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Frequency Stabilization of a Cesium Faraday Laser
With a Double-Layer Vapor Cell as

Frequency Reference
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Abstract—We implement a compact optical frequency standard
at the wavelength of 852 nm by the modulation transfer spec-
troscopy (MTS) technique, using a Faraday laser as the local
oscillator and a double-layer cesium vapor cell to provide frequency
reference. The vacuum space between the two quartz glass layers
of the double-layer atomic vapor cell can effectively suppress the
temperature fluctuations inside the internal atomic vapor cell. The
influences of probe and pump laser powers, modulation frequency,
and vapor cell temperature on the slope of the MTS error signal
are measured. Utilizing the self-estimation method, we evaluate
the frequency stability of the laser system, which can be up to
5.8 × 10−15/

√
τ at short term, dropping to 2.0 × 10−15 at 50 s.

This result is obviously superior to that using single-layer vapor
cell as the frequency reference. Such an ultrastable laser source
can be widely used in the fields of optical metrology and precision
measurement.

Index Terms—Frequency standard, Faraday laser, modulation
transfer spectroscopy, double-layer vapor cell.

I. INTRODUCTION

FREQUENCY-STABILIZED external-cavity diode lasers
(ECDLs) with narrow linewidth and high-frequency sta-

bility are key pieces of technology in a number of diverse
applications, such as atomic clocks [1], atomic gravimeters [2],
and atomic magnetometers [3], [4]. ECDLs use frequency selec-
tive feedback to achieve narrow linewidth and good tunability.
Various frequency selection elements, such as gratings [5], [6],
interference filters [7], [8], Fabry-Perot etalons [9], [10], are
used for narrow-bandwidth filtering. Although the above ECDLs
can realize single-mode laser with narrow linewidth and good
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tunability, their frequencies are susceptible to mechanical vibra-
tions and changes in the current and temperature of laser diodes.
Furthermore, after long-time operation, the frequency shift of
the ECDLs above is inevitable. Therefore, the laser frequency
should be calibrated, which is inconvenient.

Faraday anomalous dispersion optical filter (FADOF), first
proposed in 1956 [11], plays an important role in frequency
selecting and optical communication systems owing to its nar-
row bandwidth, high transmission and high noise rejection ratio.
Only the laser frequency within a narrow frequency range near
the atomic transition can be transmitted.

The ECDL utilizing FADOF as frequency-selecting ele-
ment [12], [13] is immune to mechanical vibrations and exhibits
good long-term frequency stability. The reason is that it uses
the atomic transition as an absolute reference for frequency
selection, that is, only the laser mode within the transmission
spectrum of the FADOF can survive, and the laser frequency is
limited to a narrow range. However, the frequency of such an
ECDL hops markedly when the current and temperature of the
laser diode change over a wide range, owing to internal-cavity
modes. The “Faraday laser” with an antireflection coated laser
diode (ARLD) as gain medium, which is for eliminating the
internal cavity modes, was first achieved in 2011 [14]. Thus, the
frequency of the Faraday laser is insusceptible to the changes in
the current and temperature of the laser diode, and the Faraday
laser has been widely studied due to its excellent properties [14],
[15], [16], [17], [18].

To further optimize the laser frequency, the ECDLs are
stabilized by saturation absorption spectroscopy (SAS) [19],
polarization spectroscopy (PS) [20], [21], modulation transfer
spectroscopy (MTS) [22], [23], [24], [25], [26], [27], [28], [29],
dichroic atomic vapor laser lock (DAVLL) [30], [31], [32],
Pound-Drever-Hall (PDH) technique [33], [34], etc. In this work,
we use MTS for frequency stabilization. On the one hand, com-
pared with SAS, PS, and DAVLL, MTS has several advantages as
following. The spectral signal of MTS is background-free due to
the nonlinear interaction between photons and atoms; therefore,
the zero point of the dispersive-like signal is insusceptible to
ambient temperature, intensity of laser, etc. Furthermore, the
laser frequency is modulated with high modulation frequency
by electro-optic modulator (EOM), so low-frequency noise can
be effectively suppressed. On the other hand, compared with
PDH, the MTS system has the advantages of significantly
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reduced volume and cost, extending its application scope. More-
over, MTS can also achieve better long-term stability since the
laser frequency is locked to the quantum transition frequency
rather than a supercavity with PDH technique. Thus, the MTS
technique is widely used. For example, the 532 nm I2 optical
frequency standard based on MTS technique has been selected
as a wavelength standard with high frequency stability [24], [25].
Klaus Döringshoff et al. operated the I2 frequency standard in
space on a sounding rocket mission with frequency stability of
1.5 × 10−13/

√
τ [28]. Shang et al. realized an 852 nm frequency

standard whose frequency stability measured via beat detection
is 4.8 × 10−13 at 1 s [35]. Chang et al. implemented an 852 nm
frequency standard with self-estimated frequency stability of
3 × 10−14/

√
τ based on the Faraday laser [36].

However, the temperature of the atomic vapor cell in MTS
fluctuates chronically, limiting long-term frequency stability.
Current frequency stabilization methods commonly use single-
layer atomic vapor cells as frequency reference, which cannot
inhibit temperature fluctuations well. The double-layer atomic
vapor cell provides a vacuum space between two layers of quartz
glass, which can effectively reduce the thermal conduction be-
tween the vapor cell and the ambient air, successfully solving
the problem of temperature fluctuations of the atomic vapor cell.
Therefore, we utilize the double-layer atomic vapor cell as the
frequency reference, and the experimental result shows that the
stability of the laser frequency is clearly improved compared
with that of the single-layer atomic vapor cell.

Here, we stabilize the frequency of the Faraday laser by
MTS, utilizing a double-layer atomic vapor cell as the fre-
quency reference, then we implement an 852 nm compact optical
frequency standard system. In this system, the frequency of
the laser is stabilized on the cycling transition (6 s2S1/2|F =
4〉 − 6p2P3/2|F ′ = 5〉) at cesium 852 nm wavelength. We use
the self-estimation method [37], [38], [39], [40] to evaluate
the frequency stability, which is 5.8 × 10−15/

√
τ at short term,

dropping to 2.0 × 10−15 with an averaging time of 50 s.

II. EXPERIMENTAL SETUP AND METHODS

The experimental setup is shown in Fig. 1(a). The Faraday
laser is used as the local oscillator. A FADOF which consists
of two polarization beam splitters (PBSs), a cesium vapor cell
(cell1), and NdFeB magnets, is used for frequency selection.
The cell1, with a length of 3 cm and a diameter of 1.5 cm,
is filled with cesium and 10 torr Ar buffer gas, heated by a
twisted copper heating wire and enclosed by Teflon layers for
thermal insulation. The 10 torr Ar buffer gas can broaden the full
width at half maximum (FWHM) of the transmission spectrum
of FADOF, which broadens the mode-hop-free tuning range of
the Faraday laser. The temperature of cell1 is controlled at 72 ◦C
within 0.1 ◦C to fix the cesium saturated vapor pressure inside the
cell1. The NdFeB magnets are placed around the cell1 to provide
an axial magnetic field with a center of 900 G. The light is emitted
from an anti-reflection coated laser diode (ARLD, Toptica EYP-
RWE-0860-06010-1500-SOT02-0000), which can eliminate the
internal-cavity modes. The first PBS is used to generate line
polarized light, and the light’s polarization rotates after the

Fig. 1. (a) Experimental setup. ARLD: anti-reflection coated laser diode, PBS:
polarization beam splitter, cell1: cesium vapor cell of the Faraday laser, R:
high-reflection mirror, PZT: piezoelectric transducer, ISO: isolator, HWP: half
wave plate, cell2: double-layer cesium vapor cell of the MTS system, EOM:
electro-optic modulator, PD: photoelectric detector, SG: signal generator, A:
amplifier, PID: proportional integral derivative controller. (b) Cesium energy
level diagram. (c) SAS (solid blue line) and corresponding MTS (solid red line)
of the transition of 6 s2S1/2|F = 4〉 − 6p2P3/2.

light passes through the cesium vapor cell due to the Faraday
effect. Only the light whose polarization rotates 90 ◦ can pass
the second PBS, which is selected from a narrow frequency
range corresponding to the atomic resonance line. The light is
reflected at the high-reflection mirror (R) for optical feedback.
Subsequently, the light passes through the FADOF for frequency
selection agian, then back into the ARLD for optical ampli-
fication, reflected by the reflective surface of the ARLD and
once again passing through the FADOF. After continuous optical
feedback, frequency selection and optical amplification, the laser
coherence is improved with linewidth narrowing. The cavity
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Fig. 2. Double-layer vapor cell (left) and the single-layer vapor cell (right).
The double-layer atomic vapor cell has a vacuum space between two layers
of quartz glass, effectively reducing the thermal conduction between the vapor
cell and the ambient air. The length and the diameter of the double-layer vapor
cell are 11 cm and 2.6 cm, respectively. The length and the diameter of the
single-layer vapor cell are 10 cm and 2 cm, respectively.

length of the Faraday laser isL = 15.5 cm, and the free spectrum
range (FSR) is given by FSR = c/2L = 967.74 MHz, where c
is the light speed. The piezoelectric transducer (PZT) is attached
to the output coupling mirror to adjust the cavity length so
that the laser frequency could be tuned. In this experiment, we
tune the laser frequency near the transition of 6 s2S1/2|F =
4〉 − 6p2P3/2 (see Fig. 1(b)). The laser emitted from the Faraday
laser is split into two beams by the PBS, used as probe laser and
pump laser, respectively. A half wave plate (HWP) is placed
in front of the PBS to control the ratio of the pump and the
probe laser power. The pump laser is phase modulated by an
EOM. A HWP is placed in front of the EOM to make the
polarization direction of the pump laser parallel to the principal
axis of the EOM. The temperature of the EOM in this system
is controlled at 25 ◦C by a thermoelectric cooler (TEC) that
allows to maintain the temperature of the EOM within 0.1 ◦C, in
order to reduce the residual amplitude modulation (RAM). The
probe laser is detected by a photoelectric detector (PD, Thorlabs
PDA8A/M). The saturation absorption spectrum is shown in
Fig. 1(c). In order to minimize the temperature fluctuations
inside the cesium vapor cell of MTS, a double-layer vapor cell
(see Fig. 2) with a vacuum space between the two quartz layers
(cell2) is used as the frequency reference. The cell2 is filled with
pure cesium. The temperature of the cell2 is controlled with a
heating wire around it. And the cell2 is placed in a box consisting
of Teflon layers and permalloy layers for thermal insulation and
magnetic shielding, respectively. The signal detected by the PD
is amplified by an amplifier (A, Mini-Circuits ZFL-500LN+),
subsequently demodulated by a mixer (Mini-Circuits ZFM-2-
S+) with a radio-frequency (RF) signal, and finally we can
get the modulation transfer spectrum, as shown in Fig. 1(c).
The demodulated signal, utilized as residual error signal, is fed
back to the Faraday laser by a proportional integral derivative

Fig. 3. (a) Influence of the pump laser power on the slope of the MTS signal
when the probe laser power is 0.4 mW (red) and 0.7 mW (blue) respectively.
(b) Influence of the probe laser power on the slope of the MTS signal when the
pump laser power is fixed at 0.9 mW.

(PID) controller (Vescent D2-125) for frequency stabilization.
The frequency of the Faraday laser can be continuously tuned
within the Doppler spectrum. However, we just use the hyperfine
transition of 6 s2S1/2|F = 4〉 − 6p2P3/2|F ′ = 5〉 to lock the
frequency of the Faraday laser, because it is corresponding to
the largest gradient of MTS signal in all the SAS peaks of the
transition of 6 s2S1/2|F = 4〉 − 6p2P3/2, leading to a better
frequency stability. The whole laser system occupies a space
of 44× 40× 10.5 cm3.

III. RESULTS AND ANALYSIS

We investigate the dependence of the slope of the MTS
signal corresponding to the hyperfine transition of 6 s2S1/2|F =
4〉 − 6p2P3/2|F ′ = 5〉 on the probe and pump laser powers,
to optimize the resolution and sensitivity of the servo-loop.
Fig. 3(a) shows the influence of the pump laser power on the
slope of the MTS signal when the probe laser power is 0.4 mW
and 0.7 mW, respectively. When the pump laser power is low,
the peak-to-peak amplitude of the MTS signal has an upward
trend with the pump light power going up so that the slope of
the MTS signal gradually increases. The MTS signal saturates
when the pump laser power goes up to a certain extent so
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Fig. 4. Influence of modulation frequency on the slope of the MTS signal when
the probe and pump laser powers is fixed at 0.7 mW and 0.9 mW respectively.
The dash line is the polynomial fitting of the experimental data.

that the peak-to-peak amplitude of the MTS signal no longer
increases, while the power broadening becomes more and more
significant, making the peak-to-peak frequency interval of the
MTS signal larger and larger. That is to say, the slope of the
MTS signal gradually decreases. Thus, in our system, we fix
the pump laser power at 0.9 mW and then investigate the in-
fluence of probe laser power on the slope of the MTS signal,
as shown in Fig. 3(b). When the probe laser power is low, the
peak-to-peak frequency interval of the MTS signal is almost
irrelevant to the probe laser power. However, as the pump laser
power going up, the peak-to-peak amplitude of the MTS signal
increases, giving rise to the increase in the slope of the MTS
signal. As the probe laser power continues to get higher and
higher, the slope of the MTS signal becomes steady due to
the gradual saturation of the peak-to-peak amplitude and the
increasing power broadening. Consequently, the probe laser
power in our setup is set at 0.7 mW. We exclude the higher
power because, based on repeated experiments, higher stability
is not achieved when the power is beyond 0.7 mW, probably due
to the excess noise brought in by the high-power probe laser.

With the probe and pump laser powers fixed at 0.7 mW and
0.9 mW respectively, we measure the variation regularity of
the slope of the MTS signal as the modulation frequency goes
up, as shown in Fig. 4. With the increase in the modulation
frequency, the slope of the MTS signal increases to a peak value
at 4.6 MHz and goes down afterwards, for the reason that the
peak to peak amplitude first increases to a maximum value and
then decreases. Thus, for the optimal locking performance, the
modulation frequency is set at 4.6 MHz in our system.

A suitable temperature is also needed for the vapor cell to
achieve optimal stability. As shown in Fig. 5, the slope of the
MTS signal increases and subsequently decreases as the tem-
perature of the cesium vapor cell increases. Under the condition
of low temperature, the slope of the MTS signal has an upward
trend with the rise of the temperature, because the increase in
the saturation vapor pressure makes the cesium atomic density
in the vapor cell go up. The slope of the MTS signal drops
sharply when the vapor cell temperature continues to increase,

Fig. 5. Influence of temperature in the double-layer vapor cell on the slope of
the MTS signal.

Fig. 6. Time series of the frequency fluctuations described by residual error
signal.

because the collisional broadening becomes more and more
significant, making the spectral line width of SAS signal and the
peak-to-peak frequency interval of MTS signal larger and larger,
far beyond the increase in the peak-to-peak amplitude. The slope
of the MTS signal peaks at 25 ◦C so that the temperature of the
vapor cell is fixed at 25 ◦C.

After all the experimental conditions are optimized, the Fara-
day laser is locked on the cycling transition (6 s2S1/2|F =
4〉 − 6p2P3/2|F ′ = 5〉) with MTS technique, by feeding the
residual error signal back to the controller of the Faraday laser
(PZT and current ports) for slow-speed servo and directly back
to the laser diode port for high-speed servo. Fig. 6 shows the
time series of frequency fluctuations, which is described by the
residual error signal. The frequency stability of the Faraday
laser is evaluated by the self-estimation method, as shown in
Fig. 7. When we use double-layer vapor cell as the frequency
reference, the short-term frequency stability of the Faraday laser
is 5.8 × 10−15/

√
τ , decreasing to 2.0 × 10−15 at 50 s. After

replacing the single-layer vapor cell with a double-layer vapor
cell, the short-term stability of the laser system is optimized from
8.3 × 10−15/

√
τ to 5.8 × 10−15/

√
τ . The long-term stability of

the laser system using a double-layer vapor cell is 2 to 3 times
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Fig. 7. Comparison of Allan deviations of several laser systems. The left and
the right ordinates indicate the fractional frequency stability and the absolute
frequency stability, respectively. The dark blue and the red lines represent the
Allan deviations of the system when a single-layer and a double-layer vapor
cells are used in our setup, respectively. The light blue line shows the Allan
deviation of the compact 852 nm cesium optical standard in [35]. The gray line
represents the 852 nm Faraday laser in [36].

that of the laser system using a single-layer vapor cell, and the
averaging time when the Allan deviation starts to deteriorate of
the former is 2.5 times as long as that of the latter. We can
see that both the short-term and long-term stabilities of the
system using a double-layer vapor cell are much higher than
those of the system using a single-layer vapor cell, especially in
terms of long-term stability, which shows the significant effect
of the double-layer vapor cell. This reason is that the long-term
stability of the system is mainly limited to the temperature
fluctuations inside the vapor cell. The temperature fluctuations
inside the vapor cell cause the ups and downs in saturation
vapor pressure, then the atomic density within the vapor cell
changes, leading to the variation of the transmittance. Therefore,
the error signal fluctuates when the laser frequency does not
drift at all. Furthermore, the collisional broadening effect and
the collisional shift effect can be expressed respectively as

Δω = 2n0σ
′v̄,

δω = n0σ
′′v̄, (1)

where n0 is the atomic density, σ′ is the collisional broadening
cross-section, σ′′ is the collisional shift cross-section, and v̄ is
the mean relative velocity. As the temperature fluctuates, n0 and
v̄ within the vapor cell change, and therefore Δω and δω cannot
stay the same, resulting in the drift of the reference frequency
and the variation of the slope of the MTS signal. That is to say,
the stability will deteriorate, especially the long-term one, as a
result of low-frequency temperature fluctuations inside the vapor
cell. It is noteworthy that the double-layer vapor cell provides
a vacuum space between two quartz layers, which can com-
mendably isolate the interior of the atomic vapor cell from the
external environment, thus greatly weakening the temperature
variation. In other words, the temperature of the cesium atoms
inside the vapor cell cannot keep up with the outside temperature
change, thus significantly reducing the temperature fluctuations

inside the vapor cell. As a consequence, the long-term stability
of the system is greatly improved by using a double-layer vapor
cell. Meanwhile, the long-term stability of our system performs
much better than the compact 852 nm Cs optical standard in [35].
The averaging time when the Allan deviation curve is starts to
deteriorate of our system is 50 times as long as that of the system
in [35]. Compared with the 852 nm Faraday laser in [36], the
frequency stability of our system is about 4 times better both
in the long-term and the short-term scales. In addition, because
of the improved long-term stability, the laser frequency can be
locked for at least three days, and the system can be used in
outdoor applications with large temperature fluctuations.

IV. CONCLUSION

We realize an 852 nm compact optical frequency standard
system on the basis of the MTS technique. A Faraday laser is
utilized as the local oscillator, and in order to inhibit the temper-
ature drift inside the vapor cell, we utilize a double-layer cesium
vapor cell as the frequency reference. We study the factors of
the slope of the MTS signal, such as probe and pump laser
powers, modulation frequency, and vapor cell temperature, and
then set these factors at the optimal values. By the self-estimation
method, the preliminary stability of the frequency standard
is 5.8× 10−15/

√
τ , decreasing to 2.0× 10−15 at 50 s, which

performs much better than the laser system with a single-layer
vapor cell. We find great potential of this frequency-stabilized
laser system, which is a promising alternative to PDH technology
in the future, with significantly reduced cost and size. And it can
be widely used in many fields, such as atomic clocks, atomic
gravimeters, atomic magnetometers, etc. In our future work, we
will further improve the temperature-control equipment of the
vapor cell and fix the double-layer vapor cell in an adiabatic
vacuum chamber so that the long-term stability of the system
might continue to be optimized. The stability of the system
will be evaluated by optical heterodyne beating between two
identical frequency-stabilized laser systems.

REFERENCES

[1] K. Bongs et al., “Development of a strontium optical lattice clock for the
SOC mission on the ISS,” C. R. Phys., vol. 16, no. 5, pp. 553–564, 2015.

[2] Z. Hu et al., “Demonstration of an ultrahigh-sensitivity atom-
interferometry absolute gravimeter,” Phys. Rev. A, vol. 88, no. 4, 2013,
Art. no. 043610.

[3] N. Behbood, F. M. Ciurana, G. Colangelo, M. Napolitano, M. W. Mitchell,
and R. J. Sewell, “Real-time vector field tracking with a cold-atom mag-
netometer,” Appl. Phys. Lett., vol. 102, no. 17, 2013, Art. no. 173504.

[4] D. Budker and M. Romalis, “Optical magnetometry,” Nature Phys., vol. 3,
pp. 227–234, 2007.

[5] K. Liu and M. G. Littman, “Novel geometry for single-mode scanning of
tunable lasers,” Opt. Lett., vol. 6, no. 3, pp. 117–118, 1981.

[6] L. Ricci et al., “A compact grating-stabilized diode laser system for atomic
physics,” Opt. Commun., vol. 117, no. 5, pp. 541–549, 1995.

[7] M. Gilowski et al., “Narrow bandwidth interference filter-stabilized diode
laser systems for the manipulation of neutral atoms,” Opt. Commun.,
vol. 280, no. 2, pp. 443–447, 2007.

[8] L. Zhang et al., “Development of an interference filter-stabilized external-
cavity diode laser for space applications,” Photonics, vol. 7, no. 1, 2020,
Art. no. 12.

[9] B. E. Bernacki, P. R. Hemmer, S. P. Smith, and S. Ezekiel, “Alignment-
insensitive technique for wideband tuning of an unmodified semiconductor
laser,” Opt. Lett., vol. 13, no. 9, pp. 725–727, 1988.



1561006 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 6, DECEMBER 2022

[10] F. Allard, I. Maksimovic, M. Abgrall, and P. Laurent, “Automatic system to
control the operation of an extended cavity diode laser,” Rev. Sci. Instrum.,
vol. 75, no. 1, pp. 54–58, Nov. 2004.

[11] Y. Ohman, “On some new auxiliary instruments in astrophysical research
VI. A tentative monochromator for solar work based on the principle
of selective magnetic rotation,” Stockholms Obs. Ann, vol. 19, no. 4,
pp. 9–11, 1956.

[12] P. Wanninger, E. C. Valdez, and T. M. Shay, “Diode-laser frequency
stabilization based on the resonant Faraday effect,” IEEE Photon. Technol.
Lett., vol. 4, no. 1, pp. 94–96, Jan. 1992.

[13] K. Choi, J. Menders, P. Searcy, and E. Korevaar, “Optical feedback locking
of a diode laser using a cesium Faraday filter,” Opt. Commun., vol. 96,
no. 4–6, pp. 240–244, 1993.

[14] X. Miao et al., “Note: Demonstration of an external-cavity diode laser
system immune to current and temperature fluctuations,” Rev. Sci. Instrum.,
vol. 82, no. 8, 2011, Art. no. 086106.

[15] P. Chang et al., “A Faraday laser lasing on Rb 1529 nm transition,” Sci.
Rep., vol. 7, no. 1, pp. 1–8, 2017.

[16] P. Chang et al., “A Faraday laser operating on Cs 852 nm transition,” Appl.
Phys. B, vol. 125, no. 12, pp. 1–6, 2019.

[17] M. D. Rotondaro, B. V. Zhdanov, M. K. Shaffer, and R. Knize, “Narrow-
band diode laser pump module for pumping alkali vapors,” Opt. Exp.,
vol. 26, no. 8, pp. 9792–9797, 2018.

[18] H. Tang et al., “18 W ultra-narrow diode laser absolutely locked to the Rb
D2 line,” Opt. Exp., vol. 29, no. 23, pp. 38728–38736, 2021.

[19] K. B. MacAdam, A. Steinbach, and C. Wieman, “A narrow-band tunable
diode laser system with grating feedback, and a saturated absorption
spectrometer for Cs and Rb,” Am J. Phys, vol. 60, no. 12, pp. 1098–1111,
1992.

[20] C. Wieman and T. W. Hänsch, “Doppler-free laser polarization spec-
troscopy,” Phys. Rev. Lett., vol. 36, no. 20, pp. 1170–1173, 1976.

[21] T. W. Hansch and B. Couillaud, “Laser frequency stabilization by polariza-
tion spectroscopy of a reflecting reference cavity,” Opt. Commun., vol. 35,
no. 3, pp. 441–444, 1980.

[22] R. K. Raj, D. Bloch, J. J. Snyder, G. Camy, and M. Ducloy, “High-
frequency optically heterodyned saturation spectroscopy via resonant
degenerate four-wave mixing,” Phys. Rev. Lett., vol. 44, no. 19,
pp. 1251–1254, 1980.

[23] J. Ye, L. Ma, and J. L. Hall, “Molecular iodine clock,” Phys. Rev. Lett.,
vol. 87, no. 27, 2001, Art. no. 270801.

[24] E. Zang, J. Cao, Y. Li, C. Li, and Y. Deng, “Realization of four-pass
I2 absorption cell in 532-nm optical frequency standard,” IEEE Trans.
Instrum. Meas., vol. 56, no. 2, pp. 673–676, Apr. 2007.

[25] T. Schuldt et al., “Development of a compact optical absolute frequency
reference for space with 10−15 instability,” Appl. Opt., vol. 56, no. 4,
pp. 1101–1106, 2017.

[26] B. Wu et al., “Modulation transfer spectroscopy for D1 transition line of
rubidium,” J. Opt. Soc. Am B, vol. 35, no. 11, pp. 2705–2710, 2018.

[27] P. Chang, S. Zhang, H. Shang, and J. Chen, “Stabilizing diode laser to 1
Hz-level allan deviation with atomic spectroscopy for Rb four-level active
optical frequency standard,” Appl. Phys. B, vol. 125, no. 11, pp. 1–8, 2019.

[28] K. Döringshoff et al., “Iodine frequency reference on a sounding rocket,”
Phys. Rev. Appl., vol. 11, no. 5, 2019, Art. no. 054068.

[29] T. Schuldt et al., “Optical clock technologies for global navigation satellite
systems,” GPS Solutions, vol. 25, no. 3, pp. 1–11, 2021.

[30] J. Wang, S. Yan, Y. Wang, T. Liu, and T. Zhang, “Modulation-free fre-
quency stabilization of a grating-external-cavity diode laser by magneti-
cally induced sub-Doppler dichroism in cesium vapor cell,” Jpn. J. Appl.
Phys., vol. 43, no. 3, pp. 1168–1171, 2004.

[31] A. Millett-Sikking, I. G. Hughes, P. Tierney, and S. L. Cornish, “DAVLL
lineshapes in atomic rubidium,” J. Phys. B: At Mol. Opt. Phys., vol. 40,
no. 1, pp. 187–198, 2006.

[32] D. Su et al., “Application of sub-Doppler DAVLL to laser frequency
stabilization in atomic cesium,” Appl. Opt., vol. 53, no. 30, pp. 7011–7016,
2014.

[33] R. V. Pound, “Electronic frequency stabilization of microwave oscillators,”
Rev. Sci. Instrum., vol. 17, no. 11, pp. 490–505, 1946.

[34] R. W. P. Drever et al., “Laser phase and frequency stabilization using an
optical resonator,” Appl. Phys. B, vol. 31, no. 2, pp. 97–105, 1983.

[35] H. Shang et al., “Laser with 10−13 short-term instability for compact
optically pumped cesium beam atomic clock,” Opt. Exp., vol. 28, no. 5,
pp. 6868–6880, 2020.

[36] P. Chang et al., “Frequency-stabilized Faraday laser with 10−14 short-term
instability for atomic clocks,” Appl. Phys. Lett., vol. 120, no. 14, 2022,
Art. no. 141102.

[37] N. Ito, “Doppler-free modulation transfer spectroscopy of rubidium
52S 1/2-62 P1/2 transitions using a frequency-doubled diode laser
blue-light source,” Rev. Sci. Instrum., vol. 71, no. 7, pp. 2655–2662,
2000.

[38] H. S. Moon, L. Lee, K. Kim, and J. B. Kim, “Laser frequency stabilizations
using electromagnetically induced transparency,” Appl. Phys. Lett., vol. 84,
no. 16, pp. 3001–3003, 2004.

[39] H. S. Moon, W. K. Lee, L. Lee, and J. B. Kim, “Double resonance optical
pumping spectrum and its application for frequency stabilization of a laser
diode,” Appl. Phys. Lett., vol. 85, no. 18, pp. 3965–3967, 2004.

[40] B. Yang, J. Zhao, T. Zhang, and J. Wang, “Improvement of the spectra
signal-to-noise ratio of caesium 6P3/2-8S1/2 transition and its application
in laser frequency stabilization,” J. Phys. D: Appl. Phys., vol. 42, no. 8,
2009, Art. no. 085111.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


