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Abstract: We herein report a simultaneous frequency stabilization of two 780-nm external cavity
diode lasers using a precision wavelength meter (WLM). The laser lock performance is characterized
by the Allan deviation measurement in which we find σy = 10−12 at an averaging time of 1000 s. We
also obtain spectral profiles through a heterodyne spectroscopy, identifying the contribution of white
and flicker noises to the laser linewidth. The frequency drift of the WLM is measured to be about
2.0(4) MHz over 36 h. Utilizing the two lasers as a cooling and repumping field, we demonstrate
a magneto-optical trap of 87Rb atoms near a high-finesse optical cavity. Our laser stabilization
technique operates at broad wavelength range without a radio frequency element.

Keywords: wavelength meter; external cavity diode laser; laser frequency stabilization

1. Introduction

Laser frequency stabilization is of fundamental importance in various areas of optical
and physical sciences [1,2]. In quantum metrology, it is necessary to minimize the frequency
instability for developing a precise and accurate atomic clock [3]. In many instances of
quantum optics and quantum information, it is indispensable to stabilize the laser frequency
within a range narrower than a target atomic or cavity linewidth, in order to trap and cool
atoms [4–6] and ions [7], or to probe cavity modes of a high-Q resonator [8,9]. To this end,
a standard approach is to employ the well-known Pound–Drever–Hall (PDH) method [10].
Via modulating the phase or frequency of a laser field, the error signal is generated so as to
apply a feedback signal to the frequency control of the laser.

In the PDH scheme, typical frequency references are atomic vapor cells or optical
cavities, where we drive a transition or mode with the modulated laser field [11]. One
of the key technical challenges is to construct a related radio frequency (rf) system in
an optimized configuration, including a local oscillator, electro-optical modulator, phase
shifter, mixer, low-pass filter, and rf amplifier [12]. It is also important to minimize the
residual amplitude modulation [13] that causes an offset noise or drift of the error signal,
giving rise to the frequency excursion of the locked laser. For applications that require a
laser linewidth of about 1 MHz, however, the recent technique using a precision wavelength
meter (WLM) might bypass the technical complexities of the PDH method [14–21]. The
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WLM is used to generate an error signal for the frequency stabilization. A major benefit of
the scheme is that no rf elements are needed; it is possible to stabilize the laser frequency at
an arbitrary value such that additional frequency shift would not be needed. Moreover,
the frequency stabilization can be done from near ultraviolet (UV) to telecom band, along
with the operation regime of the WLM. Furthermore, the stabilization is achieved with a
relatively low laser power, below a milliwatt level.

Here, we simultaneously stabilize the frequencies of two 780-nm external cavity diode
lasers (ECDLs) to a WLM. We point out two differences of our work from previous WLM-
based stabilizations. First, we perform a quantitative characterization of the frequency
measurement/feedback rate. Second, while the stabilized lasers were used to drive the
cooling transition of Sr atoms with a natural linewidth of 32 MHz [16] and that of Ca+ and
Yb+ ions with about 20 MHz [18,19], we apply the laser field to neutral atomic rubidium
that has a linewidth of 6 MHz. Previous stabilizations with the WLM are employed for
a control of a dye laser [14], automatic laser control [15], incorporation with a self-made
switch [16], and transportable ion clock [18]. Note that such stabilization technique was
also used to control cold molecules [20,21].

2. Materials and Methods
2.1. Experimental Setup

Our frequency reference is a WLM (HighFinesse GmbH, WS8-10 PCS8) that provides
a frequency resolution of 400 kHz and absolute accuracy of 10 MHz. This device is
comprised of two main optical components, a mechanical switch with 8 inputs and 1
output channel, and solid Fizeau-type interferometer (Figure 1a) [22–24]. In the switch
system, incident optical fields are distributed to one output channel sequentially; the output
field is connected to the interferometer through a photonic crystal fiber that transmits light
fields from near-UV to telecom band. The frequency of the fiber output field is measured by
the interferometer in which the interference pattern is detected at a charge-coupled device
(CCD) line array [25]. The working wavelengths of this WLM range from 330 to 1180 nm.
The lower limit is determined by the transmission of an intra-WLM filter to protect the
CCD, and the upper limit is governed by the reduced detection efficiency of the CCD.
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Figure 1. (a) Wavelength meter (WLM) system. Photonic crystal fiber (PCF); Charge-coupled device
(CCD). (b) Experimental setting. Laser output is distributed to three optical paths: locking laser
frequency, heterodyne spectroscopy, and generation of magneto-optical trap (MOT). Peripheral
component interconnect (PCI); External cavity diode laser (ECDL); Photodiode (PD); Single mode
fiber (SMF). Blue and red solid lines refer laser fields and black dashed lines indicate electronic signal.

Our experimental setting is displayed in Figure 1b. We stabilize the frequencies of
two 780-nm ECDLs (New Focus, VortexTM) to the WLM. The laser output is distributed
to three branches. The first one is used for locking the laser frequencies. Each laser field
is coupled to a single mode fiber to be delivered to the WLM. The incident optical power
to the WLM is around 800 µW. The frequencies of individual lasers are measured at the
WLM through the interference fringes in the CCD. The measured digitized frequency is
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subtracted from a target frequency (where we aim to lock) that we set in the computer,
and the subtracted value is the error signal ε(t) in our lock servo. The mirror signal is
numerically processed, i.e., added with its own integration over a certain time duration,
for calculating the proportional-integral feedback signal in a form of an analogue output
voltage [10]. The voltage is expressed as V(t) = P · ε(t) + I ·

∫ t
t−Tint

ε(t′)dt′, with the
two weighting factors of the proportional and integration gains P and I, respectively,
and the integration time Tint. The optimization of the parameters is done by minimizing
the standard deviation of the measured frequencies in each channel. The differential
feedback is not included. We apply the voltage to both piezoelectric and current ports
of the laser through a peripheral component interconnect bus. The second optical path
is for the heterodyne measurement of the lasers; the third branch is for trapping a cold
atomic ensemble.

2.2. Feedback Bandwidth

The bandwidth of our laser lock is governed by the total time delay occurred in the
feedback system. Major contributions to the delay include the photodetection time in the
interferometer (τdet), information processing time in the computer (τpro), communication
time between the computer and WLM (τcom), and switching time in the mechanical switch
(τswi). When a single channel is used for the wavelength measurement, we obtain a
digitized wavelength every 3.2 ms in an optimized configuration. This time delay consists
of τdet = 1 ms (fixed for all measurements in this paper), τpro < 1 ms, and τcom that
constitutes the rest of the time duration.

In the “switch mode” with multi optical channels, we find that wavelength values
are recorded every n · (τdet + τswi), where n is the number of used channels, and τswi is
unchanged at 12 ms. Since the numerical processing and communication are performed in
parallel with the detection and switching, τpro and τcom do not contribute the measurement
time interval of the switch mode. From the characterization above, we anticipate that our
frequency stabilization could not give an impact on the short-term laser linewidth. How-
ever, the bandwidth would be sufficient to fix the laser’s center frequency at a target value.

3. Results
3.1. Allan Deviation Measurement

We characterize the laser frequency by obtaining the Allan deviation σy, given by

σy(τ) =

√√√√ 1
2(N − 1)

N−1

∑
i=1

(
yi+1(τ)− yi(τ)

)2

where i indicates the data index, yi is the recorded frequency in the WLM, and N is the
total number of data points. Given a total measurement time T, the average of yi over a
duration τ, i.e., from the ith to (i + N/T · τ)th data point is referred to as yi(τ) [26].

In Figure 2a, we present the Allan deviation of the measured frequencies at the WLM,
for the unlocked and locked ECDL 1 for T = 10 h. The frequency noise is clearly suppressed
by our feedback servo: σy is reduced from an unlocked value of 10−8 to 2× 10−11 at τ = 10 s,
and from 5× 10−9 to 10−12 for τ = 103 s. It is also clear that the locked frequency does
not undergo any pronounced time oscillations [27]. Comparing the locking performance
of the single channel to that of the switch mode, we find that the behavior is degraded in
the switch mode due to the reduced bandwidth. Similar feature is observed for ECDL 2
(Figure 2b). Note that our laser lock is not broken in an ordinary laboratory environment.
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(a) (b)

Figure 2. (a) Allan deviation of laser frequency when external cavity diode laser (ECDL) 1 is
unlocked (black), locked with single wavelength meter channel (red), locked at switch mode with
two channels (blue). Wavelengths of ECDL 1 and 2 are stabilized simultaneously in the switch mode.
(b) Measurement result of ECDL 2. Legend is same as that of (a).

3.2. Heterodyne Measurement

Another characterization is done via a heterodyne spectroscopy. We measure the beat
note of two simultaneously locked lasers, using a photodiode (bandwidth 350 MHz) and
spectrum analyzer. With the frequency of ECDL 1 fixed, that of ECDL 2 is varied so that the
beat frequencies are 20, 60, and 100 MHz. The frequency change is done by, without any
rf element, numerically setting the target laser frequency in the computer. All the spectra
presented in Figure 3 are measured for 1 s, and fitted to Voigt functions, i.e., the convolution
of the Gaussian function exp(−(ν − ν0)

2/(2σ2))/(σ
√

2π) and the Lorentzian function
(γ/π)/((ν − ν0)

2 + γ2), where ν0 is the center frequency, σ is the standard deviation,
and γ is the half width at half maximum. In semiconductor lasers [28], it is known that
the white noise originating from spontaneous emission causes the Lorentzian profile,
while the Gaussian profile is governed by the flicker (1/ f ) noise in the intensity and
frequency fluctuations [29,30]. The obtained γ and σ are 730, 830 kHz for a beat frequency
of 20 MHz, 730, 880 kHz for 60 MHz, and 750, 870 kHz for 100 MHz, respectively. The
fitting error is about 20 kHz for all cases. Considering that the two lasers share a same
design, specification, and feedback system, we expect that the contribution of each ECDL
to the measured linewidths should be almost identical.
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Figure 3. Heterodyne measurement result. Spectrum of beat note of two lasers when the frequency
difference is (a) 20 MHz, (b) 60 MHz, and (c) 100 MHz. Black circles are experimental data and red
lines are fit with Voigt functions.
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3.3. WLM Drift Measurement

While the lasers’ frequency precision is determined by our feedback scheme and
bandwidth, the accuracy is dominated by thermal expansion/shrink of the interferometer
system [31–33]. The temperature inside the WLM is not actively stabilized: The absolute
wavelength is determined by taking the temperature as a correction factor (factory setting),
where imperfect correction would cause an erroneous result. We proceed to characterize
such effect of the WLM by measuring the frequency of another laser stabilized to an atomic
transition. An ECDL operating at 795 nm is stabilized to the crossover resonance from F = 3
to F′ = 2 and F′ = 3 transition of the D1 line of 85Rb atomic vapor (377.1060907 THz). We
attribute the change of the measured frequency to an imperfect correction of thermal effect.

The measurement results are presented in Figure 4. The frequency of the stabilized
795-nm laser, as well as the laboratory temperature near the WLM, are plotted as a function
of time. We obtain a frequency drift of 2.0(4) MHz while the temperature changes by
0.86(1) ◦C for 36 h. The measured drift value agrees with the specification of the WLM. We
found a correlation between the measured frequency and laboratory temperature: as the
temperature increases, the measured frequency decreases. In order to use the stabilized
laser for an application requiring a high accuracy, one would need to intermittently calibrate
the WLM to a laser that is stabilized to an absolute frequency reference. We also expect
that an active temperature stabilization below mK level [34] of the WLM, possibly within a
vacuum can, would improve the accuracy below the obtained linewidths.
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Figure 4. Measurement result of wavelength meter’s frequency drift. Laser frequency, stabilized
to a transition of atomic rubidium, is shown in red. Laboratory temperature is shown in blue.
Uncertainties of temperature measurement are systematic errors.

3.4. Application to Cold Atom Experiment

Harnessing the two locked lasers, we generate a magneto-optical trap (MOT) of 87Rb
atoms, in order to demonstrate the applicability of our frequency stabilization to cold
atom experiments. The cooling laser (ECDL 1) frequency is locked at 780.246031(2) nm
(384.228100(1) THz), detuned from F = 2 to F′ = 3 transition of the D2 line by the atom-laser
detuning ∆ =−2.5·Γ. The atomic decay rate is Γ = 2π× 6 MHz. The frequency of the repump-
ing laser (ECDL 2) is fixed on resonance to the F = 1 to F′ = 2 transition, 780.232684(2) nm
(384.234683(1) THz). Given a magnetic field gradient of 7.9 G/cm, the atoms are successfully
trapped about 6 mm above a high-finesse optical cavity [35–37]. Figure 5b shows a MOT
fluorescence taken with an electron multiplying (EM) CCD, through a lens system with
a numerical aperture of 0.23. In Figure 5c, we vary the cooling laser frequency by setting
a different target frequency in the computer, and measure the total atomic fluorescence
counts obtained in the EMCCD [38]. The atomic response to the frequency change is clear,
and the maximum fluorescence counts are obtained at ∆ = −1.5·Γ, where our calibration
estimates 1.4(1) × 105 atoms are trapped [39]. After generating the MOT, we perform
sub-Doppler cooling, release the trap, and estimate the atomic temperature from the cavity-
arrival time distribution [40]. The obtained temperatures are about 25 µK that is well-below
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the Doppler temperature. Our experiments confirm that our laser lock technique could be
utilized for trapping cold atoms.
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Figure 5. (a) Schematic of our magneto-optical trap (MOT, white ball in the center) above an optical
cavity. (b) Fluorescence image of trapped 87Rb atoms. Scale bar indicates 1 mm. (c) MOT fluorescence
count rate as a function of cooling laser frequency. Error bars correspond to one standard deviation
of measured count rates.

We remark that the center of our MOT can be positioned 4 mm above the cavity
through a careful alignment of the laser beams. Since this atom-cavity distance is shorter
than those of other similar experiments [41–43], the influence of the gravitational accelera-
tion is reduced when the atoms fall through the cavity. We could achieve a cavity-transit
time of about 175 µs, which would assist us to investigate the atomic motion interacted
with the cavity photons [44,45], quantum chaos [46], and generation of tens of consecutive
single photons [42].

4. Discussion

Our technique would also be useful for experiments with trapped ions, as well as
neutral atoms. Several transitions used in the Doppler cooling of ions and state detection
are in the blue or UV domain, for instance, that of Ca+ ion is at 397 nm, Yb+ at 370 nm,
and Be+ at 313 nm. When a blue laser is stabilized to a cavity with the PDH method,
the mirror coating would become degraded gradually owing to the oxygen depletion
in the mirror coating [47]. Such effect would be absent in the locking scheme using the
WLM. It is also notable that, since the linewidths of such ion transitions are about 20 MHz,
the influence of the laser linewidth and frequency drift would be less significant than in
the present experiments with Rb atoms.

The locking performance could be improved by implementing the following ap-
proaches. First, the stabilization could be done with a WLM of a finer resolution of
200 kHz [25]. Second, it would be possible to employ a high-speed microelectromechanical
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system (MEMS) optical switch [48,49] or micromirrors [50] for reducing the time delay
occurred in the multi-channel lock. Recent works reported a switching speed <10 µs
in several configurations [51,52]. Moreover, a large-area, scalable, integrated photonic
switch [53] would assist an increase of the number of optical channels. Lastly, we expect
that active temperature stabilization of the WLM, combined with a machine-learning-based
temperature prediction and control of the device/environment [54–56], could improve
the accuracy.

While we demonstrated a simultaneous frequency locking of two lasers, it would
be straightforward to stabilize the frequencies of more lasers using the identical scheme.
Each laser field would be coupled to separate single mode fibers to the mechanical switch,
and the computer-based feedback scheme would operate for individual channels. Such
laser lock would be possible up to seven lasers at the same time, among eight input
channels of the switch; one last channel is used for the intermittent frequency calibration
of the WLM (Section 3.3). As the number of used channel increases, the lock bandwidth
decreases as we studied in Section 2.2. We expect that it would be a useful future study in
which the performance of stabilization is investigated as a function of used channels.

5. Conclusions

In conclusion, we have demonstrated a simultaneous frequency stabilization of two
780-nm ECDLs to a precision WLM. The Allan deviation measurement showed that the
frequency instability is reduced to σy = 10−10 at an averaging time of 1 s, and 10−12

at 103 s. We also distinguished the contribution of white and flicker noises to the laser
linewidth through a heterodyne spectroscopy. The frequency drift of the WLM is measured
to be 2.0(4) MHz over one and a half days. Utilizing the two lasers as a cooling and
repumping field, we generated a MOT of 87Rb atoms near a high-finesse optical cavity. Our
stabilization method could be utilized for most of the single-mode lasers operating from
near-UV to telecom band.

Author Contributions: Conceptualization, M.L.; methodology, M.L.; software, J.K., D.L., and K.K.;
validation, S.K., J.-R.K., Y.C., K.A., and M.L.; formal analysis, J.K., D.L., K.K., and Y.S.; investigation,
J.-R.K. and M.L.; resources, S.K., J.-R.K., Y.C., K.A., and M.L.; data curation, J.K., D.L., K.K., and
Y.S.; writing—original draft preparation, M.L.; writing—review and editing, S.K., J.-R.K., Y.C., K.A.,
and M.L.; visualization, J.K., D.L., K.K., and Y.S.; supervision, M.L.; project administration, M.L.;
funding acquisition, K.A. and M.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work has been supported by National Research Foundation with the Grant No.
2019R1A5A102705513, 2020M3E4A10786711, 2020R1l1A2066622, and 2021M3E4A103853411, BK21
FOUR program, Samsung Electronics Co., Ltd. (IO201211-08121-01), Samsung Science and Tech-
nology Foundation (SSTF-BA2101-07 and SRFC-TC2103-01). K. An was supported by the National
Research Foundation (Grant No. 2020R1A2C3009299).

Data Availability Statement: All of the data are available in Zenodo https://zenodo.org/record/55
13433#.YURTXrgzaUl (accessed on 13 September 2021) .

Acknowledgments: We thank Florian Karlewski and Bastian Krüger in HighFinesse GmbH for
helpful discussions with comments on the manuscript. We also thank Won-Kyu Lee for insight-
ful comments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hall, J.L. Nobel Lecture: Defining and measuring optical frequencies. Rev. Mod. Phys. 2006, 78, 1279–1295. [CrossRef]
2. Hänsch, T.W. Nobel Lecture: Passion for precision. Rev. Mod. Phys. 2006, 78, 1297–1309. [CrossRef]
3. Ludlow, A.D.; Boyd, M.M.; Ye, J.; Peik, E.; Schmidt, P.O. Optical atomic clocks. Rev. Mod. Phys. 2015, 87, 637–701. [CrossRef]
4. Kim, W.; Park, C.; Kim, J.R.; Choi, Y.; Kang, S.; Lim, S.; Lee, Y.L.; Ihm, J.; An, K. Tunneling-Induced Spectral Broadening of a

Single Atom in a Three-Dimensional Optical Lattice. Nano Lett. 2011, 11, 729–733. [CrossRef]

https://zenodo.org/record/5513433#.YURTXrgzaUl
https://zenodo.org/record/5513433#.YURTXrgzaUl
http://doi.org/10.1103/RevModPhys.78.1279
http://dx.doi.org/10.1103/RevModPhys.78.1297
http://dx.doi.org/10.1103/RevModPhys.87.637
http://dx.doi.org/10.1021/nl103858x


Sensors 2021, 21, 6255 8 of 9

5. Léonard, J.; Lee, M.; Morales, A.; Karg, T.M.; Esslinger, T.; Donner, T. Optical transport and manipulation of an ultracold atomic
cloud using focus-tunable lenses. New J. Phys. 2014, 16, 093028. [CrossRef]

6. Kim, J.R.; Chong, K.O.; Kim, J.; An, K. Observation of efficient sub-Doppler cooling under a nonzero magnetic field in a moving
optical lattice. Phys. Rev. A 2018, 97, 063420. [CrossRef]

7. Leibfried, D.; Blatt, R.; Monroe, C.; Wineland, D. Quantum dynamics of single trapped ions. Rev. Mod. Phys. 2003, 75, 281–324.
[CrossRef]

8. Lee, M.; Friebe, K.; Fioretto, D.A.; Schüppert, K.; Ong, F.R.; Plankensteiner, D.; Torggler, V.; Ritsch, H.; Blatt, R.; Northup, T.E.
Ion-Based Quantum Sensor for Optical Cavity Photon Numbers. Phys. Rev. Lett. 2019, 122, 153603. [CrossRef]

9. Yang, D.; Oh, S.H.; Han, J.; Son, G.; Kim, J.; Kim, J.; Lee, M.; An, K. Realization of superabsorption by time reversal of
superradiance. Nat. Photonics 2021, 15, 272–276. [CrossRef]

10. Drever, R.W.P.; Hall, J.L.; Kowalski, F.V.; Hough, J.; Ford, G.M.; Munley, A.J.; Ward, H. Laser phase and frequency stabilization
using an optical resonator. Appl. Phys. B 1983, 31, 97–105. [CrossRef]

11. Demtröder, W. Laser Spectroscopy: Basic Concepts and Instrumentation; Springer: Berlin/Heidelberg, Germany, 1982.
12. Black, E.D. An introduction to Pound-Drever-Hall laser frequency stabilization. Am. J. Phys. 2000, 69, 79–87. [CrossRef]
13. Zhang, W.; Martin, M.J.; Benko, C.; Hall, J.L.; Ye, J.; Hagemann, C.; Legero, T.; Sterr, U.; Riehle, F.; Cole, G.D.; et al. Reduction

of residual amplitude modulation to 1 × 10−6 for frequency modulation and laser stabilization. Opt. Lett. 2014, 39, 1980–1983.
[CrossRef]

14. Kobtsev, S.; Kandrushin, S.; Potekhin, A. Long-term frequency stabilization of a continuous-wave tunable laser with the help of a
precision wavelengthmeter. Appl. Opt. 2007, 46, 5840–5843. [CrossRef]

15. Barwood, G.P.; Gill, P.; Huang, G.; Klein, H.A. Automatic laser control for a 88Sr+ optical frequency standard. Meas. Sci. Technol.
2012, 23, 055201. [CrossRef]

16. Couturier, L.; Nosske, I.; Hu, F.; Tan, C.; Qiao, C.; Jiang, Y.H.; Chen, P.; Weidemüller, M. Laser frequency stabilization using a
commercial wavelength meter. Rev. Sci. Instrum. 2018, 89, 043103. [CrossRef] [PubMed]

17. Qian, Y.; Liang, S.; Huang, Y.; Hua, Y.; Kelin, G.; Gao, K. Long-Term Frequency Stabilization of Multi-Lasers Based on Wavemeter.
Chin. J. Lasers 2019, 46, 0211004. [CrossRef]

18. Hannig, S.; Pelzer, L.; Scharnhorst, N.; Kramer, J.; Stepanova, M.; Xu, Z.T.; Spethmann, N.; Leroux, I.D.; Mehlstäubler, T.E.;
Schmidt, P.O. Towards a transportable aluminium ion quantum logic optical clock. Rev. Sci. Instrum. 2019, 90, 053204. [CrossRef]

19. Ghadimi, M.; Bridge, E.M.; Scarabel, J.; Connell, S.; Shimizu, K.; Streed, E.; Lobino, M. Multichannel optomechanical switch and
locking system for wavemeters. Appl. Opt. 2020, 59, 5136–5141. [CrossRef]

20. Bause, R.; Li, M.; Schindewolf, A.; Chen, X.Y.; Duda, M.; Kotochigova, S.; Bloch, I.; Luo, X.Y. Tune-Out and Magic Wavelengths
for Ground-State 23Na40K Molecules. Phys. Rev. Lett. 2020, 125, 023201. [CrossRef] [PubMed]

21. McNally, R.L.; Kozyryev, I.; Vazquez-Carson, S.; Wenz, K.; Wang, T.; Zelevinsky, T. Optical cycling, radiative deflection and laser
cooling of barium monohydride (138Ba1H). New J. Phys. 2020, 22, 083047. [CrossRef]

22. Kajava, T.T.; Lauranto, H.M.; Salomaa, R.R.E. Fizeau interferometer in spectral measurements. J. Opt. Soc. Am. B 1993,
10, 1980–1989. [CrossRef]

23. Lawson, P. Principles of Long Baseline Stellar Interferometry; JPL Publication: Pasadena, CA, USA, 2000.
24. Stoykova, E.; Nenchev, M. Gaussian beam interaction with an air-gap Fizeau interferential wedge. J. Opt. Soc. Am. A 2010,

27, 58–68. [CrossRef] [PubMed]
25. Available online: https://www.highfinesse.com/en/technology/fizeau-principle.html (accessed on 17 September 2021).
26. Allan, D. Statistics of atomic frequency standards. Proc. IEEE 1966, 54, 221–230. [CrossRef]
27. Riley, W.; Howe, D. Handbook of Frequency Stability Analysis; Special Publication (NIST SP); National Institute of Standards and

Technology: Gaithersburg, MD, USA, 2008.
28. Osinski, M.; Buus, J. Linewidth broadening factor in semiconductor lasers—An overview. IEEE J. Quantum Electron. 1987,

23, 9–29. [CrossRef]
29. Stéphan, G.M.; Tam, T.T.; Blin, S.; Besnard, P.; Têtu, M. Laser line shape and spectral density of frequency noise. Phys. Rev. A

2005, 71, 043809. [CrossRef]
30. Chen, M.; Meng, Z.; Wang, J.; Chen, W. Ultra-narrow linewidth measurement based on Voigt profile fitting. Opt. Express 2015,

23, 6803–6808. [CrossRef] [PubMed]
31. Saleh, K.; Millo, J.; Didier, A.; Kersalé, Y.; Lacroûte, C. Frequency stability of a wavelength meter and applications to laser

frequency stabilization. Appl. Opt. 2015, 54, 9446–9449. [CrossRef]
32. Saakyan, S.A.; Sautenkov, V.A.; Vilshanskaya, E.V.; Vasiliev, V.V.; Zelener, B.B.; Zelener, B.V. Frequency control of tunable lasers

using a frequency-calibrated λ-meter in an experiment on preparation of Rydberg atoms in a magneto-optical trap. Quantum
Electron. 2015, 45, 828–832. [CrossRef]

33. Lee, W.K.; Park, C.Y.; Heo, M.S.; Yu, D.H.; Kim, H. Robust frequency stabilization and linewidth narrowing of a laser with large
intermittent frequency jumps using an optical cavity and an atomic beam. Appl. Opt. 2020, 59, 8918–8924. [CrossRef]

34. Ludlow, A.D.; Huang, X.; Notcutt, M.; Zanon-Willette, T.; Foreman, S.M.; Boyd, M.M.; Blatt, S.; Ye, J. Compact, thermal-noise-
limited optical cavity for diode laser stabilization at 1 × 10−15. Opt. Lett. 2007, 32, 641–643. [CrossRef]

35. Choi, Y.; Kang, S.; Lim, S.; Kim, W.; Kim, J.R.; Lee, J.H.; An, K. Quasieigenstate Coalescence in an Atom-Cavity Quantum
Composite. Phys. Rev. Lett. 2010, 104, 153601. [CrossRef]

http://dx.doi.org/10.1088/1367-2630/16/9/093028
http://dx.doi.org/10.1103/PhysRevA.97.063420
http://dx.doi.org/10.1103/RevModPhys.75.281
http://dx.doi.org/10.1103/PhysRevLett.122.153603
http://dx.doi.org/10.1038/s41566-021-00770-6
http://dx.doi.org/10.1007/BF00702605
http://dx.doi.org/10.1119/1.1286663
http://dx.doi.org/10.1364/OL.39.001980
http://dx.doi.org/10.1364/AO.46.005840
http://dx.doi.org/10.1088/0957-0233/23/5/055201
http://dx.doi.org/10.1063/1.5025537
http://www.ncbi.nlm.nih.gov/pubmed/29716314
http://dx.doi.org/10.3788/CJL201946.0211004
http://dx.doi.org/10.1063/1.5090583
http://dx.doi.org/10.1364/AO.390881
http://dx.doi.org/10.1103/PhysRevLett.125.023201
http://www.ncbi.nlm.nih.gov/pubmed/32701321
http://dx.doi.org/10.1088/1367-2630/aba3e9
http://dx.doi.org/10.1364/JOSAB.10.001980
http://dx.doi.org/10.1364/JOSAA.27.000058
http://www.ncbi.nlm.nih.gov/pubmed/20035303
https://www.highfinesse.com/en/technology/fizeau-principle.html
http://dx.doi.org/10.1109/PROC.1966.4634
http://dx.doi.org/10.1109/JQE.1987.1073204
http://dx.doi.org/10.1103/PhysRevA.71.043809
http://dx.doi.org/10.1364/OE.23.006803
http://www.ncbi.nlm.nih.gov/pubmed/25836899
http://dx.doi.org/10.1364/AO.54.009446
http://dx.doi.org/10.1070/QE2015v045n09ABEH015708
http://dx.doi.org/10.1364/AO.404817
http://dx.doi.org/10.1364/OL.32.000641
http://dx.doi.org/10.1103/PhysRevLett.104.153601


Sensors 2021, 21, 6255 9 of 9

36. Kang, S.; Lim, S.; Hwang, M.; Kim, W.; Kim, J.R.; An, K. Controlled generation of single photons in a coupled atom-cavity system
at a fast repetition-rate. Opt. Express 2011, 19, 2440–2447. [CrossRef]

37. Lee, D.; Kim, M.; Hong, J.; Kim, J.; Kang, S.; Choi, Y.; An, K.; Lee, M. Novel characterization of an optical cavity with small mode
volume. arXiv 2021, arXiv:2102.05853.

38. Sagna, N.; Dudle, G.; Thomann, P. The capture process in spherical magneto-optical traps: Experiment and 1D magnetic field
models. J. Phys. B At. Mol. Opt. Phys. 1995, 28, 3213–3224. [CrossRef]

39. Yoon, S.; Choi, Y.; Park, S.; Ji, W.; Lee, J.H.; An, K. Characteristics of single-atom trapping in a magneto-optical trap with a high
magnetic-field gradient. J. Phys. Conf. Ser. 2007, 80, 012046. [CrossRef]

40. Zhang, P.; Guo, Y.; Li, Z.; Chi Zhang, Y.; Zhang, Y.; Du, J.; Li, G.; Wang, J.; Zhang, T. Temperature determination of cold atoms
based on single-atom countings. J. Opt. Soc. Am. B 2011, 28, 667–670. [CrossRef]

41. Hood, C.J.; Chapman, M.S.; Lynn, T.W.; Kimble, H.J. Real-Time Cavity QED with Single Atoms. Phys. Rev. Lett. 1998,
80, 4157–4160. [CrossRef]

42. Kuhn, A.; Hennrich, M.; Rempe, G. Deterministic Single-Photon Source for Distributed Quantum Networking. Phys. Rev. Lett.
2002, 89, 067901. [CrossRef]

43. Du, J.J.; Li, W.F.; Wen, R.J.; Li, G.; Zhang, T.C. Experimental investigation of the statistical distribution of single atoms in cavity
quantum electrodynamics. Laser Phys. Lett. 2015, 12, 065501. [CrossRef]

44. Domokos, P.; Ritsch, H. Mechanical effects of light in optical resonators. J. Opt. Soc. Am. B 2003, 20, 1098–1130. [CrossRef]
45. Chough, Y.T.; An, K. Quantum-trajectory analysis of an optical Stern-Gerlach experiment. Phys. Rev. A 2004, 69, 063817.

[CrossRef]
46. Graham, R.; Schlautmann, M.; Zoller, P. Dynamical localization of atomic-beam deflection by a modulated standing light wave.

Phys. Rev. A 1992, 45, R19–R22. [CrossRef]
47. Gangloff, D.; Shi, M.; Wu, T.; Bylinskii, A.; Braverman, B.; Gutierrez, M.; Nichols, R.; Li, J.; Aichholz, K.; Cetina, M.; et al.

Preventing and reversing vacuum-induced optical losses in high-finesse tantalum (V) oxide mirror coatings. Opt. Express 2015,
23, 18014–18028. [CrossRef]

48. Ma, X.; Kuo, G.S. Optical switching technology comparison: Optical MEMS vs. other technologies. IEEE Commun. Mag. 2003,
41, S16–S23. [CrossRef]

49. Cao, T.; Hu, T.; Zhao, Y. Research Status and Development Trend of MEMS Switches: A Review. Micromachines 2020, 11, 694.
[CrossRef]

50. Song, Y.; Panas, R.M.; Hopkins, J.B. A review of micromirror arrays. Precis. Eng. 2018, 51, 729–761. [CrossRef]
51. Mahameed, R.; Sinha, N.; Pisani, M.B.; Piazza, G. Dual-beam actuation of piezoelectric AlN RF MEMS switches monolithically

integrated with AlN contour-mode resonators. J. Micromech. Microeng. 2008, 18, 105011. [CrossRef]
52. Knoernschild, C.; Kim, C.; Lu, F.P.; Kim, J. Multiplexed broadband beam steering system utilizing high speed MEMS mirrors.

Opt. Express 2009, 17, 7233–7244. [CrossRef]
53. Seok, T.J.; Kwon, K.; Henriksson, J.; Luo, J.; Wu, M.C. Wafer-scale silicon photonic switches beyond die size limit. Optica 2019,

6, 490–494. [CrossRef]
54. Khalid, M.; Omatu, S. A neural network controller for a temperature control system. IEEE Contr. Syst. Mag. 1992, 12, 58–64.

[CrossRef]
55. Zhang, K.; Guliani, A.; Ogrenci-Memik, S.; Memik, G.; Yoshii, K.; Sankaran, R.; Beckman, P. Machine Learning-Based Temperature

Prediction for Runtime Thermal Management Across System Components. IEEE Trans. Parallel Distrib. Syst. 2018, 29, 405–419.
[CrossRef]

56. Brandi, S.; Piscitelli, M.S.; Martellacci, M.; Capozzoli, A. Deep reinforcement learning to optimise indoor temperature control and
heating energy consumption in buildings. Energy Build. 2020, 224, 110225. [CrossRef]

http://dx.doi.org/10.1364/OE.19.002440
http://dx.doi.org/10.1088/0953-4075/28/15/013
http://dx.doi.org/10.1088/1742-6596/80/1/012046
http://dx.doi.org/10.1364/JOSAB.28.000667
http://dx.doi.org/10.1103/PhysRevLett.80.4157
http://dx.doi.org/10.1103/PhysRevLett.89.067901
http://dx.doi.org/10.1088/1612-2011/12/6/065501
http://dx.doi.org/10.1364/JOSAB.20.001098
http://dx.doi.org/10.1103/PhysRevA.69.063817
http://dx.doi.org/10.1103/PhysRevA.45.R19
http://dx.doi.org/10.1364/OE.23.018014
http://dx.doi.org/10.1109/MCOM.2003.1244924
http://dx.doi.org/10.3390/mi11070694
http://dx.doi.org/10.1016/j.precisioneng.2017.08.012
http://dx.doi.org/10.1088/0960-1317/18/10/105011
http://dx.doi.org/10.1364/OE.17.007233
http://dx.doi.org/10.1364/OPTICA.6.000490
http://dx.doi.org/10.1109/37.165518
http://dx.doi.org/10.1109/TPDS.2017.2732951
http://dx.doi.org/10.1016/j.enbuild.2020.110225

	Introduction
	Materials and Methods
	Experimental Setup
	Feedback Bandwidth

	Results
	Allan Deviation Measurement
	Heterodyne Measurement
	WLM Drift Measurement
	Application to Cold Atom Experiment

	Discussion
	Conclusions
	References

