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ABSTRACT

We present measurements of an optomechanical accelerometer for monitoring low-frequency noise in gravitational wave detectors, such as
ground motion. Our device measures accelerations by tracking the test-mass motion of a 4.7 Hz mechanical resonator using a heterodyne
interferometer. This resonator is etched from monolithic fused silica, an under-explored design in low-frequency sensors, allowing a device
with a noise floor competitive with existing technologies but with a lighter and more compact form. In addition, our heterodyne interferome-
ter is a compact optical assembly that can be integrated directly into the mechanical resonator wafer to further reduce the overall size of our
accelerometer. We anticipate this accelerometer to perform competitively with commercial seismometers, and benchtop measurements show
a noise floor reaching 82 pico-g Hz "2 sensitivities at 0.4 Hz. Furthermore, we present the effects of air pressure, laser fluctuations, and tem-
perature to determine the stability requirements needed to achieve thermally limited measurements.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142108

Ground-based gravitational wave detectors, such as LIGO,
VIRGO,” and KAGRA,” famously require laser interferometers with
displacement sensitivities better than 10~'°m/+/Hz over a bandwidth
of tens to hundreds of Hz, achieved through large test masses with low
thermal noise and a high degree of seismic isolation.” However, even
with these advancements, gravitational wave detectors are still
susceptible to low-frequency ground motion, both seismic and anthro-
pogenic in origin.”” This in turn requires extensive physical environ-
mental monitoring of the ambient conditions and ground motion for
use in various watchdogs, warning systems, active feedback controls,
and data post-corrections. For this, the detectors use many high-
sensitivity displacement sensors, geophones, accelerometers, and seis-
mometers. However, commercially available seismometers currently
employed have some flaws, including their large dimensions and
weights and their inherent vacuum incompatibility, which adds hur-
dles that must be overcome before they can be deployed inside vac-
uum chambers.

In this Letter, we present our low-frequency optomechanical
accelerometer that could be used to characterize seismic noise and
effects in gravitational wave detectors. This accelerometer uses an opti-
cal readout scheme for tracking the mechanical resonator test mass
motion, from which we recover ambient accelerations that couple into
the sensor.

The mechanical resonator is etched from one wafer of monolithic
fused silica, designed to be easily integrated with a compact heterodyne
interferometer. This design allows for a much smaller form than other
seismometer technologies, with fewer components and lower suscepti-
bility to mechanical instabilities. Our optomechanical accelerometer is
vacuum-compatible, allowing easier deployment in the chambers
enclosing the gravitational-wave detectors.

Our design features optical readouts, in contrast to commercial
seismometers that typically use electrostatic readouts susceptible to
environmental noises. Moreover, the sub-Hz measurement regime is
an under-explored design space for optomechanical devices typically
used for high-frequency applications. A similar glass oscillator acceler-
ometer has demonstrated a thermally limited acceleration noise
floor of 100 ngHz "> over a 10kHz operating bandwidth.'” Lower
frequency fused silica accelerometers have shown high mechanical
Q-factors on the order of 10°, though the thermally limited noise floors
have yet to be experimentally observed.'""'” In this Letter, we present
the design of our accelerometer (a mechanical resonator and optical
readout), noise floor measurements, and the sensitivity noises induced
through ambient disturbances and laser instability.

The mechanical resonator we use for detecting accelerations is
laser-assisted dry-etched from a monolithic fused silica wafer. This
water is 90 x 80 x 6.6 mm? in size and 58.2 g in weight, while the test
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mass is 2.6 g in weight. The test mass is supported by two 100 um-
thick leaf-spring flexures that yield a resonant frequency of 4.7 Hz. A
computational analysis of the mechanical losses of fused silica was per-
formed to estimate the flexure dimensions and test mass, which mini-
mize the self-noise of our accelerometer with a resonance frequency
on the order of 1 Hz. A natural frequency in this band is desirable for
maximizing the test mass response to sub-Hz signals. Specifically,
below resonance, the test mass response x to an acceleration signal a is
approximated by

XN*Z, (1)

where wy is the resonant frequency. Hence, a low-frequency resonator
is appropriate for low-frequency signal detection.

A rendering of our resonator is shown in Fig. 1. When laid in the
orientation shown in this photo, the test mass oscillates in the horizon-
tal plane from left-to-right. Rotating the wafer so that the test mass
oscillates vertically would allow for z-axis acceleration measurements.
Finally, cutouts on the wafer allow for the implementation of a com-
pact interferometer unit that tracks the test mass motion onto the
fused silica itself, which is advantageous for maintaining a compact
form.

The displacement of the test mass from equilibrium is measured
by a compact, quasi-monolithic heterodyne interferometry unit. Other
works provide an in-depth discussion of this unit,”” though an over-
view is provided here. A fiber-coupled 1064 nm laser source is split in
two, with each beam frequency shifted by acousto-optical modulators
(AOMs) to create a 1 MHz beatnote. Both beams are injected into the
optical assembly, which further splits beams to create two laser inter-
ferometers: a measurement interferometer and a reference interferom-
eter. Between both interferometers, there are four beams, which reflect
off of three different mirrors. One mirror that is attached to the quasi-
monolithic optical assembly itself is common to both interferometers.
The second beam of the measurement interferometer reflects off of a
mirror on the test mass, allowing it to track the test mass motion.

Test Mass

Flexures

Cutouts

FIG. 1. COMSOL rendering of our 5 Hz resonator.
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Fiber collimator mounts

FIG. 2. Diagram of our quasi-monolithic interferometer unit. This optical assembly
uses a differential phase measurement of two heterodyne interferometers: a mea-
surement interferometer and a reference interferometer. The red and blue traces
show the paths of two frequency-shifted laser beams. The blue trace reflects off a
reflective coating on the quasi-monolithic interferometer before interfering with the
red trace. The laser beams in red are sent to a mirror on the test mass and a sta-
tionary mirror on the fused silica wafer.

Similarly, the second beam of the reference interferometer reflects off
of a stationary mirror on the wafer of the resonator. A differential
phase measurement of the two interferometers yields a test mass dis-
placement measurement which rejects common-mode noise. A dia-
gram of this optical unit is shown in Fig. 2. Our quasi-monolithic
interferometer has a 10 x 18 mm? footprint, allowing it to be easily
integrated onto the wafer of our optomechanical accelerometer. By
maintaining a compact form, we reduce noise in our acceleration mea-
surements originating from thermal expansion, which has been previ-
ously identified as a dominating noise source in the sub-Hz regime."”
A photograph of the quasi-monolithic interferometer and fused silica
resonator in our experimental setup is shown in Fig. 3.

Moreover, fused silica as a wafer material is chosen for its low
intrinsic losses which yield a low self-noise in the resonator.''""
This in turn lowers the noise floor of our prototype accelerometer and
provides better acceleration sensitivity. The performance of our

FIG. 3. Photograph of our resonator with the quasi-monolithic interferometer inte-
grated onto the fused silica wafer, highlighting the locations of the reference and
test mass mirrors. In this photo, two frequency-shifted beams enter the interferome-
ter unit from the left side and exit toward the top-right corner.
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optomechanical accelerometer is fundamentally limited by the thermal
motion of the fused silica resonator, which is related to the mechanical
quality factor Q of the resonator. We plot the thermal acceleration
noise of our device in Fig. 4, assuming a theoretical analysis of the
mechanical losses in the fused silica'' and a Q-value of 4.77 x 10° in
vacuum at pTorr pressures, measured experimentally by ringdown.'”
The theoretical noise floor is calculated considering bulk effects, sur-
face effects, and thermoelastic effects to be the dominant energy dissi-
pation mechanisms within the fused silica.'"'*"” The discrepancy
between the theoretical and measured Q-values is believed to originate
from surface roughness and defects created during fabrication. Hence,
annealing the fused silica resonators is expected to improve our mea-
sured quality factors.'®

Also shown in Fig. 4 is the self-noise of the GS-13 seismometer,
which was experimentally measured by members of the LIGO
Scientific Collaboration.'” We note that the acceleration noise floor of
our optomechanical accelerometer is expected to be competitive with,
if not better than, these commercial devices. The GS-13, for reference,
is deployed in the vacuum chambers of gravitational wave detectors
for ground motion detection. This suggests that our optomechanical
device is a viable alternative to the seismometers currently used by
LIGO.

Due to the ultra-low frequency bandwidth we are targeting with
our accelerometer, achieving a seismic isolation sufficient to directly
measure the self-noise of our device is extremely demanding and
impractical. Data taken with our accelerometer will necessarily be
dominated by ground motion. Hence, we test the performance of our
optomechanical accelerometer by taking a 14-h measurement of the
ambient seismic noise and comparing against a reference commercial
seismometer. This seismometer is placed in close proximity to our
accelerometer to ensure long-period seismic signals couple into both
devices coherently. In addition, the axis of motion of the resonator is
aligned to the y-axis of the seismometer, allowing for simple compari-
son of the two sensors. Moreover, fluctuations in the ambient condi-
tions, including temperature, air pressure, and laser frequency,
add substantial noise that further masks the noise floor of our
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FIG. 4. Plot of the thermally limited acceleration noise floor of our optomechanical
accelerometer based on both theoretical dissipation mechanisms'’ and an experi-
mental value of the mechanical quality factor.'” These are compared to the self-
noise of the GS-13 seismometer.'”
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accelerometer. Laser frequency fluctuations couple into our accelera-
tion measurements as noise via the optical path length difference
between the measurement and reference interferometers. We make a
simultaneous observation of this laser frequency noise using a fiber-
based delay-line interferometer, which allows us to calculate the laser
frequency noise coupling coefficient and remove this effect from our
acceleration data. Similarly, the ambient temperature and pressure
fluctuations are measured using off-the-shelf thermistors and barome-
ters in order to estimate the noise contributions from those
fluctuations.

The amplitude spectral densities of our optomechanical acceler-
ometer data as well as the contributions from seismic motion, laser fre-
quency noise, temperature fluctuations, and barometric pressure are
shown in Fig. 5. We observe that the raw data are dominated by
ground motion signals and laser frequency fluctuations above 1 MHz,
with appreciable contributions from temperature and pressure noise.
All noise contributions are estimated through a frequency-domain
transfer function method.'” The residual noise after removing all con-
tributions reaches an acceleration sensitivity of 10nm s *Hz "/ at
0.4 Hz, nearly two orders of magnitude lower than the ambient ground
motion.

Moreover, we repeat this experiment with the test mass anchored
in place to estimate the current acceleration noise floor of our laser
interferometric readout. We preload the test mass and flexures by
inserting a piece of fused silica between the test mass and the frame of
the resonator, which prevents the resonator from moving in response
to accelerations. The spectral densities of a 14-h measurement with
our setup in this configuration is shown in Fig. 6 where we note signif-
icant contributions from temperature, and laser frequency fluctua-
tions. These contributions are identified and removed in the same way
as before to find an acceleration noise of 0.8 nm s *Hz "% at 0.4 Hz,
more than an order of magnitude lower than was observed with the
test mass free to oscillate. This acceleration noise is equivalent to a test
mass displacement noise of 0.9 pm Hz ™~ "/2,

Because the optomechanical accelerometer did not sense the
ground motion and effects from the environment and laser source
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FIG. 5. Acceleration noise budget of a 14-h measurement with our optomechanical
accelerometer. Significant noise contributions from ground motion, laser frequency
noise, temperature fluctuations, and barometric pressure fluctuations were identified
using a combination of linear regression in the time-domain and transfer function
estimation in the frequency-domain. Post-correction of these effects lowers the
acceleration noise floor to 10nm s 2Hz~ "2 at 0.4 Hz.
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FIG. 6. Observed acceleration noise during a 14-h measurement while the test
mass was anchored in place. Significant noise contributions from laser frequency
noise and temperature fluctuations were identified using a combination of linear
regression in the time-domain and transfer function estimation in the frequency-
domain. We observe an acceleration noise of 0.8 nm s 2Hz "2 at 0.4 Hz.

were removed in postcorrection, it is anticipated that the residual noise
floor in Fig. 6 is dominated by noise from the free-space quasi-mono-
lithic interferometer and the optical fibers in our setup. These noises
are under investigation but could potentially originate from small-
vector terms in the fiber optics, which can be mitigated by an active
mechanical stabilization of the fibers using a fiber stretcher.'®

We observe that the free test mass measurement experiences
excess noise relative to the anchored measurement. Potentially, this
noise is introduced through the post-correction process. As each of
our auxiliary sensors have their own respective self-noises, using them
to decohere our acceleration measurement inevitably adds those self-
noises to our acceleration. This emphasizes that post-correcting data,
as we have done in this paper, is not a long-term solution, but an
investigation that informs us how to prevent noise from coupling into
our measurements in the first place. Temperature and barometric
pressure fluctuations can be mitigated by operating in vacuum, while
laser frequency noise can be reduced with laser stabilization techniques
such as Pound-Drever-Hall locking or phase-offset locking to a stabi-
lized frequency source. This laser frequency noise can also be miti-
gated by minimizing the distance between the reference and test mass
mirrors. Another potential noise source is tilt-to-length coupling in
the measurement interferometer arm, which, if significant, could have
a larger impact when test mass is moving,

Furthermore, we compare our post-corrected acceleration noise
floors to the self-noise of the GS-13 in Fig. 7. We find that in an envi-
ronment with minimal temperature and pressure fluctuations, such as
in vacuum, our optomechanical accelerometer is anticipated to outper-
form the GS-13 below 1 Hz. As the GS-13 seismometers are the pri-
mary instruments for ground motion detection in LIGO gravitational
wave detectors, this suggests our optomechanical accelerometer would
be an improvement over the sensors currently deployed by LIGO.

In this paper, we present the design of an optomechanical accel-
erometer composed of a fused silica mechanical resonator whose dis-
placement from equilibrium is measured using a heterodyne laser
interferometer. Our optical test mass readout is a custom-made assem-
bly of prisms with a total footprint of 10 x 20 mm?, which is integrated

ARTICLE scitation.org/journal/apl

-
o
A

T
——~GS13 Noise Floor
——Free Test Mass Acceleration
H=——Free Test Mass Corrected Noise Floor 4
——Anchored Test Mass Corrected Noise Floor|

-
S
&

-
"_N

T
o

(7]

ém-e 4
[}]

@

2 107 1
c

2

=

E 108 E
Q

]

<107 =i

1072 1071 10°
Frequency [Hz]

FIG. 7. Comparison of our post-corrected acceleration data while the test mass is
anchored to calculated thermal acceleration noise floor of our device. Also shown is
the self-noise of the GS-13,"” which is deployed throughout LIGO gravitational
wave detectors. We note that our measured acceleration noise floor while the test
mass is anchored is better than that of the GS-13 below 1 Hz.

directly onto the fused silica wafer of our resonator. Benchtop mea-
surements taken with this accelerometer demonstrate a noise floor
that reaches nano-g Hz ™/ sensitivities at 0.4 Hz after correcting for
ground motion, air pressure, and temperature effects. When the test
mass is anchored in place to prevent ground motion coupling, we
demonstrate an acceleration sensitivity of 82 pico-g Hz '?at 0.4 Hz.

Our optomechanical accelerometer has many advantages over
other technologies while maintaining a competitive noise floor. The
device presented in this Letter is considerably more compact and light-
weight than commercial seismometers, which can weigh more than
10 kg with volumes exceeding 5 1. Consequently, our optomechanical
accelerometer is easier to deploy in ground-based and satellite-based
applications. Furthermore, commercial seismometers are typically not
vacuum compatible, which adds hurdles that must be overcome if they
are to be used in certain applications such as ground motion detection
in gravitational wave detectors’ vacuum chambers. Our accelerometer,
on the other hand, is intrinsically vacuum compatible, making it a
more practical solution for vacuum applications. For these reasons, we
propose the implementation of optomechanical accelerometers for
ground motion detection in gravitational wave detectors.

Finally, future generations of gravitational wave detectors includ-
ing LIGO Voyager'’ and the Einstein Telescope’’ aim to operate at
cryogenic temperatures. To this date, however, no acceleration sensing
device has been developed that is both cryo-compatible and provides
the acceleration sensitivity required for these missions. The work we
present in this Letter can be extended to cryogenic applications by a
different choice of wafer material. Fused silica is known to lose its low-
mechanical loss properties at cryogenic temperatures, which would
degrade the performance of a fused silica accelerometer in these condi-
tions.”' Alternatively, silicon resonators do not suffer from this effect
and can retain high Q-factors in cryogenic applications. Hence, devel-
oping an optomechanical accelerometer from silicon based on the
same operating principles as the work in this Letter could yield an
accelerometer appropriate for use in LIGO Voyager or the Einstein
Telescope.
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