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Hyperfine structure of molecular iodine
measured using a light source with a laser
linewidth at the megahertz level
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Abstract: The hyperfine structure of the absorption lines of molecular iodine at 531 nm was
measured using a low-cost, coin-sized light source with a laser linewidth at the megahertz
level. The measured hyperfine splittings were found to be systematically smaller than those
measured using a narrow-linewidth diode laser. The theoretical fit of the measured hyperfine
splittings to a four-term Hamiltonian, including the electric quadrupole, spin-rotation, tensor
spin-spin, and scalar spin-spin interactions, does not clarify the observed systematic deviation
in the measurement, but instead results in deviated hyperfine constants from reliable literature
values beyond the uncertainties. Therefore, the theoretical fit, which is usually used to validate
the measurement, does not provide the validation function in the case of megahertz level laser
linewidths.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laser spectroscopy and frequency stabilization are of significant interest in a wide range of
applications, including fundamental science and technologies that support precision measurement
and broadband communication networks [1]. Frequency-stabilized lasers based on molecular
iodine (127I2) are used in length measurement [2,3], gravitational wave detection [4–6], and
studies on atomic and molecular physics. Several lasers, which are stabilized to hyperfine
components of the rovibrational transitions of 127I2, are recommended as frequency and length
standards by the International Committee for Weights and Measures (CIPM) [1,7]. In addition,
iodine-stabilized lasers are used as flywheel oscillators and absolute frequency markers for optical
frequency combs [8,9].

As iodine-stabilized lasers rely on the hyperfine components of iodine transitions, the hyperfine
structure of 127I2 is an important topic in high-resolution spectroscopy and laser frequency
stabilization. In molecular physics, the results of high-resolution spectroscopy have reduced the
deviation from the theoretical fit of hyperfine structures, and hence, increased the accuracy of
the hyperfine constants [10]. Meanwhile, the theoretical fit of hyperfine components is used to
verify the reliability of iodine-stabilized lasers. To understand the hyperfine structure of 127I2
across a wide range of spectra, hyperfine constants have been used to derive empirical formulae
that describe the dependence of the hyperfine structure on vibrational and rotational quantum
numbers [11]. The precise measurement of hyperfine structures at different wavelengths enables
us to obtain a better understanding of the structure’s vibrational and rotational characteristics and
improve the empirical formulae.
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Precision spectroscopy of 127I2 and frequency stabilization was performed using different types
of laser sources. The 633-nm iodine-stabilized He–Ne laser is the most popular iodine-stabilized
laser for length applications. Using high-resolution laser spectroscopy, iodine-stabilized Nd:YAG
lasers based on strong 532-nm absorption lines were developed with excellent laser frequency
stability [12–14]. Except for the He–Ne (linewidth ∼ 10 kHz) and Nd:YAG (linewidth ∼ kHz)
lasers, external-cavity diode lasers (ECDLs; linewidth ∼ 100 kHz) have also been used to
measure hyperfine structures of 127I2 [15]. Unlike the usual ECDLs, a planar-waveguide ECDL
(PWECDL) at 1064 nm has a linewidth of several kHz, and has been used for laser frequency
stabilization and measurement [16,17]. Recently, an ultracompact iodine-stabilized laser was
developed based on Doppler-free spectroscopy using a low-cost, coin-sized laser (CSL) source
(linewidth ∼ MHz) at 531 nm [18]. Such CSLs have also been used for the demonstration of
high-resolution spectroscopy of 127I2 [19]. However, the hyperfine structure of iodine lines has
not been measured using CSLs. Since CSLs cover wide frequency ranges at 531 nm, 561 nm
and 594 nm [19] and are significantly low cost, CSLs could be useful light sources for the
study of iodine hyperfine constants in these undeveloped wavelength regions. Furthermore, the
measurement and theoretical fit of hyperfine structures should provide useful information on the
reliability of such low-cost iodine-stabilized lasers, which may be commercialized or built in
other precision measuring equipment.

Thus, we measured the hyperfine structures of 127I2 using a coin-sized light source in this study.
The hyperfine constants were obtained by fitting the measured hyperfine structures to a four-term
Hamiltonian [10]. Unfortunately, we found that the measured hyperfine structures and obtained
hyperfine constants systematically deviated from those obtained using a narrow-linewidth laser
[17]. Thus, the theoretical fit cannot be used to determine the iodine hyperfine constants in
the undeveloped wavelength regions covered by the CSLs. More importantly, the theoretical
fit does not provide useful information on the reliability of the measurement and the low-cost
iodine-stabilized lasers based on CSLs.

2. Experimental setup and results

A CSL module (QDLaser, QLD0593-3220) was used as the light source. The laser module
comprises a distributed-feedback (DFB) diode laser operating at 1063 nm, semiconductor optical
amplifier, and periodically poled lithium niobate crystal for second harmonic generation (SHG) at
531 nm. The laser linewidth of the fundamental light was ∼1 MHz [19]. In the spectroscopy part,
the SHG laser light was transmitted to an iodine spectrometer based on saturation spectroscopy
using the modulation transfer technique [20,21]. The observed sub-Doppler hyperfine structures
of 127I2 were used for laser frequency stabilization. To measure the hyperfine structures, the
fundamental DFB laser light was sent to an optical frequency comb system for frequency
measurement. A more detailed experimental setup and their parameters are provided in Ref.
[19].

From the available absorption lines within the tuning range of the coin-sized laser module
[19], we selected and studied 6 lines: P(32)32-0, P(33)32-0, P(35)32-0, R(35)32-0, R(36)32-0,
and R(41)32-0 transitions, which are relatively strong and have the same upper state vibrational
quantum number v′ = 32. Figures 1(a) and 1(b) show the observed modulation transfer signals of
the R(36)32-0 and P(35)32-0 transitions, respectively, obtained using the CSL. Laser frequency
scanning was performed by tuning the injection current of the laser. The powers of the pump
and probe beams were 5.2 and 0.14 mW for the R(36)32-0 transition and 4.8 and 0.12 mW
for the P(35)32-0 transition, respectively. The diameters of the pump and probe beams were
1.4 mm and 1.3 mm, respectively. The cold-finger temperature of the iodine cell was held at 0
°C, corresponding to an iodine pressure of 4.0 Pa. The temperature of the cell body matched
the controlled room temperature of 23 °C. For even (odd) J numbers of the ground rotational
states, the rovibrational energy level is split into 15 (21) sublevels, resulting in 15 (21) hyperfine
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components. The signal-to-noise ratio (S/N) of the a1 component of the R(36)32-0 transition was
approximately 173 for a bandwidth of 100 Hz. The S/N of the a3 component of the P(35)32-0
transition was approximately 73 for a bandwidth of 1 kHz. The spectral linewidths of these
components were 5-6 MHz. The asymmetric spectral line shapes observed for the hyperfine
components are partly due to the laser frequency jitter. Meanwhile, there should be also
contributions from the reason discussed in Section 3. For comparison, in Fig. 1(c), we also
show the modulation transfer signals of the P(35)32-0 line observed using a PWECDL with a
linewidth of several kHz [17]. The S/N of the a3 component of the P(35)32-0 transition was
approximately 560 for a bandwidth of 30 Hz. The spectral linewidth was 1.6 MHz. In this case,
the laser frequency scanning was performed by tuning the temperature of the PWECDL. The
scanned spectra in Figs. 1(b) and 1(c) show slightly different hyperfine splittings due to the
different nonlinearities of the frequency scan in the two cases.

Fig. 1. Doppler-free spectra of (a) the R(36)32-0 transition of molecular iodine obtained
over a bandwidth of 100 Hz, (b) the P(35)32-0 transition of molecular iodine obtained over a
bandwidth of 1 kHz, and (c) the P(35)32-0 transition of molecular iodine obtained over a
bandwidth of 30 Hz using the planar-waveguide external-cavity diode laser [17].
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Several systematic frequency shifts and uncertainties of the iodine-stabilized CSL locked on
the a1 component of R(36)32-0 transition were investigated. Figure 2(a) shows the measured
frequency shift of the CSL as a function of the pump power. The measured slope of the pump
power shift was −0.40 kHz/mW. The uncertainty in the determination of the laser power was
estimated to be < 10%. This gives rise to a frequency uncertainty of < 0.26 kHz. Figure 2(b)
shows the measured pressure shift of the CSL. The measured slope of the pressure shift was −2.1
kHz/Pa. The uncertainty in the determination of the solid-state iodine inside the cell cold-finger
was estimated to be < 0.5 K. This corresponds to a pressure uncertainty of < 0.2 Pa, resulting in
a frequency uncertainty of < 0.4 kHz. Figure 2(c) shows the measured frequency shift caused
by the servo electronic offset. The slope of this effect was −8.1 kHz/mV. We adjusted the
servo electric offset to less than 0.5 mV, which results in a frequency uncertainty of < 4 kHz.
Figure 2(d) and 2(e) show the measured frequency shifts caused by the misalignment of the
pump and probe beams [14]. The measured slope of this shift for vertical direction and that
for horizontal direction were 15 kHz/mrad and 5.2 kHz/mrad, respectively. The uncertainty of
the pointing direction of the pump beam was estimated to be < 0.1 mrad. This gives rise to a
frequency uncertainties of < 2 kHz for vertical and < 0.5 kHz for horizontal, respectively. The
most significant contributions to the estimated frequency uncertainty of the iodine-stabilized
CSL are summarized in Table 1. Contamination in the iodine cell causes a frequency shift.
This effect can add an uncertainty of 5 kHz to the measurement results [14]. The uncertainty
of the frequency reference used in the frequency comb is the repeatability (1.5 kHz) of the
iodine-stabilized Nd:YAG laser [16]. Figure 2(f) shows the results of 13 measurements for the a1
component of the R(36)32-0 transition obtained over several days. Each measurement shown
in Fig. 2(f) was calculated from more than 2000 beat frequency data, where each frequency
datum was measured by the frequency counter with a gate time of 1 s. The uncertainty bar in
this figure was given by the Allan standard deviation at the longest averaging time. The average
of the thirteen measured frequencies in Fig. 2(f) was 564 074 632 658 kHz. The statistical
uncertainty (7.2 kHz) is calculated by the standard deviation of the thirteen measurements. The
total uncertainty was estimated to be 9.9 kHz (relatively 1.8 × 10−11), including the statistical
uncertainty of 7.2 kHz.

Table 1. Most significant contributions to the estimated frequency uncertainty of a CSL locked on
the a1 component of the R(36)32-0 transition

Effect Sensitivity Uncertainty

Power shift –0.40 kHz/mW < 0.26 kHz

Pressure shift –2.1 kHz/Pa < 0.4 kHz

Servo electronics offset –8.1 kHz/mV < 4 kHz

Alignment of the pump and probe beams 15 kHz/mrad < 2 kHz

–vertical

–horizontal 5.2 kHz/mrad < 0.5 kHz

Cell impurity –– 5 kHz

Frequency reference of the comb –– 1.5 kHz

Statistics 7.2 kHz

Total uncertainty –– 9.9 kHz

Relative uncertainty –– 1.8×10−11

To determine the iodine hyperfine splittings, an absolute frequency measurement was applied
to each component. The iodine-stabilized CSL was locked in succession to all 15 or 21 hyperfine
components. As an example, Table 2 shows the measured hyperfine splittings of the P(35)32-0
transition obtained from the calculation of the frequency difference between each component and
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Fig. 2. Measured frequency shift of the coin-sized laser locked to the a1 component of the
R(36)32-0 transition: (a) power shift, (b) pressure shift, (c) shift due to the servo electrical
offset, shift due to the misalignment of the pump and probe beams for (d) vertical direction,
and that for (e) horizontal direction. The solid red line in each figure shows the best fit
of a linear function using the least square method. (f) The repeatability of the frequency
measurement of the a1 component of the R(36)32-0 transition. The dashed line indicates the
average of the thirteen measured frequencies. The standard deviation is 7.2 kHz.

the first a1 component. The measurement uncertainty of the hyperfine splittings is limited by the
repeatability of the iodine-stabilized CSL at approximately 10 kHz.

The hyperfine interactions of 127I2 can be described by an effective Hamiltonian, including the
electric quadrupole, spin-rotation, tensor spin-spin, and scalar spin-spin interactions; eQq, C, d,
and δ, respectively, are the corresponding hyperfine constants for each of these interactions. We
calculated the eigenstates of the Hamiltonian based on the procedure described by Bordé et al.
[10]. By theoretically fitting the observed hyperfine splittings, accurate values can be obtained for
the differences in the hyperfine constants between the upper and lower states (∆eQq, ∆C, ∆d, and
∆δ); however, only rough estimates can be made of the absolute values for the respective states. In
the present calculation, the hyperfine splittings were fitted to the measured values by a nonlinear
least-squares fit [20], with varying upper-state hyperfine constants (eQq′, C′, d′, and δ′). The
lower state eQq′′ was calculated from Ref. [21], while C′′, d′′, and δ′′ were fixed at 3.154, 1.524,
and 3.705 kHz, respectively [22]. The calculated hyperfine splittings of the P(35)32-0 transition
are also listed in Table 2. The standard deviation (SD) of the theoretical fit was calculated from
(Obs.-Cal.), and found to be 16 kHz, which is limited by the measurement uncertainty of the
hyperfine splittings. Table 3 shows the fitted hyperfine constants for the P(35)32-0 transition and
the 5 other transitions studied herein. The SDs of the theoretical fits for the P(32)32-0, P(33)32-0,
R(35)32-0, R(36)32-0, and R(41)32-0 transitions were 14, 16, 25, 18, and 14 kHz, respectively.
Meanwhile, the uncertainties of the main hyperfine constant ∆eQq for the transitions ranged from
10 to 30 kHz.

The hyperfine structure of the P(35)32-0 transition was also studied using the PWECDL [17]
(as shown in Fig. 1(c)). For comparison, the observed and calculated hyperfine splittings obtained
in Ref. [17] are listed in Table 2. The SD of the theoretical fit for the PWECDL case is 1.4 kHz,
approximately one order of magnitude smaller than that for the current CSL case. Figure 3 shows
the frequency difference of the hyperfine splittings in: (1) f obs−f cal for the CSL case; (2) f obs−f cal
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Table 2. Observed and calculated hyperfine splittings of the P(35)32-0 transitiona

CSL PWECDL [17]

Obs. Cal. Obs. Cal.

a1 0 19 0.0 -0.8

a2 37,058 37,080 37,056.2 37,055.9

a3 71,373 71,382 71,354.5 71,355.3

a4 259,870 259,842 259,842.7 259,842.3

a5 317,429 317,398 317,390.7 317,390.5

a6 328,214 328,228 328,222.4 328,222.7

a7 382,155 382,150 382,149.4 382,149.3

a8 430,479 430,488 430,493.5 430,495.3

a9 456,310 456,291 456,295.6 456,296.0

a10 472,784 472,781 472,779.8 472,781.9

a11 488,287 488,288 488,285.0 488,285.3

a12 566,667 566,654 566,663.5 566,662.2

a13 608,006 607,996 608,008.3 608,007.5

a14 657,453 657,445 657,460.7 657,459.7

a15 699,551 699,556 699,582.0 699,582.9

a16 734,573 734,571 734,595.3 734,593.6

a17 762,464 762,464 762,483.7 762,481.7

a18 797,357 797,354 797,386.3 797,385.1

a19 873,872 873,887 873,909.2 873,912.4

a20 889,671 889,684 889,721.5 889,722.7

a21 912,223 912,236 912,267.3 912,266.5

SD 16 1.4

aAll values are in kHz. SD is the standard deviation of the fit.

Table 3. Fitted hyperfine constants

∆eQq (MHz) ∆C (kHz) ∆d (kHz) ∆δ (kHz)

P(32)32-0 1,908.27(3) 85.01(5) -42(1) -11(1)

P(33)32-0 1,908.24(1) 85.11(2) -44.4(6) -10.5(4)

P(35)32-0 1,908.32(2) 85.23(3) -42(1) -12(1)

P(35)32-0a 1,908.445(2) 85.208(3) -43.77(3) -10.60(1)

R(35)32-0 1,908.19(3) 85.23(5) -49.2 (4) -9(1)

R(36)32-0 1,908.16(3) 85.29(3) -43.7(7) -9.1(9)

R(41)32-0 1,908.21(1) 85.52(2) -44(1) -11.9(6)

aReference [17]
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for the PWECDL case; (3) f CSL−f PWECDL for the observation case; and (4) f CSL−f PWECDL for
the calculation case. The residual (f obs−f cal) for the CSL case is larger than that for the PWECDL
case, as can be understood from the difference of the SDs of the theoretical fit in the two cases.
However, both residuals are around zero frequency. Meanwhile, the frequency difference of the
hyperfine splittings (f CSL−f PWECDL) for both the observation and calculation cases approaches a
considerably negative value when the number of hyperfine components increases. This indicates
that the hyperfine splittings observed using the CSL are smaller than those observed using the
PWECDL. However, the theoretical fit can also reproduce the results observed using the CSL.

Fig. 3. (a) Frequency difference of the hyperfine splittings. Frequency values of the
planar-waveguide external-cavity diode laser case were taken from Ref. [17]. (b) Rotation
dependence of the upper state hyperfine constant eQq′ for the v′ = 32 case. Literature values
were taken from Ref. [17,21,23,24].

The hyperfine constants of the P(35)32-0 transition obtained in the PWECDL case [17] are
also listed in Table 3. We found that ∆eQq is the main hyperfine constant contributing to the
difference in the two cases, while the other hyperfine constants remained approximately the
same. For upper states v′ = 32, the hyperfine constant eQq′ can be expressed as a function of the
rotational quantum number J ′ (shown in Fig. 3(b) by the solid curve) [17]. Using the formula of
the lower state eQq′′ [21], we calculated eQq′ for the transitions studied in the present experiment,
which are shown as solid circles in Fig. 3(b). For comparison, eQq′ of the transitions studied in
previous publications [17,21,23,24] are also shown in Fig. 3(b) as solid squares (uncertainties
are small and not seen on this scale). Consequently, the hyperfine constants eQq′ obtained in
the present experiment are all smaller than those obtained in previous studies. Therefore, the
hyperfine structures of the transitions, which were observed using the CSL, have shrunk. We
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note that the dispersion of the eQq′ values obtained in the present experiment is mainly due to
the measurement uncertainties of the hyperfine structure using the CSL.

3. Discussion and conclusion

Here, we discuss the reason for the shrinking of the hyperfine structures in the observation using
the CSL. When lasers with relatively large linewidths are used, spectroscopy is usually performed
with relatively large gas pressure and laser power, resulting in a relatively large spectral linewidth;
otherwise, the spectral linewidth is usually split, owing to the frequency jitter of the laser. With
the high gas pressure, the background linear absorption (shown as a solid curve in Fig. 4) was
relatively large in the present experiment. In saturation spectroscopy using the modulation
transfer technique, the S/N depends on the modulation frequency [25]. To achieve a high S/N, we
needed to set a relatively large modulation frequency of 800 kHz [19]. When the modulation
frequency is large, in the observation of the first-half hyperfine components of the P(35)32-0 line
(a1 to a10), the +1 order sideband at higher frequency experiences larger absorption compared
to the −1 order sideband (shown in Fig. 4). This results in an offset of the line center in the
observed spectrum at the low-frequency side, as well as an asymmetric line shape (for example,
the spectrum of the a3 component shown in Fig. 4). The frequency lock using the electrical zero
voltage will eventually result in the laser being locked at the high-frequency side. Whereas, in the
observation of the last half of the hyperfine components (a11 to a21), the laser will be locked at the
low-frequency side. Therefore, the hyperfine structure shrinks under the experimental conditions
of large modulation frequency and linear absorption, which are used when the laser linewidth is
relatively large. We note here that the red and blue spots in Fig. 4 indicating the offset of the
line center and the lock point, respectively, are images for the explanation of the problem we are
facing. The observed asymmetric spectral line shapes are due to not only the relatively large laser
linewidth discussed here, but also the laser frequency jitter during the frequency scan. Therefore,
quantitative estimation from the line shape is not easy in the case. Furthermore, the frequency
jitter in the horizontal axis is also transferred to the intensity noise in the vertical axis through the
line shape. This again makes quantitative estimation more difficult.

Fig. 4. Background linear absorption and its influence on Doppler-free modulation
spectroscopy.

In conclusion, we found that the measured hyperfine splittings, using a coin-sized light source
with a laser linewidth at the megahertz level, are systematically smaller than those measured
using a narrow-linewidth diode laser. However, the theoretical fit does not clarify the correctness
of the measurements, and results in incorrect hyperfine constants of the electric quadrupole
interaction (∆eQq).
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