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ABSTRACT
Long ground-Rydberg coherence lifetime is interesting for implementing high-fidelity quantum logic gates, many-body physics, and other
quantum information protocols. However, the potential well formed by a conventional far-off-resonance red-detuned optical-dipole trap that
is attractive for ground-state cold atoms is usually repulsive for Rydberg atoms, which will result in the rapid loss of atoms and low repetition
rate of the experimental sequence. Moreover, the coherence time will be sharply shortened due to the residual thermal motion of cold atoms.
These issues can be addressed by a one-dimensional magic lattice trap, which can form a deeper potential trap than the traveling wave
optical dipole trap when the output power is limited. In addition, these common techniques for atomic confinement generally have certain
requirements for the polarization and intensity stability of the laser. Here, we demonstrated a method to suppress both the polarization drift
and power fluctuation only based on the phase management of the Mach–Zehnder interferometer for a one-dimensional magic lattice trap.
With the combination of three wave plates and the interferometer, we used the instrument to collect data in the time domain, analyzed the
fluctuation of laser intensity, and calculated the noise power spectral density. We found that the total intensity fluctuation comprising laser
power fluctuation and polarization drift was significantly suppressed, and the noise power spectral density after closed-loop locking with a
typical bandwidth of 1–3000 Hz was significantly lower than that under the free running of the laser system. Typically, at 1000 Hz, the noise
power spectral density after locking was about 10 dB lower than that under the free running of a master oscillator power amplifier system. The
intensity–polarization control technique provides potential applications for atomic confinement protocols that demand fixed polarization
and intensity.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0133775

I. INTRODUCTION

For various atomic manipulation experiments, such as single
photon source,1–5 quantum dynamics based on Rydberg states,6–10

and electric field detection based on atoms,11–13 strong confine-
ment optical dipole trap (ODT) of atoms is usually employed. In
these applications, a high-power laser with fixed polarization and
relatively stabled intensity is normally used to confine atoms. The
common experimental setup for the laser power stabilization was

based on the active feedback loop, which used an acousto-optic
modulator (AOM)14–17 or an electro-optic modulator (EOM)18 as
the actuator. In 2020, AOM and EOM were combined to broaden
the bandwidth of laser intensity noise stabilization to 1 MHz by
Ni et al.19 Currently, the feedback loop based on AOM has some
disadvantages. For example, the Bragg diffraction of AOM will seri-
ously affect the spot quality of first-order diffraction light, and the
power utilization of the system will be limited by the diffraction effi-
ciency of the AOM. The common electro-optic intensity modulator
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(EOIM) with input and output tailed fiber is efficient but is not suit-
able for high-power applications. Moreover, the above-mentioned
schemes can observably suppress the power fluctuation of the laser
beam, but the reduction of the drift of the laser’s polarization is
still not effectively achieved. Here, we demonstrate an experimen-
tal scheme based on the Mach–Zehnder interferometer (MZI) for
actively suppressing both the fluctuation of power and polarization
of the laser beam. By properly manipulating the phase difference
between the two paths, it is observed that the output fraction of
the MZI accounts for the majority of laser power, while its intensity
fluctuation in the time domain has been reduced dozens of times
compared with the free-running case, and the noise power spectral
density (NPSD) has been decreased in the range of 1–3000 Hz in the
frequency domain. Such a stable system can certainly meet the needs
of various applications, such as experiments where the lifetime of
cold atoms is highly desirable.

II. THEORETICAL BACKGROUND
A. Magic optical dipole trap for cesium 6S 1/2 ground
state and 84P 3/2 Rydberg state

Recently, a new experimental scheme, which used an interfer-
ometer as the actuator of the feedback loop, has been proposed.20

Considering the light intensity requirement of the ODT, the MZI
can satisfy the power requirement of the ODT without affecting the
spot quality of the output light. Therefore, the experimental setups
for constructing the blue-detuning optical trap reported by Yelin
et al.21 and Isenhower et al.22 both concentrate on the MZI. The
intensity of the output laser mainly depends on the phase differ-
ence between the two arms of the MZI; therefore, it can be used as
a power stabilizer in some experiments.23 Due to the particularity of
the output fraction of the MZI, the combination of interferometer
and polarizer can realize fixed polarization, high proportion output,
and high-intensity stability. It is obviously useful for the experiment
of the optical trap. The potential of ODT U can be expressed as

U = − α
2ε0c

2P
πω2

0
, (1)

where α is the induced polarizability of the target state, ε0 is the per-
mittivity of vacuum, c is the speed of light, P is the intensity of the
laser, and ω0 is the radius of the spot at the focal point after the laser
is focused by a lens. As shown in Eq. (1), if the power of the 1879 nm
laser is fluctuant, the resulting trap depth will be changed. Thus, the
lifetime of the trapped atom will be severely affected by the presence
of the heating mechanism.5,17,24

In most of the experiments of cold atoms involving confine-
ment of ground-state atoms in an ODT and Rydberg excitation,
the cold atomic sample is prepared in an ODT to hold them in a
fixed position for a significantly long time. The potential formed by
a conventional far off-resonance red-detuned ODT is attractive for
the ground-state atoms, but is usually repulsive for highly excited
Rydberg atoms, meaning that Rydberg atoms normally cannot be
confined in the conventional ODT [Fig. 1(a)]. Therefore, in the
follow-up experiments, we will face the following two problems: (1)
if the ODT is switched off during Rydberg excitation and coherent
manipulation, it will result in atomic dephasing due to the thermal
diffusion of the atoms and the extremely low repetition rate of the

FIG. 1. Diagram of the light shift induced by the ODT and MODT. The intensity of
the laser, which is intensely focused, is still Gaussian, and the closer to the center
of the beam, the stronger the intensity of the laser. The resulting trap depth or light
shift is spatially dependent. (a) The ODT is attractive for ground states but is usu-
ally repulsive for highly excited Rydberg states because almost all strong dipole
transitions connected the Rydberg state and the lower states have a longer wave-
length than that of the ODT laser. (b) The direct single-photon excitation scheme
from cesium ∣g⟩ = ∣6S1/2⟩ to ∣r⟩ = ∣84P3/2⟩ coupled by a 319 nm ultraviolet laser. A
1879.43 nm laser is also tuned to the blue side of the ∣r⟩ ⇔ ∣a⟩ = ∣7D5/2⟩ auxiliary
transition to equalize the trapping potential depth of the ∣g⟩ and ∣r⟩ states, which
is the so-called magic ODT (MODT).

experimental sequence; (2) if the ODT remains in operation, it may
lower the Rydberg excitation efficiency of atoms as the transition fre-
quency is spatially position-dependent on the excitation laser. The
solution is to find an ODT such that the ground-state atoms and
the desired highly excited Rydberg atoms can experience the same
potential, i.e., the potential generated by the ODT is a potential well
for both the ground-state atoms and the desired highly excited Ryd-
berg atoms, and is attractive to atoms in both states. Therefore, the
above-mentioned aspects (1) and (2) can be solved. In Fig. 1(b), the
direct single-photon excitation scheme from cesium ∣g⟩ = ∣6S1/2⟩ to
∣r⟩ = ∣84P3/2⟩ coupled by a 319 nm ultraviolet laser. A 1879.43 nm
laser is also tuned to the blue side of the ∣r⟩ ⇐⇒ ∣a⟩ = ∣7D5/2⟩ auxil-
iary transition to equalize the trapping potential depth of the ∣g⟩ and
∣r⟩ states. The specific calculation process is not described here. For
details, please refer to Refs. 25 and 26.

B. Theoretical analysis of MZI
The MODT is not enough to meet the need for extremely long

coherence time in subsequent experiments. The cold atoms trapped
in the MODT still have residual thermal motion, which causes vio-
lent collisions that heat the atoms and cause them to escape from the
trap. We will further construct a one-dimensional magic lattice trap
(1D-MLT), and combine the advantages of lattice and magic condi-
tions, in order to prolong the coherence time of the ground-Rydberg
state of cold atoms. The 1D-MLT also needs to suppress its power
fluctuation. Because the power of the laser used in the 1D-MLT fluc-
tuates in the time domain, we will directly shorten the coherence
lifetime of the cold atom. Therefore, we use the MZI to suppress the
power fluctuation.

As shown in Fig. 2(a), Iout1 and Iout2 are the intensities of two
output paths of the interferometer; R1 and R2, and T1 and T2 are
the reflectivity and transmittance of input and output beam splitters
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FIG. 2. Diagrams of MZI and interference
fringes of two channels of the MZI that
are simulated and analyzed theoretically.
(a) MZI consists of two beam splitter
plates (BS1 and BS2) and two high-
reflectivity mirrors (M1 and M2). Iin is
the intensity of the incident light field,
and Iout1 and Iout2 are the intensities of
the outgoing light field at BS2. (b) Nor-
malized signal as a function of the dif-
ference of optical path ΔL for different
splitter ratios. This ratio is both R1/T1
and R2/T2 because BS1 and BS2 used
in the MZI are the same. The solid red
and black lines represent the interfer-
ence fringes of the two output channels
of MZI.

plates, respectively. The two output channels of the interferometer
can be expressed as follows:

Iout1 = R2
1R2

2 + T2
1 T2

2 + 2R1R2T1T2 cos(2ΔL
λ
+ π), (2)

Iout2 = R2
1R2

2 + T2
1 T2

2 + 2R1R2T1T2 cos(2ΔL
λ
). (3)

Therefore, the laser intensity output of the interferometer can be
controlled by adjusting the driving voltage of the piezoelectric trans-
ducer (PZT) due to the correlation between the output transmittance
I and the optical path difference ΔL. In Fig. 2(b), the interference

fringes generated by splitters with different splitter ratios are simu-
lated and analyzed using Mathematica. In Fig. 2(b), the splitter ratio
shown by the first line pattern is 90/10, the second is 70/30, the third
is 60/40, and the fourth is 50/50.

III. EXPERIMENTAL SETUP
The laser intensity stabilization setup is shown in Fig. 3. A mas-

ter oscillator power amplifier (MOPA) system consists of a 1879-nm
butterfly packaged laser diode and a thulium-doped fiber amplifier
(TmDFA), which has a maximum output of ∼3 W. With a free space
polarization controller based on three waveplates (λ/4, λ/2, and λ/4),
polarization fluctuation of 1879 nm beam is suppressed initially. The

FIG. 3. Experimental setup for the inten-
sity stabilization system. The dynamic
stability of the laser intensity of the
1879 nm MOPA system is realized by
the MZI, and the fluctuation of the laser
intensity is monitored and analyzed in
the time and frequency domains. λ/2:
half-wave plate; λ/4: quarter-wave plate;
PBS: polarization beam splitting cube;
BS: beam splitting plate; GS: glass slice;
M1/M2: high-reflectivity mirror; PD: pho-
todetector; LPF: low-pass filter; PID: pro-
portional integral differential amplifier;
HVA: high voltage amplifier.
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laser is injected into an MZI that is constructed by using a 50/50
beam splitter plate (BS1) that divides the incident light into two
beams with equal intensity and different phases, a high-reflectivity
mirror (M1) that reflects one beam, a mirror (M2) attached to a
PZT that emits the other beam, and a beam splitter plate (BS2) that
finally combines the two beams. The interferometer has two out-
put channels, where each channel can be used for dynamic feedback
to make the system more stable and the output of this channel can
then be used for subsequent experiments. The photodetector (PD1)
is mounted behind a glass slice (GS1) of 1879 nm for sampling a
small fraction of light for in-loop feedback. The DC voltage signal
output by the PD1 is injected into a proportional integral differen-
tial (PID) amplifier after passing through a low-pass filter (LPF). The
input signal of the PID controller is subtracted from the PID set
point, which is an artificially set reference DC voltage. The output
signal of PID, i.e., the real-time difference between the detector sig-
nal and the reference DC voltage, is added with the scanning signal
(triangular wave) and amplified by the high voltage (HV) amplifier
as the driving voltage of the PZT. Therefore, the output power of the
interferometer can be controlled by manipulating the driving voltage
of the PZT, and we expect that both the power and polarization fluc-
tuations for the 1879 nm laser are suppressed. In addition, another
photodetector (PD2) is mounted in order to independently moni-
tor the intensity stability of the output linear polarization laser. The
output signal of PD2 is then injected into the data acquisition system
(Keithley, DAQ-6510) in order to analyze and monitor the intensity
fluctuation of the laser in the time domain, and calculate the NPSD
based on the measured optical power fluctuation data. Undoubtedly,
a small fraction of the far-infrared laser is reflected by the glass slice
(GS2) and received by the PD2, and the majority of the laser is trans-
mitted and focused in a cesium magneto-optical trap (Cs-MOT) for
the construction of the ODT.

FIG. 4. Interference fringe of the MZI. In the experiment, a 50/50 beam splitter
plate is used, and the PZT is driven by scanning triangular wave so that the phase
difference between the two arms is generated and then the interference fringes
are generated.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
Figure 4 shows the interference fringes obtained by scanning

triangular waves with a 50/50 beam splitter ratio in the experiment,
in which the interference contrast is 95%. In the theoretical simu-
lation, an interference fringe with an interference contrast of 99.9%
can be obtained by using a 50/50 beam splitter plate; however, the
best interference contrast is not achieved in the experiment proba-
bly due to the following two reasons: first, the spatial mode of the
two lasers is not exactly same; second, the polarization of the two
lasers may be slightly different.

FIG. 5. (a) The power fluctuation of free running 1879 nm MOPA system. Through 30 min of measurement, the power fluctuation is roughly ±14.2%. The inset is zoomed
in on the vertical axis from 2.00 to 3.00 W and shows the intensity fluctuation in 30 min. (b) The power fluctuation after three wave plates. We thought that the polarization
fluctuation is initially suppressed by these plates. Similarly, after 30 min of measurement, the intensity fluctuation is roughly ± 5.7%. Furthermore, the vertical axis range of
the inset becomes 1.75–2.25 W, and the range of the horizontal axis is still 0–30 min.
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FIG. 6. The intensity fluctuation of the 1879 nm laser on the bright fringe of the
MZI. By closed-loop locking, the phase difference between the two arms is dynam-
ically compensated, and the power fluctuation is significantly suppressed; through
30 min of measurement, the power fluctuation is roughly ±0.3%. The vertical
axis of the inset has been enlarged with a range of 1.85–1.88 W and shows the
30-min measurement.

Considering the requirement of constructing a dipole trap with
this laser source, the polarization of the 1879 nm laser should be
fixed. Therefore, the PBS is usually inserted in the light path to fix
the polarization of light. Even though the scheme is effective, an
inevitable defect existing in this scheme is that the polarization fluc-
tuation of light will couple with the intensity fluctuation through
this polarization element. As the measurement of the intensity for
1879 nm laser after PBS, although the power fluctuation of 1879 nm
TmDFA itself is not obvious, the intensity fluctuation behind the
PBS becomes obvious, and the results are shown in Fig. 5(a). We
monitor the laser intensity for about 30 min in the time domain, with
a large fluctuation of about ±14.2%. The huge intensity fluctuation
will significantly affect the power utilization of the stable system. To
maximize power utilization, three wave plates are used to initially
suppress the power fluctuation. After proper adjustment, the mea-
surement result of laser intensity fluctuation after PBS is shown in
Fig. 5(b). The fluctuation of laser polarization has been reduced sig-
nificantly. Then, the initially stabled laser has been injected in the
combined system of MZI and another PBS, where the transmittance
of the interferometer is locked up to 90% in order to improve power
utilization. Then, the intensity fluctuation probed by the out-of-loop
detector PD2 is shown in Fig. 6. As shown in Fig. 6, the inten-
sity fluctuation of the output linearly polarized laser is reduced to

±0.3%, which is much better than the fluctuation of direct TmDFA-
PBS output. At this stability, both the fluctuation of the laser power
and polarization will no longer have a significant influence on the
parameter of the dipole trap.

As shown in Table I, for the 1879 nm 1D-MLT, if the laser
is focused through a lens to ∼20 μm and the incident laser power
at the cold atom is about 1.5 W, the maximum depth of the
1D-MLT is −1000 μK and the typical trap depth fluctuation is
±140 μK. When the laser power decreases after the initial suppres-
sion of the wave plate group or the closed-loop locking of the MZI,
the corresponding typical trap depth is about −800 and −700 μK.
In addition, the effective temperature of the cold atoms, which are
transferred from MOT to 1D-MLT, will be slightly higher, about
100 μK; on the other hand, the decrease in the trap depth caused by
the suppression of the power fluctuation will not affect the capture
of the cold atoms. However, the residual fluctuation of laser power
still exists, which will lead to the typical trap depth fluctuation of
±45 and ±2 μK, respectively.

The collected time-domain voltage signals are used to calculate
the NPSD. As shown in Fig. 7, the horizontal range is determined by
the sampling rate. In the experiment, we selected a sampling rate of
10 000 Hz according to the actual situation, so the horizontal axis in
Fig. 7 ranges from 1 to 5000 Hz. In addition, we believe that the feed-
back bandwidth of the system should be at the level of kilohertz due
to the limitation of PZT in the MZI. Therefore, the sampling rate can
fully meet the requirement of representing the feedback bandwidth
of the system.

The NPSD after closed-loop locking from 1 to 3000 Hz is signif-
icantly lower than that under the free running of the MOPA system.
It can be proved that the MZI plays an obvious role in the power
stability of the system. To further broaden the feedback bandwidth
and improve the inhibitory effect, we assume that the arm length of
the MZI is L and the angular frequency of the laser is ω0. Then, the
distance of the laser going through the MZI is L and the phase shift
generated is27

Φ0(t) = ω0t = ω0
L
c

. (4)

Here, Φ0 is a constant and the magnitude is proportional to L.
When the PZT is scanned, we begin to characterize small changes in
phase. For simplicity, we assume that a sine wave is used to scan the
PZT for which the amplitude is h0 and the angular frequency is ωs.
Therefore, the sine wave can be expressed as

h(t) = h0 cos(ωst). (5)

TABLE I. The typical maximum trap depth and fluctuation of 1879.43 nm 1D-MLT for cesium atoms under different power
fluctuations are calculated.

PODT ΔP Gaussian radius Udip ΔUdip
Category (mW) (mW) after focused (μm) (μK) (μK)

MOPA free running 1500 ±213.0 (±14.2%) 20 −1000 ±140
With wave plate group 1200 ±68.4 (±5.7%) 20 −800 ±45
After MZI is locked 1100 ±3.3 (±0.3%) 20 −700 ±2
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FIG. 7. Intensity noise of the 1879 nm laser as a function of analyzing frequency.
(a) The solid black line represents the NPSD when the 1879 nm laser system is
running freely without passing through the wave plate group. (b) The solid blue line
represents the NPSD of the 1879 nm laser system after closed-loop locking by the
MZI.

Hence, the phase shift of the entire system can be written as

Φ = Φ0(t) + δϕ

= ω0L
c
+ ω0

2 ∫
t

t− L
c

h0 cos(ωst)dt

= ω0L
c
+ h0

2
ω0

ωs
{sin(ωs

L
c
) − sin[ωs(t − L

c
)]}

= ω0L
c
+ h0

ω0

ωs
sin(ωs

L
2c
) cos[ωs

2
(t − L

c
)] (6)

because L
2c ≪ 1,

h0
ω0

ωs
sin(ωs

L
2c
) = h0ω0

2
L
c

, (7)

δϕ ∼ h0ω0

2
L
c

. (8)

As shown in Eq. (8), if the arm length L of the MZI is increased,
δϕ of the system can be increased. Thus, the detection sensitivity of
the system can be improved and the detection effect of the MZI for
phase can be better. Increasing the arm length of the MZI will cause
extra noise due to the insufficient stability of the system.

However, such noise can be solved through the isolation plat-
form and system temperature control. We can add an F–P cavity
on the two arms of the MZI. The F–P cavity can fold up the optical
path, greatly increase the distance of the light in the MZI, and does
not need to occupy a large area.

V. CONCLUSIONS
In summary, we have demonstrated the reduction of the power

and polarization fluctuation for a 1879 nm laser based on the coop-
eration of three wave plates and an MZI. The intensity fluctuation
is ±14.2% after the combination of the MOPA system and PBS is
reduced to ±0.3% with locked MZI. In addition, after MZI is locked,
the NPSD is lower than that under free running in the range of

1–3000 Hz. Typically, at 1000 Hz, the NPSD after MZI is locked,
which is about 10 dB lower than that when MOPA is free running.
The system can not only withstand high power injecting laser but
also can stabilize both power and polarization fluctuations with-
out affecting the quality of the light beam for the low-loss output
light. The laser power utilizing efficiency can be further improved
by improving the transmittance of the locked interferometer or
improving the interference visibility.

It is expected that Rydberg atoms can have a long coherence
lifetime in subsequent experiments involving the Rydberg dressed
ground state. On the one hand, we can use the 1879 nm MOPA
system to implement a 1D-MLT, which can both eliminate the
position-dependent light shift to capture Rydberg state atoms in
optical tweezer like the ground-state atoms and attenuate collisions
between cold atoms caused by residual thermal motion to prolong
the coherence time of Rydberg atoms. On the other hand, we pro-
pose an upgraded interferometer, i.e., adding an F–P cavity to each
arm of the interferometer, and using the reflection of the beam in
the cavity, the arm length can be extended at least dozens of times,
to improve the phase measurement sensitivity of the interferometer
and improve the power stability.
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