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All-fiber-based laser with 200 mHz linewidth
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We demonstrate the frequency stabilization of a 1.55 pm erbium-doped fiber laser by locking it to a 5-km-long
optical fiber delay line (FDL). The stabilized laser is characterized via comparison with a second identical laser
system. We obtain a fractional frequency stability of better than 3 x 10" over time scales of 1-10 s and a laser
linewidth of 0.2 Hz, which is the narrowest linewidth of an FDL-stabilized laser observed to date.
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Ultra-stable lasers are required as fundamental tools in
the precision measurement science field. A wide variety of
applications benefit from the extraordinary spectral
purity of these lasers, including optical atomic frequency
standardst¥, high-resolution spectroscopy?, and funda-
mental physics tests®. State-of-the-art ultra-stable
lasers are realized by tightly locking their frequencies
to high-finesse Fabry—Pérot (FP) cavities using the
Pound-Drever-Hall (PDH) method to reach a fractional
frequency stability below 1 x 1071622, To obtain such a
high stability, however, special techniques must be used to
lower the thermal noise floor, including the use of longer
cavities or cryocoolers. These methods dramatically
increase the complexity and bulk of the system and
consequently limit the transportable applications of ultra-
stable lasers. These applications include space optical
atomic clocks, the Laser Interferometer Space Antenna
(LISA) mission for gravitational wave detection,

ultra-low phase noise microwave synthesizers, and opti-

cal frequency disseminationLJ,

A fiber delay line (FDL) has been demonstrated to be a
suitable alternative to high-finesse FP cavities for use in
laser stabilization¥. In this approach, a heterodyne
arm-unbalanced Michelson interferometer is used as a fre-
quency discriminator to extract the laser’s frequency fluc-
tuations, which are then fed back to the laser to stabilize
its frequency. In contrast to the FP cavity method, this
approach can also provide precise and rapid tunability
over a wide frequency range, with the exception of the
ultra-low frequency noise. This feature is required in many
applications, including optical processing of radio-
frequency signals®?), optical tracking oscillatorsZ,
coherent light detection and ranging?, and low-noise
interferometric sensors?. Recently, a fractional frequency
stability of 5 x 1071°, which is fundamentally limited by
the thermomechanical noise in the optical fibers, was

demonstrated®). In optical fibers, the thermodynamic
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phase fluctuations of the light include contributions from
both thermoconductive noise and thermomechanical
noiseZ2, Thermomechanical noise has a 1/f spectral den-
sity and is regarded as the fundamental limit of the short-
term frequency stability of FDL-stabilized lasers?. The
influence of this type of noise can be reduced by increasing
the length of the unbalanced optical fiber of the interfer-
ometer. In this Letter, we demonstrate an ultra-stable
laser that is locked to a heterodyne Michelson interferom-
eter using 5-km-long optical fibers, which are 10 times
longer than the fibers used in a previous work™. This
interferometer consequently leads to an improvement of
three times in the fractional frequency stability, which
is dominated by thermomechanical noise. Additionally,
in this work, a vibration-insensitive fiber spool and a
multilayer thermal shield are used to improve the laser’s
isolation from environmental fluctuations. In this way, a
stabilized laser with a 200 mHz linewidth and a short-term
frequency stability of 2 x 1071 is achieved.

The experimental setup is shown in Fig. 1. A 1550 nm
fiber laser (AdjustiK-E15, NKT Photonics) is used as the
laser source. The laser beam is then split into two parts
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Fig. 1. Experimental setup of the laser stabilization system.
PZT: piezoelectric transducer; AOM: acousto-optic modulator;
VCO: voltage-controlled oscillator; RF: radio frequency.
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using an optical coupler with a coupling ratio of 99:1. The
smaller part (approximately 100 pW) is sent to the inter-
ferometer for laser stabilization, passing through an
acousto-optic modulator (AOM1), and the larger part is
used as the output. The interferometer is an unbalanced
fiber Michelson interferometer, and another internal
acousto-optic modulator (AOM2) is used to produce a
frequency shift (of 80 MHz) for heterodyne detection.
The FDL is constructed using a standard single-mode op-
tical fiber (SMF-28, Corning) and has a length of 5 km.
The interferometer beat note is detected using a photo-
diode and is then coherently demodulated to produce
an error signal. A proportional-integral circuit then con-
verts this error signal into a laser frequency correction sig-
nal. Large-scale dynamic frequency correction is realized
via a piezoelectric transducer, while fast frequency correc-
tion is provided by a voltage-controlled oscillator, which
drives AOMI.

In this scheme, the stabilized laser is sensitive to seismic
noise. To resolve this problem, a fiber spool with an ultra-
low acceleration sensitivity is used. In addition to the low
axial acceleration sensitivity, which is similar to the fiber
spool in Ref. [29], the radial acceleration sensitivity of this
fiber spool has also been optimized. In addition, to isolate
the setup from both temperature fluctuations and acoustic
noise, the entire interferometer is placed into a vacuum
chamber (Fig. 2). The vacuum level is maintained at
approximately 3 x 107° Pa. The interferometer, with
the exception of the AOM, is placed inside three thermal
shields. The fiber spool is mounted on the inner shield
using Teflon screws, while the other components (i.e., the
optical coupler and Faraday mirrors) are fixed in place
using low-outgassing epoxy glue. The shields are made
from aluminum, and are gold-coated and polished to
reduce their emissivity. Additionally, Teflon thermal
insulators are used among the fiber spool, the thermal
shields, and the vacuum chamber to minimize heat
exchanges. AOM2 is mounted flushly against the inner
surface of the vacuum chamber because it dissipates heat
of approximately 200 mW. This passive shielding can be
regarded as a low-pass filter with a time constant of
approximately 4.6 days. In addition, the vacuum chamber
is temperature stabilized at 27°C using an active thermal
controller. The temperature fluctuation is less than
250 pK over a 24 h period.
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Fig. 2. Schematic of the vacuum chamber.

To evaluate the performance of the stabilized laser
setup, we constructed two identical FDL-stabilized laser
systems. Each system was constructed using a separate
laser source and a separate fiber interferometer. When
the output light beams of the two FDL-stabilized laser
systems were combined, a heterodyne beat-note signal
was detected. One of the merits of FDL-based laser stabi-
lization is the rapid laser frequency tuning capabilitys,
which provides an easy way to compensate for the inevi-
table laser frequency drift. A drift of 15 Hz/s was removed
by applying a frequency offset to the tunable RF synthe-
sizer. This drift was mainly caused by aging drift of the
optical fiber. The residual drift of the measured beat-note
signal was less than 0.5 Hz/s. To measure the laser line-
width, the beat-note signal was frequency downconverted
to approximately 50 Hz and was then analyzed using a fast
Fourier transform (FFT) spectrum analyzer (SR760,
Stanford Research Systems). From a series of eighteen
consecutive measurements, we obtained a typical full
width at half-maximum of 0.28 (0.08) Hz at 0.125 Hz
resolution bandwidth (RBW, Fig. 3). The linewidth for a
single laser is 0.2 Hz, which is the narrowest linewidth that
has been observed for an FDL-stabilized laser to datel®X.

To measure the laser frequency noise, the RF beat-note
signal between the two stabilized lasers (approximately
100 MHz) is sent to a phase noise measurement system
(TSC 5125 A, Microsemi) for comparison with a reference
signal from an active hydrogen maser (iMaser3000,
T4Science) for phase noise measurement. In this measure-
ment, the laser frequency drift is compensated in the same
way as the linewidth measurement. The frequency noise
power spectral density (PSD) S,(f) is then derived from
the phase noise S,,(f) using

S.(f) = £*S,(f) Hz?/Hz, (1)

where f is the Fourier frequency. The measured data are
shown in Fig. 4. Curve (a) represents the measured fre-
quency noise of the two lasers and curve (b) represents
a theoretical simulation of the fiber thermal noise limit
for two 10 km fibers (because light passes through the
optical fibers twice in the Michelson scheme). According
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Fig. 3. Normalized FFT spectrum of the beat-note signal (blue
circles) and its Gaussian fit (red line).
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Fig. 4. Frequency noise PSD of (a) two identical FDL-stabilized
lasers (black solid line), (b) thermomechanical noise from the
optical fiber (red dash line), and (c) thermal noise of the first-
stage amplifier after the photodiode (blue solid line).

to thermomechanical noise theory2Y, the laser frequency
noise PSD that is induced by the fiber thermal noise is
given by

n)2 2kB TL®0 HZQ/HZ (2)

Sr(f) = (E 37E,Af

where 4 is the optical wavelength, 7 is the time delay of the
FDL, n is the effective refractive index of the optical fiber,
kp is the Boltzmann constant, and T is the temperature;
L is the fiber length, E,=1.9 x 10'° Pa is the bulk
modulus of the material, A = 4.9 x 10~® m? is the cross-
sectional area of the fiber, and @, = 0.01 is the loss angle
of the fiber. Curve (c) represents the thermal noise of
the first-stage amplifier after the photodiode. Obviously,
the laser frequency noise over the range from 0.05 Hz
to 1 Hz is dominated by the fiber’s thermomechanical
noise, while the thermal noise from the amplifier is the
major noise source at the higher Fourier frequencies.
The noise bump in the range between 10 Hz and 30 Hz
is mainly due to seismic noise and the peaks distributed
at the higher Fourier frequencies stem from noises
introduced by power-supply grounding such as 50-Hz
noise and noises from other electronics devices coupled
into the measurement system.

Using the method described above, the frequency fluc-
tuations of the beat-note signal are also recorded every
100 ms. Therefore, through the use of frequency stability
analysis software (Stable 32), the fractional frequency
stability characteristics of the two lasers can be obtained.
The stability of one of the lasers is shown in Fig. 5.
The dashed curve at a fractional frequency stability of
1.1 x 107" represents the thermomechanical noise limit
of the optical fiber. The stability is better than 3 x 10713
over a timescale of 1-10 s. The instability bump between
0.1 and 1 s is attributed to high-frequency noise, while the
rising ramp at time scales above 10 s occurs because of
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Fig. 5. Fractional frequency instability of FDL-stabilized lasers.
The dashed curve denotes the thermomechanical noise limit of
the optical fiber.

environmental temperature fluctuations or laser intensity
fluctuations.

In conclusion, using a 5-km-long optical fiber spool, we
have demonstrated an all-fiber-based ultra-stable laser
with a linewidth as low as 200 mHz. A fractional frequency
stability of less than 5 x 107'° was achieved over the range
from 0.1 s to 40 s. Particularly, at shorter timescales of
2-4 s, the system stability is better than 2 x 107'%, which
is close to the predicted thermomechanical noise floor. In
future work, further steps will be taken to improve the
stability of the FDL-stabilized laser and minimize the sys-
tem overall: (1) better stabilization of the laser intensity
will be required to achieve optimal long-term stability;
(2) an optical fiber with lower mechanical loss will be used
to reduce the thermomechanical noise floor'?Y; (3) an ultra-
low vibration sensitivity fiber spool that is smaller in size
or the feedforward method?! will be used to allow the
FDL-stabilized lasers to operate without vibration isola-
tion platforms and will thus make them more compact.
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