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Abstract. The absolute frequency of an iodine-stabilized
He−Ne laser at 633 nm stabilized on the i (or a13) com-
ponent of the 11-5 R(127) hyperfine transition of the127I2
molecule is measured using a femtosecond optical comb gen-
erator and an iodine-stabilized Nd:YAG laser standard at
1064 nm. We link the measured absolute frequency to the
current internationally adopted value via frequency intercom-
parison between JILA and the Bureau International des Poids
et Mesures (BIPM), leading to the determination of the ab-
solute frequency of the BIPM-4 standard laser. The result-
ing absolute frequencyf i(BIPM) of the BIPM-4 standard laser
is fi(BIPM) = 473 612 214 711.9± 2.0 kHz, which is 6.9 kHz
higher than the value adopted by the Comité International des
Poids et Mesures (CIPM) in 1997.

PACS: 06.20.-f; 06.20.Fn; 06.30.Bp

Precise measurement of an optical frequency in the visi-
ble region of the spectrum is important in metrology as
well as in many fundamental applications such as precision
spectroscopy and the determination of fundamental physical
constants. In metrology, the definition of the unit of length
and its practical realization are based on both the adopted
value for the speed of light in vacuum,c = 299 792 458m/s,
and the frequency of an optical frequency standard. Thus,
length measurements can be now linked to the unit of time.
Among the listed optical frequency standards recommended
by the Comit́e International des Poids et Mesures (CIPM) in
1997 [1], the iodine-stabilized He−Ne laser at 633 nm takes
a unique position in that it has been used most widely for
calibrating lasers used in metrology and therefore has been
the objective of frequency intercomparisons between many
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national metrology institutes. Although there have been ex-
tensive efforts to establish the frequency reproducibility of
the system through heterodyne frequency comparisons be-
tween metrology laboratories [2], it has been very difficult
to measure the frequency accuracy of the system, i.e., the
absolute frequency determination based on a phase coher-
ent frequency chain linked to a Cs primary clock, the cur-
rent realization of the unit of time. Acef et al. [3] measured
the absolute frequency of an iodine-stabilized He−Ne laser
at 633 nm by using a 10µm CO2 laser to link to a visible
optical-frequency synthesis chain. The recommended value
of the frequency adopted by the CIPM in 1997 was based
on that measurement. The current frequency value of the
component i (ora13) of the absorbing molecule127I2, tran-
sition 11-5 R(127), is f i(CIPM) = 473 612 214 705kHz±
12 kHz, corresponding to a relative standard uncertainty of
2.5×10−11, for the standard laser operating conditions listed
in [1].

Quite recently, it was demonstrated that Kerr-lens mode-
locked femtosecond lasers can be used to measure the ab-
solute frequency of an optical frequency standard based on
a narrow transition of an atom, ion, or molecule [4–9]. In
those experiments the repetition rate (or mode spacing of the
comb) of the femtosecond laser was locked phase-coherently
to the microwave frequency standard, the primary atomic Cs
clock. Use of the femtosecond comb generator (FCG) drasti-
cally simplifies the frequency measurement scheme, moving
from a complicated traditional frequency synthesis chain to
a reliable and compact table-top FCG system. Therefore, it is
important for metrology to apply this new approach and its
associated enhancement of measurement accuracy in the de-
termination of the absolute frequency of an iodine-stabilized
He−Ne laser at 633 nm.

In this paper we apply the FCG technique to measure the
absolute frequency of the i (or a13) component of the 11-5
R(127) hyperfine transition of the127I2 molecule at 633 nm.
By comparing the frequencies of portable iodine-stabilized
He−Ne lasers between JILA and the Bureau International
des Poids et Mesures (BIPM), we determine the frequency of
the i component of the BIPM-4 standard laser, which serves
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as the as-maintained international iodine-stabilized He−Ne
laser standard at 633 nm. It should be noted that the portable
lasers used for determination of the absolute frequency of the
BIPM-4 standard laser are transfer flywheels to link the ab-
solute values measured at JILA to those of the BIPM. The
transfer lasers are well-evolved commercial units whose ro-
bustness and stability are well suited to this task. This is, to
our knowledge, the first systematic study to determine the ab-
solute frequency of the international iodine-stabilized He−Ne
laser standard at 633 nm by using a FCG technique. The opti-
cal frequency is determined by the current FCG setup at JILA
with a statistical coherence and apparent accuracy of about
2×10−12, or 600 Hz.

1 Frequency comparison of two iodine-stabilized He−Ne
lasers

Before making the absolute frequency measurement, we
first measured the frequency difference between two iodine-
stabilized He−Ne lasers, one of which would then be used
for the frequency intercomparison. In the experiment, two
commercial iodine-stabilized He−Ne lasers (NIST-126 and
JILA-145) and one high-power modulation-free local oscil-
lator (LO), which was phase locked to the NIST-126 laser
with fixed frequency offsetfΦ, are employed as shown in
Fig. 1a. The NIST-126 laser remained operating in the lab-
oratory during the entire intercomparison period, while the
JILA-145 laser was transported to the National Research
Council of Canada (NRC) in Ottawa for the frequency in-
tercomparison with two other portable lasers of the BIPM
and the NRC. Since the LO contains no modulation in its
spectrum, we explored the beat spectra between the LO and
either the NIST-126 or the JILA-145 laser separately to ac-
curately measure the frequency-modulation (FM) amplitudes
(widths) as described below. Use of the LO in this manner
also facilitates measurement of the frequency difference be-
tween the two iodine-stabilized He−Ne lasers, since they are
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Fig. 1. a Schematic of the experimental setup used to measure the fre-
quency difference between two iodine-stabilized He−Ne lasers, NIST-126
and JILA-145, at 633 nm. Components shown are local oscillator (LO),
acousto-optic modulators (AOM), beam splitter (BS), beat frequency detec-
tor (BD), and phase-lock frequency (fΦ). b Frequency relations among the
NIST-126 laser, the JILA-145 laser, and the LO ina

unaffected by the modulated output spectrum of each other.
To achieve good isolation from the back-reflected beams, an
acousto-optic modulator was placed at the output of each
laser as shown in Fig. 1a by AOM-N, AOM-L, and AOM-J.
The measured frequenciesfAOM-N, fAOM-L , and fAOM-J as-
sociated with AOM-N, AOM-L, and AOM-J are listed in
Table 1, together with the phase-lock offset frequencyfΦ.
The introduced frequency offsets of the LO, the JILA-145
laser, and the NIST-126 laser, after passing through their
AOMs, are+ fAOM-L (+1st order) and− fAOM-J (−1st order),
and −2× fAOM-N (−1st order double-passed), respectively,
with respect to their laser output frequencies. The factor
of two arises for the NIST-126 laser because we double-
passed the AOM-N. This latter configuration is attractive
for use with the “anti-dither” concept to actively cancel the
frequency modulated spectrum by applying an accurately
matching negative version of the He−Ne laser’s FM dither
to the AOM [10]. Frequency relations among the NIST-126
laser, the JILA-145 laser, and the LO in Fig. 1a are summa-
rized in Fig. 1b.

To determine precisely any frequency shifts that might
have happened during the trip for the frequency intercompar-
ison, we performed a systematic investigation of the coeffi-
cients of the frequency shifts, such as iodine-cell temperature,
laser output power, and peak-to-peak FM amplitude, for the
JILA-145 laser under different laser operating conditions. We
studied the effect of these operating parameters on the fre-

Table 1. Measured frequencies associated with AOM-N, AOM-L, AOM-J,
and fΦ in Fig. 1a: f is the corresponding frequency ands is the estimated
standard uncertainty for one measurement

f (MHz) s (Hz)

fAOM-N 79.999686 0.3
fAOM-L 79.999237 0.2
fAOM-J 80.002866 0.2

fΦ 193.624679 3.0

Table 2. Effects of modulation amplitude, iodine temperature, and output
power on the measured frequencies of the d, e, f, and g components of
the transition 11-5 R(127) of127I2 for the JILA-145 laser.L is the slope
of a linear fit to the data points andu is the standard deviation for one
measurement

Operating parameters Component L u

Iodine-cell temperature coefficient d −13.23 0.20
(∆ f/∆θI2)(kHz/K) e −13.21 0.30

f −12.55 0.27
g −13.16 0.20
h −13.53 0.74
i −13.67 0.18

Average −13.23 0.31
FM amplitude coefficient d −6.26 1.18

(∆ f/ fw)(kHz/MHz) e −10.52 0.60
f −9.43 0.83
g −13.20 0.38

Average −9.86 0.75
Extracavity power coefficient d +0.004 0.020

(∆ f/∆p)(kHz/µW) e −0.080 0.014
f −0.095 0.021
g −0.124 0.022

Average −0.074 0.019
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quency shift of four hyperfine components, d (or a18), e (or
a17), f (or a16), and g (or a15). The schematic of the experiment
is again shown in Fig. 1a and the measurement results are
summarized in Table 2. (The iodine-temperature dependence
of the h (or a14) and i (or a13) components was also meas-
ured and is included in Table 2.) In addition, the intensity
transmittance of the output coupler of the JILA-145 laser was
measured to be 7.8×10−3, and so the recommended one-way
intracavity power of 10 mW would be satisfied at an output
power of 78µW.

For the measurement of the FM amplitude in Table 2, we
employed a frequency-to-voltage (F/V) converter and a fast-
Fourier-transform (FFT) spectrum analyzer. To use this sys-
tem for the analysis of laser beat spectrum, we down-mixed
the detected beat frequency with a stable radio-frequency
(RF) synthesizer. The calibration tests were performed at the
frequency of 20 MHz from the RF Mixer, which was the cen-
tral operating frequency of the F/V converter. The schematic
of this experiment is shown in Fig. 2, where the beat detector
corresponds to the beat detector BD in Fig. 1a. We meas-
ured the FM amplitude under conditions where the JILA-145
laser was either locked or unlocked, with no discernible dif-
ferences. Using a digitally precise frequency synthesizer with
FM capability, we confirmed that this measurement technique
has the accurate dither calibration of 3.00±0.015 V peak-to-
peak for a 6 MHz peak-to-peak FM span at the 8.333 kHz
dither frequency. The F/V distortion was small, with the
largest harmonic being the 2nd, at −70 dB relative to the
fundamental.1

We measured the 16 elements of the 4×4 matrix for
the frequency difference between each of the d, e, f, and

1 This F/V design uses a charge-pump concept, transferring a rate-
independent charge quantum for each positive-going zero-crossing of its
input wave.

Fig. 2. Experimental setup used to measure the FM amplitude with
a frequency-to-voltage converter and an FFT spectrum analyzer

Table 3. Average frequency difference∆ f with standard deviations be-
tween the JILA-145 and the NIST-126 lasers before and after frequency
intercomparison, whereθI2, fw, and P are the iodine-cell temperature, the
peak-to-peak FM amplitude, and the output power of the JILA-145 laser
when the frequency is stabilized on the d component. Values for the NIST-
126 laser were kept constant during the whole experiment at 14.88◦C,
6.0 MHz, and 85µW, respectively

fJILA-145− fNIST-126 ∆ f (kHz) s (kHz) θI2 (◦C) fw (MHz) P (µW)

Before 1.0 1.1 14.91 5.67 98
After −1.8 0.7 14.91 5.98 92

g components of the NIST-126 and the JILA-145 lasers
to determine the average frequency difference between the
two systems before and after the frequency intercompari-
son. From these measurements we also obtained the fre-
quency intervals between each hyperfine component. Table 3
shows the results for the average frequency difference be-
tween the NIST-126 and JILA-145 laser systems both before
and after the frequency intercomparison. The operating pa-
rameters, such as iodine-cell temperature, FM amplitude,
and laser output power, for the NIST-126 laser were kept
constant at the values of 14.88◦C, 6.0 MHz, and 85µW
during the whole experiment. As may be seen in Table 3,
there was an apparent change of average frequency dif-
ference between the JILA-145 and NIST-126 lasers from
+1.0 kHz to −1.8 kHz, which can be clearly understood
by considering the deliberate operating-parameter changes
of the JILA-145 laser midway through the JILA–BIPM
frequency intercomparision. Namely, it was judged useful
to modify the power and FM dither settings of the JILA-
145 laser to better match the conditions set forth in the
CIPM documentation [1]. Using the coefficients of frequency
shift given in Table 2, we found that a modulation ampli-
tude change of+0.31 MHz shifts the “before” frequency
of the JILA-145 laser down by−3.1 kHz, while an output-
power change of 6µW shifts the “before” frequency of the
JILA-145 laser up by 0.4 kHz. The total frequency shift
induced by the operating-parameter changes is thus about
−2.7 kHz, which accounts nearly completely for the ap-
parent frequency change of about−2.8 kHz between the
“before” and “after” measurements. This is the basis for our
confidence that the transport process had no significant ef-
fect on the frequency reproducibility of by the JILA-145
laser.

2 Absolute frequency measurement using femtosecond
optical comb generator

Figure 3 shows the experimental setup that we used to meas-
ure the absolute frequency of the 633 nm He−Ne laser; we
used an FCG and an iodine-stabilized Nd:YAG laser at ei-
ther 532 nm or the laser’s fundamental frequency of 1064 nm.
The details of the experimental setup for the FCG are pub-
lished elsewhere [8]. The absolute frequency of the 1064 nm

δ

δ
δ

Fig. 3. Experimental setup used to measure the absolute frequency of
633 nm He−Ne laser with a femtosecond comb generator and an iodine-
stabilized Nd:YAG laser at 1064 nm
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Nd:YAG frequency standard, stabilized to the a10 compon-
ent of the 32-0 R(56) hyperfine transition of127I2, is re-
ported to be f = 281 630 111 757.20± 0.65 kHz [8]. It is
worthwhile to note the stability of our FCG system: each
time we measure an unknown frequency, for examplefa
in Fig. 3, we measure the absolute frequency of the iodine-
stabilized Nd:YAG laser at either 1064 nm or 532 nm. In
this 4-month record of the absolute frequency measurements,
we found that the measured day-to-day values agreed to
within ±0.5 kHz at 1064 nm. We also note that because we
measure the absolute frequency of the Nd:YAG laser before
each measurement offa, only the stability of the iodine-
stabilized Nd:YAG system, and not its larger realization un-
certainty, is relevant to the absolute frequency measurement
of fa [8].

In Fig. 3,δ f (δ2 f ) is the beat frequency between the 1064
(532) nm Nd:YAG laser, whose frequency is stabilized to the
a10 component of the 32-0 R(56) transition at 532 nm, and
the nearest comb component, whileδ fa is the beat frequency
between the 633 nm He−Ne laser and the nearest comb com-
ponent. Therefore, the unknown frequencyfa in Fig. 3 can be
determined by counting the beat frequenciesδ f (or δ2 f ) and
δ fa between the nearest comb components atf (or 2 f ) and fa,
respectively.

We measure the absolute frequency of the i component
of the 11-5 R(127) hyperfine transition of127I2 for the JILA-
145 laser in two steps. First, the output of the LO passing
through the AOM-L, whose fundamental frequency is phase-
locked to the i component of the NIST-126 laser in Fig. 1a,
is sent to thefa port in Fig. 3 for measurement of the ab-
solute frequency (fFCG in Fig. 1b). Since the signal-to-noise
ratio (S/N) of the heterodyne beat signals at both the red
and infrared portions of the spectrum is typically∼ 15 to
20 dB in a 100 kHz bandwidth, which is insufficient for ac-
curate direct counting, we use tracking oscillators in each
channel. Second, on the same day, we measure the frequency

Fig. 4. a Measurement of the sum of the beat frequencies,δfa +δ f in Fig. 3,
with a gate time of 1 s.b Allan deviation corresponding toa

difference between the LO beam and the JILA-145 laser
by heterodyne beat, as shown in Fig. 1a (fBD in Fig. 1b).
The parameters of the JILA-145 laser continue to be set to
the “after” values in Table 3. The measured beat frequency
fBD between the LO after AOM-L and the JILA-145 laser
after AOM-J, when both the NIST-126 and the JILA-145
lasers are locked on the i components, isfBD = 193 619.24±
1.00 kHz.

Figure 4a shows the typical beat frequency as a function
of time with an average (gate) timeτ of 1 s corresponding to
the sum of the beat frequenciesδ f andδ fa. By measuring the
sum or difference frequencies of theδ f andδ fa, we can ef-
fectively eliminate the common-mode noise problem, which
arises from fluctuations of the carrier frequency offset of the
fs mode-locked laser [8]. Figure 4b shows the Allan devia-
tion corresponding to the measurement of the sum of the beat
frequencies in Fig. 4a (solid circles•), together with the Al-
lan deviation of the JILA-145 laser from the manufacturer’s
data (solid squares�). The straight line in Fig. 4b is a vi-
sual guide indicatingτ−1/2 dependence of the Allan deviation
with the averaging timeτ. It is clear from Fig. 4b that the
measurement uncertainty of the current FCG system is not
limited by the FCG measurement system itself; rather, it is
limited by the stability of the iodine-stabilized He−Ne laser.
It often happened that forτ ≥ 30 s the Allan deviation be-
came even smaller than that expected for the JILA-145 laser:
we offer no explanation, but note this drop-off behavior does
occur beyond the time scale of some periodic perturbation
process.

The repetition rate of the femtosecond laser is locked to
a local Rb clock whose frequency is accurately known rela-
tive to the NIST primary Cs clock via a common-view GPS
link [8]. For the data presented here, the repetition rate is
100 013.720 kHz and the number of comb mode-spacings be-
tween fa and f is 1 919 555. We know the absolute value of
f = 281 630 111 757.22±0.30 kHz for the iodine-stabilized
Nd:YAG laser at 1064 nm, which was measured on the same
day as our He−Ne measurements and is consistent with our
recently published value [8]. We find the frequency of the
i component at the frequency input port of the femtosec-
ond comb generator in Fig. 1a (orfFCG in Fig. 1b) to be
fFCG = 473 611 941 089.84±0.31 kHz. We apply frequency
correction of−0.38 kHz for the measured frequency to the
standard operating conditions (10 mW one-way intracavity
power, 15◦C cold-finger temperature, and 6 MHz peak-to-
peak FM width; recommended by the CIPM [1]) by using
the average coefficients in Table 2 for the ‘after’ values in
Table 3. From the frequency relations betweenfFCG and
fJILA−145 in Fig. 1b, we obtain the following absolute fre-
quency f i(JILA) for the i component of the 11-5 R(127) hyper-
fine transition of the127I2 molecule of the JILA-145 laser:

fi(JILA) = 473 612 214 711.57±1.06 kHz. (1)

Ultimately the measurement uncertainty for the absolute
measurement of an optical frequency by using the FCG sys-
tem arises from the environmental sensitivity in our present
Rb-based atomic RF reference system: reaching the interest-
ing transfer accuracy< 10−13 requires 24 h averaging of the
common-view GPS data. The measured absolute frequency
is 6.6 kHz higher than the internationally adopted values in
1997 [1]. We also measure the absolute frequency of the
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f component of the JILA-145 laser that results in the fre-
quency interval∆( ff − fi) between the f and i components
to be 138 890.80 kHz, which agrees well with the value of
138 891.00 kHz measured by the heterodyne measurement
set-up in Fig. 1.

3 Frequency comparison between JILA and BIPM

It is important to link the absolute frequency of the JILA-
145 laser measured in the present work to the frequency
of the BIPM-4 standard laser, since the absolute frequency
of the BIPM-4 laser is known [3] and the current practi-
cal realization of the definition of the meter, adopted by
the CIPM in 1997, is based on that value [1]. The JILA-
145 and BIPM-P3 lasers were transported to the NRC in
Ottawa, Canada, for a frequency intercomparison. From
April 10 to 14, 2000, we performed frequency intercom-
parisons between the BIPM, NRC, and JILA lasers as
well as an absolute frequency measurement of an iodine-
stabilized He−Ne laser at 633 nm (f component of the INMS-
3 laser of the NRC) by using the phase-coherent NRC
frequency synthesis chain and the Sr+ optical frequency
standard.

We emphasize the role of the JILA-145 and BIPM-
P3 lasers as being transfer flywheels for the determination
of the absolute frequency of the BIPM-4 standard laser;
namely, we measured the frequency interval between the
JILA-145 and BIPM-4 lasers via the BIPM-P3 laser, and
then measured the absolute frequency of the JILA-145
laser under the same operating conditions, from which we
obtained the absolute frequency of the BIPM-4 standard
laser.

The average frequency differences among the three stan-
dard lasers participating in the frequency determination
of the BIPM-4 standard are listed in Table 4. All values
in Table 4 are the frequencies corrected to the standard
operating conditions using the measured frequency-shift-
coefficients in Table 2 for the JILA-145 and for the BIPM-
P3 laser2. The measured frequency difference between the
JILA-145 and BIPM-P3 lasers obtained by the optical het-
erodyne beat measurement was−3.5± 1.6 kHz. This re-
sult was obtained by averaging three different measure-
ment results using a similar setup to that used in Sect. 1
for three different operating parameters. The frequency cor-
rections were made under the standard operating condi-
tions recommended by the CIPM [1] for both lasers. The

2 The coefficients for the operating parameters of the BIPM-P3 laser,
measured in March 2000, are−0.048 kHz/µW, −9.2 kHz/MHz, and
−14.2 kHz/K, respectively.

Table 4. Average frequency differences among three standard lasers par-
ticipating in the frequency determination of the BIPM-4 standard laser:
fJILA-145, fBIPM-P3, and fBIPM-4 are, respectively, the frequencies of the
JILA-145 laser, the BIPM-P3 laser, and the BIPM-4 standard laser under
standard operating conditions

Frequency difference (kHz) Uncertainty (kHz)

fJILA−145− fBIPM−P3 −3.5 1.6
fBIPM−P3− fBIPM−4 3.2 0.4
fJILA−145− fBIPM−4 −0.3 1.65

results of the frequency comparisons between three dif-
ferent laboratories, i.e. the BIPM, JILA, and NRC, are
published elsewhere [11]. In order to link the absolute
frequency of the JILA-145 laser to that of the BIPM-4
standard laser, it is necessary to know the frequency dif-
ference between the BIPM-P3 and BIPM-4 lasers at the
standard conditions. The average frequency difference be-
tween the BIPM-P3 and BIPM-4 lasers, measured before
and after the intercomparion, was+3.2±0.4 kHz, as shown
in Table 4.

The absolute frequency of the JILA-145 laser is linked to
the frequency of the BIPM-P3 laser through the frequency in-
tercomparison, which resulted in a direct determination of the
absolute frequency of the i component of the BIPM-4 stan-
dard laser. By taking into account the frequency difference
between the transfer standards (JILA-145 and BIPM-P3) in
Table 4 and the absolute frequency of the i component of the
JILA-145 laser in (1), we determine the following value for
absolute frequencyf i(BIPM) of the i component of the BIPM-4
standard laser:

fi(BIPM) = 473 612 214 711.9±2.0 kHz. (2)

Although the determined frequency is 6.9±2.0 kHz higher
than the internationally accepted value adopted by the CIPM
in 1997 [1], it is within the accepted uncertainty of 12 kHz.
If we consider the stability (and reproducibility) of the stan-
dard lasers involved in the present measurement, however, the
accepted uncertainty of 12 kHz may be too generous with re-
gard to the present work, as discussed in Sect. 1. The biggest
contribution to the combined measurement uncertainty in (2)
is the uncertainty of±1.6 kHz in the frequency-difference
measurement between the JILA-145 and BIPM-P3 lasers as
shown in Table 4.

4 Conclusions

We have measured the absolute frequency of the JILA-145
laser at 633 nm stabilized on the i (or a13) component of
the 11-5 R(127) hyperfine transition of the127I2 molecule
using a femtosecond optical comb generator and an iodine-
stabilized Nd:YAG laser standard at 1064 nm. The meas-
ured frequency of the JILA-145 laser under standard opera-
tion conditions is, fi(JILA) = 473 612 214 711.57±1.06 kHz,
which is 6.6 kHz higher than the values adopted by the
Comit́e International des Poids et Mesures (CIPM) in 1997 [1].
From a frequency intercomparison between JILA and the
BIPM, we link the absolute frequency of the JILA-145 laser
to that of the BIPM-4 standard laser, the as-maintained inter-
national iodine-stabilized He−Ne laser standard at 633 nm.
The determined absolute frequency of the i component of
the BIPM-4 standard laser isfi(BIPM) = 473 612 214 711.9±
2.0 kHz. Our measured frequency for its i component of the
BIPM-4 standard laser is 6.9 kHz higher than the internation-
ally accepted value adopted by the CIPM in 1997.
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