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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.  
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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 1.- Microwave bandpass of t he  GaAs waveguide  modulator. 
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Figure 2.-  Fabry-Perot scans of   white-cel l   output  as a funct ion of 
CO laser t r a n s i t i o n .  2 
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Figure 4.- SF absorption  spectrum  result ing from high-resolution  scans  of upper sideband 6 
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Figure 6.- Fabry-Perot  scans of quasl-dc and r ec t i f i ed  RF (100 MHz bandpass) 
output of photomixer. 
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(a) Excess TWT gain introduced  substantial  noise on optical sideband. 

Figure 7.- Spectrum-analyzer displays of photomixer RF output  under  three 
conditions of illumination:  sideband,  carrier, and no illumination. 
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Figure 7. - Concluded. 
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