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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 .  
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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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I F  PREAMPLIFIER 
TCHING  NETWORK 
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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. 

A. EQUIVALENT CIRCUIT 4 k;4 I 
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B. PHOTOMIXER/MATCHING NETWORK MOUNT 

Figure 4.- Cooled mixer impedance matching  network  €or 2.5-GHz 
infrared  heterodyne  receiver. 
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Figure  5.- C02 laser inf ra red   he te rodyne   rece iver   €or   lower  
hybr id   hea t ing   d i agnos t i c s .  
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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 .  

338 



- "_ 
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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