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Wavelength standard at 543 nm
and the corresponding

127I2 hyperfine transitions
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We have constructed two compact iodine-stabilized 543-nm He–Ne lasers and studied the corresponding 127I2
hyperfine transitions. The frequency stability of our lasers reaches 6.2 3 10214 during a 30-s sampling time;
and the resettability is less than 2 kHz. The frequency intervals of the hyperfine peaks were measured and
the corresponding hyperfine constants were determined. The line width of each main line was measured.
The properties of the b10 line, which is suggested to serve as the wavelength standard at 543 nm, were inves-
tigated in detail for what is to our knowledge the first time. © 2001 Optical Society of America
[S0740-3224(00)00912-7]
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1. INTRODUCTION
In 1983 the meter was redefined as the distance that light
travels in 1/299,792,458 s in vacuum.1 Therefore one can
measure a meter by using a frequency-stabilized laser
locked to a suitable molecular–atomic transition center.2

At present, most national standards laboratories use the
iodine-stabilized 633-nm He–Ne laser as the primary
length standard, and many international comparisons
have been made.3–6 Typically, an iodine-stabilized
633-nm laser has frequency stabilies of ;1.8 3 10211 for
a 1-s sampling time and of 1.8 3 10212 for a 100-s sam-
pling time, and reproducibility is ;12 kHz.6 The laser’s
performance is limited by the configuration of the intrac-
avity iodine cell.

After the hyperfine transitions of 127I2 in an external
absorption cell with an internal-mirror 543-nm He–Ne la-
ser was observed in 1986,7 the iodine-stabilized green
He–Ne laser was investigated in several laboratories8–14;
it has been used as a wavelength standard since 1992.15

A compact iodine-stabilized 543-nm laser system with a
good signal-to-noise ratio was since demonstrated, and
the b10 line of the R(106)28-0 transition was suggested
as the wavelength standard line for a 543-nm He–Ne la-
ser. The b10 line is isolated from other main lines, and it
does not suffer interference from cross-over resonances.14

In this paper we report the results of our studies of
compact iodine-stabilized 543-nm green He–Ne lasers in
which we used two similar iodine-stabilized lasers. The
frequency stabilities were 3 3 10213 and 6.2 3 10214 for
1- and 30-s sampling times, respectively. The
resettability16,17 was less than 2 kHz during one week,
and the frequency offset was ;7 kHz. Our results show
that the iodine-stabilized green He–Ne laser is superior
to the conventional iodine-stabilized 633-nm He–Ne la-
ser.

We also report on our investigations of the correspond-
ing 127I2 hyperfine transitions. The frequency intervals
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of the main lines were measured, and the corresponding
hyperfine constants were determined. We also measured
the linewidth of each main line. The spectroscopic prop-
erties of the suggested length standard line (b10), such as
pressure shift, pressure broadening, and the absorption
coefficient, were investigated.

2. EXPERIMENTAL SETUP
The setup for our beat-frequency measurement system is
shown in Fig. 1. We constructed two similar iodine-
stabilized 543-nm He–Ne lasers as described in Ref. 14.
Both lasers use Melles Griot 05-LGR323 laser tubes, each
of which has a piezoelectric transducer glued into it and a
heating tape wrapped about it for modulating and locking
the laser frequency, respectively. Each laser is enclosed
in a thin aluminum box without temperature regulation.
Compared with the other Melles Griot laser tubes used in
the research described in Ref. 14, this laser tube has an
improved structure such that no adjusting screws or
wooden box is needed for maintaining the laser power.

For frequency locking, each laser is modulated at ;23
kHz with a modulation depth of 3 MHz. The modulation
frequencies of the two lasers differ by ;1 kHz. The con-
ventional third-harmonic locking method is used to lock
the laser frequency to the iodine hyperfine peak. The
temperature of the cold finger of each iodine cell is regu-
lated by a thermoelectric cooler, and the cell wall is main-
tained at room temperature. The reader should refer to
Ref. 14 for details of the frequency locking.

Because laser 1 has 120-mW single-mode power,
whereas laser 2 has 270 mW of power, a double Faraday
isolator is employed in laser system 2 to eliminate the un-
wanted modes. We also use lenses of different focal
lengths to obtain the same power intensity (0.6 mW/mm2)
in the iodine cells. In addition, the b10 line is located at
2001 Optical Society of America
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Fig. 1. Schematic diagram of our experimental setup. Each laser is enclosed in a thin aluminum box. PZT’s, piezoelectric transduc-
ers; HWP’s half-wave plates; QWP’s, quarter-wave plates; DFI, double Faraday isolator; FI, Faraday isolator; PBS’s, polarizing beam
splitter’s L1, L2, convex lenses of focal lengths 50 and 30 cm, respectively; M1, M2, 90% partial reflection mirrors; M3, total reflection
mirror, BS, beam splitter; AOM, 80-MHz acousto-optic modulator; PD, photodiode; APD, avalanche photodiode; PA, preamplifier; SA,
spectrum analyzer; SG, signal generator; LF, 10-MHz low-pass filter; FC, frequency counter; SL’s servo loops; PC, personal computer.

Fig. 2. Experimental arrangement for measuring the absorption coefficient of the b10 line. The abbreviations are same as in Fig. 1,
except as follows: L1, concave lens ( f 5 215 cm); L2, convex lens ( f 5 7 cm); CF’s, cold fingers; CP, chopper; M, partial reflection
mirror (R 5 90%); PB, probe beam; PM, powermeter.
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the wing of the gain profile of laser 1, whereas it is located
at the center of the gain profile of laser 2. The third-
harmonic demodulated signal for the b10 line is approxi-
mately two times larger for laser 2. Therefore laser 2 has
better stability than laser 1 when both lasers are stabi-
lized to the b10 line.

The beat note between lasers 1 and 2 is detected by an
avalanche photodiode. First it is amplified by a preamp-
lifier (HP 8447D), and then the beat frequency is down-
converted to a frequency of less than 10 MHz by a signal
generator (HP 8643A) and a HP 10514A mixer with a 10-
MHz low-pass filter (Mini-circuit BLP-10.7) to eliminate
the interference from the other longitudinal modes, we
measured the beat frequency with a frequency counter
(HP 5313A) and recorded it with a personal computer.
When both lasers are locked to same hyperfine peaks we
use an 80-MHz acousto-optic modulator to shift the fre-
quency of the laser 1 by 180 MHz.

The experimental setup for measuring the absorption
coefficient of the b10 line is shown in Fig. 2; the laser is
locked to the b10 line by a third-harmonic locking tech-
nique. The probe beam power can be adjusted by use of a
half-wave plate, and the laser beam is expanded by a con-
cave lens to ensure a sufficiently weak probe intensity in
the iodine cell. The beam radius is 2.75 mm at one Brew-
ster window of the iodine cell and 2.81 mm at the other
end. Two lock-in amplifiers are used to measure the
probe power, and their readings are calibrated against a
Newport Model 815 powermeter. The transmittance of
the empty cell is estimated from measurement at a low
vapor pressure (;0.4 Pa) by use of relatively high probe
power (100 ; 170 mW).

3. EXPERIMENTAL RESULTS
A. Frequency Stability and Resettability
The typical two-sample Allen standard deviation of the
beat frequency between our two laser systems is depicted
in Fig. 3. Here, laser 1 is locked to b2 and laser 2 is
locked to b15 . The cold-finger temperature of both cells
is 0 °C. The Allan standard deviation is 3 3 10213 for a
1-s sampling time and 6.2 3 10214 for a 30-s sampling
time, which verifies the previous estimate14 based on the
signal-to-noise ratio of the saturated absorption signal.
Note that we use only the thermal loop to lock the laser.
Long-term drift is observed for sampling times longer
than 100 s and is probably due to the temperature drift of
the cold finger of the iodine cell. The temperature stabil-
ity of the cold fingers is 60.05 °C.

There is a 7-kHz frequency offset between the two la-
sers when they are locked to the b10 hyperfine peak. We
measured the frequency resettability16,17 to be less than 2
kHz by measuring the beat frequency between the b10
and the b2 lines for one week.

B. Frequency Intervals and Hyperfine Constants
Table 1 lists the measured frequency differences of the
main lines relative to the b10 line and also previous re-
sults. The average uncertainty of our measurements is
;0.9 kHz. Our measured frequencies are in good agree-
ment with the previous results, especially the results of
Brand11 and Simonsen et al.13
Precise measurements of the hyperfine splitting of vari-
ous rovibronic transitions verified that the hyperfine in-
teractions of molecular iodine are caused by nuclear elec-
tric quadrupole–surrounding charge distribution
interaction (Hneq),

18 nuclear magnetic dipole–molecule
angular rotation interaction (Hsr),

18 ‘‘tensor nuclear
spin–spin’’ interaction (Htss),

19 and a scalar nuclear
spin–spin interaction (Hsss),

18,20–22 and the hyperfine
Hamiltonian can be expressed as

Hhyperfine 5 Hneq 1 Hsr 1 Htss 1 Hsss

5 2eqQf~I, J, F ! 2 CIYJY 2 d

3 @~ Î1Î2 2 3~ Î1r̂12!~ Î2r̂12!/r1
2# 1 dI1I2 ,

where, IY denotes the nuclear spin, JY denotes the orbital
angular momentum, F 5 I 1 J denotes the coupling an-
gular momentum and I, J, and F are the corresponding
quantum numbers, r12 denotes the distance between the
two nuclei, and eqQ, C, d, and d are the hyperfine con-
stants. The hyperfine constants can be determined by
the measured frequency intervals of the hyperfine struc-
ture. The details of the function f(I, J, F) and the inter-
pretation of the hyperfine coupling constants can be found
in Ref. 18.

The hyperfine constants determined by the frequency
intervals of Table 1 are listed in Table 2, along with the
previous results. The program for fitting the hyperfine
constants was generously given by S. Fredin-Picard of
BIPM.23 The hyperfine coupling constants of the lower
level were taken from a paper by Yokozeki and
Muenter.24 As Table 2 shows, all the results agree very
well.

C. Linewidths of Main Lines
By measuring the relationship of the modulation broad-
ening width to the modulation width, one can determine
the actual linewidth of each main line by using the result

Fig. 3. Two sample Allan standard deviations s(2, t) of the beat
frequency between the b15 and b2 lines; t, sampling time. Both
horizontal and vertical axes are on a log scale. The solid line is
proportional to 1/t.
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Table 1. Measured and Fitted Frequency Intervals (in MHz) with Respect to b10
a

Hyperfine
Structure This Work Fitted DFM1b1 PTBcb2 Lin et al.c Brandd Rayman et al.e Chartier et al.f

R(12) 26-0
a3 2910.419
a4 2853.335
a5 2848.131
a6 2795.924 2795.913 2795.915 2795.889
a7 2752.380 2752.379 2752.379 2752.383 2752.430
a8 2733.132 2733.131 2733.133 2733.130 2733.160
a9 2679.4196(7) 2679.4196 2679.417 2679.419 2679.420 2679.404 2679.420
a10 2596.1073(9) 2596.1090 2596.130 2596.133 2596.131 2596.121 2596.170
a11 2485.6164(8) 2485.6158 2485.617 2485.607 2485.545 2485.610 2485.656 2485.663
a12 2746.3475(6) 2476.3495 2476.348 2476.355 2476.402 476.352 2476.358 2476.391
a13 2423.2218(9) 2423.2231 2423.223 2423.227 2423.234 2423.226 2423.231 2423.265
a14 2410.0169(6) 2410.0250 2410.004 2410.014 2410.012 2410.019 2410.019 2410.066
a15 2305.9037(7) 2305.8958 2305.903 2305.907 2305.919 2305.906 2305.917 2305.990

R(106) 28-0
b1 2573.7889(18) 2573.7749 2573.767 2573.760 2573.759 2573.774 2573.812
b2 2320.4573(6) 2320.4601 2320.460 2320.461 2320.465 2320.462 2320.474 2320.515
b3 2291.5928(6) 2291.6018 2291.593 2291.580 2291.601 2291.585 2291.606 2291.71
b4 2282.1346(6) 2282.1468 2282.136 2282.149 2282.143 2282.142 2282.148 2282.31
b5 2253.6716(9) 2253.6715 2253.672 2253.674 2253.677 2253.675 2253.679 2253.53
b6 2172.6892(7) 2172.6853 2172.690 2172.692 2172.697 2172.692 2172.694 2172.7
b7 2159.4284(5) 2159.4292 2159.429 2159.425 2159.433 2159.427 2159.429 2159.423
b8 2127.7527(7) 2127.7559 2127.755 2127.764 2127.761 2127.763 2127.752 2127.759
b9 2114.5769(8) 2114.5740 2114.577 2114.569 2114.580 2114.573 2114.570 2114.574
b10 0 0 0 0 0 0 0 0
b11 124.8274(9) 124.8291 124.825 124.826
b12 132.3159(12) 132.3195 132.312 132.318
b13 154.5148(11) 154.5206 154.511 154.507
b14 162.6568(10) 162.6571 162.653 162.640
b15 287.2406(12) 287.2403 287.243 287.226

Average difference (kHz) 4 4 8 12 8 10 66

a The standard uncertainty of to the last digits is given in parentheses. The uncertainties in other studies, which from 1 kHz to a few tens of kilohertz,
are not shown. The average difference is the average of the absolute values of the differences with respect to our measured results.

b1 Ref. 13, Danish Institute of Fundamental Metrology.
b2 Ref. 13, Physikalisch-Technische Bundesanstalt.
c Ref. 12.
d Ref. 11.
e Ref. 26.
f Ref. 9.
of Nakazawa’s analysis,14,25 here the modulation broad-
ening width is defined as the frequency difference be-
tween the two side zeros of the third derivative signal.
The HWHM of the a9 component is 0.85 6 0.05 MHz in
this experiment and agrees well with the values given in
Refs. 9, 14 and 26. Table 3 lists the linewidths of the
main lines that we observed. From Table 3 we conclude
that the linewidths for the observed hyperfine compo-
nents of the R(12) 26-0 transition (a9 to a15) are approxi-
mately the same within our accepted degree of uncer-
tainty, but for the R(106) 28-0 transition (b1 to b15) the
linewidths show some variation. In particular, the b5
component has the largest linewidth (1.25-MHz HWHM),
and its third-harmonic demodulated signal consequently
has the worst signal-to-noise ratio. The fifth component
of the other transitions has 15 hyperfine components, and
the third component of the other transitions has 21 hyper-
fine components.27 From Table 3 we find that the line-
width increases when the quantum number of the cou-
pling angular momentum F increases. For example, the
b5 line (largest linewidth) corresponds to F 5 111 (larg-
est F), whereas the b5 line (smallest linewidth) corre-
sponds to F 5 103 (smallest F). Therefore we suspect
that the F-dependent spontaneous predissociation
broadening28,29 plays a role in the linewidth-broadening
mechanism of the 127I2 hyperfine transitions in visible
range.

D. Pressure Shift and Linewidth Broadening of the b10
Line
One determines the pressure shift by measuring the
change in the beat frequency while varying the cold-finger
temperature of one iodine cell (Fig. 2) and keeping the
other at 0 °C (the corresponding vapor pressure is 4.12
Pa) when both lasers are stabilized to the b10 line. Fig-
ure 4 shows that the frequency shift is linear with respect
to the vapor pressure, with a red shift pressure of 24.3
6 0.4 kHz/Pa. This implies the existence of an attrac-
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Table 2. Fitted Hyperfine Coupling Constants for the 127I2 R(12) 26-0 and R(106) 28-0 Transitionsa

Transition This Work Brandb Chartier et al.c

R(12) 26-0
DeqQ (MHz) 1917.62(7) 1917.76(1) 1917.70(5)
DC (kHz) 59.1(2) 59.13(1) 59.21(12)
Dd (kHz) 235(2) 228.3(3) 226.1(1.1)
Dd (kHz) 215(3) 28.7(2) 211.0(1.6)
Standard deviation (kHz) 8.1 5.6 6

R(106) 28-0 Lind

DeqQ (MHz) 1914.452(14) 1914.4320(86) 1914.422(7) 1912.96(47)
DC (kHz) 70.268(8) 70.267(3) 70.30(1) 70.71(17)
Dd (kHz) 234.6(6) 233.9(3) 234.0(14) 1.58(5)
Dd (kHz) 26.7(9) 29.6(4) 28.6(3) 23.66(3)
Standard deviation (kHz) 6.8 2.3 5.4 44

a The lower-level constants are the following: eqQ9 5 22452.5837 MHz, C9 5 3.162 kHz, d9 5 1.58 kHz, and d9 5 3.66 kHz. Here, DeqQ 5 eqQ8
2 eqQ9 5 high level–low level, and similarly for Dc, Dd, and Dd.

b Ref. 11.
c Ref. 22.
d Ref. 12.

Table 3. HWHM Linewidth of the Hyperfine Transitions at 4.12-Pa Vapor Pressurea

Hyperfine line a9 a10 a11 a12 a13 a14 a15 b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11 b12 b13 b14 b15

Quantum number F 13 9 14 12 17 10 11 107 103 106 108 111 104 105 109 110 107 105 106 108 109 107
Linewidth (MHz) 0.85 0.8 0.85 0.85 0.9 0.9 0.9 0.9 0.85 0.9 0.95 0.125 0.85 0.9 1.00 1.05 0.85 0.85 0.85 0.95 0.95 0.9

a F is the quantum number that corresponds to the coupling angular momentum F (see text). The a lines are R(12) 26-0 hyperfine transitions, and the
b lines are R(106) 28-0 hyperfine transitions.
tive force during collisions between iodine molecules.30

For comparison, Brand obtained a pressure shift of 23
kHz/Pa for the a9 line.11

We also measured the pressure dependence of the line-
width of the b10 line, and the result is shown in Fig. 5.
The pressure-broadening effect dominates for pressures
of 3.1 to 5.8 Pa, and the pressure-broadening coefficient is
111 6 5 kHz/Pa. Treating the 127I2 vapor as an ideal gas
at high vapor pressure is not appropriate because the pre-
dissociation rate and the van der Waals force, among
other effects, will increase when the vapor pressure is
increased.28,29,31 The power-broadening effect will be
dominant for low vapor pressure. Therefore the slope
mentioned above cannot be attributed to the collision ef-
fect only, and the linear fit in Fig. 5 should be considered
an approximation.

E. Absorption Coefficient and Saturation Intensity of
the b10 Line
The absorption coefficient of the b10 line is determined by
use of the experimental arrangement shown in Fig. 2. In
Fig. 2 the frequency of the laser is locked to the b10 line.
To determine the absorption coefficient of the b10 transi-
tion we measure the ratio of the laser power after an io-
dine cell (Io) to the laser power before the iodine cell (Ii),
that is, Io /Ii , which is related to the absorption coeffi-
cient as

Io /Ii 5 T exp~2aPL !,
where a is the intensity absorption coefficient per unit
pressure, T is the transmittance of the empty iodine cell,
L is the absorption length (0.095 m), and P is the iodine
vapor pressure. We obtain the intensity absorption coef-
ficient a 5 0.33 6 0.03 m21 Pa21 by fitting the depen-
dence of Io /Ii to vapor pressure P under a weak-field in-
teraction. Note that this measured absorption coefficient
receives contributions from other hyperfine transitions
near b10 .

Fig. 4. Pressure shift of the b10 line.
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The absorption coefficient of a Doppler-broadened tran-
sition can be expressed as32

a 5 a0Apg2 /gg exp 2 ~Dv/gg!2,

where a0 is the Doppler-free line-center absorption coeffi-
cient, Dv is the detuning, and g2 and gg are the Lorent-
zian and Doppler linewidths, respectively.

Inasmuch as all hyperfine peaks have approximately
the same-sized absorption signal, it is reasonable to as-
sume that a0g2 is the same for all the hyperfine transi-
tions within the Gaussian linewidth of the b10 line (in-
cluding a15 , which is on the wing of the linewidth). Then
a can be expressed as

a 5 a0Apg2 /gg (
i5b2

i5b15

exp2~Dv i /gg!2

5 a0Apg2 /gg 3 8.3173.

For the b10 line, g2 and gg have values of 0.85 and 215
MHz, respectively; thus a0 5 5.6 6 0.6 m21 Pa21.

Because a0 5 4p2Np2/Ph«0lg2 , we can estimate the
dipole transition moment p of the b10 line. Here N is the
density of the lower level, p is the dipole transition mo-
ment, P is the vapor pressure, h is Planck’s constant, «0 is
the permittivity of vacuum, and l is the wavelength of the
transition. Note that N 5 CP/kT, in which C is the
probability of occupation of the lower state. The value of
C is estimated to be ;1.8 3 1024 from the formulas of the
probabilities of occupation for rotational and vibrational
levels given in Refs. 31 and 33, respectively, and assum-
ing that each hyperfine component has a 1/15 population.
The estimated dipole transition moment is 9.3310232 cou-
lomb m.

We obtained saturation intensity Is , which is 385
6 142 mW/mm2 at 4.12 Pa, by fitting the dependence of
the absorption coefficient to the probing power. The ratio
of saturation intensity to vapor pressure is shown in Fig.
6. The saturation intensity of the b10 line is comparable
with the saturation intensities of the R(56) 32-0 hyper-
fine transitions at 532 nm (314 6 3 mW/mm2; Ref. 34)

Fig. 5. HWHM linewidth versus vapor pressure for the b10 line.
and the R(47) 9-2 hyperfine transitions at 612 nm [425
3 (1 1 0.214P)2 mW/mm2, where P is vapor pressure].35

As is shown in Fig. 6, one can easily recognize that, for
vapor pressures below 11 Pa, the saturation intensity in-
creases as pressure increases, and it can be fitted by use
of the 175 3 (1 1 0.1P)2 mW/mm2 transition (solid
curve). However, when the vapor pressure is higher
than 11 Pa, the saturation intensity is not an increasing
function of vapor pressure, and the data are fitted by use
of a cubic polynomial (dashed curve). Furthermore, the
linewidth at low vapor pressure can be treated as Dv
; Dvn 3 A1 1 I/Is, where Dvn is the natural linewidth.
The linewidth of 0.7 MHz at 0.5 Pa (Fig. 5) was obtained
for I ; 1.1 mW/mm2; thus the natural linewidth Dvn of
b10 is ;0.25 MHz.

Table 4 summarizes the properties of the b10 line ob-
tained in the present study.

4. CONCLUSIONS
We have constructed two compact iodine-stabilized
543-nm He–Ne lasers and studied their frequency stabil-
ity by measuring the Allan standard deviation of the beat

Fig. 6. Saturation intensity versus vapor pressure of 127I2.
Solid curve, 175(1 1 0.1P)2mW/mm2; P, vapor pressure. The
dashed curve is a cubic polynomial.

Table 4. Properties of the b10 Linea

Linewidth (HWHM) at 4.12 Pa 0.85 6 0.05 MHz
Natural linewidth (HWHM) 0.25 6 0.1 MHz
Dipole transition moment p 9.3 3 10232 coulomb m
Pressure shift 24.3 6 0.4 kHz/Pa
Pressure broadening (P , 6 Pa) 111 6 5 kHz/Pa
Weak-field absorption

coefficient a
0.33 6 0.03 m21 Pa21

Doppler-free weak-field
absorption coefficients a0

5.6 6 0.4 m21 Pa21

Saturation intensity
(for P , 11 Pa)

174(1 1 0.1P)2

W/m2 (or mW/mm2)

a P is the iodine vapor pressure.
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frequency. The frequency stability is 6.2 3 10214 for a
30-s sampling time. The frequency resettability is less
than 2 kHz. The frequency intervals of the hyperfine
structure are measured to an accuracy better than had
been achieved previously, and our results are in good
agreement with those of earlier studies. The correspond-
ing hyperfine constants are also deduced from the mea-
sured intervals.

The properties of the suggested wavelength standard
b10 line were also investigated. The pressure shift of the
b10 line was measured to be 24.3 6 0.4 kHz/Pa (redshift)
and the spectroscopic properties of the b10 line were de-
termined. The results are summarized in Table 4.
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