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Direct frequency measurements of transitions at 520 THz (576
nm) in iodine and 260 THz (1.15 gim) in neon
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The o hyperfine component of the 127I2 17-1 P(62) transition at 520 THz (576 nm) in iodine was measured with re-

spect to the CH 4 -stabilized 88-THz He-Ne laser. A 26-THz CO2 laser, a color-center laser at 130 THz, and a

He-Ne laser at 260 THz were used as transfer oscillators. The measured I2 frequency was 520 206 808.547 MHz

with a total fractional uncertainty of 1.6 X 10-10. The 1.15-pm 2 0 Ne Lamb-dip-stabilized laser frequency was

260 103 249.26 MHz with a total fractional uncertainty of 3.1 X 10-10.

There is at present considerable interest in redefining
the meter in terms of the second. The Comit6 Con-
sultatif pour la Definition du Metre has proposed:
"The meter is the length of the path travelled by light
in vacuum during a time interval of 1/299 792 458 of a
second."' With this definition, the meter could be re-
alized from the wavelength of any laser that is stabilized
to a narrow atomic or molecular absorption for which
the frequency is known. The wavelength X would be
determined from the relation A = clv, where c is the
fixed value of the speed of light and v is the measured
frequency of the laser. In practice, to realize this def-
inition it will be necessary to measure the absolute fre-
quency of suitable spectral lines in the visible spectral
region. Before the frequency measurements reported
here were made, accuracies better than that of the
present Kr length standard (4 parts in 109) have been
limited to various infrared lasers, such as the CH4-sta-
bilized He-Ne laser2-5 and the saturated-absorption-
stabilized CO2 laser.3 In this Letter, we report the cw
synthesis and measurement of the frequency of the o
hyperfine component of the visible 127I2 17-1 P(62)
transition at 520 THz (576 nm) to 1.6 parts in 1010 and
of the Lamb-dip-stabilized 20 Ne laser at 260 THz (1.15
pm) to an accuracy of 3.1 parts in 1010. This accuracy
represents an improvement by nearly 3 orders of mag-
nitude over previous measurements.6 (The accompa-
nying Letter reports the absolute frequency measure-
ment of the 12 -stabilized 633-nm He-Ne laser with
comparable accuracy.7) The frequencies were mea-
sured by comparing them with the known frequency of
the 11.515-gmm 13C1602 laser (referenced to the CH4-
stabilized He-Ne laser) using sixth-order mixing in a
point-contact diode and with subsequent use of a 2.3-
pm color-center laser and a 1.15-gm He-Ne laser as
frequency-transfer oscillators.

The laser-frequency synthesis chain is shown in Fig.
1. In this chain, the sum of three harmonics of one CO2
laser plus two harmonics of another are heterodyned
with the 130-THz color-center laser radiation on a
W-Ni point-contact metal-insulator-metal (MIM)
diode. Because the MIM diode becomes less efficient

with increasing frequency, it has not been possible to
date to generate more than five harmonics of CO2 laser
radiation in the diode. Therefore transfer oscillators
at 2.3 and 1.15 Am in conjunction with nonlinear fre-
quency-doubling crystals are used to extend the mea-
surement to the visible. Part of the color-center ra-
diation is thus frequency doubled and heterodyned with
the 260-THz (1.15-gm) He-Ne laser on a Ge photo-

LASER FREQUENCY SYNTHESIS CHAIN
(TO.5HrnTO 576 -m, ALL FREQUENCIES IN MHZ)
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#The C02 frequency does not necessarily represent line
center but is the frequency of the laser used in this mea-
surement measured with respect to methane.

Fig. 1. At the top of the chain, a cw dye laser is locked to an
I2 transition. A 1.15-gm He-Ne laser is locked to the dye
laser, and a 2.3-pum color-center laser is locked to the He-Ne
laser. The beat between the CO2 lasers and the color-center
laser is measured.
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diode. The 260-THz He-Ne laser radiation is then
frequency doubled and heterodyned with the output of
a 520-THz (576-nm) cw laser frequency locked to an I2
line observed in saturated fluorescence.

The CO2 laser radiation was generated by two 13C1602
lasers operating on the adjacent lines PI(50) and PI(52).
These CO2 lines were selected because twice the fre-
quency of one CO2 laser plus three times the frequency
of the other nearly equaled the necessary color-center
laser frequency. The PI(50) laser was offset locked to
a second PI(50) laser, which was stabilized by using the
saturated fluorescence signal at 4.3,um from an external
13C1602 absorption cell filled to 5.3 Pa. The PI(52) laser
was phase locked to the PI(50) laser by a stabilized
62-GHz klystron. The two CO2 laser beams were ap-
ertured for individual power control and combined
collinearly with a beam splitter.

The combined CO2 radiation (approximately 200
mW) was focused at 450 with respect to the whisker
onto a W-Ni point-contact MIM diode. Coincident
upon the diode at -45° was 10 mW of 2.3-,um radiation
from the color-center laser. The beat generated on the
MIM diode (VB in Fig. 1) was displayed on an rf spec-
trum analyzer along with frequency markers from a
counted rf oscillator. The signal was averaged for 30
sec on a signal averager and plotted for later interpo-
lation between the two known frequency markers. The
averaged rf beat was typically 50 kHz wide (FWHM).

The 2.3-,um cw color-center ring laser was used as a
frequency-transfer oscillator for connecting the CO2
lasers to the 1.15-,um He-Ne laser. The color-center
laser used (F2+)A centers in Li-doped KCl and provided
broadly tunable laser output from 2.0 to 2.5 Am.8 When
pumped with 4 W of power from a cw 1.3-tim Nd:YAG
laser, the color-center laser produced 120 mW of sin-
gle-mode output power at 2.3 ,m. The laser was op-
erated in a ring configuration9 to ensure efficient, sin-
gle-mode operation and was actively stabilized to a
stable optical resonator with a resulting linewidth of
approximately 10 kHz. The 2.3-gm radiation from the
color-center laser was focused into a temperature-tuned,
900 phase-matched LiNbO3 frequency-doubling crystal
(T = 530°C; dimensions 4 mm X 4 mm X 50 mm) (Ref.
10) and generated approximately 10 ,uW of cw 1.15-,um
radiation. This second-harmonic radiation was com-
bined on a beam splitter with 10 mW of radiation from
a 1.15-,m He-Ne laser, and both beams were then fo-
cused onto a Ge photodiode. The subsequent rf beat,
A2 , was displayed on an rf spectrum analyzer in a
manner similar to the CO2 laser color-center laser beat
and was also used to frequency lock the color-center
laser to the 1.15-,um laser.

The He-Ne 260-THz laser employed an 8-m dis-
charge tube operating at 800-Pa total pressure. This
length of laser ensured sufficient power for mixing and
frequency doubling. A resonant reflector consisting of
a 99% reflective end mirror and a thin lossy metallic film
on a piezoelectric transducer (PZT) positioned 9 cm
from the end mirror provided tuning and mode selec-
tion. A fast PZT on the output coupler was used for
servo frequency control. Approximately 90 mW of the
output power was focused into a temperature-tuned (T
= 185°C) (Ref. 10) 25-mm-long LiNbO 3 frequency-

doubling crystal to generate 50 AW of 520-THz radia-
tion. This visible second-harmonic radiation was col-
linearly combined with a portion of an I2 -stabilized cw
dye-laser output and focused onto a photodiode to
produce an rf beat, A3. This signal was amplified and
sent through a discriminator to provide an error voltage
for frequency locking the He-Ne laser to the I2 by means
of the dye laser.

At the top of the chain, a 520-THz cw dye laser was
servo locked to the hyperfine o component of the 12712
17-1 P(62) transition. Locking was accomplished by
a first-derivative scheme, with the laser modulated at
100 kHz to a depth of 0.5 MHz. The I2 transition had
a linewidth (FWHM) of 1 MHz for a pressure of 4.5 Pa.
The o component was positioned closest to the center
of the doubled 1.15-,um laser line, and since it was well
separated from the other hyperfine components, it had
a relatively undistorted line shape. Corrections for
systematic offsets of the lock point from true line center
are discussed below.

In a separate experiment, the frequency of the
Lamb-dip-stabilized 2 0Ne laser was subsequently
measured relative to the I2 o component. The 8-m
He-Ne laser was offset locked 60 MHz from the 20Ne
laser, and from the resulting beat between the second
harmonic of the He-Ne laser and the I2 -stabilized dye
laser it was possible to determine the 20Ne laser fre-
quency.

The results of the frequency measurements using
VCH4 = 88 376 181.609 i 0.009 MHz are that

V12 = 520 206 808.547 ± 0.081 MHz

and

VNe = 260 103 249.26 + 0.081 MHz.

These frequencies, which are in agreement with previ-
ous less-accurate measurements,6 represent line-cen-
ter-value uncertainties (1-o estimates) of 1.6 parts in
1010 for the visibl3 frequency and 3.1 parts in 1010 for
the 20Ne frequency. Table 1 shows the error budget for
the visible measurement. The largest error arises from
the uncertainty in the frequency of the CO2 reference
laser at the bottom of the chain. The PI(50) laser used

Table 1. Error Budget for the Visible-Frequency
Measurement

Error
Component (kHz)

CO2 laser uncertainty (3.4 kHz times effectively 20 68
harmonics) a

Electronic resettability of entire I2 servo system 40
Uncertainty in first-derivative offsets and pressure 15

shifts
Statistical fluctuation in data 14

Total uncertainty (summed quadratically) 81

a This 3.4 kHz is due to an estimated 1 X 10-10 uncertainty in the
CH,,-stabilized He-Ne frequency added in quadrature to the mea-
surement uncertainties in the determination of the PI(50) fre-
quency.
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in this experiment was compared against a CH4-stabi-
lized He-Ne laser operating at 3.39 gm by use of a
point-contact MIM diode and various CO2 laser lines.
The results of this measurement will be reported sep-
arately. We note here only that the PI(50) laser fre-
quency was resettable to within 5 parts in 10ll, and since
the CH4-stabilized He-Ne laser frequency is resettable
to 3 parts in 1011 and is known absolutely to 1 part in
1010 (this results from averaging the four most recent
international measurements of the CH4 -stabilized
He-Ne laser),2-5 the frequency of the PI(50) laser was
determined to nearly this accuracy. The CO2 uncer-
tainty (3.4 kHz) was multiplied by 20 in the process of
synthesizing the 520-THz frequency.

At the top of the chain, the reproducibility of the 12

lock point was affected by several parameters. First,
we observed a possible 40-kHz shift in the lock point
over an eight-week period caused by a misadjustment
in the servo electronics. This offset could certainly be
reduced or eliminated in a subsequent remeasurement;
however, the reduction in total uncertainty would be
insignificant because of the comparatively large CO2
uncertainty. Hence a remeasurement was not under-
taken. An offset inherent with first-derivative locking
schemes was observed, caused by the servo system's
locking to zero voltage instead of locking to the crossing
of the hyperfine signal with the Doppler background.
The offset correction was measurable in terms of per-
centage of line height and line width, and a correction
was made in the frequency reported above. The mod-
ulation width of the dye laser was adjusted to minimize
modulation offsets. Reductions below 0.5-MHz mod-
ulation width only reduced the signal-to-noise ratio,
with an insignificant (less than 5-kHz) shift of the lock
point. The temperature of the I2 was systematically
varied over 27 0C to determine pressure shifts. Al-
though there are no published data on the 12 line used
in this measurement, the shifts observed were ap-
proximately the same as those observed at 633 (Ref. 11)
and 612 nm (Ref. 12) on 127I2 and 12912, respectively,
namely, -7.5 kHz/Pa. Hence the value reported above
includes the +31-kHz extrapolation to zero pressure.
The corrections for pressure shift and lock-point offset
had an uncertainty of 15 kHz.

The uncertainties caused by laser drift during mea-
surements and by interpolation errors appeared as
scatter in the data and amounted to 14 kHz. Since all
the uncertainties listed in Table 1 are uncorrelated, they
were added quadratically to yield an 81-kHz uncer-
tainty, or 1.6 parts in 1010.

The Lamb-dip-stabilized 2 0Ne laser has been de-
scribed previously.6 When measured against the o
component, it was found to have a 1-or scatter of 71 kHz.
The total uncertainty of the measurement is thus the
quadrature sum of 71 and 40 kHz (uncertainty of the 12

frequence at 1.15 gm) to yield 81 kHz. Several times

during the measurements, the laser was grossly mis-
aligned and realigned to ensure that there were no off-
sets from spatial asymmetry of the mode. No shifts
were detected. The laser was dithered at 4 kHz with a
10-MHz peak-to-peak amplitude.

In conclusion, we have measured the absolute fre-
quency of a visible 520-THz (576-nm) 12 transition to
an accuracy of 1.6 parts in 1010 and of the 260-THz
(1.15-glm) 20Ne Lamb-dip-stabilized laser to 3.1 parts
in 1010. This represents an improvement by almost 3
orders of magnitude in the accuracy of frequency mea-
surements in the visible. The accuracy reported ap-
proaches the current accuracy with which the frequency
of the CH4 -stabilized He-Ne laser is known. Signifi-
cant improvement in these accuracies will require a
remeasurement of methane, narrower spectral features
in the visible, and probably a more-elaborate synthesis
scheme, such as a phase-locked laser-frequency chain
from a visible transition to the atomic-clock time
standard, or realization of new schemes, such as the
proposed frequency divider.13
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