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This paper is a review of the history of the measurement of 
coherent optical frequencies. Since coherent optical frequency im- 
plies a laser device, this is therefore a review of laser frequency 
measurement. The development of frequency measurement from 
the Cs frequency standard to the visible is traced. Two related 
aspects of optical frequency measurements, the speed of light and 
the redefinition of the meter, are also discussed. 

I. INTRODUCTION 

The absolute frequency measurement o f  radiation at fre- 
quencies above 500 CHz was made possible by the laser: a 
source of “coherent” radiation [I]. The discovery of con- 
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tinuous-wave (CW) laser oscillation in the infrared regions 
of the electromagnetic regions in He-Ne gas mixture by 
Javan et a/. in 1961 [2] was soon followed by the discovery 
of CW laser oscillation in the visible [3] and far-infrared 
regions [4] o f  the spectrum. The coherence of laser radia- 
tion brought about the possibility of the measurement of 
the frequency of  this “coherent” radiation. The first such 
measurement o f  a laser frequency (rather than the wave- 
length) was reported by Hocker et a/., in 1967 [SI. The 
frequencies of single-mode emissions at 890 and %4 GHz 
(337 and 311 am) were measured using submillimeter har- 
monic mixing techniques with silicon-point contact diodes, 
similar to those developed [6] to generate submillimeter 
radiation by harmonic generation from millimeter radiation. 

These frequency measurements made it possible to  use 
lasers for measuring the speed of light in vacuum c,. The 
most reliable measurement of the speed of light at that 
time was considered to be that made by Froome in 1958 [7] 
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in which the frequency f and the vacuum wavelength A, 
were measured for stabilized microwave radiation in the 
4-mm band. The result was given by c, = f X , .  The main 
source of uncertainty in this experiment was in the wave- 
length determination, due to diffraction in the interferome- 
ter apertures and from the correction for the refractive 
index of the air. Froome’s one-sigma uncertainty was + 3  
parts i n  IO7, but there was disagreement with other results, 
particularly long-baseline ones (Bergstrand) [8]. The speed 
of light is  used for electromagnetic distance measurement, 
especially in critical applications such as geodetic-survey 
baseline measurements, which were at that time limited by 
the uncertainty of c. 

It was apparent by the m i d - l W s  that a more accurate 
determination of A could be made at the shorter wave- 
length afforded by laser radiation; hence a more accurate 
value of c could be obtained. This possibility enabled the 
development of laser frequency measurement programs at 
various national standards laboratories such as the National 
Bureau of Standards at Boulder, CO, USA, the National 
Physical Laboratory, Teddington, UK, and the National Re- 
search Council, Ottawa, Canada. 

Important steps in the development of laser frequency 
measurements were the introduction of the metal-insula- 
tion-metal (MIM) diode and the demonstration of high- 
order mixing (12th harmonic of the HCN laser against an 
H,O laser at 28 pm) by Evenson et a/.  [9]. Cryogenic Joseph- 
son junctions were proving useful for very-high-order mix- 
ing with submillimeter lasers [IO], [Ill. In 1972 accurate 
frequency measurements were extended to 3.39 pm [I 21, 
with a chain of five lasers using MIM diode harmonic 
mixing devices to generate the laser harmonics. 

For accurate frequency measurements i t  was necessary to 
have sufficiently stable “targets” to measure. These were 
provided by narrow atomic or molecular absorption or 
emission features used to stabilize (“lock”) the frequency 
of the laser. Narrow references were provided by satur- 
ated-absorption features observed in passive gas cells at 
low pressure. These were free of the first-order Doppler 
effect. Particularly important were the methane-stabilized 
He-Ne laser at 3.39 pm [I31 and the CO, laser locked to a 
saturated fluorescence absorption in C02 itself [14]. The 
methane-stabilized laser was notable for i ts  reproducibility 
(k a few parts in 10”) and compactness, and the stabilized 
CO, laser was a very useful device because of the large 
number of closely spaced emissions that could be accu- 
rately characterized. The I,-stabilized He-Ne laser oscillat- 
ing at 633 nm (red) [I51 was used as a wavelength standard 
for laboratory length measurement; but the measurement of 
i t s  higher optical frequency was foreseen as a much more 
challenging problem. 

“Optical” frequency measurements, therefore, consist of 
the measurements of these narrow spectral features used to 
stabilize the lasers, and the metrological landmarks consist 
of accurate measurements of these features. Most of the 
early measurements were aimed at determining the speed 
of light. The first of these highly accurate determinations of 
the speed of light was made in 1972 at the National Bureau 
of Standards jn Boulder by measuring the frequency and 
wavelength of the 88-THz (3.39-pm) methane transition. A 
value for the speed of light (299792458 m/s) was recom- 
mended the following year by the Consulative Committee 

for the Definition of the Meter (CCDM) [16]. This value was 
eventually to become the “fixed” value c, used in the 
redefinition of the meter. It originally had an uncertainty of 
+ 4  parts in IO9  which arose almost entirely from difficulty 
in comparing wavelengths with the &Kr emission used as 
the length standard. The recommended value was based on 
the NBS Boulder speed of light measurement together with 
values of the wavelength from three other laboratories. The 
CO, frequency measurement used to measure methane was 
also confirmed by an independent measurement at NPL, 
Teddington [I 71. 

The 1973 recommendation for c, was made to meet the 
requirements of astronomers using lasers to measure astro- 
nomical distances. They used the speed of light to convert 
electromagnetic wave transit times into distance. (The time 
to  the moon and back was being measured to about 1 part 
in Various speed of light determinations then in 
progress were completed and the methane frequency at 88 
THz was directly checked by a measurement at NPL [18]. 
There was excellent agreement in all these measurements. 

After the initial speed of light determinations, work on 
optical frequency measurement followed three broad direc- 
tions. These were first to extend frequency measurement to 
higher frequencies than 88 THz, particularly towards the 
visible region, in the hope of unifying the standards of time 
and length. Second, the more accurate stabilized lasers 
were of interest as potential frequency standards and it is 
desirable to know their frequencies to accuracies close to 
their reproducibilities. A third direction was the use of laser 
frequency measurements for ultra-high-resolution, high- 
accuracy spectroscopy. The technique is  extremely im- 
portant in understanding complicated molecular spectra 
such as those from SF, and OsO, [19]-[21], and SiF, [22]. 

The extension of optical frequency measurements to 260 
THz (1.15 pm) was performed at NBS Boulder through a 
sequence of gas lasers at 2.03, 1.52, and 1.15 pm [23]. 
Harmonic mixing was not obtained in the MIM diode above 
200 THz (1.5 pm) consequently, phase-matched second- 
order effects in nonlinear crystals were used for frequency 
addition or doubling above 200 THz. An 1, transition at 520 
THz (576 nm) in the yellow-green region was shown to be 
an  excellent stabilization reference for frequency-doubled 
light from the 1.5-pm He-Ne laser at the National Research 
Council (NRC), Ottawa [24]. This was followed by a joint 
NBS-NRC experiment in 1979 which measured the fre- 
quency of this transition to provide the first frequency 
measurement of a visible radiation [25]. 

A series of measurements of the methane transition used 
to stabilize the He-Ne laser at 88 THz was achieved be- 
tween 1978 and 1981 at NPL [26], the Laboratoire Pour 
Temps et Frequences (LPTF) [27] Paris, France, and in two 
laboratories in the USSR [28]-[30]. The methane-stabilized 
laser was used as a standard at NBS Boulder in making a 
more accurate measurement of the visible I ,  transition at 
520 THz (576 nm) and a red 1,-stabilized He-Ne laser at 474 
THz (634.3 nm) [31], [32]. The uncertainty in these measure- 
ments was ( f1 .6 X IO-’’), and provided frequency values 
10 times more accurate than the corresponding wavelength 
could be determined from the Krypton-& length standard. 
The latter experiment made use of excited Ne atoms for 
resonant three-frequency addition of 88, 125, and 260 THz 
(3.39, 2.39, and 1.15 pm, respectively) [33]. The NBS experi- 
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ments used for the first time a tunable color-center laser as 
a transfer oscillator, to provide a source at half the frequency 
of the 1.15-pm He-Ne laser (2.3 pm). This same laser was 
also used instead of a 2.39-pm He-Ne laser to provide 
sufficient power for making the 633-nm measurement. 

The accurate frequency measurements permitted the 
adoption of a new definition of the meter by the General 
Conference of Weights and Measures in Paris in 1983 [34]. 
The new definition adopted an exact fixed value for the 
speed of light: the value recommended in 1973. The “Mise 
en pratique,” recommends a l ist of stabilized-laser frequen- 
cies to be used to realize the meter [35]. The most accurate 
values in the ”Mise en pratique” from the visible region 
have I-sigma uncertainties of 4 parts in IO1’, over an order 
of magnitude better than the 4 parts in IO9 uncertainty of 
the previous length standard, the &Kr lamp. The “Mise en 
pratique” can be revised whenever better measurements 
become available. 

The following text summarizes some of the important 
techniques of laser frequency measurement, describes some 
illustrative frequency-synthesis chains, l is ts  accurate mea- 
surements of the speed of light, and discusses laser 
frequency standards. Recent proposals for more efficient 
harmonic generation and for laser-based frequency stan- 
dards are also discussed. No replacement of the cesium 
frequency standard is imminent, but a methane-stabilized 
laser ”clock” [36] has been demonstrated; i t  provides a less 
accurate, but interesting alternative to a cesium clock at a 
much higher frequency. 

1 1 .  TECHNIQUES OF OPTICAL FREQUENCY MEASUREMENT 

A. Nonlinear Devices for Harmonic Generation and Mixing 

Up to about 150 THz (2 pm) almost all frequency mea- 
surements have been made using essentially wide-band 
nonlinear point-contact devices, notably the MIM, the metal 
to semiconductor, ]osephson-junc(;on, and Schottky di- 
odes. This is a perhaps surprising extension of the range of 
the early RF and microwave cat-whisker diode. Above about 
150 THz, bulk nonlinear dielectric crystals have been used 
for second-order effects, frequency doubling, and addition 
or subtraction of frequencies. In one experiment, excited 

Table 1 

Ne atoms in the gaseous state served for the summation of 
three frequencies [32], [33]. Mixing (difference-frequency 
generation) above 150 THz has been achieved with photo- 
diodes, although most commercial diodes are limited to 
difference frequencies substantially less than 100 GHz. 

Reviews concentrating on nonlinear devices for laser 
frequency measurement have been given by Knight and 
Woods [37] and by Klementev et a/. [38]. Thus opportunities 
for frequency synthesis are, at present, more restricted above 
150 THz than below. 

Information on the highest harmonic order, highest 
frequency reached, and the largest beat frequency observed 
in the photo-mixing regime is  given for the principal kinds 
of mixing device in Table 1. 

Most of the devices used operate through a resistive 
rather than reactive nonlinearity, and none of these i s  
highly efficient for harmonic generation. Each has a useable 
frequency range determined mainly by the physical char- 
acteristics of the devices, and in practice, this is  more 
important than ease of harmonic generation. Thus Joseph- 
son junctions generate high-order harmonics easily, to mix 
with frequencies up to 1 or 2 THz but become much less 
effective at 4 THz. For niobium, the most practical super- 
conductor so far, the paired-electron band-gap energy cor- 
responds to a frequency of 0.8 THz. The MIM diode by 
comparison with a semiconductor diode has only about 
1/100th of the spreading resistance in the post material, 
thus offering a 100-times higher cutoff frequency, even 
though the voltage-current characteristic i s  markedly less 
nonlinear than that of most semiconductor diodes. The 
GaAs Schottky diode is  an improvement on the silicon 
point-contact diode. It exhibits a higher mobility of the 
semiconductor, and a rugged and highly “ideal” voltage- 
current characteristic of the barrier formed with the 
evaporated metal contact. Both MIM and Schottky diodes 
have recently proved useful at visible-laser frequencies for 
obtaining large difference frequency signals [47], [MI. Mix -  
ing in phase-matched bulk crystals all generate much larger 
difference frequencies but there are problems in phase- 
matchability and transparency of the available crystals. The 
individual crystal also has a limited tuning range, obtained 
by varying its temperature or the beam angles. 

Since the main characteristics of MIM diodes have been 

Wide-Band Action- Harmonic Mixing Second-Order Action 
Highest Harmonic Highest Frequency High-Frequency Beat 

Device nMAX f/THz Ref f/THz n Ref AfMAx/CHz fo/THz Ref 

Semiconductor 
PC diode 23 1.58 [39] 3.56 4 (421 
(W-Si) 

PC 
(Nb- Nb) 401 3.8 [IO] 

(CaAs) 

(MIM) diode 

Josephson junction 825 0.89 [Ill 4.25 43 [431 109 30 [46) 

Schottky diode 33 2.5 (401 5.3 13 [441 900 528 [47] 

Metal-Insulator-Metal 12 10.7 [9] 197 f, + f, - 2 [45] 2500 -500 [48) 

(W-Ni) 16 26 [41] 130 3 f ,  + 2f2 - 5 [31] 
Avalanche photodiode 100 - 500 [49] 

Three-terminal FET 
(GaAs) 

(GaAs) 300 474 [SO] 
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(a) (4 
Fig. 1. The MIM diode optical antenna. (a) Showing both 
the conical antenna part C, and the long wire antenna part 
Cb. (b) The calculated antenna pattern for C, = 7X. 

published [SI]-[53] brief notes will follow on investigations 
relevant in an engineering sense. 

The usual room-temperature mixer, a MIM or a Schottky 
diode, has an open structure (without waveguide en- 
closures) and radiation is coupled to i t  with lenses or 
mirrors. The whisker is usually in the horizontal plane so 
that the face of the post i s  vertical. The whisker acts as a 
long antenna for laser radiation up to about 30 THz (Fig. I), 
having a length of several wavelengths, and a right-angle 
bend serves to define the end of the antenna. Above about 
30 THz, coupling to the diode occurs at the conical end of 

low frequencies, decaying into the white noise at frequen- 
cies above about 30 MHz. Laser powers of the order of a 
microwatt (in the FIR region) produces an excellent signal- 
to-noise ratio in low-order mixing experiments on the MIM 
diode; higher powers can be beneficial up to about 200 
mW in the I R  region, at which point destructive whisker 
heating takes place. 

B. Laser Frequency Measurement and FrequencrSynthesis 
Chains 

In general, when various frequencies of electromagnetic 
radiation are incident on a nonlinear detector-mixer, such 
as the MIM diode, Schottky diode, or the Josephson junc- 
tion, all harmonics and sums and differences are generated. 
A low-frequency difference, A f  (usually between 30 and 
1500 MHz), is used to measure unknown frequencies as will 
be shown in the following discussion. 

I) Mixing Microwave Harmonics with a laser: The sim- 
plest scheme for measuring a laser frequency f, i s  by beat- 
ing directly against a harmonic of a known microwave 
frequency f, using a mixer. The value of f, i s  calculated 
from measuring the beat frequency A f ,  its sign, and the 
harmonic order n, in the expression 

. -  

the antenna. The cone is  made by electrochemically etching f, = nf, k Af. (I) 
the tungsten, and this conical antenna then produces the 
electrical currents at the tip. 

The long antenna has a series of lobes, the first and 
largest having a maximum at an angle 0, to the antenna, 
given by e,,, = cos-’ (1 - 0.371h/L), where L is  the effec- 
tive antenna length. The lobes are axially symmetrical about 
the whisker. The conical antenna exhibits a broader, sim- 
pler, but somewhat similar pattern. 

In practice, the laser radiation is focussed from a Gauss- 
ian beam onto the antenna and the angle i s  adjusted to the 
peak of the first lobe. With the whisker horizontal, all laser 
radiation applied is horizontally polarized and each 
wavelength is  arranged at an angle near its own e,,, in the 
horizontal plane. To achieve optimum coupling, the focal 
length and beam diameter should be chosen to match the 
converging beam to the half-width of the antenna lobe. 
Corner reflectors have also been used to improve coupling 
to the diode [54]. 

Frequencies from dc up to perhaps 10 GHz can be cou- 
pled in or out of the diode directly by coaxial lines or with 
short antennas on the coax. Care is necessary to isolate the 
extremely delicate point contact (especially in the case of 
MIM diodes) from mechanical forces on the coaxial lead. 
Millimeter-wave frequencies, typically 20-100 GHz, are ap- 
plied to the whisker from an open waveguide, placed 
above the diode, with the €-vector parallel to the whisker. 

In some situations there may be three laser beams and 
microwave radiation on the diode, and the heterodyne 
frequency of the order of 10-600 MHz extracted. It is not 
easy for all radiations to be optimally coupled at the same 
time. Usually, higher power and better coupling are re- 
quired for the radiation having the highest harmonic. Exces- 
sive power from the radiation at the fundamental fre- 
quency geneFally increases the diode noise and diminishes 
the signal obtained. With laser radiation applied to MIM 
diodes, increases in noise of the order of 10 dB are seen at 

f, is the frequency of a laser which, in the case of a gas 
laser, is  tunable by about k2 parts per million (ppm). The 
measurement accuracy can exceed 1 part in IO1’. However, 
such reproducibility and accuracy are achieved only when a 
laser stabilized to sub-Doppler atomic or molecular absorp- 
tion is being used. Both n and the sign of A f  can be 
established by varying f,, and for this purpose a wide-band 
spectrum analyzer of order 1 GHz i s  useful. 

The microwave oscillator (usually a klystron oscillating at 
less than 100 GHz) can be phase-locked to a quartz crystal. 
In this case, the crystal phase noise is multiplied right up to 
the laser frequency and the beat signal i s  broadened, thus 
the resolution of A f  is  reduced [55]. 

Alternatively, the microwave oscillator can be phase- 
locked to the laser being measured. In this case, the phase- 
lock signal originates from the phase angle between the 
heterodyne signal A f  and a crystal-controlled IF reference. 
Quartz-crystal frequency multiplication i s  not then required 
beyond the microwave frequency, although signals have 
been shown to be clean enough (16-dB signal/noise in 
100-kHz bandwidth) from a simple 120-MHz quartz-crystal 
oscillator when multiplied to 2.5 THz [56]. The phase-lock 
loop (PLL) bandwidth must be wide enough to suppress the 
klystron-produced noise at the laser frequency. In a sim- 
plified methane-frequency chain, a 99-GHz reflex klystron 
has been phase-locked to a laser at 4.25 THz (70 pm) by 
43rd-harmonic mixing in a Joseph junction using a servo- 
loop with an IF bandwidth of 6 MHz and an overall natural 
frequency near 300 kHz [26], [46]. 

2) Two-Laser Mixing: The lasers used are usually gas 
lasers whose frequencies are selected from those available. 
A microwave frequency fM is  often needed to produce a 
final beat frequency A f  in the RF region. Thus the two-laser 
harmonic-mixing experiment is of the form 

f,, = nlfLl k f, k A f  (2) 
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where f,, is the unknown frequency and f,, i s  the known 
one. 

In such a measurement fM can be phase-locked to a 
quartz-crystal oscillator. It is sometimes useful to phase-lock 
f,, to f,,, or to lock f, to the laser pair via A f .  In order to 
obtain a fast means of controlling a laser frequency for 
phase locking, a long-range relatively slow PZT mirror con- 
troller is used in conjunction with a high-speed device such 
as a discharge-current controller [57], a small PZT [58], Stark 
cell [59], or intra-cavity electrooptic crystal [60], [61]. Fast 
frequency control by extracavity devices has also been dem- 
onstrated [62]. 

3) Three-Laser Mixing: When two suitable lasers do not 
exist for two-laser mixing, a third laser may be introduced 
according to the scheme 

f,, = n, f L 1  f nz f,, f fM f A f (3) 

where f,, is  the unknown frequency and f,,, f L 2 ,  and fM 
are known. This has recently been used to measure a 
color-center laser's frequency with two stabilized CO, lasers 

Three lasers are also used when one laser's frequency 
corresponds to the difference between the frequencies of 
two lasers needing to be compared. Then n, and n, are one 
and minus one, respectively. This has recently been demon- 
strated with MIM mixers for spectrally narrow visible dye 
lasers separated by 2.5 THz [51]. The "high-frequency beat" 
section of Table 1 shows the achievements with different 
mixers for this kind of mixing. 

4) Laser Frequency-Synthesis Chains Involving Several 
Stages of Mixing: To attain the highest frequencies in the 
processes just described, a sequence of frequency measure- 
ments are combined in a so-called chain of lasers. The 
construction of these laser frequency-synthesis chains de- 
pends upon a combination of the available lasers and the 
obtainable properties of the nonlinear mixing elements 
summarized in Table 1. CW gas lasers have mainly been 
used because of their simplicity and spectral purity. Power 
output deficiencies have been overcome by building gain 
tubes up to 8 m long [9]. The set of several hundred CO, 
frequencies (from seven isotopic species) [63], covering the 
spectrum from 25 to 30 THz (9 to 11 am), is  widely used in 
synthesis from the microwave region to the 100-150-THz 
(3-2-pm) region. 

Above 100-150 THz, the average spacing between gas- 
laser frequencies increases and the bandwidths of available 
frequency-mixing devices become smaller. Thus the CW 
tunable-laser systems have a role in simplifying frequency- 
synthesis schemes, in spite of their added complexity. An 
important example is  the use of a color-center laser at 2.3 
p m  by Pollock et al. [31] to increase the measurement 
accuracy of the previously mentioned chain to 520 THz [32]. 

In the submillimeter region it is  a fortuitous accident that 
three discharge lasers: the HCN laser at 337 pm, the D,O 
laser at 84 pm, and the H,O laser at 28 pm, produced 
convenient harmonically related frequencies connecting to 
a C0,-laser line at 32 THz (9.3 pm). Only a few lines were 
available from these discharge lasers; however, this soon 
changed with the discovery of optically pumped far- 
infrared (FIR) lasers (pumped by CO, laser radiation) in 1970 
[64]. By 1980 there were 1200 such CW emissions [65], [66] 
and by now there have been perhaps loo0 more reported. It 
is important to note, however, that comparatively few of 

131 I. 

these are powerful (IO mW or more) and that again com- 
paratively few emit at frequencies above 3 THz (100 pm). 
Thus some current synthesis chains use three-laser mixing 
to access specific CO, frequencies [67], [a]. Also a chain at 
NRC, Ottawa by Whitford [69], [70] uses only CO, lasers 
and MIM diodes and utilized the difference frequencies 
between CO, lasers as transfer oscillators to multiply from 
the microwave region. 

Some examples of frequency-measurement chains are 
shown in the following figures. The first chain to methane 
in 1973 [I21 i s  shown in Fig. 2. Note the use of the HCN 

UI =3u,fO 049 +uI, 

y = y  35 0020 +yII 

v.=3u1o 020 + y I I  

v1=12y,*oo23 'U,, 

u1=12v,'vl, 

Y;=1y+y,  

co, VR[30] (10 *I 

@ OIOM 

KLYSTRON 
V, =O 011 232 515 83  I& KLYSTIIMI 0 SPECTRUM ANALYSER 

I 

Fig. 2. The first laser frequency synthesis chain to frequency 
measure the He-Ne CH,-stabilized laser. (All frequencies in 
THz.) 

laser twice, in the chain to the H,O laser, and separately to 
measure the difference frequency between the CO, lasers. 
Stabilized-CO, lasers were used as transfer standards in the 
chain. For more accurate measurement of the methane 
frequency the chain shown at Fig. 3 was used [26]. This 
chain used laser transfer oscillators at only two intervening 
frequencies and used simultaneous counting of beat fre- 
quencies to eliminate the effect of their frequency fluctua- 
tions. The frequency mixing range of the Josephson junc- 
tion was extended for this experiment to 4.25 THz. 

A third accurate chain to methane [30] is  shown at Fig. 4. 
Here the various oscillators were phase-locked together and 
counting was performed at only one point in the chain: at 
29.5 THz. 

The extension of accurate measurement to a visible 
frequency, already mentioned, was performed in 1983 [31] 
using the scheme in Fig. 5. The target was an I, transition at 
twice the frequency of the 1.15-pm (260-THz) He-Ne line. 
A methane-stabilized laser was used to measure the fre- 
quencies of the two well-controlled stabilized CO, lasers 

172 PROCEEDINGS O F  THE IEEE. VOL 74, NO 1, IANUARY 1986 



Fig. 3. 
sure the He-Ne CH,-stabilized laser. 

A simultaneous-counting scheme to frequency mea- 

Asc- 

I - 1  

Fig. 4. 
lized frequency measurement. 

A phase-locked method for the He-Ne CH,-stabi- 

used at the bottom of the chain. This scheme is  more 
complicated than that for methane in Fig. 3 in spite of its 
smaller frequency-multiplication range, because of the limi- 
tation to frequency-doubling stages above 130 THz (2.3 
pm). 

The scheme previously mentioned that made use of the 
energy levels of the Ne atom to sum the 3.39-, 2.39-, and 
1.15-pm emission of the He-Ne laser [32] is shown in Figs. 6 
and 7. Radiation at exactly the sum of the three radiations 
traversing the tube is emitted and corresponds to the well- 
known 633-nm red emission. It is, however, a sum frequency 
due to resonant four-wave mixing in Ne, and is not a laser 
emission [33]. This scheme was used by the group at NBS, 
Boulder to transfer from their frequency measurement of an 
I, transition at 576 nm to the I,-stabilized He-Ne laser at 
633 nm. The 1.15-pm laser was doubled and stabilized to 
the previously measured I, transition at 576 nm; the color- 
center laser was used instead of He-Ne at 2.39 pm, and was 
measured with respect to methane as is shown in Fig. 5; 
and the 3.39-pm laser was directly compared with methane. 
Thus the 633-nm emission produced was known in terms of 
the methane frequency. The frequency of the iodine line 
used to stabilize a He-Ne laser was measured by measuring 
the RF beat produced by the two beams in a photodiode. 

Ill. RESULTS 

A. Measurements of the Speed of Light 

A summary of values for the speed of light obtained with 
lasers is shown in Fig. 8. Apart from the first experiment 
listed [71], which was notable for the economy of appara- 

y.mnwaos.wr 
DYE. I, (576 nm) 

SPECTRUM 3u, + 2u. 

I 
V,.. 61721 V, -26035339.978. 

'k0,. qC501. (I l .5pml 

I I  5 p m  sm m. ALL FREWENUES IN MHZ 

"~od. a- 
Fig. 5. 
target was a molecular iodine transition at 520 THz. 

The first laser frequency chain to the visible. The 

tus, all others involved the measurement by harmonic gen- 
eration and mixing techniques of the frequency of a stabi- 
lized laser. The laser's wavelength was separately measured 
by comparing its wavelength with the emission from a &Kr 
lamp by which the meter was realized either by direct 
interferometry [MI or by a technique involving upconver- 
sion [73], [75], [%I. It was recognized in 1973 that the main 
uncertainty arose from the imprecision of measurements 
based on the &Kr lamp so that the CCDM recommended 
value was accompanied by the expression that it would be 
desirable to keep this value of co for a possible future 
redefinition of the meter. A new definition of the meter 
was adopted in 1983 by retaining and fixing this value, after 
the intervening measurements (Fig. 8) showed i) that there 
was no serious discrepancy in the value adopted in 1973 
and ii) that the frequency values of the visible laser radia- 
tions in common use as laboratory length standards had 
been established more accurately than their corresponding 
wavelength values. 

B. Absolute Frequency Measurements of Stabilized Lasers 

Early frequency measurements of metrological impor- 
tance were those on the CO, fluorescence-stabilized CO, 
laser [%I, [91]. These were used to calibrate accurate inter- 
line measurements of CO, and the associated determina- 
tion of its molecular constants. The CO, frequencies then 
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Fig. 6. A schematic diagram of the method used to frequency measure the molecular 
iodine transition used to stabilized the visible He-Ne laser at 473.6 THz (633 nm). 
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Fig. 7. A partial energy level diagram of Ne showing the 
energy levels involved in summing to obtain output at 473.6 
THz. 

obtained provided a grid of  frequency references between 
25 and 33 THz (9 to  11 pm) and were accurate to  about 1 
part in io9. 

Fluorescence-stabilized C 0 2  lasers were used as transfer 
oscillators to  obtain measurements of the frequency of the 
He-Ne laser locked to  the Fi2) transition of methane at 88 
THz (3.39 pm). These measurements [12], [I81 were accurate 
to  about 5 parts in IO1', and agreed within 2 parts in IO1'. 

Numerous measurements have been made on gas lasers 
in the submillimeter region in more than a dozen laborato- 
ries around the world. About one third of the 2000 or more 
emissions known in 1984 had been characterized by fre- 
quency measurement. These measurements mostly refer to 
the center of  the laser tuning profile and are, therefore, 
comparatively less accurate, about 2 parts in IO7. However, 
they are better than any wavelength measurements and are 
of considerable value for far-infrared spectroscopy. 

A list of the lines ordered by frequency is  available for 
submillimeter laser transitions with wavelengths larger than 
12 pm [65], and a list of frequency measurements of opti- 
cally pumped far-infrared laser lines is  in preparation [66]. 
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Laser speed of light measurements from 1972 to 

After the first C02 and methane frequency measure- 
ments, the speed of  light was satisfactorily determined, and 
several laboratories made more accurate measurements of 
the frequency of the methane transition used to stabilize 
the 3.39-pm He-Ne laser. From the beginning, this laser 
had shown promise of accuracy close to  1 part in IO" [13], 
but  later attempts to improve this pointed to an estimated 
limit of about 1 part in l O I 3  [92]. Nonetheless, this is so far 
the most accurate stabilized laser in current use. Eight 
measurements from four laboratories have been reported 
since 1979 at an accuracy better than about 1 part in IO". A 
comparison of the various measurements since 1973 is  
shown in Table 2. 

The Soviet Laboratories, VNIIFTRI, Moscow [29], (931 and 
the Institute of Thermophysics, Novosibirsk [28], followed 
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Table 2 Frequency Measurements of the F j 2 )  Methane-Stabilized He-Ne laser at 88 THz (3.39pm) 

Date 
Published 

Day Mo. Yr Reference Institution Y - 88376181 OOO kHz 0 kHz 
11 Nov. 72 [721 N BS 627 50 

2 Feb. 73 11 21 
17 Apr. 75 [I 81 NPL 608 43 
5 Sept. 79 ~ 9 1  VNllFTRl (GS) 586 10 

1 2  Dec. 80 1931 
Dec. 79 [821 NRC 570 200 

12 Dec. 80 [261 NPL 61 6 3 

1 2  Dec. 81 (351 LPTF 61 2 11 

Oct. 83 (351 [Recommended value 608 3.91 
11 Nov. 83 [951 ITP 602.9 1.2 

Jan. 85 [%I 
6 lun. 85 1671 LPTF 600.0 3.4 

12 Dec. 80 ~ 7 1  LPTF 61 8 14 

Dec. 81 [941 ITP 603 3.0 
May-June 83 [361 

20 Aug. 81 1301 VNllFTRl (GS) 603.4 1.4 

broadly the original scheme of Fig. 2 but improved the 
accuracy by extensive use of phase locking. This was carried 
so far in Novosibirsk as to  provide the downward phase- 
locking methane clock previously mentioned [36]. This clock 
i s  now said to operate typically for 10-20 min without 
interruption. This is the only methane F$’) frequency mea- 
surement t o  have been made with the hyperfine structure 
resolved. The second measurement at VNllFTRl [30] was 
made with the scheme of Fig. 4. 

The measurement at LPTF in France [27] also broadly 
followed the scheme of Fig. 2, and exhibited improved laser 
stability, and phase-locked operation of the lowest fre- 
quency laser. A measurement at NPL [26] achieved improve- 
ment in resolution by using the much-simplified synthesis 
scheme in Fig. 3, and by simultaneously counting the beat 
frequencies (for 1 s) to  eliminate the instability effects of 
the transfer lasers. A recent measurement at LPTF [67] makes 
use of  fully phase-locked counting of an OsO,-stabilized 
laser at 10.3 p m  with f50-Hz resolution. 

The accuracy of  these experiments demonstrates that the 
techniques of  laser frequency measurement are capable of 
approaching the reproducibilities (accuracies) of the stabi- 
lized lasers being measured. This accuracy compares with 
that of  the available rubidium standards and approaches 
that of even the cesium standard used. 

The advances made at NBS Boulder in the extension of 
frequency measurement beyond 88 THz, to 260 THz (1.15 
pm) and to  the visible region of the spectrum, are shown in 
Figs. 5 and 6 [31], [32]. The scheme involved frequency 
multiplication from stabilized CO, lasers. These were cali- 
brated against a methane-stabilized laser at 88 THz (the JlLA 
telescope laser), assuming, from foregoing measurements 
(Table 2), that 

fCH, = 88376181.609 f 0.009 MHz. 

The frequency of the 20Ne Lamb-dip stabilized He-Ne laser 
at 1.15 p m  was found to be 

f, = 260103 249.26 MHz 

with a total fractional one-sigma uncertainty of 3.1 parts in 
10’’. The frequency of the “0” hyperfine component of the 
I2’l2 17-1 P(62) transition at 576 nm was found to  be 

f 5 7 6 , , o , .  = 520 206808.547 MHz 

with a total fractional one-sigma uncertainty of 1.6 parts in 
IOIO. 

The “0“ transition of I, thus measured was used to 
measure the “i” and “g” hyperfine components of I, at 633 
nm by the mixing process portrayed in Figs. 6 and 7 [32]. 
The frequency was likewise referred to the methane-stabi- 
lized laser assuming the value just given. The results for the 
12712 11-5 R(127) transition was 

&33,,,rt= 473612214.830 f 0.074 MHz 

where the I,-stabilized laser was adjusted to the CIPM- 
recommended operating conditions [35]. 

These measurements in the visible part of the spectrum 
have accuracies of f1.6 parts in 10” which is within a 
factor of three of the best accuracy of the stabilized lasers 
used in the lower part of the chain. 

A list of recommendations of the best known values for 
the frequencies of stabilized lasers of interest as length 
standards was prepared by the Consultative Committee for 
the Definition of the Meter in 1983 [35], and is shown in 
Table 3. The list accompanies the new definition of the 
meter. 

The list takes account of the preceding frequency mea- 

Table 3 CIPM Recommended Stabilized Laser Frequencies [35] 

Av/v 
Laser h(nm) Stabilization Ref. v(THz) (3-sigma) 

He-Ne 3392 CH, y P(7) FJ2) 88. 376181608 +1.3 X IO-’’ 
Dye 576 1 2 7 1  17-1 P(62) 0 520. 20680851 +6  X IO-’’ 
He-Ne 633 l L 7 i 2  11-5 R(127) i 473. 6122148 + I  X lo-’ 
He-Ne 612 l r 7 I 2  9-2 R(47) 0 489. 8803551 k1.1 X IO-’ 
Ar ’ 515 i271: 43-0 P(13) dj 582. 4906036 k1.3 X 
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surements discussed above and will be seen to assign a 
greater uncertainty than those of individual frequency mea- 
surements. The reasons are that i) a three-sigma uncertainty 
is given, rather than the usual one-sigma value, ii) the 
measurements of methane disagreed by about three times 
one-sigma, and iii) for some visible frequencies additional 
data were taken into account. 

The uncertainties in Table 3 are about an order of magni- 
tude larger than the accuracies claimed for the lasers them- 
selves, so that improved measurements can be expected in 
the future. 

Schemes to measure the frequencies of stabilized lasers 
in the visible spectral region are being explored at various 
laboratories. A suitable stabilized laser at 576 nm has been 
evaluated at NPL [97] and a frequency synthesis experiment 
has been described [a ] .  

A summary of stabilized-laser frequency measurements 
traceable to cesium, and with accuracies exceeding 3 parts 
in IO9, has been compiled [%I. Recent measurements of 
high accuracy have been made on an OsO, transition near 
29 THz (10.3 pm) [67] and on the methane E line at 88.373 
THz (3.39 pm) [95], [%I. 

IV. DISCUSSION 

A. Sources of Error in Laser Frequency Measurement 

1) hexactitude in Frequency-Mixing Devices: When the 
nonlinear properties of systems with well-defined energy 
levels are being used for frequency mixing it i s  important to 
guard against quanta characteristic of the mixing device (as 
opposed to those of the input frequencies) contributing to 
the output frequency. Checks can be made, by varying the 
input frequencies, for example. 

On devices used for harmonic generation, some experi- 
mental checks have been made for differences of this type. 
An indirect check on the agreement between Josephson- 
junction harmonic mixing and the use of entirely room- 
temperature harmonic mixers i s  afforded by the results for 
the 88-THz methane frequency in Table 2. The measure- 
ments from NPL alone used the Josephson junction. In a 
specific test at NPL, see [76, pt. I, Appendix], frequency 
multiplication to 0.89 THz in a Josephson junction was 
found to agree with that in an MIM diode within a I-sigma 
uncertainty of k1.2 parts in (The test was primarily to 
compare frequency measurement by frequency division and 
counting with that by observation of a beat on a spectrum 
analyzer, but the harmonic mixers were also different.) 

A comparison of frequency doubling in a bulk nonlinear 
crystal and in an MIN diode has been made by Edwards and 
colleagues at NPL [61]. A CO, laser's emission was doubled 
in a crystal of CdGeAs, and was also doubled in an MIM 
diode. Then the two frequencies were compared. Any net 
difference arising in the two frequency-doubling processes 
was found to be less than 7 parts in 

2) Effect of Phase Noise in Sources Used for Frequency 
Multip/icationt The problem of spectral broadening in 
harmonics as a result of phase noise in the fundamental-sig- 
nal  oscillator showed at an early stage in laser frequency 
measurement. Lasers provided clean local oscillators with 
which to observe harmonic signals multiplied from quartz 
crystals, for example, and from microwave oscillators. 

In the beginning, phase noise from quartz crystals used 
for phase-locking klystrons was a problem, but by using 

simplified high-frequency quartz-crystal oscillators (near 100 
MHz) and straight frequency multipliers (avoiding some 
kinds of synthesizers) clean signals could be observed to 2.5 
THz [56]. 

Studies on the special requirements of laser frequency 
measurement and on the properties of multiplied quartz- 
crystal noise [55] have helped to clarify the problem, specifi- 
cally as to the point of catastrophic spectral broadening. 

The use of downward phase-lock loops has diminished 
demands on upward frequency multiplication. High loop 
bandwidths of order 300 kHz have permitted downward 
phase locking a 99.6-GHz reflex klystron to a 4.25-THz laser 
via 43rd-harmonic mixing in a Josephson junction [46]. 

3) Doppler Effect and TimeDependent Phase Shifts: At 
high accuracies it is necessary to guard against the effects of 
relative motion of different parts of the apparatus which 
might not cancel for the different methods used to observe 
signals, such as stored spectrum analyzer displays. Another 
potential source of error is from phase shifts in signal paths 
or filters which drift monotonically with time, as from a 
slowly changing temperature. Discrepancies at the level of 
1 part - IO'* have been observed [26, Appendix I]. 

4) PhaseLock Loop Errors: Phase-lock errors are actual 
mistakes and can usually be corrected: however, we will 
mention them anyway. A possible source of error is  to lock 
on a loop-oscillation sideband. The least offset likely in this 
way would be comparable with the natural frequency of 
the loop, typically from 10 kHz upwards. Such an error is 
relatively easily resolved in the more accurate experiments 
and thus wil l  generally be detected by the experimenter. 
Another problem arises from spurious modulation of weak 
signals used to phase-lock oscillators. For example, silicon- 
controlled rectifer spikes can cause intermittent unlock for 
say half-a-line-frequency period which could alter the mean 
locked frequency over a typical I -s  count-averaging time 
(461. Careful spectrum analyzer checks are required in such 
circumstances. The direction of the error is, however, usu- 
ally random so that accuracy increases with repeated mea- 
surement 

v. SUMMARY 

Many hundreds of laser frequencies and stabilization 
reference frequencies have now been measured, and accu- 
rate measurements have even been extended as high as the 
visible, yellow-green, portion of the spectrum. 

This has permitted the recent (1983) redefinition of the 
meter fixing the value of c, exactly, so that length and 
wavelength are based on the same physical standard as 
time and frequency. Thus length i s  now referred to the 
most accurate physical standard available-the cesium 
clock. Substantial immediate improvements in realizing the 
meter have been obtained. Also, in such activities as time- 
of-flight ranging in space, the conversion from time to 
length does not increase the uncertainty. 

Laser frequency measurement spans a spectral range from 
about 0.5-500 THz. These three orders of magnitude are 
comparable with the entire frequency span of microwave 
measurements 0.5-500 GHz; or, in a linear scale, frequency 
measurements represent a thousand-fold increase. This is  
extremely significant for communications purposes. Thr 
(.xtension of frequency measurements to highrr frrqucncirs 
and improved accuracies i s  especially important for futurc. 
c3xpcvimvnts t o  seek frequency standards brttrr than wsium. 
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The methane clock, current fundamental work towards new 
frequency standards using heavy molecules in the 10-pm 
band, and work on trapped ions at visible or higher fre- 
quencies [99] all point towards possible frequency standards 
with reproducibilities and accuracies exceeding that of the 
current Cs frequency standard. 
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