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Abs t r ac t  

A review of progress   in   laser   s tabi l izat ion 
techniques   and   laser   f requency   measurement  is 
given.  Methods  for  relating laser frequencies 
to  the  t ime  standard  and  methods for absolute 
laser   f requency   s tab i l iza t ion   a re   descr ibed .  
Experimental   information  on  reproducibil i ty  and 
noise   charac te r i s t ics  is reported.  Application 
to  frequency  and  wavelength  standards is 
discussed. 

Introduction 

Since  the  discovery of the He  -Ne pas l a s e r  
in  1960  by  Javan,  Bennett   and  Herriot ,   many 
atomic  and  molecular   laser   t ransi t ions  have 
been  found.  The  possibility of using  one of these 
t rans i t ions  as a highly  stable  frequency  or  wave- 
length  s tandard  in   the  vis ible   or   near   infrared 
has  been  envisioned,  and  many  schemes  have 
been  developed  to   t ry   to   reproduce  accurate1 
the  wavelength of one of these  transit ions.  2 * x * 4  
The  usual  techniques  involve  servo-control of 
the  laser   cavi ty   to   some  character is t ic  of the 
laser  transit ion.   The  major  problems  involved 
with  these  a t tempts   were  large  f requency  shif t  
due  to  gas  pressure  changes  in  the  plasma, 
amplitude  and  frequency  fluctuations  due  to 
plasma  instabilities,  and  the  dependence of the 
frequency  on  the  current-voltage  characterist ics 
of the  plasma  discharge.  

In 1967  there   were  two  important   develop-  
ments   in   laser   spectroscopy  that   pointed  the 
d i rec t ion   necessary   to   rea l ize   accuracy   compet -  
i t ive  with  f requency  s tandards  - -saturated 
absorption of a toms  and  molecules  first repor ted  
by Lee  and  Skolnick5  and  absolute  frequency 
measu remen t  of a laser t r ans i t i on   f i r s t   r epor t ed  
by Hocker  e t  al. 

Saturated  Absorption 

The   research  of Lee  and  Skolnick  on  satu- 
ra ted  absorpt ion  in  Ne led   o thers ,   namely  

Barger   and  Hal l ,   Hanes  and  Baird,   and 
Rabinowitz et   al ,  into  the  investigation of 
saturated  absorpt ion of molecular   spec ies  
having  absorption  transit ions  coincident  with  the 
laser transit ion.   The  molecular  species  that  
have  been  reported  to  date are 12, CH4,  and 
SFg.  Molecular  species are at t ract ive  because 
molecular   vibrat ion-rotat ion  t ransi t ions  have 
character is t ical ly   long  l i fe t imes,   absorpt ion  can 
be obtained  f rom  thermally  populated  s ta tes ,  
and  there is a much  higher  probabili ty  for  coin- 
cidences of a molecular  transit ion  with a l a s e r  
t ransi t ion.   The  most   extensive  research  to  
date  has  been  done  on  Iz  and CH4. 

?'he  principle of saturated  absorpt ion  can 
be  i l lustrated by referr ing  to   Fig.  1. A ce l l  
containing  the  absorbing  gas is placed  inside  the 
laser. cavity..  The  absorption  transitiqn  whose 
Doppler  width is greater   than  the  natural   l ine  
width interacts  with  the  laser  radiation  such  that  
absorpt ion  takes   place  a t   the   laser   f requency 
f = fo(l v,/,) where fo  is the  molecular  
t ransi t ion  f requency  a t  rest and  vz is the 
speed of the  molecule  along  the  laser axis. If 
we think of the  standing  wave  laser  radiation 
pa t te rn   as   composed  of two  oppositely  directed 
running  waves of equal  amplitude,   then  two 
holes   are   "burned  out"  of the  absorption  density 
distribution as a function of velocity.  The  width 
of these  holes is proport ional   to   the  natural  
width of the  absorbing  t ransi t ion so that  when 
the  absorption is away  f rom  the  central   peak 
the  two  populations  act  almost  independently. 
As the   laser   f requency is tuned  to  the  absorption 
l ine  center ,   however ,   the   same  molecules   inter-  
act   with  both  running  waves  and  saturation 
occurs .   This   leads  to   an  increased  power  output  
at frequency f o  . The  emission  peak at fo  
has  a character is t ic   width y where l / Y  
may  be the  collision  induced  lifetime,  the  natu- 
ral l i fe t ime,   o r   the   t rans i t   t ime of the  molecule 
across   the  laser   beam,  whichever   is   the   shortest  
character is t ic   t ime.   The  output   intensi ty  is 

I Io[l t S(f - fo,y)]  where g is a 
Lorenteian  function  and f - f o  is the  frequency 
measured   f rom  l ine   cen ter .   F ig .  2 shows  the 
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power  versus  frequency  curve  for  saturated 
absorption of methane   a t   3 .39~.  The  absorption 
is that of a single  transition  which is the P 7  line 
of the V 3  vibration  band  in  methane. The 
laser  transit ion  has  been  pressure  shifted  to 
higher  frequency by approximately  100 MHz to 
make  the  centers of the P 7  transition  and  the 
3. 39p Ne transition  coincide.  The  line  width is 
approximately 200 KHz. The  broadening of this  
line  has  been  studied  extensively  in  both  pure 
CH4  and  in CH4 with  the rare   gases   as   buffers .  
The  width of the  absorption  in  pure  methane  as a 
function of p re s su re  is approximately  10 KHz 
per  micron. By using  special  "frequency  offset 
locking"  described by Barger  and  Hall ,   pres- 
sure   shif t  of the  methane  transition  can be inves- 
tigated.  This  shift is anomalously  small  for 
reasons  which  are  not  clearly  understood  at  this 
time.  The  shift  as a function of p re s su re   i s  
given by Barger   and  Hal l7   as  7 5  f 150 Hz per 
micron.  Two  independent  methane  stabilized 
lasers  have  been  investigated  and a stability  plot 
of the  difference  frequency  between  the  two 
l a s e r s   a s  a function  of  time is shown  in F i g .  3. 
Recent  improvements on this  stability  have  been 
made  and wi l l  be reported  elsewhere.  l o  More 
recent  stability  measurements  show that the 
methane  stabil ized  laser  may be competitive 
with  the  hydrogen  maser. 

Other  experiments  dealing  with  the  satu- 
rated  absorption of I2 a t  633 nm  and  the  satu- 
rated  absorption of SF6   a t  10. 6p have  been 
reported. 11 The  power  tuning  curve  for 
saturated  absorption of I2 is shown in F i g .  4.  
The  lower  trace  in  the  figure is the  derivative of 
the  power  curve  which  has  an  approximate 
Lorentzian  shape.  The  several  absorptions 
seen  are  due  to  the  hyperfine  structure  in 12. 
F i g .  5 shows  the  absorption of SF6 from  the 
P1 8 line of the CO2 laser.   Because of the 
very  high  power  output,  the  absorption  can be 
seen  with a cell  outside  the  laser  cavity in which 
the  radiation is double-passed  to  achieve a 
standing  wave  pattern. 

Frequency  Synthesis 

Table 1 shows  the  frequencies  involved  in 
attempting  to  establish a frequency  locked  chain 
f rom a stabilized  klystron  to  the  near  infrared. 
The  initial  measurements  in  this  chain  were 
accomplished by Hocker   e t  .l6 who mixed  the 
12th  harmonic of a 74 GHz klystron  with  the 
337p  HCN la se r .  The  next  step  in  the  chain  has 
been  accomplished by Evenson et  al l2 in  mixing 
the  12th  harmonic of 337p  with  the 27p water 
vapor  laser.   The  most  recent  accomplishment 

has  been  to m u  the  3rd  harmonic of 27p with  the 
9.3p  transition  in CO2 by Daneu e t   a l l 3   and  the 
mixing of the  3rd  harmonic of 27p minus  the  1st  
harmonic of 78p to   measure both  the P18 and 
P20  transitions of CO2 laser by Evenson  e t   a l .   l4  
All of these  measurements  have  been  accom- 
plished by using a cat  whisker  diode  detector. 
Fig. 6 shows  an  exploded  view of the cat   whisker 
which is usually  made  out of tungsten  and is 
pointed by chemical  etching  techniques.  The 
post  which  makes  contact  with  the  whisker  can 
be either  si l icon as was  the  case  for  the  first 
experiments by Hocker e t  al, or   can be some 
f o r m  of meta l   pos t   as  is the  case  for the more 
r ecen t   expe r imen t s .   13~14  The  whisker  acts  as 
a long  wave  antenna as has  been  shown by 
Matarrese  and  Evenson. l5  Number of lobes of 
the  antenna  pattern  is  proportional  to  the  length 
of the  whisker  divided by the  wavelength of the 
radiation. F i g .  7 displays  this  pattern  for 
L = 7 X .  

Attempts  are  currently  being  made  to  mix 
the  8th  harmonic of the 27p H20  vapor   l aser  with 
the 3 . 3 9 ~  He-Ne l a se r .  If this  step  can be 
accomplished, a frequency  locked  chain  from  the 
time  standard to 3,391, can be established  and 
the  stability of the  saturated  absorption  at  3. 39p 
strongly  suggests  that  this  transition  could be 
used  as  a new primary  length  standard.  This 
being  the c a s e ,  the  length  standard  and  the  time 
standard  could be compared  directly.  If the 
primary  length  and  time  standard  could be 
derived  from  the  same  atomic  or  molecular 
transition,  the  speed-of-light  would  become a 
defined  quantity  and  length  measurement  could 
be derived  from  frequency  measurements.  

Acknowledgement 

It i s  a pleasure  to  acknowledge  cooperation 
given  to  me  prior  to  publication by Drs .   Barger ,  
Hall,  and  Evenson  in  supplying  data  and  helpful 
suggestions  for  this  report.  It is a lso a pleasure 
to  acknowledge  cooperation by Dr.  Rabinowitz 
and  Dr.  Hanes  in  allowing  photographs  of  their 
research   to  be published. 

Reference S 

1. A. Javan, W. R. Bennett, Jr. , and D. R. 
Herr iot ,   Physical   Review  Let ters  L, p. 3 
(1961). 

2.  A. D. White,  IEEE  Journal of Quantum 
Electronic ,   QE-l ,  p. 349  (1965). 

234 



3. G. Birnbaum,  Proceedings of the IEEE 2, 
p. 1015  (1967). 

4. J. L.  Hall,  IEEE  Journal of Quantum 
Electronics,   QE-4, p. 638  (1968). 

5. P. L.  Lee  and M. L.  Skolnick,  Applied 
Phys ics   Le t te rs  g, p. 303  (1967). 

6. L. 0. Hocker,  A. Javan,  D.  Ramachandra 
Rao,  L.  Frenkel  and T. Sullivan,  Applied 
Phys ics   Le t te rs  10, p. 147  (1967). 

7. R. L.  Barger  and J. L.  Hall,  Physical 
Review  Letters 22. p. 4 (1969). 

8. G. R. Hanes  and K.  M. Baird,  Metrologia 
- 5, p. 32  (1969). 

9. P. Rabinowitz, R. Keller,  and S. T. 
LaTourrette,   Applied  Physics  Letters z, 
p. 376  (1969). 

10. J. L.  Hall  and R.  L. Ba rge r ,  to be pub- 
lished.  (Also  see: R.  L. Barger  and 
J. L.  Hall,  Proceedings of the  23rd  Annual 
Symposium on Frequency Con,trol, p. 306, 
1969.) 

11. G. R. Hanes  and C. E. Dahlstrom, 
Applied  Physics  Letters 2, p.  362  (1969). 

12. K. M. Evenson. J. S. Wells, L. M. 
Matarrese,   and L. B. Elwell,  Applied 
Phys ics   Le t te rs  16, p. 159  (1970). 

13. V. Daneu, D. Sokoloff, A. Sanchez,  and 
A. Javan,  Applied  Physics  Letters E, 
p. 398  (1969). 

14. K. M. Evenson, J. S. Wells, and  L. M. 
Matarrese,   Applied  Physics  Letter8 16, 
p. 251  (1970). 

15. L. M. Matarrese  and K. M. Evenron, 
Applied  Physics  Letters,  to be publbhed. 

235 



SATURATED ABSORPTION 

F i g .  l - Sahlrated abmorption  erplainad 8s the intrraction Of W O  

running waves with the absorbing medium. 

Fig. 2 - Saturated abaorption in methane at 3.3%. 

236 



10-8 

x I- 
(WHITE  FREQUENCY ' --% 

UNCERTAINTY BARS ARE lu LIMITS "1 

Fig. 4 - 
.Wing L l y r  power outpt vermm 
tuning in the upper trace. and the de- 
rlvativc of power with rcspecl to cm- 
v i e  length In the bwer trace. Disper- 
sion h approximaIely 50 MHz per di- 

belled diUrcriminan1 curves are due to 
vialon. Red ia on the right. The la- 

the prernce of iodine vapour in the 
laser cavity. (b) Enlarged view of 
UUM of the components at 5 MHz/ 
dlvi.Ifm. 

237 



4 r  

I I 1 l I I I I 1 
+l2 +IO + 8  +6 +4 + 2  0 - 2  - 4  



"X 

. 090160bA 
3.021175* 

IO.?lW)ll* 

0 
20. 359800, 
20.306251 

32.1760d 
32.11426# 

88.37631' 

6 ,091 

12 .891 

S 10.710 
S 10.110 

3 IO.?L@ 
3 10.110 

0 10.110 

L u r  

"2 

-2 .a05 

-1 ).U1 
-1 3.021 

1 .e91 

Kl*.tr* 
' u3 

l2 .0142 

3 .029 

l .029 

1 .02? 
-1 .026 

1 .022 
- I  .om 

- I  .040 

239 


