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SUMMARY 

A breadboard  heterodyne receiver is d e s c r i b e d   w h i c h   h a s   b e e n   u s e d   t o   e s t a b l i s h  
t h e   c h a r a c t e r i s t i c s   o f   l e a d  salt  d i o d e  lasers p e r t i n e n t   t o   t h e i r   u s e  as l o c a l  
o s c i l l a t o r s   u s i n g  laser d e v i c e s   o p e r a t i n g   i n   t h e  15-25um s p e c t r a l   r e g i o n .  
H e t e r o d y n e   d e t e c t i o n   e f f i c i e n c y   h a s   b e e n   d i r e c t l y   c o r r e l a t e d   w i t h   t h e   t r a n s -  
verse mode s t r u c t u r e   a n d   e m p h a s i z e s   t h e   n e c e s s i t y   o f   s t a b l e   l o w e s t   o r d e r  mode 
o p e r a t i o n   f o r   l a s e r s  when used as l o c a l   o s c i l l a t o r s .  The r e s u l t s   o b t a i n e d  
i n d i c a t e   t h a t   t h e   c o n t i n u e d   d e v e l o p m e n t   o f   t h e s e  lasers w i l l  p r o v i d e   s u i t a b l e  
l o c a l   o s c i l l a t o r s   f o r  a v a r i e t y  of a p p l i c a t i o n s .  

INTRODUCTION 

The a b i l i t y   t o   o p e r a t e  Pb  SnxSe  and  Pb Sn T e  d i o d e  lasers a t  any   g iven   f r e -  
quency  over a wide  wavelengrh  range  (approxlmately  7-30~m)  with a na r row  l i ne -  
w i d t h   h a s   r e s u l t e d   i n   t h e i r   a p p l i c a t i o n   t o   h i g h   r e s o l u t i o n   i n f r a r e d   a b s o r p t i o n  
spectroscopy.   These same f e a t u r e s   p r o v i d e   t h e   b a s i s   f o r   t h e i r   u s e  as l o c a l  
o s c i l l a t o r s   i n   h e t e r o d y n e   r e c e i v e r s .  However, a d d i t i o n a l   c h a r a c t e r i s t i c s  are 
r e q u i r e d  of lasers used as l o c a l   o s c i l l a t o r s   w h i c h  are r e l a t i v e l y   u n i m p o r t a n t  
i n   t h e   u s u a l   i n c o h e r e n t   ( d i r e c t )   d e t e c t i o n  mode of   opera t ion   employed   in   ab-  
s o r p t i o n   s p e c t r o s c o p y .   I n   p a r t i c u l a r ,   t h e   t r a n s v e r s e  mode s t r u c t u r e   a n d  mode 
s t a b i l i t y   p l a y  a k e y   r o l e   i n   t h e   a b i l i t y   o f   t h e  laser to   p rov ide   quan tum  no i se  
l imi ted   per formance .   Diode  lasers  w h i c h   o p e r a t e   i n   t h e   l o w e s t   o r d e r   T E 0 , o  mode 
p r o v i d e   e x c e l l e n t   h e t e r o d y n e   m i x i n g   e f f i c i e n c y   w h i l e   t h o s e   o p e r a t i n g   i n   n i g h e r  
o r d e r  modes are t y p i c a l l y   i n e f f i c i e n t   a n d   f r e q u e n t l y   u n s t a b l e .   T h e s e   c h a r a c t -  
eristics are o f   p r i m e   i m p o r t a n c e   f o r   h e t e r o d y n e   d e t e c t i o n   b u t   h a v e  l i t t l e  i n -  
f l u e n c e   o n   d i r e c t   d e t e c t i o n .  

1- l -x .  x 

I n   t h e   f o l l o w i n g   s e c t i o n s ,   t h e  laser power   and   mixe r   cha rac t e r i s t i c s   r equ i r ed  
f o r  optimum heterodyne  receiver s e n s i t i v i t y  are summarized.  The  breadboard 
he te rodyne  receiver d e v e l o p e d   f o r   t h e   o p e r a t i o n   a n d   c h a r a c t e r i z a t i o n   o f   l e a d -  
sa l t  d iode  lasers as l o c a l   o s c i l l a t o r s  i s  d e s c r i b e d   i n   d e t a i l   a n d   r e s u l t s  ob- 
t a ined   on   commerc ia l ly   ava i l ab le   d iode  lasers p r e s e n t e d .  

* This   work w a s  suppor t ed   by   t he  Ba l l i s t i c  Missile Defense  Advanced  Technology 
Cen te r   unde r   Con t rac t  DASG 60-76-C-0061 
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HETERODYNE SIGNAL-TO-NOISE RATIO 

The c u r r e n t   s i g n a l - t o - n o i s e   r a t i o   o f   a n   o p t i c a l   h e t e r o d y n e  receiver i n c l u -  
d i n g   p o l a r i z a t i o n   l o s s  is given  by  (Ref .  1) 

N n e  
rvyP - 

2 

pspLo 

The numerator is t h e  rms c u r r e n t   r e s u l t i n g   f r o m   t h e   m i x i n g   o f   t h e   s i g n a l   p o w e r ,  
Ps, w i t h   t h e   l o c a l   o s c i l l a t o r   p o w e r ,  PLOY fo l lowed   by   s econd   de t ec t ion .  B 1  is  
t h e   b a n d w i d t h   f o l l o w i n g   t h e   f i r s t   d e t e c t o r  ( I F )  and B2 t h a t   f o l l o w i n g   t h e  sec- 
ond d e t e c t o r ;   t h e i r   r a t i o   r e p r e s e n t s   t h e   s i g n a l - t o - n o i s e   r a t i o   i m p r o v e m e n t  
p o s s i b l e  r.hrough t h e   u s e   o f   s e c o n d   d e t e c t i o n   w i t h   i n t e g r a t i o n .  The denominator 
c o n t a i n s   t h e   s h o t   n o i s e   o f   t h e   l o c a l   o s c i l l a t o r   a n d  a t h e r m a l   n o i s e  term, c1 
e q u a l s  2 f o r  a photodiode  and 4 f o r  a photoconductor ,  G i s  u n i t y   f o r  a photo- 
diode  and is  t h e   p h o t o c o n d u c t i v e   g a i n   f o r  a photoconductor ,  n i s  t h e   m i x e r  
quantum e f f i c i e n c y ,  TN and RA t h e  I F  a m p l i f i e r   n o i s e   t e m p e r a t u r e   a n d   i n p u t  
impedance ,   r e spec t ive ly ,  e t h e   e l e c t r o n i c   c h a r g e ,  k Bo l t zman ' s   cons t an t ,  h 
P l a n c k ' s   c o n s t a n t ,   a n d  v t h e   f r e q u e n c y   o f   t h e   r a d i a t i o n .   T h e  term nb i s  t h e  
number of  background  photons  which are i n  a s i n g l e   s p a t i a l  mode a n d   w i t h i n   t h e  
I F  bandwidth B 1  ( and   wh ich   t he re fo re  may i n t e r a c t   c o h e r e n t l y   w i t h   t h e   l o c a l  
o s c i l l a t o r ) ,  and is e q u a l   t o   ( e x p ( h v / k T )  - 1)-1 where T i s  the   t empera ture   o f  
t h e   b a c k g r o u n d   b l a c k b o d y   r a d i a t i o n .   E q u a t i o n   ( 1 )   c o n s i d e r s   l o c a l   o s c i l l a t o r  
sho t   no i se   (on ly )   bu t   does   no t   i nc lude   any   excess   no i se ,   and   a s sumes   pe r f ec t  
w a v e - f r o n t   m a t c h i n g   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  beams a t  the  mixed.  The 
s i g n a l - t o - n o i s e   d e g r a d a t i o n   r e s u l t i n g   f r o m  a wave-front   mismatch  has   been t reat-  
e d  e lsewhere  (Reference  2)   and i s  n o t   c o n s i d e r e d   f u r t h e r   h e r e .  I t  can   be   s een  
t h a t   i n   o r d e r   t o   a c h i e v e   q u a n t u m   n o i s e - l i m i t e d   o p e r a t i o n   w i t h  a he te rodyne  
receiver,  u s i n g   a n   i d e a l i z e d   l o c a l   o s c i l l a t o r ,   t h e   s h o t   n o i s e   g e n e r a t e d   i n   t h e  
m i x e r   b y   t h e   l o c a l   o s c i l l a t o r   m u s t   e x c e e d   t h e   t h e r m a l   n o i s e   i n   t h e   f o l l o w i n g  
a m p l i f i e r .  The l o c a l   o s c i l l a t o r  power P 'LO r e q u i r e d   t o  make t h e s e   n o i s e  con- 
t r i b u t i o n s   e q u a l  is 

The  power r e q u i r e m e n t   f o r   t h e  laser  is  a func t ion   o f   t he   mixe r   e l emen t  
c h a r a c t e r i s t i c s   a n d   t h e   a p p l i c a t i o n ,   i n   p a r t i c u l a r ,   t h e  I F  bandwidth   requi re -  
ment.  Diode lasers d e v e l o p e d   t o   d a t e   h a v e   b e e n   r e l a t i v e l y  low  power d e v i c e s  
( < < 1  mW p e r   m o d e ) ,   n e c e s s i t a t i n g   o p t i m i z a t i o n   i n   m i x e r   a n d   a m p l i f i e r   s e l e c t i o n  
f o r  a g i v e n   a p p l i c a t i o n .   F o r  a v a r i a b l e   l o c a l   o s c i l l a t o r  power PLO, t h e  receiv- 
er w i l l  approach  quantum  noise  l i m i t e d  o p e r a t i o n  as ( 1  + P ' L o / P ~  ).  The a c t u a l  
s i g n a l - t o - n o i s e   r a t i o   a c h i e v e d   d e p e n d s   l a r g e l y  on s u c h   i n h e r e n t  Paser c h a r a c t e r -  
i s t ics  as e x c e s s   n o i s e  (mode i n s t a b i l i t y )   a n d   t r a n s v e r s e  mode s t r u c t u r e   ( m i x i n g  
e f f i c i e n c y )   a n d   o p e r a t i o n a l   f a c t o r s   s u c h  as t e m p e r a t u r e   s t a b i l i t y   a n d   v i b r a t i o n  

80 



( s h o c k )   i s o l a t i o n ,   b o t h   o f   w h i c h   a f f e c t   t h e   f r e q u e n c y   s t a b i l i t y .   T h e  l o w  
d i o d e  laser p o w e r s   a v a i l a b l e   i n  a s i n g l e   l o n g i t u d i n a l  mode d u r i n g   t h e   c o u r s e  
o f   t h i s   i n v e s t i g a t i o n   d i c t a t e d   t h e   u s e   o f   p h o t o c o n d u c t i v e  mixer elements   and 
r e l a t i v e l y  low I F  bandwidths .   Photoconduct ive HgCdTe mixers were used  between 
1 0  pm and  17 pm and Ge:Cu f o r   t h e   l o n g e r   w a v e l e n g t h s .  

DIODE LASER HETERODYNE RECEIVER BREADBOARD 

The laser cha rac t e r i za t ion   and   he t e rodyne   measu remen t s  were o b t a i n e d   u s i n g  
t h e   a p p a r a t u s  shown i n   F i g u r e  1. Th i s   sys t em w a s  u s e d   f o r   t h e   e v a l u a t i o n   o f  
d i o d e  lasers produced a t  Laser A n a l y t i c s ,   I n c .   ( B e d f o r d ,  MA) and New England 
Research  Center  (Sudbury, MA) o p e r a t i n g   i n   t h e  10-25 Um s p e c t r a l   r e g i o n .  The 
a p p a r a t u s  w a s  a l so   u sed   fo r   b l ackbody   and   mo lecu la r  l i n e  r a d i a t i o n   h e t e r o d y n e  
measurements ,   and   he te rodyne   de tec t ion   of   semiconductor  laser emiss ion  a t  23 pm 
and  10.6 pm. 

The o p t i c s  are a l l  r e f l e c t i v e   ( e x c e p t   f o r  KRS-5 l e n s e s   i n   t h e   f r e q u e n c y  
c o n t r o l   l o o p   a n d   i n   t h e   n e a r - f i e l d   m e a s u r e m e n t   o p t i c a l   l e g s )   w h i c h   p e r m i t s   t h e  
r e c e i v e r   t o   b e   u s e d   o v e r  a wide   wave leng th   r ange   w i thou t   r e focus ing ,   i nc lud ing  
t h e   v i s i b l e   f o r   a l i g n m e n t .  The e n t i r e   o p t i c a l   p a t h   c a n   b e   e n c l o s e d   w i t h  a 
p l ex ig l a s s   cove r   (no t   shown)   and   t he   sys t em  pu rged   w i th   d ry   n i t rogen   t o  
e l imina te   a tmosphe r i c   abso rp t ion .   The  lasers examined   d id   no t   exh ib i t   h igh  
beam d i v e r g e n c e   i n  a g i v e n   s i n g l e  mode. T h i s  i s  as expec ted   because   o f   the  
l o n g   d i f f u s i o n   l e n g t h s   a n d   h i g h   r e f r a c t i v e   i n d e x   i n   t h e  Pb salts .  Thus ,   t he  
f / 2   c o l l e c t i o n   o p t i c s  were more   than   adequate .   The   op t ica l   t ransfer   sys tem 
shown i n   F i g u r e  1 matches   the   f /8   monochromator   op t ics .  The  monochromator i s  
u s e d   f o r   s p e c t r a l   a n a l y s i s   a n d   l o n g i t u d i n a l  mode i s o l a t i o n .  The g r a t i n g   i n  
t h e  monochromator   can  be  easi ly   bypassed  by a mi r ro r   wh ich  i s  used   ma in ly   fo r  
i n i t i a l  laser a l ignment .   The   rad ia t ion   f rom  the   monochromator  i s  c o l l i m a t e d  
by a & i n .   f o c a l   l e n g t h ,   o f f - a x i s ,   p a r a b o l i c   m i r r o r   t o   r e d u c e   t h e   s i z e   r e q u i r e -  
ment  on  the beam s p l i t t e r .  The beam s p l i t t e r   f o r   t h e  15-um s p e c t r a l   r e g i o n  
c o n s i s t s   o f  ZnSe 50% r e f l e c t i n g  on o n e   s u r f a c e   ( a t  45O ang le   o f   i nc idence )   and  
a n t i r e f l e c t i o n   c o a t e d   o n   t h e   o t h e r   w h i c h  i s  optimum f o r   t h e  weak s i g n a l  case. 
Fa r - f i e ld   r ad ia t ion   measu remen t s  are made i n   t h i s   c o l l i m a t e d  beam u s i n g  a 
small area HgCdTe o r   p y r o e l e c t r i c   d e t e c t o r   m o u n t e d   o n   a n   a u t o m a t e d  x-y s t a g e  
w h i c h   s a m p l e s   t h e   c r o s s   s e c t i o n   o f   t h e  beam i n t e n s i t y   p r o f i l e .   ( F a r - f i e l d  
measurements were a l s o  made a t  a d i s t a n c e  of several c e n t i m e t e r s   f r o m   t h e  
d i o d e  laser ,  u s i n g   n o   a d d i t i o n a l   o p t i c s . )  The X 1 0  beam expander i s  employed 
t o   p r o v i d e  a c o n v e n i e n t   w o r k i n g   d i s t a n c e   t o   t h e   f o c a l   p o i n t   o f   t h e   f / 2   f o c u s -  
i n g   m i r r o r .  The laser r a d i a t i o n   t r a n s m i t t e d   b y   t h e  beam s p l i t t e r  is passed  
through a 1- in .   long   so l id   germanium  e ta lon  (when u s e d )   f o r   a c c u r a t e   t u n i n g  
rate measuremen t s   and   t he   r ad ia t ion  is  a l so   pas sed   t h rough  a g a s   a b s o r p t i o n  
ce l l  which i s  u s e d   f o r   a c c u r a t e  laser f requency   measurements   ( re ferenced   to  a 
known a b s o r p t i o n   l i n e )   a n d   f o r   h i g h - r e s o l u t i o n   s p e c t r o s c o p i c   m e a s u r e m e n t s  
( i n c l u d i n g   p r e s s u r e   b r o a d e n i n g   s t u d i e s ) .   T h i s   s i g n a l   p a t h   a l s o  forms o n e   l e g  
o f   t he   f r equency   con t ro l   l oop   wh ich  w i l l  b e   d e s c r i b e d   b e l o w .   T h e   s i g n a l   l e g  
o f   t h e  receiver can  employ a b l a c k b o d y   s o u r c e   ( o p e r a b l e   i n   t h e   D i c k e   s w i t c h  
mode), a hea ted   gas   emis s ion  c e l l  (wh ich   can   be   ope ra t ed   i n   t he   he t e rodyne   ab -  
s o r p t i o n  mode by   use  of a b l a c k b o d y   s o u r c e   b e h i n d   t h e   c e l l ) ,   o r  a second laser 
a t  t h e   p o s i t i o n s  shown i n   F i g u r e  1. The  emission ce l l  w a s  d e s i g n e d   t o   h a v e  a 
l o w   e m i s s i v i t y .   N e a r - f i e l d   ( m i r r o r   r a d i a t i o n )   a n d   p o l a r i z a t i o n   m e a s u r e m e n t s  
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h a v e   a l s o   b e e n  made as shown. 

The   ma jo r   e l ec t ron ic   componen t s   o f   t he  receiver are t h e  laser d r i v e r ,  
mixer, I F   a m p l i f i e r   c h a i n ,   a n d   t h e   f r e q u e n c y   s t a b i l i z a t i o n   c o n t r o l   l o o p .  
The  components  and c i r c u i t s   h a v e   b e e n   c u s t o m   d e s i g n e d  when n e c e s s a r y .  A l l  
o the r   componen t s   i nvo lve   commerc ia l   i n s t rumen ta t ion  ( I F  a m p l i f i e r ,   s p e c t r u m  
a n a l y z e r ,   l o c k - i n   d e t e c t o r s ,   e t c . ) .  The laser d r i v e r  w a s  d e s i g n e d   f o r  low- 
n o i s e ,   l o w - d r i f t   o u t p u t .  A measured   no ise  level  of  20 UA r m s  w a s  ach ieved .  
Two d r i v e r s  were b u i l t :  a m a n u a l l y   o p e r a t e d   u n i t   f o r   g e n e r a l   u t i l i t y   a n d  a 
r e m o t e l y   c o n t r o l l e d   u n i t   f o r   u s e   w i t h   t h e   s t a b i l i z a t i o n   c o n t r o l   l o o p .   T h e  
Amplica  201 VSL I F  a m p l i f i e r   u s e d  was t h o r o u g h l y   c h a r a c t e r i z e d   h a v i n g  5- t o  
110-MHz bandwidth ,   1 .2-dB  noise   f igure ,   and  50-dB g a i n .   T h i s   a m p l i f i e r   w a s  
used   wi th   the   wider   bandwidth  Ge:Cu mixer .  A P l e s s e y  SL1205  low n o i s e  preamp- 
l i f i e r  was u s e d   w i t h   t h e  HgCdTe m i x e r .   T h i s   a m p l i f i e r  w a s  s p e c i f i c a l l y   d e s i g n -  
e d  f o r   u s e   w i t h  a HgCdTe d e t e c t o r   h a v i n g  a 50-dB ga in   (nominal ) ,  a 6.5"Hz 
bandwidth  and a 0.8 n V / &   e q u i v a l e n t   i n p u t   n o i s e   v o l t a g e .   I n   t h e   d i r e c t   d e -  
t e c t i o n  mode, t h e   o u t p u t   o f   t h e   d e t e c t o r   ( m i x e r )   c i r c u i t  is  c o n n e c t e d   d i r e c t l y  
t o  a l o c k - i n   a m p l i f i e r   a n d  i s  u s e d   t o   m o n i t o r   t h e  laser mode power .   In   the  
he te rodyne  mode, t h e   o u t p u t   o f   t h e   I F   a m p l i f i e r  i s  passed  through a second 
d e t e c t o r   w h i c h  i s  r e f e r e n c e d   t o   t h e   D i c k e   s w i t c h .   T h e   o u t p u t   o f   t h e   I F  amp- 
l i f i e r   c a n   b e   d i r e c t l y   c o n n e c t e d   t o  a s p e c t r u m   a n a l y z e r   f o r   s i g n a l   f r e q u e n c y  
a n a l y s i s .  

The m i x e r s   u s e d   i n   t h e   1 5  Um s p e c t r a l   r e g i o n  were photoconduct ive  HgCdTe 
75 um and  150 p m  square   e lements   mounted  on a common hea t   s ink .   The   peak  
s p e c t r a l   r e s p o n s i v i t y   o c c u r s  a t  1 4 . 3  um wi th   good   r e sponse   t o   16 .5  um. The 40 
nsec   r e sponse  time measured  by  the  manufacturer  (SBRC) u s i n g   a n  I d s  emitter 
w a s  v e r i f i e d   b y   t h e   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 )   n o i s e   r o l l - o f f   f r e q u e n c y  
d isp layed   on  a spec t rum  ana lyze r   and  shown i n  F i g u r e  2. T h i s   a l s o   d e m o n s t r a t e s  
t h a t   t h e   p a r t i c u l a r   d i o d e  laser used w a s  c a p a b l e   o f   g e n e r a t i n g  a g - r   no i se  
level  t h a t   e x c e e d e d   t h e   a m p l i f i e r   n o i s e .   T h e   l i f e t i m e   o f   t h i s   p a r t i c u l a r  
d e t e c t o r  was t h e   s h o r t e s t   a v a i l a b l e   i n   h i g h   q u a l i t y  material. It may b e   p o s s i -  
b l e  t o  r educe   t he   l i f e t ime   by   compensa t ion  t o  p r o v i d e  a mixer   wi th  a wider  
bandwidth  and f l a t   r e s p o n s e   t o   h i g h e r   f r e q u e n c i e s ,   b u t   t h i s  i s  advantageous 
o n l y  when i n c r e a s e d  laser powers  become a v a i l a b l e .   T h e   b r e a k d o w n   f i e l d  w a s  
measured t o   b e  4OV/cm which i s  s u f f i c i e n t l y   h i g h   t o   e n s u r e   a t t a i n m e n t  of t h e  
s a t u r a t e d   d r i f t   v e l o c i t y   c o n d i t i o n s  a t  o p e r a t i o n a l  e l ec t r i c  f i e l d s .  The  detec-  
t o r   p r o p e r t i e s  as a f u n c t i o n   o f   b i a s   a n d   b a c k g r o u n d   f l u x  as w e l l  as respon-  
s i v i t y  were u s e d   t o   C a l c u l a t e   t h e  quantum e f f i c i e n c y  (q = 0.6) .  The d e t e c t o r  
impedance i s  approximate ly  30 R (depending  upon  bias)   and i s  r e l a t i v e l y  w e l l  
m a t c h e d   t o   t h e   I F   a m p l i f i e r .  

The m i x e r   e l e m e n t   u s e d   f o r   t h e  23-pm s p e c t r a l   r e g i o n  w a s  Ge:Cu. The l i f e -  
time and   quantum  e f f ic iency  were determined  f rom  measurements   of   the   respons-  
i v i t y ,  D", a n d   d e t e c t o r   r e s i s t a n c e  a t  known background   f lux   l eve l s   and  as a 
f u n c t i o n   o f   b i a s   f i e l d .   T h i s   p a r t i c u l a r   e l e m e n t   h a d   a n   i n t e r e l e c t r o d e   s p a c i n g  
of  0.0152 c m ,  a quantum  e f f ic iency   of   0 .15 ,  a l i f e t i m e   o f   a p p r o x i m a t e l y  5 n s e c ,  
and a s a t u r a t e d   d r i f t   v e l o c i t y   o f  5 x l o 6  cm/sec, r e s u l t i n g   i n  a photoconduc- 
t ive ga in   o f   1 .64 .   The   de tec tor   impedance  a t  t h e   f l u x  levels d u r i n g   t h e  ex- 
per iments  w a s  approximate ly  1 MR. This   high  impedance level r e s u l t e d   i n   p o o r  
c o u p l i n g   t o   t h e  50-R I F   a m p l i f i e r   u s e d   ( A m p l i c a  201 VSL) and   non l inea r  res- 
ponse   ove r   t he   ampl i f i e r   bandwid th .  The b e s t  22 U r n  laser  did,   however ,   induce 
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s u f f i c i e n t   s h o t   n o i s e   t o   e x c e e d   t h e   a m p l i f i e r   n o i s e ,  as observed on a spectrum 
analyzer ,  and provided a good blackbody  heterodyne  s ignal- to-noise   ra t io .  

FREQUENCY STABILIZATION AND CONTROL 

A s ign i f i can t   advan tage  of a diode laser LO he terodyne   rece iver   over   f ixed  
frequency laser systems is t h e   c a p a b i l i t y   t o   b e   o p e r a t e d  a t  any  f requency  in  
t h e  3- t o  30-pm s p e c t r a l   r e g i o n .  Laser opera t ion  a t  a spec i f i c   f r equency  is  
p r i n c i p a l l y  a func t ion  of t h e  laser chemical  composition,  temperature,   and 
d r i v e   c u r r e n t .  A diode laser can   be   eas i ly   tuned   (cont inuous ly   over  a 30-GHz 
range,   for   example)  by   s imply   changing   the   l aser   d r ive   cur ren t .   This   versa t i -  
l i t y  of d iode  lasers has  a p r i c e ,   e x p e c i a l l y  when used   in  a heterodyne  appl i -  
c a t i o n   f o r   t h e   d e t e c t i o n  of molecu la r   l i ne   r ad ia t ion .   S ince   t he   d iode  lasers 
are r e l a t i v e l y  low-power devices   and   e f f ic ien t   long   wavelength   in f ra red   mixers  
presently  have  modest  bandwidths,  the laser must   be  operated  c lose  in   f requency 
t o   t h e   s o u r c e  of i n t e r e s t   ( w i t h i n  a few hundred MHz, f o r  example)  and  must  be 
s t a b l e   t o   w i t h i n  a few MHz. This  requirement makes f r e q u e n c y   s t a b i l i z a t i o n  
and c o n t r o l  an  important   issue.  Once the  composition  and  nominal  operating 
condi t ions  have  been  es tabl ished  for  a given  device,   the   problem  reduces  to  
opera t ion  a t  a spec i f i c   f r equency   w i th  a g iven   f r equency   s t ab i l i t y .   S ince   t he  
laser tuning rates are typ ica l ly   100  MHz/mA and 100 MHz/mdeg, c l o s e   c o n t r o l  of 
t hese  parameters i s  e s s e n t i a l .   I n   p r i n c i p a l ,   t h e   a b s o l u t e  laser frequency  can 
be  determined by mixing  the  diode laser frequency  with  another   f ixed-frequency 
laser or  harmonics of microwave  devices in   po in t   con tac t   dev ices .   Th i s   t ech -  
n ique  is  cons ide red   t o   be  complex, i n e f f i c i e n t ,  and unnecessary   for  many ap- 
p l i c a t i o n s .  The use  of a secondary  frequency  standard i s  cons ide red   t o   be  
adequate .   This   s tandard  can  be  s imply a vapor  phase  molecular  absorption 
which i s  a t  ( o r   n e a r )   t h e   l i n e  of in te res t .   This   absorp t ion   need   no t   even  
o c c u r   i n   t h e  same molecular specie as t h e   l i n e   r a d i a t i o n  of i n t e r e s t ,   b u t  must 
b e   a b l e   t o   b e   e s t a b l i s h e d   ( i s o l a t e d )   t o   t h e   r e q u i r e d   a c c u r a c y .  Given  such  an 
abso rp t ion ,   t he   f r equency   s t ab i l i za t ion   t echn ique   i nves t iga t ed   du r ing   t h i s  
program  involved   opera t ion   of   the   des i red   l aser   f requency  on the  edge of t h e  
a b s o r p t i o n   l i n e  and use of  an e l ec t ron ic   f eedback   con t ro l  of t h e  laser d r i v e  
cu r ren t   t o   ma in ta in   t he  laser output  a t  the   des i red   f requency .  

A laser f r e q u e n c y   s t a b i l i z a t i o n  and cont ro l   loop  w a s  des igned ,   f ab r i ca t ed ,  
and t e s t e d .  Two techniques w e r e  inves t iga ted ;   bo th  are based   on   the   s tab i l i -  
z a t i o n  of t h e  laser frequency on t h e   s l o p e  of a reference  molecular   absorpt ion 
l i n e .  The f i r s t   c o n t r o l   l o o p   u t i l i z e d  a s ingle   de tec tor ;   the   second  used  two 
d e t e c t o r s .  The s i n g l e  mode s e l e c t e d  by t h e  monochromator i s  passed  through  an 
absorp t ion  c e l l  whose l ine  width  can  be  pressure  broadened  f rom  the  Doppler  
l i m i t  t o  a few GHz. With t h e  laser d iode   tuned   to  a frequency  approximately 
half-way down the   abso rp t ion   l i ne   edge ,   t he   ou tpu t   vo l t age  of a d e t e c t o r  
s e n s i n g   t h i s  power t r ansmi t t ed   t h rough   t he   abso rp t ion   ce l l  w i l l  i n c r e a s e   o r  
dec rease   p ropor t iona te ly   w i th   d iode   f r equency ,   p rov ided   t ha t   t he re  is  no 
change i n   t h e  laser power. The change i n   d e t e c t o r   o u t p u t  is  fed  back  through 
a c o n t r o l l e r   t o  change  the  diode laser cu r ren t   and ,   t he re fo re ,  i t s  frequency. 
This  w i l l  r e t u r n   t h e   d i o d e   f r e q u e n c y   t o   t h e   o r i g i n a l   v a l u e   s e l e c t e d  on t h e  ab- 
s o r p t i o n   l i n e .   F l u c t u a t i o n s   i n   d i o d e  power output  w i l l  c a u s e   e r r o r s   i n   t h e  
frequency  change  measurement  and  an  independent  measurement of  power  must be  
made. 
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T h e   e l e c t r o n i c   s y s t e m   b a s e d   o n   t h e   s i n g l e   d e t e c t o r   t e c h n i q u e  w a s  bench 
t e s t e d   t o   e n s u r e   p r o p e r   o p e r a t i o n   o f   t h e   c o n t r o l l e r .  A t  t h i s   s t a g e   o f   t h e  
p r o g r a m ,   t h e   e x p e r i m e n t a l   e f f o r t   c o n c e n t r a t e d   o n   t h e  23-pm s p e c t r a l   r e g i o n .  
The   f r equency   con t ro l   l oop  w a s ,  t h e r e f o r e ,   o p e r a t e d  on t h e   s l o p e   o f   a n  Hz0 
a b s o r p t i o n   l i n e   u s i n g  a d i o d e  laser w h i c h   c o u l d   b e   t u n e d   t o   t h e   a b s o r p t i o n  
l i n e   ( a l t h o u g h   t h e  laser power w a s  r e l a t i v e l y  low a t  t h i s   p a r t i c u l a r   f r e q u e n c y ) .  
The p e r f o r m a n c e   o f   t h e   c o n t r o l   l o o p   i n  terms o f   f r e q u e n c y   s t a b i l i t y   c o u l d   n o t  
b e   s a t i s f a c t o r i l y   e v a l u a t e d   d u e   t o   l a r g e   d e t e c t o r   a m p l i t u d e   f l u c t u a t i o n s   c a u s e d  
b y   t h e   r e f l e c t i v e   c h o p p e r   w h e e l   u s e d   i n   t h i s  mode of   opera t ion .   The  metall ic 
wheel  was found t o   h a v e  several  d i s t o r t e d   b l a d e s   w h i c h   c a u s e d   t h e   f o c u s e d  
image a t  t h e   d e t e c t o r   t o   b e   d i s p l a c e d  on   and   of f   the   de tec tor   e lement .   The  
r e s u l t i n g   n o i s e  level o f   t he   sys t em w a s  t o o   l a r g e   f o r   e f f e c t i v e   o p e r a t i o n   o f  
t h e   c o n t r o l   l o o p .  A second  system was cons t ruc t ed   wh ich  made u s e  of two  de- 
t e c t o r s   r a t h e r   t h a n   o n e .   T h e   b a s i c   p r i n c i p l e  i s  the same as f o r   t h e  case of 
a s i n g l e   d e t e c t o r ;   t h e   d i f f e r e n c e  is i n   t h e   c o m p l e x i t y   o f   t h e   d e t a i l e d  elec- 
t r o n i c s .  The loop  w a s  t e s t e d   e l e c t r o n i c a l l y   b u t   n o t   o p e r a t e d   w i t h  a laser .  

It  s h o u l d   b e   p o i n t e d   o u t   t h a t   c o n s i d e r a b l e   e f f o r t   h a s   b e e n   a p p l i e d  to t h e  
p a s s i v e   f r e q u e n c y   s t a b i l i z a t i o n   o f   t h e  laser ou tpu t .   Fo r   example ,   t he  laser 
c u r r e n t   s o u r c e   ( d r i v e )   p r o v i d e s  a l o w - n o i s e ,   l o w - d r i f t   o u t p u t   a n d   t h e   l i q u i d  
hel ium  Dewars   used  for  laser c o o l i n g   h a v e   b e e n   s u p e r i n s u l a t e d   t o   m i n i m i z e  
v a r y i n g   e x t e r n a l   h e a t   l o a d s .  The mechan ica l   r e f r ige ra to r   (A i r   P roduc t s   Mode l  
CS 202-modified)  has a spec ia l ly   des igned   thermal   dampener   to   reduce   t empera-  
t u r e   f l u c t u a t i o n s   c a u s e d   b y   t h e   p i s t o n   c y c l e .   I n d i r e c t   f r e q u e n c y   s t a b i l i t y  
measurements   o f   the  laser  o u t p u t   i n   t h e   c l o s e d   c y c l e   r e f r i g e r a t o r  show t h a t  
f r e q u e n c y   v a r i a t i o n s   g r e a t e r   t h a n  a f e w  MHz d i d   n o t   o c c u r   i n   g e n e r a l ,   a l t h o u g h  
s i g n i f i c a n t  laser ampl i tude   (power )   f l uc tua t ions  a t  t h e  mixer c a n   o c c u r   f o r  a 
p o o r l y   m o u n t e d   r e f r i g e r a t o r   i n   a d d i t i o n   t o   e x c e s s  laser  n o i s e   i n d u c e d   b y   t h e  
m e c h a n i c a l   r e f r i g e r a t o r .   ( F i g .  3 shows a D o p p l e r   l i m i t e d   l i n e   w i d t h  was 
ach ieved   i n   C02 . )   These   ampl i tude   f l uc tua t ions  were t h e   r e s u l t  of a p h y s i c a l  
displacement  of  t h e  laser and i t s  conjugate   image  a t  t h e  small mixer element  
used  and were minimized  by  proper   mounting  arrangements .   In  a l l  t h e  measure- 
ments t o  b e   r e p o r t e d ,   t h e   o n l y   a c t i v e  laser f r equency   con t ro l   l oop   i nvo lved  
t e m p e r a t u r e   s t a b i l i z a t i o n   o f   t h e   m e c h a n i c a l   r e f r i g e r a t o r .  

A more d i r e c t   m e a s u r e   o f   t h e   f r e q u e n c y   s t a b i l i t y   a t t a i n a b l e   u s i n g   t h e s e  
techniques  is shown i n   F i g .  4 .  The   he t e rodyne   bea t   no te   ob ta ined   u s ing  a 
C02 l a s e r  as t h e   l o c a l   o s c i l l a t o r  and a d iode  laser o p e r a t i n g   i n   t h e   m o d i f i e d  
r e f r i g e r a t o r  as t h e   s i g n a l   s o u r c e  i s  shown.  The l ine   wid th   remained   unchanged 
when t h e   r e f r i g e r a t o r  was t u r n e d   o f f   a n d   t h e   l i n e   p o s i t i o n   s w e p t   t h r u   t h e  I F  
bandpass as expec ted .  The obse rved   l i ne   w id th   o f   app rox ima te ly  5 MHz i n d i c a t e s  
e x c e l l e n t   f r e q u e n c y   s t a b i l i t y .  

MECHANICAL  REFRIGERATOR  MODIFICATION 

The manufacture   of  a d i o d e  laser o p e r a t i n g  a t  a s p e c i f i c   f r e q u e n c y  i s  a 
t ime-consuming   p rocess .   Crys t a l   g rowth ,   annea l ing ,   j unc t ion   fo rma t ion ,   con -  
t a c t i n g ,   a n d   y i e l d  l i m i t  t h e  number  of d e v i c e s   t h a t   c a n  meet a g i v e n   s p e c i f i -  
c a t i o n .   I n   o r d e r  t o  i n c r e a s e   t h e   u s e f u l n e s s   o f  a g i v e n  device’s chemical  
c o m p o s i t i o n   a n d ,   t h e r e f o r e ,   r e d u c e   t h e   f a b r i c a t i o n   c o m p l e x i t y ,  lasers are 
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opera ted   in   mechanica l   re f r igera tors   which   provide   addi t iona l   convenient  
( tempera ture)   tun ing   capabi l i ty .  The use  of  such a cooler,   however,   can  intro- 
duce  additional  unwanted  mechanically  induced laser no i se .   Quan t i t a t ive  meas- 
urements were made of  the  shock and v i b r a t i o n   e f f e c t s   i n   t h e  A i r  Products  re- 
f r i g e r a t o r .  The displacment   of   the   cold  head  due  to   the  pis ton  motion w a s  
measured t o   b e  0.015 cm (0.006 i n )   u s i n g  a capaci tance  technique.  Shock 
e f f e c t s  were inves t iga ted   us ing   an   acce le rometer   a t tached  t o  the  cold  head.  
The d a t a  were acquired  and  analyzed by a Hewlett-Packard  54508  Fourier 
Analyzer. A typical   spectrum  and i ts  Four ie r   t ransform are shown i n   F i g u r e s  5 
and 6 r e spec t ive ly .  The a n a l y s i s  shows a r e l a t i v e l y  complex  spectrum  having a 
peak  value of approximately  8g with a major  component a t  1500 Hz. The r e s u l t s  
o f   t hese   da t a  were used i n   t h e   s h o c k / v i b r a t i o n   i s o l a t o r   d e s i g n .   T h i s   d e s i g n  
i s  similar t o   t h a t   u s e d  by D r .  Jennings a t  NASA Goddard  Space  Flight  Center 
( R e f .  31, bu t  i s  more v e r s a t i l e   i n   p r o v i d i n g   f i v e   d e g r e e s  of freedom i n   t h e  
laser posi t ioning,   which w e  have  found t o   b e   n e c e s s a r y   t o   p r o v i d e   t h e   p r o p e r  
alignment  of  the laser i n   t h e   o p t i c a l   s y s t e m .  

The e f f e c t i v e n e s s  of the  shock  isolat ion  can  be  seen  f rom a comparison of 
F igures  7 and 8. Iden t i ca l   acce l e romete r s  w e r e  placed on the  cold  head and t h e  
modi f ied   l aser  mount. F igure  7 shows the  accelerometer   output  a t  t h e   r e f r i -  
gerator   cold  head and Figure 8 the   cor responding   da ta  a t  the  modif ied laser 
mount. A dramatic   decrease  in   the  peak  g-value i s  to   be   no ted  as w e l l  as a 
reduct ion   in   the   h igh- f requency   conten t .  A t o t a l  of s i x  laser mounts were 
made t o  accomodate a l l  p r e s e n t l y   e x i s t i n g  laser package  designs  and compara- 
t ive   acce le rometer   da ta   were   ob ta ined .  

The laser measurements   taken  with  the  modif ied  refr igerator   included a 
comparison of t h e   d i r e c t   d e t e c t e d  laser power l e v e l   ( i n  a g iven   l ong i tud ina l  
mode) , t he   s econd   de t ec t ion   ( IF   no i se )   l eve l ,  and  low-temperature  blackbody 
heterodyne SNR measurements when poss ib l e .  The magnitude  and  noise  level  of 
t he   IF   s igna l   ( and ,   t he re fo re ,   he t e rodyne   s igna l - to -no i se   r a t io  (SNR)) is  a 
s t rong   func t ion  of t h e   l o n g i t u d i n a l  mode s t a b i l i t y  which  depends upon t h e  
laser operat in 'g   condi t ions.  The SNR a t t a i n a b l e   f o r   t h e   h e t e r o d y n e   d e t e c t i o n  
of t he rma l   r ad ia t ion   can   be   d i r ec t ly   r e l a t ed   t o   t he  mode s t a b i l i t y .   C e r t a i n  
modes of a given laser are  q u i t e   s t a b l e   o v e r  a wide  range of condi t ions  and 
o t h e r s  are unstable  under  any  condition. A comparison of t h e   I F   n o i s e   l e v e l  
produced by a laser when o p e r a t e d   i n   t h e   m o d i f i e d   r e f r i g e r a t o r  and a l i q u i d  
helium D e w a r  showed tha t   t he   mod i f i ca t ion   o f   t he   r e f r ige ra to r   g rea t ly   r educed  
t h e  random (undes i red)   no ise  level  bu t   d id   no t  eliminate i t ;  i . e . ,  l i q u i d  
cryogen  cooling  provides a b e t t e r   h e t e r o d y n e  SNR than   mechan ica l   r e f r ige ra to r  
coo l ing .   In   any   ca se ,   t he   mod i f i ed   r e f r ige ra to r   dec reased   t he   excess   IF   no i se  
level t o   t h e   e x t e n t   t h a t   t h e   i n h e r e n t  mode i n s t a b i l i t y  and  poor   t ransverse 
mode s t r u c t u r e  of the   d iode  lasers become the   ma jo r   l imi t a t ions   i n   ach iev ing  
near  quantum-noise  l imited  heterodyne  performance. 
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LASER MEASUREMENTS 

The   d iode  lasers cha rac t e r i zed   and   u sed   du r ing   t h i s   p rog ram  inc lude  lasers 
o p e r a t i n g   i n   t h e  23- and 15-vm s p e c t r a l   r e g i o n s .   D e t a i l e d   m e a s u r e m e n t s  were 
made on  more  than 20 lasers. T h i s   s e c t i o n  w i l l  r e p o r t   r e s u l t s   o b t a i n e d   o n  
s e l e c t e d   d e v i c e s   w h i c h   t y p i f y   d i o d e  laser c h a r a c t e r i s t i c s .  The I-V c h a r a c t e r -  
is t ics o f   t h e  lasers had series r e s i s t a n c e  ( R s )  va lues   f rom  t ens   o f   mi l l i ohms  
t o  as h i g h  as 180 mil. Good I-V c h a r a c t e r i s t i c s   i n   g e n e r a l   d i d   n o t   c o r r e l a t e  
w i t h  laser performance.  A s  an  example,  lasers h a v i n g   t h e  same R s  va lue   would  
va ry   i n   ou tpu t   power   by  a f a c t o r   o f  10 and lasers e x h i b i t i n g   t h e  well-known 
k i n k ,   s u p p o s e d l y   i n d i c a t i n g   h i g h   r a d i a t i v e   e f f i c i e n c y ,   f r e q u e n t l y   w o u l d   h a v e  
lower  power  than a laser w i t h  a more g r a d u a l l y   r i s i n g  I-V curve.   Although a 
few lasers exh ib i t ed   an   ex t r eme ly   l a rge   number   o f   l ong i tud ina l   modes ,  a more 
t y p i c a l   b e h a v i o r  w a s  t h r e e   t o  six l o n g i t u d i n a l  modes o p e r a t i n g   s i m u l t a n e o u s l y  
a t  c u r r e n t  levels s u f f i c i e n t l y   a b o v e   t h r e s h o l d   t o   p r o v i d e   u s e f u l  laser power 
levels. The t y p i c a l   c o n t i n u o u s   t u n i n g   r a n g e  of a g iven  mode f o r  a l l  lasers 
examined w a s  approximate ly  1 cm'l (30 GHz). The   power   ou tpu t   cha rac t e r i s t i c  
f o r  a c o n t i n u o u s l y   t u n a b l e  mode var ied   cons iderably .   The   ou tput   power   peaked  
a t  a n y   p o i n t   i n   t h e   r a n g e   f r o m   l a s i n g   o n s e t   t o   t h e   d i s a p p e a r a n c e   o f   t h e  mode. 
The laser which   gave   the  best  b l ackbody   he t e rodyne   de t ec t ion   r e su l t s   showed  
e f f i c i e n t  I F  n o i s e   g e n e r a t i o n   f o r  a l l  modes as shown i n   F i g .  9 .  

The beam d i v e r g e n c e  w e  h a v e   o b s e r v e d   h a s   v a r i e d   f r o m   f / l   t o   f / 1 0   w i t h  
v a l u e s   l a r g e r   t h a n  f / 2  b e i n g  more common.  Some o f   t h e   o b s e r v e d   f a r - f i e l d  
p a t t e r n s   c a n   b e   e x p l a i n e d   b y  a b l o c k a g e   ( r e f l e c t i o n )   o f  a p o r t i o n   o f   t h e   d i -  
v e r g i n g  beam b y   t h e   h e a t   s i n k ,   w h i c h  is  a f a b r i c a t i o n   p r o b l e m   a n d  i s  not   funda-  
m e n t a l   t o   t h e   d e v i c e .  A l l  t h e  lasers examined t o   d a t e  are p o l a r i z e d   i n   t h e  
p l a n e   o f   t h e   j u n c t i o n   a n d   f r e q u e n t l y   i n   t h e   l o w e s t   o r d e r  TE0 ,o  mode. The  near- 
f i e l d   ( m i r r o r   r a d i a t i o n )   p a t t e r n   o f  two lasers s e l e c t e d  a t  random  showed o n l y  
one act ive reg ion   and   no   ev idence   o f   f i l amen ta ry   ac t ion   (wh ich  is understand-  
a b l e   i n   l i g h t  of t h e   l o n g   d i f f u s i o n   l e n g t h s   i n   t h e  Pb s a l t s ) .  

The   ma jo r   emphas i s   t o   da t e   i n   t he   deve lopmen t   o f   t he   l ead  s a l t  lasers h a s  
been   conce rned   w i th   i nc reas ing   t he   t o t a l   ou tpu t   power .   Cons ide rab le   success  
h a s   b e e n a c h i e v e d   i n   t h i s  area,  p a r t i c u l a r l y   i n   t h e   p a s t  two yea r s .   Ou tpu t  
powers i n   t h e  mi l l iwa t t  range  are common, compared  with  microwatt  l eve ls  i n  
the   ea r ly   s t ages   o f   deve lopmen t .   A l though  a s u f f i c i e n t l y   h i g h  power level  is 
a n e c e s s a r y   c o n d i t i o n   f o r  a l o c a l   o s c i l l a t o r   s o u r c e ,  i t  is n o t   s u f f i c i e n t   b y  
i t s e l f .  The  power  must b e   a l s o   a v a i l a b l e  i n  a s i n g l e   l o n g i t u d i n a l  mode. 
U n f o r t u n a t e l y ,   t h e   p r e s e n t l y   a v a i l a b l e   h i g h e r  power l e a d - s a l t  lasers e x h i b i t  
a r e l a t i v e l y   l a r g e  number   o f   l ong i tud ina l   modes ,   l imi t ing   t he   power   ava i l ab le  
i n  a s i n g l e  mode. Fu r the rmore ,   t he  laser e m i s s i o n   r a d i a t i o n   p a t t e r n   f r e q u e n t l y  
c o n s i s t s   o f  several d i v e r g i n g   l o b e s .   T h e   a n g u l a r   e x t e n t  of a g i v e n   l o b e  is 
r e l a t i v e l y  small as m e n t i o n e d   a b o v e ,   b u t   t h e   t o t a l   a n g u l a r   e x t e n t  may b e   l a r g e .  
T h i s   s i t u a t i o n  i s  shown i n   F i g .  10, which is t h e   f a r - f i e l d   p a t t e r n   o f  a d i o d e  
laser o p e r a t i n g  a t  15.4um  (cw) ob ta ined   f rom a c r o s s   s e c t i o n a l   s c a n   o f   t h e   o u t -  
p u t  beam w i t h o u t   u s i n g   a d d i t i o n a l   o p t i c s .   T h r e e   l o b e s  are ev iden t   and   each ,  
i n   t u r n ,   c o u l d   b e   i s o l a t e d   b y   t h e   m o n o c h r o m a t o r   b y   u s i n g   t h e   a n g u l a r   a d j u s t -  
m e n t s   a v a i l a b l e   i n   t h e   m o d i f i e d   r e f r i g e r a t o r  laser mount.  Although f / l   o p t i c s  
c a n   c o l l e c t  a l l  o f   t h i s   e m i t t e d   r a d i a t i o n ,   t h e   a v a i l a b l e  power i n  a s i n g l e  
l o b e  (mode) i s  l i m i t e d .  



The lowes t   o rder  TE mode is  r e q u i r e d   f o r  good heterodyne  mixing  eff ic iency 
and  therefore   the  importance  of   the  t ransverse mode s t r u c t u r e  of t h e  laser i n  
de te rmining   the   mix ing   e f f ic iency   cannot   be   overs ta ted .  A t y p i c a l   r e s u l t  is  
shown i n   F i g u r e  11. It can   be   s een   t ha t   i nd iv idua l   l ong i tud ina l  modes have 
varying  degrees  of mixing   e f f ic iency;   poor   e f f ic iency  is  co r re l a t ed   w i th  a 
complex transverse mode s t r u c t u r e  of an   i nd iv idua l   l ong i tud ina l  mode. This  
p a r t i c u l a r  laser a l s o   e x h i b i t e d   s i g n i f i c a n t   e x c e s s   n o i s e   r e s u l t i n g   i n  a poor 
he t e rodyne   s igna l - to -no i se   r a t io  as compared t o   t h e o r e t i c a l   p r e d i c t i o n s .  The 
f a r - f i e l d   i n t e n s i t y   d i s t r i b u t i o n   f o r  a r e l a t i v e l y   e f f i c i e n t  mode is  shown i n  
F i g u r e   1 2 ( a )   a n d   i n   F i g u r e   1 2 ( b )   f o r   a n   i n e f f i c i e n t  mode. The p l o t s   r e p r e s e n t  
a p a r t i a l   c r o s s - s e c t i o n a l   s c a n  of t h e  laser beam us ing  a small d e t e c t o r   i n   t h e  
co l l imated  beam of   the  laser. Close  inspect ion  of   Figure  12(b)  reveals a more 
complex i n t e n s i t y   d i s t r i b u t i o n   t h a n   t h a t   i n   F i g u r e   1 2 ( a ) .   T h e s e   r e s u l t s  are 
gene ra l :   h ighe r   o rde r   t r ansve r se  modes r e s u l t   i n   p o o r   h e t e r o d y n e   d e t e c t i o n  
e f f i c i e n c y .  

The t r a n s v e r s e  mode s t r u c t u r e  of a diode laser i s  only  of minor  importance 
in   h igh - re so lu t ion   spec t roscopy  and h a s   c o n s e q u e n t l y   r e c e i v e d   l i t t l e   a t t e n t i o n  
in   t he   manufac tu re  of t hese   l a se r s .   I n   gene ra l ,   t o   ensu re   l owes t   o rde r  mode 
o p e r a t i o n ,   a d d i t i o n a l   o p t i c a l  and car r ie r   conf inement  is  expec ted   t o   be  re- 
qui red   over   tha t   occur r ing  i n  t h e  s i m p l e  d i f fused   j unc t ion   dev ices   p re sen t ly  
manufactured,  al though  homojunction  devices  which  operate  in  the  lowest  order 
mode have  been  produced  which  provide  excellent  heterodyne  mixing  efficiency. 
The n a t u r e  of  the mode i n s t a b i l i t y   ( e x c e s s   n o i s e )  is not   wel l   unders tood  a t  
p re sen t .  It  i s  p o s s i b l e   t h a t  improvements i n   m a t e r i a l   u n i f o r m i t y  and c r y s t a l  
p e r f e c t i o n  w i l l  r e l i e v e   t h i s  problem.  Self-beat ing  effects   have  a lso  been 
obse rved   w i th   i nd iv idua l   l ong i tud ina l  modes  and may be  due to   Fabry-Perot  
cav i ty   imperfec t ions   p roduced   dur ing   the   c leaving   procedure   to   form  the  
cav i ty .   These   e f f ec t s   r e su l t   i n   excess   no i se   i n   t he   de t ec t ion   p rocess   bu t  do 
no t   occu r   fo r   t he   ma jo r i ty  of t he  modes and  can  frequently  be  minimized by 
changes   in   the   opera t ing   condi t ions .  

These resu l t s  emphasize  the  importance of t he   cav i ty   con f igu ra t ion  of 
diode lasers to be  used as l o c a l   o s c i l l a t o r s .  I t  is e s s e n t i a l   t h a t   t h e   c a v i t y  
provide a minimum i n   l o n g i t u d i n a l  mode competit ion as w e l l  as a s t r o n g   r e j e c t -  
ion   o f   h igher   o rder   t ransverse  modes. 

SUMMARY 

A breadboard  heterodyne  receiver i s  described  which  has  been  used  to 
e s t a b l i s h   t h e   c h a r a c t e r i s t i c s  of lead  s a l t  diode lasers p e r t i n e n t   t o   t h e i r  
use as l o c a l   o s c i l l a t o r s   u s i n g  laser dev ices   ope ra t ing   i n   t he  15-25 pm s p e c t r a l  
r eg ion .   He te rodyne   de t ec t ion   e f f i c i ency   has   been   d i r ec t ly   co r re l a t ed   w i th   t he  
t r a n s v e r s e  mode s t r u c t u r e  and  emphasizes   the  necessi ty   of   s table   lowest   order  
mode ope ra t ion   fo r l a se r swhen   u sed  as l o c a l   o s c i l l a t o r s .  The r e s u l t s   o b t a i n e d  
indicate   that   the   cont inued  development  of t hese  lasers w i l l  p r o v i d e   s u i t a b l e  
l o c a l   o s c i l l a t o r s   f o r  a v a r i e t y  of a p p l i c a t i o n s .  
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Figure 1.- Diode laser heterodyne receiver breadboard. 
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(A) LASER OFF 
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(B) LASER ON 
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Figure 2.-  Generation-recombination noise   genera ted  by 15-!~n diode laser 
i n  HgCdTe. 
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Figure 3 . -  Frequency s t a b i l i t y  measurement i n f e r r e d  from  Doppler l i n e  width.  
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Figure  4.- Direct f requency  s tabi l i ty   measurement   f rom  heterodyne  beat   note .  
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Figure  5.- Refrigerator accelerometer s i g n a l .  
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Figure 6.- Fourier  transform of accelerometer  output. 

Figure 7.- Modified refrigerator  accelerometer  signal (at cold head). 
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Figure 8.- Modified refrigerator  accelerometer  signal  (at  laser mount). 
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Figure 9.- Correlation of laser  node power  and I F  noise  level. 
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h = 15.4 p m 
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Figure 10.- Far-field beam p ro f i l e  ( 1 5 - v m  l a se r  cw). 
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Figure 11.- Heterodyne spectrun  as a function of l a se r  power and I F  noise  level.  
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__f k RESOLUTION 

D I STANCE - 
(a) E f f i c i e n t  node. 

D l  STANCE - 
(b) I n e f f i c i e n t  mode. 

Figure 12.-  Laser f a r - f i e l d   p r o f i l e .  
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