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SUMMARY 

Performance c h a r a c t e r i s t i c s   i n h e r e n t   t o   b o t h   a v a i l a b l e   t u n a b l e  
d iode   l a se r s  and their   environment  w i l l  a f f e c t   t h e i r   u s e  as l o c a l   o s c i l l a -  
to rs   in   he te rodyne   sys tems.   This   paper   repor t s   d iagnos t ics   o f  wavenumber 
s t a b i l i t y  and p u r i t y  of t unab le   d iode   l a se r s   i n   c lo sed   cyc le   coo le r  
environments, and a new concept   for   cont ro l   o f   the  wavenumber i n   h e t e r o -  
dyne sys tem  appl ica t ions .  The inhe ren t  TDL c h a r a c t e r i s t i c s   i n c l u d e d  
the   capabi l i ty   to   be   tuned   to   the  wavenumber des i r ed ,   t he   change   i n  
ope ra t ing   po in t  as a function  of  t ime and thermal   cyc l ing ,   the   nonl inear  
dependence of wavenumber  on d r i v e   c u r r e n t ,   t h e   a x i a l  mode s t r u c t u r e ,  
and the   obse rved   f i ne   s t ruc tu re   o f   " s ing le"   ax i a l  modes. 

I n i t i a l   o p e r a t i o n   o f   t h e  TDL showed t h a t  i t  was no t   poss ib l e  
t o   a d j u s t   t h e  wavenumber t o  one s e l e c t e d  a p r i o r i   i n   t h e  TDL tun ing  
range. I ts  ope ra t ing   po in t  was recorded  as  a func t ion  of time and 
thermal  cycling by heterodyne and absorption  techniques.   During  opera- 
t i o n ,   t h e   o p e r a t i n g   p o i n t  would  change by 0.1 cm- ' over   the  longer  
term  with  even  larger  changes  occurring  during some thermal   cycles .  
Most changes  during  thermal  cycling  required  using  lower  temperatures 
and h igher   cur ren ts   to   reach   the   former  wavenumber (when it  could  be 
reached) .   In  many cases ,   an   opera t ing   po in t   could   be   se lec ted  by chang- 
ing TDL cu r ren t  and tempera ture   to   g ive   bo th   the   des i red  wavenumber 
and  most  of  the power i n  a s i n g l e  mode. The se l ec t ion   p rocedure  had 
t o  be  used a f te r   each   thermal   cyc l ing .  Wavenumber n o n l i n e a r i t i e s   o f  
about 10% over a 0.5-cm tuning  range were observed.  Diagnostics  of 
t h e   s i n g l e  mode s e l e c t e d  by a g r a t i n g  monochromator showed wavenumber 
f i n e   s t r u c t u r e   u n d e r   c e r t a i n   o p e r a t i n g   c o n d i t i o n s .  The c h a r a c t e r i s t i c s  
due t o   t h e  TDL environment  included  short-term wavenumber s t a b i l i t y ,  
the   ins t rument   l ineshape   func t ion ,  and intermediate- term wavenumber 
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stability.  Steinberg  (ref. 1) has  reported  wavenumber  set-point  stabil- 
ities of several  MHz  on  the  short  term  (up  to  several  minutes).  His 
heterodyne  measurement of this  stability  indicated  that  the  instrumental 
line-shape  function  had a  half-width  of 10 MHz and a  shape  with  broad 
wings  and  that  the  wings  were  due  to  residual  cooler  vibrations  which 
could  not be  removed.  Preliminary  work  with  digital  control of  TDL 
current  indicates  an  intermediate-term  wavenumber  stability  (up  to 
an  hour) of 1 6  cm  or  better  which  is  related  to  cycling of the 
temperature  control  system. 

-1 

These  wavenumber  stability  and  purity  characteristics  will  require 
supplementary  systems  to  ensure  that  the TDL  will be  an  appropriate 
local  oscillator,  especially  if  thermal  cycling  may  occur.  We  have 
developed  the  following  concept  for  wavenumber  control  such  that  the 
TDL wavenumber  can  be  adjusted  to  and  held  at  the  desired  wavenumber 
location  in  the  absence  of a  calibration  cell  containing  the  gas  to 
be  measured.  The  wavenumber  control  algorithm  is  designed  to  initialize 
the TDL  wavenumber to  that  of  an  absorption  line of  a  control  gas  after 
thermal  cycling,  step  the  TDL  wavenumber in  the  presence of scan  nonlin- 
earities  to  the  desired  wavenumber  which  is  assumed  to  be  within a 
mode  tuning  range,  lock  to  that  desired  wavenumber  in  spite of intermedi- 
ate  and  long-term  wavenumber  drifts,  and  monitor  continually  the  stabil- 
ity  of  the  stable  etalon  vernier.  The  stepping  and  locking  is  accom- 
plished  using  fm/harmonic  detection of etalon  fringes  in  quadrature 
in  an  auxiliary  absorption  spectrometer  branch.  This  technique  allows 
use  of  moderate  finesse  fringe  patterns  through  its  unique  filtering 
capabilities  and  is  insensitive  to  variations  in TDL power.  Details 
of the  software  and  hardware  design will be  given  including  the  design 
of the  stable  etalon. 

We  conclude  that  the  characteristics of available  laser  diodes 
and  aspects  of  their  performance  in  closed-cycle  cooler  environments 
which  may  have  made  space  flight  systems  impractical  can  be  overcome 
through  realizable  control  techniques. 

INTRODUCTION 

In 1976, S.K.  Poultney  initiated a two-pronged  research  program 
to  enable  Perkin-Elmer  to  return  to  the  flight  spectroscopic  sensor 
business.  This  program  emphasized  the FTS  interferometer  as  a  quantita- 
tive-survey  instrument  and  the  tunable  laser  spectrometer  as a  species- 
specific  monitor.  The  tunable  laser  spectrometer  was  based  on  the 
Pb-salt  tunable  diode  lasers. It encompassed  the  applications  accessible 
to  the  Laser  Heterodyne  Spectrometer  (LHS)  and  to  the  Tunable  Diode 
Laser  Absorption  Spectrometer  System (TDLSS). Following  the  assembly 
and  testing of a COz-laser  based LHS, S.K. Poultney  led  the  assembly 
and  development  of  the  state-of-the-art TDLSS for  trace  gas  detection. 
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The  following  section  describes  the  Perkin-Elmer  TDLSS.  The 
trace  gas  detection  measurements  with  this  system  have  been  supported 
by  the Federal  Aviation  Administration;  first  as  a  feasibility  study 
(ref. 2) and  more  recently  as a flight  prototype  activity  led  by M.D. 
Miller.  These  measurements  with  the  TDLSS  as  well as many  performance 
diagnostics  supported  by  independent  research  programs  have  allowed 
us to obtain the measurements  that  we  report  in  this  paper.  The  goals 
of our  investigations of the  tunable  laser  spectrometer  have  been  to 
determine  those  characteristics of the spectrometer  which  will  limit 
its  use  for  either of its  two applications and  to  develop a potential 
solution for one of the  most  critical  performance  aspects.  That  aspect 
of performance  is  wavenumber  purity  and  stability.  Table I summarizes 
the  wavenumber  purity  and  stability  required by  the  most  demanding 
application;  a  laser  heterodyne  spectrometer  measurement  from  space 
of reactive  trace  gases  which  cannot  be  contained  in a  reference  cell 
and whose  absorption  lines  have  Doppler  widths.  The  next  two  sections 
report  the  results  of  our  wavenumber  purity  and  stability  diagnostics 
for  performance  characteristics  inherent to  tunable  diode  lasers  and 
their environment , respect ively.  The  final  section  describes  a  new 
concept  for  automatic  wavenumber  control  which  has  been  developed on 
an  independent  research  program,  and  briefly  summarizes  our  design 
for  the  necessary  stable  Fabry-Perot  interferometer.  Methods  for  ensur- 
ing a single  mode  at  the  detector  are  not  discussed. 

DESCRIPTION  OF  THE  TUNABLE  DIODE  LASER 
SPECTROMETRIC  SYSTEM  (TDLSS) 

The  tunable  diode  laser  spectrometric  system  consists  of a laser 
source, its control  environment,  a  sample cell, a  detector,  connecting 
optics, and a data  acquisition  system  as  shown  in  figure 1. The  laser 
must  normally  be kept at  temperatures  near 25 K with a precision of 
tenths  of  millidegrees.  It  is  normally  tuned  in  wavenumber by applying 
an  incremental  drive  current to  the  necessary  bias  current  from a  control 
module.  This  particular  system  possesses a digital  control  box  which 
steps  the  drive  current  in  small  steps  and  synchronously  clocks  the 
A/D  converter  in  the  data  acquisition  system.  This  TDLSS can be  operated 
in  either  the  conventional am  detection  mode  using the  chopper  or  the 
fm/harmonic  mode  using  one  or  more fm modulations  superposed  on  the 
drive  current.  The  signal  out of the  detector  is  appropriately  demodul- 
ated  and  filtered  before  being  digitized. A number of auxiliary  optical 
devices  are  needed  to  control  the  laser  output  and  to  calibrate  the 
laser  wavenumber.  These  devices  include a mode  selector,  a  coarse 
wavenumber  locator,  calibration  gas  cells,  calibration  etalons,  feedback 
isolators, etc.  For  use  as a laboratory  spectroscopy system, the  TDLSS 
requires  all  these  components  as  well  as  an  executive  software  program. 
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The tunable  laser source is a semiconductor  diode  of  the  Pb-salt  
family  which  can e m i t  s u b s t a n t i a l  amounts o f  power i n  a na r row  spec t r a l  
range   in   the   mid inf rared   under   the   p roper   condi t ions .  A l l  of t he  
lasers t h a t  we have  used  have  been  purchased  from  one  commercial  source, 
Laser Analy t ics ,   Inc .  These diodes  have  yielded  about  100  microwatts 
i n   e a c h   o f  several modes i n   t h e  wavenumber r eg ion   spec i f i ed .   The i r  
l i fe t imes   have   been   exce l len t   (e .g .  many months). Our s p e c i f i e d  wave- 
numbers  have  been  reached  within  the  available  ranges  of  closed-cycle 
cooler   t empera tures  and  control-module  bias  and  drive  currents.  

The TDL's must  be  operated  under  the  proper  temperature,  mechanical- 
mount,  and current   condi t ions  to   insure   best   performance.   For   the 
l abora to ry  TDLSS we se lec ted   an  AIRCO c losed -cyc le   coo le r   t o   p rov ide  
the  necessary  cryogenic   environment .   In   this   environment ,   the  TDL 
can  operate  between  about 20 K and 50 K depending  on i t s  composition 
and the  wavenumber desired.   Temperature  control  and  vibration  mounting 
of  the TDL was engineered by  Perkin-Elmer  and i s  descr ibed  by Ste inberg  
( r e f .   1 ) .  

The TDL r e q u i r e s  a cu r ren t   b i a s   o f  up t o  2 A i n   o r d e r   t o  emit l i g h t .  
It i s  normally  tuned  in  wavenumber by applying a v a r i a b l e   d r i v e   c u r r e n t .  
Typ ica l   cu r ren t   t un ing   coe f f i c i en t s  are 0.011 cm-I /mA.  We s e l e c t e d  
the   ana log   cur ren t -cont ro l  module made by Laser Ana ly t i c s   Inc .   fo r  
the  Laboratory TDLSS. We have  found t h i s   t o   b e  a wel l -engineered  uni t .  
We have a l s o  found it convenient   to   supplement   the  analog  current-control  
module with a d i g i t a l   c o n t r o l  box.  This d i g i t a l   c o n t r o l  box s t e p s  
t h e   d r i v e   c u r r e n t   i n  small s t e p s  and synchronously  clocks  both a c h a r t  
recorder  and the  A/D conve r t e r   i n   t he   da t a   acqu i s i t i on   sys t em.  The 
da ta   acqu i s i t i on   sys t em  r eco rds   t he   d ig i t i zed  TDLSS scans   fo r  l a te r  
a n a l y s i s  on the  Perkin-Elmer  time-sharing  computer. The d i g i t a l   c o n t r o l  
box  can  scan a t  d i f f e r e n t   r a t e s  and d i f fe ren t   tun ing   ranges ,   can   scan  
down, c a n   d i g i t a l l y  se t  t h e   b i a s   c u r r e n t ,  and can   accep t   e i t he r  wave- 
number c o n t r o l   s i g n a l s   o r   s e v e r a l  TDL modula t ion   s igna ls   a t   an   ex te rna l  
summing junc t ion .  

This TDLSS c a n   b e   o p e r a t e d   i n   e i t h e r   o f  two d e t e c t i o n  modes: 
a m  chopping  or  fm/harmonic  detection. The convent ional  am mode uses  
the  chopper   to   modulate   the  l ight  beam and the  synchronous  amplifier 
t o  demodulate and f i l t e r   t h e   d e t e c t o r   s i g n a l .  We u s e   t h i s  mode f o r  
spec t roscopic   measurements   o f   l ine   pos i t ions ,   s t rengths ,  and widths  
( r e f .  3 ) .  The fm/harmonic mode uses  one o r  more f m  modulations  super- 
posed on the  TDL d r i v e   c u r r e n t  and the  synchronous  amplif ier   to  demodul- 
a t e  and f i l t e r   t h e   d e t e c t o r   s i g n a l .  We u s e   t h i s  mode f o r   t r a c e   g a s  
de tec t ion   because  o f  i t s  advan tages   fo r   t h i s   app l i ca t ion   a s   d i scussed  
by Poultney e t  a l .  ( r e f .  2 ) .  
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The d e t e c t o r  is a broad  response HgCdTe d e t e c t o r  from Hughes/SBRC. 
It was purchased i n   c o n j u n c t i o n   w i t h  a matched, low no i se   p reampl i f i e r .  
The detector   has   performed w e l l ,  bu t  it was n o t   s p e c i f i c a l l y  matched 
f o r  any s ing le   app l i ca t ion .   Ne i the r   t he   f i e ld   o f   v i ew,   t he   s i ze ,   no r  
a co ld   f i l t e r   has   been   s e l ec t ed   t o   p rov ide   t he   l owes t   no i se   ach ievab le  
i n   t h e   p r e s e n t  TDLSS. 

The TDLSS o p t i c s   c o n s i s t   e n t i r e l y  of o f f ax i s   pa rabo la s  and p lano  
m i r r o r s   i n   o r d e r   t o   m i n i m i z e   p a r a s i t i c   e t a l o n   n o i s e  and t o  make alignment 
s t ra ight forward .  The o p t i c s  are modular i n  form to   a l low  convenient  
change  of  functions. 

A number o f   aux i l i a ry   op t i ca l   dev ices  are needed t o   c o n t r o l   t h e  
l a se r   ou tpu t  and t o   c a l i b r a t e   t h e  laser wavenumber. A g r a t i n g  monochro- 
mator ( 1 / 2  m Jarrel l -Asch)   has   been  used  to   locate   the laser wavenumber 
( to   abou t  0.5 cm-’), t o   s t u d y   t h e   a x i a l  mode s t r u c t u r e   o f   t h e  TDL, 
and t o   s e l e c t  a s i n g l e  mode for   t ransmission  through  the TDLSS. The 
monochromator  has  worked well i n  a laboratory  environment and i s  e s sen t -  
i a l  for   the  TDL d i agnos t i c s  and coarse  wavenumber adjustment.  The 
abso lu te  wavenumber i s  best   determined by the  use  of a gas   with known 
a b s o r p t i o n   l i n e s   i n  a c a l i b r a t i o n   c e l l .  

For use as a laboratory  spectroscopy  system,  the TDLSS r e q u i r e s  
an  executive  spectroscopy  program  which  can  read  the  digital   records,  
normalize and cal ibrate   each  record,   connect   each  short   record  (e .g .  
1 ern-') i n t o   t h e  more normal   spec t roscopic   d i sp lay ,   p r in t   ou t   the   spec-  
t ro scop ic   d i sp l ay ,   u t i l i ze   ana lys i s   subprograms   fo r   t he   ana lys i s  of 
t h e   d a t a ,  and a rch ive   t he   da t a  and r e s u l t s   o f   t h e   a n a l y s i s .  The flow 
chart   of   that   execut ive  spectroscopy  program i s  shown i n   f i g u r e  2. 
Some of   the  analysis   programs  are   l ibrary  programs  while   others   have 
been   spec i f ica l ly   wr i t ten   to   accompl ish   nonl inear ,  l eas t  s q u a r e   f i t t i n g  
o f   s p e c t r a l   l i n e s h a p e s   ( r e f .   4 ) .  

DIAGNOSTICS OF INHERENT TDL CHARACTERISTICS 

Capab i l i t y   t o   be  Tuned to   Des i red  Wavenumber 

Our i n i t i a l  work wi th   the  NO TDL showed t h a t  we could   no t   ob ta in  
an  operating  point  which  gave  an  output a t   t he   R(4 .5 )  NO l i n e s ,   b u t  
could   ob ta in  a good ou tpu t   a t   t he   nea rby  R(5.5) NO l ines .   This  wave- 
number search is executed by making a series of   changes   in   bo th  TDL 
hea t   s ink   t empera ture  and d r i v e   c u r r e n t .  The d r ive   cu r ren t   t unes   t he  
TDL th rough   j ou le   hea t ing   i n  a finer  degree  than  the  temperature  con- 
t r o l l e r .  The r eason   t ha t  some wavenumbers cannot  be  reached i s  r e l a t e d  
to   the   na ture   o f   the  TDL output .   This   ou tput   cons is t s   o f  a number 
of modes wi th  a f a i r l y   r e g u l a r   s p a c i n g  and with  varying  ampli tudes.  
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The number of modes is  determined by t h e   e x t e n t   o f   t h e  TDL ga in   curve .  
As t he  TDL temperature  i s  tuned,   these modes tune as much as a mode 
spacing,  a t  which po in t   t he  TDL cav i ty   ene rgy  is s e n t   i n t o   a n o t h e r  
mode. Ce r t a in   ope ra t ing   po in t s   can   be  found  where  no modes are ope ra t ing  
o r  where s e v e r a l  modes are competing f o r   t h e   e n e r g y   i n  an uns t ab le  
fash ion .  

Once found,   the  operat ing  points  are a good guide as t o  how t o  
o b t a i n   l i g h t  a t  t he   des i r ed  wavenumbers dur ing   the  same thermal   cycle .  
These ope ra t ing   po in t s  do change  with time and thermal   cycl ing so t h a t  
they may have t o  be  optimized  each time the  TDL i s  used.  The NO R(4.5) 
l i n e s  were access ib l e   a f t e r   t he   s econd   t he rma l   cyc l ing ,   bu t   t he   s e t t i ng  
of   the   opera t ing   po in t  was o f t en   t ed ious .  A scan   of   these   l ines  i s  
shown i n   f i g u r e  3. 

Operat ing  Point   History 

The o p e r a t i n g   p o i n t   h i s t o r y   o f   a v a i l a b l e  TDL's i s  important  because 
it w i l l  a l low us to  plan  those  f ield  deployment  techniques  which w i l l  
make poss ib l e   t he   ea sy   t r ans fe r   o f  a cha rac t e r i zed  TDL t o  a f i e l d  TDLSS 
o r  the  quick  recovery  of  a s p e c i f i e d  wavenumber a f t e r  a thermal   cycl ing 
i n   t h e   f i e l d .  We d i s c u s s   i n  some d e t a i l   t h e   h i s t o r y   o f   t h e  NO TDL. 
This TDL has   been   in   use   s ince  March 1979  and has   been  kept   cold  cont in-  
uously  except   for  5 thermal   cycles .  Most of   these   cyc les  were caused 
by power outages.  We f ind   i n   gene ra l   t ha t   t he   ope ra t ing   po in t   changes  
such  that   the   heat   s ink  temperature  must  be  decreased and t h e   d r i v e  
cur ren t   increased  as a funct ion  of  time t o   a c h i e v e   t h e  same wavenumber 
as before .  The l o c a t i o n   o f   t h i s  wavenumber is taken  to   be  the  peak 
of   the  room w a t e r - v a p o r   l i n e   a t  1897.52  cm-l. Figure 4 presen t s   t he  
h i s t o r y  of t h i s   o p e r a t i n g   p o i n t .  We found i t  convenient   to   p resent  
t h i s   d a t a  as, a graph  of how the  TDL wavenumber would  have  changed i f  
t he   ope ra t ing   po in t  had not   been   changed .   In   o rder   to   ca lcu la te   th i s  
hypothet ical   performance,  i t  was necessary   to   de te rmine   the   thermal  
and c u r r e n t   t u n i n g   r a t e s   o f   t h i s  TDL. 

The TDL cu r ren t   t un ing  rate was measured by scanning  through  the 
we11 known R(5.5) NO l i n e s  a t  1897  cm-l. The c u r r e n t   t u n i n g   r a t e  was 
0.011 cm-l/mA. The thermal   tun ing   ra te  was c a l c u l a t e d  from the   ope ra t ing  
po in t   da t a   o f   f i gu re  4 for  the  dates  between  8/23  and  9/19.  Since 
the  same abso rp t ion   l i ne  was used  each time, the  temperature  changes 
must  correspond  to  the  current  changes. Use of   the  current   tuning 
r a t e   l e a d s   t o  a thermal   tuning ra te  of  1.2 cm"/K. The hypo the t i ca l  
performance  of  the TDL wavenumber was t h e n   c a l c u l a t e d   r e l a t i v e   t o   t h e  
ope ra t ing   po in t  x on 3 /29 ,   us ing   these   ra tes  and t h e   a c t u a l   o p e r a t i n g  
point  changes  for  each  date.   This  performance i s  shown i n   f i g u r e  4 .  
Most of  the  changes were small, which ind ica t ed   t ha t   t he  same mode 
was used   for  a l l  measurements.  This  observation means t h a t  one  could 
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recover   opera t ion  on a g i v e n   l i n e  by a s imple   tun ing   of   the   d r ive   cur -  
rent .  Changes during a cyc le  are t y p i c a l l y  less than  0.1 cm . The 
la rge   change   in  wavenumber a f t e r   c y c l e  2 i s  probably   an   ind ica t ion  
t h a t   t h e  TDL c h a r a c t e r i s t i c s  change so as t o  modify d r a s t i c a l l y   t h e  
mode s t r u c t u r e .  The magnitude  of  the  change is  probably  about   equal  
t o   t h e  mode s p a c i n g   i n   t h i s   p a r t i c u l a r  TDL. I n   f a c t ,   a f t e r   t h i s   t h e r m a l  
cyc le ,   t he  TDL could  be  tuned so as to  allow  the  measurements  of  both 
the  R(5.5) and R(4.5) NO l i n e   t r a n s i t i o n s .  

It may a l s o   b e   h e l p f u l   f o r   f i e l d  deployment c o n s i d e r a t i o n s   t o  
summarize the   ope ra t ing   po in t   op t imiza t ion   p rocess   a f t e r  a thermal 
change.  Figure 5 shows a composi te   view  of   this   process   af ter   the  
second  thermal  cycle.   Figure  5(a)  notes  the TDL output   before   cyc l ing  
as measured by the  grat ing  spectrometer   superposed on a TDLSS t r a c e  
of  the  ambient water vapor   l ines .   F igure   5 (b)  shows the   g ra t ing   spec-  
t rome te r   t r ace   o f   t he  TDL o u t p u t   a f t e r   t h e   c y c l e  a t  the  same h e a t   s i n k  
t empera tu re ,   bu t   a t  a d r ive   cu r ren t  which  places   the  output   a t   the  
previous wavenumber. Figure  5(c)  shows the   g ra t ing   spec t romete r   t r ace  
of   the TDL output   a f te r   bo th   t empera ture  and current  have  been  optimized 
to   g ive   nea r   s ing le  mode performance st the  previous wavenumber.  Optimiz- 
a t ion   o f   t he   ope ra t ing   po in t   a f t e r  a thermal  cycle may thus   requi re  
opt imiza t ion   of   the  mode s t r u c t u r e  as wel l .  

Wavenumber Nonl inear i ty   o f   the  TDL 

The f i n e  wavenumber tuning  of   the TDL i s  accomplished by the   j ou le  
hea t ing   o f   t he   d r ive   cu r ren t .  For sma l l   d r ive   cu r ren t s  compared t o  
the  TDL b i a s   c u r r e n t ,   t h e  wavenumber tuning i s  nea r ly   l i nea r   w i th   d r ive  
c u r r e n t .  Scans l i k e   f i g u r e  3 i n   gene ra l   posses s  a nonl inear   cur ren t  
d r i v e   a x i s  which  must  be c a l i b r a t e d   f o r   a c c u r a t e  work. One cannot 
s imply   i n t e rpo la t e  between NO l i n e s   t o   l o c a t e   t h e  N,O l ine ,   for   example,  
t o   t he   p rec i s ion   r equ i r ed   ( e   . g .   10 -  cm- '1. The cu r ren t   d r ive   ax i s  
i s  commonly ca l ibra ted   th rough  use   o f  a scan  of a s t a b l e   e t a l o n  as 
shown i n   f i g u r e s  6 and 7 .  The s t ab le   e t a lon   u sed  was a temperature 
s t a b i l i z e d  Ge etalon  commercially  purchased  with a f ines se   o f  3 and 
a f ree   spec t ra l   range   of   0 .048  cm-I i n   t h e  1897 cm-I region.   Etalon 
fringe  peaks are thus known t o  be equal ly   spaced   in   the  wavenumber 
doma in .  

One can  expect a 5% non l inea r i ty   ove r  a 1 cm-l t u n i n g   i n t e r v a l  
f o r  100 mA d r i v e  and 1 A b i a s .  

We have   s tud ied   the   scan   nonl inear i t ies   for  a var ie ty   o f   purposes  
u s i n g   o u r   d i g i t a l   c o n t r o l  and da ta   acquis i t ion   sys tem.   F igure  6 shows 
an   ea r ly   s can   o f   an   e t a lon   f r inge   pa t t e rn  where  the  dr ive  current  a t  
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each‘fr inge  peak  has   been  recorded.  The peak   spac ing   i n   cu r ren t   s t eps  
and the   tun ing  rate near  each  peak are l i s t e d   i n   t a b l e  11. This l i s t i n g  
shows tha t   the   ‘ spac ing   increases  as t h e   d r i v e   c u r r e n t   i n c r e a s e s   w h i l e  
the   tun ing  rate decreases .   These   resu l t s  are cons i s t en t   w i th   t he   j ou le  
hea t ing   p i c tu re .   F igu re  7 shows a d i g i t a l   r e c o r d   o f  a f r inge   s can  
ove r l ay ing   t he  room water-vapor   l ines .  We have   ana lyzed   t h i s   d ig i t a l  
r eco rd   w i th   ou r   e t a lon   ca l ib ra t ion   so f tware   i nd ica t ed  i n  f i g u r e  2 and 
as o u t l i n e d   i n   t a b l e  111. This more g e n e r a l   a n a l y s i s   i n d i c a t e s   t h a t  
t he   t un ing   non l inea r i ty  is  more compl ica ted   than   the   quadra t ic   expec ta-  
t i o n .  We are con t inu ing   ou r   ana lys i s   o f   t he   non l inea r i t i e s  by t r y i n g  
t o   f i t   e v e r y   p o i n t   o f   t h e   e t a l o n   c u r v e   r a t h e r   t h a n   j u s t   t h e   p e a k   v a l u e s .  

Axial  Mode S t ruc tu re  

Axial  mode s t r u c t u r e  i s  important  to  the  performance  of a TDLSS 
f o r  a t  least  th ree   r easons .   F i r s t ,   t he   p re sence   o f   s eve ra l  modes a t  
t he  same o p e r a t i n g   p o i n t   r e q u i r e s   i n   g e n e r a l   t h e   u s e   o f  a g r a t i n g  mono- 
chromator (or o t h e r  mode s e l e c t o r )   t o   s e l e c t   t h e   d e s i r e d  mode. The 
use  of  a gra t ing   spec t rometer   se rves   to   increase   the   complexi ty   o f  
the  TDLSS, in t roduce   t ransmiss ion  loss, and i n t r o d u c e   o p t i c a l   n o i s e ,  
a l though i t  i s  convenient   for  making coarse wavenumber i d e n t i f i c a t i o n s .  
Second,  the mode s t r u c t u r e  may be  such  that   the  mode s e l e c t o r  may not  
b e   a b l e   t o   r e j e c t   v e r y   n e a r   o r   v e r y   f a r  modes. Thi rd ,   the   se lec ted  
mode  may have  f ine  wavelength  s t ructure   which  can  only  be  diagnosed 
by o ther   t echniques .  The l a t t e r  two s i t u a t i o n s  would serve   to   d iminish  
t h e   s p e c i f i c i t y   o f   t h e  TDLSS. 

We p resen t   he re  some r e p r e s e n t a t i v e   r e s u l t s  of  s p e c t r a l   s c a n s  
of   the TDL output  which are re levant   to   f ie ld   deployment .   F igure  8 
shows a TDL mode scan  which  indicates  the  very  wide  range ( %  38 cm-3 
over  which a mode s e l e c t o r  may have t o   o p e r a t e .  Most TDL emission 
ranges  span  only  about 10 t o  15  cm-l. Figure 9 shows a mode scan  which 
i n d i c a t e s   t h e   c l o s e s t   s p a c i n g   o f  modes t h a t  may occur ( i .e .  about 2.2 
cm-’). P o t e n t i a l  modes a re   ac tua l ly   spaced  by 1.1 cm-’ i n   t h i s  TDL, 
but   operat ion a t  lower   b ias   cur ren ts   causes   every   o ther  mode t o   d r o p  
ou t .  A t  c e r t a i n   o p e r a t i n g   p o i n t s ,   t h e   s e l e c t e d   s i n g l e  mode h a s   f i n e  
s t ruc tu re .   Th i s   f i ne   s t ruc tu re   has   been   s tud ied   i n   s eve ra l  ways,  includ- 
ing  heterodyne  measurements  with a l o c a l   o s c i l l a t o r ,   c a l i b r a t i o n   e t a l o n  
scans ,  and scans   o f   gas   l i nes .   In   f i gu re   10 ,  we show examples  of  such 
scans   o f   the  NO double t .  The scan  here  happens  to  be  the  fm/second 
harmonic  transform  of  the  familiar NO doublet   of  R1,  (5 .5) .   Figure 
1 0 ( a )   i l l u s t r a t e s   t h e  mode s t r u c t u r e   ( l o w e r   t r a c e )  and the   absorp t ion  
l i ne   s can   (uppe r   t r ace )  when a s i n g l e   a x i a l  mode has   been  selected 
by the  monochromator  and when f i n e   s t r u c t u r e  is not   p resent .   F igure  
1 0 ( b )   i l l u s t r a t e s   a b s o r p t i o n   l i n e   s c a n s  when the   s e l ec t ed  mode has 
f i n e   s t r u c t u r e .  Each trace i s  taken  with a d i f fe ren t   opera t ing   tempera-  
t u r e  and  shows d i f f e r e n t   f i n e   s t r u c t u r e .  A t yp ica l   spac ing  i s  0.075 
cm- or 2.25 GHz. Heterodyne  measurements  with a 10  micron TDL ind ica t ed  
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fine  structure  with  separations  of  250 MHz. (See  figure 11). Scans 
of  a stable  etalon  also  provide  information on the  fine  structure of 
TDL axial  mode  from  the  discontinuity of the  fringe  pattern.  Figure 
12 shows  a  scan of a  solid Ge etalon  with  a  finesse of 3 and a  free 
spectral  range  of  0.047  cm-'  using  a 940 cm" TDL. At  the left, the 
trace  has  the  expected  amplitude  and  shape.  However,  in  the  center 
a  discontinuity  appears  and  the  amplitude of modulation  drops  sharply. 
This  suggests  the TDL sends  out  several  closely  spaced  modes  at  this 
point. 

Figure  5a  and  figure  5c  show  typical  monochromator  scans of  TDL 
output  after  operating  point  optimization.  For  a  common  slit  setting 
(i.e.  0.27 mm or 1.6 cm-'), we typically  see  about 5% of  the TDL output 
in  other  distant  modes.  True  single  mode  behavior  to  the  0.1%  level 
was  very  seldom  observed,  as  was  the  mode  fine  structure  described 
above.  Powers  up  to 201-1 W were  delivered  to  the  detector in  a  single 
mode  selected  by  the  monochromator of  25%  transmission. 

DIAGNOSTICS  OF  TDLSS  CHARACTERISTICS 
DUE  TO  TDL  ENVIRONMENT 

The  characteristics  due to TDL  environment  included  short-term 
wavenumber  stability,  the  instrument  lineshape  function,  and  intermediate- 
term  wavenumber  stability.  The  short-term  wavenumber  stability  was 
measured  by  using  the  heterodyne  technique  which  was  described  by G. 
Steinberg  (ref. 1). This  study w a s  carried  out  using a TDL chosen  to 
overlap  the  available  CO,  -laser  lines  near 10.6 microns.  Figure  13 
shows  the  heterodyne  spectrometer  and  figure 14 shows  the  results 
achieved.  The  two  lower  traces  indicate  that  the  lineshape  of  the 
TDLSS is about 10 MHz in  half-width  (i.e.Q 3 ~ 1 0 - ~  ern-') for  averaging 
times  up  to  several  minutes.  Single  traces  at  the  top  left  show  that 
the  central  wavenumber  remains  constant  to  about 2 MHz. Single  traces 
at  the  top  right  indicate  that  the  wings  of  the  lineshape  are  due  to 
large  wavenumber  excursions  caused  by  the  residual  vibrations  from 
the  closed-cycle  cooler.  These  residual  vibrations  could  not  be  elimin- 
ated.  The  goal of  resolving  Doppler  lines  was,  however,  substantially 
met.  The  lineshape  study  of  Doppler  and  Voigt  lines  reported  by  Poultney 
et  al.  (ref. 3 )  confirmed  the  heterodyne  measurements of instrumental 
lineshape.  Figure  15  is  the  measured  shape of a NH, line  under  Doppler 
conditions.  The  curve  which  connects  the  data  points  is  the  best  fit 
Gaussian  profile,  with  an  instrument  linewidth  of ~ x I O - ~  cm-'. The 
fitting  procedure  is  described  by  No11  and Pires (ref. 4 ) .  

Intermediate-term  wavenumber  stability  was  estimated  by  using 
the  TDLSS  near 5.3 microns  which  was  tuned to  the  half-width  position 
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of NO  Rll(5.5), where  the  slope is  the  greatest. A sample  cell of 
the  spectrometer  was  filled  with 0.9 Torr of NO, a  pressure  low  enough 
for  the  absorption  line  to  be  Doppler  limited,  with a  half-width  at 
half  maximum  of  about 0.002 cm-'. The  vertical  deflection of the  re- 
corder  pen  then  corresponds  approximately  to 0.004 cm-l,  or FWHM of 
the  line.  The  diode  current  was  then  adjusted so that  the  diode  wave- 
length  was  halfway  down  the  absorption line; the  point of maximum  sensi- 
tivity  to  wavelength  changes. Two traces  are  shown  in  figure 16. 
The  upper  trace  shows  the  intermediate-tern  stability  was  about 0.001 
cm-l,  with TDL temperature  controller  gain 50, while  the  short-term 
noise  was  much  smaller.  The  intermediate  fluctuation  had a period 
of about 3 minutes.  The  short-term  noise  was  larger (- 0.0008 cm-' 1, 
but  the  intermediate-term  noise  was  smaller,with  the TDL  temperature 
controller  gain  100. 

WAVENUMBER  CONTROL  TECHNIQUE 

The  use  of  tunable  diode  lasers  for  laser  heterodyne  spectrometry 
requires  that  the  issue of  wavenumber  control  be  addressed.  There 
are  various  techniques  to  counteract  the  effects  of  thermal  drift  and 
thermal  cycling  of  the  laser.  One of the  most  promising methods, based 
on  counting  and  interpolating  fringes  of a  stable  Fabry-Perot  interfer- 
ometer, is  described  here. 

The  requirements  for TDL  wavenumber  control  imposed by spectroscopic 
and  mission  considerations  have  been  summarized  in  table I. When  the 
laser  is  turned  on remotely, it  must  be  tuned  to  the  desired  wavenumber 
even  though its initial  wavenumber  may  be  uncertain  due  to  thermal 
cycling.  The  tuning  accuracy  must  be f cm-1  to  ensure  operation 
at  the  center  of a  Doppler-broadened  line.  Ideally, a  cell  containing 
the  gas  to  be  detected  would  be  available  at  all  times  to  provide a 
reference  absorption  line  at  precisely  the  correct  wavenumber.  However, 
in  many  cases it is  not  possible  to  carry a  sample  of  a  particular 
species  with a flight  spectrometer.  Such  tuning  accuracy is useful 
only  if  the  technique  can  also  reduce  the  intermediate-  and  long-term 
drift of the  laser  to  less  than  cm-l. 

Our  concept  for  wavenumber  control  is  depicted  with  the  aid of 
figure  17.  First  the TDL wavenumber is  swept  across  its  tuning  range 
until  an  absorption  line  in  a  reference  gas  cell is  found.  We  assume 
that  the TDL  wavenumber  remains  within a mode  tuning  range of the  refer- 
ence  line  during  thermal  cycling  and  operation.  The  reference  line 
need  only  be  as  close  as 1 or 2 cm-I  to  the  desired  line  position. 
Then  the TDL  mode  structure is  optimized  for  operation  in  this  spectral 
region.  The TDL is  locked  to  the  gas  reference  line  and  the  position 
(in  wavenumber  space) of its  output  with  respect  to  the  etalon  trans- 
mission  curve is  recorded.  Next  the TDL is  tuned  across a  predetermined 
number  of  Fabry-Perot  interferometer  transmission  peaks  to  the  wavenumber 
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of the  spectral  line of interest.  Finally  the TDL is  stabilized  at 
that  wavenumber  by  monitoring  transmission  through  the  etalon,  and 
long-term  drift of the  etalon  is  compensated  by a  separate  control 
system. 

Detection  of  reference  gas  absorption  and  interferometer  fringes 
is  accomplished  by  modulation  of  the TDL at a  frequency  f  and  modul- 
ation  index A,. As  shown in figure 18, the  first  and  second  fmlharmonic 
signals  are  available  to  identify  the  position  in  wavenumber  space 
of the  laser  output.  The  precise  location of the TDL  wavenumber to 
within  one  hundredth  of  a  free  spectral  range  of  the  interferometer 
requires  accurate  interpolation  between  transmission  peaks. 

One  simple,  elegant  method  of  interpolation  uses  information  found 
in  first  and  second  fmlharmonic  detection of the  etalon  transmission 
function  (also known as  the  Airy  function).  For  very  low  values of 
finesse  the  Airy  function  is  nearly  sinusoidal  on  top  of a  DC  component, 
resulting  in  nearly  sinusoidal  fm/harmonics  (see  figure 19a). Since 
the  first  two  fm/harmonics  have a 90" relative  phase  difference,  their 
ratio is approximately  proportional  to  the  tangent  of a quantity  which 
varies  linearly  with wavenumbero, as  shown  in  figure 19(b). Therefore, 
by  computing 8 ,  the  arctangent  of  the  ratio  of  the  two  harmonics  of 
the  Airy function,  one  obtains  the  wavenumber  difference  between  the 
TDL output  and  any  point  on  the  etalon  transmission  function,  except 
for  an  ambiguity  due  to  the  periodicity  of  the  fringes.  This  ambiguity 
is  resolved  by  counting  the  number of periods  traversed  as  the TDL 
is  tuned  away  from  the  reference  line.  Variations in TDL  power  do 
not  present a  problem  because  the  ratio  of  fmlharmonic  signals  is  used. 

Use  of  moderate  finesse  etalons  may  degrade  linearity  below  accept- 
able  levels.  The  nonlinearity  in  the  relationship  between 8 and u 
is due to  the deviation  of  the  Airy  function  from a  sinusoid.  The 
nonlinearity  can  be  reduced by judicious  choice  of  the  modulation  index 
A,.  As shown  in  figure 20, fmlharmonic  detection is equivalent to 
filtering  by a Bessel  function  in  Fourier  space.  Here  we  use  results 
of  our  complete  analysis  of  the  operation  of  a  wavelength  modulated 
spectrometer  (ref. 5 ) .  The  Fourier  transform  of  the  Airy  function 
is a  series  of  impulses  at 0 ,  2L/c, 4L/c, etc., of  decreasing  magnitude. 
The  impulse  at  2L/c  represents  the  sinusoidal  component  of  interest 
here; the  others  cause  the  nonlinearity.  Detection of the  first fmlharmonic, 
H,, results  in  filtering  by J,(A,); detection  of  the  second  fmlharmonic, 
Hz, results  in  filtering  by J,(A Variation  of A, greatly  affects 
linearity,  as  is  apparent  from  figure  21a.  When A, is  about 0.4 times 
the  etalon  free  spectral range,  a  minimum in  nonlinearity  is  achieved. 
This  minimum  is  not  sufficient  to  allow  utilization of  a  moderate  finesse 
etalon  of  practical  length (e.g. 0.01 cm-,). 

Further  improvement  can  be  obtained  by  adding a second  modulation 
at  frequency f, , with  modulation  index A,.  As shown in figure 20, 
the  second  modulation  has  the  effect  of  filtering  by Jo(A,), provided 
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the  detection  bandwidth  is  smaller  than I f,-f, I. The  value  of A, may 
be  chosen  to  cancel  the  contribution of the  delta  function  at 4L/c, 
the  major  source of nonlinearity.  The  improvement in interpolation 
linearity  is seen in figure  21b,  for an A, of 0.19  times  the  free  spec- 
tral  range.  Less  than  1%  nonlinearity  may  be  achieved  with  reasonable 
etalon  plate  reflectivities of about 30%. 

Drift  of the etalon  transmission  curve, e.g. due to thermal  expan- 
sion,  can  seriously  degrade the  accuracy of this  technique.  With  a 
second  laser  (TDL 21, the  drift of the  etalon  can  be  monitored  and 
taken  into  account. If TDL 2 is  continuously  locked  to  a  reference 
gas  absorption  line,  its  transmission  through  the  etalon  can  accurately 
measure  etalon  drift.  Use of fm/harmonic  quadrature  detection of TDL-2 
transmission  makes  the  monitor  signal  independent of TDL-2  power. 
The  two  lasers  can  be  isolated  by  having  their  beams  counterpropagating 
and  orthogonally  polarized.  The  detected  etalon  drift  can  provide 
continuous  updating  of  the  tuning of  TDL 1, or  can  merely  signal  the 
need  to  repeat  the TDL 1  wavenumber  acquisition  process. 

In  conclusion,  a  wavenumber  control  technique  capable  of  meeting 
the  most  stringent  requirements  of  a  tunable  laser  heterodyne  spectrom- 
eter  system  has  been  described  and  analyzed.  Straightforward  signal 
analysis  principles  have  been  used  to  adapt  the  method  to  practically 
realizable  hardware.  The  requisite  accuracy  and  long-term  stability 
can  be  achieved  with  this  system  as  long  as  the  vernier  etalon is stable 
between  updates.  Interpolation  to  1%  of  a 0.01 cm-'  period etalon 
achieves  the  cm-l  goal.  The  control  technique  and  algorithms 
are  discussed in greater  detail  by  Wu  and  Poultney  (ref. 6 ) .  

STABLE  WAVENUMBER  CONTROL  ETALON 

Our  experience  with  solid  Ge  calibration  etalons  and  adjustable 
air-space  Fabry-Perot  interferometers  has  led  us  to  design  a  special 
purpose,  air-space  interferometer  for  the  wavenumber  control  etalon. 
Table  IV  lists  the  features  of  this  control  etalon. 

An air  space  etalon  eliminates  the  refractive  index  inhomogeneity 
associated  with  thick  germanium  or  silicon  etalons.  In  addition,  the 
temperature  dependence  of  the  index of  air  can  be  eliminated  by  sealing 
the space, and a  spacer  can  be  chosen  with  a  lower  coefficient  of  thermal 
expansion  than  that of  a solid  etalon. 

Our  air  space  interferometer  uses  a  25-cm  reflector  spacing  to 
achieve  a  0.02 cm-l  free  spectral  range.  Figure  22  shows  a  schematic 
of the  interferometer.  Fabricating  a  50-cm  spacer  would  yield 0.01 
cm- l, which is our  goal.  The  spacer  is  a  fused  silica  tube,  which 
provides  inherently  low  thermal  expansion.  For  fused  silica, c1 = 5 
x OC.  Only  the  so-called  zero-expansion  glasses have  lower  values, 
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and they are h igh   cos t  items n o t   r e a d i l y   a v a i l a b l e   i n   t u b e  form.  Fused 
s i l i c a   p r o v i d e s   s t a b i l i t y   o f  cm-l/"C. 

The 2" outer   d iameter  was chosen   to   be   compat ib le   wi th   s tock   f la t  
r e f l e c t o r s .  The r e f l e c t i n g   s u r f a c e s  are o p t i c a l l y   c o n t a c t e d   t o   t h e  
tube   ends ,   assur ing  a moderately  rugged,   permanent ly   a l igned  interfer-  
ometer. The use  of  uncoated  reflectors  al lows  broadband  performance. 
Z inc   s e l en ide   p rov ides   17%  r e f l ec t iv i ty  and v i s i b l e   t r a n s m i s s i o n   f o r  
ease of  system  alignment. Germanium would g i v e   t w i c e   t h e   r e f l e c t i v i t y  
a t  the   expense   o f   th i s  last  f e a t u r e ,   b u t  we have  determined  the  higher 
f inesse  unnecessary.  

The ou te r   su r f aces   o f   t he   r e f l ec to r s  are wedged w i t h   r e s p e c t   t o  
the   inner   sur faces ,  and d e l i b e r a t e  skewing  of  the wedges i n   b o t h   p l a t e s  
prevents   the   format ion   of  a second  e ta lon  cavi ty .  AR coat ings   could  
b e   u t i l i z e d  on the   ou ter   sur faces   i f   exper iment   p roves  them necessary ,  
bu t  a t  the  sacr i f ice   of   broadband  performance.  

With f ive-mi l l imeter   tube  walls, t h e   c l e a r   a p e r t u r e  i s  f o r t y  m i l l i -  
meters .  Tube f l e x   n e g l i g i b l y   d i s t o r t s   t h e  low f ines se ,   even   i f   t he  
mounting i s  simple.  

The des ign   of   the   s tab le   Fabry-Pero t   in te r fe rometer  is  descr ibed 
i n  more d e t a i l  by McNally  and Poul tney   ( re f .  7 ) .  

CONCLUSIONS 

We conc lude   t ha t   t he   cha rac t e r i s t i c s   o f   ava i l ab le   l a se r   d iodes  
and a spec t s  of their   performance  in   c losed-cycle   cooler   environments  
which may have made space   f l i gh t   sys t ems   imprac t i ca l   can   be  overcome 
th rough   r ea l i zab le   con t ro l   t echn iques .   In   pa r t i cu la r ,  wavenumber p u r i t y  
and s tabi l i ty   issues   have  been  thoroughly  diagnosed and a conceptual  
design  has  been  developed  for a wavenumber control  system  which  can 
reso lve   per formance   ques t ions   re la ted   to   these  key i s sues .  
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TABLE I.- REQUIREMENTS  FOR TDL WAVENUMBER  CONTROL 

o Following  Turn-On, TDL must  Automatically  Tune  to  Desired 
Wavenumber 

o Tuning  Accuracy  must  be  better  than + cm-’ (10% 
of  Doppler  Width),  even  if  a  reference  cell  with  absorption 
line  at  desired  wavenumber  is  not  available 

o Short-term  Drift  must  be  less  than lo-‘  cm-’ 

o Intermediate-Term  Drift  must  be  less  than cm” 

o Long-term  Drift  must  be  less  than cm- ’ for  periods 
of  hours 

o TDL  Output  at  Detector  must  consist  of  Single  Mode 
of Adequate  Power 
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TABLE 11.- PEAK SPACING I N  CURRENT STEPS AND TUNING RATE 

F r i n g e  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

NEAR  EACH PEAK 

TDL Current AI 
(Amp) 

1.7222 

1.7262 

1.7301 

1.7340 

1.7381 

1.7420 

1.7461 

1.7502 

1.7544 

1.7586 

1.7628 

1.7670 

1.7713 

1.7756 

(ma 1 

4.0+0.1 - 

3.9 

3.9 

4.1 

3.9 

4.1 

4.1 

4.2 

4.2 

4.2 

4.2 

4.3 

4.3 

a 0  - 
a 1 )  (cm-l  /ma 

0.0120 = 0.0003 

0.0123 

0.0123 

0.0117 

0.0123 

0.0117 

0.0117 

0.0114 

0.0114 

0.0114 

0.0114 

0.0112 

0.0112 
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TABLE 111.- PROCEDURE FOR WAVENUMBER  SCALE  CALIBRATION 

1. Find  Etalon  Peak  Locations 

o locate  peak  vicinity 

o quadratic  fit  fringe  to  locate  fringe  center 

2. Expand  peak  positions  in  nth  order  polynomial 

o assign  fringe  number  to  peak 

o least-squares  fit  nth  order  polynomial 

y = a   + a x + a x 2 + . . .  

where  x = fringe  position 

0 1 2 

y = fractional  fringe  number 

3 .  Calibrate  wavenumber  scale  using  known FSR and  reference  line 

o a(x> = FSR * [ao + a  x + a  x . . . I  + 0 
2 

1 2  ref 
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TABLE 1V.- ETALON  DESIGN  FEATURES 

o Inherent  Temperatue  Stability - lom3 cm-’/OC with fused  silica 
spacer 

o Short  Free  Spectral  Range - 0.02 cm-I with 25 cm  cavity 

o Permanent  Alignment - Solid  Assembly  of  Reflectors  to  Spacer 

o Simple  System  Insertion - Transparent  in  Visible  for  Alignment 

o Broadband  Reflectivity - Available  through  Fresnel  Reflection 

o Large  Aperture - 40 mm C.A. 

o Freedom  from  Secondary  Etalon  Effects - Uses  Wedged 
Ref  lectors 

o Freedom  from  Index  Inhomogeneity - Assured  by  Closed 
Air-Space  Design 
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Figure 1.- Tunable  diode laser  absorption  spectrometer;   uses all r e f l e c t i v e  
opt ics  and can provide  graphical  or IBM-compatible d ig i t a l   r eco rds .  

~ ~ ; ~ ~ m ~ ~ ~  Etalon & Calib. 1-T 
0% L ine  Read Tape P lo t t ing  

Qu ick  Look 

(Every nth P o i n t )  
Calib. Sam l e  

Master Data 

Read Spectral  StorelRead 

Constsnts Spectral  Constants Data  Transmission 

l8  , H' ;;;i;sis , I L..r,,m 
, Spectral 

S imu la t ion  

I" I <  "^._.. m - M  L ine  
I luu/o L l l le  - 0% L ine  Spectrdl Calibrated 

I I I I 

Frequency  Ralon  Cal ibrat ion 
Constants "- StorelRehd  Constants 

Figure 2.-  Flowchart  of  executive  spectroscopy  software  for  tunable 
diode  laser  absorption  spectrometer. 
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Figure 4.- TDL operat ing  point   h is tory.   During  operat ion,   operat ing  point  
would change by about 0 .1  cm-1 over  longer term, with  even  larger  changes 
occurr ing  during some thermal  cycles. 
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(a) BEFORETHERMAL  CYCLING 

(c) AFTER THERMAL  CYCLING 
SAME  MODE  STRUCTURE  AS (a) 

(b) AFTER THERMAL  CYCLING 
WITH  SAME T A S  (a) 

Figure 5.-  Optimization of TDL mode structure  after  thermal  cycling.  After 
each  thermal  cycle, TDL operating  point changes  such that   heat  s i n k  
temperature must be decreased and drive  current  increased  to  achieve 
same  wavenumber  and to  obtain  as much power i n  single mode as  possible. 

I I I I I I I I I I I I I I 

" 0.65 cm'l -I 

Figure 6.- Germanium etalon  fringe  scan.  Drive  current a t  each fr inge 
peak is indicated. FSR of etalon is 0.048 cm-l. 
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CURRENT  STEP  NUMBER (X102) 

Figure 7.- D ig i t i zed   e t a lon   s can .   E ta lon   f r inges   d i s to r t ed  by H20 l i n e s  
a re   d i scarded  from f i t t i n g   p r o c e s s .  

(1884.3 cm-’) 

(11 

J 

899. i 

\ -1  - 38.3 cm-’ --------d 
Figure 8.- TDL mode scan;  indicates  very  wide  range  over  which mode 

selector may have t o  operate .  
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(a)  S i n g l e   a x i a l  mode s e l e c t e d  by monochromator when f i n e   s t r u c t u r e  
i s  n o t   p r e s e n t .  

(b) Absorp t ion   l ine   scans  when s e l e c t e d  mode h a s   f i n e   s t r u c t u r e .  

F igure   10 . -   Absorp t ion   l ine   scan   ev idence   for   f ine  mode s t r u c t u r e ,  showing 
mode s t r u c t u r e   ( l o w e r  trace) and   absorp t ion   l ine   scan   (upper  t r ace ) .  
Each trace is t a k e n   w i t h   d i f f e r e n t   o p e r a t i n g  temperature and  shows 
d i f f e r e n t   f i n e   s t r u c t u r e .   T y p i c a l   s p a c i n g  is  0.075 cm'l o r  2.25 GHz.  
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Figure 11.- Heterodyne beat  between C02 l a s e r  and diode  laser  f ixed  near 
10.6 micrometers showing f ine   s t ruc ture  of s ing le   ax i a l  mode. Peaks 
are  separated by 250 MHz. 

A 

Figure 12.-  Calibration  etalon  evidence for mode f ine  s t , ructure   with 
10.6 microns TDL. Note discont inui ty  a t  marked - 

1 21 



NERNST GLOWER 
LENS 

POWER - 
I 4 CONTROL I ENVIRONMENTAL 

fi SAMPLE 
u 

U CELL - ALIGNMENT 
He-Ne LASER 

I I u 
r 

ATTYUATOR - LOCAL 

EXPANDER 
- B E A M   O S C l l l A T O R  

C o p  LASER 

AlTENUATORS 

COMB I NER 

SPECTRUM  SYNCHRONOU'  KENNEDY - BUFFER & 
& MEMORY ~ DFR 

CIRCUIT  ANALYZER DETECTOR 

DRECTOR 
SWEEP 
DRIVE 
UNIT  

1 

Figure 13.- Schematic  diagram of heterodyne  spectrometer   with  digi ta l  
synchronous  detector. 

Figure 14.-  Shor t - te rm  s tab i l i ty   o f   l aser   d iode   ou tput   wavelength .  R e s u l t s  
obtained  with C02 laser   heterodyne  spe.ctrometer   for   t ime  per iod  s ta ted.  
A l l  frequency  sweeps  are 1 0  MHz/div. except   for   (d)  where it i s  2 0  MHz/ 
div.   Equivalent   l ine   shape is shown t o  be 20  MHz FWHM i n  ( c )  and ( a ) ,  
fo r  75-s averaging  time and i s  thought t o  be  due t o   r e s i d u a l   v i b r a t i o n s .  
Both (a) and (b )   a r e   s e l ec t ed   s ing le  sweeps. 
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-1 Figure   15  .- Shape of s P  (1,O) l i n e  of NH3 nea r  948 cm under  Doppler 
c o n d i t i o n s   i n  2.5-cm c e l l .   P o i n t s   i n d i c a t e   d a t a .  Curve is  b e s t  fit 
us ing   leas t - square   t echnique .  
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Figure  16.- Intermediate- term wavenumber s t a b i l i t y ;   a b o u t  0.001 c m  w i th  
TDL t e m p e r a t u r e   c o n t r o l l e r   g a i n  50  (upper t race) .  Lower trace shows 
s t a b i l i t y  0.0008 cm with  TDL t e m p e r a t u r e   c o n t r o l l e r   g a i n  100. 

-1 
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1. SEEK  REFERENCE LINE uR 3. STEP ETALON FRINGES AND 

ETALON I 

TRANSMISSION 
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2. OPTIMIZE  MODE STRUCTURE 4. MONITOR  ErALON  DRIFT  WITH 
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TRANSMISSION I ITDL2 
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0 

5. COMPENSATE FOR DRIFT 
(PERIODICALLY OR CONTINUOUSLY) 

Figure 17.- Use of s t a b l e   e t a l o n   f o r  wavenumber cont ro l .  OR is  wave- 
number of   reference  gas   absorpt ion  l ine;  Oo is  des i red   opera t ing  
wavenumber. 

F M  MODULATION 

“ l t l  = uoo(at + Altos2*f$) 
CELL 

ETALON 

CURRENT LOCK-IN 
CONTROL MODULATION  AMPLIFIER 

I c [ CURRENT fl t-1 LOCK-IN 1 
CONTROL MODULATION  AMPLIFIER 

I 1 1 

1 DETECTION 
FMllst HARMON1  C  FMlZnd  HARMONIC 

DETECTION 

0 0 

Figure 18.- Schematic of wavenumber control  system.  Transmission  of 
r e f e r e n c e   c e l l  is  monitored until TDL i s  locked t o  r e fe rence   l i ne .  
Then etalon  t ransmission i s  monitored f o r   f r i n g e   p o s i t i o n  and s tepping.  
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I 
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LL OUT OF PHASE 2 
- e I S  INDEPENDENT OF TDL POWER 

(a )  E ta lon   t r ansmiss ion   func t ion   and  i ts  f m / h a r m o n i c   d e t e c t i o n   s i g n a l s  
H1 and H 2 .  

t H2 

2nd 

I C  

I 

e =  ARCTAN K 0 

1 

(b) Rela t ion   be tween H1, H z ,  and 8 ,  which is p r o p o r t i o n a l  t o  wavenumber 
( a p p r o x i m a t e l y ) .  A s  laser is  t u n e d ,  8 i n c r e a s e s   l i n e a r l y   w i t h  wavenumber. 

F i g u r e  19.- E t a l o n   f r i n g e   i n t e r p o l a t i o n .  
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NON-SINUSOIDAL 
TRANSMISSION 

I 0 

t 
L. 
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- e VERY LINEAR IN o 

- PHASE SHIFT STILL  ./2 

Figure 20.-  F i l t e r i n g  by Bessel f u n c t i o n s   f o r   i m p r o v e d   l i n e a r i t y .  TDL 
i s  modulated  with  modulation  inCex A1 a t  frequency fl and  index 
A2 a t  f 2 .  Demodulation a t  f i rs t  harmonic   ( f  ) and  second  harmonic 
(2f  ) c o r r e s p o n d s   t o   f i l t e r i n g  by Jl (A1) and J (A ) , r e s p e c t i v e l y ,  
foliowed by Jo (A2)  . 

1 
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Nonlinearity = 
Max. Error of Linear  Approximation 
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Free Spectral  Range 

(a )  Ef fec t   o f   modu la t ion   i ndex  A1 a t  frequency fl on i n t e r p o l a t i o n  
l i n e a r i t y .  

With 

Mod. Index  at f2 
Modulation at f2 

15%1  Free Spectral Range = 0.19 

Nonlinearity 
5% ,R=0.30 

1% 
A-  

0 0.1 0.2 0.3 0.4 0.5 . '1 
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(b) Same as ( a ) ,  bu t   w i th   s econd   modu la t ion  a t  f 2 .  Much better l i n e a r i t y  
can be achieved .  

F i g u r e  21.- I n t e r p o l a t i o n   l i n e a r i t y .  
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Ref I ector 

Solid  Assembly 
Of Reflectors 

Spacer - - - - - ””- - - 

Solid  Assembly 
Of Reflectors 

Spacer - - - - - ””- - - 

k u t e r  Surface Wedged With Respect to  Reflector  Surface 

Tube  Flexing  has  Negligible Effect on  Finesse - - Mount ing  is  Non-cr i t ical  

Figure 22.- A i r  space  etalon;  constructed of two z inc   se len ide   f la t s ,  
contacted  to  fused  si l ica  tube which acts  as  spacer.  Fresnel  reflec- 
t ion from inner  surfaces of ZnSe p la tes  is used, and outer  surfaces 
are wedged to  eliminate  accidental  etalon  behavior. 
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