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Abstract: We present a broadband and robust Mach-Zehnder interferometer (MZI) with meter-
scale arm length, aiming to acquire the full information of an atomic system. We utilize a
pre-loading phase shifter as servo actuator, broadening the servo bandwidth to 108 kHz without
sacrificing the size of the piezoelectric transducer (PZT) and mirror. An auxiliary laser at 780 nm,
counter-propagating with the probe laser, is employed to achieve arbitrary phase locking of the
MZI, boosting a phase accuracy of 0.45 degrees and an Allan deviation of 0.015 degrees, which
breaks the current record. By utilizing our robust MZI, the measurement accuracy of atomic
system can be theoretically predicted to improve by 2.3 times compared to the most stable MZI
in other literatures. In addition, we also demonstrate the sensitivity improvement in imaginary
part and real part of the susceptibility in virtue of the completed interferometer, which exhibits
tremendous potential in atom-based measurement system.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The Rydberg atomic system emerges as a highly promising platform for microwave electric
field sensing, distinguished by its remarkable sensitivity and spatial resolution [1–8]. The core
principle is to readout the interaction effect between microwave electric field and Rydberg atoms
by electromagnetically induced transparency (EIT) [9,10]. Historically, the majority of research
efforts have focused solely on atomic absorption, employing direct optical readout. To access
information related to atomic dispersion, the construction of a Mach-Zehnder interferometer
(MZI) [11–15] is necessary, with the additional requirement of locking the relative phase to π/2
[16]. The demonstration further confirms that the MZI with long-term control has a tremendous
potential for Rydberg radars where the microwave signals are unknown [17–19]. Recently, by
the employment of a MZI, W. G. Yang et al. demonstrated not only the enhanced sensitivity of
atom-based microwave-field electrometry, but also the simultaneous measurement of the atomic
absorption and dispersion signal [20]. However, the arbitrary phase control of the MZI in the
literature relies on the orthogonal polarization of the probe laser, the crosstalk between two
polarization beams limits locking performance.

The readout frequency is another important parameter of affecting measurement sensitivity.
On one hand, the desired signal gets weaker at above 100 kHz [21]. On the other hand, the
readout noise of atomic superhet is increased obviously by light-atom interaction when the
frequency is larger than 100 kHz, while there is a tradeoff between the probe laser noise and
light-atom interaction noise in the frequency region of 0.1-100 kHz [22]. A mode cleaner, which
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is an optical low-pass filter, can be used to suppress the probe noise at higher frequency band.
However, the noise suppression becomes more and more difficult as the frequency reduces. In
summary, 100 kHz is a popular frequency to optimize the detection sensitivity, without increasing
system complexity. Therefore, we hope to construct a robust MZI with the servo bandwidth of
100 kHz scale. To obtain a broadband servo system, various phase shifter structures have been
demonstrated. T. Briles et al. introduced a copper-shielded lead complex structure with a 180
kHz feedback bandwidth [23]. A. Chadi et al. held their piezoelectric transducer (PZT) via a
side-clamping, achieving a bandwidth of 100 kHz [24]. D. Goldovsky et al. demonstrated a
servo bandwidth of approximately 200 kHz using straightforward elastic rubber rings [25]. T.
Nakamura et al. showcased an effective feedback bandwidth of 500 kHz through the utilization
of a wedged damping alloy [26]. It’s worth mentioning that the increased bandwidth is achieved
at the expense of reducing the size of both the PZT and the mirror, which inevitably limit the
displacement of PZT to very small. To accommodate the microwave-shielding atomic system,
there needs a large-size MZI. Unfortunately, the small PZT is not enough to meet the requirement
for the displacement.

In recent years, significant efforts have been dedicated to enhancing the phase stability of
interferometers. D. Grassani et al. reported their success in maintaining stable locking of a
Michelson interferometer (7 cm×17 cm) at arbitrary phase angle with a precision exceeding 1
degree [27]. M. Micuda et al. showcased a Sagnac interferometer (27 cm×40 cm), revealing
phase deviations of less than 0.4 degrees over a 250-second measurement period without any
active stabilization [28]. S. H. Wu et al. achieved precise, rapid, and enduring locking MZI at any
desired phase point, with phase lock accuracy controllable to within 1.05 degrees [29]. X. X. Ma
et al. demonstrated remarkable phase locking performance in an MZI, with an Allan deviation of
only 0.026 degrees in 30 minutes [30]. It is eternal pursuit of continuously improving the phase
locking accuracy, as well as extending the servo bandwidth under the premise of guaranteeing
enough size.

In this paper, we present the realization of a broadband and exceptionally stable MZI with the
arm length of meter-scale. In virtue of a "rubber ring1-PZT-mirror-rubber ring2" phase shifter
structure, named as pre-loading structure, the servo bandwidth is extended to 108 kHz without
sacrificing the size of the PZT and mirror. Thanks to the application of the large-size PZT and
mirror, the variation of the arm satisfies the need of meter-scale interferometer. In addition, by the
employment of an auxiliary laser that has different wavelength with the probe laser, the crosstalk
between two polarization beams is significantly eliminated, leading to a remarkable reduction in
phase deviation. As the results, the phase accuracy is 0.45 degrees and the Allan deviation is only
0.015 degrees, which is to our knowledge the best results of meter-scale interferometer. Finally,
the completed MZI is utilized to a practical atom-based measurement system, demonstrating the
obvious sensitivity improvement comparing with no interferometer case.

2. Broadband and stable phase shifter

The servo bandwidth is primarily influenced by the structure of the phase shifter and the individual
bandwidth of components within the feedback loop. Figure 1 illustrates the schematic of our
homemade phase shifter. For this purpose, we employed a multi-stack piezoelectric cylinder
P-010.00P from PI, capable of providing a 5 µm displacement for 1000 V applied. The masses
of PZT and mirror are 6 g and 0.42 g respectively, while the mount, crafted from copper, weighs
approximately 1.5 kg. To enhance the system’s performance, we’ve integrated two nitrile rubber
rings, renowned for their excellent elasticity, serving as springs. In this way, the net displacement
of mirror will be determined by the stiffness ratio between the back rubber ring and the front ring.
These rings effectively isolate mechanical vibrations originating from the mount and the optical
table, thereby significantly broadening the servo bandwidth.
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Fig. 1. Schematic illustration of the phase shifter. The size of rubber ring1 is 12.7 mm
(diameter) × 1.5 mm (thickness), the size of rubber ring2 is 10 mm (diameter) × 1.5 mm
(thickness), the size of mirror is 12.7mm (diameter) × 1.5 mm (thickness), and the size of
PZT is 10 mm (diameter) × 9 mm (length).

The transfer function of servo system is acquired through the utilization of the Moku: Lab
frequency response analyzer, as depicted in Fig. 2. In Fig. 2(a) and Fig. 2(b), we illustrate the
amplitude and phase responses of our servo system. In accordance with the definition of servo
bandwidth [31], which is the frequency point where the closed-loop amplitude response reaches
-3 dB, the servo bandwidth of our feedback system is identified to be 108 kHz. Furthermore,
this servo bandwidth can also be derived from the frequency point at which the phase response
undergoes a shift of -180◦, which is in accordance with above results. It is worth emphasizing
that the bandwidth of the photodetector stands at 1 MHz, the high-voltage amplifier (HV-amp)
exhibits a bandwidth of 420 kHz, the proportional integral differentiator (PID) demonstrates a
bandwidth of 110 kHz, and the PZT resonance frequency is registered at 129 kHz. Consequently,
the servo bandwidth is principally limited by the resonance frequency of the PZT.
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Fig. 2. The frequency response of servo system in both amplitude (a) and phase (b). The
sweep frequency of sine output is 100 Hz-1 MHz and 512 points per sweep are selected.

3. Stable MZI

The experimental configuration of the MZI (50 cm× 25 cm) is illustrated in Fig. 3. The probe laser,
operating at 852 nm (Toptica, DL PRO) is efficiently coupled from a polarization-maintaining
fiber into free space through a collimator (PAF2-7B). The probe laser (red solid line) is divided
into two beams via a 50:50 beam splitter1 (BS1). The transmission beam passes through a neutral
density filter (NDF) and subsequently interacts with the atomic vapor, assuming the role of a



Research Article Vol. 32, No. 4 / 12 Feb 2024 / Optics Express 5495

weak signal. Simultaneously, the reflected beam serves as a strong local oscillator. These two
optical pathways are overlapped together on beam splitter2 (BS2) with an interference contrast
exceeding 99%, and then is captured by a balanced homodyne detector (BHD). In this way, not
only the technical noise of probe laser is subtracted by BHD, but the weak signal is amplified by
local oscillator. Additionally, the coupling laser at 510 nm (green dash line) counter propagates
along the signal beam, interacting with the atomic vapor.

Fig. 3. The experimental setup of Mach-Zehnder interferometer. BS: beam splitter; NDF:
neutral density filter; DM: dichroic mirror; DBS: dichroic beam splitter; PS: phase shifter;
PZT: piezoelectric transducer; EOPM: electro-optical phase modulator; RPD: resonant
photodetector; BHD: balanced homodyne detection; OSC: oscilloscope; SG: signal generator.

An auxiliary locking laser at 780 nm (blue solid line) enters the MZI via BS2 and counter
propagates through the interferometer. Importantly, the locking laser does not interact with the
atomic vapor, ensuring minimal crosstalk with the signal light. The homemade phase shifter,
positioned in the path of local oscillator, is used to control the relative phase between two
arms of MZI. To control the signal and local oscillator in phase, local oscillator undergoes
phase modulation at a fixed frequency, typically set at 36 MHz, which is achieved using an
electro-optical phase modulator (EOPM). Subsequently, the output of the locking laser within
the MZI is captured by a resonant photodetector (RPD), demodulated to extract the PDH error
signal [32]. The relative phase between the signal and local oscillator is actively locked to π/2 by
utilizing the interference error signal. By superposing the PDH error signal with the interference
error signal in a specific proportion, the MZI can be precisely controlled to an arbitrary phase.

The phase locking stability relies on the mechanical stability and the performance of the RPD,
PID and HV-amp systems. The mechanical structure of phase shifter with integrated and large
base area significantly diminishes phase uncertainty during experimental procedures. The RPD
incorporates an inductance capacitance (LC) resonance circuit, acting as a band-pass filter, which
amplifies the signal at the resonance frequency while attenuating noise outside the bandwidth.
The actual resonant frequency (36 MHz) can be fine-tuned by adjusting the value of inductor L
[33–36]. Then one can extract an error signal with high signal-to-noise ratio (SNR), ensuring
stable locking of the MZI. The PID employs a cascade structure, an active twin-T notch filter and
a low-pass filter. The twin-T notch filter is used to remove unnecessary resonances with tunable
attenuation and quality factor, whereas the low-pass filter suppresses high-frequency vibration
outside the bandwidth. In this experiment, the integrator and low-pass filter were configured
with cutoff frequencies of 3 kHz and 110 kHz, respectively. The locking stability is boosted by
suppressing a majority of disturbance within the bandwidth. To prevent distortion of the PID
control signal and enable synchronous response to high-frequency control signals, the HV-amp
utilizes the power amplifier chip PA98, which affords an operational bandwidth of 420 kHz
during full-power operation (375±10 V).
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To verify the optimization effect of the experimental system, we measure the locking stability
in time domain when the relative phase between signal beam and local oscillator is locked to
0. The direct current (DC) output from the BHD is split into two segments, one of which is
connected to a digital oscilloscope for real-time DC monitoring, providing immediate insights
into the locking stability. Simultaneously, the other segment is introduced into a high-precision
digital multimeter, specifically the Keithley 3706A, and the data is recorded in real time over an
extended period.

Figure 4(a) illustrate the experimental results, from which the stability of the phase shift within
the interferometer can be deduced. The inset is a phase distribution histogram and the phase
accuracy is 0.45 deg within 97.52%. Figure 4(b) shows the Allan deviation of the phase shift
over 2 hours. When the averaging time reaches 512 seconds, the stability of the phase shift
reduces to 0.015 degrees, equivalent to 2.62 × 10−4 rad. This level of precision corresponds to
an interferometer arm length deviation of 0.0355 nm (4.2 × 10−5λ), or a relative length deviation
of 4.73 × 10−11. When the averaging time surpasses 512 seconds, the influence of low-frequency
fluctuations in the laboratory environment gradually becomes apparent. It is worth emphasizing
that this configuration enables us to perform exceptionally stable measurements over an extended
duration, making it especially suitable for applications involving Rydberg atoms.
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Fig. 4. (a) The measured phase fluctuation of MZI. (b) The Allan deviation of the phase
shift.

4. Application to atomic vapors

Utilizing the configuration described above, we introduce cesium (Cs) vapor into the signal
arm of the interferometer, thus the 852 nm and 510 nm lasers act as the probe laser and the
coupling laser respectively, generating the EIT effect. The energy level diagram of Cs atoms is
illustrated in Fig. 3, where 6S1/2 is the ground state, 6P3/2 is the intermediate state, and 43D5/2
is the Rydberg state. This setup allows us to explore and quantify the amplification effect of
the imaginary part and real part of the susceptibility, enabling us to extract the full information
related to the atomic response.

The EIT transmission signal can be analyzed with an oscilloscope, the optical readout signal is
represented by the following expression [20]

I = a cos (∆ϕ + ∆θ) (1)

a ∝ exp
{︃
−2πl Im[χ]

λp

}︃
(2)
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∆ϕ ∝
πl Re[χ]
λp

(3)

where the parameter a represents the transmission loss, ∆ϕ is the phase shift induced by the
dispersion of light in Cs vapor, ∆θ is the relative phase between the signal and local oscillator, l
signifies the length of the Cs vapor, λp represents the probe laser wavelength, and χ is the complex
susceptibility of the Cs vapor. When the relative phase between signal and local oscillator is
actively locked at 0, this configuration allows for the measurement of the imaginary part of the
susceptibility, which, in turn, provides critical information about the absorption properties of
the Cs atoms. By locking the relative phase between the signal and local oscillator to π/2, the
real part of the susceptibility that is the dispersion information of the Cs atoms is recorded.
This approach enables a thorough exploration of both the imaginary part and real part of the
susceptibility associated with the atomic response. Moreover, for definite atomic response, the
accuracy for readout signal is proportional to the phase locking accuracy for MZI. By utilizing
our robust MZI, the measurement accuracy of atomic system can be predicted to improve by 2.3
times compared to the MZI with phase accuracy of 1.05 degrees.

Setting the signal power to 20 µW, the imaginary part of the susceptibility is direct recorded
and displayed in Fig. 5(a) (the black curve). Then we measure the imaginary part of susceptibility
by controlling the relative phase of MZI to 0. When the power of signal beam remains at 20 µW
and the power of local oscillator is adjusted to 0.5 mW, the imaginary part of the susceptibility is
enlarged by 18 times, represented by purple curve. Adjusting the power of local oscillator to
1 mW (2 mW), the imaginary part of the susceptibility is shown by the blue (red) curve, and
magnified by 23 (29) times. The signal magnification is linear to the amplitude of the local
oscillator [16], as shown in the inset of Fig. 5(a). The real part of the susceptibility is acquired by
controlling the relative phase of MZI to π/2, depicted as green curves in Fig. 5(b). Obviously,
both the imaginary part and real part of the susceptibility are measured with high sensitivity in
virtue of the robust and broadband MZI.

Fig. 5. (a) The measurement results via direct readout (black curve) and MZI (purple, blue
and red curves). (b) The imaginary part (orange curve) and real part (green curve) of the
susceptibility measured by MZI.
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5. Conclusion

We have presented the demonstration of a broadband and exceptionally stable MZI with the arm
length of meter-scale. By tailoring the "rubber ring1-PZT-mirror-rubber ring2" phase shifter
structure, the servo bandwidth is significantly broadened to 108 kHz without sacrificing the
size of PZT and mirror. The phase control of MZI is achieved by introducing an auxiliary laser
that counter propagates alongside the probe laser, leading to a remarkable reduction in phase
deviation. With a continuously operating time for over 2 hours, the phase accuracy is 0.45 degrees
and the Allan deviation is only 0.015 degrees. Compared to the MZI with phase accuracy of 1.05
degrees, the measurement accuracy of atomic system can be theoretically predicted to improve
by 2.3 times with the robust and broadband MZI. It can be extensively applied to enhance the
sensitivity and resolution of microwave electric field sensing in atom-based system.
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