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Abstract: We stabilize the frequency of a diode laser operating near 1389.8 nm to an absorption
line in water vapor. We measure the Allan deviation of the system to be 1.8× 10−10 at a 20-minute
averaging time. The beatnote between two nearly identical systems deviates by <±1.6 MHz over
15.5 hours. The all-fiber optical setup may facilitate compact and alignment-free laser systems
for field-deployable trapped ion quantum technology.
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1. Introduction

Stabilizing the frequency of a laser to an external reference is an essential prerequisite for
many applications in quantum information [1], laser cooling [2–4], quantum metrology [5,6],
and quantum sensing [7,8]. One of the most advanced platforms for these applications in
quantum technology are trapped atomic ions, due to the long coherence times and precise control
achieved in these systems [9,10]. Trapped ion systems use a variety of external references for
laser frequency stabilization, including hollow cathode lamps [11,12], optical cavities [13–16],
wavelength meters [17–19], and molecular gas cells [20–23]. A range of techniques can be also
used to provide feedback to the laser, such as side-of-fringe, wavelength modulation spectroscopy,
frequency modulation spectroscopy, saturated absorption spectroscopy, and modulation transfer
spectroscopy [24,25]. However, as quantum technologies move from the lab into the field, there
is a growing need for laser frequency stabilization amenable to compact system design and
maintenance-free operation [26,27].

Gas cells of water vapor are an excellent option for an external frequency reference in
the near-infrared due to the large number of absorption lines in the range of 0.7-1.5 µm
[28,29]. Prior work using water vapor includes stabilizing the frequency of a laser near 791
nm using wavelength modulation spectroscopy [30], near 820 nm using wavelength modulation
spectroscopy [31–33], near 935 nm using frequency modulation spectroscopy [34] and wavelength
modulation spectroscopy [35–37], near 1370 nm using wavelength modulation spectroscopy
[38,39], near 1390 nm using software profile fitting [40], near 1460 nm using wavelength
modulation spectroscopy [41], and near 1520 nm using wavelength modulation spectroscopy
[42]. Doppler-free saturated absorption spectroscopy and related techniques have also been used
for laser stabilization near 1390 nm by utilizing the power enhancement of an optical cavity to
saturate the transition [43–47].

Here we use wavelength modulation spectroscopy with a sideband of an electro-optic modulator
(EOM) to stabilize the frequency of a diode laser operating near 1389.8 nm (vacuum) to an
absorption line in water vapor. We measure the beatnote between two nearly identical systems to
characterize the frequency fluctuations and long-term stability of the laser. The all-fiber optical
setup eliminates the need for spatial optical alignment, which should enable compact system
designs and maintenance-free operation. The laser operates at one of the wavelengths for cooling
doubly-ionized lanthanum, a recently proposed qubit candidate [48], though the technique is
applicable to a range of laser frequencies integral to quantum technology based on trapped atomic
ions.
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Fig. 1. The experimental setup for frequency-stabilizing the laser. (a) The optical setup. An
isolated distributed feedback (DFB) diode laser produces light that is amplified by a booster
optical amplifer (BOA). A fraction of this light is then passed to an electro-optic modulator
(EOM) for wavelength modulation spectroscopy of water vapor in a fiber-coupled vapor
cell (water cell). The signal is demodulated by a lock-in amplifier and sent to an analog
proportional-integral-derivative (PID) controller, which provides feedback to stabilize the
frequency of the laser. Optical fibers are drawn as solid, thick, curved lines; electrical
connections are drawn as straight, thin, dashed lines. FS is fiber splitter; iso is isolator;
circ is circulator; pol is polarization controller; bal PD is balanced photodiode. (b) The
radiofrequency (rf) setup to drive the EOM. The signal from a voltage-controlled oscillator
(VCO) is amplified, frequency-doubled, filtered, attenuated, amplified again, and then sent
to the EOM to generate a first-order sideband at the frequency of the water absorption line.
A tuning voltage (Vtune) is provided by a benchtop function generator (not shown) to set the
frequency of the VCO, and is dithered at 11.4 kHz for wavelength modulation spectroscopy.
AMP is amplifier; DBL is frequency doubler; HPF is high-pass filter; ATT is attenuator.

2. Experimental setup

The diode laser is stabilized to an absorption line in water vapor using an all-fiber optical
setup, illustrated in Fig. 1(a). The diode laser under test is a fiber-coupled distributed feedback
(DFB) laser (QPhotonics QDFBLD-1390-10) with an output power of about 8 mW at a 27 mA
drive current at 23 ◦C. The laser linewidth is measured to be 6.9 ± 0.3 MHz using a delayed
self-heterodyne technique with a 1 km delay line [49] (see also Appendix A). Following an
in-line isolator, 90/10 splitter (for monitoring the laser directly), and circulator, the resulting
4.6 mW of light is amplified using a fiber-coupled booster optical amplifier (BOA, Thorlabs
BOA1036P). The polarization of the light into the BOA is manually optimized using a fiber
paddle polarization controller (Thorlabs FPC030). At a drive current of 250 mA the BOA
outputs 50.1 mW, where 45.7 mW (91%) is sent to an ultra-high vacuum chamber for future
experiments. The remaining power is split between a path leading to a wavemeter (Bristol
521-NIR) and lab-built Fabry-Pérot cavity for monitoring the laser (2.1 mW), and the water
vapor frequency stabilization setup characterized here (2.3 mW). Another fiber paddle is used to
manually control the polarization of the light used for frequency stabilization, and then the light
is sent through a fiber-coupled EOM (Thorlabs LN65S-FC) to generate a sideband at the water
vapor absorption line, with optical transmission of about 0.4 (about 0.9 mW transmitted). After
the EOM, the light is split approximately equally between two paths: one path passes through
a 10 Torr, fiber-coupled, multi-pass, water vapor cell with a path length of 48 cm (Wavelength
References H2O-H(48)-10-FCAPC) and optical transmission of about 0.7 off-resonance (0.3
on-resonance); the other path goes directly to the detector. The light is measured by a lab-built
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balanced photodiode detector (based on the design in Ref. [50]), with about 0.3 mW reaching
the detector from each path. All fiber components have FC/APC connectors, and are connected
using standard simplex adapters (e.g. Precision Micro-Optics FFAD-31213) with typical optical
transmission of about 0.9 at each connection.

The EOM is driven by the radiofrequency (rf) components illustrated in Fig. 1(b) to generate
first-order sidebands at about ±10.5 GHz. A voltage-controlled oscillator (VCO, Mini-Circuits
ZX95-5363C-S+) produces an rf signal of about -3 dBm at 5.23 GHz. The rf signal is amplified
(Mini-Circuits ZX60-V62+) to about +8 dBm, frequency doubled (Mini-Circuits ZX90-2-24-S+),
filtered (Mini-Circuits VHF-8400+) to remove frequencies <6.0 GHz, attenuated (Mini-Circuits
VAT-6+) to about -20 dBm, amplified again (Mini-Circuits ZX60-183A-S+) to about +10 dBm,
and then sent to the EOM, producing sidebands on the laser light with a modulation depth of
about 0.3. The VCO frequency is swept over 0.15 GHz at a modulation frequency of 11.4 kHz
for lock-in detection. The lock-in amplifier (EG&G 5210) is operated in high stability mode,
with a sensitivity of 300 mV, 11.4 kHz bandpass filter, f and 2f line filters, and a time constant of
3 ms to produce the signal used for spectroscopy and frequency stabilization.

3. Data and analysis

We observe the water absorption line using wavelength modulation spectroscopy. The frequency
of the laser is scanned by ramping the temperature, producing the dispersion-like lineshape
shown in Fig. 2 as the EOM first-order sideband (about 10.5 GHz less than the laser frequency)
is scanned across the water vapor resonance. The center of this dispersion-like lineshape, where
the inverse of the slope is about 34 MHz/V, is used to stabilize the frequency of the DFB laser.

Fig. 2. The measured dispersion-like lineshape as the EOM first-order sideband is scanned
across the water absorption line as the laser is temperature tuned. The small lineshape that
appears around 5250 MHz is a result of the opposite EOM first-order sideband resonant
with a separate, weak, water absorption line (see Appendix B). The small plot at the top
shows transmission peaks through a Fabry-Pérot cavity with a free-spectral range of 500.7
MHz [51] and finesse of about 20, which is used to set the frequency scale.

The frequency stability is characterized by recording the beatnote between two laser systems.
In this case, a second DFB laser near 1389.8 nm is frequency-stabilized using a separate optical
and rf setup nearly identical to the first, though with an EOM sideband frequency of about 7.5
GHz, and serves as a reference frequency. The beatnote frequency between the two lasers systems
is detected by a fast photodiode (Thorlabs DET08CFC) and measured by a spectrum analyzer
(Spectran HF-60105 V4 X) with an average sweep time of about 3 s. The resulting spectra are fit
to Lorentzian profiles to obtain the central beat frequency at each time stamp. The beatnote is
recorded with the laser under test both free-running and frequency-stabilized (locked) for about
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15.5 hours, with the resulting frequency deviations shown in Fig. 3. In the locked case, the
beatnote between the two stabilized laser systems deviates by < ± 1.6 MHz (standard deviation
0.4 MHz) over the entire measurement interval. In the case the laser under test is free-running
(no feedback from water vapor wavelength modulation spectroscopy), the frequency deviations
are much larger, and the periodic cycling of the lab environmental control (temperature and
humidity) is clearly evident.

Fig. 3. The change in the beatnote frequency (frequency deviation) between the laser under
test and the reference laser as a function of time, where the nominal beatnote frequency is
2941 MHz. (a) The beatnote frequency deviation is recorded both with the laser under test
free-running and locked (frequency-stabilized) for about 15.5 hours. (The reference laser is
locked for both cases.) (b) A zoomed-in plot of the change in the beatnote frequency with
the laser under test locked, which shows that the beatnote deviates by < ± 1.6 MHz (standard
deviation 0.4 MHz) during the measurement interval.

The time variation of the beatnote frequency is used to calculate the overlapping Allan
deviation [52] at multiple averaging times. Here we determine the Allan deviation for the
frequency-stabilized laser under test by assuming two identical units (the laser under test and the
reference laser), allowing the calculated Allan deviation of the beatnote signal to be divided by√

2 to get the Allan deviation for the frequency-stabilized laser under test [52], with the results
shown in Fig. 4. This Allan deviation is less than 8.1× 10−10 at all averaging times, and reaches a
minimum of 1.8 × 10−10 at a 20-minute averaging time. Beyond a 20-minute averaging time, the
Allan deviation rises due to the remaining frequency drift of the system. When the laser under
test is free-running, the Allan deviation is >2.3 × 10−9 at all averaging times.
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Fig. 4. The overlapping Allan deviation for the frequency-stabilized laser under test at
several averaging times, calculated using the variation of the beatnote frequency between
the laser under test and the reference laser. A minimum Allan deviation of 1.8 × 10−10 is
reached at a 20-minute averaging time.

4. Discussion and conclusion

Laser frequency stability is an important metric for cooling trapped atomic ions. In most cases,
trapped ion systems operate in a regime where the laser linewidth is less than the atomic linewidth
of the cooling transition, thereby requiring that frequency excursions of the laser are less than
the atomic linewidth to maintain the proper gradient for Doppler cooling. As most trapped ions
are laser cooled using atomic transitions with linewidths on the order of ∼ 10 MHz (which also
may be broadened due to incident power or external magnetic fields), this typically leads to the
requirement that laser frequency deviations are less than a few MHz [11,12,18,19,21,23]. More
generally, though, laser cooling only requires that the laser frequency is stabilized within either
the linewidth of the atomic transition or the linewidth of the laser, with the caveat that if the laser
linewidth is greater than the atomic linewidth the minimum temperature attainable by Doppler
cooling will be limited by the laser linewidth [53]. The frequency stability required for driving
transitions to depopulate metastable levels, returning the atom to the primary cooling transition
(repump transitions), is typically less stringent [54].

While the frequency stability measured here is already better than the linewidth of the laser, and
therefore applicable to laser cooling, future modifications could improve this system further. The
majority of the observed frequency drift is most likely caused by residual amplitude modulation
(RAM), a well-known issue with EOMs. Providing active feedback to the EOM can reduce
RAM [55–57] and may improve the frequency stability of the system. Additionally, while simple
passive thermal isolation of the VCO used to generate the EOM sideband limits deviations of the
VCO central frequency to < ± 0.1 MHz, exchanging the VCO for a digital frequency synthesizer
may further reduce the impact of environmental changes on the sideband frequency. Also, using
only polarization-maintaining fibers may eliminate the need for manual optimization of the
polarization, and splicing together fiber components could reduce connection losses. Finally,
although comparing two similar systems is a standard method for evaluating laser stability and the
method employed here, the possibility of common-mode drifts would be mitigated by comparing
to different types of stable references, such as a high finesse cavity, frequency comb, or disparate
atomic or molecular lines.

The system demonstrated here may be useful for applications in quantum technology. The
laser operates at 1389.8 nm, providing the first demonstration of a frequency-stabilized laser
system applicable to cooling/repumping doubly-ionized lanthanum [48]. Moreover, the technique
is applicable to a range of laser frequencies for trapped atomic ion quantum technology, as
listed in Table 1. Besides its application in quantum technology, the system also may be useful
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for spectroscopic atmospheric measurements related to weather and climate using differential
absorption lidar (DIAL), where stabilized laser frequencies allow for simultaneous absorption
measurements on- and off-resonance of a water absorption line [64]. Altogether, this fiber-based
optical setup facilitates compact designs and maintenance-free operation, advancing the goal of
robust, field-deployable technologies.

Table 1. Selected trapped ion laser wavelengths near water vapor absorption lines

λion Eiona Eabs Sabs
b |∆f |c

(nm) (cm−1) (cm−1) (cm/molecule) (GHz)

Be+ 939.40d 10645.11d 10644.71 2.5 × 10−23 11.9

La2+ 1389.83 7195.14 7194.81 3.2 × 10−21 10.0

1410.00 7092.18 7092.50 1.2 × 10−21 9.4

Mg+ 1118.54e 8940.22e 8941.51 5.6 × 10−22 38.8

Tm+
944.04f 10592.72 10592.87 2.7 × 10−22 4.4

1152.55f 8676.39 8675.78 5.1 × 10−22 18.3

Yb+ 935.19g 10693.06 10691.77 1.6 × 10−23 38.8

aLaser wavelengths (λion) and energies (Eion) to address ion transitions are presented using the values in Ref. [58];
values for addressing a specific isotope or hyperfine manifold may vary.
bWater vapor absorption line energies (Eabs) and intensities (Sabs) are from Ref. [29].
cOnly absorption lines within 40 GHz of an ion transition were considered.
dFundamental wavelength and energy for a tripled laser system, such as Ref. [59].
eFundamental wavelength and energy for a quadrupled laser system, such as Ref. [60,61].
fSee Ref. [62] for the proposed laser cooling and repumping scheme.
gSee also water vapor absorption lines for Yb+ laser frequency stabilization proposed by Ref. [63].

Appendices

A. Laser linewidth
We measure the laser linewidth both free-running (unlocked) and frequency-stabilized (locked)

using a delayed self-heterodyne technique [49]. Light from the laser is split approximately
equally between a path with a 1 km fiber delay line and a path with a fiber EOM driven at 675
MHz. After the two paths are recombined, the output is detected by a fast photodiode (Thorlabs
DET08CFC) and measured by a spectrum analyzer (Spectran HF-60105 V4 X) with an average
sweep time of about 26 s. An example of the delayed self-heterodyne spectrum is shown in Fig. 5.
Six spectra are collected for both the free-running (unlocked) and frequency-stabilized (locked)
laser and fit to Lorentzian profiles, allowing the laser linewidth to be calculated as 6.6 ± 0.4 MHz
(unlocked) and 7.1 ± 0.3 MHz (locked). The two values of the linewidth are consistent with each
other, as expected given the limited bandwidth of the feedback, and therefore we note the average
of these measurements, 6.9 ± 0.3 MHz, as the linewidth of the laser in Sec. 2 above.
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Fig. 5. An example of the delayed self-heterodyne spectrum for the frequency-stabilized
(locked) laser and the Lorentzian fit to the data used to determine the laser linewidth. The
narrow features that appear near -15, -5, and 5 MHz result from technical noise in the
spectrum analyzer and are not caused by the laser light. Here ∆fdsh is the frequency deviation
from the nominal beatnote of 675 MHz set by the EOM drive frequency.

B. Absorption data

We also observe the water lines near 1389.8 nm using absorption spectroscopy. The optical setup
is identical to Fig. 1, but with the rf electronics off so that no sidebands are generated by the EOM
and the signal from the balanced photodiode is recorded directly. The frequency of the laser is
again scanned by ramping the temperature, resulting in the absorption spectrum shown in Fig. 6.
The largest absorption line in this range, near -10.5 GHz, is used to stabilize the laser frequency
via the EOM first-order sideband as described above, and corresponds to the absorption line
labeled as 7194.805279 cm−1 in the Hitran database [29]. The weaker absorption line near 12.4
GHz, corresponding to 7195.566533 cm−1 in the Hitran database, causes the small, secondary
lineshape that appears in Fig. 2 as the (opposite) first-order sideband scans across this resonance.

Fig. 6. The measured water vapor absorption as the laser frequency is scanned around
1389.8 nm. In this plot, zero relative frequency corresponds to the DFB laser frequency
when the EOM first-order sideband is locked to the water absorption line near -10.5 GHz.
The small plot at the top shows transmission peaks through a Fabry-Pérot cavity with a
free-spectral range of 500.7 MHz, which is used to set the frequency scale.
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