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Frequency-difference-stabilized dual-frequency solid-state lasers with tunable and large frequency difference have
become an ideal light source for the high-accuracy absolute-distance interferometric system due to their stable

multistage synthetic wavelengths.

dual-frequency solid-state laser frequency-difference stabilization

guadrature-demodulated Pound-Drever-Hall method

1. Frequency Difference Stabilization of Birefringent Dual-
Frequency Solid-State Lasers

As described above, a kind of birefringent dual-frequency solid-state lasers has a single-axis configuration, and the
frequency difference or beat-note stabilization has been investigated LIZEI4IE the methods of which mainly

include frequency-shifted optical feedback, saturable absorption, etc.

In 2007, the research group of L. Kervevan of France reported an original approach to stabilize the beat-note of a
1.53 um dual-frequency Yb:Er glass laser via an optical self-injection process €, as shown in Figure 1, in which
the dual-frequency Yb:Er glass laser could output a dual-frequency laser at 1.53 pym with a beat-note of nearly 170
MHz. The optical self-injection process consisted of selecting one of the two linear modes as a master oscillator
with a polarization filter, then frequency shifting the optical wave using an external acousto-optic modulator, and
finally, using it to inject the other mode.
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Figure 1. Schematic of self-injection stabilization process for 1.53 um dual-frequency phosphate glass laser (8],
FLD: fiber-pigtailed laser diode; G: Yb:Er glass plate; E: intracavity etalon; L; and L,: quarter-wave plates; P; and
P,: linear polarizers; OC: output coupler; BS: beam splitter; FR: Faraday rotator; AOM: acousto-optic modulator;
PD: photodiode; SA: spectrum analyzer; FC: frequency counters; Mgg: optical feedback module; p: angular

adjustment.

When the frequency-shifted optical beam was correctly reinjected into the oscillating mode of the laser cavity, the
stability of the locking technique was tested by recording the beat note versus the synthesizer frequency, as shown
in Figure 2a. It corresponded to a slow frequency deviation of about 0.27 mHz/s. A linear fit was applied to the
measured synthesizer frequency [straight line in Figure 2a], and the difference between this reference line and the
optical beat-note was observed in the histogram plotted curve in Figure 2b. It can be seen that a fitted Gaussian

distribution curve allowed for estimating the stability of the frequency locking to be less than 0.25 Hz.
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Figure 2. Schematic of self-injection stabilization process for 1.53 um dual-frequency phosphate glass laser (8. (a)
Instantaneous fluctuations and long-term deviation of the synthesizer frequency versus time. (b) Histogram of the
temporal stability of the beat note between the two orthogonal modes using the locking technique based on the
frequency-shifted optical feedback loop.
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| 2. Frequency Difference Stabilization of TCDFL

Due to the fact that the TCDFL has both standing-wave cavities with two separate output couplers, it is easy to
actively stabilize the resonant frequency of each cavity to a common frequency reference so that a high stability of
the frequency difference can be obtained.

As a commonly used method, the PDH frequency-stabilization method integrates with the technologies of both
electro-optic phase modulation and optical heterodyne detection. In the past few decades, the laser-frequency-
stabilizing technologies based on the PDH method have been widely investigated worldwide due to their

advantages of fast servo response, low noise, and high-frequency stability [IEIIL0LL[12]

2.1. Double-Modulator QD-PDH Frequency-Difference Stabilizing System for TCDFL

In 2022, the group reported a frequency-difference-stabilizing system for the diode-pumped TCDFL at 1064 nm
using a double-modulator QD-PDH frequency-stabilizing method 23!, as shown in Figure 3, which included two
sets of QD-PDH frequency-stabilizing subsystems (see parts Il and Ill) that shared the same F-P cavity as the
frequency reference, and the magnitude of the frequency difference was required to be an integer number

representing times of the free spectral range (FSR) of the referenced F-P cavity.
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Figure 3. Schematic diagram of the frequency-difference-stabilizing system for the TCDFL using the double-
modulator QD-PDH frequency-stabilizing method 2. LD: laser diode; OF: optical fiber; L: lens; PBS: polarizing
beam splitter; FP: F-P etalon; OC: output coupler; PZT: piezoelectric transducer; M: mirror; 1ISO: optical isolator; P:
polarizer; EOM: electro-optic modulator; DDS: direct digital synthesizer; A: amplifier; EOM-DR: EOM driver; QWP:
guarter-wave plate; BS: beam splitter; F-P: F-P reference cavity; PD: photodetector; I/V: current-to-voltage; FSA:
frequency-selective amplifier; QDU: quadrature-demodulated unit; D/A: digital-to-analog; PZT-DR: PZT driver.

A QD-PDH method-based frequency-difference-stabilizing system for the diode-pumped TCDFL with a frequency
difference of 24 GHz at 1064 nm was established and investigated, in which the free spectral range and the finesse

of the referenced F-P cavity were equal to 375 MHz and 421, respectively. Both frequencies of the TCDFL were
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successfully frequency stabilized to the two different resonant frequencies of the F-P cavity during a period of
about 1 h, the error signals of the two QD-PDH frequency-stabilizing subsystems were obtained experimentally, as
shown in Figure 4, the maximum offset voltages of the QD-PDH error signals were equal to 77 mV and 74.2 mV,
respectively, and correspondingly, the laser-frequency drifts of the linear and right-angle cavities were determined
to be <0.35 MHz and 0.36 MHz, respectively. The frequency-difference fluctuations of the frequency-locked TCDFL
are shown in Figure 5, and the maximum change in the frequency difference was <0.55 MHz. According to the
Allan variance, the laser-frequency stabilities of the linear and right-angle cavities were better than 2.3 x 107! and

2.7 x 10711, respectively, corresponding to a frequency-difference stability better than 4.2 x 1077,
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Figure 4. Error signals of the frequency-locked QD-PDH subsystems 131,
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Figure 5. Frequency difference variation in the frequency-locked dual-frequency Nd:YAG laser 131,

2.2. Single-Modulator QD-PDH Frequency-Difference-Stabilizing System for TCDFL

In 2022, the research group proposed a new scheme of the phase modulation of the orthogonally and linearly
polarized dual-frequency laser using a single electro-optic modulator (EOM), and a simple frequency-difference-
stabilizing system for the TCDFL using a single-modulator QD-PDH frequency-stabilizing method was designed
(24 as shown in Figure 6, which included two sets of QD-PDH frequency-stabilizing subsystems (see parts Il and

[1l) that shared the same electro-optic phase modulation unit and the same frequency reference of the F-P cavity.
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Figure 6. Schematic diagram of the frequency-difference-stabilizing system for the TCDFL using the single-
modulator QD-PDH frequency-stabilizing method 24!, LD: laser diode; OF: optical fiber; L: lens; PBS: polarizing
beam splitter; FP: F-P etalon; OC: output coupler; PZT: piezoelectric transducer; M: mirror; ISO: optical isolator;
EOM: electro-optic modulator; DDS: direct digital synthesizer; EOM-DR: EOM driver; BS: beam splitter; QWP:
guarter-wave plate; F-P: F-P reference cavity; PD: photodetector; I/V: current-to-voltage; FSA: frequency-selective
amplifier; QDU: quadrature-demodulated unit; D/A: digital-to-analog; PZT-DR: PZT driver.

A QD-PDH frequency-difference-stabilizing system for the same diode-pumped TCDFL with a frequency difference
of 24 GHz at 1064 nm was established and investigated. Both frequencies of the TCDFL at 1064 nm were
successfully frequency-stabilized to the two different resonant frequencies of the referenced F-P cavity during a
period of about 1 h, the error signals of the two QD-PDH frequency-stabilizing subsystems were obtained
experimentally, as shown in Figure 7, the maximum offset voltages of the QD-PDH error signals were equal to
84.5 mV and 76.7 mV, respectively, and correspondingly, the laser-frequency drifts of the linear and right-angle
cavities were determined to be <0.34 and 0.35 MHz, respectively. The frequency-difference fluctuations of the
frequency-locked TCDFL are shown in Figure 8, and the maximum change in the frequency difference was <0.51
MHz. According to the Allan variance, the laser-frequency stabilities of the linear and right-angle cavities were
better than 1.6 x 107! and 2.0 x 1071, respectively, corresponding to a frequency-difference stability better than
2.9x107".
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Figure 7. Error signals of the frequency-locked QD-PDH subsystems 141,
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Figure 8. Frequency difference variation in the frequency-locked dual-frequency Nd:YAG laser [14],

The experimental results obtained above indicate that compared with the double-modulator QD-PDH frequency-
difference-stabilizing system shown in Figure 3, the single-modulator QD-PDH frequency-difference-stabilizing
system shown in Figure 6 is not only simple, but also has better performances in the linear-dynamic range,

frequency-discriminating sensitivity, frequency stabilization, and frequency-difference stabilization
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