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OPTICAL FREQUENCY MEASUREMENT AT NRC AND PROGRESS TOWARDS FREQUENCY 

MEASUREMENT OF V I S I B L E  L IGHT 

K.M. Bai rd  

NRC, Div. of Physics, Ottawa, Canada 

Abstract .- This a r t i c l e  describes the  frequency comparison chain t h a t  i s  
b e i n g  set  up a t  N.R.C. (Ottawa) w i t h  t h e  aim o f  making poss ib le  
frequency measurement w i t h  respect t o  t h e  Cs primary standard, o f  
standards throughout the  spectrum up t o  the  v i s i b l e  region. Progress t o  
date includes demonstration o f  phase l o c k i n g  o f  several stages up t o  30 
THz, demonstration o f  the f e a s i b i l i t y  o f  several stages from 30 THz t o  
260 THz and operat ion o f  the  l a s t  stage from 260 THz t o  520 THz (0.576 
m) 

Int roduct ion. -  I n  order t o  r e a l i z e  t h e  use o f  the  same standard f o r  leng th  and 
time, a frequency chain i s  requi red t o  r e l a t e  microwave t o  o p t i c a l  frequencies. 
This i s  so not  only f o r  the  process o f  es tab l i sh ing  the  new d e f i n i t i o n  o f  
length i n  terms o f  the  Cs 9 GHz t r a n s i t i o n ,  as now proposed, but  a lso i n  t h e  
l i k e l y  event t h a t  a new standard w i l l  replace the  Cs standard i n  the  no t  t o o  
d i s t a n t  future. An improved new standard might we l l  be provided by the  sharp 
resonances i n  OsO, o r  SF a t  about 30 THz (10 rm) o r  some other  o f  t h e  
proposals discussed i n  t f f i s  conference; the  need f o r  such a chain i s  a lso  
i m p l i c i t  i n  t h e  increasing use by spectroscopists o f  standards throughout t h e  
in f ra red ,  based on frequency measurements. 

The frequency chain being set  up a t  N.R.C. i n  Ottawa, t o  f i l l  t h j s  need, 
i s  convenient ly described as two par ts :  the  f i r s t ,  operat ing i n  t h e  reg ion 
where p o i n t  contact diodes operate as harmonic generators, aims a t  producing 
CO, l a s e r  emission i n  the  10 fl (30 THz) region, which w i l l  be phase locked t o  
t h e  Cs primary standard; it i s  intended f o r  use not  only as a base t o  extend 
frequency measurements t o  t h e  v i s i b l e  spectrum, bu t  a lso  t o  compare t h e  
frequencies and r e p r o d u c i b i l i t i e s  o f  t h e  Cs s tandardandthe above mentioned 
l i n e s  i n  the  30 THz region. The second par t ,  covering t h e  region through which 
the e l e c t r i c a l  response o f  po in t  contact  diodes appears t o  f a l l  o f f  and non 
l i n e a r  o p t i c a l  c r y s t a l s  must be used, aims a t  extending t h e  chain t o  standards 
i n  the v i s i b l e  spectrum, 

Microwave t o  30 THz Chain.- The microwave t o  30 THz p a r t  o f  the  chain i s  being 
se t  up by B.G. Whittord. It makes use o f  in termediate frequencies generated i n  
the drode by simultaneous r a d i a t i o n  from two CO, lasers, operat ing on 
appropr ia te ly  d i f f e r e n t  t r a n s i t i o n s ,  instead o f  us ing frequencies d i r e c t l y  
generated by mate r ia l s  such as HCN, H20, CH30H etc., as has been the  p r a c t i c e  
i n  other laborator ies.  This method has the advantage o f  using only simple, 
convenient C02 lasers,  although t h i s  advantage i s  somewhat o f f s e t  by t h e  
r e l a t i v e l y  weak s ignals  provided by the  d i f fe rence  frequencies r e s u l t i n g  i n  the  
requirement o f  an ex t ra  step. 

The chain has already been operated i n  a basi'c form f o r  making a 
p re l im inary  measurement o f  the  speed o f  l i g h t  by measurement o f  the frequency 
o f  a CH,, s t a b i l i z e d  He-Ne laser ,  as prev ious ly  described (1,2); f i g u r e  1 shows 
one o f  several a l t e r n a t i v e  schemes: t h e  output o f  a -071 THz k lyst ron,  
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Fig. 1 Frequency chain t o  28 THz using d i f fe rences  between 
CO, l aser  l i n e s .  

locked t o  the Cs standard, i s  rad ia ted  onto a diode where i t s  11th harmonic 
beats w i t h  a d i f fe rence  frequency o f  .78 THz, generated i n  the  same diode by 
simultaneous i r r a d i a t i o n  from two carbon d iox ide  lasers  operat ing on t h e  
t r a n s i t i o n s  9 um R(30) o f  12C1602 and 9 P(6) o f  12C1602 respect ive ly .  
S im i la r l y ,  the t h i r d  harmonic o f  the  above d i f ference frequency i s  generated 
and mixed i n  a second diode w i t h  a 2.3 THz d i f fe rence  frequency generated from 
the  t r a n s i t i o n s  9 P(6) o f  12C160 and 10 fl P(40) o f  13C160 . I n  the  t h i r d  
step the  t h i r d  harmonic o f  the  2.3 ?HZ d i f fe rence  i s  mixed w i t 6  a  7.0 THz 
d i f f e r e n c e  frequency generated from the  t r a n s i t i o n s  10 fl P(40) of 13C1602 and 
9 um R(48) o f  12C180, respect ive ly .  F i n a l l y  the  f o u r t h  harmonic o f  the  7.0 THz 
d i f fe rence  i s  mixed w i t h  t h e  28 THz signal from the s ing le  laser  operat ing on 
t h e  10 pin R(6) l i n e  o f  13C1802. I n  each stage t h e  beat frequencies (a t  
approximately 729, 592, 1431 and 2611 MHz respec t i ve ly )  were measured against 
t h e  frequency standard, thus g i v i n g  the  frequency o f  the 28 THz l i n e .  

I n  the above chain, each stage was operated and measured as a separate 
experiment, w i t h  the r e s u l t  t h a t  the  f i n a l  accuracy was l i m i t e d  t o  about two 
par ts  i n  109, because o f  the r e l a t i v e l y  l a r g e  propor t ional  e r ro rs  i n  the  
d i f fe rences  between lasers t h a t  were independently s tab i  1  i zed  (by saturated 
f luorescence) and because o f  the  m u l t i p l y i n g  e f f e c t  o f  the  harmonic fac to rs .  
This e r r o r  e f f e c t  ought l a r g e l y  t o  disappear when the  intermediate stages are 
used as servo-control  1  ed i d l e r s  i n  the complete phase-1 ocked chain t h a t  i s  now 
being set up. 

I n  the newly constructed chain, t h e  f i v e  lasers  are mounted on a heavy, 
v i b r a t i o n  i so la ted ,  concrete t a b l e  i n s i d e  a concrete block housing 
(approximately 4 m long x  2 f m wide x 2 4 m h igh)  which serves t o  g ive  
p ro tec t ion  from a i rborne v i b r a t i o n s  and temperature e f fec ts .  The resu l tan t  
f ree  running s t a b i l i t y  o f  each l a s e r  (about 2  KHz width i n  1 second 
observat ion t ime)  i s  much improved over t h e  former setup. The phase-locking 
servo con t ro l  i s  now being developed and two important r e s u l t s  have so f a r  been 
achieved. I n  t h e  f i r s t ,  two lasers  were phase-locked, o f f s e t  exac t l y  1340 MHz 
( referred t o  the  Rb standard), using a s ignal  d e l i b e r a t e l y  attenuated t o  a 
value comparable t o  the  most d i f f i c u l t  stage o f  the above described chain; t h i s  
success showed: t h a t  the  W-Ni diode i s  a  su i tab le  mixer f o r  such purposes, t h a t  
U.H.F. lock ing  i s  poss ib le  w i t h  -110 dbm s ignals ,  t h a t  l o c k i n g  requi res only a 
commercial piezo t rans la to r ,  and t h a t  on ly  one servoloop i s  required. I n  t h e  
second resu l t ,  the  t h i r d  harmonic o f  a  d i f fe rence  frequency was beat against  



another d i f fe rence  frequency (stage two o f  the  chain o f  f i g u r e  1) and phase- 
lock ing  was attempted, but  t h e  imper fec t l y  opt imized servoloop would only  l o c k  
f o r  a f r a c t i o n  o f  a second, a f a u l t  t h a t  i s  now being corrected; t h e  f r e e  
running beat signal i s  shown i n  f i g u r e  2. These two r e s u l t s  have shown t h a t  
t h e  complete.phase-locked chain has an exce l len t  chance o f  operat ing 

Fig. Free running 20 MHz beat 
from mixing 615- [ ( f  ,-f ) 
-3 ( f  ,-f2)= 20 MHz. HO?. 
5 kHz/div., scan 200 

successfu l ly  when a number o f  improvements i n  the  e lec t ron ics  have been made. 

It can be argued t h a t  the measurement o f  t h e  30 THz frequencies could be 
made, wi thout  the d i f f i c u l t y  o f  phase-locking, by t h e  use o f  simultaneous, 
d i r e c t i o n a l  counting of the  beats a t  each stage dur ing the  measurement. 
A1 though the  d i f f i c u l t i e s  o f  phase-locking such small s ignals  are not  t r i v i a l ,  
it appears evident t o  us t h a t  t h e  system work and there fo re  i s  t h e  
p re fe r red  method; c e r t a i n l y  i t  would make a much more san i ta ry  and in fo rmat i ve  
method f o r  comparing the  frequencies and c h a r a c t e r i s t i c s  o f  t h e  SF and OsO, 
resonances w i t h  the Cs standard, i f  one could compare two s igna ls  f h a t  d i f f e r  
by a few megahertz, each locked t o  one o f  t h e  standards being compared. 
Ampl i f i ca t ion  o f  phase j i t t e r  w i l l  not present t h e  usual problems because most 
o f  t h e  stages can be servo-contro l led t o  f o l l o w  t h e  upper frequency a t  each 
step. 

It i s  worth no t ing  tha t ,  i n  a d d i t i o n  t o  the above special  app l i ca t ion  o f  
frequencies synthesized from t h e  d i f fe rences  between t r a n s i t i o n s  i n  t h e  C0, 9 
p & 10 bands, the  technique can be used t o  measure frequencies ranging 
from a few megahertz t o  about seven teraher tz ,  o r  frequencies d i f f e r i n g  by such 
amounts from known standards, w i t h i n  t h e  range over which the  po in t  contact  
diodes operate e l e c t r i c a l l y .  The l i n e s  o f  t h e  normal bands o f  CO, 1 ines  can be 
supplemented by the  very la rge  number o f  l i n e s  provided by t h e  sequence bands, 
by the  use o f  unusual i s o t o p i c  composition, etc. An i n t e r e s t i n g  example o f  the  
technique i s  the  method t h a t  has been used by K. Siemsen a t  N.R.C. t o  measure 
t h e  frequency o f  a l a s e r  we l l  outs ide t h e  g r i d  o f  C0, reference l i nes .  As 
shown i n  f i g .  3, when two appropr ia te known frequencies f and f are mixed 
w i t h  the  unknown frequency f3, t h e  l a t t e r  can be deduced tram t h g  observed beat 
frequency f b  = (fl-f2) - ( f2 - f3 ) .  
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Fig. 3 Measurement o f  frequency f outs ide reference band 
by observi  ng beat b3  betwe& d i  f f erence frequencies . 

Fre uenc Chain 30 THz t o  t h e  Visible.- Frequency comparison up t o  88 THz, by 
us izg  po!nt contact dlodes t o  generate and mix harmonics o f  30 THz l i nes ,  i s  
r e l a t i v e l y  s t ra ight forward;  i t  has been done i n  a t  l e a s t  f i v e  labora to r ies ,  
r e s u l t i n g  i n  t h e  we l l  confirmed value f o r  t h e  speed o f  l i g h t  proposed f o r  a new 
d e f i n i t i o n  o f  t h e  Metre (3). Above t h i s  range, the e l e c t r i c a l  response o f  t h e  
diode appears t o  f a l l  o f f  r a p i d l y  and on ly  few app l i ca t ions  have been made, 
notably  those o f  Evenson and h i s  colleagues a t  N.B.S. (Boulder) who succeeded 
i n  measuring several l i n e s  up t o  196 THz, i n c l u d i n g  t h e  Xe 3.5 g, Xe 2.02 fl 
and Ne 1.5 pn l a s e r  l i n e s  (4,5). These measurements were made by us ing sums o f  
frequencies (not harmonics) and attempts t o  go h igher  w i t h  p o i n t  contact diodes 
have so f a r  f a i l e d .  The experiments o f  Walther and h i s  colleagues a t  Garching 
(6) and Meisel a t  Bonn (7)  t o  measure l a r g e  frequency dif ferences i n  t h e  
v i s i b l e  by p o i n t  contact and Schottky diodes invo lve  a d i f f e r e n t  mechanism and 
t h e  diodes cannot be used as harmonic generators o r  e l e c t r i c a l  mixers i n  t h e  
way t h e  p o i n t  contact diodes are used up t o  about 200 THz. 

I n  the  reg ion above 1.5 m, it i s  necessary t o  use o p t i c a l l y  non- l inear  
c r y s t a l s  f o r  product ion o f  second harmonics and f o r  mix ing frequencies. 
However a frequency chain i n  t h i s  reg ion i s  f a r  from easy because o f  the  l a r g e  
frequency d i f fe rences  between the  r e l a t i v e l y  few s u i t a b l e  l a s e r  l i n e s  
avai lab le,  coupled w i t h  the  problem o f  f i n d i n g  c r y s t a l s  t h a t  s a t i s f y  t h e  
condi t ions o f  transparency and phase matching. Figure 4, showing t h e  spectrum 
on a l i n e a r  scale, i l l u s t r a t e s  t h i s  problem: t h e  whole range o f  t h e  frequency 
chain up t o  30 THz i s  less  than t h e  d i f fe rence  between t h e  1.5 p and 1.15 fl 
l i n e s  o f  He-Ne; the  width o f  the  frequency scale markers on the  graph 
represents about 10 GHz - we l l  beyond t h e  c a p a b i l i t y  o f  the  usual detectors  
ava i lab le  f o r  t h i s  p a r t  o f  t h e  spectrum. The chance o f  f i n d i n g  a s u i t a b l e  
l a s e r  whose harmonic i s  "w i th in  reach" o f  a s u i t a b l e  standard i s  very small ; 
and i t  i s  a ra re  c r y s t a l  t h a t  i s  t ransparent  from 30 THz t o  the  v i s i b l e  and has 
s u i t a b l e  constants f o r  phase matching t o  make poss ib le  the  use o f  the  C02 l i n e s  
f o r  measuring frequency d i f fe rences  between v i s i b l e  1 ines. 
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Fig. 4 Linear scale o f  frequencies t o  v i s i b l e  region. 

The methods proposed by most laborator ies,  t o  a l l e v i a t e  these 
d i f f i c u l t i e s ,  make use o f  tunable c o l o r  centre and dye lasers, i n  order t o  
overcome the  lack o f  convenient coincidences o f  ava i lab le  l a s e r  1 i nes w i t h  
harmonics o f  other l i nes .  For example, a t  N.B.S. (Boulder) i t i s  proposed t o  
use a co lo r  centre l a s e r  t h a t  can be tuned t o  be one h a l f  t h e  frequency o f  t h e  
Ne 1.15 l i n e  which i s  a lso  approximately f i v e  t imes a known C02 t r a n s i t i o n .  
The problems o f  contro l  and s tabi  1  i t y  o f  such lasers are not  t r i v i a l  however. 
We have chosen t o  t r y  t o  make use o f  some coincidences t h a t  do e x i s t ,  i n  order 
t o  have c e r t a i n  technica l  advantages provided by commonly used lasers.  

A chain now being t r i e d  i s  shown schematical ly i n  f i g u r e  5: a  He-Xe 
1 aser emission 

Fig. 5 Cha in to  measure I 2  l i n e  by use o f  C02, Xe and Ne l i n e s  
mixed on Schottky (S) and W-Ni ( W )  diodes and c r y s t a l s  
o f  p r o u s t i t e  ( P )  and LiNb03 (LN). 

a t  3.5 p i s  beat against the  sum o f  th ree  CO, l i n e s  i n  a W-Ni diode, as shown; 
the  same-1 ine, added t o  two other C02 l i n e s  i s  used t o  measure the frequency of a 
second He-Xe l a s e r  l i n e  a t  2.02 man, a l s o  i n  a W-Ni diode. The two Xe l i n e s  can 
be exc i ted  simultaneously i n  a s ing le  plasma tube and are added by means o f  an 
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i n - c a v i t y  LiNbO c r y s t a l  t o  synthesize a l i n e  a t  1.28 p~ (233 THz). A second 
1.28 fl s ignal  9s synthesized from the d i f fe rence  frequency between a 1.15 
He-Ne l a s e r  and t h e  10 pm P(26) 13c160 l a s e r  l i n e  by mix ing i n  a p r o u s t i t e  
c r y s t a l .  According t o  known values f o ?  t h e  Xe, Ne and C0, l i n e s ,  t h e  two 1.28 
pm s igna ls  are expected t o  be w i t h i n  about 1 GHz, a d i f fe rence  t h a t  can be 
measured on a Ge Schottky diode. This would y i e l d  t h e  frequency o f  t h e  Ne 1.15 
um l i n e  i n  terms o f  t h e  C02 l i n e s ,  which i n  t u r n  can be re la ted  t o  t h e  chain 
described previously. The f i n a l  stage t o  t h e  v i s i b l e  i s  by doubl ing t h e  1.15 
pm Ne l i n e  i n  a LiNb03 c r y s t a l ;  i t was achieved two years ago (8) and w i l l  be 
reviewed b r i e f l y  l a t e r .  

The most d i f f i c u l t  p a r t  o f  t h i s  chain, t h a t  connecting the  Xe and Ne 
l i nes ,  i s  being set  up by H. Ricc ius and 0. Smith; the  r e l a t i o n s h i p  o f  t h e  
lasers  and mix ing c r y s t a l s  i s  shown schematical ly i n  f i g u r e  6. The boxes 

He-Ne 1.15 < 
n I7 / 

P 
n \ \ 

co, 11.2 

Fig. 6 Schematic f o r  measurement o f  frequency o f  Ne 1.15 p 
l i n e  using Xe and C0, lasers.  

marked "C" represent t h e  frequency s tab i  1  i z i n g  con t ro l ,  which w i l l  even tua l l y  
be by reference t o  CO l i n e s  f o r  t h e  Xe laser  l i n e s  and by reference t o  an I2 
l i n e ,  as described befow, f o r  the  Ne laser  l i n e .  The LiNbO, c r y s t a l  i s  
maintained a t  494OC 2 0.1' i n  an oxygen atmosphere, f o r  phase matching the  2.02 
pm, 3.5 fl and 1.28 p l i nes .  

The progress t o  date i n  operat ing t h i s  p a r t  o f  the chain i s  as fo l l ows :  
The Xe l i nes ,  emi t ted by one l a s e r  operat ing simultaneously on two t r a n s i t i o n s ,  
have been mixed i n  t h e  LiNbO c r y s t a l  t o  produce about 1 o f  power a t  1.28 vn 
w i t h  a SIN 1 2 5  db i n  about ? second averaging time. A s ignal  o f  about the  
same power and SIN was generated from He-Ne and C02 l i n e s  having powers o f  
about 50 mW and 2 watts respect ive ly .  

The sum generat ion from the  two Xe l i n e s  was r e l a t i v e l y  s t ra ight forward,  
except f o r  d i f f i c u l t i e s  associated w i th  the  r a t h e r  h igh phase matching 
temperature and the very accurate con t ro l  required. The mix ing o f  t h e  Ne and 
C0, l i n e s  i n  the  p r o u s t i t e  presented problems because, a t  wavelengths as long 
as the  requi red C0, t r a n s i t i o n  (11.2 w), absorpt ion i s  appreciable. As a 
resu l t ,  i f  s u f f i c i e n t  power f o r  t h e  d i f fe rence  frequency generat ion i s  appl ied 
cont inuously, t h e  c r y s t a l  overheats and i s  damaged o r  a t  l e a s t  i s  unstable. 
This problem was overcome by chopping t h e  C02 beam a t  77 Hz i n  such a way t h a t  
the beam was o f f  f o r  90% o f  the  time, dur ing which t ime the  detect ion c i r c u i t r y  
was a lso  gated o f f ;  under these condi t ions t h e  CO, power could be as h igh as 10 
W wi thout  damage t o  the  c r y s t a l .  According t o  the l i t e r a t u r e  ( 9 ) ,  type I 1  



phase matching ought t o  produce s i g n i f i c a n t l y  l e s s  absorpt ion a t  11.2 rn a t  a 
s a c r i f i c e  o f  on ly  a f a c t o r  two i n  the conversion e f f i c iency .  However, i t  was 
i n  fact  found t h a t  heat ing e f f e c t s  appeared t o  be worse w i t h  t ype  I1 matching 
and so type I w i l l  be used. 

A search f o r  the  beat between t h e  two synthesized 1.28 lm~ s ignals  i s  now 
i n  progress. Although the  i n d i v i d u a l  s ignals  obtained give a l a r g e  S/N w i t h  
one second averaging, the  j i t t e r  i n  t h e  1 GHz beat due t o  l a s e r  i n s t a b i l i t i e s  
w i l l  make necessary a much greater  bandwidth f o r  t h e  search and it may 
there fo re  be d i f f i c u l t  t o  p ick  up the  beat s ignal  wi thout  more e f f e c t i v e  means 
fo r  p re l im inary  s t a b i l i z a t i o n  than i n s t a l l e d  a t  present;  once t h e  beat i s  
found, s t a b i l i z a t i o n  o f  one o f  t h e  1.28 s ignals  w i t h  respect t o  the  other  
ought not be t o o  d i f f i c u l t .  

An a l t e r n a t i v e  t o  t h e  above method o f  r e l a t i n g  the  1.15 rn l i n e  t o  t h e  
C02 l i n e s  t h a t  i s  being considered i s  i l l u s t r a t e d  schematical ly i n  f i g .  7. 
This system would u t i l i z e  a W-Ni diode t o  compare d i r e c t l y  a 

Fig. 7 Chain t o  measure frequency o f  Ne 1.15 rn l i n e  using 
Ne 1.5 p and C02. 

1.5 He-Ne laser  output t o  the sum o f  the  t h i r d  harmonic o f  t h e  9 R(18) 
1 i n e  o f  12C1802 and the t h i r d  harmonic o f  the  9 fl R(44) 1 i n e  o f  12C160 . The 
1.5 l i n e  would then be added t o  the  9fl R(22) 12C1602 l i n e  and compa?ed t o  
t h e  d i f fe rence  between the  1.15 g l i n e  o f  Ne and the  9@ R(20) 13C1602 l i n e ,  
both syntheses being made i n  p rous t i te .  Unl ike the  case i n  t h e  previous!y 
described scheme, t h e  p r o u s t i t e  i s  used i n  a region (9 p) where absorpt ion i s  
low. The main uncer ta in ty  i s  whether t h e  s ignal  f o r  the  f i r s t  step can be 
seen. Evenson (Priv.  Comm.) has t r i e d  t o  beat t h e  1.5 fl l i n e  against  the 
s i x t h  harmonic o f  a CO l i n e ,  p lus a k l y s t r o n  frequency, but  was unsuccessful 
i n  f i n d i n g  a signal.  6e are nevertheless encouraged by t h e  f a c t  t h a t  we are 
using a harmonic order o f  one less  ( the k l y s t r o n  frequency i s  no t  required) and 
Evenson has shown t h a t  t h e  diode apparent ly responds e l e c t r i c a l l y  i n  t h i s  
region. Success i n  t h i s  step may simply be a quest ion o f  us ing s u f f i c i e n t l y  
we l l  s t a b i l i z e d  lasers  t o  r e a l i z e  a much narrower bandwidth. 

The l a s t  stage i n  t h i s  p a r t  o f  t h e  chain se t  up by G .  Hanes was achieved 
a t  N.R.C. i n  1979 (8) by doubl ing the  He-Ne 1.15 pin l a s e r  emission and 
comparing the doubled r a d i a t i o n  t o  I absorpt ion l i n e s ,  as shown i n  f i g .  8. It 
employed a doubly resonant c a v i t y  ina ica ted  by the  paths ABCBE 
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Fig. 8 Schematic f o r  s t a b i l i z i n g  doubled He Ne 1.15 l i n e  by 
reference t o  I2 l i n e  a t  .576 w. 

and EBFG. The 1.15 r a d i a t i o n  produced by t h e  He-Ne plasma tube i s  focussed 
i n t o  the  LiNbO c r y s t a l  which i s  accurate ly  temperature con t ro l  l e d  ( a t  
173.0°C), f o r  ghase matching t o  produce the  doubled frequency a t  -576 pn (520 
THz). An add i t i ona l  phase matching requirement i s  s a t i s f i e d  by t h e  specia l  
d i spers ive  r e f l e c t o r  a t  E t o  ensure t h a t  the  r e f l e c t e d  second harmonic i s  i n  
phase w i t h  t h e  second harmonic generated by t h e  ref-tected fundamental. An I, 
c e l l  i n  the  second cav i ty ,  resonant a t  t h e  doubled frequency, produces 
saturated absorpt ion features t h a t  can k used f o r  s tab i  1 i z a t i  on. Scanning and 
servo-control  o f  the c a v i t y  arms AC, CE and EG are s u i t a b l y  coordinated so as 
t o  be resonant simultaneously a t  t h e  requi red frequencies. About 100 pw o f  
1.15 pm r a d i a t i o n  was emi t ted a t  A and about 20 pw o f  0.576 p r a d i a t i o n  a t  G, 
both being frequency c o n t r o l l e d  by the same I absorpt ion l i n e .  The fo r tuna te  
I hyper f ine spectrum a t  520 THz i s  shown i n  f i g u r e  9; the  s t rong component a t  
t f ie  l e f t ,  where the  gain has been reduced by a f a c t o r  10, i s  p a r t i c u l a r l y  
noteworthy. The l i n e ,  having a demonstrated Q o f  a t  l e a s t  3 x l o8 ,  ought t o  
prov ide a good standard, bu t  a d e t a i l e d  study o f  i t s  c h a r a c t e r i s t i c s  has not 
y e t  been made. 

Genera7 Remarks.- The frequency chain described above now appears t o  have an 
excel l e n t  chance o f  f u l f i l l i n g  t h e  aim of making poss ib le  frequency measurement 
up t o  the v i s i b l e  p a r t  o f  the  spectrum, i n  terms of t h e  primary standard. 
However, i n  order t o  a t t a i n  an accuracy t h a t  i s  l i m i t e d  by the  
r e p r o d u c i b i l i t i e s  o f  t h e  standards a t  each end o f  the  chain, i.e. o f  t h e  
order o f  one p a r t  i n  1013, a considerable amount o f  work remains t o  be done 
t o  overcome some kno t ty  technica l  problems, f o r  t h i s  as we l l  as f o r  o ther  
proposed chains described i n  the  l i t e r a t u r e .  Although f e a s i b i l i t y  o f  the  
measurement o f  a v i s i b l e  l i n e  has, i n  a sense, been demonstrated ( lo) ,  t h a t  
measurement (o f  an I* l i n e  a t  .576 g) depended on t h e  use o f  the  molecular 
constants o f  CO f o r  reference t o  the  pr imary standard; the most accurate 
value f o r  the frequency o f  the  l i n e  i s  s t i l l  based on a wavelength 
comparison. 
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Fig. 9 I 2  hyper f ine spectrum a t  520 THz. 

Even a f t e r  successful operat ion o f  systems, such as t h a t  described, 
a l lows t h e  accurate measurement o f  frequency standards i; t h e  v i s i b l e ,  they 
w i l l  probably be l i m i t e d  f o r  some t ime t o  widely  spaced bench marks"; specia l  
experiments w i l l  be necessary t o  perform the  i n t e r p o l a t i o n  requi red t o  measure 
l i n e s  o f  p a r t i c u l a r  importance, such as t h e  H, l i n e  a t  656 nm used t o  measure - 
t h e  Rydberg constant. The convenience and accuracy, now associated w i t h  
frequency measurement i n  the  microwave region, w i l l  no t  be poss ib le  i n  t h e  
o p t i c a l  region wi thout  a considerable improvement i n  the  t o o l s  avai lab le:  
tunable lasers,  broad band nonl inear  mixers and very h igh speed detectors. The 
best W-Ni p o i n t  contact diodes have excel l e n t  p roper t ies  o f  s e n s i t i v i t y  and 
h igh non- l inear  c o e f f i c i e n t s  and, i f  it weren't  f o r  t h e i r  f r a g i l i t y  and t h e  
uncer ta in t ies  i n  the  process o f  producing the  best ones, the  task o f  phase- 
lock ing  up t o  about 200 THz would be almost s t ra ight forward.  Attempts have 
been made t o  produce more uniform, rugged detectors  by the  use o f  vacuum 
deposi t ion (11,12,13) but  so f a r  no p r a c t i c a l  device f o r  the  h igh  frequency 
range has been demonstrated. A major problem has been t o  produce a 
s u f f i c i e n t l y  small contact  area. 

The author has recen t l y  made some experiments w i t h  vacuum deposited 
devices t h a t  showed very i n t e r e s t i n g  p re l im inary  resul ts .  The approach was 
based on two p r i n c i p l e s :  (1) t h a t  on ly  t h e  area per u n i t  l eng th  need be very 
small i f  i r r a d i a t i o n  on a l i n e  junc t ion  i s  coherent along i t s  length; (2) t h a t  
the  narrow contact along t h e  edge o f  a deposited f i l m  would prov ide small 
enough area per  u n i t  length (12). Devices were made by breaking glass 
substrates on which Ni had been deposited and subsequently evaporat ing A1 as a 
counterelectrode on t h e  broken edge, i n c l u d i n g  t h e  edge o f  Ni f i l m  which had 
been al lowed t o  ox id ize  i n  a i r  a t  room temperature; the Ni -NiO-A1 contact area 
was estimated t o  be about 40 nm high by 200 pm long. 



JOURNAL DE PHYSIQUE 

Prel iminary r e s u l t s  have shown t h a t  t h e  diodes respond a t  room 
temperature t o  30 THz r a d ~ a t i o n ,  g l v l n g  t y p ~ c a l  l y  S/M = 40 db f o r  a 25 MHz beat 
s ignal  between two l a s e r  outputs o f  about 100 mW each. A beat was observed 
between a Gunn o s c i l l a t o r  output a t  - 40 GHz and the  d i f fe rence  frequency, a l s o  
about 40 GHz, produced by two CO lasers  operat ing on neighboring t r a n s i t i o n s .  
The devices a lso  exh ib i ted  an i n t e r e s t i n g  b i s t a b l e  swi tch ing phenomenon: when 
overloaded, whether by b ias current  o r  by l a s e r  rad ia t ion ,  the normal - 30 n 
res is tance would swi tch t o  about 108 n; i f  subsequently a h igh voltage w i t h  li- 

m i t e d c u r r e n t  was appl ied, the  device would r e v e r t  more o r  less  t o  i t s  o r i g i n a l  
s ta te,  both as regards i t s  res is tance and i t s  response as a 30 THz detector.  
This work as we l l  as some recent q u a n t i t i v e  work on W-Mi p o i n t  contact diodes 
by B. Whit ford (submitted f o r  pub l i ca t ion  t o  IEEE J. Quantum Electron.) 
suggests t h a t  a t  present t h e  understanding o f  the  mechanism o f  metal-oxide 
metal detectors  f o r  t h e  THz region i s  i n  a very p r i m i t i v e  state. Perhaps one 
can hope, wi thout  undue optimism, t h a t  great improvements i n  p r a c t i c a l  devices 
w i l l  f o l l o w  w i t h  a b e t t e r  understanding. 
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