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In the bad-cavity limit, the collective atomic dipole is highly coherent, resulting
in the phase information of an active optical clock (AOC) laser primarily stored in
the atomic gain medium. Therefore, compared with the good-cavity laser,
the sensitivity of an AOC laser to cavity fluctuations is greatly reduced, as
characterized by the suppressed cavity-pulling effect. In this work, the AOC
lasing on the cesium 7S;,,-6P3,,> clock transition with a natural linewidth of
1.81 MHz under a weak magnetic field is achieved. We calculate the Zeeman
spectra of upper and lower states of clock transition, and measure the beat-
note spectrum between different Zeeman-sublevel transitions of 7S;,,-6Pz/.
Moreover, the cavity-pulling, temperature, power, and linewidth characteristics
of the AOC laser are demonstrated under a weak magnetic field. Such an
emerging laser can be applied as a narrow-linewidth local oscillator, as well as
an active optical frequency standard, which is promising for the field of
precision measurement.
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bad-cavity limit, suppressed cavity-pulling effect, quantum-limited linewidth, Zeeman
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1 Introduction

The ultranarrow-linewidth laser with long coherence time has an irreplaceable status
in the field of precision measurement. One of the most important applications is the
measurement of time or frequency realized by the state-of-the-art optical atomic clocks
[1-3], with implications for the geodetic surveys [4], searching for the variation of
fundamental constants [5], gravitational wave detection [6], and test of general
relativity [7].

Consequently, great efforts have been put into the development of extremely coherent
light sources. Three of the most widely used techniques include the Pound-Drever—Hall
(PDH) technique using highly stable optical Fabry-Pérot (F-P) resonators [8,9], the
spectral-hole burning in cryogenic crystals [10,11], and the stimulated emission of
radiation from the atomic gain medium of the active optical clock (AOC) technique
to realize mHz-linewidth superradiant lasers [12-18] and frequency stabilized bad-cavity
lasers [19,20]. In the first approach, the laser frequency is stabilized to an optical reference
cavity with the ultra-stable length to narrow the laser linewidth, which has realized the
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most-coherent oscillator with the narrowest linewidth of 10 mHz
[9]. However, the mirrors of the reference cavity inevitably
vibrate due to the thermal Brownian motion noise, limiting
the narrowing of laser linewidth and increasing the system
complexity. With the second method, frequency stabilizes to a
steady-state pattern of spectral holes in cryogenically cooled
crystals. The frequency stability has reached 1 x 107°/+/T
[10], but further optimization is limited to the temperature
instability, Doppler shifts, and residual amplitude modulation.
Comprehensively, in this work, we choose the AOC technique to
realize the extremely coherent laser sources.

For the bad-cavity laser, the coherence is stored in the
collective atom dipole, that is, the gain medium, and the
stimulated emission of radiation can be realized when
driven by the weak intracavity photon field. Working in the
bad-cavity limit, where the atomic decay rate T'g,;, is much
smaller than the cavity dissipation rate «, only weak cavity-
induced feedback on the atomic dipole. Consequently, the
laser frequency is mainly determined by the atomic radiation
rather than the cavity-mode frequency, which is similar to the
hydrogen maser in the microwave domain [21]. The cavity-

Tguin

pulling coefficient is reduced to P = i < 1[12],whileP =1
in the good-cavity limit. In addition, the Schawlow-Townes
quantum-limited linewidth of the AOC laser can be much
reduced to the mHz-level [22]; [14]. AOC is emerging as a
technology that can optimize the frequency stability of optical
standards and enhance the coherence of laser sources. Using
the clock transition of cold strontium atoms, Thompson’s
group observed a fractional Allan deviation 0of 6.7 x 10 at 1 s
of the superradiant laser [15]. Schiffer [17] and Laske [16]
investigated the characteristics of superradiant lasing in cold
thermal strontium and cold calcium ensembles, respectively.
A few achievements have been acquired, but using the cold
atom as a gain medium, the current AOCs are limited to the
pulse-mode operation and low output power. This problem
can be solved by the thermal-atom scheme. Liu et al. proposed
a superradiant laser based on the hot atomic-beam method,
which has advantages of continuous-wave operation [18].
Moreover, using the thermal cesium ensemble as a gain
medium, Chen [20] experimentally realized a continuous-
wave active optical frequency standard with power of
100 uW, based on the experimental scheme proposed in
2010 [23].

In this work, we demonstrated the AOC lasing on the cesium
781/2-6P3,; clock transition under a weak magnetic field using the
thermal atomic ensemble. Due to the Zeeman effect, level
splitting of 7S;/, and 6P3, states occurs under the action of a
magnetic field, which is calculated in the Section 3.1.1. Moreover,
the cavity-pulling, temperature, power, magnetic field, and
linewidth characteristics of the AOC laser under a weak
magnetic field are analyzed in Section 3.2.1, Section 3.2.2,
Section 3.2.3, Section 3.2.4, and Section 3.2.5, respectively.
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2 Experimental methods

The experimental scheme and relevant energy levels are
depicted in Figures 1A,B, respectively. A cloud of thermal
cesium atoms in a vapor cell provided the gain medium,
which was pumped by the linearly polarized 459 nm
interference filter configuration-extended cavity diode laser
(IF-ECDL). Moreover, the frequency of the IF-ECDL was
stabilized to cesium 6S;/,(F = 4)—7P;,»(F = 3) hyperfine
transition by the modulation transfer spectrum (MTS). The
natural linewidth of cesium 6S,,,-7P;,, transition at the
wavelength of 459.3 nm is 27 x 126 kHz [24], while the laser
linewidth of the IF-ECDL is around 13.3 kHz [25], which is much
smaller than that of the corresponding atomic natural linewidth.
Moreover, the cesium atoms were pumped by the 459 nm laser
through the velocity-selective mechanism. In this work, the
pumping power was adjustable in the range of 8-13 mW.
Assuming that the pumping light intensity was I = 10 mW/
mm?’, only atoms in the direction of the cavity mode with a
velocity of |9 < A9/2 = 6.05 m/s could be pumped to the 7S,
excited state. The relevant calculation is given in [26]. Therefore,
the inhomogeneous Doppler broadening is Awp = gwo =
27 x 4.12 MHz, where ¢ is the speed of light, and wy is the
transition frequency of 7S,/,-6P3/,.

The realization of 1,470 nm lasing is shown in Figure 1B.
First, the cesium atoms are pumped from the 6S,,, (F =4) ground
state to the 7Py, (F = 3) state by the 459 nm laser, and then decay
to the 7Sy, (F = 4) upper level by spontaneous radiation. Second,
the atoms at the 7S;/, (F = 4) state decay to 6P5,, (F =5, 4, 3)
lower levels. Third, the atoms at 6P3, (F = 5, 4, 3) levels return to
the 6S;/, ground state and then pumped to the 7P;, state again
by the continuous-wave 459 nm laser. In the steady state, the
population inversion can be built up between 7S,,, (F = 4) and
6P3/, (F=5),7S:/5 (F=4) and 6P3,, (F=4),and 7S,,, (F=4) and
6P3/, (F = 3) levels, respectively. This result is experimentally
demonstrated in our previous work, as given in [27]. In this work,
we chose the 7S;,, (F = 4) to 6P3,, (F = 5) transition as the clock-
transition laser, because the power of stimulated emission
between this transition is biggest.

Through the weak feedback of a low-finesse optical cavity
consisting of a plane mirror M, and a plano-concave mirror M,
separated by a distance L = 18 cm, the stimulated emission of
radiation on the 7S,/,-6P;, transition at a wavelength of
1,470 nm was achieved. The reflectivities of M, and M, at the
wavelength of 1,470 nm were, separately, 46.5% and 24.5%, and
both with anti-reflective coatings at 459 nm. The spontaneous
decay rate of cesium 7S;/,-6P3,, transition is Ty = 27 x 1.81 MHz
[28], and the Doppler broadening of the 7S, , excited state is I'p =
27 x 8.23 MHz under the condition of pumping light intensity of
I'=10 mW/mm? [26]. Therefore, the atomic decay rate is Ty, =
Iy + I'p = 2 x 10 MHz, which is much smaller than the cavity
dissipation rate x = 2w x 244 MHz.
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459.3

Working principle of the 1,470 nm AOC laser. (A) Sketch of the experimental setup for AOC lasing under a weak magnetic field. MTS, modulation
transfer spectroscopy; IF-ECDL, interference filter configuration extended cavity diode laser; M, high-reflection coated mirror; M; and My, cavity
mirrors; PZT, piezoelectric ceramic; HWP, half-wave plate; DM, dichroic mirror coated with anti-reflection at 1,470 nm and high-reflection at
459 nm; FC, fiber coupler; PD, photodetector; FA, frequency analyzer. (B) Hyperfine level scheme for the **Cs atom shows the 1,470 nm

transition as the AOC lasing using 459 nm transition for pumping.

To study the characteristics of active optical frequency
standard at a weak external magnetic field, we built two
1,470 nm laser systems, as shown as parts I and II in
Figure 1A. A weak magnetic field was induced axially in
the vapor cell of part I, while another vapor in part II
without applying an additional magnetic field. A double-
layer mu-metal magnetic shielding was applied outside
each vapor cell to isolate the geomagnetic field. The
1,470 nm laser output from part II only had one frequency
mode used as the frequency reference. In part I, the upper and
lower levels of 1,470 nm clock transition split under the weak
magnetic field, which led to different clock transitions
between Zeeman levels of 7S,,, and 6P, states. The beat-
note signal between clock transitions of Zeeman levels input a
polarization-maintaining fiber, then was detected by the
photodetector (PD) connecting a frequency analyzer (FA).
Meanwhile, the beat-note signal between lasers from part I
and part IT were also measured by the FA. A half-wave plate
(HWP) in front of the fiber coupler (FC) was used to adjust the
laser power for optical heterodyning.

3 Results
3.1 Theory results

3.1.1 Zeeman spectra of clock-transition levels

Under the weak magnetic field, considering |Fm) as a basis,
the Hamiltonian matrix elements for each value of magnetic
quantum number m, which is the projection of the total angular
momentum F along the direction of external magnetic field B, are
given by [29,30]
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The Hamiltonian matrix element H is in megahertz. I and J are
the nuclear spin and angular momentum, K=F(F+1) - J(J+ 1) -
I(I + 1), and A and B represent the magnetic dipole and electric
quadrupole constants, respectively. yp and g; are the Bohr
magneton and the Lange g factor, respectively, and uy and g
are the nuclear Bohr magneton and the nuclear g factor,
respectively. The first term, second term, and the third therm
of Eq. 1 depict the contribution from the zero field, electron
Zeeman effect, and nuclear Zeeman effect, respectively. The
contribution of nuclear spin is negligible because g; is much
smaller than g; of the cesium atom.

For the 7S, state of cesium, I = 7/2, ] = 1/2, the total angular
momentum F=1-]=3and F =1 + J = 4. Under an external
magnetic field, the 7S;,, state splits into (2] + 1)(2I + 1) = 16
Zeeman sublevels. g =~ 2 and A = h - 545.90 MHz [31]. The
electric quadrupole constant B is zero for the state with J = 1/2.
Therefore, the Hamiltonian of the cesium 7S;,, state for each
value of m is expressed as follows:

(Fm|H|F'm) = %SWA[ZF(F +1) = 33] + ppgrB, (1™ x 3 % (2F +1)(2F' +1)

1 1

313 F1F
X (2)
7 (—mOm)
F ZF
2

For the 6P, state of cesium, I = 7/2, ] = 3/2. The total angular
momentum |J — I| <F <] + I, thus F can take any value of 2, 3, 4,
or 5. Under an external magnetic field, the 6P;, state splits into
(2] + 1)(21 + 1) = 32 Zeeman sublevels. g; ~ %, A = h - 50.28827
MHz, and the electric quadrupole constant B = —h - 0.4934 MHz
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FIGURE 2

Splitting of the energy levels as a function of magnetic-field
strength for the 7S;,, upper level and the 6P3,, lower level of clock
transition. The blue and black lines represent the Zeeman sublevels
of 7S1/> F =4 and F = 3. The red, green, purple, and gray lines

are the Zeeman sublevels of 6Pz, F =5 F=4,F=3,and F = 2.

for the 6P, state [32]. Therefore, the Hamiltonian of the cesium
6P5,, state for each value of m becomes

(Fm|H|F'm) = éﬁ,.,.r {A [4F(F+1)-78]+B

[2F (F + 1) - 39][2F (F + 1) - 37] - 315

3 3

23 F1F @
+upgyB. (1) x \[15(2F + 1) (2F' +1) x ; ( mom )

F' 3 F

The Hamiltonian of 7S;,, and 6P, states for each value of m
can be separately expressed in the following matrix form.

:<<3m|H|3m> (3m|H|4m>> @
{4m|H|3m) {4m|H|4m) )’
and
(2m|H|2m) {2m|H|3m) 0 0
H = Bm|H|2m) {3m|H|3m) (3m|H|4m) 0
a 0 (4m|H|3m) {(4m|H|4m) {4m|H|5m) |
0 0 {5m|H|4m) {(5m|H|5m)
5)

Solving the eigenvalues of the matrices, we obtain the splitting of
energy levels as a function of the magnetic field strength for 7S,
and 6P3, states, as shown in Figure 2.

3.1.2 Laser linewidth

Working in the bad-cavity limit, the AOC laser has the
advantage of the suppressed cavity-pulling effect expressed as
the smaller cavity-pulling coefficient, that is, the rate of change of
the laser frequency w with respect to the cavity-mode frequency
w, [12,33].
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FIGURE 3

Beat-note signal between Zeeman sublevels of 1,470 nm
clock-transition output from part | of Figure 1A under different
external magnetic fields. The subgraphs from top to bottom
represent the results with an external magnetic field of 0.5 G,

15 G, and 4 G, respectively.

p= dw/dwc = I‘gain/(rgain + K)’ (6)

where the cavity-pulling coefficient is p = 0.039 in this work. The
laser frequency mainly depends on the atomic transition and is
robust to the change of the cavity length caused by the
environmental noise.

Contrary to the good-cavity lasers, AOC utilizes a bad cavity
with the cavity dissipation rate being much wider than the atomic
decay rate. Therefore, the frequency is insensitive to the cavity-
length noise, which helps to narrow the laser linewidth. Without
considering the influence of inhomogeneous Doppler
broadening and the homogeneous power broadening, and
according to the Shawlow-Townes quantum-limited linewidth
in the bad-cavity regime [34], the laser linewidth can be
expressed as

K Toai 2
Av, = —Ng| —2"— ), 7
7 4mn P(Fgam+x> @)

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.967255

Shi et al.
Cavity-mode frequency (MHz)
0 50 100 150 200
T T T T T 10
0.64 ™ Zeemansublevel -
_ ® Hyperfine level Y -
N e Linear fit of Zeeman sublevel 48 N
E =-=-=Linear fit of hyperfine level E
7:0.4- 16 z
= =
v) qa
= =
g I
=E,,o.z 1 E‘
= 12 =
< <
Q 33
=] =2
0.0 10
0 20 40 60
Cavity-mode frequency (MHz)

FIGURE 4

Beat-note frequency with the change of cavity-mode
frequency. The black square dots are the experimental data of
beat-note signal between Zeeman sublevels generated in the part |
of Figure 1A under a magnetic field of 0.5 G. The data are

fitted linearly with a slope of 0.009 + 0.0003 (black dotted line).
The red dots represent the experimental data of beat-note signal
between AOC lasers generated in the part | and part Il of Figure 1A
without an applied magnetic field. Its linear fitting result is
indicated by the red dotted line with a slope of 0.045 + 0.002.

Ne
NN,
is the spontaneous emission factor, N and Ny are the populations of

where  is the average intracavity photon number, and N, =

the upper and lower laser levels, respectively. Here, Ny, = 1 for the
four-level structure is shown in Figure 1B. Assuming that laser
power can reach 50 yW, that is, n = 2.4 x 10°, the quantum-limited
linewidth of the 1,470 nm laser is around 0.8 Hz.

3.2 Experimental results

Applying a weak magnetic field along the direction of light
propagation to the vapor cell in part I of Figure 1A, of which
intensity is between 0 and 4 G, the beat-note spectra between
different Zeeman sublevels of 1,470 nm clock transition are
observed. The subgraphs from top to bottom in Figure 3
represent the beat-note spectrum under a magnetic field of
0.5G, 1.5G, and 4 G, respectively. Obviously, under the zero
magnetic field, the AOC laser output from the optical cavity of
part I contains only one frequency component, and no beat-note
signal can be observed by PD in Figure 1A. However, according
to Figure 2, the energy levels of 7S;,, and 6P3/, split under an
external magnetic field. Therefore, there are different transitions
between Zeeman sublevels of 7S, ,, F = 4 and 6P3/, F = 5. With the
increase in the magnetic field, the splitting of energy level
increases, resulting in the increase of frequency components
of the AOC laser and the peaks of beating signal splitting
from one to multiple.
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FIGURE 5

Beat-note frequency with the change of vapor temperature.

The black square dots are the experimental data of beat-note
signal between Zeeman sublevels generated in the part | of
Figure 1A under a magnetic field of 0.5 G. The data are fitted
linearly with a slope of 57.14 + 4.77 kHz/°C (black dotted lines). The
red dots represent the experimental data of the beat-note signal
between AOC lasers generated in the part | and part Il of Figure 1A
without applied magnetic field. Its linear fitting result is indicated
by the red dotted line with a slope of 379.8 + 29.08 kHz/°C.

Next, we analyze the cavity-pulling, temperature, power,
magnetic field, and linewidth characteristics of the beat-note
signal between Zeeman sublevels of 1,470 nm clock transition
under the magnetic field of 0.5 G. In addition, the characteristics
of the beat-note signal between 1,470 nm laser output from part I
and part II of Figure 1A are studied simultaneously for
comparison.

3.2.1 Cavity-pulling effect

According to Eq. 6, the bad-cavity coefficient is 0.039, which
means that the influence of cavity-pulling noise on the laser
frequency is suppressed by a factor of around 25. First, under zero
magnetic field, we measured the central frequency of the beat-
note signal between AOC laser, separately, output from part I and
part II with the change of cavity-mode frequency of part I, as
shown in the red dots in Figure 4. The experimental data were
fitted linearly with a slope of 0.045 + 0.002, which is close to the
theoretical value of 0.039. For comparison, under a magnetic field
of 0.5 G, the central frequency of the beat-note signal between
Zeeman sublevels generated from part I with the change of its
cavity-mode frequency is also depicted by the black square dots
in Figure 4. Because the lasing generated from part I shared one
optical cavity, the influence of common-mode noise induced by
cavity-length fluctuation on the central frequency of the beat-
note spectrum is greatly suppressed with the fitted cavity-pulling
coefficient being only 0.009 * 0.0003 depicted by the black
dotted line.
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FIGURE 6

Beat-note frequency with the change of power of 459 nm
laser. The red dots are the experimental data of the beat-note
signal between AOC lasers generated in the part | and part I of
Figure 1A without an applied magnetic field. Its linear fitting
result is indicated by the red dotted line with a slope of 0.481 +
0.066 MHz/mW.

3.2.2 Temperature characteristic

Moreover, we measured the change of beat-note frequency
with the temperature of atomic vapor placed in part I. The red
dots in Figure 5 represent the beat-note signal of laser, separately,
output from part I and part II, of which frequency is almost
linearly changed with the vapor temperature and the slope is
379.8 + 29.08 kHz/°C. The change in vapor temperature causes
the cavity-length variation, which leads to the change in the beat-
note frequency [35]. As for the result, as shown by the black
square dots in Figure 5, of the beat-note signal between Zeeman
sublevels, the fitted slope is only 57.14 + 4.77 kHz/°C. The smaller
slope is owing to the lasers sharing one cavity, which will reduce
the influence of temperature change in the beat-note frequency.
In addition, this result is similar to the experimental value
reported in [20], where the cavity length is stabilized by the
optical phase-locking loop technique.

3.2.3 Power characteristic

Next, we measured the beat-note frequency versus the power
of the 459 nm laser. Figure 6 depicts the beating signal between
laser output from part I and part II with a fitted slope of 0.481 +
0.066 MHz/mW. Here, the experimental result of Zeeman
sublevels is not shown, because the central frequency is
almost constant with the change of pumping power. However,
the pumping power greatly influences the output power of each
transition between Zeeman sublevels. The beat-note signal
disappears if the laser power changes by more than 1 mW.
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FIGURE 7

Beat-note frequency with the change of an external

magnetic field. The black square dots are the experimental data of
beat-note signal between Zeeman sublevels generated in the part |
of Figure 1A. The data are fitted linearly with a slope of

—395.8 + 46.91 kHz/G (black dotted lines).

3.2.4 Magnetic field characteristic

Under a weak magnetic field, we measured the central
frequency of the beat-note signal between Zeeman sublevels
with the change in the magnetic field, as depicted in the black
square dots in Figure 7. The slope is — 395.8 + 46.91 kHz/G using
linear fitting. At present, the continuous variation range of the
beat-note signal with the magnetic field is very small at around
2 MHz. According to Figure 3, the frequency component of the
beat-note spectrum becomes complex, and it is difficult to
continuously measure the frequency change of one of the
beating spectra.

In this work, 7S/, (F = 4)-6P3,, (F = 5) transition is used to
realize 1,470 nm lasing. Under an external magnetic field, the
7S1/2 (F = 4) and 6P3), (F = 5) hyperfine levels are split into
9 and 11 Zeeman sublevels, respectively. The transition
selection rule under a weak field satisfies the condition of
AF =0, 1 (except for F=0 — F=0), Amg =0, £1. Therefore,
there are 27 kinds of Zeeman transitions. Because the result
shown in Figure 7 of the study is measured by the heterodyne
beat, there are many beat-note signals between different
Zeeman sublevels. It is difficult to distinguish which
transition corresponds to each beat-note signal. We can
only measure the change in the center frequency of one of
the beat-note signals with the magnetic field. Limited by the
measurement method, we cannot give a direct theoretical
result of the beat-note frequency with the change in the
magnetic field in the current study. We leave this problem
for future investigations.
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FIGURE 8

Typical beat-note spectrum between Zeeman sublevels of
1,470 nm clock-transition output from part | of Figure 1A under an
external magnetic field of 0.5 G (RBW: 62 Hz). The linewidth of the
experimental data (black square dots) is obtained by using the
Lorentzian fit (red line).

3.2.5 Linewidth characteristic

Finally, we analyzed the linewidth characteristic of the beat-
note signal between Zeeman sublevel transition between 7S;,,
and 6P3/, states under an external magnetic field of 0.5G. A
typical beat-note signal is shown in Figure 8 with the resolution
bandwidth of 62 Hz. The relative Lorentzian fit linewidth of the
power spectrum of the beat-note signal is 100 Hz. It indicates that
the relative noise between two modes of Zeeman sublevels is
70 Hz. Although this value is much wider than the quantum-
limited linewidth calculated by Eq. 7, it is narrower than the
linewidth measured by beating between two identical 1,470 nm
lasers [35]. This is because the lasing share one common cavity,
and the impact of noises induced by the cavity-length fluctuation,
vapor temperature change, and pumping power fluctuation on
the linewidth broadening is greatly suppressed. Although the
common noise is largely reduced, the residual technical noises,
such as the fluctuations of vapor-cell temperature, external
magnetic field, and pumping laser power, still influence the
laser linewidth. The influence of each type of technical noise
on linewidth broadening is analyzed as follows.

First, the residual temperature fluctuations of the atomic
vapor cell are the main factor resulting in the linewidth
broadening. According to Figure 5, the slope of the beat-note
frequency between different Zeeman sublevels with the change in
vapor temperature is 57.14 + 4.77 kHz/°C. The temperature
stability of the vapor cell at a short-time scale is better than
1 x 107°. Therefore, after eliminating the most common- mode
noise, the influence of residual temperature fluctuations on the
relative noise is around 50 Hz at the vapor temperature of 95°C.
Second, the contribution of residual power fluctuations of a
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pumping laser to linewidth broadening is negligible. Third,
the applied magnetic field on the atomic vapor is 0.5G. We
installed two layers of mu-metal shield to isolate external
magnetic field disturbance, for which the expected stability of
magnetic field exceeds x1 107 at a short-time scale. According to
Figure 7, the slope of the beat-note frequency with the change of
magnetic field is around - 395.8 + 46.91. Consequently, the
linewidth broadening induced by residual fluctuations of the
magnetic field is smaller than 20 Hz. In summary, the linewidth
broadening induced by the residual technical noises is estimated
to be around 70 Hz, which agrees with the measured linewidth as
shown in Figure 8. Next, we will further optimize the temperature
and magnetic stabilities using a double-layer vapor cell and a
multi-layer magnetic shielding, respectively, to narrow the laser
linewidth.

In this work, the only beat-note linewidth is given to quantify
the instantaneous stability of the 1,470 nm laser. However, the
better way to evaluate the frequency stability of a clock is the
Allan deviation. Since there still exists the technical noises,
especially the temperature drift of the cesium atoms in long
timescales, affecting the long-term stability of the 1,470 nm laser,
we used the beat-note linewidth between two 1,470 nm Zeeman-
sublevel transitions to represent the instantaneous stability. We
leave the optimization of the long-term stability for future
investigations.

4 Discussion

In this work, we realized the AOC lasing of cesium 7S;,,-6P3,
» transition under a weak magnetic field. The beat-note spectrum
is observed between different Zeeman- sublevel transitions. The
central frequency of the power spectrum of the beat-note signal
versus the cavity-mode frequency, vapor temperature, pumping
power under a magnetic field of 0.5G, respectively, is
investigated. Since the Zeeman sublevel transition output from
one cavity, the common-mode noises caused by the fluctuation of
cavity length, vapor temperature, and pumping power are greatly
suppressed. Therefore, the Lorentz fitting linewidth of the beat-
note spectrum between Zeeman sublevels is narrower than that
between two 1,470 nm lasers’ output from two systems. Further
studies about the influence of residual noises on the linewidth
broadening will be carried out. Such an AOC laser, whose
frequency mainly depends on the atomic transition, can be
applied as a stable light source, for example, in passive optical
clocks.
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