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We achieve a compact optical frequency standard with an extended cavity diode laser locked to the
459-nm 6S1/2-7P1/2 transition of thermal 133Cs atoms in a φ10 mm × 50 mm glass cell, using modulation
transfer spectroscopy (MTS). The self-estimated frequency stability of this laser is 1.4 × 10−14/

√
τ . With

heterodyne measurement, we verify the linewidth-narrowing effect of MTS locking and measure the fre-
quency stability of the locked laser. The linewidth of each laser is reduced from the free-running 69.6 to
10.3 kHz after MTS stabilization, by a factor of 6.75. The Allan deviation measured via beat detection
is 2.1 × 10−13/

√
τ for each MTS-stabilized laser. In addition, we measure the hyperfine structure of the

7P1/2 energy level based on the heterodyne measurements, and calculate the magnetic dipole constant A
of the Cs 7P1/2 level to be 94.38(6) MHz, which agrees well with previous measurements. This compact
optical frequency standard can also be used in other applications that require high-stability lasers, such as
laser interferometry, laser cooling, geodesy, and so on.

DOI: 10.1103/PhysRevApplied.18.024034

I. INTRODUCTION

In the past decade, optical clock technology has seen
rapid advances, with optical clocks based on lattice-
trapped atoms and single-ion systems reaching uncertainty
levels below 10−18 [1–7]. With such an unprecedented
level of precision, optical clocks find applications in areas
such as geodesy [4,8], testing of fundamental physics
[7,9,10], and gravitational-wave detection [11]. However,
state-of-the-art optical clocks are usually confined to lab-
oratory environments, due to their bulk and complexity
[12]. For applications with less stringent requirements
on clock performance, it is often advantageous to utilize
optical clocks with thermal atomic reference, whose com-
pactness and portability surpass their laboratory-bound
counterparts. Taking advantage of their high operating fre-
quency, compact optical clocks achieve frequency stability
surpassing or comparable to microwave atomic clocks
[13,14].

Common experimental techniques for realizing a com-
pact optical clock with thermal atoms in a cell as
the frequency reference include saturation absorption
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spectroscopy (SAS) [15–17], polarization spectroscopy
(PS) [18–20], two-photon spectroscopy [21–24], dual-
frequency sub-Doppler spectroscopy (DFSDS) [25–27],
and modulation transfer spectroscopy (MTS) [28–30].
These methods all utilize the interaction between
counter-propagating lasers and thermal atoms to generate
Doppler-free atomic spectra as the basis of laser stabiliza-
tion. With SAS, PS, and MTS, the counter-propagating
geometry is used for velocity selection, so that only atoms
with zero velocity component along the laser propaga-
tion axis are interrogated. In two-photon spectroscopy,
since the Doppler shifts from the lasers in opposite direc-
tions cancel each other, atoms in all velocity classes can
contribute to the signal. DFSDS uses the CPT effect in
atoms with �-type energy levels to generate a sub-Doppler
absorption peak with narrow linewidth. Here we list the
stability levels reached by these approaches in related
works, as shown in Table I.

Among these stabilization techniques based on thermal
atoms in a cell, MTS has the advantages of insensitivity
to background absorption and rejection of low-frequency
noise [31–33]. The 532-nm I2 optical frequency standard
with MTS locking has been employed as a wavelength
standard due to its high stability [34,35]. Compared to
iodine optical frequency standards, MTS systems based on
alkali metal atoms have several advantages: alkali metal
atomic cells can be made much smaller while retaining a
similar level of signal-to-noise ratio as iodine frequency
standards, and a wide range of diode lasers are available
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TABLE I. Stability levels reached by different types of compact
optical frequency standards.

System type Frequency stability Reference

SAS, Rb, 780 nm 1.7 × 10−12 at 1 s [17]
PS, Rb, 780 nm 1.5 × 10−12 at 1 s [20]
Two-photon, Rb, 778 nm 4 × 10−13/

√
τ [23]

DFSDS, Cs, 895 nm 1.1 × 10−12/
√

τ [27]
MTS, Cs, 852 nm 2.6 × 10−13/

√
τ [37]

MTS, Cs, 459 nm 2.1 × 10−13/
√

τ This work

for interrogating different transitions of alkali metal atoms
[36,37].

In this paper, we experimentally study a compact Cs
optical frequency standard that is locked to the 459-nm
6S1/2-7P1/2 transition of 133Cs. After optimizing the
operating parameters of the optical frequency standard, we
measure the frequency stability of the output laser via both
self-estimation and heterodyne measurement between two
identical MTS systems. The self-estimated Allan deviation
is 1.4 × 10−14/

√
τ and reaches a minimum of 4 × 10−15 at

30-s averaging time. By measuring the frequency spectrum
of the beat signal between two MTS-stabilized lasers and
the beat signal between one MTS-stabilized laser and free-
running laser, we verify the linewidth-narrowing effect of
MTS locking, with the linewidth of an individual laser
reduced from 69.6 to 10.3 kHz, by a factor of 6.75. The
Allan deviation of the beating signal is 3 × 10−13/

√
τ ;

assuming the two MTS systems contribute equally to the
fluctuations of the beat signal, each MTS system has
short-term frequency stability of 2.1 × 10−13/

√
τ . We also

measure the hyperfine level splitting of the 7P1/2 level
from the beat signal between two MTS systems locked to
the Cs 6S1/2 (F = 4)-7P1/2 (F ′ = 3) transition and 6S1/2
(F = 4)-7P1/2 (F ′ = 3 and 4) crossover transition, respec-
tively, and calculate the magnetic dipole constant A of
the Cs 7P1/2 energy level to be 94.38(6) MHz, which
agrees with previous works [38–41]. In addition to being
used as a portable optical frequency standard, this com-
pact, narrow-linewidth, high-stability laser can have vari-
ous other applications, such as laser interferometry, laser
cooling, geodesy, and so on.

II. EXPERIMENT

The schematic of the 459-nm laser system frequency
stabilized by MTS is shown in Fig. 1(a), and the photo of
the system is shown in Fig. 1(b). We use a 459-nm inter-
ference filter configuration external cavity diode laser (IF
ECDL) as the local oscillator for the MTS-stabilized opti-
cal clock. The frequency of the IF ECDL is tunable via
adjusting the injection current and the voltage on a piezo-
electric ceramic (PZT) controlling the cavity length. The
IF ECDL has a maximum output power up to 30 mW, and

its linewidth is measured to be below 50 kHz. After pass-
ing a Faraday isolator and a beam expander, the output
laser is then split in two parts after passing through a half-
wave plate (HWP) and a polarizing beam splitter (PBS),
with about 2 mW of optical power for laser-frequency
stabilization by MTS. The light used for stabilization is
further split into probe and pump beams, with optical
power 0.33 and 1.5 mW, respectively. The probe beam
passes through a φ10 mm × 50 mm cylindrical glass cell
filled with 133Cs atoms, and is then detected by the pho-
todetector (PD1, Thorlabs PDA8A2). The cell is housed
in a casing fixed to the baseboard, with several layers of
Teflon for heat insulation and two layers of cylindrical μ-
metal magnetic shielding. The pump beam is frequency
modulated by an electro-optic modulator (EOM), and it
overlaps with the probe beam in the cesium cell at a lin⊥lin
counter-propagating configuration. The temperature of the
cesium cell is controlled by a commercial temperature con-
troller (Thorlabs TC200), which detects the temperature of
the cesium cell via a thermistor and adjusts the current
sent to the heater accordingly. A HWP is placed before
the EOM to align the light polarization with the main axis
of the EOM crystal. The pump beam acquires sidebands
from the EOM’s modulation, with the ±1 sidebands dom-
inant; and after four-wave mixing processes in the cesium
cell, the modulation is transferred to the probe beam. PD1
detects the beatnote between the probe beam’s carrier and
the two dominant sidebands. After frequency mixing the
signal from PD1 with a demodulation signal with the same
frequency as the modulation frequency, a dispersionlike
signal is obtained at the mixer’s output port. This signal is
used as the error signal for the PID locking system control-
ling the diode laser’s injection current and PZT voltage, so
the laser frequency is locked to atomic transition. The MTS
system occupies a space of 44 × 40 × 16 cm3.

For the evaluation of the MTS-stabilized laser’s fre-
quency stability, we use the self-estimation method for a
single MTS system and heterodyne measurement between
two identical MTS systems. The self-estimation method
evaluates the frequency stability by measuring the residual
error signal after locking, and is used for individually eval-
uating the frequency stability of a MTS-stabilized laser. It
is a commonly used method that characterizes how well the
laser frequency follows the atomic transition, and reflects
on the in-loop locking performance [33,42,43]. For hetero-
dyne measurement, the output laser of two identical MTS
systems are coupled into two input ports of a 50:50 fiber-
optical coupler, and the beat signal is detected by a high-
bandwidth photodetector (PD2, Hamamatsu c5658) at the
output port. Two MTS systems with identical setup are
locked to the 6S1/2 (F = 4)-7P1/2 (F ′ = 3) transition and
the 6S1/2 (F = 4)-7P1/2 (F ′ = 3 and 4) crossover transi-
tion separately, and the beat signal is sent into a frequency
counter (Keysight 53230A), then the frequency stability
can be calculated from the recorded beat frequency. We
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(a) (b)

FIG. 1. (a) Experimental setup of the MTS system, with an identical MTS system set up for heterodyne measurement. 459-nm IF
ECDL, 459-nm interference filter configuration external cavity diode laser; HWP, half-wave plate; PBS, polarizing beam splitter; PD,
photodetector; SIG, signal generator; PID, proportion-integral-derivative locking system. Inset: hyperfine levels of the Cs 6S1/2 and
7P1/2 energy levels. (b) Photo of the experimental setup of the MTS system. All components are secured to an aluminum baseboard
for better mechanical stability, and the setup is enclosed during its operation to reduce the effect of external disturbances. To the left
of the photo are components irrelevant to the MTS experiment, which are therefore omitted from the photo; the MTS system can, in
principle, be enclosed in the area prescribed by the photo, which is 44 × 40 cm2, and the box containing the experimental setup is 16
cm high. The fiber-coupled heterodyne module and the other MTS system are not shown in the photo.

also measure the laser linewidth and the phase-noise spec-
trum with a rf spectrum analyzer (Keysight N9000B) and
a phase-noise analyzer (Keysight E5052B), respectively.

III. RESULTS

A. Optimization of the MTS setup

We first obtain SAS and MTS spectra of the 133Cs 6S1/2-
7P1/2 transition. Figures 2(a) and 2(b) show the MTS
and SAS spectra with ground states 6S1/2 (F = 3) and
6S1/2 (F = 4), respectively. As can be seen from the fig-
ures, the 6S1/2 (F = 4)-7P1/2 (F = 3) transition has the
largest signal amplitude and slope under the same working
conditions (cell temperature, EOM modulation frequency,
pump and probe laser power, etc.), so we choose it as the
reference transition for MTS stabilization.

Since the laser is locked at the zero crossing of the
MTS signal, its slope at the zero crossing is a good indi-
cator of the system parameters, as a higher slope means
a larger signal-to-noise ratio, as well as higher sensitiv-
ity to frequency fluctuations. We measure the MTS signal
slope under various cesium-cell temperatures and EOM
modulation frequencies, as well as the short-term stability
measured via self-estimation, in order to find the optimal
working conditions. Results are shown in Figs. 3 and 4. In
Fig. 3(a), the signal slope first increases with the cell tem-
perature due to the increase in atomic density resulting in
a larger signal, then decreases as the resonance linewidth
is affected by collision broadening; in Fig. 4(b), the sig-
nal slope increases sharply around 1.68 MHz. The natural

linewidth of the cesium 6S1/2-7P1/2 transition is �nat =
6.053(7) MHz [44], and the linewidth of the MTS signal
corresponding to the 6S1/2 (F = 4)-7P1/2 (F ′ = 3) hyper-
fine transition is measured to be �eff = 8.63 MHz from
the data plot, using the hyperfine splitting between 7P1/2
(F ′ = 3) and 7P1/2 (F ′ = 4) as a reference. This increase
in the measured linewidth from the natural linewidth can
mostly be attributed to saturation broadening [33]. Here
we have the modulation frequency ωm = 1.68 MHz at
approximately 0.2 times the measured linewidth �eff =
8.63 MHz, which can be regarded as the optimal mod-
ulation frequency for maximizing the slope of the MTS
signal [45]. The short-term stability measurements in Figs.
3(b) and 4(b) also agree well with the signal slope mea-
surements in Figs. 3(a) and 4(a). The cell temperature is
set at 109.4 ◦C, and the modulation frequency is set at 1.68
MHz, both corresponding to maximal signal slope and best
self-estimated short-term stability, thereby optimizing the
performance of the MTS-stabilized laser.

B. Characterization of MTS-stabilized laser

We first use the self-estimation method to evaluate the
frequency stability of the 459-nm laser after locking. The
dispersionlike MTS signal is approximately linear near res-
onance, and the frequency shift can be derived from the
residual error signal, as fluctuations of the error signal
translate to frequency fluctuations. As shown in Fig. 6, the
short-term stability measured with self-estimation at aver-
aging time of 1 s is 1.4 × 10−14/

√
τ , reaching 4 × 10−15
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(a)

(b)

FIG. 2. SAS and MTS spectra of the Cs 6S1/2-7P1/2 transition,
starting from the (a) F = 3 and (b) F = 4 hyperfine levels. Com-
paring (a),(b), we find the F = 4-F ′ = 3 hyperfine transition has
the largest MTS signal strength, and choose it as the reference
transition. The natural linewidth of the 133Cs 6S1/2-7P1/2 tran-
sition is 6.053(7) MHz [44]. The linewidth of the MTS signal
corresponding to the F = 4-F ′ = 3 hyperfine transition is mea-
sured to be 8.63 MHz from the data plot, using the hyperfine
splitting (here we use the approximate value of 377.4 MHz [38])
between F ′ = 3 and F ′ = 4 as a reference.

at 30-s averaging time, and maintains this level of stability
until after 200 s, where the Allan deviation then degrades
slightly. The long-term self-estimated frequency stability
is mostly limited by the residual amplitude modulation
(RAM) of the EOM, and can be improved by methods such
as controlling the temperature of the EOM crystal [46–48].
Though self-estimation is only an in-loop measurement
and not truly representative of the laser-frequency stabil-
ity, it reflects how well the laser frequency “follows” the
atomic transition, which sets a lower limit to the attainable
frequency stability [33,42,43].

In addition to self-estimation evaluation, we measure
the beat signal between two MTS systems with identical
setups. One system is locked to the 6S1/2 (F = 4)-7P1/2
(F ′ = 3) transition, with the other system locked to the

(a)

(b) Averaging Time 1 s
Averaging Time 10 s

FIG. 3. (a) MTS signal slope at zero crossing and (b) self-
estimated short-term frequency stability, measured at different
cell temperatures, with the modulation frequency set at 1.7
MHz. The temperature we choose for the following experiments
(except measurement of collision shift, which changes the cell
temperature) is denoted with a star symbol in (a). Each data point
in (a) is the averaged result of three measurements, and the error
bars represent the standard deviation. Each data point in (b) is
obtained by monitoring the error signal for more than 100 s, then
calculating the self-estimated Allan deviation from the recorded
error signal. The error bars in (b) represent the 1-σ confidence
interval of each Allan-deviation value.

6S1/2 (F = 4)-7P1/2 (F ′ = 3 and 4) crossover transition.
After combining the laser output of the two systems via
a fiber-optical coupler, we use a high bandwidth photode-
tector (Hamamatsu C5658, bandwidth 1 GHz) to measure

(a)

(b) Averaging Time 1 s
Averaging Time 10 s

FIG. 4. (a) MTS signal slope at zero crossing and (b) self-
estimated short-term frequency stability, measured at different
modulation frequencies, with the cell temperature controlled at
109.4 ◦C. The modulation frequency we choose for the follow-
ing experiments is denoted with a star symbol in (a). Each data
point in (a) is the averaged result of three measurements, and the
error bars represent the standard deviation. Each data point in
(b) is obtained by monitoring the error signal for more than 100
seconds, then calculating the self-estimated Allan deviation from
the recorded error signal. The error bars in (b) represent the 1-σ
confidence interval of each Allan-deviation value.
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FIG. 5. (a) Typical beating data of two identical MTS-
stabilized 459-nm lasers. The Lorentz-fitted FWHM of the beat
linewidth is 12 kHz. Inset: typical beating data with one laser free
running, the fitted FWHM is 72 kHz. (b) Histogram of repeated
measurements of the fitted beating linewidths with both lasers
locked, the mean linewidth after locking is 14.5 kHz, indicat-
ing a linewidth of 10.3 kHz for each laser. Inset: histogram of
repeated measurements of the fitted linewidths with one laser
free running, mean linewidth is 69.6 kHz. All linewidth mea-
surements are made with the RBW of the spectrum analyzer set
at 10 kHz, in order to have a fair comparison between the locked
and free-running linewidths.

the beat signal with frequency equal to half of the fre-
quency difference between the 7P1/2 (F ′ = 3) and 7P1/2
(F ′ = 4) hyperfine levels. The beat signal is sent into
a spectrum analyzer (Keysight N9002B) for measuring
the laser’s linewidth. Results are shown in Figs. 5(a)
and 5(b). After repeated measurements, the mean beating
linewidth between two MTS-stabilized lasers is calculated
to be 14.5 kHz, and the mean beating linewidth between
a MTS-stabilized laser and a free-running laser is 69.6
kHz. Assuming equal contribution from each laser in the
beating linewidth between two MTS-stabilized lasers, the
linewidth of each laser is 10.3 kHz, whereas the beat

Time (s)

FIG. 6. Allan deviation of the 459-nm laser stabilized via
MTS, measured by self-estimation (red solid circles) and het-
erodyne measurement (black solid squares). Compared to the
frequency stability of the 852-nm laser locked to the Cs 6S1/2-
6P3/2 transition in Ref. [37] (blue half-squares) and the 778-nm
optical clock based on the Rb 5S1/2-5D5/2 two-photon transition
in Ref. [23] (green half-circles), our MTS-stabilized laser has
better short-term frequency stability at averaging time below 100
s. The error bars in this figure represent the 1-σ confidence inter-
val of each Allan-deviation value. The data points from Ref. [37]
(green half-circles) represent the Allan deviation of the original
beat frequency sequences, therefore they are

√
2 times larger than

the Allan deviation listed in Table I.

linewidth between free-running and locked lasers mainly
come from the free-running one. Therefore, the laser
linewidth is reduced by a factor of 6.75 after locking. This
reduction is due to suppression of the laser-frequency noise
by the MTS feedback [33].

The beat signal between two locked identical MTS
systems is then sent into a frequency counter (Keysight
53230A) for measurement of frequency stability. The
Allan deviation can be calculated from the measured beat
frequency sequence. The Allan deviation of the beat-
note is 3 × 10−13/

√
τ , and assuming the two identical

MTS systems contribute equally, the Allan deviation of
each stabilized laser is 1/

√
2 of the beat sequence, i.e.,

2.1 × 10−13/
√

τ , as depicted by Fig. 6. The Allan devi-
ation of the beatnote between a free-running laser and a
locked laser is 8.2 × 10−10 for averaging time below 10 s,
and becomes 2 × 10−10τ 1/2 at higher averaging times.
The Allan deviation measured via heterodyne measure-
ment is larger than that of the self-estimation (in-loop
measurement), mostly due to out-of-loop elements such as
temperature fluctuation of the cesium cells [37].
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FIG. 7. Measured phase-noise spectrum of the beat signal
between two lasers locked to the 133Cs 6S1/2 (F = 4)-7P1/2 (F ′ =
3) transition and the F = 4-F ′ = 4 and 3 crossover transition,
respectively.

We also measure the phase-noise spectrum of the beat
signal between two MTS-stabilized lasers with a phase-
noise analyzer (Keysight E5052B), and the result is shown
in Fig. 7. However, since we measure the phase-noise spec-
trum only in the frequency range of 1 Hz to 1 MHz, it
corresponds to timescales less than 1 s, whereas our fre-
quency stability measurement of the beatnote starts only
at 0.1 s, so we cannot make a direct comparison between
the phase-noise spectrum and frequency-stability measure-
ments. Instead, the phase-noise spectrum supplements the
frequency-stability measurement and provides information
on the beat signal’s behavior at short timescales.

C. Hyperfine level measurements with MTS

Since the beat frequency between the F = 4-F ′ = 3
transition and the F = 4-F ′ = 3 and 4 crossover transi-
tion is equal to half of the hyperfine splitting of the 7P1/2
energy level, the heterodyne measurement can also be used
to measure the hyperfine structure of the 7P1/2 energy
level. By varying the cell temperature and the pump and
probe laser power of one individual MTS system while
keeping the other constant, the effects of collision shift
and power shift can be accounted for and corrected. Fig-
ures 8(a) and 8(b) show the relative frequency shifts of
the F = 4-F ′ = 3 and crossover transitions under different
cell temperatures and total laser power, and the shift coef-
ficients are obtained via least-squares fitting. The collision
shift coefficients of the F = 4-F ′ = 3 and crossover tran-
sitions are 2.64(17) kHz/K and 6.11(43) kHz/K, respec-
tively. The ac Stark shift coefficients of the F = 4-F ′ = 3
and crossover transitions are 77.89 ± 9.81 kHz/mW and
115.65 ± 4.54 kHz/mW, respectively. Note that the fre-
quency shift coefficients of the F = 4-F ′ = 3 transition
are of the opposite sign of the fitted slopes in Figs. 8(a)

(a)

(b)
3 and 4

3 and 4

FIG. 8. Experimental measurements of the beat frequencies
between the Cs 6S1/2 (F = 4)-7P1/2 (F = 3) transition (black
squares) and the 6S1/2 (F = 4)-7P1/2 (F = 3 and 4) crossover
transition (red circles): (a) under different cell temperatures; (b)
under different total laser power. Each data point in this figure
is the averaged result from beat frequency data measured with
a frequency counter with more than 300-s measurement time,
and the error bars are the standard deviation calculated from each
measurement result. The frequency shift coefficients are obtained
with least-squares fitting, and the linear fits are shown as dashed
lines in the figure.

and 8(b), since increasing the F = 4-F ′ = 3 transition fre-
quency (therefore increasing the frequency of the laser
locked to the transition) will decrease the beat frequency,
and vice versa. The hyperfine splitting can be calculated
by extrapolating to null laser power and a cell temperature
comparable with other experimental measurements, such
as Ref. [38], which uses optical double resonance (ODR)
to measure the hyperfine splitting at room temperature. The
calculated hyperfine splitting of the Cs 7P1/2 energy level
is 377.52 ± 0.24 MHz. The hyperfine splitting from the
transition’s center of gravity is given by

W = 1
2

AK + B
(3/2)K(K + 1) − 2I(I + 1)J (J + 1)

2I(2I − 1)2J (2J − 1)
,

(1)

where K = F(F + 1) − I(I + 1) − J (J + 1); A and B are
the magnetic dipole constant and the electric quadrupole
constant, respectively; I, J, and F are the nuclear spin, the
total electronic angular momentum, and the total atomic
angular momentum, respectively. The hyperfine splitting
between 7P1/2 F ′ = 3 and 7P1/2 F ′ = 4 is equal to 4A, and
the measurement result corresponds to a magnetic dipole
constant A of 94.38(6) MHz. As shown in Table II, our
measurement result agrees well with previous works, with
a comparable level of measurement uncertainty [38–41].
By using a different method to measure the hyperfine A
constant, our results provide an independent verification
for previous works.
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TABLE II. Measured magnetic dipole constant A of the Cs
7P1/2 energy level, compared with earlier works.

A (MHz) Method Reference

94.35(4) ODR [38]
94.35(5) SAS [39]
94.40(5) SAS [40]
95.015 Theory [41]
94.38(6) MTS This work

D. Noise sources in the MTS system

Based on our measurements, we evaluate the major
noise sources in our system and give a brief analysis on
their impact on the performance of our compact optical
clock. Since the total measured frequency instability of
2.1 × 10−13/

√
τ , obtained by beating measurement, is an

order of magnitude larger than the in-loop self-estimated
frequency instability of 1.4 × 10−14/

√
τ , we mainly focus

on the effects of out-of-loop elements that limit the fre-
quency stability of the system.

In atomic frequency standards based on vapor cells,
collision between the thermal atoms introduce frequency
shifts to the atomic energy levels. Since the collision shift
depends on the atomic density, fluctuations of the cell
temperature translates to fluctuations of the transition fre-
quency. From the linear fitting in Fig. 8(a), the collision
shift coefficient is measured to be 2.64(17) kHz/K, or
�f /f = (4.04 ± 0.26) × 10−12 K−1 in terms of relative
frequency shift. The cesium cell’s temperature instabil-
ity is estimated to be 0.05 K at 1 s, corresponding to a
frequency instability of 2.02 × 10−13.

External electromagnetic fields cause frequency shifts to
the reference transition, and their fluctuations also intro-
duce instabilities. We measure the B field inside the two
layers of μ-metal magnetic shielding to be approximately
1 mG. In a static magnetic field, the energy shift of the
ground level can be calculated with the Breit-Rabi for-
mula [49], which yields a quadratic shift of 213.7 Hz/G2

for the 6S1/2 F = 4 hyperfine level. As for the 7P1/2 F =
3 excited state, we make an estimate based on the fact
that, the Zeeman shift of the mF = 0 sublevel must be
smaller than the splitting between adjacent sublevels in the
7P1/2 F = 3 level [37]. We therefore estimate the Zeeman
shift of the excited level to be below 466 kHz/G. With the
B field below 1 mG, the total Zeeman shift of the reference
transition is below 46 Hz. Assuming the variation of the
magnetic field to be less than 10%, the frequency instabil-
ity induced by the Zeeman effect is estimated to be below
7 × 10−15.

Meanwhile, due to ac Stark effect, any fluctuation
in the laser power is translated to fluctuation of the
reference transition’s frequency shift. Similar to the
above, we calculate the relative frequency shift to

be �f /f = (1.19 ± 0.15) × 10−10 mW−1 from the mea-
sured ac Stark shift under different laser power, as shown
in Fig. 8(b). The measured laser power instability is 1.2 ×
10−4 at 1 s, and the total laser power is about 1.83 mW
(pump laser power 1.5 mW and probe laser power 0.33
mW), so the laser power instability corresponds to 2.6 ×
10−14 frequency instability at 1 s.

The combined effect of cell-temperature fluctuation,
external magnetic field, and laser power fluctuation pro-
duce a frequency instability of 2.04 × 10−13 at 1 s, which is
in good agreement with the measured short-term frequency
of 2.1 × 10−13/

√
τ . Therefore, we conclude that the main

limitation to the short-term frequency stability is the tem-
perature fluctuation of the cesium cell. In future works, we
plan to utilize a double-layered atomic cell with vacuum
heat insulation in conjunction with a better temperature-
control system, so as to reduce the temperature fluctuation
of the atomic ensemble and thereby improve the frequency
stability of the MTS-stabilized laser.

IV. CONCLUSION

In this study, we investigate a compact optical frequency
standard based on modulation transfer spectroscopy of
thermal cesium 133 atoms. By optimizing the operating
parameters of the MTS stabilization, we realize a self-
estimated short-term stability of 1.4 × 10−14/

√
τ , reach-

ing 4 × 10−15 at 30 s. We measure the linewidth and
Allan deviation via heterodyne, verifying the linewidth-
narrowing effect of MTS locking, with the mean beating
linewidth reduced from 69.6 to 10.3 kHz, by a factor of
6.75. The Allan deviation of the MTS-stabilized laser is
calculated from the beat-frequency sequence to be 2.1 ×
10−13/

√
τ . By measuring the beat frequency between two

MTS systems locked to the 6S1/2 (F = 4)-7P1/2 (F ′ =
3) transition and the 6S1/2 (F = 4)-7P1/2 (F ′ = 3 and 4)
crossover transitions, respectively, we also measure the
hyperfine structure of the 7P1/2 energy level, and calculate
the magnetic dipole constant A of the Cs 7P1/2 energy level
to be 94.38(6) MHz, which agrees with previous works
[38–41]. In future works, we expect to improve the long-
term frequency stability of this optical frequency standard
by utilizing a double-layered atomic cell with vacuum
heat insulation in conjunction with a better temperature-
control system to reduce the temperature fluctuation of
the atomic ensemble, as well as actively controlling the
temperature of the EOM to reduce the residual ampli-
tude modulation, both of which are limiting factors on the
optical frequency standard’s long-term stability. In addi-
tion to being used as an optical frequency standard, this
compact, narrow-linewidth, high-stability laser may find
various other applications, such as laser interferometry,
laser cooling, geodesy, and so on.
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[22] P. Morzyński, P. Wcisło, P. Ablewski, R. Gartman, W. Gaw-
lik, P. Masłowski, B. Nagórny, F. Ozimek, C. Radzewicz,
M. Witkowski, R. Ciuryło, and M. Zawada, Absolute fre-
quency measurement of rubidium 5S-7S two-photon tran-
sitions, Opt. Lett. 38, 4581 (2013).

[23] K. W. Martin, G. Phelps, N. D. Lemke, M. S. Bigelow, B.
Stuhl, M. Wojcik, M. Holt, I. Coddington, M. W. Bishop,
and J. H. Burke, Compact Optical Atomic Clock Based on
a Two-Photon Transition in Rubidium, Phys. Rev. Appl. 9,
014019 (2018).

[24] Z. L. Newman, V. Maurice, C. Fredrick, T. Fortier, H.
Leopardi, L. Hollberg, S. A. Diddams, J. Kitching, and M.
T. Hummon, High-performance, compact optical standard,
Opt. Lett. 46, 4702 (2021).

[25] M. A. Hafiz, G. Coget, E. D. Clercq, and R. Boudot,
Doppler-free spectroscopy on the Cs D1 line with a dual-
frequency laser, Opt. Lett. 41, 2982 (2016).

[26] D. Brazhnikov, M. Petersen, G. Coget, N. Passilly, V.
Maurice, C. Gorecki, and R. Boudot, Dual-frequency sub-
Doppler spectroscopy: Extended theoretical model and
microcell-based experiments, Phys. Rev. A 99, 062508
(2019).

[27] A. Gusching, M. Petersen, N. Passilly, D. Brazhnikov,
M. A. Hafiz, and R. Boudot, Short-term stability of
Cs microcell-stabilized lasers using dual-frequency sub-
Doppler spectroscopy, J. Opt. Soc. Am. B 38, 3254 (2021).

[28] V. Negnevitsky and L. D. Turner, Wideband laser locking to
an atomic reference with modulation transfer spectroscopy,
Opt. Express 21, 3103 (2013).

[29] F. Zi, X. Wu, W. Zhong, R. H. Parker, C. Yu, S. Bud-
ker, X. Lu, and H. Müller, Laser frequency stabilization by
combining modulation transfer and frequency modulation
spectroscopy, Appl. Opt. 56, 2649 (2017).

[30] B. Wu, Y. Zhou, K. Weng, D. Zhu, Z. Fu, B. Cheng, X.
Wang, and Q. Lin, Modulation transfer spectroscopy for D1
transition line of rubidium, J. Opt. Soc. Am. B 35, 2705
(2018).

024034-8

https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nphoton.2015.5
https://doi.org/10.1126/science.aam5538
https://doi.org/10.1038/s41586-018-0738-2
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1126/science.aay0644
https://doi.org/10.1038/s41566-020-0619-8
https://doi.org/10.1038/s41567-017-0042-3
https://doi.org/10.1103/PhysRevLett.113.210802
https://doi.org/10.1103/PhysRevLett.113.210801
https://doi.org/10.1103/PhysRevD.94.124043
https://doi.org/10.1103/RevModPhys.87.637
https://doi.org/10.1364/OE.25.030459
https://doi.org/10.1364/OPTICA.6.000680
https://doi.org/10.1063/1.111498
https://doi.org/10.1364/JOSAB.34.002018
https://doi.org/10.1364/JOSAB.420875
https://doi.org/10.1103/PhysRevLett.36.1170
https://doi.org/10.1364/OE.20.021784
https://doi.org/10.1364/OE.24.011396
https://doi.org/10.1016/S0030-4018(96)00471-3
https://doi.org/10.1364/OL.38.004581
https://doi.org/10.1103/PhysRevApplied.9.014019
https://doi.org/10.1364/OL.435603
https://doi.org/10.1364/OL.41.002982
https://doi.org/10.1103/PhysRevA.99.062508
https://doi.org/10.1364/JOSAB.438111
https://doi.org/10.1364/OE.21.003103
https://doi.org/10.1364/AO.56.002649
https://doi.org/10.1364/JOSAB.35.002705


COMPACT 459-nm Cs CELL OPTICAL. . . PHYS. REV. APPLIED 18, 024034 (2022)

[31] 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. 44, 1251 (1980).

[32] J. H. Shirley, Modulation transfer processes in optical het-
erodyne saturation spectroscopy, Opt. Lett. 7, 537 (1982).

[33] N. Ito, Doppler-free modulation transfer spectroscopy
of rubidium 52S1/2-62P1/2 transitions using a frequency-
doubled diode laser blue-light source, Rev. Sci. Instrum. 71,
2655 (2000).

[34] E. J. Zang, J. P. Cao, Y. Li, C. Y. Li, Y. K. Deng, and C. Q.
Gao, Realization of four-pass I2 absorption cell in 532-nm
optical frequency standard, IEEE Trans. Instrum. Meas. 56,
673 (2007).

[35] T. Schuldt, K. Döringshoff, E. V. Kovalchuk, A. Keet-
man, J. Pahl, A. Peters, and C. Braxmaier, Development
of a compact optical absolute frequency reference for space
with 10−15 instability, Appl. Opt. 56, 1101 (2017).

[36] 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: Lasers Opt. 125, 196 (2019).

[37] H. Shang, T. Zhang, J. Miao, T. Shi, D. Pan, X. Zhao,
Q. Wei, L. Yang, and J. Chen, Laser with 10−13 short-
term instability for compact optically pumped cesium beam
atomic clock, Opt. Express 28, 6868 (2020).

[38] E. Arimondo, M. Inguscio, and P. Violino, Experimen-
tal determinations of the hyperfine structure in the alkali
atoms, Rev. Mod. Phys. 49, 31 (1977).

[39] H. Gerhardt, E. Matthias, F. Schneider, and A. Timmer-
mann, Isotope shifts and hyperfine structure of the 6s-7p
transitions in the cesium isotopes 133, Z Phys. A 288, 327
(1972).

[40] W. D. Williams, M. T. Herd, and W. B. Hawkins, Spectro-
scopic study of the 7P1/2 and 7P3/2 states in Cesium-133,
Laser Phys. Lett. 15, 095702 (2018).

[41] S. J. Grunefeld, B. M. Roberts, and J. S. M. Ginges, Cor-
relation trends in the hyperfine structure for Rb, Cs, and
Fr, and high-accuracy predictions for hyperfine constants,
Phys. Rev. A 100, 042506 (2019).

[42] Y. T. Zhao, J. M. Zhao, T. Huang, L. T. Xiao, and S. T. Jia,
Frequency stabilization of an external-cavity diode laser
with a thin Cs vapour cell, J. Phys. D: Appl. Phys. 37, 1316
(2004).

[43] H. S. Moon, W. K. Lee, L. Lee, and J. B. Kim, Double res-
onance optical pumping spectrum and its application for
frequency stabilization of a laser diode, Appl. Phys. Lett.
85, 3965 (2004).

[44] G. Toh, N. Chalus, A. Burgess, A. Damitz, P. Imany,
D. E. Leaird, A. M. Weiner, C. E. Tanner, and D. S.
Elliott, Measurement of the lifetimes of the 7p2P3/2 and
7p2P1/2 states of atomic cesium, Phys. Rev. A 100, 052507
(2019).

[45] T. Preuschoff, M. Schlosser, and G. Birkl, Optimiza-
tion strategies for modulation transfer spectroscopy
applied to laser stabilization, Opt. Express 26, 24010
(2018).

[46] L. Li, F. Liu, C. Wang, and L. Chen, Measurement
and control of residual amplitude modulation in opti-
cal phase modulation, Rev. Sci. Instrum. 83, 043111
(2012).

[47] W. Zhang, M. J. Martin, C. Benko, J. L. Hall, J. Ye, C.
Hagemann, T. Legero, U. Sterr, F. Riehle, G. D. Cole,
and M. Aspelmeyer, Reduction of residual amplitude mod-
ulation to 1 × 10−6 for frequency modulation and laser
stabilization, Opt. Lett. 39, 1980 (2014).

[48] Z. Tai, L. Yan, Y. Zhang, X. Zhang, W. Guo, S. Zhang, and
H. Jiang, Electro-optic modulator with ultra-low residual
amplitude modulation for frequency modulation and laser
stabilization, Opt. Lett. 41, 5584 (2016).

[49] G. Breit and I. I. Rabi, Measurement of nuclear spin, Phys.
Rev. 38, 2082 (1931).

024034-9

https://doi.org/10.1103/PhysRevLett.44.1251
https://doi.org/10.1364/OL.7.000537
https://doi.org/10.1063/1.1150672
https://doi.org/10.1109/TIM.2007.890816
https://doi.org/10.1364/AO.56.001101
https://doi.org/10.1007/s00340-019-7313-x
https://doi.org/10.1364/OE.381147
https://doi.org/10.1103/RevModPhys.49.31
https://doi.org/10.1007/BF01417714
https://doi.org/10.1088/1612-202X/aac97e
https://doi.org/10.1103/PhysRevA.100.042506
https://doi.org/10.1088/0022-3727/37/9/003
https://doi.org/10.1063/1.1813629
https://doi.org/10.1103/PhysRevA.100.052507
https://doi.org/10.1364/OE.26.024010
https://doi.org/10.1063/1.4704084
https://doi.org/10.1364/OL.39.001980
https://doi.org/10.1364/OL.41.005584
https://doi.org/10.1103/PhysRev.38.2082.2

	I. INTRODUCTION
	II. EXPERIMENT
	III. RESULTS
	A. Optimization of the MTS setup
	B. Characterization of MTS-stabilized laser
	C. Hyperfine level measurements with MTS
	D. Noise sources in the MTS system

	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


