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A b s t r a c t  
The CO and He-Ne l a s e r s  s t a b i l i z e d  r e s p e c t i v e l y  w i t h  C02 and CHq a r e  now 
accept6d as f requency and wavelength standards a t  9 t o  12, and 3.39 ym. 
Th is  i s  due t o  t h e i r  e x c e l l e n t  f requency s t a b i l i t y  and accuracy,  and t h e  d i r e c t  
measurement o f  t h e i r  f requencies.  The measurement o f  bo th  the  f requency 
and wavelength o f  t h e  CH4 dev i ce  y i e l d e d  a hundred f o l d  increase i n  the  
accuracy o f  t h e  speed o f  l i g h t .  
f requency measurements t o  the  197 THz (1.5 pm) cw l i n e  o f  a He-Ne l a s e r ,  
and rev iews t h e  c u r r e n t  s t a t u s  o f  l a s e r  s t a b i l i z a t i o n  and speed o f  l i g h t  
measurements. 

I n t r o d u c t i o n  
With t h e  advent o f  t h e  l a s e r ,  coherent sources o f  r a d i a t i o n  became 
a v a i l a b l e  f rom t h e  microwave t o  the  v i s i b l e  p o r t i o n  o f  t h e  e lect romagnet ic  
spectrum. 
f requency o r  wavelength metro logy techniques. 
l a s e r ' s  r a d i a t i o n  i s  most a c c u r a t e l y  measured v i a  d i r e c t  f requency measure- 
ments, which do n o t  s u f f e r  f rom the  l i m i t a t i o n s  o f  wavelength measurements: 
d i f f r a c t i o n ,  m i r r o r  curvature,  and phase s h i f t  a t  t h e  m i r r o r  surfacezlO 
These l i m i t  t he  accuracy i n  wavelength measurements t o  about f 1 x 10 
[l]. A t  present ,  t he  abso lu te  comparisons o f  wavelength a r e  l i m i t e d  by 
u n c g r t a i n t i e s  i n  t h e  r e a l i z a t i o n  o f  t h e  d e f i n i t i o n  o f  t h e  meter t o  f 4 x 
lo- [*I. 
ments i s  l i m i t e d  p r e s e n t l y  by t h e  s t a b i l i t i e s  o f  l a s e r s  used i n  f requency 
syn thes i s .  
which a r e  now k 0.8 x 10- f o r  
t h e  3.39 pm CH4 s t a b i l i z e d  He-Ne l a s e r  [4].  Most l a s e r  f requency measure- 
ments, so f a r ,  have been made through t h e  use o f  a non - l i nea r  device:  a 
tungsten n i c k e l  catwhisker  p o i n t  c o n t a c t  d iode. This  paper w i l l  d iscuss t h e  
s t a b i l i t y  o f  l a s e r  sources; t h e  techniques o f  l a s e r  f requency measurement; 
t h e  non- l i nea r  dev ices used i n  l a s e r  f requency measurements; l a s e r  speed o f  
l i g h t  measurements; t h e  r e d e f i n i t i o n  o f  t he  meter;  t h e  extens ion o f  l a s e r  
f requency measurement t o  197 THz; and some l i m i t a t i o n s  o f  t h e  techniques 
used so f a r  i n  l a s e r  f requency measurements. 

S t a b i l i z a t i o n  o f  Lasers 
Frequency measurements a r e  mankind's most accurate measurements, w i t h  t h e  
accuracy l i m i t e d  o n l y  by the  coherence of t h e  Sources themselves. For t h i s  
reason i t  i s  a p p r o p r i a t e  t o  begin t h i s  d i scuss ion  by cons ide r ing  some o f  
t h e  va r ious  types o f  ve ry  coherent  sources, s p e c i f i c a l l y  those which can be 
considered as p o s s i b l e  f requency standards themselves. 

A l though the  s p e c t r a l  p u r i t y  o f  a f r e e  runn ing  l a s e r  has been shown t o  
be as good as a few Her t z  [ S I ,  w i t h o u t  some means o f  c o n t r o l l i n g  t h e  l e n g t h  
o f  t h e  c a v i t y ,  t h e  frequency can vary over  the  Doppler w i d t h  o f  t he  l a s e r  
t r a n s i t i o n  f rom a few megahertz i n  t h e  f a r  i n f r a r e d  t o  over  a thousand 
megahertz i n  the  v i s i b l e .  (We a re  s p e c i f i c a l l y  d i scuss ing  Doppler w i d t h  

This  paper r e p o r t s  t h e  extens ion o f  d i r e c t  

Thus, one cou ld  t h i n k  o f  measuring photon energy v i a  e i t h e r  
The coherence o f  the cw 

' 

I n  c o n t r a s t ,  t h e  abso lu te  accuracy o f  l a s e r  f requency measure- 

Even tua l l y ,  tC9 l i m i t a t i o n  w i l l  be i n  t h e  accuracy o f  t p j  sources 
f o r  t h e  t ime  standard [3] and f 2 x 10- 
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i n s t e a d  of g a i n  band w i d t h  s i n c e  most s t a b l e  l a s e r s  use a gaseous ga in  
medium.) Th is  same Doppler w i d t h  g e n e r a l l y  a l lows t h e  o s c i l l a t i o n  o f  
severa l  l o n g i t u d i n a l  modes i n  the  c a v i t y ,  so t h a t  severa l  f requencies 
spaced by c/2L, where c is t h e  speed o f  l i g h t  and L i s  t h e  l e n g t h  o f  t h e  
c a v i t y ,  w i l l  be o s c i l l a t i n g  a t  one t ime. To f o r c e  s i n g l e  frequency o s c i l l a -  
t i o n ,  one g e n e r a l l y  chooses a l a s e r  c a v i t y  s u f f i c i e n t l y  s h o r t  so c/ZL is  
g r e a t e r  than t h e  ga in  w id th .  Then t h e  l a s e r  frequency can be locked t o  
some re fe rence by c o n t r o l l i n g  t h e  l e n g t h  o f  t h e  c a v i t y .  Th is  re fe rence can 
be e i t h e r  a frequency synthes ized f rom o t h e r  s t a b l e  and known sources, o r ,  
some Dopp ler - f ree  s p e c t r a l  f e a t u r e .  I n  t h e  l a t t e r  category,  t h e  l a s e r s  
locked t o  these "Lamb d i p "  type of f ea tu res  become independent frequency or 
wavelength references. 
i n  CO f o r  l o c k i n g  each CO l i n e  [SI; a sa tura ted  absorp t ion  i n  CH t o  
l o c k  ?he 3.39 um (88 THz) ? i n e  o f  t h e  He-Ne [7], satura ted  absorbt?on i n  
i o d i n e  t o  l o c k  t h e  632.8 nm He-Ne [8], and a molecular  beam technique t o  
l o c k  t h e  argon l a s e r  [9]. The s h o r t  term l i n e  w id th ,  t h e  s t a b i l i t y ,  and t h e  
accuracy c a p a b i l i t y  o f  these r a d i a t i o n  sources a r e  shown i n  Table 1.  

have been com- 
pared w i t h  t h e  present  s tandard o f  l e n g t h  s u f f i c i e n t l y  a c c u r a t e l y  SO t h a t  
values o f  t h e i r  wavelengths have been recommended as secondary standards 
t h e  Comite C o n s u l t a t i f  pour l a  D e f i n i t i o n  dE Metre [ZO]. The values are :  
methane, P(7), band v . 3. 392 231 40 x lg- 
band 115, component i?'0.632 991 399 x 10 in. 

Seen i n  Table 1, is l i m i t e d  t o  i 8x10 . Other sources, such as t h e  
hydrogen maser may be more s tab le ,  b u t  problems w i t h  the  w a l l  s h i f t  have 
excluded i t  f rom c o n s i d e r a t i o n  as a p r imary  s tandard.  

The 3.39 um He-Ne l a s e r ,  a l i h w g h  s t i l l  i n  i t s  e a r l y  stages o f  development, 
i s  second o n l y  t o  Cs i n  accuracy c a p a b i l i t y  and even surpasses i t  i n  s t a b i l -  
i t y  a t  100 sec. 
and wavelength s tandard i n  t h e  i n f r a r e d .  However, b e f o r e  a f requency s tandard 
a t  t h i s  h i g h  frequency can be considered, more e f f i c i e n t  and s imp ler  t e c h n i -  
ques o f  frequency syn thes is  must become more commonplace. 
work i s  underway on new techniques, b u t  what s i m p l i f i c a t i o n  w i l l  occur  i s  
n o t  y e t  c e r t a i n .  

The b e s t  known o f  these a r e :  a sa tura ted  f luorescence 

The two HeNe l a s e r s  locked t o  t h e i r  r e s p e c t i v e  sources 

by 

m and, i o d i n e  127, R(127), 

For  abso lu te  frequency measurements-l&he present  s tandard,  Cs, as can be 

Thus, t h i s  He-Ne l a s e r  i s  an e x c e l l e n t  secondary frequency 

A g r e a t  deal o f  

Frequency Measurements 
Frequencies may be d i r e c t l y  counted up t o  about  500 MHz by t imed q a t i n q  o f  
e l e c t r o n i c  counters .  
e r a l l y  used whereby t h e  d i f f e r e n c e  between two n e a r l y  equal f requenc ies  i s  
generated and d i r e c t l y  counted. 
known f requenc ies  by some s o r t  of non- l inear  dev ice  which can e i t h e r  sum 
two o r  more d i f f e r e n t  f requencies o r  generate harmonics, o r  both.  
syn thes is  a t  l a s e r  f requencies presents  spec ia l  chal lenges s ince  the  f r e -  
quencies a r e  so h igh.  
o f  non- l inear  dev ices t o  o p t i c a l  frequency measurement [ Z l ] .  The s i l i c o n  
d iode which generates many d i f f e r e n t  o rders  o f  harmonics so w e l l  i n  t h e  
microwave ceases t o  respond a t  about one t e r a h e r t z ,  approx imate ly  t h e  
frequency of t h e  HCN l a s e r ,  one o f  t h e  lowest  frequency l a s e r s .  Bulk  
mixers have been used i n  l a s e r  frequency syn thes is  f o r  some t ime;  however, 
due t o  low e f f i c i e n c y  i n  these dev ices,  phase match ing must be used; thus,  
f o r  cw r a d i a t i o n  they  a r e  l i m i t e d  t o  2nd harmonic genera t ion  o r  two waves 
m i x i n g  . 

A t  h igher  f requencies,  a heterodyne- t e c h n i q i e  i s -gen-  

One o f  t h e  f requencies i s  synthes ized f rom 

The 

An e x c e l l e n t  rev iew paper summarizes t h e  a p p l i c a t i o n  
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Another device, a M I M  (metal-insulator-metal) diode, first used at laser 
frequencies in A .  Javan's laboratory [22], similar in use to the silicon 
diodes used in the microwave region, is the main device used in laser fre- 
quency synthesis. It is similar to the catwhisker diode used in the early 
radio receivers; however, it uses only metals and the natural oxide that 
forms in the nickel base as the insulator. It has been used to generate as 
high a harmonic as the twelfth with an HCN laser [23] and has been used to 
generate harmonics to 148 THz. 
use as a 3rd and 4th order mixer at 197 THz (1.52 pn). 

The catwhisker is fabricated from a 10 
electrochemically sharpened to a tip radius of about 0.05 um. 
portion of the whisker from the tip to a right angle bend serves as the 
antenna [24] to concentrate the focused laser field at the tip where the 
non-linear processes occur at the lnm natural nickel oxide layer. 

The unknown frequency, v , is determined from the synthesis obtained 
when all of the lower frequgncy radiations impinge on the diode. 
v = lv + mv * nv i v where vl, v , and v are known frequencies, 1 ,  m t  and i-aremthe Rarm&nics,and v $s the RF beat frequency. The sum, 
l+m+n+l is the mixing order. ThB signal to noise ratios obtainable with 
this device are shown in Fig. 1. 

Later in this paper, we will describe its 

to 25 Vm diameter tungsten wire 
The straight 

That is: 

These are obtained with single frequency 

MHz with a ban 

zol 10 

1 1 ,  

3 4 5 6 7 8 9 1 0  12 15 
MIXING ORDER 

to noise ratios obtained with tungsten-nickel MIM diodes 
f mixing order and at various frequencies between 10 and 1000 
didth of 30 or 100 KHz, a scan width of 200 or 500 KHz/cm, a 

scan time of 2 ms/cm, and a video filter of 1 KHz. 

lasers with outputs of about 100 mw. They were taken with a standard 
spectrum analyser at between 10 and 1000 MHz with a bandwidth of 30 to 100 
kHz, a scan width of 200 to 500 kHz/cm, scan time of 2m sec/cm and a video 
filter of 1 kHz. Some of the details o f  microwave and lower frequency 
laser operation are presented in an earlier paper [25]. 
higher frequencies were taken with the larger settings on the spectrum 
analyser; this is necessary at the higher frequencies since a free-running 
laser's jitter is approximately proportional to its frequency. This accounts 
for only a part of the fall off at higher frequency. 

The signals at 

I 
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The most w i d e l y  accepted exp lanat ion  o f  t h e  d i o d e ' s  o p e r a t i o n  i s  t h a t  
t h e  mechanism i s  due t o  t u n n e l l i n g  [26, 271, bu t ,  t h e r e  i s  some evidence 
f o r  more than one phenomena o c c u r r i n g  i n  t h e  diodes. The impedance o f  t h e  
d iode may be ad jus ted  f rom about 10 t o  10,000 by t h e  microadjustment  o f  
t h e  c o n t a c t  pressure.  
and t h e  more s t a b l e  a r e  a t  t h e  lower  impedances. U s u a l l y  a compromise I 

severa l  days a t  a t ime,  and w i t h  readjustment  o f  t h e  contac t ,  t h e  whisker  
can be used f o r  severa l  weeks. 

The more s e n s i t i v e  contac ts  a r e  a t  h igher  impedances, 

a t  about 200 t o  600 ohms i s  made and t h e  diode i s  then o f t e n  s t a b l e  f o r  

Normal ly  (about  95% o f  t h e  t i m e ) ,  and a t  f requencies l e s s  than 100 THz 
t h e  l a s e r  r a d i a t i o n  i s  r e c t i f i e d  i n  t h e  d iode and i t  d r i v e s  the  tungsten 
whisker  negat ive .  Under some c o n d i t i o n s ,  a b i a s  improves t h e  heterodyne 
s i g n a l ;  however, i t  u s u a l l y  i s  n o t  a s i g n i f i c a n t  improvement, and conse- 
quent ly ,  t h e  d iode does n o t  have a dc b i a s  app l ied .  

A t  f requencies above 100 THz, t h e  r e c t i f i e d  p o l a r i t y  u s u a l l y  reverses 
( i e .  t h e  tungsten i s  d r i v e n  p o s i t i v e ) .  
dance o f  t h e  d iode a negat ive  d r i v e n  whisker  can sometimes be achieved. 
example, a t  148 THz, an impedance o f  about 600 ohms i s  g e n e r a l l y  n e c e s s a r y f o r  
negat ive  r e c t i f i c a t i o n .  The negat ive  s i g n a l  i s  n o t  necessary f o r  harmonic 
generat ion,  b u t  somewhat h i g h e r  s e n s i t i v i t y  g e n e r a l l y  accompanies t h i s  
s i g n a l ,  
as 2 pm, g e n e r a l l y  t h e  antenna becomes l e s s  e f f e c t i v e  due t o  an i n c r e a s i n g  
r e s i s t i v i t y  o f  tungsten a t  these f requenc ies .  Consequently, we have achieved 
s i g n i f i c a n t l y  g r e a t e r  s i g n a l s  w i t h  t h e  use o f  h i g h  q u a l i t y ,  l o n g  work ing 
d i s t a n c e  microscope o b j e c t i v e s  t o  focus the  r ' d i a t i o n  a t  wavelengths o f  2 um 
and l e s s .  Sh8rp angu lar  dependence i s  absent, and t h e  r a d i a t i o n  i s  u s u a l l y  
focused a t  45 w i t h  respec t  t o  t h e  antenna w i t h  t h e  p o l a r i z a t i o n  o f  t h e  
l a s e r  r a d i a t i o n  l y i n g  i n  t h e  p lane determined by t h e  whisker  and t h e  l a s e r  
beam. 

However, by i n c r e a s i n q  t h e  dc impe- 
For 

A1 though we have observed antenna p a t t e r n s  a t  wavelengths as s h o r t  

The genera t ion  o f  t h i r d  o r d e r  o r  h i g h e r  harmonic s i g n a l s  i s  t h e  o n l y  s a t -  
i s f a c t o r y  c r i t e r i o n  we have found t o  t e s t  t h e  d iodes.  
THz, t h e  r e c t i f i e d  v o l t a g e  i s  g e n e r a l l y  p o s i t i v e ,  and t h e  p o s i t i v e  s i g n a l  i s  
n o t  c r i t i c a l  w i t h  respec t  t o  t h e  l a s e r  p o l a r i z a t i o n ,  nor  i s  i t  ext remely 
c r i t i c a l  w i t h  respec t  t o  t h e  focus.  However, t o  o b t a i n  a t h i r d  o rder  
s i g n a l ,  an ext remely c r i t i c a l  focus must be found which i s  i n d i c a t e d  o n l y  
by a somewhat sharper square wave s i g n a l  from a 1 kHz chopped l a s e r  beam. 
The heterodyne s i g n a l  i s  over  an order  magnitude l a r g e r  w i t h  t h e  p o l a r i z a t i o n  
i n  t h e  p lane o f  t h e  antenna and l a s e r  beam. 
f a b r i c a t e d  [26,  281, however, as y e t ,  they  have n o t  been t e s t e d  f o r  h i g h  
f requency o p e r a t i o n  ( i . e .  w i t h  t h i r d  o rder  m i x i n g ) .  

Chebotayev and co-workers [29] used a very c l e v e r  scheme t o  achieve 3 
wave f requency syn thes is  o f  v i s i b l e  r a d i a t i o n  which r e l i e s  upon t h e  non- 
l i n e a r  p r o p e r t i e s  of neon i t s e l f  i n  t h e  Helium-Neon l a s e r .  Th is  un ique 
m i x i n g  occurs because o f  some common energy l e v e l s  i n  4 l a s i n g  t r a n s i t i o n s  
i n  Ne: t h e  He-Ne l a s e r  can o s c i l l a t e  on t h e  0.6330 um, 3.39 um, t h e  2.39 pm, 
and t h e  1.15 um l i n e s .  The sum o f  a l l  o f  t h e  IR energ ies i s  e x a c t l y  t h e  
energy of t h e  0.6330 pm l i n e  s i n c e  t h e  top-most energy l e v e l  o f  t h e  3 I R  
f requencies and t h e  bot tom most a r e  common w i t h  t h e  0.6330 pm energy leve ls .  
Therefore, when a pr ism and separate m i r r o r s  f o r  each o f  t h e  3 IR l i n e s  
a r e  i n s t a l l e d  on t h e  l a s e r ,  t h e  induced p o l a r i z a t i o n  f rom t h e  sum o f  t h e  I R  
r a d i a t i o n s  induces a v i s i b l e  t r a n s i t i o n ,  and about  1 p w a t t  o f  6330 r a d i a t i o n  
emerges ( w i t h  no 0.6330 pm m i r r o r  on t h e  c a v i t y ) .  The 0.6330 um r a d i a t i o n  

For example, a t  197 

Th in  f i l m  diodes have been 
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is thus the sum of all 3 IR frequencies. 
of the 1.15 um line has not been reached; thus, once the 1.15 um frequency 
iS measured, synthesis to the visible will have been accomplished. 

laser in a lithium niobate crystal; in fact, we have obtained 100 uw of 
visible light from 30 mw of 1.15 um radiation. 

Of the 3 IR frequencies, only that 

Alternatively, it is quite easy to double the frequency of the 1.15 um 

The Speed of L i g h t  
The advent of lasers and in particular the extension of direct frequency 
measurement into the infrared reaion. has been responsible for the 100 fold 
improvement in the accuracy of t6e measurement o f  the speed of light. 
has taken c from one of the less accurately known fundamental constants and 
made it the most accurately known. 
possibility of fixing the value o f  c with a redefinition of the meter [2, 301. 

We will sumnarize all recent measurements of c = Xw where c is obtained 
by the measurement of both the wavelength, X, and the frequency, w, of a 
stabilized laser. 
wavelength measurements yielding values of c; these values are raphed in 
Fig. 2. Also listed is the value of c recomnended by the CCDM f2]: for use 

It 

In fact, there is now the definite 

Table 2 gives the results o f  various frequency and 

4> 
4 4  

c c  Y Y  

. .  

LASER SPEED OF LIGHT MEASUREMENTS 

- -  

A 

I I I I I I I I I I 
72 7 3  74 7 5  76 77 78 79 80 a i  82 

Y E A R  

Fig. 2. Values of the speed of light obtained using lasers since 1972. 
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i n  d i s t a n c e  measurements where t i m e - o f - f l i g h t  i s  conver ted t o  length ;  f o r  
t h e  fundamental constant ;  and f o r  us5 i n  c o n v e r t i n g  frequency t o  wavelength. 
The u n c e r t a i n t y  i n  t h i s  va lue  (24x10 ) i s  t h e  est imated u n c e r t a i n t y  i n  t h e  
r e a l i z a t i o n  o f  the  d e f i n i t i o n  o f  t h e  meter i t s e l f  and r e s u l t s  f rom asymmetries 
i n  t h e  l i n e ,  t h e  l i n e  width,  and v a r i a t i o n s  f rom lamp t o  lamp. 
t a i n t y  has been added t o  some o f  t h e  r e c e n t  de terminat ions  o f  X (see f o o t n o t e  
3 i n  Table 2 ) .  

A l l  o f  t h e  va lues o f  c except t h a t  i n  row 6 have appeared i n  t h e  l i t e r a -  

Th is  uncer-  

t u r e ;  t h i s  h i g h l y  accura te  va lue  i s  independent o f  t h e  o t h e r  methane va lue  
s i n c e  bo th  t h e  wavelength and f requency were independent ly  measured. 
sees a remarkable convergence o f  t h e  va lues o f  c f o r  t h e  f i r s t  t ime i n  
h i  s t o r y  . 

One 

R e d e f i n i t i o n  o f  t h e  Meter 
As a r e s u l t  o f  t h e  reconnnendations made by CCDM, two d i f f e r e n t  d e f i n i t i o n s  

o f  a new l e n g t h  s tandard must be considered. 
b e f o r e  w i t h  separate standards f o r  t h e  second and meter, b u t  w i t h  t h e  
meter  d e f i n e d  as t h e  l e n g t h  equal t o  1/X wavelengths8Qn vacuum o f  t h e  
r a d i a t i o n  f rom a s t a b i l i z e d  l a s e r  i n s t e a d  o f  f rom a 
t h e  methane-s tab i l i zed  He-Ne l a s e r  a t  3.39 um (88 THz) o r  t h e  12- 
s t a b i l i z e d  He-Ne l a s e r  a t  0.633 urn (474 THz) appears t o  be s u i t d b l e  
candidates. 
t h e  i n f r a r e d ,  and h o p e f u l l y ,  d i r e c t  measurements o f  t h e  frequency o f  t h e  
0.633 pm r a d i a t i o n  w i l l  g i v e  t h e  l a t t e r  l a s e r  t h e  same s t a t u s  i n  t h e  vi i .able. 

The 3.39 pm l a s e r  frequency i s  p r e s e n t l y  known t o  w i t h i n  6 p a r t s  i n  10  
and t h e  r e p r o d u c i b i l i t y  and l o n g  te rm s t a b i l i t y  have been demonstrated t o  be 
b e t t e r  by more than two orders  o f  magnitude. Hence, frequency measurements 
w i t h  improved apparatus i n  t h e  n y f t  year  o r  two a r e  expected t o  reduce t h i s  
u n c e r t a i n t y  t o  a few p a r t s  i n  10 A new va lue  o f  t h e  speed o f  l i g h t  w i t h  
improved accuracy would thus be ach ievab le  i f  t h e  s tandard o f  l e n g t h  were 
r e d e f i n e d  i n  terms o f  t h e  wavelength o f  t h i s  l a s e r .  

o f  t h e  d i s t a n c e  l i g h t  t r a v e l s  i n  one second i n  vacuum ( t h a t  is,one can f i x  
t h e  va lue  o f  t h e  speed o f  l i g h t ) .  
o f  t h e  second; and, hence, a s i n g l e  u n i f i e d  s tandard would be used f o r  
frequency, t ime, and length .  What a t  f i r s t  sounds l i k e  a r a t h e r  r a d i c a l  and 
new approach t o  d e f i n i n g  t h e  meter i s  a c t u a l l y  n e a r l y  one hundred years  o l d .  
I t  was f i r s t  proposed by K e l v i n  i n  1879 [46], and has been r e c e n t l y  reemphasiz- 
ed by Townes [47] and Bay [48]. Wi th  t h i s  d e f i n i t i o n ,  t h e  wavelength o f  a l l  
s t a b i l i z e d  l a s e r s  would be known t o  t h e  same accuracy w i t h  which t h e i r  f r e -  
quencies can be measured. 
s tandards o f  bo th  f requency and l e n g t h  f o r  l a b o r a t o r y  measurements, w i t h  t h e  
accuracy being l i m i t e d  o n l y  by t h e  r e p r o d u c i b i l i t y ,  m e a s u r a b i l i t y ,  and l o n g  
te rm s t a b i l i t y .  
nominal va lue  for t h e  speed o f  l i g h t  was a l ready  i n  use for high-accuracy 
ast ronomical  measurements [49]; now however, w i t h  t h e  adopt ion o f  t h e  CCDM 
va lue  [2] by t h e  I A U ,  t h e r e  i s  o n l y  one s tandard o f  l e n g t h  i n  ex is tence.  A 
d e f i n i t i o n  which f i x e s  c f o r  a l l  users would c e r t a i n l y  be d e s i r a b l e  from a 
p h i l o s o p h i c a l  p o i n t  o f  view. 

F i r s t ,  we can cont inue as 

K r  lamp. E i t h e r  

The 3.39 pm l a s e r  i s  a l ready  a secondary frequency s tandard i n  

, 

. 

A l t e r n a t e l y ,  one can cons ider  d e f i n i n g  t h e  meter  as a s p e c i f i e d  f r a c t i o n  

The meter would thus be de f ined i n  terms 

S t a b i l i z e d  l a s e r s  would thus prov ide  secondary 

I t  should be noted t h a t ,  p r i o r  t o  t h e  CCDM va lue,  an adopted 

Extens ion o f  D i r e c t  Frequency tfeasurements t o  197 THz 
The freauencv o f  a cw. f r e e  runnina.  8 m lona.  15 t o  20 mw. HeNe 1 . 5  um 

l a s e r  l i n e  'was ; d i r e c t l y  measured u s i n g - b o t h  t h i r d  and f o u r t h  o rder  m i x i n g  i n  
a tungsten n i c k e l  p o i n t  c o n t a c t  diode. The t h i r d  o rder  frequency syn thes is  
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I 

~Nel l .S /”  = 196.780269(25) , THz t 
u 

FREQUENCY SYNTHESIS OF 1.5 p m  

F ig .  3. T h i r d  o rde r  synthes is  o f  197 THz i n  M I M  d iode.  

scheme i s  shown i n  F i g .  3. F o r t y  mw of 148 THz r a d i a t i o n  f rom the Xe l a s e r  
was focused a t  45’ w i t h  respec t  t o  the  tgngsten antenna on one s i d e  o f  t he  
diode, and t h e  197 THz was focused a t  45 on the  o t h e r  s ide .  
each o f  these l a s e r s  was i s o l a t e d  f rom o t h e r  l i n e s  by means o f  a pr ism 
ex te rna l  t o  the l a s e r .  About 100 mw of 89 THz CO l a s e r  r a d i a t i o n  f rom the  
J=14, 19-18 band was focused a t  about 5 w i t h  respec t  t o  the  antenna. High 
q u a l i t y  (i .e. expensive) long-working d i s tance  microscope o b j e c t i v e s  were 
used for t h e  148 and 197 THz r a d i a t i o n s .  A 10 db s i g n a l  t o  no i se  beat  note 
a t  2.355 GHz was obtained, however a 20 db t ransmiss ion  l o s s  was measured a t  
2.4 GHz; thus,  an est imated s igna l  t o  no ise o f  30 db i s  p l o t t e d  i n  f i g u r e  
one. To op t im ize  the  s i g n a l  t o  no ise,  t h e  spectrum analyser  was s e t  a t  a ban( 
w i d t h  o f  100 kHz, the  v ideo f i l t e r ,  a t  1 kHz, and the  sweep r a t e ,  a t  5ms/cm. 

Rad ia t i on  f rom 

The frequency obta ined by t h i r d  o rde r  m ix ing  was: 

vNe = 196.780 269(25) THz = vZum + v c o  + vbeat 

where v 

beat  
the  Xe and CO l a s e r s  t o  t h e  tops o f  t h e i r  f r e e  runn ing  ga in  curves, 10 and 5 
MHz r e s p e c t i v e l y .  
est imated u n c e r t a i n t y  o f  25 MHz. 

The 4 t h  o rde r  exper iment was done w i t h  a d i f f e r e n t  CO l a s e r  l i n e ,  t h e  J=20 
l i n e  from the 18-17 band, v = 48.917 212(10) THz; p l u s  the  vkl = 0.051745 
THz r a d i a t i o n  f rom a microwa@ k l y s t r o n .  

= 147.915 850(15) THz[51], vco = 48.862 064(10) THz [52], and 
A d d i t i o n a l  u n c e r t a i n t i e s  r e s u l t e d  f rom s e t t i n g  

The u n c e r t a i n t i e s  were added i n  quadrature,  g i v i n g  an 

2 w  
= O.U02355(5) THz. V 

The r e s u l t  was: 

uNe = 196.780 274(25) THz = v2 + 
um ‘CO + ’kl + ‘beat. 

I n  t h i s  case v = 0.001043(5) THz and the  s i g n a l  t o  no i se  was 10 db. The 
frequencies ofb88& CO 1 i nes  were c a l c u l a t e d  f rom the  molecular  constants  o f  
Todd e t  a1 [53] and t h e  two r e s u l t a n t  Ne f requencies were i n  much c l o s e r  
aqreement than those us inq  e a r l i e r  CO molecular  constants .  Each exper iment 
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was repeated 3 t i m e s  and the r e s u l t s  were always w i t h i n  5 MHz o f  these 
average values. 

The average of each o f  these two experiments, thus, g ives  a va lue  o f  

uNe = 196.780 271(25) THz, 

and u s i n g  t h e  recommended va lue  o f  c 

h a c  1.523 4884(2) x lo -%.  
T h i s  number i s  i n  agreement w i t h  t h a t  g iven  i n  s p e c t r a l  t a b l e s  [53]. 

s tandard i s  shown i n  F i g .  4. The 197 THz r a d i a t i o n  should be u s e f u l  i n  
reach ing  260 THz (1.15 pm) v i a  

The e n t i r e  f requency cha in  connect ing t h i s  l a s e r  w i t h  t h e  Cs frequency 

'1.15 = '1.5 + "C02 + '" C02 + 'beat. 

However; t h i s  experiment has been t r i e d  unsuccess fu l l y  on two d i f f e r e n t  occa- 
s ions .  
It i s  n o t  t o o  s u r p r i s i n g  because t h e  r e f l e c t i v i t y  o f  tungsten drops t o  about 
60% a t  1 ym. 
blem and a l l o w  t h e  c o n t i n u a t i o n  o f  f requency measurements t o  t h e  v i s i b l e .  
Even i f  t h i s  i s  n o t  t h e  case, we a r e  now c l o s e  enought t o  t h e  v i s i b l e  t h a t  
2nd harmonic genera t ion  o r  2 wave m i x i n g  i n  b u l k  m a t e r i a l s  W i l l  c e r t a i n l y  
produce d i r e c t  frequency measurement i n  t h e  v i s i b l e  soon. 

Diode-burnout w i t h  1.15 pm r a d i a t i o n  seemed t o  be t h e  main problem. 

I t i s  hoped t h a t  g o l d  c o a t l n g  m i g h t  decrease t h e  burnout  p ro-  
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