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INTRODUCTION 

Tunable Diode Lasers (TDL) have  been  used for   several   years  as u l t r a  
rrow band ( 7 3 0  M H z )  sources  for  ultra  high  resolution  spectroscopy  of many 

infrared  absorbing  gases.   Interest  i n  the TDL has been increasing i n  
cent  years due to   t he i r   poss ib l e   u se  i n  different  types  of  spectroscopic 
stems, i - e . ,  Laser  Absorption  Spectrometer (LAS)  and Laser  Heterodyne 
ectrometer (LHS) .  These  systems a l l  have the common goal of making remote 

spectroscopic  source. Because  of t he   i n t e re s t  i n  high  detect ion  sensi t ivi-  
es ,   the   no ise   charac te r i s t ics   o f   the  TDL have  been studied  for  frequencies 
ss than 2 0  kHz ( r e f s .  1 t o  3 ) .  For  heterodyne  applications,  the  high  fre- 
ency (>1 MHz)  character is t ics   are   a lso  important .   Therefore ,  we have studied 
e high  frequency  noise  characterist ics  of  the TDL a s  a p a r t  of a f u l l  TDL 
a rac te r iza t ion  program  which has been  implemented a t  Langley  Research  Center 
r the improvement of the TDL a s  a l o c a l   o s c i l l a t o r  i n  the LHS system. I n  t h i s  
udy which involved  the  characterization  of T D L ‘ s  from two commercial  sources 
aser  Analytics and New England  Research  Center) and one private  source 
eneral  Motors  Research Laboratory),  it has  been  observed t h a t   a l l   t h e   d e v i c e s  
owed similar  high  frequency  noise  characterist ics even  though  they  were a l l  
nstructed  using  different  techniques.  We w i l l  now report   these common high 
equency noise   Character is t ics .  

i n  s i t u  measurements of one or  several  atmospheric  gases and use  the TDL as 
” 

EXPERIMENTAL DETAILS 

The TDL n o i s e   c h a r a c t e r i s t i c s   f a c i l i t y  is  shown i n  f igure  1. The TDL i s  
unted i n  a commercial closed  cycle  cooler which has been modified  to minimize 
equency f luc tua t ions  which a r e  induced  during  the  cooling  cycle.  Radiation i s  
upled  through a wedged AR coated ZnSe  window t o  a 37 nun f / l  Ge lens  which 
l l imates   the TDL emission. T h i s  collimated beam passes   e i the r   t o  a high  speed 
CdTe detector  ( I F  bandwidth 2 GHz) o r   t o  a monochromator. The monochromator 
s used to   inves t iga te  t h e  spec t r a l   cha rac t e r i s t i c s  of  the TDL output. The 
gh speed  detector was used t o  measure t h e  high  frequency  noise  characterist ics 

the  TDL output. The detector  high  frequency  output was amplified by two 
scaded I F  amplif iers  which  were followed by a square law detector  used  to 

I 1 29 



r e c t i f y  and in t eg ra t e   t he  I F  output.  The low frequency  portion of the   de tec tor  
output and the   in tegra ted  I F  were monitored  on a dual  channel  oscilloscope. A t  
t imes,   the  frequency  distribution  of  the I F  w a s  displayed on a spectrum 
analyzer. 

The high  frequency  noise  present i n  the TDL output   for   the  numerous devices, 
studied  can be categorized  according  to   f requency  character is t ics .   Figure  2(a)  
shows a t y p i c a l  example of what we have categorized as l o w  frequency  noise 
(<lo0 MHz). The spectrum  analyzer w a s  s e t  on 10  MHz/div with a 300 kHz resolu- 
t ion  bandwidth and 1 0  dB/div. The zero  frequency is  l o c a t e d   a t  t h e  s t a r t  of 
t h e  l e f t   t o   r i g h t   s c a n .   F o r  t h i s  particular  spectrum,  the  noise  drops  to  the 
cons tan t   base l ine   va lue   in   the   f i r s t  30 MHz. In  other  cases,   the  noise  extended 
ou t   t o  100 MHz. This  type  of  noise can be  caused e i t h e r  by a small amount of 
opt ical   feedback  or  by physical phenomena i n t r i n s i c   t o   t h e  semiconductor l a s e r  
i t s e l f .  I n  the example represented i n  f igure   2 (a)   the   no ise  is associated  with 
low frequency  switching  between  laser modes (or  sets of modes) a t  a p a r t i c u l a r  
current  and temperature. 

I 

The total   f requency was 1 . 2  GHz.  The noise shown here i s  sometimes associated 
w i t h  the  frequency of in tens i ty   se l f -pulsa t ions  (refs.  5 t o  8) and is ca l led  
self-pulsat ion  noise .  The harmonics  appearing i n  the  noise  spectra may  come 
from the waveform d i s t o r t i o n  i n  the   pu ls ing   l igh t   ou tput   ( re f .  9 ) .  This  cate- 
gory  of  noise is  also  associated  with a heterodyne  beating between closely 
spaced  transverse modes. Harward and Hoe11 (ref. 10) have reported t h i s  type 
of  harmonic s t ruc ture   for   Pb-sa l t   l asers   wi th   op t ica l   feedback   whi le  Broom and 
o thers   ( re fs .  11 t o  1 4 )  have shown t h i s   t o   b e   t r u e   f o r  G a A s  semiconductor  lasers 
Figure 2 ( c )  shows the harmonic structure  induced by optical   feedback. The spac- 
ing between the  peaks is commensurate w i t h  the  spacing between the  feedback 
element and the TDL. 

The case  of a s i n g l e  narrow  frequency  spike is  shown i n  f igure 2 ( d ) .  This 
type  of  structure  has been the  subject  of  experimental and theore t ica l   inves t i -  
gations i n  GaAs ( r e f s .  15  t o  1 9 ) .  The theore t ica l   t rea tment   o f  McCumber 
( r e f .  15)  fo r   f l uc tua t ions  i n  multimode l a s e r   o s c i l l a t o r s  w a s  based on simple 
rate   equat ions.  The i n t r i n s i c  quantum fluctuations  drive  the  coupled  electron 
and photon d i s t r i b u t i o n s  a t  a characterist ic  resonance  spiking  frequency.  This 
type  of  noise i s  called  resonant  shot  noise.  

The las t   ca tegory   o f   no ise   s t ruc ture   has  a broadband  nature.  This is  shown 
i n  f i gu re   2 (e )   fo r  a 0 t o  1 . 2  GHz spectrum. The noise   s t ructure  is seen t o   r i s e  
above the  no-noise  baseline  (bottom  trace) i n  a more o r   l e s s  uniform manner. 
The broadband s t r u c t u r e  may be associated  with  the "low" frequency t a i l  of a 
resonance where the  spiking  frequency is  greater  than  the maximum frequency  of 
the  spectrum  analyzer.  This  type  of t a i l  has  a l s o  been  seen i n  G a A s  ( r e f s .  1 3  
and 2 0 ) .  

The next  f igures show the   spa t i a l  dependence  of  both t h e  d i r ec t   de t ec t ed  
power and the IF integrated  noise.  The bottom  and  top t r a c e  i n  each  of  the 
photographs i n  f i g u r e s   3 ( a ) ,   ( b ) ,  and (c )   a re ,   respec t ive ly ,   the  TDL d i r e c t  
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The second  category  of  noise i s  the  type which contains one or   several  1 
narrow band spikes.  I n  the  case  of  several   spikes,   the  spikes sometimes  form a I 
harmonic  sequence ( r e f .  4 ) .  T h i s  type  of  structure is  shown i n  f i gu re   2 (b ) .  I 
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detected power and the I F  integrated  noise  present i n  the TDL output.  For 
these measurements a n  e ta lon i s  inser ted   in to   the  beam path and scanned  through 
one free  spectral   range.  Each of the   f igures   3 (a)  , (b) , and (c)  are f o r   d i f f e r -  
en t   spa t i a l   pos i t i ons  i n  the TDL image. Each spat ia l   posi t ion  produces a d i f -  
fe ren t  modal d i s t r i b u t i o n  of  both  the TDL power and the I F  noise. The d i f f e r -  
en t ia l  t r a n s l a t i o n  between  each  measurement was about 25  pm. The highest  power 
TDL mode does  not have the  highest  I F  no i se .   In   f ac t ,  numerous cases have  been 
observed i n  which a very small mode has a very  large amount of  noise. Each of 
the   f igures  3 (a )  , (b) , and (c )  were taken  a t  the same temperature and current  
conditions on the TDL. The observed  spat ia l  dependence  of the mode and noise 
mode structure  has  been  observed  in G a A s  and has   been   a t t r ibu ted   to   d i f fe ren t  
lasing  f i laments i n  the  laser   junct ion  ( refs .   18 and 2 1 ) .  Due to  the  aberra- 
t i o n s  i n  the   p resent   op t ica l  system, t h e  individual  lasing  f i laments  cannot be 
optically  separated.   Their  presence i s  substant ia ted by the   spa t i a l  dependence 
of  the TDL modes. 

Figure  3(d) shows the  output  for  the same spa t i a l   pos i t i on   a s  i n  f i g -  
ure 3 (c )  , but  with  the  etalon removed. A l l  TDL modes present i n  f igure  3 ( c )  
are   present  on the  detector  simultaneously i n  f i g u r e   3 ( d ) .  The bottom t r a c e ,  
which w a s  AC coupled, shows a variation  not  observable i n  the  previous  cases 
because  the t o t a l  power l e v e l  i s  much higher. The var ia t ion  was caused by 
mechanical  vibrations i n  the  closed  cycle  cooler. The upper t r a c e ,  which was 
DC coupled, shows that   the   noise   level  i s  much reduced ( i n  t h i s   ca se   t o   ze ro )  
when a l l  of t h e  TDL modes a re   inc ident  on the  detector .  The f igure  shows t h a t  
the  high  frequency  noise  of a s ing le  mode which is  caused by high  frequency 
in t ens i ty   f l uc tua t ions ,  i s ,  f o r  a multimode laser ,   h igher   than  f luctuat ions  of  
the   to ta l   ou tput .  T h i s  result   occurs  because  the  strong  negative  correlations 
between the  s ingle ,   coherent ly   osci l la t ing mode and the  nonlasing modes a c t   t o  
reduce  the  total   noise  output.  T h i s  resu l t ,   too ,   has  been  observed i n  G a A s  
semiconductor l a s e r s   ( r e f s .  2 0  and 2 2 ) .  Both of these  references have reported 
s ingle  mode noise power l e v e l s  30 dB higher  than  the  noise power f o r   a l l  modes. 
The noise i n  t h i s  case  has been given  the name pa r t i t i on   no i se  and i s  asso- 
c ia ted w i t h  multimode operation. The decrease i n  noise when multimodes a r e  
incident on a detector  compared to  the  noise i n  a s ingle  mode is cal led  noise  
ampli tude  s tabi l izat ion.  

I n  the  previous  set   of   f igures ,   the   spat ia l  dependence  of TDL mode struc- 
tu re  was demonstrated  along  with  the phenomena of  noise  amplitude  stabil ization. 
I n  f igure  4 ,  parts (a )  , (c )  , and (e) a l s o  show t h e   s p a t i a l  dependence  of  the 
mode s t ruc ture  and the I F  no ise   whi le   par t s   (b) ,  ( d ) ,  and ( f )  show t h e  s p a t i a l  
dependence  of the   no ise   ampl i tude   s tab i l iza t ion .   F igures   4 (a) ,   (c ) ,  and (e )  
were obtained i n  the same manner a s   f i gu res  3 ( a )  , (b) , and ( c )   ( fo r  a d i f f e r e n t  
current  and temperature). The var ia t ion  i n  the  individual mode power with 
spa t ia l   pos i t ion  as wel l   as   var ia t ion  i n  the I F  integrated  noise i s  again 
observed.  Figures 4 (b) , (d) , and ( f )  were obtained by synchronizing  the 
osci l loscope  to  a mechanical  chopper  which  replaced  the  scanning  etalon a t  each 
posi t ion.  (The chopper was used t o  determine  the  noise  baseline  with no TDL 
radiat ion on the  detector . )  These f igures  were obta ined   a t   the  same posi t ions 
as   f igures  4 (a )  , (c) , and ( e )  , respectively.   Figure 4 (b) shows only a s l i g h t  
amount of  noise when a l l  modes a re   inc ident  on the  detector  even  though  the 
individual modes appear t o  be much nois ie r .  A t  t h i s  posit ion,   the  noise is  
again  amplitude  stabilized  as i n  f i g u r e   3 ( d ) .  A s  t h e  detector  is t rans la ted  
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across t h e  TDL image t o  o b t a i n   f i g u r e s   4 ( d )   a n d  ( f ) ,  t h e  amount of I F   n o i s e  
v a r i a t i o n  is  much larger  t h a n   t h e   v a r i a t i o n   i n   t h e  direct  detected power, i n d i -  
c a t i n g  a spat ia l  dependence of t h e   n o i s e   a m p l i t u d e   s t a b i l i z a t i o n .  

F i g u r e s  5 (a) , (b) , and (c) show t h e  spat ia l  dependence of t h e  TDL modes 
a n d   t h e   I F   n o i s e   i n   t h e s e  modes for  a d i f f e r e n t   c u r r e n t   a n d   t e m p e r a t u r e   t h a n  w a s  
u s e d   i n   t h e   p r e v i o u s   f i g u r e .   T h e s e   f i g u r e s  were also o b t a i n e d   b y   m o v i n g   t h e  
h i g h  speed detector t o  d i f f e r e n t   p o s i t i o n s   i n   t h e  image of t h e  TDL. The d i f -  
f e r e n c e   i n   t h e  TDL modes   and   t he   IF   no i se   gene ra t ed   by   t hese   modes  is  e v i d e n t  
for t h e   t h r e e  spa t i a l  p o s i t i o n s .   T h e s e   r e s u l t s  are similar t o  t h o s e  shown i n  
f i g u r e s   3 ( a ) ,  ( b ) ,  and ( c ) ,  a n d   4 ( a ) ,  ( b ) ,  and ( c ) ,  e x c e p t   t h a t  t w o  sets o f  
l o n g i t u d i n a l  m o d e s   h a v e   b e e n   i d e n t i f i e d   i n   t h e  d i rec t  detected TDL mode spectra. 
These are i n d i c a t e d   b y   t h e  t w o  sets of e q u a l l y  spaced l i n e s  a t  t h e  top of e a c h  
f i g u r e .  The b r e a k i n g   u p   o f   t h e  TDL o u t p u t   i n t o  t w o  groups  of l o n g i t u d i n a l  modes 
is  s u g g e s t e d   b y   t h e   a p p e a r a n c e   o f   t h e   I F   i n t e g r a t e d   n o i s e   i n   f i g u r e   4 ( a )   w h i c h  
is domina ted   by   t he   no i se   gene ra t ed   by   one  se t  of l o n g i t u d i n a l  modes.  The 
appearance of t w o  sets of l o n g i t u d i n a l  modes is  a common o c c u r r e n c e   i n  G a A s  
lasers a n d   h a s   b e e n   a t t r i b u t e d  t o  d i f f e r e n t   l a s i n g   f i l a m e n t s  ( refs .  21,  23, 
and   24) .   Each   f i l ament  may ac t  as an   independent  laser w i t h  i t s  own fami ly   o f  
modes.  The d i f f e r e n t   c h a r a c t e r i s t i c   w a v e l e n g t h s  are due t o  material inhomoge- 
n e i t i e s .  Optical coup l ing   be tween   f i l amen t s  w a s  repor ted   by   Deutsch   and   Hatz  
( r e f .   2 5 )  as  w e l l  a s  u n c o u p l e d   f i l a m e n t s   b y   G u e k o s   a n d   S t r u t t   ( r e f .   2 1 ) .  

F i g u r e s  6 and 7 i n d i c a t e   t h a t   t h e   i n t e r a c t i o n   b e t w e e n   l a s i n g   f i l a m e n t s  is  
i n v o l v e d   i n   t h e   a p p e a r a n c e   o f   e x c e s s   n o i s e   i n   t h e  laser modes. The c u r v e s   i n  
f i g u r e s   6 ( a )  t o  (e) show monochromator spectral  mode s c a n s  of t h e  TDL o u t p u t  
from 9.35 t o  9.47 pm for  d i f f e r e n t  TDL i n j e c t i o n   c u r r e n t s .  The c u r r e n t   i n  
scan  (a) w a s  1.337 amps a n d   i n   e a c h   s u c c e e d i n g   s c a n ,   t h e   c u r r e n t  w a s  i n c r e a s e d  
by 1.0 mA. Scans (a)  t o  (c )  show l i t t l e  v a r i a t i o n   i n   t h e  mode s t r u c t u r e .  The 
TDL o u t p u t  w a s  made up m a i n l y   o f   t h e  modes labeled 1, 4 ,  5 ,   and 7. A t  
I = 1.340 amps, modes 2 ,  3 ,   and  6 appear. The r e l a t i v e   s p a c i n g   o f  a l l  t h e  
modes i n d i c a t e  modes 2,   3,   and 6 b e l o n g   t o   o n e   l a s i n g   f i l a m e n t   w h i l e  1, 4 ,  5,  
and 7 be long  t o  a n o t h e r .   T a b l e  I shows how t h e  power i n   t h e   i n d i v i d u a l  modes 
c h a n g e s   w i t h   c u r r e n t .  The t o t a l  power i n   t h e  m o d e s   r e m a i n s   r e l a t i v e l y   c o n s t a n t ,  
w i t h   t h e  power d e c r e a s e   i n  modes 1 + 4 + 5 + 7 m a t c h e d   b y   a n   i n c r e a s e   i n  
modes 2 + 3 + 6. The l a r g e   c h a n g e   i n   p o w e r   i n   t h e  modes o c c u r s  a t  
I = 1.340 amps where modes 2 ,  3,   and 6 appear. The appearance  of   these  modes 
c o i n c i d e s   w i t h   t h e   o c c u r r e n c e  of b r o a d b a n d   e x c e s s   n o i s e   i n  a l l  t h e  TDL modes. 
Thus ,   t he   no i se  i s  a s s o c i a t e d   w i t h   t h e   a p p e a r a n c e  of the   s econd   f i l amen t   and  is  
probably  due t o  a n   i n t e r a c t i o n   b e t w e e n   t h e   f i l a m e n t s   e i t h e r   i n   t h e  TDL, caused 
by  coupling of t h e   f i l a m e n t s ,  o r  o n   t h e   d e t e c t o r ,   c a u s e d   b y  a bea t ing   be tween 
t h e   f i l a m e n t s .  The f irst  case i s  t h e  more l i k e l y   s i n c e   t h e   n o i s e  was observed  
to  be b roadband   r a the r   t han  of t h e   s p i k i n g   r e s o n a n c e   t y p e ,   a n d   t h e  re la t ive 
s e p a r a t i o n   o f   t h e   i n d i v i d u a l  modes g i v e s  r ise t o  beat f r equenc ie s   wh ich  are 
h igher   than   our   sys tem  bandwidth .  

F i g u r e  6 shows t h a t   t h e   a p p e a r a n c e   o f  a new f i l a m e n t ,  as i n d i c a t e d   b y   t h e  
appearance  of  new laser modes, c o i n c i d e d   w i t h   t h e   o n s e t  of e x c e s s   n o i s e ,   t h u s  
i m p l y i n g   t h a t   t h e   o n s e t   o f   f i l a m e n t a r y   o p e r a t i o n  w a s  r e s p o n s i b l e  for  excess 
n o i s e .  The n e x t   f i g u r e  shows t h a t   f i l a m e n t a r y   o p e r a t i o n ,   p e r  se, does   no t   nec -  
e s s a r i l y   g i v e  rise t o  excess n o i s e .   F i g u r e  7 shows t h e  same t y p e  mode s c a n  as 
i n   f i g u r e  6.  I n   f i g u r e s  ( a )   t o  (l), t h e   c u r r e n t  is changed from 1.7895 t o  
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1.8005  amps  in 1 mA steps.  The  spacing  between  modes  indicates  modes 1, 3 ,  
and 5 belong  to  one  set  of  axial  modes  associated  with  one  filament  while 
modes  2, 4, and 6 belong  to  another  set  and,  thus,  another  filament. The 
excess  noise  is  not  present in the  TDL  output  in  mode  scans  (a)  to (e). Start- 
ing  with  scan  (f)  and  continuing,  the TDL  output  shows  excess  noise.  Examina- 
tion  of  table  I1  shows  that  while  changes  occur in the  individual  modes,  the 
relative  power  in  each  set  of  modes, as well as the  total  power,  remains  rela- 
tively  constant.  The  exact  cause of the  noise  is  not  known.  One  possible 
explanation  is  that,  initially,  the  two  filaments  were  sufficiently  spatially 
separated so that  they  were  uncoupled  and  noninteracting.  The  current  increase 
from  1.7935  to  1.7945  amps  may  then  have  caused a  slight  spatial  shift  of  the 
filaments  sufficient  to  cause  interaction  between  them  with  the  consequent  pro- 
duction  of  excess  noise.  Both  uncoupled  and  coupled  filaments  have  been 
observed  in  GaAs  (refs.  21  and  25). 

Figure  8(a)  shows a  TDL  operating  multimode  with  no  excess  noise  in  indi- 
vidual  modes.  The  bottom  trace of the  figure  shows  the  direct  detected TDL  mode 
structure  obtained  with  the  scanning  etalon.  The  top  trace  shows  no  excess 
noise  in  the  integrated  IF  for  the  individual TDL modes.  Moving  the  detector 
about  in  the  TDL  image  did  not  show  a  change  in  the  mode  structure  as  has  been 
observed  in  previous  figures,  indicating  only  one  lasing  filament. Thus,  this 
is  one  more  indication  that  excess  noise  may  in  some  cases  be  caused  by  an 
interaction  between  lasing  filaments.  Figure  8(b)  shows  the  output  of  the  TDL 
which  is  also  quiet  when  all  the  modes  are  incident  on  the  detector.  In  this 
figure,  the  scanning  etalon  was  replaced  by a  mechanical  chopper  as  in  some of 
the  previous  figures.  Since  the  individual  modes  are quiet, any  one  of  these 
modes  may  be  optically  isolated  and  used  as a  spectroscopic  source  in  a  high 
speed  detection  system. 

CONCLUDING REMARKS 

In  summary,  we  have  shown  that  excess  noise  generated  by  Pb-salt  lasers  can 
be  classified  according to  high  frequency  content  and  we  have  indicated  a  pos- 
sible  explanation  for  each  noise  category.  We  have  shown  the  spatial  dependence 
of  the  TDL  modes  and  the IF noise  associated  with  these  modes  which  indicated 
that  the  semiconductor  lasers  tested  sometimes  emit  simultaneously  in  two  or 
more  lasing  filaments.  Results  presented  show  that  multiple  filaments  are  at 
times  involved  in  the  mechanism  which  generates  excess  noise  although  the  mere 
presence  of  multiple  filaments  does  not  guarantee  that  excess  noise  will  be 
present. 

Throughout  the  results  presented,  we  have  shown  the  similarity  between  the 
Pbl-xSnxSe  semiconductor  lasers  and  the  results  of  other  workers  on  GaAs  semi- 
conductor  lasers.  Although  these  two  materials  are  different  and  emit  radiation 
at  different  wavelength  regions,  the  similarities  are  such  that  the  techniques 
used  to  control  the  excess  noise  in  the GaAs  semiconductor  lasers  may  also  work 
on  the  Pb-salt  lasers. 
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1 l 1 1 1 l l 1  I 

TABLE I.- PEAK HEIGHTS OF MEMBERS OF LONGITUDINAL MODE 

FAMILIES AT  LASER  CURRENTS FROM 1.337 TO 1.345 AMPS 

Laser I 
c u r r e n t ,  

amps 

1.337 
1.338 
1.339 
1.340 
1.341 
1.342 
1.343 
1.344 
1.345 

Mode I 
6 

overall 
1 + 4 + 5 + 7 2 + 3 + 6 7 

0 1 2  

58 24 34 1 3  5 
58 25 33 1 3  5 
58  26 32 13  5 
57 27 30 1 2  4 
57 30 27 12  4 
58  56 2 1 3  0 
59 59 0 1 2  0 
59 59 0 1 2  0 
58  58 0 

SUm 

TABLE 11.- PEAK  HEIGHTS OF MEMBERS OF LONGITUDINAL MODE 

F A M I L I E S  AT LASER  CURRENTS FROM 1.7895 TO 1.8005 AMPS 

I Laser I Mode I 

1 36 



SPECTRUM 
ANALYZER I 

v TDL 
MECHANICAL 

COOLER 
f l l  

OSCILLOSCOPE 

INTEGRATOR H I G H  FREQUENCY 
FLIP OUTPUT 

MIRROR 

A 
SCANNING H I G H  SPEED 
ETALON HgCdTe DETECTOR 

LN2 COOLED 
HgCdTe DETECTOR RECORDER 

SYSTEM 

MONOCHROMETER 

Figure 1.- TDL characterization  facility. 
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Figure 2.- Categories of excess noise. 
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Figure 3 . -  S p a t i a l  dependence of TDL node power and  excess  noise: 
no ise   ampl i tude   s tab i l iza t ion .  

Figure 4.- S p a t i a l  dependence of TDL mode power, excess  noise,   and  noise 
ampl i tude   s tab i l iza t ion .  
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Figure 5.- Spa t ia l  dependence of TDL mode power and excess noise. 
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Figure 6.- Current  dependence of TDL frequency modes f o r  I = 1 . 3 3 7  t o  1.345 amps. 
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