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Summary 

An e lec t ronic   tun ing   technique   for   fa r - inf ra red  
(FIR) lasers has been  developed  which makes i t  poss ib le  
both  to  frequency  modulate a laser a t  a very  high rate 
and t o  phase-lock i t  t o  a r e fe rence   o sc i l l a to r .  Tuning 
is achieved by apply ing   an   e lec t ronic   (S ta rk)   f ie ld   to  
the  molecules i n  an o p t i c a l l y  pumped FIR laser. Since 
such   lasers   opera te  on ro ta t iona l -v ibra t iona l  transi- 
tions of   molecules ,   they  exhibi t   e i ther   f i rs t -   or  
second-order   Stark  effects   which  resul t   in   an  effect ive 
broadening of the   molecular   t rans i t ion .   This   in t ro-  
duces a change i n   t h e   c a v i t y   p u l l i n g ,  which is present  
i n  any laser i n  which the  cavity  resonant  frequency is 
o f f s e t  from the   molecular   t rans i t ion .  

Using a CH3F l a s e r   a t  a frequency  of 604 GHz 
(496  pm), we have  observed  (by d i r e c t  measurements 
with a metal-insulator-metal  diode) a maximum s t a t i c  
e lec t ronic   tun ing  of 500 kHz with a maximum s e n s i t i v i t y  
of 5 kHz/(V/cm). The tuning  ra te   should  be  l imited 
only by the   l i f e t ime   o f   t he   pho tons   i n   t he   l a se rcav i ty .  
We have  observed  frequency  modulation rates of 300 kHz 
and a modulation  index  greater  than  one  has  been ob- 
ta ined at  a modulation rate of 50 kHz. 

We repor t   t he   ab i l i t y   t o   phase   l ock   such  a tunable  
FIR laser t o  a reference laser a t  an offset   f requency 
of t he   o rde r  of  500kHz.  This was achieved by using  the 
Stark-tuning method t o   c o r r e c t  for fast   f requency  f luc-  
tua t ions ,  up to  approximately 20 kHz, and a piezo- 
e l e c t r i c   t u n e r  (PZT) to   s lowly   cor rec t   for   changes   in  
the  laser cavity  length.  

The tuning and phase-lock  methods  reported  here 
are needed for   severa l   impor tan t   appl ica t ions ,   for  
example: infrared  frequency  synthesis,   generation  of 
time from  infrared  (and  higher)  frequency  standards, 
d i r e c t i o n a l  and synthesized  infrared  communications, 
and FM LIDAR. 

Experimental  Description 

A schematic  diagram of the  experimental   setup is 
shown in   F igu re  1. A C o p  lrser and  amplifying  tube 
provide  the pump beams, a t  a wavelength  of  approxi- 
mately  10 pm, necessary   to   exc i te  a par t icu lar   v ibra-  
t i o n a l   l e v e l  of the  molecules   in  FIR l a s e r s  I and 11. 
One laser, FIR-I, serves  as a reference  laser.   Ametal-  
insulator-metal  diode  with a 50 pm diameter  tungsten 
whisker  and a polished  nickel  post  is used for   hetero-  
dyning  the two F I R  frequencies. More de ta i l s   about  
the  setup  can  be found i n  Ref. 1. 

*Visiting  Fellow  1976-77, on leave from  Astronomical 
I n s t i t u t e ,   U t r e c h t ,  The Netherlands. 

The FIR-I1 laser cons is t s  of a glass  tube,  1.04 m 
long  and 32 m internal   d iameter .  Two lengths  of cop- 
per  tape are at tached  over   the  total   length of the  tube 
t o  8erve as the   in te rna l   S ta rk   e lec t rodes .  Both ends 
of the  tube are closed by f l a t ,   me ta l   mi r ro r s ,  of which 
one is movable i n  two d i f f e r e n t  ways: A PZT is  used 
f o r   f i n e  movements ( 4  pm maximum), while a micrometer 
drive  provides  the  coarse  motion. 

A block  diagram  of  the  phase-lock  loop  system is 
shown in   F igu re  2. The  two  FIR l a s e r s  produce a beat 
frequency on the   o rde r  of  several   hundred  kilohertz  in 
the  metal-insulator-metal  diode  detector.  After  ampli- 
f i c a t i o n  and f i l t e r i n g   t h i s   b e a t   n o t e  is fed   in to  a 
double-balanced  mixer,  where it is compared t o   t h e  
frequency  of a synthesizer .  The phase-lock  loop  tunes 
t h e  FIR-I1 laser so that   the   heterodyne  s ignal  between 
t h e  two lasers and the  reference  s ignal  from t h e  syn- 
thesizer   are   in   approximate  phase  quadrature .   This  is  
accomplished i n  two d i f f e r e n t  ways: Fast tuning is 
achieved by amplifying  and  f i l tering  the  detected 
phase-difference  signal and then  feeding it t o   t h e  
Stark  e lectrodes.  The a t t a c k  time i n   t h i s  feed-back 
loop is approxfmately  10 W. Slow tuning,  over a 
larger   range,  is mainly  necessary  to  compensate  for 
length  changes  of  the  FIR-I1  laser  cavity  due  to tem- 
perature  changes. This tuning i s  achieved by feeding 
the  detected  phase-difference  signal  through an in te -  
gra t ing   ampl i f ie r  and  applying i t  to   the  PZT-tuning 
element of t h e  FIR-I1 l a s e r .  Unwanted in te rac t ions  be- 
tween t h e  two feedback  loops  are  not  present  because of 
t he   l a rge   d i f f e rence   i n  speed  (lo4) of the two  mecha- 
nisms. The present   system  s tays   in  a phase-locked con- 
dition  for  about  15  minutes.  This  time is mainly 
l imi ted  by the   f r equency   i n s t ab i l i t y  of the  CO2-pump 
laser and the   mechanica l   ins tab i l i ty  of the  diode, 
ra ther   than by t h e  dynamic range of the  phase-lock 
l o o p   i t s e l f .  

Measurements 

All measurements a r e  preceded by mechanically 
tuning  the FIR-I1 laser t o  a dominant longi tudina l  
mode. In  Figure 3 ,  we show the  output power var ia t ion  
as a funct ion  of   cavi ty   length  for   the  Stark  tunable  
laser. The two main maxima occur at  a cavi ty   length 
difference  of 248 um, half  the  wavelength of the 
496 um t r a n s i t i o n   i n  CH3F. The r e l a t ive ly   c l ean  mode 
spectrum of t h i s  laser avoids  the  otherwise  annoying 
t roubles   due   to  mode in te r fe rence .  

The next   s tep  is t o  f irst  detune  the  cavity 
s l i g h t l y  from the   t r ans i t i on   l i ne   cen te r  and then 
apply a dc  voltage of about 400 V to   the   S ta rk  elec- 
trodes.  This is done while the  FIR-I laser  remains 
tuned  to i t s  line  center,   al lowing  one  to  monitor  the 
frequency  changes  of  FIR-I1 by direct   heterodyning  in  
a frequency  region  of  the  order of 500 W I Z .  The i n i -  
t i a l  cavity  detuning  produces a f requency   sh i f t  of 



300 t o  600 kHz i n   t h e   F I R - I 1   l a s e r , w h i l e t h e   a d d i t i o n a l  
amount  of e l ec t ron ic   t un ing ,   wh ich  is p r o p o r t i o n a l   t o  
t h e   i n i t i a l   c a v i t y   d e t u n i n g ,   h a s  a maximum s e n s i t i v i t y  
of 5 kHz/(V/cm).  Associated  with  the  frequency  change 

n i t u d e  o f  O.OI/ (v/cm). 1 
t h e r e  may b e  an ampli tude  change  with a relative mag- 

The a p p l i c a t i o n  of a n   a l t e r n a t i n g   f i e l d ,   s u p e r -  
imposed on   t he   dc  electric f i e ld ,   p roduces   bo th   ampl i -  
t ude  and  frequency  modulation  sidebands.  The r a t i o   o f  
AM s i d e b a n d s   t o   t h e   f i r s t  F" sidebands i s  expected t o  
be 2 x fm,  where f is the   modula t ion   f requency   in  
Hz, as ca l cu la t ed   f rommthe   s ens i t i v i t i e s   quo ted  i n  t h e  
preceding  paragraph. It h a s   b e e n   v e r i f i e d   q u a l i t a -  
t i v e l y   t h a t   t h e  AM and FM sidebands  have  indeed  equal  
s t r e n g t h  a t  fm = 500 kHz. 

F igu re  4 shows a typ ica l   f requency   spec t rum  of  a 
frequency-modulated,  Stark-tuned  FIR laser.  It was 
taken   us ing  a spec t rum  ana lyze r   connec ted   t o   t he   ampl i -  
f i ed   he t e rodyne   s igna l   f rom  the   d iode .   S ince   on ly   t he  
FIR-I1 laser i s  modulated,  it r e p r e s e n t s   t h e  power  den- 
s i t y  of t h i s  laser as a funct ion  of   f requency.   This  
p a r t i c u l a r   s p e c t r u m  was taken   whi le   the  laser was 
modulated a t  50 kHz. The relative magnitude  of  the 
s idebands i s  t yp ica l   fo r   f r equency   modu la t ion   w i th  a 
dev ia t ion   (ha l f   t he   peak - to -peak   f r equency   sh i f t )   equa l  
t o  75 kHz. The AM s i d e b a n d s   i n   t h i s  case are ten  
times less powerful   than  the FM s idebands ,   i n   ag ree -  
ment wi th   ou r  earl ier s t a t e m e n t   a n d   i n d i c a t i n g   t h a t  
w e  have a near ly   pure  f requency  modulated  spectrum. 

Observa t ion   of   the   bea t   no te   be tween the two FIR 
lasers i n d i c a t e s   t h a t   t h e  3 dB l i n e   w i d t h   o f   t h e  un- 
locked lasers i s  a few kHz. A t yp ica l   spec t rum i s  
shown i n  F igure  5a. I n   o r d e r  t o  phase   lock   such   osc i l -  
l a t o r s  i t  is n e c e s s a r y   t h a t  a l l  t h e   a m p l i f i e r s  and 
f i l t e r s   i n   t h e   l o o p   b e   b r o a d b a n d  compared t o  t h e   f r e e -  
runn ing   l i ne   w id th .  When the   phase- lock   loop  i s  
o p e r a t i n g ,   t h e   l i n e   w i d t h   o f   t h e   b e a t   n o t e   d e c r e a s e s  
d r a m a t i c a l l y  as can  be  seen i n  F igu re  5b. I f  a s t a b l e  
r e f e r e n c e  were s u b s t i t u t e d   f o r   t h e  FIR-I laser,  then  
th i s   change  would r e p r e s e n t  a p r o p o r t i o n a l  increase i n  
s t a b i l i t y   o f   t h e   t u n a b l e  laser. 

The most   important   parameter   descr ibing  the  phase-  
lock   loop  is  i t s  a t t a c k  time, i . e . ,  t h e   i n v e r s e   o f   t h e  
un i ty   ga in   angu la r   f r equency .  It can  be  measured  by 
phase  modulat ing  the  synthesizer   which  generates   the 
f requency   of fse t   be tween  the  t w o  lasers. When the 
frequency  of   this   phase  modulat ion i s  small compared 
to   t he   un i ty   ga in   f r equency ,   cohe ren t   modu la t ion   s ide -  
bands  of  constant  amplitude are i m p r e s s e d o n t h e   t u n a b l e  
laser. However, when the   modula t ion   f requency  i s  l a r g e  
compared t o   t h e   u n i t y   g a i n   f r e q u e n c y ,   t h e   t u n a b l e  laser 
can ' t   fo l low  the   phase   modula t ion   of   the   re fe rence .  We 
o b s e r v e   t h i s  phenomenon i n   b o t h   t h e   s p e c t r u m   o f   t h e  
beat   between  the two lasers and the   spec t rum  o f   t he  
c o n t r o l   v o l t a g e   t o   t h e   t u n a b l e  laser. Our b e s t  esti- 
mate o f   t h e   u n i t y   g a i n   f r e q u e n c y  i s  l 8  kHz which  cor- 
r e s p o n d s   t o   a n   a t t a c k  time of  approximately 10 US. 

I n   o r d e r   t o   a n a l y z e   t h e   o p e r a t i o n   o f   t h e   s e r v o  
system i t  i s  u s e f u l   t o  examine the   spec t rum of t h e  
f e e d b a c k   v o l t a g e   t o   t h e   S t a r k   t u n i n g   e l e c t r o d e s .  An 
example  of  such a spectrum i s  shown i n   F i g u r e  6 .  The 
primary  value  of  this  measurement is t o   d e t e c t   i n s t a b i -  
l i t i e s   i n   t h e   l o o p  which show up a s   peaks   i n   t he   spec -  
trum. The loop i s  o b s e r v e d   t o , b e   s t a b l e ,   b u t   b e g i n s   t o  
o s c i l l a t e  when t h e   g a i n  i s  indreased by 10 dB. It is 
a l so   79ss ib l e   t o   u se   t he   spec t rum  o f   t he   f eedback   vo l t -  
age   t o   de t e rmine  S+(€) f o r   t h e   p a i r   o f   o s c i l l a t o r s .  
T h i s i s   d i s c u s s e d   i n  more d e t a i l   i n   t h e   n e x t   s e c t i o n .  

When t h e   S t a r k   t u n e r  i s  o p e r a t i n g   a l o n e ,   t h e  
dynamic range   of   the   loop  is  very  l imited.   For   example,  

a f r equency   change   o f   t he   r e f e rence   o sc i l l a to r   i nexcess  
of  50 kHz c a u s e s   t h e   l o o p   t o  come out   of   lock.   This  
dynamic  range i s  i n s u f f i c i e n t   t o   c o n t r o l   t h e   s l o w   f r e -  
quency  changes i n   t h e  FIR lasers which w e  surmise are 
due  to   temperature   changes.  The inc lus ion   o f   t he  PZT 
tuner, which  can move one  end m i r r o r  52  um, r e s u l t s   i n  
an  order   of   magni tude improvement i n  t h e  dynamic  range. 

I n t e r p r e t a t i o n  

We s e l e c t e d  the 496 um (604 GHz) laser t r a n s i t i o n  
i n  CH3F f o r   t h i s   s t u d y   b e c a u s e  i t  is  a r e l a t i v e l y  
s t r o n g  l i ne  a n d   t h e   S t a r k   e f f e c t   i n  CH3F i s  l i n e a r  
and well understood. The C02 laser s e l e c t i v e l y  pumps 
t h e   m o l e c u l e s   f i r s t   t o   a n   e x c i t e d   v i b r a t i o n a l   l e v e l  and 
the   r e su l t i ng   popu la t ion   i nve r s ion   i nduces   t he  496 p m  
r o t a t i o n a l   t r a n s i t i o n   t o  lase. An electric f i e l d   s p l i t s  
t h e   r o t a t i o n a l   t r a n s i t i o n   i n t o  several components,  each 
w i t h  a known f r e q u e n c y   s h i f t   p r o p o r t i o n a l   t o   t h e   f i e l d  
s t r e n g t h .  From t h e  known l ine   w id th  of t h e   i n d i v i d u a l  
components  one  can show1V2 t h a t   t h e   n e t   e f f e c t  of t h e  
S t a r k   f i e l d  i s  an   ove ra l l   b roaden ing   o f   t he   l i ne  of 
approximately 30 kHz/(V/cm). 

The tun ing  of t h e  laser frequency is produced  by 
t h i s   b r o a d e n i n g   v i a   t h e   e f f e c t   o f   " c a v i t y   p ~ l l i n g . " ~  
The a c t u a l  laser frequency,   v ,  i s  determined  by: 

v-v v -v m C - = -  
AV AV ' m 

where  vc i s  the   resonant   f requency   of   the  empty laser 
cav i ty   and  Avc i ts  f u l l  width,  v, is the  f requency  of  
t h e   m o l e c u l a r   t r a n s i t i o n  and AV, i t s  f u l l   w i d t h .  I t  
is clear f r o m   t h i s   e q u a t i o n   t h a t   a n   o f f s e t   b e t w e e n  vc 
and vm produces a s t a t i c  f r e q u e n c y   s h i f t  of t he  laser 
f requency   towards   the   cav i ty   l ine   cen ter .  The amount 
of sh i f t   depends  on t h e   c a v i t y   o f f s e t   i t s e l f ,   a s  well 
as the  magnitudes  of AV, and Avm. The very las t  
dependence is used in   our   exper iments .  

D i f f e r e n t i a t i o n  of t he   pu l l i ng   equa t ion   w i th  re- 
s p e c t   t o   t h e   a p p l i e d   f i e l d  E y i e l d s :  

- =  dv  AVc(Vc-vm) d 

dE (AV,+ Avc) 
(Avm) . 

The s h i f t  is t h u s   p r o p o r t i o n a l   t o   t h e   i n i t i a l   o f f s e t  
of t h e   c a v i t y   f r o m   l i n e   c e n t e r  and t h e   p r o p o r t i o n a l i t y  
fac tor   can   be   ca lcu la ted   f rom known q u a n t i t i e s .  We 
f i n d   i n   o u r  case a maximum value  of  5 kHz/(V/cm),  in 
good agreement  with  measured  values.  

The ope ra t ion  of the  phase- lock  loop,   descr ibed 
earlier,  i s  bes t   unde r s tood   i n  terms of the  open-loop 
t r ans fe r   func t ion   Geq( jw) .4  L e t  u s  c a l l   t h e  open-loop 
p h a s e   f l u c t u a t i o n s  of t h e  two lasers $1 and $11, re-  
s p e c t i v e l y ,  Then the   c losed - loop   phase   f l uc tua t ions  
between  the two l a s e r s ,  A $ ,  is 

A-$=------ , $11 - -$I 

+ Geq 

where   the   f requency   synthes izer  i s  assumed to  have 
n e g l i g i b l e   p h a s e   f l u c t u a t i o n s .  The open-loop  t ransfer  
func t ion  is  the   p roduc t  of the   tun ing  rate of theFIR-11 
laser, t h e   s e n s i t i v i t i e s  of t h e  M I M  diode and the  double  
balanced  mixer ,   the   gain of  a m p l i f i e r s  G1 and C>, and t h e  
low p a s s   t r a n s f e r   f u n c t i o n s  F1, F? and Fj. The asymp- 
t o t i c  form i s  shown in   F igu re  7 .  The b reak   po in t   a t  f: 
is  due t o   t h e  low p a s s   f i l t e r  (F2)  which  dec-reascs  the 
feedback  of  the  second  harmonic of  t h e  o f f s e t  frequency 
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between t h e  two l a s e r s .  The b r e a k   p o i n t   a t   f 3  is due 
t o   t h e   f i n i t e  band  width (Pg) o f   t h e   a m p l i f i e r s .  The 
phase   sh i f t   c aused   by   t hese  two l o w   p a s s   f i l t e r s   c u r -  
r e n t l y  limits t h e  maximum un i ty   ga in   f r equency   t o   abou t  
20 kHz. The break a t  f4  i s  due t o   t h e  PZT tuner   and 
has   neg l ig ib l e   i n f luence   on   t he  second-to-second  per- 
formance  of  the  loop. 

The vo l t age ,  V, measured at the  spectrum  analyzer  
is e a s i l y   r e l a t e d   t o   t h e   o p e n - l o o p   p h a s e   f l u c t u a t i o n s  
between  the two lasers .   S ince   the   spec t rum  ana lyzer  
f o l l o w s   f i l t e r  F2, 

where K is a cons t an t .   So lu t ion   o f   t h i s   equa t ion   i n -  
d i ca t e s   t ha t   t he   s lope   o f   t he   vo l t age   spec t rum  shou ld  
change by f 2   a t  a f r equency   nea r   t he   un i ty   ga in   f r e -  
quency.  The  break  does  not  occur  exactly a t  t h e   u n i t y  
ga in   f r equency   ma in ly   due   t o   t he   f ac t   t ha t   t he   po le s  
a t  f 2   a n d   f 3   a r e   n o t   f a r  removed.  Examination  of t h e  
s p e c t r u m   i n   F i g u r e  6 shows j u s t   s u c h  a slope  change a t  
1 8  kHz. It a l s o  shows a s lope   change   a t  4 kHz, below 
which  the  vol tage  spectrum i s  cons tan t .   This   behavior  
is c o n s i s t e n t   w i t h   t h e   i n t e r p r e t a t i o n   o f  4 kHz a s   t h e  
f a s t   l i n e w i d t h   ( a p p r o x i m a t e l y   e q u a l   t o   t h e  3 dB l i n e -  
wid th)   o f   the   uns tab l ized   lasers .5  

S ince   the  time cons tan t s  of t h e   v a r i o u s   f i l t e r s  
i n   t h i s  phase- lock  loop  are   not   widely  spaced,   S+(f) ,  
t he   spec t r a l   dens i ty   o f   phase   f l uc tua t ions   be tween   t he  
two l a s e r s ,  must b e   c a l c u l a t e d  on a point-by-point 
b a s i s .  We f i n d   t h a t  S4(30 kHz) % -90 dB r e l a t i v e   t o  
1 rad’. T h i s   n o i s e   l e v e l  i s  comparable  to a Gunn- 
e f f e c t   o s c i l l a t o r   r e f e r r e d   t o  i ts operat ing  f requency 
of 10 GHz. 

Conclusions 

I n   t h e   n e a r   f u t u r e ,  we expect   the   expansion  of  
t h e   f i e l d s   o f  time and f requency   and   te lecomunica t ions  
i n t o   t h e   i n f r a r e d   t o   a c c e l e r a t e   s i g n i f i c a n t l y .  It  is  
l i k e l y   t h a t   t h e   f a r - i n f r a r e d  laser w i l l  be  a workhorse 
o s c i l l a t o r   f o r   t h a t   f r e q u e n c y   r a n g e .  To promote t h i s  
p o s s i b i l i t y ,  i t  is  necessary  to   develop a v a r i e t y   o f  
modulat ion  and  phase- locking  techniques  such  as   are  
a v a i l a b l e   i n   t h e  microwave region.  The S t a r k   f r e -  
quency  modulation  and  phase-lock  technique  which is 
descr ibed   here  is a s t e p   i n   t h i s   d i r e c t i o n .  When  com- 
b ined   w i th   su i t ab le  low no i se  microwave sources  and  ef-  
f i c i e n t   m u l t i p l i e r s  i t  w i l l  permit  frequency  synthesis 
over a la rge   por t ion   o f   the   fa r - inf ra red   wavelength  
region.  
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FIGURE 1. Schematic  diagram  of  the  system  for  hetero- 
dyning two f a r   i n f r a r e d  (FIR) l a s e r s .  
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FIGURE 2 .  Block  diagram  of  the  phase-lock  loop  system. 
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C H A N G E  I N  C A V I T Y  L E N G T H  ( u m )  

FIGURE 3 .  output  power of the  FIR  laser  as a function 
of  cavity  length.  In  addition to the  main 
cavity  modes,  there  are  visible  a  small 
number  of  higher  order  modes. 
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FIGURE 4 .  Frequency  spectrum  of  a  Stark-tuned  FIR 
laser  with  a  modulation  frequency  of 50 kHz. 
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Fig. 5. a)  Beat  frequency  spectrum of two  unlocked  FIR  lasers. 
b )  Beat  frequency  spectrum of two  phase-locked  FIR  lasers. 
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FIGURE 6. Frequency  spectrum of the  feedback  voltage 
in:-the  closed-loop  condition. 
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FIGURE 7. Asymptotic  form  of  the  magnitude of the 
open-loop  transfer  function. 


