double  integral  over rs' y i e lds  
the  propagat ion law f o r   t h e  MIF of an incoherent   source   ( re f .  1 3 ) ;  i . e . ,  

-+ -+ 
-f -+ 

-+ 

where t h e   i n t e g r a l  i s  over   the  f ini te   dimensions of the  source. We may  now 
subs t i tu te   Equat ion   (6 .2)   in to   (5 .8)  and reverse   the   o rder  of i n t e g r a t i o n   t o  
ob ta in   fo r   t he  mean square I F  s igna l   cu r ren t  
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2 
<iM2> = 2(&) ?t2 $$ dzs Is($s) 

Through  use of t h e  MIF p r o p a g a t i o n  l a w  given  by  Equat ion (5.4), w e  r e c o g n i z e  
t h e   b r a c k e t e d  t e r m  i n   E q u a t i o n   ( 6 . 3 )  as t h e   m u t u a l   i n t e n s i t y   f u n c t i o n  of t h e  
b a c k p r o p a g a t e d   e f f e c t i v e   l o c a l  o sc i l l a to r  (BPELO) e v a l u a t e d  a t  t h e   p o i n t s  
rS = rs' B u t ,   s i n c e  JE (rs ,rS) = IE ( zs )  , t h e  t i m e  a v e r a g e d   i n t e n s i t y   o f   t h e  
BPELO i n   t h e   s o u r c e   p l a n e ,   E q u a t i o n   ( 6 . 3 )   r e d u c e s   t o   t h e   r e l a t i v e l y   s i m p l e  
e x p r e s s i o n  

-+ -+ - + +  

Thus w e  h a v e   t h e   v e r y   u s e f u l   r e s u l t   t h a t   t h e  mean s q u a r e   I F   s i g n a l   c u r r e n t  i s  
p r o p o r t i o n a l  t o  t h e   o v e r l a p   i n t e g r a l   o f   t h e   e x t e n d e d   i n c o h e r e n t   s o u r c e   i n t e n s i t y  
w i t h   t h e   b a c k p r o p a g a t e d   e f f e c t i v e  LO i n t e n s i t y .   I n   t h e   n e x t  t w o  s e c t i o n s ,  w e  
w i l l  a p p l y   t h i s   r e s u l t   t o   t h e   d e t e c t i o n   o f   t h e r m a l   r a d i a t i o n   a n d   t o   t h e   b a c k -  
s c a t t e r   l i d a r   p r o b l e m .  

7. THERMAL SOURCE  DETECTION 

The t o t a l  power AP r a d i a t e d   i n t o  a hemisphe re ,   w i th in   t he   IF   bandwid th  
BIF, from a small area AA on a blackbody i s  

AP = - 2n hwBIF AA 
A 2  [eXp (hV/KT) - 11 

O n l y   t h e   p o w e r   e m i t t e d   i n   t h e   d i r e c t i o n   o f   t h e   r e c e i v e r   c o n t r i b u t e s  t o  t h e  
s i g n a l  MIF i n   t h e   a n t e n n a   p l a n e .   T h u s ,   i f   t h e   r e c e i v e r  i s  i n  a d i r e c t i o n   n o r m a l  
t o  t h e   p l a n e  of the   b l ackbody ,  w e  m u s t   m u l t i p l y   t h e   a b o v e   e x p r e s s i o n   b y  a 
f a c t o r  l / n  cor responding  t o  t h e  power emitted per s t e r a d i a n   i n   t h e   n o r m a l  
d i r e c t i o n .  We must also m u l t i p l y   b y   1 / 2   t o   a c c o u n t  for  t h e  f ac t  t h a t   t h e  
he te rodyne  receiver d e t e c t s  
i n t e n s i t y  t o  be s u b s t i t u t e d  

on ly   one   po la r i za t ion   componen t .   Thus ,   t he  
i n t o   E q u a t i o n  (6.4)  is  g iven   by  

- 1 hvBIF 

X2 [exp (hV/KT) - 13 
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and  Equation (6.4) becomes 

(7.3) 

where t h e   i n t e g r a l  i s  s imply   t he   t o t a l   backpropaga ted   e f f ec t ive  LO power  sub- 
tended by the   source .  

I f   t he   dominan t   no i se  mechanism i s  t h e  LO-induced shot   noise   given  by 
Equa t ion   (2 .3 ) ,   t he   IF   s igna l - to -no i se   r a t io  i s  

< i M 2  > rlT 

power <is2 > f3 F x p  (hV/KT) - l] 

where qT is the   ove ra l l   he t e rodyne   r ece ive r   e f f i c i ency   fo r   t he rma l   sou rce  
detect ion  introduced  in   Equat ion  (2 .5)   and  def ined by 

(7.4) 

- 
where qQ i s  the  average  mixer   quantum  eff ic iency  def ined by  Equation ( 2 . 4 )  
and PL i s  t h e  LO power i n c i d e n t   o n   t h e   d e t e c t o r .  If t h e  mixer quantum e f f i -  
c iency i s  uniform,   Equat ion  (7 .5)   reduces  to  

where w e  have  used  Equations  (5.7)  and (4 .11 )  . The q u a n t i t y  I ~ ( r s )  is  t h e  
i n t e n s i t y  of the   ac tua l   backpropagated  LO r a t h e r   t h a n   t h e   e f f e c t i v e  LO. The 
quan t i ty  ?IT r ep laces   t he   mixe r   e f f i c i ency   i n   t he   co r re spond ing   equa t ions   i n  
t h e   c l a s s i c   p a p e r  by  Siegman ( r e f .   1 5 ) .  

-+ 

I f   t h e   s o u r c e  i s  so l a rge   t ha t   t he   backpropaga ted  LO i s  c o n t a i n e d   e n t i r e l y  
wi th in  i ts  d i s k   r a d i u s ,   t h e   i n t e g r a l   i n   E q u a t i o n   ( 7 . 6 )  i s  s i m p l y   t h e   t o t a l  LO 
power in   the   source   p lane .   Except   for   an   a tmospher ic   t ransmiss ion   fac tor  qA, 
t he  l a t t e r  i s  equal  t o  the  backpropagated LO power e x i t i n g  from  the  antenna. 
Thus, the   overa l l   he te rodyne   e f f ic iency   (7 .6)   can   be   b roken  down i n t o   s e v e r a l  
components; i . e . ,  

where qo t a k e s   i n t o   a c c o u n t   r o u t i n e   o p t i c a l   l o s s e s   d u e   t o   r e f l e c t i o n s  and 
s c a t t e r i n g   w h i l e  rlR i s  a geomet r i c   e f f i c i ency   wh ich   t akes   i n to   accoun t  
v i g n e t t i n g ,   c e n t r a l   o b s t r u c t i o n s ,  LO phase f ron t   cu rva tu re ,  etc. i n   t h e   o p t i c a l  
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antenna.  Numerically, qR i s  equal   to   the  f ract ion  of   the  or iginal  LO power 
which e x i t s  from t h e  antenna  during  backpropagation. 

where W i s  the  gaussian  spot  radius i n  the  antenna  plane and w e  have defined 
two parameters  (ref.   16) a = a/w and y = b/a. The geometric  efficiency  has 
been p lo t t ed   a s  a function of c1 and y i n  Figure 5. 

The important  thing  to  note i n  Figure 5 i s  t h a t ,   f o r  a given  nonzero  value 
of t h e  l inear   obscura t ion   ra t io  y = b/a,  the optimum ef f ic iency  is  less   than  
what one would expect  based on simple  blockage  of  the incoming rad ia t ion  by the 
central  obscuration.  For  example, y = 0.5  would imply  an areal   obscurat ion 
efficiency  of 1 - y2 o r  75%. The peak eff ic iency i n  Figure 5 , however, would 
only be  about 47% i f  one were t o  choose  an optimum gaussian  spot  radius  corre- 
sponding t o  c1 = 1.3. Nonoptimum choices   c lear ly   resu l t  i n  s ign i f icant ly  worse 
performance. 

Clear ly ,   to  maximize the   e f f ic iency  of coherent  detection  of a thermal 
source which f i l l s  the   rece iver   f ie ld  of view,  one  wishes t o  choose  an o p t i c a l  
geometry  which allows  the  effective  backpropagated LO t o   e x i t  from the  telescope 
w i t h  near-unity  efficiency. Although t h i s  i s  most e a s i l y  accomplished w i t h  
off-axis   ref lect ive  te lescope  geometr ies  which eliminate  the  central   obscuration 
problem,  one i s  not  limited  to  such  geometries i n  general. For example, if we 
use  appropriate masks i n  the  LO beam t o   c r e a t e  a l o c a l   o s c i l l a t o r   d i s t r i b u t i o n  
i n  the mixer  plane which matches  the A i r y  pa t te rn  of the  central ly   obscured 
Cassegrain  telescope i n  Figure 4 ,  the  backpropagated LO w i l l  form  an a n n u l a r  
d i s k  i n  the  antenna  plane which matches the  antenna  pupil  function and provides 
u n i t y  transmission. T h i s  r e s u l t  assumes,  of  course, t h a t   t h e  mixer quantum 
eff ic iency is reasonably  uniform. The transmission loss of  the beam s p l i t t e r  
i n  Figure 4 is  included i n  the   op t ica l   e f f ic iency  Qo. 

For  such  large  sources,   the  efficiency i s  not  sensit ive  to  the  wavefront 
curvature of the LO beam except   to   the   ex ten t   tha t  it modifies  the LO trans- 
mission  through  the  antenna  pupil.  For  example, i f  one considers two systems, 
project ing  the same gaussian  spot  size i n  the  antenna  plane  of  Figure 4 but 
having two d i f f e r e n t   r a d i i  of  curvature  for  the LO phasef ronts ,   the   f rac t iona l  
transmission and hence the  receiver   eff ic iency w i l l  be the same.  The system 
w i t h  the  wider  backpropagated LO divergence w i l l  detect   point  sources  near  the 
o p t i c   a x i s  w i t h  l e s s   s e n s i t i v i t y   b u t   t h i s  w i l l  be  compensated f o r  by the 
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detect ion of addi t ional   point   sources  which are beyond t h e   f i e l d  of  view  of t h e  
receiver  with  the  smaller  backpropagated LO divergence. On the  other  hand, i f  
t h e  source is  of   l imi ted   spa t ia l   ex ten t ,  maximum de tec t ion   e f f i c i ency   d i c t a t e s  
that  the  backpropagated LO be  contained  totally  within  the  source  pupil   function 
and hence LO phasefront   curvature   effects  w i l l  p lay a more important  role.  For 
small thermal  sources i n  t he   nea r   f i e ld  of  the  receiver,  as i n  a laboratory 
experiment, t h i s  can  be  accomplished by choosing an  o p t i c a l  system  which effec- 
tively  focuses  the  backpropagated LO onto  the  target  source and provides  near- 
unity  transmission  efficiency  for  the  backpropagated LO. 

8. INCOHERENT BACKSCATTER L I D A R  

Consider  the  l idar  system  in  Figure 6.  An outgoing  pulse  of  temporal 
width 6 i s  transmitted  through  the  atmosphere  illuminating  the  aerosol 
s c a t t e r e r s  i n  i t s  path. The mixer current  a t  time t i s  due to   r ad ia t ion  
sca t te red  a t  a time t - R/c from a volume defined by the  length c6/2 w i t h i n  
t he   r ece ive r   f i e ld  of  view as  determined by t h e  backpropagated  effective LO 
in tens i ty .  Although the   ae roso l   s ca t t e r e r s   a r e  randomly  spaced and t y p i c a l l y  
many wavelengths  apart ,   the  return i s  not   s t r ic t ly   incoherent   s ince   the  
sca t te re rs   wi th in   the  volume of in te res t   a re   " f rozen"  i n  the i r   pos i t ions   dur ing  
the  passage of a short   laser  pulse,   thereby  producing a coherent  or  "speckle1' 
component i n  the  re turn.  Thus,  based on a s ingle  r e t u r n ,  one  cannot  perform 
the  long  time  average  necessary  to  progress from Equation (4.5)  t o  ( 4 . 6 )  i n  our 
derivation  of  the mean square  mixing  current < i M 2 > .  However, i f  we imagine 
repeating  the  l idar  experiment many times  over  the same source volume and 
obtaining an  average  current waveform out  of  the  mixer,  the  coherent component 
would be expected  to  average  to  zero  over  the ensemble of  measurements  due t o  
the random relative  motions  of  the  scatterers.   After  averaging a s u f f i c i e n t l y  
large number of  current waveforms, we would then be l e f t   w i t h  t h e  incoherent 
component. Thus, if   the  physical   process  being  observed is  e rgod ic ,   i . e . ,  
ensemble averages  are  equal  to  time  averages,  the mean square  mixing  current 
w i l l  be given by <iM2> where the  notation now a p p l i e s   t o   e i t h e r  an ensemble 
average  or  time  average  since  the two are   equivalent .  

With the  additional argument  given  above, w e  can apply  Equation (6.4)  t o  
the  pulsed  backscat ter   l idar  problem. The source  intensi ty   funct ion Is which 
i s  now a function  of  range ( Z  coordinate)   as   wel l   as   the  t ransverse  coordinates ,  
i s  given by 

where I T ( R , r S )  is  the i n t e n s i t y  of the  coherent  transmitter beam a t   t h e  
range R and transverse  coordinate rs, dO(T)/dR is t h e   d i f f e r e n t i a l   s c a t t e r -  
ing  cross  section i n  the backward d i rec t ion ,  c6/2 is  the  length of the 
sca t te r ing  volume, p ( R , r S )  i s  the   dens i ty   d i s t r ibu t ion   of   sca t te re rs ,  and 
p is  a fac tor   o f   o rder   un i ty   o r   l ess  which takes  into  account  depolarization 
e f f e c t s .  The product  [da(r)/dR] IT (R,?s) is  the  power sca t te red  i n  the back- 
ward d i rec t ion   per   s te rad ian  by a s ing le   s ca t t e r e r   l oca t ed   a t   t he   coo rd ina te s  

+ 
-+ 

-+ 
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-+ 
( R , r S )  while  the  product p (R,;s) (c6/2) is  t h e  number of scatterers p e r   u n i t  
c ross -sec t iona l  area in   t he   sou rce  volume. Subs t i tu t ing   Equat ion   (8 .1)   in to  
(6.4) g ives  

which y i e lds   t he   impor t an t   r e su l t   t ha t   t he  mean square   s igna l   cur ren t  i s  pro- 
po r t iona l   t o   t he   ove r l ap   i n t eg ra l   o f   t h ree   quan t i t i e s  - the   coherent   t ransmi t te r  
in tens i ty ,   the   backpropagated   e f fec t ive  LO i n t e n s i t y ,  and the   dens i ty   d i s t r ibu -  
t i o n   o f   s c a t t e r e r s .  I t  i s  u s e f u l   t o   n o t e   t h a t  we have not  made the  assumption 
tha t   t he   t r ansmi t t ed  and l o c a l   o s c i l l a t o r  beams a re   coax ia l   i n   de r iv ing  Equa- 
t i o n  (8 .2 ) .   I n   f ac t ,   t he   equa t ion  can  be  used f o r   b i s t a t i c   l i d a r  systems pro- 
v ided   the   t ransmi t te r   and   rece iver   op t ica l   axes   a re   near ly   para l le l  and  an 
appropr i a t e   o f f se t  between t r a n s m i t t e r  and LO beams i s  included  before  computing 
t h e   i n t e g r a l .  If the   t r ansve r se   s epa ra t ion  between t r ansmi t t e r  and rece iver  i s  
s m a l l   r e l a t i v e   t o   t h e   s p o t   s i z e s  of the   t r ansmi t t e r  and BPELO a t   t h e  range R, 
t h e   b i s t a t i c  system can   be   t rea ted   as   coaxia l  t o  a good approximation. 

A s  a simple  numerical  example, w e  now consider   the  case of gaussian  t rans-  
mi t t e r  and l o c a l   o s c i l l a t o r  beams descr ibed by 

and 

where PT and PL a re   t he   t r ansmi t t e r  and l o c a l   o s c i l l a t o r   o u t p u t  powers and 
u T ( R )  and uL(R) are   the  corresponding  guassian  radi i   a t   the   range R. Sub- 
s t i t u t i o n  of  Equations  (8.3)  and  (8.4)  into  (8.2)  yields 

where we have assumed a uni form  sca t te r ing   dens i ty  p ( R )  and a uniform  mixer 
e f f i c i ency  ne. Clear ly ,  < iM2 > increases   with  decreasing uT and uL imply- 
i ng   t ha t   t he   s igna l   l eve l  w i l l  be maximized i n  a labora tory   sca t te r ing   exper i -  
ment by focusing  the  t ransmit ter  and  backpropagated LO i n t o   t h e  sample. 

I f   t h e   s c a t t e r i n g  volume i n   t h e   l i d a r  system  of  Figure 6 l i es  i n  t h e  f a r  
f i e l d  of t he   t r ansmi t t e r  and LO beam waists, we can  use  the  approximations 
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which e x h i b i t s   t h e   f a m i l i a r  R-2 dependence   fo r   t he   l i da r   equa t ion .  Equa- 
t i ons   (8 .3 )   and   (8 .4 )   sugges t   t he   de f in i t i on   o f   an   e f f ec t ive  area f o r   t h e  

gaussian beam waists given by AT = TUTO /2 and AL = noLo / 2 .  Fur ther   def in-  
ing  an  average  antenna area A = (AT + A L ) / 2  and l e t t i n g  AL = EA and 
+ = ( 2  - €)x, Equation  (8.6) becomes 

2 2 

which  has a maximum f o r  & = 1 given by 

Thus, w e  have  demonstrated  that ,  if w e  c o n s t r a i n   t h e  sum of   the   t ransmi t te r   and  
r e c e i v e r  areas t o   t h e   v a l u e  2A, w e  o b t a i n  a maximum s i g n a l  when E = 1 o r  
AL = AT, i . e . ,  when the   an tenna  areas are  matched. To i n c l u d e   o p t i c a l  and 
a tmospher ic   t ransmiss ion   losses ,   Equat ion   (8 .3)   should  be mul t ip l i ed  by qAqT0 
and  Equation ( 8 . 4 )  by rlAqRo where n, i s  the   a tmospher ic   t ransmiss ion   for  
the  range R and qTO and 'lRo are t h e   e f f i c i e n c i e s   o f   t h e   t r a n s m i t t e r   a n d  
r ece ive r   op t i ca l   sys t ems .  

I t  s h o u l d   b e   c l e a r   t h a t ,   j u s t  as i n   t h e  case of   thermal   source  detect ion,  
any LO power f a l l i n g  on t h e  mixer t h a t   c a n n o t  be backpropagated  through  the 
r e c e i v e r   o p t i c s   t o   t h e   s o u r c e  w i l l  c o n t r i b u t e   t o   t h e   s h o t   n o i s e   b u t   n o t   t o   t h e  
s igna l   cu r ren t   and   t he re fo re   r ep resen t s  a r educ t ion   i n   sys t em  s igna l - to -no i se .  
Thus ,   v igne t t ing ,   cen t ra l   obscura t ions ,   and   phasef ront   e r rors   can   have  a major 
impac t   on   t he   l i da r   e f f i c i ency  by (1) reducing  the  t ransmission  of   the  back 
propagated LO and ( 2 )  i n f luenc ing   t he   an tenna   pa t t e rn   o f   t he   backpropaga ted  
e f f e c t i v e  LO in   Equat ion  ( 8 . 2 ) .  The a n t e n n a   p a t t e r n s   o f   v i g n e t t e d ,   c e n t r a l l y  
obscured,  and  decollimated  gaussian beams have  been  computed  by  Klein  and 
Degnan ( r e f .  16). 
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9. COHERENT SOURCE DETECTION 

For a spa t ia l ly   coherent   source   such  as a laser o r   d i s t a n t  star,  w e  can 
w r i t e  €o r   t he   mu tua l   i n t ens i ty   func t ion  a t  t h e  mixer 

where ES and @s are real func t ions   which   descr ibe   the   s igna l   ampl i tude   d i s -  
t r i b u t i o n  and  phasefront   in   the  mixer   plane.  A similar expression  can  be 
wr i t t en   €o r   t he  laser LO. Subs t i tu t ing   Equat ion   (9 .1)   and   the  LO equ iva len t  
i n to   ou r   gene ra l   exp res s ion   €o r  <iM2> given by Equation  (4.9) , w e  o b t a i n  for 
a coherent   source 

I n   t h e   t r i v i a l   c a s e  where the   mixer   e f f ic iency  and t h e   s i g n a l  and LO beams are 
uniform  over  the  mixer of a r e a  AD, Equat ion   (9 .2)   reduces   to   the   fami l ia r  form 

where Ps = E ~ ~ A ~ .  I n   t h e  most gene ra l  case, w e  can  use  Equation  (2.8)  to 
de f ine  a coherent   he te rodyne   e f f ic iency   g iven  by 
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p lane  is c o n t a i n e d   i n   t h e   c e n t r a l   l o b e   o f   t h e   s i g n a l   A i r y   p a t t e r n .  Degnan and 
Klein ( ref .  18) considered several i l l u m i n a t i o n   p r o f i l e s   f o r   t h e  LO inc luding  
uni form,   gauss ian ,   and   an   Ai ry   pa t te rn   matched   to   the   s igna l   Ai ry   pa t te rn .  
T h e i r   r e s u l t s  are summarized i n   F i g u r e  7 .  O p t i m u m  d e t e c t i o n   e f f i c i e n c y  is  
achieved when t h e   m i x e r   c a p t u r e s   t h e   e n t i r e   s i g n a l   A i r y   p a t t e r n   a n d  a matched 
Lo is  u s e d .   I n   t h i s   i n s t a n c e ,   t h e   r e c e i v e r   e f f i c i e n c y  i s  simply 1 - y2 
(where y i s  the   obscu ra t ion   r a t io   de f ined   p rev ious ly   fo r   t he   Casseg ra in  
an tenna   i n   F igu re  4 )  co r re spond ing   t o   t he  areal  o b s c u r a t i o n   l o s s  and  repre- 
sented  by  the  "matched" LO cu rve   i n   F igu re  7 .  The d i f f e rence   be tween   t he   i dea l  
or "matched" LO curve   and   the   un i form  or   gauss ian   curves   cor responds   to   the  
he t e rodyne   de t ec t ion   e f f i c i ency  oHET. 

I f   t h e   m i x e r  i s  i l l umina ted  by a uniform LO, t h e  optimum Ai ry   d i sk   r ad ius  
( t o   t h e   f i r s t   n u l l )  i s  found to be RA 2 1.35RD  where RD i s  the   mixer   rad ius .  
I t  should be n o t e d   t h a t   t h e   A i r y   d i s k   r a d i u s   v a r i e s   w i t h   t h e   o b s c u r a t i o n   r a t i o  
for   an  opt ical   antenna  havir lg  a given f-number ( r e f .  18 ) .  The optimum e f f i -  
c iency omT i s  approximately 83% f o r  no o b s c u r a t i o n   a n d   f a l l s   r a p i d l y  as t h e  
o b s c u r a t i o n   r a t i o  i s  increased   even   i f   one   chooses   an  optimum s i g n a l   s p o t   s i z e .  
An optimized  gaussian LO wi th  waist r a d i u s  w = 0 . 6 4 R A  and a c e n t r a l   A i r y  
s ignal   disk  which  matches  the  mixer   radius  RD y i e l d s   g r e a t e r   s e n s i t i v i t y  com- 
pared   to   the   un i form LO s i n c e  it more c l o s e l y   m a t c h e s   t h e   i n t e n s i t y   d i s t r i b u t i o n  
o f   t he   cen t r a l   A i ry   d i sk   fo r   t he   s igna l .  The  power c o n t a i n e d   i n   t h e   o u t e r   r i n g s  
of   the   Ai ry   pa t te rn  i s  l o s t ,  however,  and t h i s   a c c o u n t s   f o r   t h e   m a j o r   d i f f e r e n c e  
between the  " ideal"   matched LO and  gaussian LO cu rves   i n   F igu re  7 .  For a more 
d e t a i l e d   d i s c u s s i o n ,   a n d   f o r  more general   p lots   of   non-opt imized  geometr ies ,  
t h e   r e a d e r  i s  r e f e r r e d  t o  t h e   o r i g i n a l   p a p e r  by Degnan and  Klein  ( ref .  18) .  

I t  is a simple matter t o  compute the   e f fec ts   o f   misa l ignment   be tween  the  
s ignal   and LO beams o r   o f  a mismatch  between  phasefront  curvatures  using  the 
genera l   express ion   (9 .5) .   For   example ,   i f   the  two wavefronts  are misal igned b y  
an  angle 8 i n   t h e  yD d i r e c t i o n   i l l u s t r a t e d   i n   F i g u r e  2 ,  t he   exponen t i a l  
argument in   Equat ion  (9 .5)  is 

-t 
where kS and k, are the   p ropaga t ion   vec to r s   fo r   t he   s igna l   and  LO beams, 

lkSl 2 lkLl =: k = 2 ~ r r / X ,  and yD i s  t h e  y-component o f   t he   vec to r  rD. For 

c y l i n d r i c a l l y  symmetric f i e l d s ,   E q u a t i o n   ( 9 . 5 )   r e d u c e s   t o  a spec ia l   ca se  
previously  der ived  by Cohen (ref.  1 9 ) ;  i . e . ,  

-b 

( 9 . 6 )  

[Lro drD rD oQ(rD) EL2 (rD) ] [lm drD rD E L 2 ( r D )  3 
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where  r is the  radius of the  mixer, and we have  used  yD = rD cos @D and 
the  integral  expression  €or  the  Bessel  function  Jo(z), i.e., 0 

Cohen (ref. 19) has  generated  plots of qHET for a  variety of source-LO 
illumination  function  combinations  such as uniform-uniform,  Airy-uniform, 
matched  Airy-Airy,  uniform-gaussian,  and  Airy-gaussian.  He  considered  the 
tolerance of the  various  combinations  to  misalignment  and  allowed  for  a  quad- 
ratically  varying  mixer  quantum  efficiency. The sensitivity to  misalignment 
for  the  various  combinations  varied  less  than  15%  relative  to  the  most  sensitive 
uniform-uniform  case  given by 

(kr, sin 8 )  
kro  sin 8 I’ 

Thus, qHET = nQ for  no  misalignment  and  oHET = nQ/2 for 8 = 0.5X/(2rO) 
corresponding  to a half-wavelength  phase  difference  over  the  mixer  diameter 2r0. 
For  a  wavelength  of 10 ym  and  a  mixer  diameter of 200 ym, the  misalignment  angle 
at  which  the  detection  efficiency is reduced by a factor of 2 is 8 = 1.4O. 

For a  mismatch  in  phasefront  curvatures,  the  exponential  argument in 
Equation  (9.5)  is 

where C s  and CL are  the  curvatures of the  signal  and LO phasefronts  at  the 
mixer  plane.  For  cylindrically  symmetric  beams,  Equation  (9.5)  reduces  to 
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For t h e  uniform-uniform  case, 

~ H E T  

and nHET = nQ f o r  A($) = ($ - 6) = 0 while nHET = 0 f o r  A - = 

where ro i s  the  mixer  radius.  Thus, if t h e   l o c a l   o s c i l l a t o r  beam has 
C) 

(9.10) 

2 A/ro 

a 
planar  phasefront (C, = ") , the   s ignal  beam phasefront  curvature must s a t i s f y  
CS >> r O 2 / 2 ~ .  

It  should be noted i n   c l o s i n g   t h a t  w e  have a r b i t r a r i l y  chosen t o  perform 
the above calculat ions i n  the mixer  plane.  For a par t icu lar   an tenna   or  LO 
geometry, it may be more convenient t o  perform t h e  computation i n  some other  
opt ical   p lane  as   noted  previously i n  Section 5. 

10. CONCLUDING REMARKS 

T h i s  a r t ic le   has   a t tempted   to   p resent  a unified  approach  to  the  calculation 
of  signal-to-noise  ratios i n  optical   heterodyne  receivers  for a variety  of 
important  applications. N o  attempt  has  been made to   g ive  an  exhaustive  review 
of   the   ex is t ing   l i t e ra ture .  The references  c i ted  are   those which, i n  the 
author 's   opinion,   e i ther   lend  themselves   par t icular ly   wel l   to   the development 
of the  general   theory  of  optical   heterodyne  receivers  given  here  or have pre- 
sented  numerical  results  having  widespread  application.  There  are,  for  example, 
var ious   unc i ted   a r t ic les  which present  calculations  of  signal-to-noise  for  very 
specific  incoherent  source  or  backscatter  l idar  geometries.  These  have usually 
employed brute  force  computational methods tha t   g ive  l i t t l e  ins ight   in to   the  
general  approach  for  optimizing  system  sensitivity. While these  provide 
exce l l en t   t e s t s  of the   genera l   theory ,   the   a r t ic les  were deemed t o  be too 
special ized  to  be included i n  the  present  review. 

Clear ly ,  no a t t e n t i o n  has been p a i d   t o   t h e   e f f e c t s  of t h e  atmosphere on 
coherent wave propagation.  Although  the  amplitude and phase  fluctuations  pro- 
duced by the  atmosphere  are  inherently  included i n  the complex e l e c t r i c   f i e l d  
envelopes  introduced i n  Section 4 ,  no attempt  has been made here  to  give a 
quantitative  assessment of t h e i r  impact. I n  the  approach  taken  here,  the atmo- 
sphere  can  be  viewed as  simply  another  optical  element  through which the  coher- 
ent  backpropagated  effective LO must pass  to  reach  the  signal  source  or  vice 
versa. I n  the  thermal  source  detection and backsca t t e r   l i da r  problem, the atmo- 
sphere  presumably  modifies  the  backpropagated  effective LO in t ens i ty   d i s t r ibu -  
t ion  thereby  inf luencing  the  overlap  integral  i n  Equation (6 .4 ) .  A number of 
papers i n  t h i s   a r e a  have  appeared  since  the  early work of F r i ed   ( r e f .  5 )  
including a ra ther   extensive  recent   report  by Capron e t   a l .   ( r e f .  20) appli-  
cable   to   coherent   opt ical   radar .  
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Figure 1.- Block diagram of a  representative heterodyne receiver. 
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Figure 2.- Huygen's wavelet model for  propagation of  the mutual 
intensity function between the antenna  and mixer plane. 
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Figure 3.- Huygen's  wavelet model for  propagation of  the mutual 
intensity from an extended incoherent source. 



BACK PROPAGATED LO 

Figure 4.- Backpropagation of a  gaussian  local  oscillator beam through 
a  Cassegrain telescope. 

1 .o 

0.9 

0.0 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 
0 1 2 3 

Figure 5.- Geometric receiver efficiency for a large  thermal  source 
viewed  through  a  centrally  obscured  telescope by a mixer 
illuminated by a  gaussian  local  oscillator beam. 
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Figure 6.- Functional  diagram  of  a  heterodyne  incoherent  backscatter 
lidar  system. 
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Figure 7.- Maximum  receiver  efficiency  factors  in  dB  for  detection  of 
a  distant  point  source  by  a  heterodyne  receiver  consisting  of  a 
general  centrally  obscured  telescope  (primary  radius a, secondary 
radius  b)  as a function  of  linear  obscuration  ratio y = b/a  and 
several  optimized LO distributions  (uniform,  gaussian,  and  matched 
Airy) . 
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ABSTRACT 

How t h e   s p a t i a l   d i s t r i b u t i o n s   o f   t h e   s i g n a l   a n d   l o c a l   o s c i l l a t o r   f i e l d s  
a f f e c t   t h e   h e t e r o d y n e   s i g n a l - t o - n o i s e   r a t i o  i s  examined   fo r   bo th  a s i n g l e  
d e t e c t o r   a n d   a n   a r r a y   o f   d e t e c t o r s .   F o r   a n   a r r a y ,   t h e   d i s t r i b u t i o n   o f   g a i n  
among t h e   i . f .   a m p l i f i e r s  i s  included.   The  emphasis  i s  on   unde r s t and ing  why 
t h e   d i s t r i b u t i o n s  are important   and  what  is t h e   k e y   t o   m a x i m i z i n g   t h e   s i g n a l -  
t o - n o i s e   r a t i o   i n   a n y   s y s t e m .  It  i s  shown t h a t   f o r  a s i n g l e   d e t e c t o r ,   t h e  
h i g h e s t   s i g n a l - t o - n o i s e   r a t i o  i s  o b t a i n e d   w i t h   a n  LO d i s t r i b u t i o n   t h e  scme as 
t h a t   o f   t h e   s i g n a l .   F o r   a n   a r r a y ,   t h e   p r o d u c t   o f   t h e   i . f .   g a i n  times t h e  LO 
f i e l d  a t  e a c h   d e t e c t o r   s h a l l   h a v e   t h e  same d i s t r i b u t i o n  as t h a t   o f   t h e   s i g n a l  
f i e l d .  

INTRODUCTION 

The p u r p o s e   o f   t h i s   p a p e r  i s  t o   e x p l a i n  how t h e   s p a t i a l   d i s t r i b u t i o n s   o f  
t h e   s i g n a l   a n d   l o c a l   o s c i l l a t o r  (LO) f i e l d s   a f f e c t   t h e   s i g n a l - t o - n o i s e   r a t i o  
i n   h e t e r o d y n e   d e t e c t i o n .   T h e   d e t a i l e d   d e r i v a t i o n s   o f   t h e   s i g n a l - t o - n o i s e  
formulae are a v a i l a b l e   i n   R e f e r e n c e s  1 and 2 ,  b u t   t o   u n d e r s t a n d   t h e   e f f e c t s  
h e r e ,  w e  o n l y   n e e d   t h e   d e p e n d e n c i e s   o f   t h e   s i g n a l   a n d   n o i s e   p h o t o c u r r e n t s   o n  
t h e   s i g n a l   a n d  LO f i e l d   s t r e n g t h s   o v e r  a small de t ec to r   e l emen t .   The  time- 
dependent   photocurren t  i s  p r o p o r t i o n a l   t o   t h e  power o n . t h e   d e t e c t o r   a v e r a g e d  
o v e r  times long  compared t o   t h e   o p t i c a l   f r e q u e n c i e s ,   b u t   s h o r t   c o m p a r e d   t o   t h e  
d i f f e r e n c e   f r e q u e n c y :  

i a IEs + E1?I A 
2 

where E and E are t h e   s i g n a l   a n d  LO f i e l d   s t r e n g t h s   a n d  A is t h e  area o f   t h e  
d e t e c t o r .  Eq.'(l)  can b e   e x p a n d e d   t o  S 

where w is  t h e   a n g u l a r   f r e q u e n c y   d i f f e r e n c e   b e t w e e n   t h e   s i g n a l   a n d  LO f i e l d s  
and $ is t h e   p h a s e   d i f f e r e n c e   b e t w e e n   t h e   s i g n a l   a n d  LO o t h e r   t h a n   t h a t   d u e   t o  
t h e   e x p ( i w t )  terms. The  second term of  Eq. (2)  i s  t h e  LO power  and i s  t h e  
l a r g e s t  term; i t  r e p r e s e n t s   t h e  DC c u r r e n t .  The s h o t   n o i s e  is p r o p o r t i o n a l   t o  
t h e   s q u a r e   r o o t   o f   t h e   n u m b e r   o f   e l e c t r o n s   p e r   s e c o n d   i n   t h e   c u r r e n t   a n d  so i s  
p r o p o r t i o n a l   t o   t h e   s q u a r e   r o o t   o f   t h i s   s e c o n d  term: 

i . f .  

i n  I E R I  (3 )  

487 



The t h i r d  term of Eq. (2) is the   i n t e rmed ia t e   f r equency   s igna l   cu r ren t ,  

With these   dependencies   o f   the   s igna l   and   no ise   cur ren ts   es tab l i shed ,  w e  can 
examine how t h e   d i s t r i b u t i o n s   o f   t h e   s i g n a l   a n d  LO f i e l d s   a f f e c t   t h e   o v e r a l l  
s igna l - to -no i se   r a t io .  

THE SIGNAL-TO-NOISE RATIO 

Cons ide r   t he   he t e rodyne   de t ec t ion   s i t ua t ion   r ep resen ted  by t h e   s i g n a l  and 
l o c a l   o s c i l l a t o r  e lec t r ic  f i e l d   d i s t r i b u t i o n s   o f   F i g .  1. A s  t h e   r a d i u s  of t h e  
d e t e c t o r  is increased  from 0 t o  A,  t he   i n t e rmed ia t e   f r equency   ( i . f . )   s igna l  
i nc reases .  However, as t h e   d e t e c t o r  is i n c r e a s e d   i n   r a d i u s  from A t o  B y  t h e  
phase   r eve r sa l   o f   t he   s igna l   causes  a p h a s e   r e v e r s a l   i n   t h e   a d d i t i o n a l   i . f .  
s i g n a l ,  and t h e   n e t   i . f .   s i g n a l   d e c r e a s e s .   C l e a r l y ,   t h e   d e t e c t o r   s h o u l d   n o t  
have a r ad ius   l a rge r   t han  A ,  but   should  the  radius   even  be as l a r g e  as A? That 
par t   o f   the   de tec tor   be tween  rad ius  A and,   say ,   rad ius  C c o l l e c t s   v e r y  l i t t l e  
s i g n a l ,   b u t  i t  c o l l e c t s   j u s t  as much s h o t   n o i s e   f r o m   t h e   l o c a l   o s c i l l a t o r  as an  
equa l   de t ec to r  area n e a r e r   t h e   c e n t e r   t h a t   c o l l e c t s  a l o t  o f   s igna l .  A t  some 
value  of  C y  t he   add i t iona l   s igna l   cap tu red  by i n c r e a s i n g   t h e   d e t e c t o r   r a d i u s  
from C t o  A might   no t   be   wor th   the   addi t iona l   no ise .  

I f   t h e r e  is such a po in t  of   d iminish ing   re turns ,   can  w e  work around i t  
and   u se fu l ly   cap tu re   t he   s igna l   ava i l ab le   be tween   r ad i i  C and A? One c l u e  i s  
t h a t  w e  can work a round  the   phase   reversa l   o f   the   s igna l  a t  A by a l s o   r e v e r s i n g  
the  phase  of   the LO. Then t h e   a d d i t i o n a l   i . f .   s i g n a l   c a p t u r e d   b e t w e e n  A and B 
w i l l  be  i n  phase  with  that   f rom 0 t o  A. This   sugges ts   tha t   reducing   the  
s t r eng th   o f   t he  LO f i e l d   i n   t h e  C t o  A region  might   compensate   for   the  reduct ion 
i n   s i g n a l   f i e l d   s t r e n g t h .  Reducing the   s t r eng th   o f   t he  LO r educes   t he   sho t  
n o i s e ,   b u t   t h e ' L O   f i e l d   s t r e n g t h   a l s o   m u l t i p l i e s   t h e   s i g n a l   f i e l d   s t r e n g t h   t o  
y i e l d   t h e   i . f .   c u r r e n t ,  s o  reducing i t  w i l l  r educe   t he   s igna l  by t h e  same amount. 
This  is jus t   t he   phys i ca l   r ea son   beh ind   t he   f ami l i a r   r e su l t   t ha t  as long as t h e  
LO i s  l a r g e  enough t h a t  i t s  shot   noise   dominates  a l l  o ther   no ises ,   changing   the  
s t r e n g t h  of t h e  LO does   no t   a f f ec t   t he   s igna l - to -no i se   r a t io .  However, changing 
the   s t r eng th   o f   t he  LO can   be   used   in   another   sense :  i t  can  be  used as a 
weight ing   fac tor  on t h e   i n f o r m a t i o n   i n   t h i s   p o o r e r   s i g n a l - t o - n o i s e   r e g i o n  so  
t h a t   t h i s   i n f o r m a t i o n  i s  added t o   t h a t   o b t a i n e d  from t h e   b e t t e r   s i g n a l - t o - n o i s e  
r a t io   r eg ion ,   bu t   no t   coun ted  as heav i ly .  

This   can  be made q u a n t i t a t i v e  by a n a l y z i n g   t h e   d e t e c t o r   n e t w o r k   i l l u s t r a -  
t e d   i n   F i g .  2 where G j  i s  t h e   g a i n ,  s i s  t h e   s i g n a l   c u r r e n t ,   a n d   n j  i s  t h e  
shot   no ise   cur ren t   o f   the   j th   photomixer .  Here, the   ind iv idua l   photomixers   can  
r e p r e s e n t   e i t h e r   p o r t i o n s   o f   s i n g l e   d e t e c t o r   o r   s e p a r a t e   d e t e c t o r s  of   an  array.  
I f   t hey   r ep resen t   po r t ions   o f  a s i n g l e   d e t e c t o r ,   t h e   i n d i c a t e d   a m p l i f i e r s  
cor respond  to   the  LO f i e l d   s t r e n g t h  a t  e a c h   p o r t i o n ,   f o r   b o t h   t h e   i . f .   s i g n a l  
cu r ren t  and t h e   s h o t   n o i s e   c u r r e n t  are p r o p o r t i o n a l   t o   t h e  LO f i e l d   s t r e n g t h .  
I f   t he   pho tomixe r s   i n   F ig .  2 r e p r e s e n t   i n d i v i d u a l   d e t e c t o r s ,   t h e   a m p l i f i e r s  
represent   the  product   of   the  LO f i e l d   s t r e n g t h  times t h e   a c t u a l   a m p l i f i c a t i o n .  
( I n   e i t h e r   c a s e ,   t h e   a m p l i f i e r s   c a n   a l s o   i n c l u d e  a f a c t o r   f o r  any v a r i a t i o n   i n  

j 
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quantum  efficiency.)  Note  that  if  the  effect  of  the LO is  assigned  to the' 
amplifier  in  the  analysis,  sj  is  not  really  the  signal  current,  but  the  signal 
current  divided  by  the LO field  strength,  and nj is  the  noise  current  divided 
by  the LO field  strength.  These  may be written  as 

To  have  unique  signal  and LO field  strengths,  they  must  be  uniform  over  the 
photomixer  element.  That,  of  course,  is  no  problem  for  differential  elements. 
of  a  single  detector,  but  it  restricts  the  array  analysis  to  small  detectors. 
In the  following, we will  assume  that  either  the  phase  of  the LO and/or  the 
phase  of  the  amplifiers  are  set so that  the  signal  currents  add  in  phase. 

The  net  power  signal-to-noise  ratio  is  given  by 

(CG.sj) 2 

CG  n 2 2  S/N = 

j j  
Now  the  maximum 
Differentiating 
zero  yields 

signal-to-noise  ratio  may  be  found  by  adjusting  the  Gj. 
S/N  of  Eq. 6 with  respect  to  Gj  and  setting  the  derivative  to 

The  ratio  of  the  two  sums  in  Eq. 7 is  a  constant  for all the  photomixers  once 
the  Gj  are set, so the  optimum  distribution  of  the  Gj  is  given  by  the  distribu- 
tion  of  the  s./nj2. If these  optimum  settings  for  the  Gj  are  put  into  the 
formula  for  t6e  overall  signal-to-noise  ratio  of E q .  6 ,  it  becomes 

S/N = ~ ( s . ~ / n . ~ )  = z(s/N)~ 
J J  

That  is,  every  additional  piece  of  information  (signal)  increases  the  total 
signal-to-noise  ratio  no  matter  how  poor  the  S/N  of  the  additional  information, 
if  the  additional  information  is  weighted  according to Eq. 7. 

THE OPTIMUM  LO  FIELD  DISTRIBUTION 

It was  noted  above  that Sj is  proportional  to  the  product  of  the  signal 
field  strength  times  the  area  and nj  in  this  analysis  is  not  really  the  noise 
current,  but  the  noise  current  divided  by  the LO field  strength.  nj  is  there- 
fore  roportional  to  only  the  square  root  of  the area, and  the  optimum  weighting, 
sj/njs,  is  proportional  to  only  the  signal  field  strength  at  each  location.  For 
a  single  detector,  the  weighting  mechanism  is  simply  the LO field  strength, so 
we  have  the  result  that  the  maximum  signal-to-noise  ratio  is  obtained  by  setting 
the LO field  distribution  equal  to  the  signal  field  distribution.  For  an  array 
of  small  detectors,  the  product  of  the LO field  strength  at  each  element  multi- 
plied  by  the  gain  of  that  element's  amplifier  should have the  same  distribution 
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as  the  signal  field. 

THE GENERAL  SOLUTION 

References 1 and  2  draw  these  same  two  conclusions  for  the  optimum  use  of 
a  single  detector  and an array  by  first  deriving  the  signal-to-noise  ratio 
equations  for  general  signal  and  local  oscillator  field  and  amplifier  distribu- 
tions.  For  a  single  detector,  the  signal-to-noise  ratio  is  given  by 

where 0 is  the  quantum  efficiency,  P  the  total  signal  power  available  for 
detection,  h  Planck's  constant, v the  optical  frequency,  B  the  i.f.  bandwidth, S 
Us and  UL  the  complex  field  distribution  functions  for  the  signal  and  local 
oscillator  (not  including  the  exp(iwt)  dependence), @ the  phase  difference 
betwegn  Us  and  UL, /A indicates an integration  over  the  area of the  detector, 
and .r indicates an integral  over  the  wh.ole  detector  plane  to  include  all 
available  signal  power.  The  coefficient  of  nP  /hvB  is  called  the  heterodyne 
efficiency, y. S 

The  equation  for an array  simply  replaces lU 1 with lU  IU  and @ with 
@-$ , where Us  and I) are  the  gain  distribution  an$  phase  shkf ti of  the  i.  f . 
amplifiers. '$he integrals  over  A  are  then  over  the  sensitive  area of the 
array.  For  both  a  single  detector  and  an  array,  the  maximum  heterodyne 
efficiency  obtainable  is  equal  to  the  fraction  of  the  signal  power  falling on 
the  sensitive  area of the  detector. 

j 

SPECIAL  CASES 

Reference 1 calculates  the  heterodyne  efficiency  for  two  special  cases 
with  the  following  results: 

Case I Signal  and  LO  are  matched  Airy  functions  over  a  circular  detector, 
The  heterodyne  efficiency  is  just  equal  to  the  fraction  of  the  signal  power 
falling  on  the  detector: 

where Jo and J1 are  Bessel  functions, x = lTr/FX, where  r is  the  radius  of  the 
detector,  F  the  f/number of the  collection  optics,  and X the  wavelength of the 
light.  This  heterodyne  efficiency  is  plotted  in  Fig. 3 .  It is  a  monotonically 
increasing  function  of  the  detector  size  and  is  equal  to 0.84 for  a  detector  the 
same  size  as  the  Airy  disk. 
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Case I1 Signal  is an Airy  function, LO is  uniform  over  a  circular  detector. 
The  heterodyne  efficiency  is  given  by 

Y = 4 [ 1 - Jo 2 (x)/x2] 

where  the  symbols  are  as  defined  for  Case I. This  heterodyne  efficiency  is  also 
plotted  in  Fig. 3.  Its  peak  is 0.72 at  a  radius  of 72% of  the  radius  of  the 
Airy  disk.  If  the  detector  is  increased in size  to  match  the  Airy  disk,  the 
efficiency  drops  to 0.54. 
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Figure 3.- Heterodyne  efficiency  for  Airy :'unction s i g n a l   d i s t r i b u t i o n  on circu-  
lar de tec to r .  Both   curves   a re   for   c i rcu lar   de tec tor  of rad ius  r = FAx/T 
and A i r y  f u n c t i o n   s i g n a l   f i e l d  distribution. Upper  Curve is f o r  matched 
l o c a l   o s c i l l a t o r   f i e l d   d i s t r i b u t i o n  on d e t e c t o r ,  which g ives  maximum poss ib l e  
s igna l - to -no i se   r a t io .  Lower curve is €or  u s u a l  case of  uniform l o c a l  
o s c i l l a t o r   f i e l d   d i s t r i b u t i o n  on de tec to r .  Ilr.gular r ad ius   de t ed to r  is  
indica ted  on upper  axis  for  peak of lower  curve (x = 2.75)  and f i r s t   t h r e e  
A i r y  dark   r ings  (x = 3.83, 7 . 0 2 ,  and 1 0 . 2 )  . 
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SPATIAL  FREQUENCY  RESPONSE  OF AN 

OPTICAL HETERODYNE RECEIVER 

C a r l  L. Fales and Don M. Robinson 
Langley  Research  Center 

SUMMARY 

The p r inc ip l e s   o f   t r ans fe r   func t ion   ana lys i s  have  been  applied to  a 
passive  opt ical   heterodyne  receiver   to   obtain  the  modulat ion  t ransfer   funct ion 
( M T F ) .  MTF ca l cu la t ions  have  been  performed  based  of a n  op t i ca l   p l a t fo rm 
which is imaging v e r t i c a l l y   v a r y i n g   p r o f i l e s  a t  wors t   ca se   shu t t l e   o rb i t  
a l t i t u d e s .  A n  ana lys i s  of the   derogatory   e f fec ts  of  sampling ( a l i a s i n g )  and 
cent ra l   obscura t ions  on both  resolut ion  and  heterodyne  eff ic iency is  given. 

INTRODUCTION 

One measure  of  performance  of an  o p t i c a l  imaging system is  i t s  a b i l i t y   t o  
reproduce an ob jec t   d i s t r ibu t ion   w i th   su f f i c i en t   s igna l - to -no i se   r a t io  and 
r e so lu t ion  so as t o  make the  information  contained  within  the image usefu l .  
Generally,  such a system may be  character ized by i t s  op t i ca l   t r ans fe r   func t ion  
(OTF) or ,  i n  c e r t a i n   c a s e s ,  by the  modulat ion  t ransfer   funct ion (MTF) ( r e f .  1). 

For  conventional  imaging  systems  using  either  coherent  or  incoherent 
i l lumina t ion ,  one usual ly  assumes l i n e a r i t y  i n  the  lmaging process so tha t   t he  
cascading  property  of   t ransfer   funct ion  analysis   appl ies   ( ref .  2 ) .  Under t h i s  
assumption,  the MTF's of   the   individual   subsystems  ( i -e . ,   opt ics ,   detector ,  
e l e c t r o n i c s ,   e t c . )  can be mul t ip l i ed   t o   g ive   t he   ove ra l l   t r ans fe r   func t ion .  

I n   t h i s   p a p e r ,   t h e   p r i n c i p l e s  of t ransfer   funct ion  analysis   have  been 
app l i ed   t o  a pass ive   op t ica l   he te rodyne   rece iver  which i s  assumed t o  be 
imaging v e r t i c a l l y   v a r y i n g   s p a t i a l   p r o f i l e s  a t  wors t -case   shut t le   o rb i t  
a l t i tudes .   Resul t s   o f   the   ana lys i s  show  some in t e re s t ing   depa r tu re s  from the 
properties  described  above; namely, that   the   cascading  property must be 
ca re fu l ly   app l i ed  and that   opt ical   receivers   having  obscurat ions,   such as a 
Cassegrains ,   are   not  optimum for  heterodyne-type  detection. 

THEORETICAL  ANALYSIS 

Imaging Considerations 

Consider an op t i ca l   r ece ive r  which i s  imaging  an  object  amplitude 
d i s t r i b u t i o n  as shown i n   f i g u r e  1. Using scalar d i f f r ac t ion   t heo ry ,   t he   s igna l  
amplitude, Es, i n   t he   de t ec to r   p l ane ,  L, is  given by ( r e f .  3)  
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where h ( r )  i s  the impulse  response of the imaging optics and E g ( r )  i s  the 
amplitude  of  the  geometrical image of the  object. The shift   invariance of 
h ( r )  can be jus t i f ied   for   the  heterodyne  applications  discussed  here by a 
careful examination  of the  various phase factors  appearing i n  the impulse 
response  function. 

For  mixing of two deterministic  optical  beams i n  an ideal  detector,  the 
mean-square heterodyne  current power a t  the  difference  frequency, f = I v - v I 
is  ( re f .  4)  

0 

where E ~ ( K )  is the  local   osci l la tor  amplitude dis t r ibut ion i n  the  detector 
plane, q i s  the quantum efficiency, e is  the  electronic  charge, and hv is 
the photon energy. A simple-minded c lass ica l  approach is  taken to obtain  the 
correct  expression from which the  spatial  frequency  analysis may begin. We 
recognize that  the  geometrical image f i e ld ,  E ( s , ~ ) ,  i s  a stochastic  process 
which we synthesize by discrete frequency comJonents with random phases. NOW, 
f o r  a deterministic L.O. f i e l d  and a quasi-monochromatic opt ical   s ignal ,  
equation (1) and the  generalization of equation ( 2 )  combine to  give 

r- -l 

where < > represents an average  over  the ensemble of s ignal   f ie lds .  It is  
assumed that  the  source,   i .e. ,   the sun, of the image f i e l d  on the  detector is 
spatially  incoherent. The appropriate  substitutions  are 

-+ I2 (f)Af 
het  het  

where P represents  the image spectral  radiance  at  the  detector  plane i n  

w/m /str/Hz and I h e t   ( f )  is  the  current  spectral power density i n  A /Hz. 2 g 2 
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Equation (3 )  becomes 
+m 

where f 2 0 and we note  that   the L.O. mixes with  the  signal  field components 
a t  u + f and u - f .  Here, we have expressed  the  detector  overlap  inte- 
gral  of  the L.O. f l e l d  and the impulse  response  function  as 0 0 

J 
-m 

where Td t ( r )  i s  the  aperture  function of the  detector geometry and the 
product !? -(r) E* ( r )  = To* (g) i s  simply that  portion of the L.O. t ha t  i s  

transmitted by the  detector  aperture. 
det  - o - 

Referring  to  the  detector scheme of figure 2 ,  the  output  current from 
the synchronous detector i s  

where Hhet is the  total  heterodyne  transfer  function  defined by 
0 

and T is the  optical  transmission  factor. The various  contributions  to 

Hhe t 
carrier  diffusion and t r a n s i t  time ef fec ts  i n  the  detector; (2)  the photo- 
detector  transfer  function, Ha, comprised of  contributions due to  
capacitance,  resistance and Inductance; and ( 3 )  the I . F .  amplifier and f i l t e r  
transfer  function, Hifa. The square-law detector is assumed t o  have a unity 

transfer  function (H = 1) . The shot  noise  transfer  function, Htr ,  is  due 

only t o   t r a n s i t  time effects   as  opposed t o  Hm. 

a re  (1) the  signal/L.O.  mixing transfer  function, Hml representing 

sq 
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Heterodyne  Transfer  Function 

In  this paper, we  are i n t e r e s t e d   i n   t h e  spatial frequency  response  of  the 
heterodyne  receiver t o  a v e r t i c a l l y   v a r y i n g   o b j e c t   p r o f i l e  as shown i n  
f i g u r e  1. This  i s  d i f f e r e n t  from the   I .F .   cons idera t ions   d i scussed   prev ious ly  
o ther   than  a knowledge of t h e   t o t a l  I .F. power. To o b t a i n   t h e   s p a t i a l  
frequency  response  and,  ult imately,   the  system  modulation  transfer  function 
(MTF) , we assum the  object  scene  radiance  (and,  consequently,   the image 
scene) i s  l i n e a r l y   t r a n s l a t e d  due t o  motion  of the optical receiver ,   e .g .  , an  
orbi t ing  platform.   This   induces a t r ans l a t ion   o f   t he  image coordinates  by 
an amount 

and 

P (s, vo 5 f >  + P ( s  - r ,  v + f )  
g -  (3- - 0 -  

Fur ther ,  we de f ine  

Since  the  impulse  ,response , h , is  i n v a r i a n t ,  w e  have the   ou tput   cur ren t  from 
the  synchronous  detector as 

Equation (4) i s  of  the form of  a convolution 

Decomposition  of I i n t o  i t s  spatial  frequency components is sync 
obtained by the  Fourier   t ransformation 

m 

h 

I (E) = e I ( r ) d  r s " 

- i 2 ~ r K - r  2 
sync  sync 

-m 

Using the  convolution  theorem, we have 
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where & i s  the   spa t ia l  frequency  vector  variable  defined by i ts  rectangular 
components (Kx,Ky) ,  G (K) i s  the  object ,   or  more specifically,  the  geometrical 

image spectrum, Go(E) i s  the  detector  pupil  function modulated L.O. spectrum, 

and H(K) " i s  the  coherent  transfer  function of the system ( re f .  3 ) .  

g -  

Equation (5) i l lustrates   the  departure  of the  transfer  function  obtained 
i n  a heterodyne  system w i t h  that  obtained i n  conventional imaging systems. 
Remembering that  the  coherent  transfer  function, H (5) , i s  equal  to  the  pupil 
function of the  optical   receiver ( w i t h  a sui table  change i n  variables)  (ref.  
3 ) ,  the  conventional  optical  transfer  function is  proportional  to 

where (K)  is  the  Fourier  transform of the  detector  aperture  function, 

Tdet - (K)  . I n  equation (5)  , however, we see  that  H (5) i s  modified by the 
spectrum  of the  L.O./detector  combination, Go(K). The normalized  convolution 

of the  product Go(K)H*(K) - w i t h  i t s  negative argument complex conjugate i s  

defined  as  the  heterodyne  transfer  function, GH. Functionally,  then, we define 
a normalized  heterodyne  transfer  function by 

Gdet - 

or  

Heterodyne Efficiency  Factor 

The denominator  of  equation (6) indicates  that  the  product Go(KJH (K) 
represents  the  optics/L.O.  detector  amplitude  spectrum  that is  t ransferred  to  
the  detector. Using Parseval's theorem, the  integral 

Id2K] Go (E) 1 I H(K) I is thus  the power available  for  heterodyning  out of a 

t o t a l  L.O. -detector power of Po = d2KlGo(&) 1 . For a uniform  extended 

source, we  may thus  define an efficiency  factor 
s 2 
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With t h i s  
(equation 

I 

definition,  the  current spectrum for  the synchronous detector 
(5) 1 becomes 

Equation (8) may be re la ted   to  a more conventional form of heterodyne 
efficiency found i n  the  l i terature   ( ref .  5 ) .  The synchronous detector  current 
i s  the  inverse  Fourier  transform of equation (8), i . e . ,  

+m 
r 

For a stationary  scene, 
have r = 0 so tha t  - 

+oo 

i .e.,   before  translation of the image coordinates, w e  

and 

I (r = 0 )  = 
sync - 

where mixing occurs  over an effective bandwidth 2B centered a t  the L.O. 
HIF 

frequency, a polarization  loss  factor of 0.5 is  included, and f i  (K) is the 
Fourier  transform of A (r) . The integral  portion  of  equation (90, has the 
form of a throughput, 1.e.  , that   portion of the image passed by the heterodyne - 9  - 
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transfer  function. The product  of x and th is   in tegra l  is an efficiency 

'bet = - I  x 

SO that  equation (10) becomes 

2 2  
4Te ' 'oBHIFXhet 

hv/KT I sync ( r  = 0) = 
hv (e - 1) 

I f  now, we define a shot  noise  level due to  the L.O. by 

2 
N = -  2'e P B 

(hv) o SIF  

then  the  signal-to-noise  ratio i n  the  shot  noise l i m i t  becomes 

I ( r  = 0) 

N 
sync 2T 

B 

hv  /KT 'het B 
" s -  - - H I  F 
N 

. -  
(e  - 1) S I F  

where we have defined 

- 
'bet ' 'bet - < '  

as the  heterodyne quantum efficiency and is  the  effective  shot  noise 

bandwidth. Note tha t   for  a uniform  extended  source, A (K) = 6 (K) and 

equation (11) reduces t o  Xhet = x and = 'X. I n  this  case,  the 

efficiency  factor,  x ,  which we have defined i n  equation ( 7 )  i s  equivalent 
( t o  wi th in  the D.C. quantum efficiency, q )  to   the heterodyne quantum 
efficiency, nhet , found i n  the   l i t e ra ture   ( re f .  5 ) .  

B~~~ 

g -  

'het 

System Transfer Function 

Resul ts  from the  previous  section may  now be used to  calculate  the 
system transfer  function,  including  the low-pass f i l t e r   ( s ee   f i gu re  2 )  , for  
the  specific  case of imaging a one-dimensional object  through an opt ical  
receiver which has  rectangular symmetry. This  case  has some physical 
significance  since  the  resolution  elements of i n t e re s t  i n  an orbi t ing 
heterodyne  receiver  are  vertically  varying  stratospheric  layers. I n  addition, 
t o  avoid  scal ing  diff icul t ies   in   the  calculat ions we w i l l  use angular 
coordinates  defined by (see  figure 1) 
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and 

0 = -  
F di 

( rad ians)  

where €IF is  the   geometr ica l   ins tan taneous   f ie ld   o f  view (I.F.O.V.) of  the 
op t i ca l   r ece ive r .  

Using  equations (12 )  and the  one-dimensional  geometry,  equation (6) 
becomes 

GH (Ke  ;Kc  , 0,) = 
K0  K0 

2KC 2Kc K 0 =O 

(13) 

{ 1 s i n c  ( O,KO) RECT ("-1 3 hb [ s i n c  ( OFK0) RECT (-1 ] 1 

where 

Equation  (13) assumes a plane wave l o c a l   o s c i l l a t o r   i n c i d e n t   o f   t h e  
de t ec to r  so t h a t   t h e  detector/L.O.  transfer  function becomes simply  the 
Fourier   t ransform  of   the  detector   aper ture .   Further ,   the   coherent   t ransfer  
f u n c t i o n   f o r   t h e   o p t i c s  is  the  pupi l   funct ion  ( rectangular   in   shape)   having 
a coherent  cut-off  frequency  of Kc = D /2A, where D is the  diameter  of  the 

rece iver   aper ture   and  A the  wavelength.  This  convolution  process is  shown 
i n   f i g u r e  3. 

A A 

Equation  (13)  along  with  equation (8) g ives   the   sys tem  t ransfer   func t ion  
up t o   t h e  low-pass f i l t e r .   Expres s ing  GH (K - K  8 ) and x ( K c ,  eF) 
(equation ( 7 )  ) i n   i n t e g r a l  form, we have 

0' c '  F 

and 
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v - c  
H (K8) = sinc(-  0 

LP z K O )  

where v i s  t h e  ver t ical  component of t h e   o r b i t a l   v e l o c i t y ,  z t h e  receiver- 
o b j e c t  distance, and -c t h e   i n t e g r a t i o n  time. The t o t a l   t r a n s f e r   f u n c t i o n  is  
then   t he   modu la t ion   t r ans fe r   func t ion  

0 

Equations (14) and  (15)  can  be  evaluated i n  terms of t abu la t ed   func t ions  
y i e l d i n g   t h e   f o l l o w i n g   r e l a t i o n s   w h i c h  w i l l  be   used  for   computat ional   purposes  

In   the   above   equat ions ,   the   func t ions  Cin ( X )  and si ( X )  are de f ined  as 
( ref .  6) 

f X  r x  
s i n  t d t  and C ( X )  = 

1 - cos t 
i n  d t  
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RESULTS AND DISCUSSION 

MTF Calculations 

Equations  (16) and (17) may  now be evaluated  for some specific  parameter 
values which are   appl icable   to   the  opt ical   receiver   in  a space-lab  type of 
scenario. A worst-case s e t  of orbital   values would be for  the  receiver  platform 
t o  be a t  an orbital   height of R = 400 Km and a tangent  height, HT, of 10 Km. 
A t  these  values, we assume that  the  receiver i s  operating i n  a solar  occulta- 
t ion mode where the  sunrise  or  sunset  velocity due to   o rb i t a l  motion is 
v = 2 Km/sec.  The MTF and x calculations  (equations  (16) and ( 1 7 ) )  w i l l  be 
done for  an I .F.O.V.  of BF = 0.5 x rad , an equivalent  optical   receiver 

aperture of DA = 2.0", and values of integration time of T = 0.2 sec , and 
0.4 sec.  Further,  the  value  of DA = 2.0" a t  a wavelength of X = 11.152 pm 

(HN03 l i ne )  corresponds t o  an optics  cut-off  frequency of Kc = DA/2x = 2278 

cycles/radian. These parameters  are  compatible w i t h  the  values  for an LHS type 
experiment using a tunable  diode  laser  as  the L.O. and associated  optics  for 
coupling this   type  radiat ion  to  a detector  having  the  required time-frequency 
response ( r e f .  7) . 

0 

The calculations  are shown i n  figure 4. It  can be shown that,   for  values 
of T greater  than  roughly 0 .2  sec.,  the  optical  (heterodyne)  transfer  function 
dominates the MTF; and, fo r  T somewhat l e s s  than 0.4 sec.,  the low pass 
f i l t e r  is  the dominant frequency l imiting  factor.  Note that  the  angular 
frequency  values can be  converted to   l inear   spa t ia l  frequency (cycles/Km) by the 
relationships  of  equation (12)  by appropriately  scaling image and object  space 
by the   ra t io  of image distance,  di,  to  object  distance, z .  For the   o rb i ta l  
values assumed, z = 2262 Km and consequently a value of 2262 cycles/rad 
corresponds t o  an object   spat ia l  frequency  of 1 cycle/Km. Examination of the 
MTF curves shows that  resolutions of the  order of 1.5-2.0 Km may be expected 
for  the  various  integration  times. 

Efficiency  Calculations 

The efficiency  factor  (heterodyne  efficiency)  given by equation (17)  is  
shown plot ted i n  f igure 5 for  the  case of the plane-wave L.O.. Two geometries 
are shown: rectangular  optics  (as  has been previously assumed) and circular  
optics  adjusted  for  equal  optics and detector  areas. The significance of the 
abscissa (27r€JFKc) r e l a t ive   t o  heterodyne efficiency becomes apparent when it 

is  noted tha t   a t   the   va lue  of 27reFKc 7.7 corresponds  approximately t o  an 

image (sun)  size  f i l l ing  the  detector of one Airy D i s k  of the  receiver 
aperture. I n  this  region,  the  efficiency is  i n  excess of 80%. 
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Sampling Error 

The calculations shown plot ted i n  figure 5 do not  include any sampling 
errors  which may occur. Suppose we sample the  output of the low-pass f i l t e r ,  
which has been modeled as  a running mean in tegra tor ,   a t  a ra te  of the  inverse 
of the  integration  time. This i s  equivalent t o  a sampled mean integration 
scheme.  Under t h i s  constraint ,  it may be shown that  for  certain  values of T 
the. signal is undersampled. This  results i n  an aliasing  or  foldover  error 
which can be significant  relative  to  the  desired  signal.  For example, shown i n  
f igure 6 is  the   to ta l  MTF for  the  values of o rb i t a l  and system  parameters 
previously  stated. Two integration times are  considered: T = 0.2 sec and 
T = 0.4 sec.   I f  we define  the sampling error   as   the  ra t io  of the  "foldover" 
amplitude on the MTF plot   to   the amplitude of the MTF i t s e l f  , i . e . ,  a white 
signal spectrum, we see  that   the   error   for  0.4 sec. is  approximately 40% a t  
0.5 cycle/Km frequency and considerably worse for  higher  values of spa t ia l  
frequency.  Conversely, fo r  T = 0.2  sec and the  correspondingly  higher 
sampling rate,   the sampling e r ro r  i s  negligible. 

Heterodyne Receivers With Obscurations 

Telescopes  having  central  obscurations such as  Cassegrains  are  often used 
for  imaging a source.  If t h i s  type  receiver is  used as a col lector   for  
heterodyne-type  detection, one needs t o  compare the  efficiency, x, and the 
heterodyne transfer  function , %, w i t h  that  obtained  for  the unobscured case. 

I n  f igure 7,  we consider  the  effects of receiver  apertures  having  obscura- 
t ion   ra t ios  of 0 and 20% for  eF = 0 .2  x and 0.5 x rad. Note the 

enhancement of response i n  the 2000 qc l e s / r ad  region a t  the  expense of tha t  
near 1000 cycles/rad  for 20% obscuration and BF = 0.5 x 10-3 rad. The 

e f fec ts  of obscurations  are more pronounced for  square  as opposed to   c i rcu lar  
geometries. An unobscured  conventional MTF discussed  earlier i s  plotted  for 
0 = 0 .5  x rad showing a somewhat reduced frequency  response 
CEaracteristic from the  heterodyne MTF. For a smaller  detector 
( O F  = 0 .2  x rad ) , a 20% obscuration  tends t o  assume the shape  of a 
conventional MTF. 

I n  figure 5, we assume a receiver  aperture  having  obscuration  ratios of 
20% and 50%. For the  values  of O F  and Kc used e a r l i e r ,  X = 27r0 K 7 . 2 ,  

and comparison of  the  various  efficiency  curves  at t h i s  value shows s t r iking 
differences. For the 50% case, one sees  that  the  heterodyne  efficiency is  
virtually  zero  while  for  the 20% case a relative  efficiency of s l i gh t ly  
greater  than 0.2 i s  achieved.  This compares w i t h  a value of greater  than 0.8 
i n  the unobscured case. Note further  there i s  a "peaking"  of the  efficiency 
curves for  obscured  systems. The rule-of-thumb requirement  of one Airy disk 
on the  detector  for "good" efficiency no longer  holds  but  rather  the  source 
image needs t o  be less  than  this  value  to  achieve  the maximum efficiency  for 
t h a t  par t icu lar  system. The ef fec t  can be explained on the  basis of the 
overlap  integral  (equation ( 2 ) )  of the L.O. f i e l d  and s igna l   f ie ld  

F C  
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distributions.  Thus, the  'diffracted  field due to  the  central  obscuration is  
out of phase w2th. t ha t  o f  the prTmary d i f f rac ted   f ie ld  and, as  the  size of the 
detector and/or optics  increases,  the  cancellation  tends  to be more complete. 

CONCLUDING REMARKS 

The analysis of a passive  heterodyne  receiver  with  respect t o  i t s  imaging 
performance (transfer  function) and i t s  hqterodyne efficiency shows  some 
interesting  departures from the  resul ts  which are  obtained i n  s t r i c t l y  coherent 
or  incoherent imaging systems. For example, the  cascading  property of MTF 
analysis m u s t  be carefully  applied  since  the  coherent  transfer  function of the 
optical  receiver and tha t  due to   t he  L.0.-detector  combination  are  not 
separable  but  are  related by the  convolution  of  their  products.  Application 
of these  results  to  the  specific  case of a space-lab  type  optical  heterodyne 
receiver (LHS) shows that  resolutions of the  order of 1.5-2.0 Km are  possible 
for  worst-case  type orbital   scenarios.  

Further, comparison  of  obscured-type receivers  (e.g. , Cassegrains) w i t h  
unobscured receivers shows that  both  resolution and efficiency  are  severely 
degraded i n  an obscured-type receiver and consequently  should  not be used for 
a passive  heterodyne  detection scheme. 
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Figure  1.- Imaging  geometry. 
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Figure  2.- Sys t em  t r ans fe r  functions. 
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Figure 3 . -  Graphica l   in te rpre ta t ion  of heterodyne  t ransfer   funct ion.  

KO- CYCLES/ RADIAN 

Figure 4.- Total MTF €or   wors t -case   shut t le   o rb i t  and two values  of in t eg ra t ion  
t i m e .  
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2 n OFKc - 
- Figure 5.- Efficiency  factor,  X, versus  system  parameter 2TeFKc for   var ious 

receiver  geometries. 

Figure 6.- Aliasing  error  for  2.5 H z  sampling rate a t  worst-case  shuttle 
o r b i t .  
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Figure  7.-  Comparison of t r a n s f e r   f u n c t i o n s   f o r   v a r i o u s   g e o m e t r i e s .  Dashed 
cu rve   r ep resen t s   conven t iona l  MTF w i t h  0 .5  mrad I.F.O.V. 
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HIGH PRESSURE GAS IASER TECHNOLOGY  FOR  ATMXPHERIC REWITE SENSING 

A. Javan* 
Laser  Developnent  Corporation 

Lexington, Mass. 

ABSTRACT 

High pressure gas  laser t e c h n o l o g y   o f f e r s   t h e   p o s s i b i l i t y   f o r   s t a b l e  lasers 
a t  f ine ly   con t ro l l ed   t unab le   f r equenc ie s  and power l e v e l s  needed for   a tmospher ic  
remote sens ing .   Broadly   tunable   p rec is ion  CW lasers f o r  LHS or CW DIAL measure- 
ments, or r e p e t i t i v e l y   p u l s e d   h i g h   i n t e n s i t y  lasers wi th   the   requi red   charac te r -  
istics for   h igh- reso lu t ion  DIAL obse rva t ion  of pressure-broadened  pol lutant  
l i n e - p r o f i l e s  ( t o  o b t a i n  a l t i tude  d i sc r imina t ion )  are poss ib le .  A f i x e d   f r e -  
quency c h i r p f r e e  and h igh ly   s t ab le   i n t ense   pu l sed  laser can be made f o r  Doppler 
wind velocity  measurements  with accurate ranging. The t a l k  w i l l  review  the 
related t e c h n o l o g i e s   i n   t h e  1 0  pm region.  The review w i l l  be i n   t h e  form  of 
a progress  report present ing  an  on-going  research  and  engineer ing  effor t .  

INTRODUCTORY REMARKS 

This  ta lk  was p r e s e n t e d   i n  t w o  parts. The f i r s t  part gave  the detai ls  of 
t h e  w o r k  r e l a t i n g  t o  the   gene ra t ion  of i n t e n s e  I R  laser pu l ses  a t  h i g h l y   s t a b l e  
(and c h i r p f r e e )   s i n g l e   f r e q u e n c y   f o r  Doppler  wind velocity  measurements.  I t  
t o o k  place a t  a workshop (cha i red  by D r .  Robert   Menzies)  on  the  evening of 
March 26. The second t a l k  p resented   the  w o r k  addressed to ene rgy   ex t r ac t ion  
f r a n  a high  pressure  002 laser a t  a tunable  single-mode  frequency. It  t o o k  
place  on March 27 a t  the  session  on  Coherent   Applicat ions  (chaired by D r .  Frank 
Goodwin).  Both t a l k s  reviewed  the s t a tus  of a project c u r r e n t l y   i n   p r o g r e s s .  
Fu tu re   pub l i ca t ions   ( and   f i na l  reports to NASA) w i l l  g ive   ex tens ive  de ta i l s  of 
the  var ious  phases  when completed.  For this   proceeding,   the   viewgraphs shown 
i n   t h e  t w o  t a l k s  are submitted as f igu res   a long   w i th  de ta i led  d e s c r i p t i o n s  o u t -  
l i n i n g   t h e   p r e s e n t a t i o n s .  

GENERATION OF INTENSE 002 LASER PULSES AT A STABLE 

CHIRP-FREE  SINGLE FREQUENCY 

Frequency   S tab i l iza t ion  by Trans ien t   In jec t ion   Locking  

Wi th   t r ans i en t   i n j ec t ion   l ock ing  (TIL) ,  t h e  laser ene rgy   f r an   an   i n t ense  
gain-switched CO2 pulsed plasma can be e x t r a c t e d  a t  a single-mode  frequency 
t r igge red  by an   in jec ted   (weak-f ie ld)   rad ia t ion .   Wi th   an   in te rna l  low pressure 
C02 ga in  cell, the  T I L  laser o s c i l l a t i o n  occures on a s i n g l e  mode of  the reso- 
na to r   l y ing   nea r   t he   cen te r  of a 002 ampl i fy ing   t r ans i t i on .  The i d e n t i t y  of 

~ ~~ ~ ~ ~~ 
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t h e  laser f i e l d  inside the   r e sona to r  as a n   o s c i l l a t i n g   s i n u s o i d a l   f i e l d  is 
e s t a b l i s h e d  after two or t h r e e   t r a n s i t s  across the   l eng th   o f   t he   r e sona to r  
( a f t e r   t h e   g a i n   o n s e t ) .   S u b s e q u e n t   o s c i l l a t i o n   b u i l d u p  i n  t h e   s i n g l e  mode (near 
the   l ine-center )  w i l l  occu r  as i n  a free-running oscillator, without   an in t e r -  
f e rence  from t h e  (weak) i n j e c t e d   f i e l d .  

I n   t h e  course of t r a n s i e n t   o s c i l l a t i o n   b u i l d u p ,   t h e   o s c i l l a t i n g  laser fre- 
quency w is s u b j e c t  to  time v a r i a t i o n s  caused by re f rac t ive   index   changes   o f  
t h e  medium. It is known t h a t  by f a r  the  dominant source of r e f r a c t i v e   i n d e x  
change arises from shock  waves  due to  the   in tense   cur ren t -pulse   p roducing   the  
h igh   dens i ty  C02 laser plasma.  Rapid  deposition of e n e r g y   i n   t h e  medium causes  
t h e  shock  waves,  which  propagate a t  sound speed. However, t h e   o n s e t   o f   v i o l e n t  
refract ive  index  changes  due to t h i s   c a u s e   g e n e r a l l y  occurs a t  l a te  times 
(because of   propagat ion a t  sound speed) exceeding   tens   o f   psec  a f te r  t h e   c u r r e n t  

p u l s e .   A c c o r d i n g l y ,   t h i s   e f f e c t   c a n   r e s u l t   i n   s i z a b l e   c h i r p i n g   m a i n l y  a t  t he  
t a i l  of a long   du ra t ion  (several psec)  pulse. In   p rac t ice ,   the   magni tude  of 
t h i s   c h i r p i n g   e f f e c t   c a n  be minimized by ope ra t ing  a t  a low plasma-current 
pulse; t h i s ,  however, w i l l  be a t  the  expense  of  a reduct ion   in   energy-depos i t ion  
capacity and  energy-conversion  efficiency. 

Another cause of f requency   ch i rp ing  is s a t u r a t i o n  of the   ampl i fy ing   t r ans i -  
t i o n .   T h i s   e f f e c t  occurs dur ing  a laser pu l se   i f   t he   r e sona to r  mode on which 
laser o s c i l l a t i o n   o c c u r s  is appreciably  detuned from t h e   t r a n s i t i o n   c e n t e r .  
T h i s   c h i r p i n g   e f f e c t  is l a r g e s t   i n   t h e   b u i l d u p   p o r t i o n   ( t h e   l e a d i n g   e d g e )   o f  
t h e  pulse. A t  l ine-center,   however,   there w i l l  be no c o n t r i b u t i o n  to ch i rp ing  
due to t h i s  source. 

From the above it appears t h a t  the ch i rp ing  w i l l  be a t  a minimum on  l ine-  
cen te r  and f o r  a moderate laser e x c i t a t i o n   ( s a c r i f i c i n g   e n e r g y - c o n v e r s i o n   e f f i -  
c i e n c y ) ,   p a r t i c u l a r l y   f o r  pulse d u r a t i o n s  below seve ra l   p sec .  However, t h e  
s t u d i e s  reported here  have  revealed  addi t ional  causes l ead ing  to small time 
dependent   refract ive  index  changes  during  the  pulse   and,   hence,   f requency  chirp-  
ing.  The dominant process arises from a time dependent  change i n  molecular 
composition  of  the medium tak ing   p lace   dur ing   each  laser pulse. The i n t e n s e  
current   pulse   produces  s izable   molecular   decomposi t ion.  The r e s u l t a n t   u n s t a b l e  
c o n s t i t u e n t s  of the  gas   subsequent ly   evolve (af ter  each   cu r ren t   pu l se )  toward 
the  equilibrium gas  mixture .   In  addition, t h e   e f f e c t   o f   r e d i s t r i b u t i o n  of 
popula t ions   in   the   low- ly ing   exc i ted  molecular states also c o n t r i b u t e s  to a 
t ime-varying  refract ive  index  change  during  the laser pulse.   Although  the 
r e f r a c t i v e   i n d e x   v a r i a t i o n s  due to  these  causes are small, t h e   r e s u l t a n t   f r e -  
quency  chirping  can  be  s izable .  

Under the  best cond i t ions ,   t he   ch i rp ing  rate on l i ne -cen te r   ( fo r  a s e v e r a l  
hundred milli j o u l e  laser) can be reduced to a f rac t ion   of   one  MHz/psec f o r  
pu l se s  below one  psec  durat ion.  On t h e  t a i l  of   the   pu lse ,   ex tens ive   he te rodyne  
observa t ions  show t h a t   t h e   c h i r p  rate w i l l  b u i l d  up to va lues   l a rger   than   sev-  
eral  MHz/psec a t  times beyond f i v e  or t e n   p s e c   a f t e r  the onse t   o f   t he   l ead ing  
edge of t h e  laser pulse. A t  t h i s   s t a g e  of the  a r t ,  it appears d i f f i c u l t  to 
reduce   the   f requency   ch i rp ing   be low  th i s   observed   l imi t ing   va lue  reported here.  
It  is also to be n o t e d   t h a t   r e f r a c t i v e   i n d e x   v a r i a t i o n s   l e a d i n g  to frequency 
ch i rp ing  w i l l  be l a r g e r   i n  a higher   energy laser. 
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Doppler wind velocity measurements  (and other  accurate Doppler Lidar appli- 
cations)  require a laser  pulse of several psec duration  at a chirp  rate below 
100 k€Iz/psec. A proposed method is described below, offering  the  possibility 
of  removing the  residual frequency chirping  fran  the  laser  output  pulse. 

Figure 1 shows the  experimental arrangement employed i n  heterodyne  obser- 
vations of TIL frequency characteristics. Two methods are employed.  The f i r s t  
relates  to the studies of single-mode T I L  operation near line-center  obtained 
wi th  an internal low pressure (302 gain cell .  I n  t h i s  case, the single-frequency 
laser output i s  heterodyned against an external CO2 laser  local  oscillator  to 
observe  the frequency characteristics. For a variety of reasons, i t  is advan- 
tageous to achieve single-mode T I L  energy extraction employing  an external 
CW (302 laser master oscillator  for T I L  driver, as shown i n  figure 1. ( I n  t h i s  
case, the internal CW CO2 gain cell is switched off) .  The advantages include 
the  possibility of employing the CW T I L  driver  laser  also as the  local  oscilla- 
tor i n  heterodyne detection of the Lidar return  signal. 

If the  external T I L  driver  laser is detuned fran the peak  of the  resonator 
mode  of the pulsed power oscillator, the T I L  laser  osciallation occurs a t  a fre- 
quency shifted  to  the peak  of the  resonator mode. I n  the  extensive  studies of 
frequency chirping and the related  effects, the injected f rquency, q n j  , is 
detuned by a known amount fran  the peak  of the power oscillator  resonator mode. 
The TIL laser output is heterodyned against the same C02 laser employed as the 
T I L  driver  laser  (see f i g .  1 ) . 

Detuning of the external T I L  driver  laser  fran the center frequency, w0, 
of the power oscillator  resonator mode is obtained as follows: With the  intense 
pulsed plasma switched off, the internal CW CO2 gain cell is employed to  obtain 
ZW laser  oscillation  at the  center frequency wo, of the power oscillator 
resonator mode. (With PZT tuning,  the mode is centered on the internal law- 
pressure (302 gain profile.) With heterodyne observation,  the T I L  driver  laser 
i s  detuned from wo by a preselected known  amount.  Rugged  and stable  resonator 
configurations  are used to avoid appreciable long term drifts  (as  verified by 
frequent heterodyne observations i n  the murse of an experiment). Once the 
known detuning is achieved, the  internal 0 2  gain cel l  is switched off. The 
TIL energy extraction and heterodyne observations  are then performed a t  the 
known detuned injected frequency. 

I t  is necessary to decouple radiatively the power oscillator  laser  totally 
Crom LO (and external T I L  driver). A ring  resonator w i t h  appropriate  suppressor- 
mirror (to avoid backward oscillation) and appropriate padding wi th  attenuators 
are employed. 

I n  accurate  observation of frequency chirping, it is important to employ 
3dequate optical  isolation and electrical  shielding of the high intensity plasna- 
zurrent  pulses (and the LO laser power supply);  otherwise, the local  oscillator 
ail1  suffer (due to  optical feedback or spurious  electrical pickup currents) 
;mall frequency variations, rendering  the measurements invalid. To verify  the 
Pbsence of such a spurious LO chirping,  another Iio is used to probe the  fre- 
mency of the f i r s t  LO during  the short  observation time (while  the  energy 
zxtraction from T I L  power oscillator  occurs). One arrangement to achieve t h i s  
i s  shown i n  figure 1 .  
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It is essential  to study  frequency chirping  effect (due to  refractive 
index var ia t ion)   a t   la te  times  (about 5-to-10 psec).  After  the  onset of TIL 
laser  pulse  the t a i l  of the gain-switched pulse  generally  provides a weak, 
slowly decaying, laser  output a t  such la te  times. Although the  intensity on 
the t a i l  is considerably below the main laser  pulse, it can be readily  detected 
w i t h  heterodyne detection and  employed i n  the  s tud ies  of frequency chirping. 
Figure 2 shows typical  oscilloscope  traces of a photopreionized single-mode TIL  
laser  output  (at  several hundred millijoule energy per pulse) heterodyned wi th  
a LO; the heterodyne  beatnote ( i n  the MHz range)  appears superimposed on the 
pulse  profile. The  main pulse is below  one psec and has a long ta i l .  The 
upper figure is displayed  to show the  general  features of the  observation. I n  
the lower trace, the  oscilloscope is triggered  at about five psec after the main 
pulse. It shows  an i n i t i a l  zero  beat and a subsequent increase i n  beatnote. 
A t  about 10-to-11 psec  after the  pulse,  the  chirp  rate has increased  to a value 
of about 3 MHz/psec. This displays  the l i m i t i n g  chirp  rate  obtainable i n  a 
typical  several hundred millijoule photopreionized TIL C02 laser. A s  noted, 
lasers  at  higher  pulse  energies w i l l  suffer  larger  chirp  rates. A t  early times 
after the  onset of the laser  pulse, however, the  chirp  rate can be considerably 
below the  value stated here. This can be obtained by carefully  centering  the 
power oscillator  resonator mode near the line-center and a t  a somewhat reduced 
energy deposition  efficiency and uniform excitation  across  the  cross  section 
of a (seed  gas)  photopreionized C02 laser. For a one psec pulse,  the  chirp  rate 
can  be as low as a fraction of one MHz/psec. 

Removal  of Residual Frequency Chirping From Output Laser Pulse; 

A Proposed Method 

The proposed chirp removal  method  employs electro-optic modulation of the 
laser  output  at an rf  frequency.  "he modulating rf  voltage is obtained from 
a laser  beatnote produced by mixing a small fraction of the  intense  laser  pulse 
w i t h  the  output of a stable CW laser. I n  one embodiment, the  stable CW laser 
frequency (or the  frequency of the high-energy pulsed laser) is tuned so that 
the  beatnote  appears a t  a convenient  rf range. ( T h i s  heterodyning is accomplished 
at  large  input  radiation  signals  incident on the mixer element, hence the  beat 
voltage  across  the mixer appears a t  a sizable  signal  level). The resultant beat- 
note, after  amplification i n  a broadband rf  amplifier (when necessary), is 
applied  to an electro-optical modulator to produce frequency modulation of the 
output  laser  pulse.  Inspection w i l l  show that one  of the  rf  sidebands w i l l  be 
free from laser  chirp. The b l o c k  diagrams i n  figures 3 and 4 give a summary 
description. A variable  optical delay is provided to make  up for small delays 
i n  the  rf  amplifier  circuit. It can  be shown that i f  t h i s  delay is not totally 
corrected,  the  chirping  effect,  although reduced by orders of magnitude, w i l l  
not be totally  eliminated;  the remaining chirp w i l l  be (b /d t ) . r ,  where (dw/dt) 
is the  chirp  rate  at the  output of the  pulsed laser and T is the  delay time. 
( I n  practice, T can be reduced to values below several  nsec.) 

I n  an ultimate  design it is possible  to employ single sideband  e.0. modu- 
lation,  converting  mre than 50 percent of a (e.g., ten  joule)  laser  output  pulse 
to a nearly  chirp-free sideband. Depending  on the laser  intensity, it w i l l  also 
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be  possible  to  use  the e.0. modulator  in  the  form  of a thin  (possibly  waveguide 
type)  sample  to  achieve  high  conversion  efficiency  at  reduced  modulator  rf 
voltages. 

Other  applications  require a pulsed  chirp-free  master-oscillator  unit  at a 
reasonably  large  output  power  level:  the  master-oscillator  unit  can  then  be  used 
in a MOPA  configuration  to  extract a chirp-free  amplified  output  from a high 
energy  power  amplifier.  If  the  master  oscillator  provides a reasonably  large 
output  power,  the  requirements  for  multipass  power  amplification  will  be  enorm- 
ously  relaxed.  (In  the  existing  M)PA  systems,  multipass  amplification  with 
intricate  isolation  stages  are  needed  because  of  low-level  power  outputs  of  the 
existing  stable  master  oscillators.  This  is  the  main  reason  for  complexities 
of  the  existing  high  energy  MOPA  systems.) A longitudinally  excited  low  pres- 
sure  Q-switched C02  laser,  for  example,  can  be  used  in  the  chirp-removal  system 
suggested  here.  Such a Q-switched C02 laser,  after  chirp  removal,  can  be  used 
as a master  oscillator  at a relatively  high  peak  intensity  in a MOPA  system. 

This  proposed  method,  yet  to  be  developed,  was  presented  in  the  conference 
workshop  because  of  its  potential  application  in  generation  of  chirp-free  radi- 
ation  for  accurate  Doppler  Lidar. 

ENERGY  EXTRACTION FROM GAIN-SWITCHED  HIGH PRESSURE C02  LASER  AT A 

STABLE  TUNABLE  MONOCHROMATIC FREQUENCY 

Energy  extraction by Transient  Injection  Locking  (TIL)  at a tunable  fre- 
quency  requires  the  utilization  of an external  tunable  master  oscillator,  driving 
an  intense  pulsed  power  oscillator  at  the  tunable  frequency.  In  this  sytem a 
weak  radiation  field  (from  the  tunable  master  oscillator) is introduced  in  the 
resonator  of  the  pulsed  power  oscillator  at  the  frequency  of a selected  resonator 
mode.  As  the  power  oscillator  gain  is  rapidly  switched  on,  under  appropriate 
conditions,  laser  oscillation  buildup  occurs  at  the  single-mode  selected by  the 
frequency  of  the  weak  injected  field.  This is a transient  process  and  appre- 
ciably  differs  from  the  previously  known  steady  state  injection  locking.  The 
transient  injection  locking  under  consideration  in  this  talk  is  an  extension 
of  the  well  known  art  of  superregenerative  amplification  in  the  microwave 
region,  where  enormously  large  gains  are  obtained  with a (repetitively  pulsed) 
gain-switched  microwave  (or  rf)  oscillator,  driven  by a weak  (input)  signal. 

An  important  feature  of  the  TIL  process  relates  to  its  transient  nature: 
the  oscillation  "buildup" at the  selected  single  mode  will  "hold on" only  for 
a limited  time  duration.  The  oscillator  will  switch  after a short  time  inter- 
val  (determined  by  the  injected  field)  into  its  free-running  oscillation  mode. 

If  the  weak-field  injected  radiation is introduced  at  the  frequency  of  one 
of  the  resonator  modes  lying  near  the  peak  of a high-gain  line - consider, e.g., 
a power  oscillator  with a grating  resonator  tuned  to  the  high-gain  line - the 
time  duration  of  switchover  (to  the  steady-state  oscillating  mode)  is  generally 
long.  However,  if  the  selected  mode is appreciably  detuned  from  the  peak  of 
the  high-gain  line,  unless  the  injected  field  has  sufficient  intensity,  the 
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switchover from t h e  selected mode to t h e   f r e e - r u n n i n g   o s c i l l a t i n g  mode (or 
modes) w i l l  occur i n  t h e  early times d u r i n g   t r a n s i e n t   o s c i l l a t i o n   b u i l d u p .  

For a power oscillator with a resonator  employing  broadband  reflectors 
(without  a g r a t i n g ) ,   i n j e c t i o n  of a weak f i e l d  a t  the  f requency of a law-gain 
t r a n s i t i o n   o f   t h e  C02 amplifying band w i l l  c a u s e   i n i t i a l   o s c i l l a t i o n   b u i l d u p  to  
occur  on  the selected m o d e  of  the  low-gain  line. The f r e e - r u n n i n g   o s c i l l a t i o n  
( w i t h o u t   t h e   i n j e c t e d   f i e l d ) ,  however, occu r s  on s e v e r a l  modes of  the  high- 
g a i n   l i n e  of the   ampl i fy ing  band.  Accordingly,  the  switchover from t h e  TIL on 
t h e  low-gain l i n e  w i l l  g e n e r a l l y  occur to multimode o s c i l l a t i o n   o n   t h e   l i n e   w i t h  
the   h ighes t   ga in .  

Energy  extract ion a t  the  f requency of a r e sona to r  mode selected by T I L  w i l l  
be complete if the  switchover  time to f r e e - r u n n i n g   o s c i l l a t i o n  occurs a t  l a te  
times a f t e r   t h e  main pu l se  (i.e., it takes place on  the  decaying t a i l  o f   t he  
laser pulse).  I f  appropriate cond i t ions  are no t   s a t i s f i ed ,   t he   swi t chove r  time 
w i l l  be i n   t h e   e a r l y   b u i l d u p  time (or a t  a time dur ing   t he  main p u l s e ) ,   i n  which 
case TIL ene rgy   ex t r ac t ion  a t  the  desired frequency w i l l  no t  be complete. 

Complete-versus-partial  TIL  ene rgy   ex t r ac t ion  is a subject requi r ing   ex ten-  
s i v e   s c r u t i n y   f o r  a tunab le  TIL laser. This   important  problem is not  encountered 
for a TIL gain-switched C02 laser wi th   an   i n t e rna l  low pressure gain cell (caus- 
ing   l ine-center  T I L ) .  The i n t e r n a l  low pressure ga in  cell selects a mode near 
the   cen ter   o f  a h igh -ga in   l i ne  and,  hence, as noted  previously,   the   switchover  
time to  the   f r ee - runn ing   o sc i l l a t ing  mode (which may be,   e.g. ,   another  resonator 
mode ad jacen t  to or i n   t h e   v i c i n i t y   o f   t h e  selected mode) w i l l  take place a t  l a t e  
times on t h e  t a i l  of   the   pu lse .  However, the  switchover  process can be an 
i m p o r t a n t   e f f e c t   i f   t h e   i n j e c t e d   r a d i a t i o n  is in t roduced  a t  a frequency  where 
the   ga in   o f   the  m e d i u m  is lower than  the peak gain  (even by as much as f i v e  or 
t en   pe rcen t ) .  

The switchover time d u r a t i o n   c r i t i c a l l y   d e p e n d s  on severa l   parameters .  
They c o n s i s t  of: (a) I n t e n s i t y   o f   t h e   i n j e c t e d   r a d i a t i o n ,  (b) the  gain-above- 
loss-f  actor a t  t he  mode selected by t h e   i n j e c t e d  f i e l d  compared to the  gain-  
above-loss   factor  i n  t he   r eg ion  where  f ree-running  osci l la t ion  can occur, 
(c) the   de tuning   of  t h e  f r equency   o f   t he   i n j ec t ed   f i e ld  from  center-frequency 
of the  selected resonator  mode, and (d) t h e  saturation parameters of   the 
medium determined by pressure e f f e c t .  

For the   power-osc i l la tor  laser a t  a f ixed   p re s su re ,  and a g iven   resonator  
loss fac to r ,   t he   cond i t ion   fo r   comple t e   ene rgy   ex t r ac t ion  by TIL can be described 
by a t h r e s h o l d   i n t e n s i t y ,   I t h ,  of the i n j e c t e d   f i e l d   i n s i d e   t h e   r e s o n a t o r .  
This   th reshold  is def ined  by t h e   i n t e n s i t y   o f   t h e   i n j e c t e d   r a d i a t i o n   c a u s i n g  
the  switchover  time to take place a t  times no t   sho r t e r   t han  two or t h r e e  times 
the  durat ion  of   the  main pulse. Accord ingly ,   the   th reshold   in tens i ty   ( for  com- 
plete T I L  ene rgy   ex t r ac t ion )  w i l l  depend  on t h e  g a i n   f a c t o r  a t  t h e   i n j e c t e d  
frequency,  and  the  detuning  of it from the  peak of t h e  selected resonator  m o d e .  

The work of   co l leagues  ( ref .  1 )  i n  Canada  on T I L  of  a gain-switched C02 
laser (and  the  other workers) have addressed the  problem of   l ine-center  T I L  on 
a high-gain l i n e .  Energy  extract ion  in   such a system is always  in  the  "complete 
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regime". The p r e v i o u s  w o r k s  h a v e   n o t   d e a l t   w i t h   T I L   e n e r g y   e x t r a c t i o n  a t  a 
t u n a b l e   f r e q u e n c y ,   r e q u i r i n g  an unders tanding  of the comple te -versus-par t ia l  
T IL   ene rgy   ex t r ac t ion   p re sen ted   he re  (for t h e  f i r s t  time). 

I n   t h e   e x p e r i m e n t a l   s t u d i e s   d i s c u s s e d   h e r e ,   t h e   T I L  process is e x p l o r e d  
i n   t h e   l i n e - c e n t e r   r e g i o n ,  as well as a t  f r e q u e n c i e s  appreciably detuned  from 
t h e  (302 l i n e  c e n t e r s .  I n  t h e  line-center o b s e r v a t i o n s ,   a n   e x t e r n a l   l i n e -  
t u n a b l e  low p r e s s u r e  CW C02 laser is used as the   T IL   d r ive r  master oscillator. 
I n   t h i s  case, e.g., c a n p l e t e - v e r s u s - p a r t i a l   e n e r g y   e x t r a c t i o n  on a l o w - g a i n   l i n e  
is explored  by TIL of a gain-switched power oscillator employing a broadband 
r e s o n a t o r .  I n  t h i s  case t h e   s w i t c h o v e r  from l ine -cen te r   T IL  on  t h e   l o w - g a i n   l i n e  
w i l l  take place to  f r e e - r u n n i n g   m u l t i m o d e   o s c i l l a t i o n   o n   t h e   h i g h e s t  ga in  l i n e .  

T h e   e n e r g y   e x t r a c t i o n  a t  f r e q u e n c i e s   a p p r e c i a b l y   d e t u n e d  from cO2 l i n e  
c e n t e r s  are studied e m p l o y i n g   a n   e x t e r n a l   l i n e - t u n a b l e  law pressure N20 laser 
as t h e  T I L  d r i v e r  master oscillator. I t  is knawn t h a t   t h e  N f l  and (302 ampli- 
f y i n g   b a n d s   ( i n   t h e  10.6 pm reg ion )   ove r l ap   one   ano the r .   Seve ra l  N20 laser 
l i n e s  l i e  a t  known f r e q u e n c i e s   d e t u n e d   f r a n   t h e   c e n t e r   f r e q u e n c i e s   o f   n e a r b y  
C02 l i nes .   Wi th  a gain-switched C02 power oscil lator a t  v a r y i n g   p r e s s u r e s  (cor- 
responding  to v a r y i n g   c o l l i s i o n   b r o a d e n e d   l i n e w i d t h s ) ,   o f f - l i n e   c e n t e r   T I L  is 
s t u d i e d   e m p l o y i n g   t h e  N20 TIL d r i v e r  laser.  T h i s  process is also s t u d i e d   u s i n g  
t h e  CO2 power oscillator w i t h  a g r a t i n g   t u n a b l e   r e s o n a t o r   c o n t a i n i n g   w i t h i n  i t  
a low pressure N20 g a i n  cell. 

F i g u r e  5 is a schemat ic   o f   wel l -known  TIL  wi th   an   in te rna l  low p r e s s u r e  
g a i n  cell. Observa t ion   of  a smooth   ou tput   pu lse  i s  a good i n d i c a t i o n  of TIL. 
T h i s  is o b s e r v e d   w i t h   t h e  low pressure g a i n  cell  switched  on.  W i t h o u t  t h e  l o w -  
pressure g a i n  cell, t h e   o u t p u t  is accompan ied   w i th   bea tno te s   o r ig ina t ing  from 
mu1 t imode   ope ra t ion .  

F i g u r e  6 i s  schemat ic  of a tunab le   T IL   employ ing   an   ex te rna l   ( t unab le )  
master oscil lator.  

F i g u r e s  7, 8 ,  and 9 re late  to  comple te -versus-par t ia l  T I L  e n e r g y   e x t r a c t i o n .  
The upper trace i n   f i g u r e  7 is a canputer m o d e l i n g   t h e o r e t i c a l  estimate f o r  a 
case i n  wh ich   an   i n j ec t ed  f i e l d  a t  20 mW i n t e n s i t y  is i n t r o d u c e d   i n   t h e   r e s o n a t o r  
of a gain-switched CO2 power oscillator a t  t h e   f r e q u e n c y   o f   t h e  P(1 0 )  l i n e   ( w i t h  
t h e  power osci l la tor  laser employ ing   b roadband   r e sona to r   r e f l ec to r s ) .  The main 
p u l s e  shows  buildup  and  decay of t h e  P ( l  0) l i n e .   F u l l  scale a b s i s s a  is 1 0  psec.  
The ga in-swi tched   pu lse  i s  fo l lowed by a l o n g  t a i l  (caused by t r a n s f e r   f r o m  N20 
to  0 3 2 ) .  The  switchover  t o  t h e   f r e e - r u n n i n g   o s c i l l a t i o n   o n   t h e  P ( 1   8 ) ,  the   h igh-  
g a i n   l i n e ,  is also d i s p l a y e d   ( t h e   l a w e r  trace). I n   t h i s  case (which  corresponds 
to a n o n - c a n p l e t e   e n e r g y   e x t r a c t i o n ) ,   t h e  to ta l  laser o u t p u t  w i l l  c o n s i s t   o f  
a S u p e r p o s i t i o n  of t h e  t w o  cu rves ,   w i th   t he   ma in  p e a k  d o m i n a n t l y   c o n s i s t i n g   o f  
t h e  P ( l 0 )  l i n e   a n d  an e a r l y   s w i t c h o v e r   o n   t h e  t a i l  t o  t h e  P ( 1 8 )  l i n e .   T h i s  
f i g u r e  7 also shows  exper imenta l ly   observed   near -comple te   TIL  energy   ex t rac t ion  
wi th   abou t   one  nW i n j e c t e d   r a d i a t i o n   i n   t h e  P ( l 2 )  l i n e .  The switchover o c c u r s  
to  the P ( 1 8 )  l i n e   o n   t h e  t a i l  of   the   pu lse .  When t h i s   o c c u r s ,   t h e  P ( 1 8 )  l i n e  
appears (as i n  a f r e e - r u n n i n g  oscillator) with  mult imoding.  The b r e a k i n g   i n t o  
a mul t imode   ope ra t ion   s een   on   t he   decay ing   po r t ion  of t h e   o b s e r v e d   p u l s e  i s  due 
t o  t h e   s w i t c h o v e r  f ran s i n g l e  mode TIL P ( 1 2 )  l i n e  t o  multimode f ree-running 

51 7 



P(18)   l ine .  For c l a r i t y   o f   p r e s e n t a t i o n ,   t h e  lower f i g u r e  is a hand drawing 
of   the  somewhat f a i n t   ( h i g h   s p e e d )  oscilloscope p i c t u r e  of the  experimental  
trace shown. 

F igure  8 shows the   observed  pulses d e s c r i b e d   i n  figure 7, except   the  
i n j e c t e d   f i e l d   i n t e n s i t i e s  are var ied .  The two traces i n   f i g u r e  8 show t h e  con- 
trol  of  switchover time by i n j e c t e d   f i e l d   i n t e n s i t y .  

Figure 9 shows the   obse rved   pu l se s   desc r ibed   i n   f i gu re  7 fo r   abou t  50 mW 
in jec ted   rad ia t ion ,   showing complete energy   ex t rac t ion   (wi th   the   swi tchover  time 
delayed to late times on t h e  t a i l  no t   appear ing   on   the  trace). The i n t e n s i t i e s  
o f   t h e   i n j e c t e d   f i e l d  for f i g u r e s  7, 8, and 9 correspond to t h e   i n j e c t e d   f r e -  
quency, q n j ,  tuned to the   cen ter   f requency   of   the  power oscillator resonator  
mode ( v i a   t h e  method described in   t he   exp lana t ion  of f i g u r e  1 ) .  Addi t iona l  
details o f   f i gu res  7, 8,  and 9 w i l l  be publ ished by S. Nazemi and A. Javan. 

Figure  10 lists s e v e r a l  N20 laser l i n e s  a t  f r e q u e n c i e s   d i f f e r i n g  by  known 
amounts  from C02 l i n e  centers. 

F igure  11 i l lus t ra tes  t h a t   t h e   t h r e s h o l d   i n j e c t e d   f i e l d   i n t e n s i t y   f o r  com- 
plete energy   ex t rac t ion   ( I th)   depends   on   the  parameter N g i v e n   i n   t h e   f i g u r e .  
A s  is seen,   the  parameter N in   tu rn   depends  on pressure broadened  linewidth 
as shown. Ith a t  a f ixed  detuned  f requency is cons iderably  lower f o r  a broader 
l i n e  (higher  pressure). 

F igu re   12   g ives   t he  T I L  t h r e s h o l d   i n t e n s i t y ,   I t h ,   f o r  complete energy 
e x t r a c t i o n  a t  a detuned  frequency  employing  the  R(l0) N20 l i n e  ( a t  1980 MHz 
removed from  P(16) cO2 l i n e   c e n t e r ) .  The t h r e s h o l d   i n j e c t e d   i n t e n s i t y   ( v a l u e  
f o r   i n s i d e   r e s o n a t o r ) ,  Ith, is given a t  3 d i f f e r e n t   p r e s s u r e s .  A t  about  one 
atmosphere  pressure,   larger   than 50 mW is required for complete TIL  energy 
e x t r a c t i o n .  A t  about 2.5  atmospheres,  on  the  other  hand, 3 pW is s u f f i c i e n t   f o r  
complete ene rgy   ex t r ac t ion  ( a t  the  detuned N20 f requency) .  The threshold  
values  are g i v e n   f o r   t h e   i n j e c t e d   f i e l d  carefully tuned to the  peak of t h e  
power oscillator resonator  mode, wi th   the  method e x t e n s i v e l y   d e s c r i b e d   i n   t h e  
explana t ion   of   f igure   1 ,   employing  CW N20 lasers (and  gain cell)  in s t ead   o f  
CW CO2 lasers (and  gain cell) , see f i g u r e  1 .  

We mention  here ,   wi th   great   emphasis ,   that   an  important  aspect of engineer- 
ing  of  a tunab le  T I L  C02 laser is c o n t r o l   o f   t h e  power oscillator resonator  mode 
wi th  respect to the   f r equency   o f   t he   t unab le   i n j ec t ed   r ad ia t ion .  Based on 
ex tens ive  component-by-component expe r imen ta l   i nves t iga t ions ,  a frequency track- 
ing   un i t ,  complete w i t h   f i n e   c o n t r o l  and calibration,  has  been  designed  and is 
under cons ide ra t ion  by NASA LaRC f o r  possible implementation.  Future  publica- 
t i o n s  w i l l  descr ibe   the   cont ro l   sys tem.  

Tunable   f requency  energy  extract ion by T I L  from  an  energet ic   gain  switched 
C02 laser can  be  achieved  with a TIL d r i v e r   i n p u t   c o n s i s t i n g   o f  a frequency  tun- 
able laser pulse (low energy)  with a du ra t ion  as s h o r t  as about   ten  nsec (or 
longe r ) .  A g ra t ing   t unab le   pho topre ion ized   h igh   p re s su re  C02 laser can  be 
r e l i a b l y  operated (with seed gas   photo ioniza t ion)  a t  o u t p u t   e n e r g i e s   i n   t h e   t e n  
to f i f t y  m j  range.  Such a high pressure laser can  be  tuned to f requencies  
appreciably  detuned  from CO2 l i n e   c e n t e r s .  However, t h e  spectrum of   t he   g ra t ing  

51 8 



tunable high pressure  pulsed C 0 2  laser is generally broad. I t  consists of 
multimode oscil lation spread over a range of about 2000 MHz. T h i s  laser, by 
i t s e l f ,  is inadequate  for use as a driver T I L  master oscil lator.  On the  other 
hand, if i t  is followed by an appropriate Fabry-Perot f i l t e r ,  i t  is possible 
t o  reproducibly  select one (or two) osci l la t ing modes for use as a tunable T I L  
driver master oscillator.  (Controlling  the tun ing  can be achieved w i t h  simul- 
t a n e o u s  - ganged - laser  grating and Fabry-Perot f i l t e r  tuning.)  

I n  the system employed, the  selected  (fi l tered)  oscil lating modes appeared 
(after the f i l t e r )   a t  a pulse  duration somewhat  below 100 nsec a t  a peak intens- 
i t y  of about 0.1 to  1 kW. The CO2 power oscil lator was tr iggered  at  a (variable) 
delayed time w i t h  respect  to  the pulsed  driver master oscil lator.  The pulsed 
injected  f ield is introduced i n  the gain-switched 0 2  power oscillator  during 
the  early  buildup time. By varying  the  delay, it is found that  about 100 nsec 
time window is readily  available  to  achieve T I L  w i t h  the  injected  pulse. T h i s  
experiment has been successfully performed. However, detailed  observations 
(and the  possible  utilization i n  a remote sensing  experiment)  are  presently 
postponed for a later  date. 

A short  pulse T I L  driver master oscil lator cannot be used at   the  same time 
for  heterodyne detection of the  Lidar return  signal. (The return  signal  arrives 
a t  a delayed  time.) Such a system would require a separate LO laser (such as 
a tunable diode laser)  i n  the Lidar detection system. 

A gain-switched CO2 power oscillator  operating  at a multiatmospheric  pres- 
sure,  driven w i t h  an appropriate T I L  driver master oscil lator,  can offer  fre- 
quency tunable  output i n  ranges considerably detuned from CO2 line  centers. 
An isotopic high pressure C02 laser can be operated  closed  cycle  (sealed o f f )  
w i t h  catalytic CO2 regeneration. Such  an isotopic cO2 laser,  reliably  operat- 
i n g  w i t h  seed gas photopreionization  (refs. 2 and 3 ) ,  offers broad frequency 
t u n i n g  a t  about 3 atmospheres pressure. 

An important  tunable master oscillator  available  for T I L  driver i s  the 
system consisting of a line  tunable CW CO2 laser followed by a tunable micro- 
wave e.0. modulator (ref.  4 ) .  The tunable microwave sidebands have sufficient 
intensity  for T I L  energy extraction. 

With  a t i g h t  oontrol of the power oscillator  resonator mode  and its cen- 
tering on the  injected frequency, i t  should also be possible  to employ a tunable 
diode laser as the tunable T I L  driver master oscil lator.  
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PRECISION  MINI E-BEAM-SUSTAINED TUNABLE CW C02 LASER; 

A  COMPONENT-BY-COMPONENT DESIGN STUDY 

A  design-study  project  is  in  progress  to  construct  a  miniature  e-beam  sus- 
tained  tunable CW C02 laser,  with  a  thin  pencil-like  plasma  volume  (of  about 
10 cm x 1 (mm) 2), capable  of  operating at pressures as high as 3 to 4 atmo- 
spheres. Such a  laser will offer  a fine  frequency-tuning  characteristic,  with 
a  single-mode  output at a CW output power  up  to  about  50  watts.  The  removal 
of deposited  heat  energy  (necessary  for CW operation)  is  achieved by rapid 
transverse gas flow. The thin  cross-section of the  pencil-like  plasma  facili- 
tates  the  heat  removal at a  subsonic  flow. The design  calls for operation at 
a  sustainer  voltage  below  avalanche  breakdown,  where  the  totality  of  the  elec- 
trons  in  the  thin  pencil-like C02 plasma  is  produced by the  secondaries  from 
the  incident  primary  e-beam. The e-beam is in  the  form of a  thin  ribbon  trans- 
mitted  through  a  thin  foil. 

The  operating  pressure  under  consideration  is up to 3 to 4 atmospheres, 
where  broad  tuning can be obtained, as in  reference 3,  with  an isotopic C02 gas 
mixture. 

It is necessary  to  employ  a  low-Fresnel  number  resonator  with  a  short  mirror 
spacing (1 3 cm in  the present  design). 

The  requirement for  a short low-Fresnel  number  resonator  together  with  the 
miniature  nature of the  device  calls for novel  design  considerations  within 
severe  space  limitations  (of  the  miniature  laser). The short resonator  of  the 
laser  facilitates  energy  extraction at a  minimum  diffraction loss. 

The  electron  gun  is of the  plasma  cathode  design.  Figure 13 shows internal 
components  of the electron  gun  made  visible by removal  of  the  anode.  The  hollow 
cathode  and  its  concentric  shield  are  precisely  aligned  inside  the  vacuum  box 
(left)  by means  of  two  high  voltage  feedthroughs  which  are  not  seen  in  this 
view. The  anode  plate  is 2 cm thick to  allow  for  water  cooling  channels.  A 
wide  slot  is cut out of the central  portion of the  anode.  This  is  covered on 
the  vacuum  side  by  a  thin  narrowly  slotted  plate to permit  electron  passage 
into  the  2  cm  long  field  free  region. A 0.3 mil thick  aluminum  window  seals 
the  outside of the  wide  anode  slot.  This  device  produces  a  uniform,  stable, 
cw electron  beam 9 cm  long  and 0.2 cm wide at a current  density of 300 UA/cm2 
and  energy of 30 keV. 

Figure 1 4  is an electron  gun  similar  to  that  shown  in  figure 13 in  opera- 
tion  with  the  ribbon-like  beam  emerging  into  the  atmosphere. In this  view  the 
two H.V. feedthroughs  are  visible  emerging  from  the  vacuum  chamber.  Also  visi- 
ble  is  the glow of  ionized  air  in  the  path  of  the  electron  beam. The uniformity 
of the glow  reflects  the  uniformity  of  the  emergent  beam. 

The author  expresses  acknowledgment  to  the  Spectroscopy  Branch,  LaRC, 
Virginia,  headed by  R. V. Hess, for continued  encouragement  and  support.  The 
program  has  extensively  benefited  from  the  modeling  estimates  and  other  inves- 
tigations  of  the  branch,  specifying  the  various  requirements. 
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Beam  Splitter Display 
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Figure 1.- T I L  charac te r i s t ics ;   he te rodyne   observa t ions  
i n   t h e  C02 l ine-center   region.  

1 psec/cm 

Figure 2.-  Heterodyne  signal  r ing power o s c i l l a t o r  (TIL)  
d i sp lay  of chi rp ing  a t  l a t e  times. 
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Figure 3.- A method f o r  removal  of  frequency c h i r p  
from a pulsed  laser :   concept .  
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Figure 4.- A method for removal of frequency  chirp 
from a pulsed laser: experimental  arrangement. 
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Figure 5.- Pulse-smoothing: TIL with  an internal  gain-tube. 
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Figure 6.- Schematic of tunable  Transient  Injection Locking. 
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Figure 7.- Theoretical and experimental energy 
extraction by Transient  Injection Locking. 

Figure 8.- Effect  of varying  injected power  on  the 
time-of-onset of multimoding. 



Figure 9.- Complete energy extraction by 
Transient  Injection  Locking €or  the 
case of strong  injected radiation. 
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Figure 10.- Difference frequencies  for 
some N20 and C02 laser lines. 
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ITH = THRESHOLD  INJECTED  INTENSITY  FOR 

COMPLETE  ENERGY  EXTRACTION  BY  TIL 
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Figure 11.- Threshold  for  complete  energy  extraction 
versus  detuning from l i n e   c e n t e r .  
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0 
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Figure 1 2 . -  T I L  a t  detuned  frequencies: 
Im versus  pressure.  
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Figure   13 . -   In te rna l   v iew of plasma  cathode  electron  gun. 

Figure 14.- Plasma  cathode  e lectron gun ope ra t ing  
i n  a i r .  
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AN AIRBORNE DOPPLER  LIDAR 

Charles A. DiMarzio 
Raytheon Company 

James W. Bilbro 
Marshall  Space  Flight  Center 

ABSTRACT 

A Pulsed  C02  Doppler  Lidar  has  been  developed  for  airborne 
measurements  of  atmospheric  wind  fields.  This  device  has  been 
successfully  utilized  in  the  detection  and  measurement  of  moun- 
tain-wave  turbulence  and  wind  shear,  and  in  the  generation of 
time  histories  of  wind-field  variations  in  smooth  flight.  This 
Lidar  is  now  in  the  process  of  being  configured for measurement 
of  the  atmospheric  flow  fields  surrounding  severe  convective 
storms. 

This  paper  will  provide  a  brief  description  of  the  system, 
a  discussion  of  the  Lidar  System's  Capabilities,  a  brief  look  at 
typical  data  provided  by  the  system,  and  an  overview  of  near- 
term  program  plans. 

INTRODUCTION 

The  coherent  pulsed  Doppler  Lidar,  shown  in  figure 1, was 
built  by  the  Raytheon  Co.  for  NASA  Marshall  Space  Flight  Center 
in 1971 (ref. 1). This  unit  was  originally  designed  for  the 
detection  of  clear  air  turbulence  (CAT)  and  was  flown  on  a  shake- 
down  flight  in 1972 and in a search  for  CAT  in 1973. The 
system  succeeded  in  measuring  clear  air  returns  up  to  an  altitude 
of 6 kilometers, and, on  one  occassion,  detected  mountain-wave 
turbulence,  which  was  verified by  penetration  with  the  aircraft 
(ref. 2 ) .  The Lidar  was  found  to  be  operating  considerably 
under  its  theoretical  expectations and was  extensively  refur- 
bished,  incorporating  a  number of changes  including  an  offset 
local  oscillator  to  allow  ground-based  operation  with  stationary 
targets. A series  of  ground  tests  was  undertaken  in 1977 and 
1978, and  the  Lidar  was  flown  in  another  CAT  flight  series  in 
early 1979. Data analysis  from  this  test  series  is  still  under- 
way, so this  paper  will  provide  only  representative  selections 
of  the  types  of  information  being  obtained. 
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The Lidar is currently  being  modified to perform  flow-field 
mapping of the  non-precipitating  regions of severe  storms. This 
primarily  involves  the  incorporation  of  a  scan  system,  central 
timing  and  control  system, new signal  processing  electronics, 
and  a new telescope.  An  extensive  measurement  program is being 
planned  for  the  summer of 1981. 

SYSTEM  DESCRIPTION 

A  block  diagram  of  the  Lidar is shown  in  Figure 2. It  is 
a C02, pulsed,  coherent  Lidar  operating at 10.6pm.  Its  config- 
uratlon is known  as  a  MOPA,  (master  oscillator  power amplifier). 
To obtain  an  understanding  of how the  system  operates,  it  is 
perhaps  best  to  follow  through  the  block  diagram. First, the 
master  oscillator is a  continuous  wave  (CW)  laser  providing 
approximately 8 watts of linearly  polarized  radiation  at  10.6pm. 
A  small  portion of this  output  is  picked  off  for  use  in  frequency 
stabilization of the  master  laser  and for use  in  an  offset  lock- 
ing  loop  used to maintain  the  offset-local-oscillator  laser  at 
a 10 MHz frequency  offset  from  the  master  laser.  The  main  por- 
tion  of  the  master-laser  output is directed  to  an  electro-optic 
CdTe  modulator,  where  it  is  chopped  into  a  pulse  train  of  varia- 
ble  width and  rate. The  width  may  be  selected  at  2,4, or 8 p s  
and  the rate  may  be  varied  from 1 to 2 0 0  pulses  per  second.  The 
resultant  pulse  train  passes  through  an  indium-antiomonide  isola- 
tor  which  prevents  reflections  from  the  secondary  mirror  of  the 
telescope  from  entering  the  master  laser  cavity.  The  pulse 
train,  after  being  expanded  to  a  diameter of 15m, is then  direc- 
ted  into  a  6-tube  power-amplifier  array  which  provides  approx- 
imately 40 dB of gain.  The  pulse  train  next  passes  through  a 
Brewster  window,  a  quarter-wave  plate  (which  converts  the  polar- 
ization  from  linear to circular)  and  into  a  collimated  30cm 
diameter  telescope  where  the  pulse  train is expanded  to  approx- 
imately  24  cm (l/e2) and  directed  into  the  atmosphere.  These 
pulses  are  scattered  by  particulates  on  the  order of from 1 to 
10 pm in  size  which  are  naturally  entrained  in  the  atmosphere. 
Some  of  the  scattered  light  returns  along  the  same  optical  path 
as  the  incident  beam,  after  having  been  Doppler  shifted  in  fre- 
quency  by  an  amount  proportional  to  the  radial  component of the 
aerosol  velocity, and  reversed  in  its  direction  of  circular 
polarization.  Measurement  of  this  Doppler  Shift  in  frequency is 
the  primary  purpose  of  the  Lidar. The backscattered  beam  is 
collected  by  the  telescope,  passed  through  the  quarter-wave  plate 
and  reflected  by  the  Brewster  window  to  the  HgCdTe  detector, 
where  it  is  mixed  with  the  LO beam. The  reflection  from  the 
Brewster  plate is enhanced  by  the  change  in  polarization  at  the 
target,  which  results  in  linear  polarization  of  the  scattered 
beam  at 90' to the  polarization of the  transmitter. 
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SYSTEM  CAPABILITY SUMMARY 

The System's  range  capability is determined  by  character- 
istics  of  the  atmosphere  and of the  system. At the  present  time, 
the  system's  minimum  range is 3 kilometers,  due  to  detector 
saturation  caused  by  the  backscattering of transmitted  light 
from  the  secondary  mirror.  Except  for  highly  reflective  targets 
such  as  clouds or the  ground,  the  usual  maximum  range  at  which 
signals  are  received is limited  by  beam  propagation  effects  to 
less  than 15 kilometers. In the  recent  flight  tests  useful 
signals  were  obtained  with  backscatter  coefficients  estimated  at 
2 X 10'gm'lsteradian-l or less.  Particle  sampling  measurements 
have  been  used  to  predict C 0 2  backscatter  coefficients,  and  these 
analyses  indicate  a  wide  spread  in  the  atmospheric  backscatter 
coefficients. A new measurement  program  is  being  planned  to 
make  quantitative  backscatter  measurements  at  different  altitudes, 
locations,  and  times  to  more  accurately  determine  the  opera- 
tional  capability  of  the  system. 

The  resolution of the  system  in  space,  velocity  and  time 
may  be  varied  within  some  limitations.  Typical  operation  of  the 
system  during  the  CAT  flight  tests  used  an 8 microsecond  pulse, 
resulting  in a velocity  resolution  of 0.5 m/sec  and a  range 
resolution  of 1.2 kilometers.  The  Actual  range or velocity 
estimate  for  a  target  may  be  improved  by  approximately @by 
integrating N pulses  and  them  employing  adaptive  thresholding 
and  statistical  analysis. 

The  pulse  repetition  frequency  of  the  system  is  typically 
140 pulses  per second, and, in  typical  operation, 25 to 50 
pulses  are  integrated  to  produce  a  single  data  sample.  This 
results  in 3 to 6 data  samples per second,  During  previous 
tests  each  data  sample  has  included  complete  spectral  data  over 
a 10 megahertz (50 m/sec)  bandwidth  for a  single  selected  range 
gate. A  new  processor,  presently  being  installed,  will  provide 
processed  spectral  parameters for each  range  gate  over  the  same 
range  of  data  rates. Thus, while  complete  spectral  data  will 
not  be  available,  parameters  from  all  range  gates  will  become 
available  at  the  specified  update  rate.  This  will  result  in 
considerably  more  efficient  use  of  the  available  data. 

The  display  capabilities  of  the  system  include  the  real-time 
analog  displays  of  processor  outputs,  near-real-time  displays  of 
algorithm  results  from  the  on-line  mini  computer,  and  more 
detailed  displays  which  may  be  obtained  at  the  completion  of  a 
mission. The  real-time  analog  displays  include  the  RVI, IVI, 
and  A-Scope.  These  displays  are  shown  in  Figure 3 .  The top 
display is the RVI, which  displays  range  on  the  horizontal  axis, 
velocity on  the  vertical  axis,  and  amplitude  with  intensity 
modulation  of  the  display. At short  ranges,  the  display in the 
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figure  shows  the  saturation  effect  mentioned  previously. At 
longer  range, it shows  a  velocity  which  decreases  and  then 
increases  with  increasing  range,  along  with  varying  amplitudes 
and  spectral widths,  and  a  distant  return  from a cloud or solid 
object.  While  this  three-dimensional  display is useful  for  a 
qualitative  evaluation of the  system,  and for locating  inter- 
esting  features, it is not amenable  to  quantitative  analysis. 
For  these  purposes,  two-dimensional  displays  are  more  useful, 
and  two  such  displays  may  be  obtained  by  looking  at  slices of 
the RVI display, as indicated  by  the  lines  in  the  figure. The 
IVI  shows  the  spectrum  of  the  return  at  a  selected  range.  The 
logarithm  of  the  intensity  is  plotted  as  a  function  of  frequency 
(velocity). This represents a vertical  slice at a  selected 
range  through  the RVI display. The A-Scope  provides  the  oppo- 
site  type of displays,  showing  the  variations  in  intensity  as 
a  function  of  range  at  a  selected  velocity.  In  the  indicated 
display,  the  atmospheric  return  has  contributions  at  the 
selected  velocity  at  two  different  ranges. The range  scale  is 
selectable,  but is generally  set at 16 kilometers,  full scale. 
The  on-line  mini  computer  provides  a  means  for  recording  the 
Lidar  processor  data,  ancillary  data  from  other  sources,  time 
and  run number,  and  provides  selected  parameter  displays. For 
example  velocity,  spectral  width, or amplitude  could  be  plotted 
with  respect  to  time,  range, or other  parameters.  The  mini 
computer  provides  a  number  of  default  displays,  and  additional 
displays  can  be  selected by  the  operator.  All  data  are  recorded 
on  magnetic  tape  for  more  detailed  analysis  with  the  mini  com- 
puter or with  an  off-line  large-scale  computer. 

AIRBORNE  MEASUREMENTS 

During  the 1979 flight  tests,  many  different  measurements 
were  made  to  verify  the  different  operational  capabilities  of 
the  system.  Calibration  measurements  were  made  using  reason- 
ably  uniform  hard  targets,  such  as  the  desert  floor  to  determine 
the  system  sensitivity.  Velocity  comparisons  were  made  to  verify 
measurements of the  correct  Doppler  frequency.  Power  spectral 
density  measurements  of  the  atmospheric  velocity  were  made  as 
well  as  actual  measurements  of  clear  air  turbulence  encounters. 
This  section  will  describe  one  of  each of these  types  of  mea- 
surements. 

Several  approaches  were  made  at  various  solid  targets  to 
establish  the  sensitivity of the  system. The most  consistent 
results  were  obtained  from  the  desert  sand  at  Edwards AFB. 
Knowing  the  reflectivity p ( r )  of the  solid  target  and  the  pulse 
length, A R ,  it is easy to calculate  the  atmospheric  backscatter 
coefficient  which  would  produce  the  same  signal; 
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The minimum  detectable  backscatter  coefficient is in  the  same 
ratio to this  as  the  minimum  detectable  signal is to  the  cali- 
bration  signal; 

Bmin (71) = SNRmin ( 2 )  

61 SNRl 
From  this,  the  estimate of Bmin ( n )  = 2 X 10-9m-1steradians-1 
was  obtained. 

A comparison  of  the  ground  speed  as  measured  by  the  Doppler 
Lidar  to  that  measured  by  the  aircraft  Inertial  Navigation  Sys- 
tem  (INS)  is  shown  in  figure 4. These  measurements  were  made 
during  flight 2 8  on  March 26,  1979. The aircraft  plot  was  con- 
structed  by  simply  plotting  the  ground  speed as  measured  by 
the  aircraft  INS. The Lidar  plot  was  somewhat  more  complicated 
to  construct,  since  the  ground  return  had  to be  tracked  in 
range  as  the  dive  progressed.  This  was  accomplished  by  scann- 
ing  in range,  identifying  the  ground  return  in  each  scan by its 
amplitude  characteristics,  and  calculating  the  mean  of  the 
signal  spectrum  through  an  automatic  thresholding  routine.  The 
ground  speed  was  then  determined  by  multiplying  the  resultant 
velocity  by  the  cosine of the  pitch  angle,  taking  into  account 
the -1 .5  degree  offset  for  the  pointing  of  the  Lidar pod. The 
average  difference  in  these  ground  speed  measurements  is 4.52 
meters  per  second with  a  standard  deviation  of 0.6 meters  per 
second.  During  the  flight,  comparison  of  airborne  digital  data 
acquisition  system  (ADDAS)  with  cockpit  data  indicated  that  the 
ADDAS-system  velocity  data  were  approximately 3 meters  per 
second  slow. The remaining 1 . 5  meters  per  second  difference 
between  the  Lidar  and  the  aircraft  velocity  measurements  lies 
well  within  the  error  bounds  of  the  aircraft  measurement  system. 

A  13-minute  segment  of  the  mean  wind-velocity  component  in 
the  direction  of  the  aircraft  heading  is  shown  in  figure 5.  
This  was  measured 3 kilometers  in  front  of  the  aircraft  at  an 
altitude of approximately 8 .5  kilometers.  Overall  variations 
of  approximately 8 m;/s are  indicated  for  the  duration  of  the 
sample.  This  plot  was  produced  by  calculating  the  mean  velocity 
of  the  spectrum,  averaged  over 5 0  pulses,  at  a  rate  of  roughly 
3 times a second. This time  history  has  been  corrected  for 
ground-speed  component  in  the  measurement  direction.  This  was 
obtained  by  multiplying  the  ground  speed  by  the  cosine  of 
the  drift  angle  (the  angle  between  the  aircraft  heading  and  the 
actual  direction  of  travel). 

The  power  spectral  density  plot  for  this  sample  is  shown  at 
the  bottom  of  figure 5. This plot was produced  using  a 2 0 4 8  
point  FFT  with  Blackman  windowing  and  the  mean  extracted. As 
can  be  seen  from  the  plot,  the - 5 / . 3  slope,  predicted  by  Kolmo- 
gorov,  is  followed  rather  well out to  a  frequency of about .15 Hz 
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where it tends to level  off  to  noise. At an  airspeed of approx- 
imately 235 m/s this  corresponds  to  a  spatial  length of about 
1.5 kilometers,  which  corresponds  reasonably  well  to  the  pulse 
length  of  about 1.2 km. It was  anticipated  that  turbulence 
length  scales  below  this  length  would not be  resolved  by  this 
technique. However,  turbulence  length  scales  below  this  limit 
do  contribute  to  the  spectral  spread of the  Lidar signal.  Con- 
sequently  by  combining  this  technique  with  spectral  processing 
of  the  Lidar  signal,  turbulence  length  scales  from  several 
hundred  kilometers  (such  as  the  case  above)  down  to  several 
meters  can  be  measured.  The  lower  limit is determined by such 
inherent  effects  as  signal-to-noise ratio, processor  bandwidth, 
and  spectral  broadening  caused  by  system  characteristics. 

An  example  of  spectral  broadening  associated  with  clear 
air  turbulence is shown  in  figure 6. This figure  shows,  on  a 
single  plot,  the  spectral  broadening  due  to  turbulence  length 
scales  less  than  the  pulse  length  and  the  accelerations  actually 
encountered  by the aircraft. In  this case, the  broadening of 
the  spectrum  occurs  about 20 seconds  before  the  turbulence 
encounter.  An  automated  analysis  of  selected  turbulence  encoun- 
ters  and  additional  analysis of power  spectral  densities  at  the 
longer  turbulence  scales  are  in  the  process  of  being  implemented. 

FUTURE PROGRAMS 

The Lidar is presently  being  modified  to  perform  measure- 
ments of the  clear-air  regions  around  severe  storms.  The 
transmitter  will  be  overhauled  and  a new off-axis  telescope  ob- 
tained,  which  will  eliminate  the  saturation  effects  at  near 
ranges  (caused  by  reflections  from  the  secondary  mirror  in  the 
present  telescope).  A  scan  system is being  constructed  which 
will  allow  the  scan  pattern  shown  in  figure 7. This  type  of 
scanning  will  allow  the  measurement of the  mean  wind  velocity 
components  in  a  region  from  two  different  view  angles,  thereby 
allowing  resolution  of  the  horizontal  vector  wind  velocity. 

A new  signal  processing  system is being  installed  which  will 
calculate  the  spectral  power,  mean  frequency,  and  width  for  each 
range  gate  for  every  integration  period.  This  information  will 
be  fed  to  a  central  timing  and  control  system,  which  incorpor- 
ates  the  location  data  from  the  scanner  and  the  aircraft  and 
interfaces  to  an  on-line PDPll-35 computer  for  processing. 

The  output  of  this  measurement  will  be  in  the  form  of  a 
two-dimensional  vector  map  of  the  velocities  in  the  horizontal 
plane at the  altitude  of  the  aircraft. 

A  flight  test of this  system is planned  for  June  and  July 
of 1981. Successful  results  in  this test  will, in  all  probabil- 
ity,  lead to  additional  measurements being  performed  in 1982 
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and 1983. 

Because  of  the  importance of atmospheric-backscatter-co- 
efficient  levels  to  system  operations,  a  test  program  has  been 
undertaken  to  develop  and fly a  compact, CW, Doppler  Lidar. 
This  program is aimed  specifically  at  establishing  the  back- 
scatter-coefficient  variation  with  altitude  and  location. A 
long-term  program  to  attempt  to  establish  the  temporal  as  well 
as  spatial  variation  over  the  next 3 years is being  planned. 

SUMMARY 

An  airborne  Doppler  Lidar  has  been  described  which  has 
been  used  successfully  to  detect  turbulence  and  to  perform 
large-scale  wind  variation  measurements. The airborne  measure- 
ment  program,  which  took  place  in  January  through  March 1979, 
was  conducted  by  personnel  from  the  Raytheon  Company  and  Marshall 
Space  Flight  Center. The real-time  and  post-processing  soft- 
ware  utilized  in  obtaining  the  selected  data  samples  were  pro- 
vided  by  the  M&S  Computi-ng  Corporation.  Post-processing  soft- 
ware  for  data  generated  on  the  Univac 1108 computer  was  provided 
by  Computer  Science  Corporation. The flight  operations  were 
performed  by  Ames  Research  Center  and  meteorological  support 
was  provided  by  Dryden  Flight  Research  Center,  the  United  States 
Air Force,  Stanford  Research  Institute  and  Marshall  Space 
Flight  Center.  Particulate  studies  were  performed  by  Alabama 
A&M  University. 
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Figure 1.- Pulsed C02 Doppler   L idar   in   a i rc raf t .  
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Figure 2.- Pulsed C 0 2  Doppler  Lidar block diagram. 
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Figure  3.- CAT d e t e c t i o n  real-time d i s p l a y s .  

190 - 

0 

< 
E 5 185- 

U 
0 

> 

- 
-1 
Y 

180- 

175 I I I I I 
20:lO 20:10:30 2O:ll 20:11:30 20:12 20:12:30 20:13 

I I I 

TIME - 
Figure  4.- Pulsed C02 Doppler Lidar velocity  comparison  using  ground as a 

t a r g e t .  

538 



0 1 i 4 6 a 8 10 11 12 13 
TIME (MINI 

( R E U T I V E  TO 10:4&10 2 )  

A. VELOCITY  TIME  HISTORY 

Figure 5.- Atmospheric-velocity  measurements  with  a  pulsed C02 Lidar. 
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Figure 7.- Severe  storm measurement concept. 
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SURFACE RELIEF  STRUCTURES  FOR  MULTIPLE BEAM LO  GENERATION 

WITH  HETERODYNING  DETECTOR ARRAYS* 

Wilfrid B. Veldkamp 
Massachusetts  Institute of Technology 

Lincoln  Laboratory 
Lexington,  Massachusetts  02173 

Linear  and  binary  holograms  have  been  developed  for  use  in  heterodyne 
detection  with  10.6pm  imaging  arrays.  These  devices  match  the  amplitude 
and  phase of the  local  oscillator  to  the  received  signal  and  thus  maxi- 
mize  the  system  signal-to-noise  ratio  and  resolution  and  minimize  heat 
generation on the  focal  plane.  In  both  the  linear  and  binary  approaches, 
the  holographic  surface-relief  pattern  is  coded  to  generate a set of local 
oscillator  beams  when  the  relief  pattern  is  illuminated  by a single  plane- 
wave.  Each  beam  of  this  set  has  the  same  amplitude  shape  distribution  as, 
and  is  collinear  with,  each  single  element  wavefront  illuminating  array. 

INTRODUCTION 

High-resolution  infrared  laser  radars  (ref.  1)  often  suffer  from 
considerable  loss of image  quality  due  to  speckle  noise.  This  speckle 
noise  is  caused  by  the  constructive  and  destructive  interference of  wave- 
fronts  reflected  from a rough  target  and  from  the  large  spatial  coherence 
of the  laser  radiation  source.  The  only  feasible  way,  at  present,  to 
improve  the  speckle-degraded  image  quality  is  to  average a number  of  frames 
of the  scanned  image,  pixel  by  pixel.  The  frame-averaging  requirement  is 
for  very  high  scan  rates.  The  use of a detector  array  reduces  this  require- 
ment;  i.e.,  it  reduces  the  scan  rate  while  increasing  the  frame  rate. 

A problem  in  high-efficiency  heterodyne  detection  with  detector 
arrays  is  the  loss of heterodyne  efficiency  due  to  the  misalignment of 
signal  and  local-oscillator  (LO)  wavefronts  away  from  the  optical  axis 
when a single  uniform  local  oscillator  wavefront is used.  The  hetero- 
dyne  efficiency,  which is proportional  to  the  vector  dot  product  of  the 

*This  work  was  sponsored  by  the  Department of the  Air  Force. 
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signal  [ref. 2) and  the  local  oscillator  wavefronts  integrated  over  the 
entire  detector  area,  decreases  rapidly  with  angular  misalignment of  sig- 
nal  and LO wavefronts.  U%en  this  angular  misalignment  approaches 8 2 h/d 
where d is  the  detector  diameter,  the  detection  efficiency  falls  to 
approximately  zero.  This  destructive  interference  imposes a restriction 
on the maximum number, n, of  detector  elements  in an array  with  detector 
separation, s, and  at a distance, R, away  from a signal  exit  aperture, 

X R  n < < - .  - d s  

This  type af detection  efficiency loss can  be  alleviated  consider- 
ably  with  the  use of a cylindrical LO wavefront.  Other  sources of  detec- 
tion  efficiency  degradation  are  mismatches  between  signal  and LO wavefront 
amplitude  distributions  and  between  optimum  detector  size, d, and  the  sig- 
nal  diffraction  limited  Airy  spot  size.  These  detection  efficiency  losses 
can  be  quite  severe,  particularly  for  telescopes  with  high  obscuration 
ratio's  (see  figure 1). Finally  the  use  of a uniform-intensity  local 
oscillator  not  only  reduces  the S/N by  creating  excess LO noise  but  also 
generates  excess  focal-plane  heat  and  lowers  the  heterodyning  system's 
spatial  frequency  resolution.  Thus,  the  desirability of  an  amplitude  and 
angular  phase-matched  set  of LO's is  clear. 

In  our  approach, we used a holographic  surface-relief  grating  to 
generate a set  of Lo's. A uniform  plane-wave  of a single LO illuminates 
the  grating so that the reflected  light,  after  passing  through  the 
detector  focussing  lens,  consists  of a fan  of N plane  waves  focussed  on 
each of the N detectors  in  the  array in phase  with  the  incoming  signal 
(see  figure 2 ) .  In  addition, if the  virtual  exit  aperture  calculated 
fo r  the  signal  beam  path  is  replaced  by a real  aperture,  then  the  size of 
the  holographic  grating can be  chosen  to  equal  or  exceed  the  size  necessary 
to  obtain  diffraction-limited LO amplitude  distributions  of  the  same  size 
as  the  signal  amplitude  distribution.  The LO amplitude  distribution  then 
must  have  enough  spatial  frequency  bandwidth  in  the  Fourier  domain  to 
exceed  the  spatial  frequency  bandwidth  set  by  the  real  exit  aperture  acting 
as a low-pass  filter.  Consequently,  the  optical  signal  wavefronts  and  the 
LO wavefronts  are  space-limited  by  the  same  low-pass  filter and exact 
signal-to-LO  diffraction-limited  amplitude  matching  occurs. 

Two techniques  were  developed  to  generate  the  necessary  high-accuracy 
optical-phase  relief  gratings.  The  first  approach,  called  the  linear  or 
optical  technique  used  the  classical  concept of holographic  recordings  in 
photosensitive  materials  (positive  photoresist). In the  recording  step, 
an optical  wavefront  simulating  the LO wavefronts  is  recorded  in  photoresist 
at a blue  or  near W wavelength  that  matches  the  resist  sensitivity.  In  the 
reconstruction  step, a scaled  IR  optical  wavefront  simulating  the LO's is 
generated  by  reilluminating  the  recording  with  an  IR  (10.6um)  plane  wave. 

The  second  approach  called  the  binary or  synthetic  technique  uses a 
real  non-negative  coding  scheme  to  generate a complex  wavefront  with  binary 
7r-phase  steps  deposited on a reflective  substrate.  When  this  substrate  is 
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reilluminated  with a plane  wavefront  of  the  appropriate  wavelength, a 
uniform  set of uniform  plane LO wavefronts  is  generated  without  any  need 
for a previous  optical  recording. 

HOLOGRAPHIC  GRATING  FABRICATION 

The  Linear  Technique 

In  the  linear  (optical)  technique  (see  figure 3 ) ,  a phase-holographic 
recording  of a reference  wavefront  and an information  wavefront  are  made 
in  ph  toresist (AZ 1350-5)  with  the  use of an Argon  ion  laser  beam  tuned  to 
4579 Ei . The  information  beam  consists  of a set of N plane-waves  generated 
by a scaled  metallic  mask  containing  apertures  simulating  the  detector  array. 
Each  aperture  in  the mask acts  as a point  source  that  generates a plane-wave 
by  lens  Fourier  transformation  or  by  propagation,  depending on the  size of 
the  apertures.  The  information  beam  is  mixed  with a uniform  plane-wave  at 
an  angle 8 , and  the  interference  pattern  is  recorded on a pretreated  sub- 
strate  coaked  with  photoresist  (see  figure 4) . The  coherent  exposure 
records  the  interference  pattern  in  the  photoresist  by  deactivating a 
photoactive  inhibitor  compound  with a deactivation  density  proportional 
to  the  optic  field  intensity  distribution.  In  the  following  resist  development 
step,  the  light  exposure  distrib  tion  is  transformed  into a relief  pattern 
at a rate  of  approximately 1500 1 /sec  (ref. 3 ) .  The  relief  depth  controls 
the  ultimate  diffraction  efficiency of the  grating  (refs. 4 and 5). 
Because of the  mechanical  instability  of  the  resist,  the  relief  pattern 
must  be  transferred  to a mechanically  stable  and  highly  reflective 
substrate.  This  can  be  done  by  ion-beam  etching  chemical  wet  etching,  or 
electroplating. 

Reillumination of the  holographic  relief  grating  with  IR  light will 
recreate a set  of N uniform  plane-wavefronts  scaled in angles BIR and  in 
spatial  coordinates X in  the  image  domain  according  to  the  first-order 
expressions  shown  in & u r e  4. It  can  be  shown  that  of  the  Seidel  aberra- 
tions  caused  by  the  mismatch  of  the  three  wavefronts,  only  distortion  can 
not  be  avoided in Fourier  holograms  undergoing a wavelength  transformation. 
(ref. 4). However,  the  positions of the  apertures  in  the  object  mask 
simulating  the  detector  array  have  been  calculated  and  predistorted  to 
compensate  for  this  mismatch. 

Typical  mask  apertures  used  in  these  experiments  were  8vm in diameter  and 
positioned  at  approximately  25um  intervals.  Position  accuracy  was  better 
than lw. The  large  wavelength  scaling  ratio X /X 2 23 caused  the 
interference  angle e to  be  very  small,  approxi&e?y 1.3' , and  required 
the  use  of a Mach-Zehder interferometer  recording  arrangement  with a beam 
expander  and  spatial  filter  in  one  branch  and  the  metallic mask in  the 
other.  Better  than X/50 optics  were  used  throughout  the  recording  arrange- 
ment. 
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The  three  problem  areas  of  the  technique  are (1) substrate  reflections, 
(2) resist  deposition  flatness  quality,  and (3) dynamic  range of the  optic 
field  and  resist  non-linearities.  We  chose SKN-5 glass  as a substrate 
material  and AR coated  the  back  side  with 1/4 X MgFZ  to  avoid  the  formation 
of serious  interference  nodes  in  the  plane  of  the  resist  due t o  reflection 
from  the  resist-substrate  and  substrate-air  boundaries.  The  refractive 
index of SKN-5 glass  closely  matches  that of AZ-135OJ resist (n 2 1.675). 
Of course,  refractive  index  matching  with  the  liquid  glycerol  in  contact 
with  black  chrome  can  reduce  reflections  even  more.  The  deleterious  effects 
of substrate  reflections  are  important - - even a 1% residual  reflection  can 
cause a 20 or 30% change  in  developed  relief  height. 

Microfinish  and  macroflatness  are  also  important  for  good  reconstruction 
image  quality.  Microfinish  imperfections  cause a random  relief  pattern  in 
the  developed  photoresist  rather  than a smooth  etching  surface  and  in  turn 
cause a noisy LO background.  The  deposition of a uniformly  thick  resist on 
a one-inch  substrate  was an extremely  difficult  problem  in  our  effort  to 
develop  high  quality (i .e. , large  array)  linear  holographic  beam  formers. 
To some  extent,  all  our  samples  exhibited  the  characteristic  doughnut 
resist  spinning  profile  together  with  resist  redepositions  from  scattering 
in  the  spinner  bowl  (even  in an acetone  atmosphere).  These  nonuniformities 
are  very  destructive  for  holographic  recordings  where  the  lowest  and  incre- 
mental  spatial  frequencies  are 0.25 lines/mm. 

A third  problem  concerns  the  large-intensity  dynamic  range  of  the 
information  beam  and  the  limited  materials  linearity.  The  material  non- 
linear  distortions  have  been  studied  by  many  researchers  (refs. 6 and 7). 
They  are  particularly  severe  in  thick  resist  layersZ A coherent  super- 
position of  plane-waves  leads  to a [sin Nx / sin x] intensity  distribu- 
tion.  The  minimum  dynamic  range  that  needs  to  be  recorded  is 23 db. The 
only  feasible  way  to  reduce  the  dynamic  range of the  information  beam  is 
to  introduce.randomizing  phases  in  each of the  apertures  forming  the  mask. 
Considering  the  microscopic  size  of  the  mask,  this  is not an easy  task. 

Figure 5 shows a single  HgCdTe  detector  scan  past  the  focussed 
IR(10.6pm)  image of a three-element  mask  that  forms a three-beam  amplitude- 
shaped LO. These  three LO beams  are  separated  by 530um, using  the  magni- 
fication of a 12 cm focal  length  lens,  exhibit a very  low  optical  noise 
background,  and  produce an optical  conversion  efficiency  of  approximately 
12%. The  width  of  the LO beams  is  controlled  by  the  low-pass  filtering 
characteristics of the  exit  aperture  or  by  the  relief  hologram's  size. 

It  is  our  experience  that  with  this  technique  and  its  severe  limita- 
tions of photoresist  linearity  and  large  dynamic  intensity  range  of  the 
optic  field, a maximum  of 8- to  10-high  optical-quality LO beams  per 
linear  dimension  with an arbitrary  spatial  distribution  can  be  generated. 
This  number  of LO'S can, of course,  be  increased  somewhat  if  lower  and 
lower  power  conversion  efficiencies  can  be  tolerated. 
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The  Binary  Technique 

In  the  binary  (computer  lithographic)  technique  (see  figure 3), a 
grating  is  formed  by a reflective  substrate  on  which a series of small 
reflective  strips  separated  by an air  gap  have  been  deposited.  The 
position  and  width  parameters  of  these  strips  can  be  used  to  code a com- 
plex  object  wavefront  using  the  phase  detour  principle  in a real  non- 
negative  functional  form so that  the  wavefront can be  regenerated  by 
optical  means. 

Our  goal  is  to  generate a fan  of N uniform  plane-waves  that  are 
focussed  by  the  system's  exit  lens  onto  each of the N elements of a 
detector  array  with  equal  intensity. This approach  requires a Fourier 
superposition  of  plane-waves of the  form, 

1 - C Aoe 
N 2n j nax 
n=l 

where  the  propagation 
uration  and  the  focal 

vector k = 2 m  is  determined  by  the  detector  config- 
length, f,  of  the  lens.  That  is, 

Xfcx = d + s (3) 

where d + s is  the  detector  spacing  (see  figure 6). The  system's  exit  lens 
focal  length  is  in  turn  determined  by  the  necessary  signal  and LO spot  sizes 
to  be  matched  to  the  detector  size,  i.e., 

for a grating  size  of  diameter D. The  comtination  of  expressions 3 and 4 
yields a spatial  frequency  of cx 0.437  10  l/meter  from our system  param- 
eters. 

To avoid  overlap  with  the  strong  undiffracted  beam  components,  this 
collection of plane-waves  must  be  placed  on a spatial  carrier  frequency 
that  diffracts  the  light  at an angle B .  This  carrier  frequency  (or 
equivalently,  diffraction  angle)  must  be  chosen  judiciously so that  no 
signal  aliasing  occurs  between  the  different  diffraction  orders,  yet  must 
be  large  enough so that  the  fringe  periodicity  is  not  limited  by  the 
pattern  generator  resolution.  From a simplified  analysis  outlined  in 
figure 6, one  can  determine  that for a diffraction  angle B of only a 
few  degrees,  the  fringe  accuracy  over a 750 mils  holographic.grating 
must  be  in  the  order of 500 8 if a 10% LO misalignment c m  be  tolerated. 
This  is a very  high  accuracy  requirement. 
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There is, however,  another  choice:  the  grating  carrier  frequency of 
period T can  be  changed  from  either  parallel (x direction)  to  or  orthogonal 
(y direction)  to  the  carrier  frequency 1/T. After  the  orthogonal  place- 
ment of carrier  and  information  spatial  frequencies, Bmax equals  Na/2, 
and  the  grating  tolerance  is  greatly  relaxed  to an accuracy of a few  um 
over  the  holographic  surface. 

The  required  phase of the LO wavefront $(y) can,  therefore,  be 
described  by 

(5) 
n= -N/ 2 

or  

n= 1 

Unfortunately,  the  phase $(y) that  describes  the  plane-wave  superposition 
cannot  be  extracted  in  real  form  for  substitution  in a phase  detour  equa- 
tion.  This  problem  can  be  remedied  by  creating a composite  grating of 
period T and  shifting  its  reflection  by a phase  exp(j7r/2) or ,  equivalently, 
a T/2  period.  If  this  plane-wave  distribution  generated  by  the  composite 
grating  is  equated  to  the  required  superposition  of  plane-waves,  one  finds 
the  holographic  phase  modulation @(y) of each  fringe,  i.e., 

-1 1 N/ 2 
@(y) Q sin [m(7 + C cos  2nna) J 

n=l 

where m is  proportional  to  the  modulation  depth of the  fringes. 

The  dynamic  range  of  this  phase  distribution  and  that  of  the  Renerated 
optic  field  can  be  reduced  considerably  by 
factor exp(j$,)  to each of the  plane-waves 

@(y) = sin [- (z + 
-1 m 1 

m 

introducing a randomizing  phase 
in N/2 conjugate  pairs, 

In  our  system, we have  chosen a deterministic  binary  phase  code  (ref. 8) ,  
$ (0 OIO,n,O,O,n,O) that  yields a dynamic  range  reduction  of  at  least (m7 - . Many  other  binary  and  polyphase  codes  exist  (ref. 9 )  that 
bound  the  amplitude  dynamic  range  of a plane-wave  superposition.  This  ran- 
domizing  phase  factor  has  the  same  effect  as  introducing  microscopic  phase 
plates  in  the  mask  apertures  in  the  optical  technique.  It  simply  randomizes 
the  phases  between  the LO'S but  maintains a constant  phase  over  each  detector 
surf  ace. 
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Each  plane-wave  component  of  this sum, therefore,  interferes  with  the 
incident  reference  wavefront  exp(21~j x/h sinB).  Using  the  Bragg  condition, 
the  reference  wavefront is exp(21~j x/T). The  resulting  interference  fonns 
a fringe  pattern  that  satisfies  the'  following  periodic  equations  (phase 
detour  principle): 

where T is  the  periodicity  or  distance  between two homologous  points  along 
the  grating. A partial,  strongly  aberrated,  visible-light  (HeNe)  recon- 
struction of a 17"element LO array  is  shown  in  figure 7. 

A high  resolution  pattern  generator  uses  equation (7) to  generate a 
hologram  large  enough  to  satisfy  the  required  space-bandwidth  product  by 
repeatedly  plotting  the  fringe  pairs  of  equations (8). The  holographic 
patterns  were  initially  generated  at 5X magnification  on a Kodak  emulsion 
plate  using a blann 1600-A  pattern  generator.  The  building  block  rectangle 
size  was 38 x 2 mils  with 0.5 mil  accuracy  on a 5X reticle.  In  order  to 
use a pattern  generator  with  this  limited  accuracy  we  had  to  enhance  its 
accuracy  and  resolution  artificially.  This  was  done  by  plotting a reticle 
of a single  square  holographic  unit  cell  and  by a 5X photoreduction.  Then 
with a step-and-repeat  process,  the  hologram  was  built  up  of  these  unit 
cells  to  its  diffraction-limited  size.  Another 5X photoreduction  brought 
the  mask  down  to  its  final  size  while  maintaining  the  absolute  spatial 
frequency  of  the  grating.  This  process,  of  course,  also  reduced  pattern 
generation  time  considerably  to  approximately 8 1 / 2  hours. 

The  resulting  phase  quantization of the  highest  image  spatial  frequency 
component  was 80 and  the  amplitude  quantization  was 20. The  effects  of  these 
quantizations  are  difficult  to  analyze  (ref. 10). If,  however,  the  quantiza- 
tion  errors  are  assumed  to  be  uniformly  random,  then it can  be  shown  that 
optimum-magnitude  quantization  depends  on  the nmber of  phase  quantizations, 
N via  [sin(7r/N ) /  (n/N ) ] , i. e. , amplitude-phase  coupling  between  errors 
e%sts  (ref. 11~. P 
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acuity.  Ion  beam  bombardment of the  relief  surface  transfers  the  developed 
resist  pattern  into a stable  substrate.  The  ion  beam  etching  applies  to 
both  linear  holograms  (where  the  resist  is  not  developed  away  down  to  the 
substrate)  and  binary  holograms  (where  it is). By  choosing a suitable 
substrate  with a high  ion-beam-etch  ratio  compared t o  the  resist, we can 
take  advantage of the  resist-substrate-et  magnification  ratio,  i.e., 
AZ1350:ST-quartz:Poly-GaAs = 150:279:575 8" /min.  The  cleanup  of  the 
residual  resist  and  organics  was  performed  by  immersing  the  sample  in a 
plasma  of 97% He  and 3% 02. Figure 9 shows  these  pr  cessing  steps  for 
both  the  linear  and  binary  techniques. A final 800 1 chrome-gold  coating 
provides  the  needed  reflection  for  efficient  power  conversion  (see  figure 10). 

These  binary  gratings  were  also  tested  by  scanning  the  focussed  first- 
order  diffracted  wavefront  with a single  HgCdTe  detector  obscured  by a low 
pinhole.  The  result of this  one-dimensional  scan of the  17-element LO beam 
profile  is  shown  in  figure  11.  The LO beams  were  separated  by  112pm, 
consistent  with  the  detector  separation in the  array.  They  exhibited  low 
optical  background  noise.  The  orientation  and  periodicity (T = 3 mils) of 
this  grating  were  chosen  such  that a 90' relationship  existed  between  the 
incident  wave  and  the  first  diffraction  order.  The  nonunifomities 
between  the  different LO elements  are  assumed t o  be  due  to  the  inaccur- 
acies in the  step-and-repeat  process  that  generated  the  grating  from  the 
individual  unit  cells.  This  step-and-repeater  had a position  accuracy 
of  only 0.5 mils  (approximately  one  wavelength)  and  imposed a periodic 
modulation on the LO amplitudes,  whereas  the  low  amplitude  of  the  center 
LO was  traced  to a mathematical  error  in  the  program  that  generated  the 
mask. 

DISCUSSION 

We  have  shown  the  feasibility of generating a set  of LO's that  are 
matched  in  amplitude  distribution  and  angular  phase  with  the  incident  sig- 
nal  wavefronts  on 1- or 2-D detector  arrays  with  the  use of holographic 
relief  gratings  by two different  techniques. 

The  number  of LO's that  can  be  generated  with  linear  holograms  in  the 
optical  technique  is  limited  by  the  high  dynamic  range  of  the  optic  field 
and  by  resist  linearity.  Therefore,  this  technique,  although  useful,  is 
restricted  to  small  detector  arrays  (a  maximum of  10  detectors  per  linear 
dimension)  such  as  symmetrical  detector  configurations  used  for  tracking 
purposes. 

The  binary  technique  has  its  limitations  also,  even  though  it  elimin- 
ated  or  reduced  the  problems  of  substrate  reflections,  resist  flatness,  and 
dynamic  range  that  hampered  the  optical  technique.  The  major  problems  with 
the  binary  technique  are  pattern  generator  accuracy,  resolution,  and  genera- 
tion  time.  In  addition,  at  high  diffraction  angles  or low periodicities 
the  fringe  duty  cycle and the  phase  modulation  depth  must  be  reduced  more 
and  more.  When  the  fringe  spacing  becomes  comparable  to  the  wavelength 
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(i.e., < SA), the  concept  (in  terns  of  constructive  interference  of  waves 
that  are  specularly  reflected)  on  which  this  theory  is  based  no  longer 
applies  to  surface  dimensions  comparable  to  the  wavelength  of  the  illumi- 
nating  light.  For  instance,  in  figure 8, a picture  of an earlier  mask  with 
T 2 5 0 ~ 1 ,  m = 1 and 20% fringe  duty  cycle  (i.e.,  T/10  fringe  width),  we 
still  observed  strong  polarization  effects,  resonances,  and  possibly  surface 
plasmon  effects  (ref.  12).  Reducing  the  grating  periodicity  and  phase  modula- 
tion  range  unfortunately  also  reduces the diffraction  efficiency.  The  coding 
method  we  have  discussed  is  by  no  means  the  only  or  most  efficient  one.  Many 
more  elaborate  codes  exist  (ref. 13). It seems  feasible  to  illuminate a 100- 
element  heterodyning  linear  detector  array  with LO beams  from a single  binary 
grating  with  reasonable  power  efficiency. 

"The  views  and  conclusions  contained  in  this 
document  are  those  of  the  contractor  and  should 
not be interpreted  as  necessarily  representing 
the  official  policies,  either  expressed  or  implied, 
of  the  United  States  Government." 
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(a) Uniform LO i l l umina t ion .  
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(b) Amplitude  shape  matched LO i l l u m i n a t i o n .  

Figure 1.- Heterodyne  eff ic iency as a func t ion  of de t ec to r / s igna l -  
s p o t - s i z e   r a t i o .  
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Figure 2.- Holographic  generation of a rnultibeam local   osci l la tor .  
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Figure 3 . -  Characterist ics of l inear  and binary  reflection holograms. 
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Figure  4.- Formation of a l i n e a r   h o l o g r a p h i c   g r a t i n g .  

EXPERIMENTAL RESULTS - 3 ELEMENT ARRAY 
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OISTANCE 

Figure  5.- An i n t e n s i t y   s c a n  past a three-element I R  (10.6pm) l o c a l  
o s c i l l a t o r   g e n e r a t e d  by a l i n e a r   h o l o g r a p h i c   g r a t i n g .  
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DETECTOR 
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Figure  6.- LO alignment  dependence on f r inge   pos i t i on   accu racy .  

Figure  7.-  A s t r o n g l y   m a g n i f i e d ,   a b e r r a t e d , - v i s i b l e   l i g h t  (HePJe) recon- 
s t r u c t i o n  of a 17-element LO beam from a b i n a r y   g r a t i n g .  
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F i g u r e  8.- Enlarged  photograph of a s e c t i o n   o f  a binary  mask,  T = 50um, m = 1. 
The i n s e r t  shows a s e c t i o n   o f  a compressed   con juga te   f r inge  pair .  

GENERATION OF MASKS 
OPTICAL OR SYNTHETIC 

CHROMIUM EVAPOWTION 

B I M R Y  LUISK UJNTKT PRINTING 

I 

1 aupsITz SUBSTRPTE 

Figure 9 - -  P r o c e s s i n g  steps i n   t h e   f o r m a t i o n   o f   l i n e a r  and b i n a r y  re l ie f  
g r a t i n g s .  
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Figure 10.- A photograph of a 3/4 inch  gold  coated  binary  holographic 
g r a t i n g  on a poly-GaAs s u b s t r a t e .  
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Figure 11.- An I R  (10.6pm) detector   scan past a focussed  wavefront 
generated by a 17-element  holographic  binary  grating. 
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D I A L  WITH HETERODYNE DETECTION INCLUDING SPECKLE  NOISE: 

AIRC€?A.E'T/SHUTTLE  MEASUWMENTS OF 03, H 2 0 ,  AND NH3 WITH 

PULSED TUNABLE C 0 2  LASERS 

P h i l i p  Brockman, Robert v. H e s s ,  Leo D. S ta ton ,  and Clayton H. Bair 
Langley  Research Center 

INTRODUCTION 

There is  g r e a t  need for  atmospheric  trace  consti tuent  measurements  with 
h igher   ver t ica l   reso lu t ion   than   a t ta inable   wi th   pass ive   rad iometers .   In f ra red  
( I R )  DIAL, which  depends on Mie s c a t t e r i n g  from aerosols ,   has   special   advantages 
for   t ropospher ic  and lower   s t ra tospher ic   appl ica t ions  and has   g rea t   po ten t i a l  
importance  for  measurements from S h u t t l e   ( r e f .  1) and a i r c r a f t .   D i f f e r e n t i a l -  
absorption LIDAR data   reduct ion  involves  comparing large  ampli tude  s ignals  which 
have small d i f f e rences .  The accuracy  of  the  trace  consti tuent  concentration 
in fe r r ed  from D I A L  measurements  depends  strongly on the   e r rors   in   de te rmining  
the  amplitude  of  the  signals.  Thus,  the commonly used SNR express ion   ( s igna l  
divided by noise   in   the  absence of s i g n a l )  i s  not  adequate t o   d e s c r i b e  D I A L  
measurement  accuracy and must be  replaced by an expression which inc ludes   the  
random coherent   (speckle)   noise   within  the  s ignal   ( refs .  2 ,  3 ,  and 4 ) .  A com- 
prehensive D I A L  computer  algorithm  (ref. 5) is  modified to   inc lude   he te rodyne  
de tec t ion  and speckle   noise .   Resul ts  of a parametr ic   s tudy  are   presented and 
comparisons  with  direct   detect ion  are   discussed.  Examples a re   g iven   for  mon- 
i t o r i n g   v e r t i c a l   d i s t r i b u t i o n s  of 0 , H 0, and NH using a ground-, a i r c r a f t - ,  
or   Shut t le-based  pulsed  tunable  CO 31aser D I A L  system. 2 3 

2 

ANALYSIS OF D I A L  SENSITIVITY WITH HETERODYNE DETECTION 

ence 
The expectat ion  value P of t he  number of  measured  photons  from  one  coher- 
area  of a s c a t t e r i n g   c e l l   a t   r a n g e  R of length  A r  i s  

where Q = d e t e c t o r   e f f i c i e n c y ,  r = o p t i c a l   e f f i c i e n c y ,  E = l aser   energy ,  
6 = 180° backsca t t e r   coe f f i c i en t  per length   per   s te rad ian ,  Ar = ce l l  length  = - CT 

T = i n t eg ra t ion  time, V = frequency, A = t r ansmi t t e r   a r ea  (= r e c e i v e r   a r e a   f o r  
heterodyne system w i t h   s i n g l e   d e t e c t o r ) ,  5 = e x t i n c t i o n   c o e f f i c i e n t   ( t o t a l  
minus t h a t  of  measured g a s ) ,  CS = absorpt ion  coeff ic ient   of  measured gas ,  and 
p = density  of  gas  being  measured. 

2 '  

1 I n   d i f f e r e n t i a l   a b s o r p t i o n ,  measurements are made of t w o  f requencies  

t e l e c t e d   t o  maximize s i g n a l  and d i f f e ren t i a l   abso rp t ion  of the  species   being 
easured  while   minimizing  interference  effects .  The doub le   r a t io   o f   s igna l s  a t  
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adjacent  scattering cel ls  a t  t w o  f requencies   yields   information  about  absorp- 
t i o n   i n   t h e   r e g i o n  between t h e   s c a t t e r i n g  cells. 

where P i j  = expectation  value  of measured r e t u r n  from c e l l  j a t  frequency i 
B i j  = b a c k s c a t t e r   c o e f f i c i e n t  from ce l l  j a t  frequency i, AO = absorpt ion 
coe f f i c i en t   d i f f e rence  between frequencies  1 and 2 ,  A< = ex t inc t ion   coe f f i -  
c i en t   d i f f e rence  between  frequencies 1 and 2 (not  including  gas  being  measured) 
i = 1 or 2 f requencies  on o r   o f f   a b s o r p t i o n   l i n e ,   r e s p e c t i v e l y ,  and j = 1 o r  2 
f o r   d i s t a n c e s  R 1  and R2 ,  respec t ive ly .  For s c a t t e r i n g  cells of   equal   length 
the   r e so lu t ion   l eng th  R2- R 1  e q u a l s   t h e   s c a t t e r i n g  cel l  length  n r .  The term 

In B21 i s  a cor rec t ion  term due t o  changes in   backsca t t e r ing   w i th   f r e -  

quency across s c a t t e r i n g  cells. The term 2 /  ( A t )  d r  is a correction  due t o  

in t e r f e ren t   spec ie s .   Var i a t ion   i n   backsca t t e r  and in t e r f e ren t   abso rp t ion  a t  
the  t w o  f requencies  w i l l  r e s u l t   i n   b i a s e s   i n   t h e   i n f e r r e d   c o n c e n t r a t i o n s .  
These b i a ses  can  be  reduced by carefu l   f requency   se lec t ion  and p a r t i a l l y   c o r -  
rec ted  by using a p r io r i   i n fo rma t ion  and a u x i l i a r y  measurements.  For  an op t i -  
c a l l y   t h i c k   s p e c i e s ,  a s e r i e s   o f  "on" frequencies  i s  r e q u i r e d   t o  maximize s e n s i  
t i v i t y  a t  v a r i o u s   a l t i t u d e s .  

p 1 1  622 R2 
R 1  

The random e r r o r   i n  p,  which is  ca l cu la t ed  assuming t h a t   s i g n a l   p l u s  
background a r e  measured  during  each  pulse  and  that  background is  measured 
between pulses  and subt rac ted ,  w i l l  depend on t h e  random e r r o r  i n  t h e  measure- 
ment of 

(6P 

Pi, .  The unce r t a in ty   i n   t he   i n fe r r ed   concen t r a t ion  ( 6 ~ ) ~  i s  given by 

( 3  

where N is the  number of pulse p a i r s  per measurement  and SNR is  t h e   s i n g l e  
pulse   s ignal- to-noise   ra t io .   For   heterodyne  detect ion,   the   major   errors   in  
P i ,  are due t o  quantum n o i s e   i n   t h e   l o c a l  oscillator and f luc tua t ion   no i se  ir; 
the   r e tu rn   s igna l .  

The he te rodyne   s igna l - to -no i se   r a t io   fo r  a single  coherence volume 
P i  j 

P i ,  + BT 
is  l imi ted   to   1 .0   due   to   the   speckle   no ise   in   the   re turn   s igna l .  Th 

number of coherence   l engths   per   sca t te r ing   ce l l  is  BT. The number of coher- 
ence  areas  viewed by t h e   d e t e c t o r  i s  M ,  where M i s  t h e   r a t i o  of r ece ive r  t o  
t r ansmi t t e r  area. For heterodyne  detection an ind iv idua l   de t ec to r  i s  required 
for  each  coherence area. The s ingle   pu lse   s igna l - to-noise  ra t io  for  determin- 
ing   t he   s igna l  from a s c a t t e r i n g   c e l l  is  then 

' I  

SNR = + BT 
& 
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I 

where BTM i s  the  number of s ta t is t ical ly   independent   samples  from a scat- 
t e r i n g  cel l  f o r  a s ing le   pu lse .  The post-detection  bandwidth B is con- 
s t r a ined  by matching  with  pulse  duration (B < l/Tp) and  by the  width of 
atmospheric spectral l i n e s .  The in t eg ra t ion  t i m e  T is  cons t ra ined   by   ver t i -  
cal resolut ion  requirements .   Neglect ing  the  system  error  terms, t h e  random 
e r ro r   i n   dens i ty   fo r   he t e rodyne   de t ec t ion   w i th  bandwidth B ,  i n t e g r a t i o n  t i m e  
T, N pulse  pairs, and M coherence areas with  one  detector per coherence 
a rea  i s  

1 
2 2  

( 6 p I 2  = ” 2 (2AaAr) i=l j=1 
i j  

For N pu lse  pairs and M de t ec to r s ,   t he  SNR 
- 

JBTNM is  maximized P;; + BT 
f o r  a g iven   t o t a l  laser energy per measurement (a NMPi,)  when the   l aser   energy  
pe r   pu l se   pe r   de t ec to r  is  se l ec t ed  so t h a t  P i j  BT. For tha t   condi t ion   an  
approximate  solution  to  equation (5) i s  

AJ 

L I I A n  - ~ rn 

T h i s   e q u a t i o n   i l l u s t r a t e s   t h a t  6p i s  independent  of p and propor t iona l  t o  
l/Ao wi th in   t he   cons t r a in t   t ha t   t he  two-way integrated  absorption  through  the 
atmosphere  does  not l i m i t  P i j  t o  less than BT. Equation (6) a l s o   i n d i c a t e s  
t he   s t rong   e f f ec t  of  range  resolution on measurement e r r o r .  The number of 
pu l se   pa i r s   r equ i r ed   t o   ma in ta in  a constant  measurement e r r o r  is  propor t iona l  
t o   t h e   i n v e r s e  cube  of the  range  resolut ion.  

COMMENTS ON DIRECT DETECTION 

Di rec t   de t ec t ion  can  have  advantages  over  single-detector  heterodyne 
de tec t ion  when s igna l   l eve l s   a r e   h igh   s ince   d i r ec t   de t ec t ion   a l lows   ave rag ing  
over  multiple  coherence  areas  with a s ing le   de t ec to r .  The major  disadvantage 
of d i r e c t   d e t e c t i o n  is  background  noise  which is  l imi ted  by o p t i c a l   f i l t e r s  
( 2 ,  10l1 H z )  compared w i t h   t h e   e l e c t r o n i c   f i l t e r s  ( l o 6  t o  10 9 H z )  for  heterodyne 
de tec t ion .  Reducing t h e  background  noise by reducing   the   f ie ld  of  view w i l l  
r e s u l t   i n  an increase   in   speckle   no ise .  

The d i r ec t   de t ec t ion   s igna l - to -no i se   r a t io   can  be w r i t t e n  as a funct ion 
of M ,  t he  number of  coherence  areas, and t h e   t o t a l   d i r e c t   d e t e c t e d   s i g n a l  
P i j  = !Pi,. The SNR f o r   d i r e c t   d e t e c t i o n  (assuming  zero  detector  noise,  
r e f .   3 )  is  

(I?; BT + (GDMTIBT + - 
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Equation (7) includes a speckle term P l j  /M, a Poisson term P r . B T ,  and a 
background term (GDMT)BT. In   equat ion  (7)  , G is  t h e  background s i g n a l   i n  
detected  photons/sec/Hz per coherence area, M i s  t h e  number of coherence 
areas, and D is  the  bandwidth  in Hz o f   t h e   o p t i c a l   f i l t e r .  Maximization  of 
t h e   d i r e c t   d e t e c t i o n  SNR wi th   respec t  t o  the  number of coherence areas occurs  
when M is  s e l e c t e d  so t h a t   t h e  background  and  speckle terms are equal:  

2 
1 7  

Y A l l -  
J2 JGBD T 

For t h i s   c o n d i t i o n ,   t h e   c r i t e r i o n   f o r   d i r e c t   d e t e c t i o n  SNR t o  exceed t h e  
s ingle-detector   heterodyne  large  s ignal  SNR of fi is  f o r  P i j  >2T&. 

SENSITIVITY ANALYSIS FOR DIAL MEASUREMENT  USING 

HETERODYNE DETECTION WITH A SINGLE DETECTOR 

A comprehensive  computer  algorithm is  used t o  ca lcu la te   the   expec ta t ion  
values  of P i .  f o r   va r ious  measurement condi t ions.   Pressures ,   temperatures ,  
and gas   spec ids   dens i t ies   a re   input  from a midsummer midlati tude  atmospheric 
model. Trace   gas   spec ies   dens i t ies  can  be  modified  using  card  inputs. L i n e  
absorption  parameters are accessed from a comprehensive  data  base.  Sources 
f o r   l i n e   d a t a   a r e   g i v e n   i n   r e f e r e n c e  6. A t  each  a l t i tude,   molecular   absorpt ioi  
a t  V I  and V 2  is  ca lcu la ted   for   each   spec ies  by summing cont r ibu t ions  from 
a b s o r p t i o n   l i n e s   i n   t h e   v i c i n i t y  of the  laser   f requency.   Lorentz ,   Voigt ,  or 
Doppler l ine   shapes   a re   used  a t  appropr i a t e   a l t i t udes .  Water  vapor  continuum 
absorption is  added t o   t h e   l i n e   a b s o r p t i o n .   E x t i n c t i o n  due t o   p a r t i c u l a t e  and 
molecular   sca t te r ing  i s  summed with  molecular   absorpt ion  a t   each  a l t i tude  to  
g i v e   t h e   t o t a l  loss i n   e a c h   s c a t t e r i n g   c e l l .  The in t eg ra t ed  two-way loss is  
ca lcu la ted  by summing cont r ibu t ions  from a l t i t u d e   l a y e r s  between t h e   l a s e r  and 
the   ce l l   be ing   cons idered .  The backsca t t e r ing   coe f f i c i en t  6 is  ca lcu la ted  
by combining a 'Rayleigh  term,  which i s  small  a t  in f ra red   f requencies ,  and a M i :  
term. Mie backsca t te r   and   ex t inc t ion   for   the   cases  shown he re   a r e   ca l cu la t ed  
using  parameters  of  Deirmendjian's Haze L s i z e   d i s t r i b u t i o n   ( r e f .  7 ) .  The 
v e r t i c a l   a e r o s o l   d i s t r i b u t i o n  is  based on re ference  8 with a ground l e v e l  
concentration  (350  particles/cm3)  corresponding  to a 23-km v i s i b i l i t y .  
Figure 1 shows the  Mie c o n t r i b u t i o n   t o   t h e  volume backsca t t e r   coe f f i c i en t  used 
i n   t h i s   s t u d y  as a funct ion of a l t i t u d e   f o r  V = 927 -61 an-'. 

For a l l  s imula t ions   p resented ,   the   overa l l   sys tem  e f f ic iency ,  which i s  
the  product   of   opt ical  and  quantum e f f i c i e n c y ,  i s  s e t  a t  12.5%. The system 
e r r o r s  due t o   a m p l i f i c a t i o n  and d i g i t i z a t i o n  are set  a t  0.1%. For a i r c r a f t  
and ground-based  cases,  telescope  area i s  0.1 m2 and  bandwidth 1 0  Hz; f o r  
Shu t t l e   ca ses ,   t e l e scope   a r ea  i s  1 m2 and bandwidth l o 7  Hz. Bandwidths  have 
been  constrained by atmospheric   l ine  parameters  and by l a s e r  limits. P u l s e  
ene rg ie s   a r e   s e l ec t ed   w i th in   p rac t i ca l   l a se r   cons t r a in t s   t o  match s i g n a l   t o  
bandwidth  and the  number o f   pu l se   pa i r s  N is adjusted t o  obtain  reasonable  
measurement  accnracy. The "on"  and "off 'I frequencies  have been se l ec t ed  t o  be 
within  the  range  of  a s ing le   ra re   i so tope   mul t ia tmospher ic  CO laser l i n e .  USI  
of ra re   i so tope   l ines   min imizes   in te r fe rence  by atmospheric C 6  and use  of 

8 

2 
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closely  spaced "on"  and "off I' f requencies   min imizes   e r ror   due   to   var ia t ions   in  
backsca t te r  and in t e r f e r ing   spec ie s   abso rp t ion .  

Figure 2 d i sp l ays  O3 concent ra t ion   in  STP-ppb and measurement e r r o r   i n  
t h e  same u n i t s   v e r s u s   a l t i t u d e   f o r  measurement  from S h u t t l e  a t  250 km. The 
pulse  energy is  5 jou le s  per pulse   wi th  1000 p u l s e   p a i r s  per measurement. 
Telescope area is  1 m 2 ,  bandwidth is l o 7  Hz, r e so lu t ion  is 1.5 km below  30 km 
and 3 km above 30 km. Simulations are f o r  an "off"  frequency  of  1058.01 cm-l 
and "on" frequencies  of  1058.17,  1058.11, and  1058.19  cm-l. It should be 
noted   tha t  a f i ne   t un ing   o f   t he  "on"  frequency r e s u l t s   i n  a sha rp   va r i a t ion  
of a l t i t u d e  a t  which t h e   b e s t  measurement  can  be  accomplished. 

Figure 3 d i sp lays  ozone  concentration and e r r o r   i n  STP-ppb f o r  a measure- 
ment  from a i r c r a f t  a t  10.5 k m  l ook ing   e i the r  upward o r  downward. Pulse  energy 
is  0.05 jou les ,   t e lescope   a rea  is  0.1 m2,  bandwidth is  lo8  Hz, and  ''on'' f r e -  
quency is  1058.20 c m  . In   t he  case of a i rc raf tmeasurements   the  "on" Erequency 
s e l e c t i o n  is  s implif ied  s ince  the  s ignal   does  not   have  to   pass   through  the  ozone 
bulge. Two cases  are p resen ted   i n   o rde r   t o  i l l u s t r a t e  the   s t rong   i n f luence  of 
range  resolut ion on number of   pulses   required  for  a measurement. The s o l i d  er- 
ror l i n e  is  f o r  3000 pu l se   pa i r s   w i th  a resolution  of  0.5 km below 6 km, 1 la 
from 6 t o  10 km, and 3 km above 10  km. The dashed   e r ror   l ine  is  f o r  100 pulse  
p a i r s   w i t h  a resolut ion  of   1 .5  km. The e r r o r s   a r e   n e a r l y   i d e n t i c a l  a t  low al-  
t i t u d e ,  which is  expected (see equation (6)  ) s ince   the  number of pulses  has been 
increased by approximately  the  cube  of   the  inverse   of   the   range  resolut ion.  

-1 

Figure 4 d i sp l ays  NH3 concentrat ion and e r r o r   i n  STP-ppb f o r  300 pu l se  
pairs with  operation from S h u t t l e   a t  an a l t i t u d e  of 250 km with 1 j ou le   pe r  
pu lse  and from a i r c r a f t  a t  an a l t i t u d e  of 10 km with 0.05 jou les   per   pu lse .  
Since NH3 is  not   heavi ly   a t tenuated,   only one s e t  of f requencies  is  required.  
The r e so lu t ion   fo r   bo th   ca ses  i s  1.5 km. 

Figure 5 d i sp l ays  NH3 concentrat ion and e r r o r   i n  STP-ppb f o r  a ground- 
based  measurement. The v e r t i c a l  NH3 d i s t r i b u t i o n  i s  the  same as shown i n  
f i g u r e  4. Fo r   t h i s   ca se  , the   t e lescope   a rea  i s  0 .1  m 2 ,  bandwidth is  lo8 H z ,  
''on''  frequency i s  927.32 cm-l, and "off"  frequency is 927.61 cm-l. The e r r o r  
curves   a re   for  a range  resolut ion of 1 .5  km using 300 pu l se   pa i r s .  The two 
e r r o r   c u r v e s   a r e   f o r   l a s e r   e n e r g i e s  of 0.05 J and 0.5 J. Note t h a t   f o r   t h e  

cases   i n  which E = 0.5 J, t he   l a rge   s igna l  l i m i t  

throughout   the  ent i re  measurement  range and t h e r e f o r e   t h e   e r r o r  is  nea r ly  
independent of a l t i t u d e .  

( ) z l  is  achieved 
P i ,  + BT 

Figure 6 is f o r   t h e  same condi t ions as shown i n   f i g u r e  5 with  the  excep- 
t i o n   t h a t   t h e  NH3 concentration  has  been  reduced by a f a c t o r  of 5. The e r r o r  
i s  p lo t t ed   on ly   fo r   t he  E = 0.05 J case.  Comparison  of f i g u r e  6 with   the  
0.05 jou le   cu rve   i n   f i gu re  5 i l l u s t r a t e s   t h e   e f f e c t  of concentrat ion on 
measurement e r ro r .  A t  low a l t i t u d e ,  P i j  2BT and t h e  measurement e r r o r s   a r e  
independent  of  concentration. A t  h ighe r   a l t i t udes  P i ,  <BT and the   increased  
in tegra ted   absorp t ion  a t  the   h igher   concent ra t ion   ( f ig .   5 )  results i n  an 
increased measurement e r r o r   f o r   t h a t   c a s e .  These NH3 d i s t r i b u t i o n s   a r e  
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t yp ica l   va lues  from  Langley  Research  Center  ground-based  infrared  heterodyne 
radiometer  measurements (ref. 9) . 

Figure 7 d i sp lays   pe rcen t  error i n  measurement of water vapor  concentra- 
t i o n   v e r s u s   a l t i t u d e   f o r  measurement  from 250 km f o r  a midsummer, mid la t i tude  
water vapor   d i s t r ibu t ion .  Measurement condi t ions  are 1 jou le  per pu l se ,  100 
pulse  pairs, l o 7  H z  bandwidth  and 1 m2 te lescope .  Two "on" f requencies   a re  
used a t  948.25  and  948.30 cm- i . The "off 'I frequency i s  a t  948.35 cm-l. Trop- 
ospheric  water  vapor is  p a r t i c u l a r l y  amenable t o  measurement  from space  s ince 
the  concentration  rapidly  increases  towards  the  ground.  Thus,   absorption i s  
h i g h   a t  low a l t i t u d e s  and the   in tegra ted   absorp t ion  from s p a c e   t o  low a l t i -  
tudes i s  r e l a t i v e l y  l o w .  For measurement  of water  vapor a t  h i g h e r   a l t i t u d e s ,  
t he  number of pu l ses  would have t o  be  increased. 

CONCLUDING REMARKS 

High v e r t i c a l   r e s o l u t i o n  measurement of atmospheric  trace  species  can  be 
achieved  using CO laser DIAL with  heterodyne  detect ion.   This   s tudy  indicates  
t h a t  maximum s e n s l t i v i t y   a t  minimum laser energy  per  measurement  requires 
mult iple   pulse   operat ion  with  the  energy  per   pulse   selected so t h a t   t h e  measure1 
photon r a t e  is  approximately  equal   to   the  detector  IF bandwidth. Measurement 
s e n s i t i v i t i e s   c a n  be  maximized  and i n t e r f e r e n c e   e f f e c t s  minimized by f i n e  ad- 
justment  of  measurement  frequencies  using  the  tunability  of  high-pressure  laser 
The use  of rare isotope  lasers   minimizes  loss due t o  CO atmospheric  absorption 

2 
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F igure  1.- Aerosol volume b a c k s c a t t e r i n g   c o e f f i c i e n t  as a func t ion   of  
a l t i t u d e  for V = 927.61 an-'. 
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Figure  2.- Ozone measurement  from 250 km. 
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Figure  4.- NH3 measurement  from 10  and 250 km. 
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HETERODYNE  SIGNAL-TO-NOISE  RATIOS I N  ACOUSTIC MODE SCATTERING  EXPERIMENTS 

William R. Cochran 
Youngstown S t a t e   U n i v e r s i t y  

Youngstown,  Ohio 

SUMMARY 

A s t u d y   h a s   b e e n  made o f   t h e   r e l a t i o n   b e t w e e n   t h e  SNR o b t a i n e d   i n  
h e t e r o d y n e   d e t e c t i o n   o f   r a d i a t i o n   s c a t t e r e d   f r o m   a c o u s t i c  modes i n   c r y s t a l -  
l i n e   s o l i d s   a n d   t h e   s c a t t e r e d   s p e c t r a l   d e n s i t y   f u n c t i o n .  It i s  shown t h a t  
i n   a d d i t i o n   t o   t h e   i n f o r m a t i o n   p r o v i d e d   b y   t h e   m e a s u r e d   f r e q u e n c y   s h i f t s   a n d  
l i ne   w id ths ,   measu remen t   o f   t he  SNR p r o v i d e s  a d e t e r m i n a t i o n   o f   t h e   a b s o l u t e  
e l a s t o - o p t i c a l   ( P o c k e l ' s )   c o n s t a n t s .   E x a m p l e s  are g i v e n   f o r   c u b i c   c r y s t a l s ,  
and   accep tab le  SNR v a l u e s  are  o b t a i n e d   f o r   s c a t t e r i n g   f r o m   t h e r m a l l y  
exc i ted   phonons  a t  10 .6  m i c r o n s ,   w i t h   n o   e x t e r n a l   p e r t u r b a t i o n   o f   t h e   s a m p l e  
n e c e s s a r y .  The r e s u l t s   i n d i c a t e   t h e   s p e c i a l   a d v a n t a g e s   o f   t h e   m e t h o d   f o r  
t h e   s t u d y   o f   s e m i c o n d u c t o r s .  

ANALYSIS AND DISCUSSION 

The r a t i o  of  mean s q u a r e   s i g n a l   c u r r e n t   t o  mean s q u a r e   n o i s e   c u r r e n t  
o b t a i n e d  a t  the   f r equency  f when laser  r a d i a t i o n   o f   f r e q u e n c y  Vo is mixed  on 
t h e   s u r f a c e  of a p h o t o c o n d u c t o r   w i t h  a spec t rum  G(v)   can   be   expressed  
( r e f .  1) i n   t h e   f o r m  

" - nG(Voff) 
N 

G i s  e x p r e s s e d   i n   n u m b e r s   o f   p h o t o n s   p e r   s e c o n d   p e r   f r e q u e n c y   i n t e r v a l   i n t o  
a coherence area and Q is  t h e   p h o t o c o n d u c t o r   q u a n t u m   e f f i c i e n c y .   I f  11 
r e p r e s e n t s   t h e  number   o f   e l ec t rons   p roduced   pe r   s econd   by   l i gh t   w i th  
f r e q u e n c i e s   i n  a bandwidth AV a n d   s o l i d   a n g u l a r   s p r e a d  R f a l l i n g  on area A ,  
t h e n  

I1 is t h e   t o t a l   e n e r g y   i n c i d e n t  p e r  s econd ,  P ,  d i v i d e d  by t h e   e n e r g y   p e r  
p h o t o n ,   m u l t i p l i e d  by the   number   o f   e l ec t rons   p roduced  by one   photon ,  i . e . ,  

I f   t h e   s o u r c e   o f  P i s  t h e   s c a t t e r i n g  of laser r a d i a t i o n   f r o m   a c o u s t i c  
waves o r  phonons   p ropagat ing   th rough a c r y s t a l l i n e   s a m p l e ,   t h e n   e q u a t i o n  (1) 
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c a n   b e   w r i t t e n   i n   t h e   c o n v e n i e n t   f o r m  

S S I 0  21 Y 
P P  

- = qP0 N A R hv  Av 

where Po r e p r e s e n t s   t h e   t o t a l  power i n c i d e n t   o n   t h e   s a m p l e ,  Ps t h e   t o t a l  
s ca t t e r ed   power ,   and  Av t h e   w i d t h   o f   t h e   s c a t t e r e d   l i n e .  The s c a t t e r i n g   o f  
r a d i a t i o n  b y   p r o p a g a t i n g   t h e r m a l l y   e x c i t e d   p h o n o n s   i n   c r y s t a l l i n e   s o l i d s   h a s  
been  analyzed by Born  and Huang ( r e f .  2 ) ,  s p e c i a l i z e d   f o r   b i r e f r i n g e n t  
c r y s t a l s  by Gammon and Cummins ( r e f .  3 ) ,  a n d   f o r   c u b i c   c r y s t a l s  by Benedek 
a n d   F r i t s c h   ( r e f .  4 ) .  For small a n g l e s   t h e  power s c a t t e r e d + i n t o   s o l i d   a n g l e  
R a t  t h e   p o i n t  R by t h e   a c o u s t i c   f l u c t u a t i o n   o f   w a v e v e c t o r  K i s  r e l a t e d   t o  
t h e   a u t o c o r r e l a t i o n   f u n c t i o n   o f   t h e   s c a t t e r e d   f i e l d ,  

Ps(K,R) = - d E ( 2 , t )  13 R2R, 
-+ C 

8.rr 

w h e r e   ( r e f .  4 ,  e q u a t i o n  4 6 )  

Here 1-I denotes  a p a r t i c u l a r   a c o u s t i c  mode (1-1 = 1, 2 ,  3 f o r   c u b i c   c r y s t a l s ) ,  
w t he   f r equency   o f  mode LI, V t h e   s c a t t e r i n g   v o l u m e ,   t h e   d i e l e c t r i c  
c o n s t a n t ,   a n d  p t h e   d e n s i t y  o f  t he   s ample .  511 is  i n   e f f e c t  a weight ing  
f a c t o r   w h i c h   d e t e r m i n e s   t h e   r e l a t i v e   i n t e n s i t y   o f   t h e   r a d i a t i o n   s c a t t e r e d  by 
mode 1-1, and is i t s e l f   d e t e r m i n e d   b y   t h e   a b s o l u t e   e l a s t o - o p t i c a l   c o n s t a n t s .  
I f   t h e   i l l u m i n a t e d   v o l u m e  of t h e   c r y s t a l  i s  w r i t t e n  as V = L A i ,  where A i  is  
t h e   c r o s s - s e c t i o n a l  area o f   t h e   i n c i d e n t  beam and L t h e   s c a t t e r i n g   l e n g t h ,  
t h e n   f o r  mode 1-( 

1-I 

where 

- C 
- 8.rr E ~ ~ A ~  . 

The f i n a l   e x p r e s s i o n   f o r   t h e  SNR c a n   t h e n   b e   w r i t t e n  

For a g i v e n   e x p e r i m e n t a l   c o n f i g u r a t i o n  a l l  q u a n t i t i e s   i n   t h i s   e x p r e s s i o n  are 
known except  AV tu, and v Av is  d i r e c t l y   o b s e r v a b l e ,   w h i l e  vu i s  d e t e r -  
mined by t h e   m e a s u r e d   f r e q u e n c y   s t i f t  of t h e   s c a t t e r e d   r a d i a t i o n   f o r  a g iven  
s c a t t e r i n g   a n g l e   ( r e f .  5 ) .  Thus a measure   o f   the  SNR a l l o w s   t o   b e   f o u n d ,  
which i n   t u r n   l e a d s   t o   v a l u e s   o f   t h e   a b s o l u t e   e l a s t o - o p t i c a l   c o n s t a n t s .   F o r  

1.I' 1-I' 
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e x a m p l e ,   i n v e r t i n g  the r e l a t i o n   b e t w e e n .   t h e   e l a s t o - o p t i c a l   c o n s t a n t s   a n d  the 
given  by  Benedek and F r i t s c h   ( r e f .  4 ) ,  a n d   u s i n g   n u m e r i c a l   v a l u e s   f o r  

s c a t t e r i n g  a t  3' f r o m   a c o u s t i c  waves p r o p a g a t i n g   i n   t h e  C l l O J  p l a n e   o f  
p o t a s s i u m   c h l o r i d e   ( t h e  e las t ic  c o n s t a n t s  are n e e d e d , . i n   t h e   c a l c u l a t i o n ) , ,  1 

r e s u l t s   i n   t h e   r e l a t i o n s   f o r   t h e   e l a s t o - o p t i c a l   c o n s t a n t s  p 
1 1 )  P12Y and P 

4 4  - . .  

p 1  1 
= 2 5' " 5 6 . 8  b 2  + 1.72 c 3  . .  I 

2 
= 1.72  E 3  - 56.8 c 2  (10) 

= 2 5 '  - 113.6 c 2  + 1 . 4 3  t 3  
p 4 4  

P o t a s s i u m   c h l o r i d e  is o n e   o f   t h e   f e w   s u b s t a n c e s   f o r   w h i c h   t h e   a b s o l u t e   e l a s t o -  
o p t i c a l   c o n s t a n t s  are known ( r e f .   6 ) ,   a n d   s u b s t i t u t i o n   o f   t h e  known v a l u e s  
i n t o   e q u a t i o n s  ( 9 )  a n d   ( 1 0 )   r e s u l t   i n   a n   e x p e c t e d  SNR o f   4 . 6   f o r   s c a t t e r i n g  
of  40 wat t s  o f   1 0 . 6   m i c r o n   r a d i a t i o n   f r o m   t h e   l o n g i t u d i n a l  (p = 3) mode. A 
v a l u e   o f   0 . 4   h a s   b e e n   u s e d   f o r   t h e   q u a n t u m   e f f i c i e n c y   f o r   p u r p o s e s   o f   c a l c u -  
l a t i o n ;   i n   a d d i t i o n ,   a n   i n v e r s e   s q u a r e   f r e q u e n c y   d e p e n d e n c e   f o r   s o u n d  wave 
a t t e n u a t i o n   h a s   b e e n   a s s u m e d   i n   o r d e r   t o  estimate t h e   e x p e c t e d   l i n e   w i d t h  
(about  1 2  k c ) ,   s u c h  a d e p e n d e n c e   b e i n g   c h a r a c t e r i s t i c   o f   r e l a x a t i o n   p h e n o m e n a  
i n   s o l i d s ,   e s p e c i a l l y   i n   t h e   m e g a c y c l e   r a n g e .  

This   op t imum  va lue   o f   the  SNR w i l l  b e   o b t a i n e d   o n l y   i f   t h e   d i s t a n c e  z 
f rom  the  scat terer  t o   t h e   d e t e c t o r  is r e l a t e d   t o   t h e   d e t e c t o r   a p e r t u r e   r a d i u s  
b through  the   wavevec tor  k a c c o r d i n g   t o   t h e   e x p r e s s i o n  

o t h e r w i s e   t h e   a b o v e  SNR m u s t   b e   m u l t i p l i e d   b y   a n   a p p r o p r i a t e   r e d u c t i o n  
f a c t o r   ( r e f .  7 ) .  For  a d e t e c t o r   o f  3 mm d iameter   the   op t imum SNR would  be 
o b t a i n e d   f o r  a s o u r c e   d e t e c t o r   d i s t a n c e   o f  1 . 3  meters, a t y p i c a l   e x p e r i m e n t a l  
c o n f i g u r a t i o n .  

Thus a c a r e f u l   d e t e r m i n a t i o n   o f   t h e  SNR p r o v i d e s  a unique   method  for  
o b t a i n i n g   t h e   a b s o l u t e   e l a s t o - o p t i c a l   c o e f f i c i e n t s   o f   c r y s t a l l i n e   s a m p l e s ,  
w i t h   n o   e x t e r n a l   p e r t u r b a t i o n   o r   a c o u s t i c   e x c i t a t i o n   r e q u i r e d .  The f a v o r a b l e  
r e s u l t s  a t  10.6  microns  imply  the  method w i l l  b e   u s e f u l   f o r   t h e   s t u d y   o f  
semiconductors   having   band   gaps  less than   0 .12  e V ,  which are  i n a c c e s s i b l e   t o  
s t u d y  by t h e   u s u a l   o p t i c a l   m e t h o d s .  

5.7 1 
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