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An inertial sensor design is proposed in this paper to achieve high sensitivity and large dynamic range
in the subhertz-frequency regime. High acceleration sensitivity is obtained by combining optical cav-
ity readout systems with monolithically fabricated mechanical resonators. A high-sensitivity heterodyne
interferometer simultaneously monitors the test mass with an extensive dynamic range for low-stiffness
resonators. The bandwidth is tuned by optical feedback cooling to the test mass via radiation pressure inter-
action using an intensity-modulated laser. The transfer gain of the feedback system is analyzed to optimize
system parameters towards the minimum cooling temperature that can be achieved. To practically imple-
ment the inertial sensor, we propose a dynamic cooling mechanism to improve cooling efficiency while
operating at low optical power levels. The overall system layout presents an integrated design that is

compact and lightweight.
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L. INTRODUCTION

Acceleration sensing is crucial for tasks such as seis-
mology [1] and inertial navigation [2], as well as a myriad
of applications spanning the automobile [3], aerospace [4],
and consumer electronics industries [5]. In the past decade,
advances in cavity optomechanics [6] have made it pos-
sible to develop accelerometers with ultrahigh sensitivity
[7-9], relevant to tasks ranging from geodesy [10,11] to
the search for gravitational wave [12,13] and dark matter
[14]. Such optomechanical accelerometers typically con-
sist of a mechanical resonator whose test mass oscillates
in response to external accelerations. They also include
an optical cavity to enhance the radiation pressure interac-
tion between electromagnetic fields of light and modes of
the mechanical resonator. This interaction provides high-
sensitivity measurements of the test mass displacement
[15]. It also provides the ability to tune the resonator fre-
quency and damping rate via dynamic radiation pressure
back-action [16,17], enabling control over the accelerom-
eter bandwidth and dynamic range.

In the low-frequency regime (below 1 Hz), the devel-
opment of high-sensitivity optomechanical accelerometers
faces several challenges. The first challenge is to com-
bine high displacement sensitivity with a large dynamic
range; for resonators with low resonant frequency, the test
mass displacement can reach amplitudes of hundreds to
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thousands of micrometers in applications such as seis-
mometry. In this case, cavity-enhanced readout systems
such as Fabry-Perot interferometers (FPIs) are not suit-
able, because their dynamic range is typically lower than
the optical wavelength. In addition, many noise sources
exhibit 1/f behavior [18] and therefore become signif-
icant at low frequencies, such as laser frequency noise
[19] and thermoelastic noise [20,21]. Alternative readout
systems with high dynamic range have been explored,
such as the heterodyne laser interferometer proposed for
the Laser Interferometry Space Antenna (LISA) and the
interferometer launched in LISA Pathfinder [19,22-24].
The LISA Pathfinder interferometer (LPF) has achieved
a displacement sensitivity of 10 pm/+/Hz at 1 mHz on
ground and 30 fm/+/Hz in space. However, its assembly
involves complicated alignment and bonding techniques
and a bulky footprint. Recently, we developed a com-
pact common-mode heterodyne interferometer [25—28] for
inertial sensing that achieves similar sensitivity as LPFs
in ground tests; however, the noise floor remains a few
orders of magnitude larger than the thermal motion of the
test mass, suggesting the need for a hybrid approach.

A second challenge is that lowering the resonant fre-
quency of the mechanical resonator entails adding mass or
reducing stiffness, resulting in a bulky and likely delicate
system. Moreover, radiation pressure back-action damping
becomes less efficient for low-frequency resonators, as it
entails operating in the “bad cavity limit” [29-32], where
the mechanical frequency is much smaller than the cavity
bandwidth. Active radiation pressure feedback damping,

© 2023 American Physical Society


https://orcid.org/0000-0001-9136-929X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.054004&domain=pdf&date_stamp=2023-05-02
http://dx.doi.org/10.1103/PhysRevApplied.19.054004

ZHANG, HINES, WILSON, and GUZMAN

PHYS. REV. APPLIED 19, 054004 (2023)

where the test mass motion is suppressed by derivative
feedback onto the laser intensity, has been demonstrated
as an effective method for gram-scale resonators with
mechanical frequencies of the order of 100 Hz or higher
[33-36]. However, for large-mass resonators, this entails
large radiation pressure forces and concomitantly high
optical power-handling capacity.

In this paper, we propose an optomechanical accelerom-
eter capable of high performance at subhertz frequencies.
A key feature is the integration of two readout sys-
tems: a FPI designed for high-sensitivity displacement
measurements and a heterodyne interferometer designed
for high-dynamic-range displacement measurements. We
show how combining these approaches with radiation
pressure enables dynamic feedback cooling, a strategy
whereby the resonator’s motion can be suppressed to
within the linewidth of the FPI, allowing high sensitivity,
high dynamic range, and reduced optical power require-
ments. The paper is organized as follows: in Sec. II we
present the overall system design, including detailed anal-
yses of the mechanical resonator, the optical readout sys-
tems, and the feedback cooling system; in Sec. III we
describe the feedback cooling strategy and how to opti-
mize the feedback gain to maximize cooling efficiency;
Sec. IV focuses on the practical implementation of the
sensor, designing the system parameters based on an opti-
mized feedback gain. Finally, we present our dynamic
feedback cooling strategy and show that it relaxes the laser
power requirements while maintaining the lowest effective
temperature that can be reached by the cooling process.

II. SYSTEM DESIGN
A. Overall system layout

The design concept for our low-frequency optomechan-
ical inertial sensor is shown in Fig. 1. In our system, the
acceleration test mass is suspended from a rigid frame,
forming a mechanical oscillator. The acceleration of the
frame, a, is obtained by measuring the displacement x
of the test mass. The acceleration-displacement transfer
function is given by the product of the oscillator (force)
susceptibility x,, and effective mass m, namely,

M = mym(®) —1
a(w) W — & + (@Y, + 02 (@)
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where g is the resonance frequency of the test mass
and Y, () =y, + wi¢(w)/w is an effective frequency-
depending damping rate, containing a velocity damping
term y, (e.g., due to gas damping), and a term a)(2)¢(a)0) Jw
to internal loss in the suspension, characterized by a loss
coefficient ¢ (w) [37].
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FIG. 1. Sketch of the low-frequency inertial sensor design.
Two optical readout systems measure the test mass displacement
at the same time. The Fabry-Perot interferometer (FPI) performs
displacement measurements with high sensitivity and serves as
the main optical readout system. If the test mass motion is beyond
the measurement range of FPI, the resonator oscillation is cooled
down by the feedback control system via radiation pressure inter-
action. The heterodyne laser interferometer (HLI) obtains the test
mass motion and feeds into the feedback control system.

Two optical readout systems monitor the test mass dis-
placement simultaneously. An FPI with finesse-enhanced
sensitivity serves as the main readout system, and its output
is converted into acceleration using Eq. (1). To address the
limited tracking range of the FPI, which can only measure
displacements within a range of Ax ~ A for slower dis-
placements than the cavity response time (Sec. IIC 1) and
Ax ~ )\/F for faster displacements (where X is the opti-
cal wavelength and F is the cavity finesse), a heterodyne
laser interferometer (HLI) is employed. The HLI enables
simultaneous monitoring of the test mass with a signifi-
cantly larger range of Ax ~ 10 wm. The purpose of the
HLI is to determine whether the test mass displacement is
within the FPI tracking range. If not, then the HLI output
is imprinted onto the intensity of an auxiliary laser field to
implement radiation pressure feedback cooling.

B. Mechanical resonator design and characterization

The mechanical resonator, depicted in Fig. 2, consists
of a 2.6-g test mass supported by a pair of flexures with
100 wm thickness. The overall footprint is 80 mm x
90 mm and the total mass is 58.2 g. The design, optimiza-
tion, and characterization of a similar mechanical resonator
is discussed in detail in [37]. The monolithic resonator
is fabricated of a single fused silica wafer to minimize
internal losses at room temperature [38].

The thermal motion of the test mass fundamentally
limits the achievable acceleration sensitivity to
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FIG. 2. Geometry of the mechanical resonator design. The 2.6-
g test mass is supported by two 100-pwm-thick flexures. The
overall dimension is 80 mm x 90 mm x 6.6 mm and the total
mass is 58.2 g. The notch on the baseplate is designed to inte-
grate the optical readout system, and the notch on the test mass
is to mount a plane mirror.

_ \/ Ak Teoy ( 1
m 0,
where kg is Boltzmann’s constant, 7 is the device tempera-
ture, and Q, = wy/y, and Oy = ¢~ ' (w) are the mechan-
ical quality factor (Q) due to gas damping and the internal
friction, respectively.

Equation (2) shows that a large mQ/wy factor is desir-
able to reduce thermal noise. To determine the resonance
frequency wy and estimate the internal O, we conducted
ringdown measurements at a vacuum pressure of 10 wTorr
(to minimize gas damping, y,) in [10]. The ringdown for a
device with wy = 27 x 4.72 Hz yielded O = 4.77 x 10°,
a mQ product of 1240 kg, corresponding to an accelera-
tion noise floor of ay(wp) = 1 x 10711 ms_z/\/m near
resonance [10] and a baseband thermal displacement of
Xh(w K wg) = a)azath(a)) ~1x 1071 m/«/m.

1 wp ¢(a))> 3)

Qint E ¢ (C()())

C. Optical readout systems
1. Fabry-Perot interferometer

For our main optical readout system, we envision a
FPI of L =~ 50 mm, formed by mounting one mirror onto
the test mass and the other onto the resonator frame. A
shorter (L ~ 100 pm) fiber-mirror-based cavity was pre-
viously demonstrated for a stiffer (10-kHz) version of
our resonator [8]; in this case the large motion of our
5-Hz test mass requires a free space approach. The cav-
ity finesse is designed to be JF & 600, equivalent to the
reflectance R &~ 99.5% for both cavity mirrors. The cavity
displacement readout is conducted by measuring the fre-
quency fluctuations of a A = 1064 nm laser, envisioned
to be frequency-locked to a FPI resonance using the
Pound-Drever-Hall (PDH) technique [39,40]. The abso-
lute laser frequency is meanwhile tracked by beating
it against an iodine-referenced laser or another suitable
optical frequency reference. Within the bandwidth of the

laser-cavity lock, the cavity length L and laser frequency v
fluctuations are related by

dv v c

—_— == 4
dL L AL “)
The readout signal can, thus, be expressed as
c
v(w) = E(xext(a)) + Xt (@) + x,(@)) (5a)
€ exi(@) + an(w) + a,(@) (5b)

A @} — o +i(0y, + 0id (W)

where aex (¥ext) 18 the acceleration (displacement) sig-
nal and a, (x,) is the apparent acceleration (displacement)
due to readout noise. We note that our target sensitivity,
Xp ~ X ~ 10~ m/+/Hz, is modest for a quantum-limited
PDH measurement (x, o< A/F>P;, [41]), and was sur-
passed by two orders of magnitude by our earlier fiber cav-
ity with 7 = 1600 and an input power of Py, = 1 mW [8].
The main challenge is the laser frequency noise require-
ment, (¢/\L)xy ~ 60 Hz, which we envision meeting with
an actively stabilized Nd:YAG laser [42].

An important limitation of the FPI is its tracking range.
For sufficiently slow changes, the largest measurable test
mass displacement Ax is related to the laser frequency
tuning range Av, namely,

AL
Ax = —Av (6a)
c
Av A L
= 1.8 um x (6b)

10 GHz 1064 nm 50 mm "

In Eq. (6b) we estimate Ax = 1.8 wm for a typical com-
mercial Nd:YAG laser with a tuning range of 10 GHz. We
anticipate that this dynamic range will be too small for
operation in a nonisolated environment because it is equiv-
alent to a resonant acceleration noise of only Axw,/+/0 ~
8 ng/ VHz. With this in mind, in the following sections,
we propose a HLI to monitor the full range of the test mass
motion and radiation-pressure feedback damp the motion
using the HLI output as an error signal.

2. Long-range HLI

Heterodyne interferometry is a common measurement
technique that can achieve high sensitivity, large dynamic
range, and traceable calibration. Recently, we developed
a compact HLI [27] for use with low-frequency optome-
chanical inertial sensing. Our HLI employs a common-
path design, as shown in Fig. 3, to provide a high rejection
ratio to various forms of environmental noise.

Concretely, a measurement interferometer (MIFO) mea-
sures the test mass motion and a reference interferometer
(RIFO) of common optical paths with MIFO monitors
ambient noise. The RIFO signal is then subtracted from
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FIG. 3. Schematic diagram of the quasi-monolithic interfer-
ometer unit in the isometric view. Two incoming laser beams are
split into four beams by the 50:50 nonpolarizing splitting surface
embedded in the equilateral triangular prism. The beam pair with
different frequencies constructs one interferometer. The measure-
ment interferometer (MIFO) measures the target displacement.
The reference interferometer (RIFO) measures systematic noises
that share the common optical paths with the MIFO. The tar-
get displacement is calculated from the difference between MIFO
and RIFO measurements.

the MIFO output to reduce its noise content. The com-
plete system has a footprint of 20 mm x 20 mm x 10 mm
and weighs 4.5 g. To achieve such a compact assembly, all
the optical components are cemented as a quasi-monolithic
unit. The small size and weight enable integration onto
the mechanical resonator’s frame. Preliminary tests have
yielded a noise floor of 2 x 10~"* m/+/Hz around 1 Hz,
limited by photodetector noise, as shown in Fig. 4[27].
If the displacement recorded by the HLI is outside the
dynamic range of the FPI, the HLI data are used as the
error signal of the feedback control system described in
the next section.

D. Feedback control system

The feedback control system includes signal process-
ing modules and digital-analog converters to actuate the
test mass. Minimal contact with the test mass is desirable
to reduce surface losses. We therefore consider radiation
pressure as a feedback actuator. An advantage of this
approach is the traceability of the radiation pressure force
through the laser wavelength [43,44].
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FIG. 4. Linear spectral density (LSD) and its logarithmic aver-
age of the heterodyne laser interferometer (HLI) [27] noise
floor. The interferometer prototype shows a noise floor of 2 x
10~"3 m/+/Hz above 1 Hz when tested in vacuum.
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FIG. 5. Layout of the feedback control system. The feedback

force is provided by radiation pressure interaction between an
intensity-modulated laser beam and the test mass. The laser
intensity is modulated by an electro-optical amplitude modulator
(EOAM). The displacement of the test mass is read out by a het-
erodyne interferometer (simplified in the figure), and sent to the
feedback control loop. The controller in the feedback loop cal-
culates and outputs a corresponding voltage signal to the EOAM
to modulate actuating laser intensity. The laser is stabilized in
frequency and amplitude to reduce the measurement noise.

Figure 5 shows our proposed radiation pressure feed-
back scheme, employing an auxiliary laser beam, reflected
off the test mass, whose intensity is modulated with a
filtered copy of HLI photosignal. To control the test
mass position x in a traceable manner, it is necessary to
understand the transduction chain comprising the feedback
circuit. To this end we consider the model

x(@) = xm(@) (Fn (@) + Fex(@) + Fp(w))
= Xm(@) (Fin(@) + Fexi(@) — X (@)y(@))
= Xett(@) (Fin(@) + Fext(@) — X (@)xn (@),  (7)

where y = x + x, is the apparent displacement detected by
the HLI, with readout noise x,,, F'g, is the radiation pressure
feedback force, xg(w) = —Fp(w)/y(w) is the feedback
gain, and

Xm (w)
o = 8
xen(@) = 4 @@ ®

is the effective (closed-loop) mechanical susceptibility.

It is evident from Eq. (7) that the thermal force sensitiv-
ity remains unchanged by the feedback actuation; however,
as shown in the following, feedback damping (xg o ix)
is advantageous because it allows the sensor to operate
in the linear regime x < A/JF, by reducing the displace-
ment on resonance. The cost of this extended dynamic
range is additional stochastic force due to the feedback of
measurement noise, xg(w)x,(w).
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The phase and magnitude of the feedback gain must
be tailored to achieve a desired closed-loop response and
noise figure, which can be tailored in the digital loop
software. We thus consider the following model for the
feedback gain

X (@) = Grp Gpy Gy (), ©)

where Grp and Gpy are the steady-state response functions
of the radiation pressure actuator and intensity modula-
tor, respectively, and Gy (w) is the frequency dependent
response function of the software-interfaced HLI that con-
siders the digital processing for phase extraction (phaseme-
ter).

To model the actuator transfer function, we assume the
test mass has perfect reflectivity for the power P incident
on the test mass. Thus, we obtain

(10)

The transfer function of the intensity modulator depends
on the modulation method. We envision an intensity mod-
ulator based on a polarization-based EOAM, for which the
output power P (referred to the power incident on the test
mass) is related to the voltage V applied across the elec-
trodes as P = Py cos?(mw V/V,), where P is the maximum
transmitted power and V; is the half-wave voltage of the
EOAM. This leads to a transfer function

dP  wPysin(V/Vy;)
Gpy = F v . (11)
Finally, the transfer function of the HLI depends on the
phase measurement technique. Common phase extrac-
tion algorithms include phase-locked loop (PLL) [45] and
single-bin DFT algorithms [19]. A disadvantage of these
methods is that both involve computationally intensive
inverse trigonometric functions, which lead to a nonlin-
ear time-invariant (NLTI) system. Instead, we propose a
digital phasemeter, which only requires a low-pass filter.
The phase response of the entire system is determined by
this filter, and has a negligible effect at low frequencies.
With this assumption, the HLI transfer function Gy, can
be expressed as

14 2
Grr() = % - GDAc<w>7”, (12)

where Gpac is a (complex-valued) gain that can be set
when converting the measured phase to the analog voltage
output applied to the EOAM. The significance of Gpac is
explained in detail in Sec. IV A.

Combining Egs. (9)«12), the feedback gain of the
system shown in Figure 5, can be expressed as

472 Gpac(w)Py sin 20
cA Ve

Xio(w) ~ , (13)
where system parameters such as the laser power P, can
be optimized to enhance the feedback cooling efficiency.

1. FEEDBACK COOLING OPTIMIZATION
A. Optical cooling

In feedback cooling protocols, derivative feedback gain
(i.e., a velocity-proportional feedback force) is used to
damp the test mass displacement x to the measurement
noise floor x,,. Although at high frequencies it is customary
to approximate derivative gain over a narrow band of fre-
quencies near resonance [46], for our low-frequency sys-
tem (<10 Hz), digital filtering can provide a good approxi-
mation to analog derivative control extending to baseband.
We thus consider the following derivative feedback gain
model [46]

xto(w) = imgyy(w)ow, (14)

where g is a unitless gain factor.
Following Eq. (8), the closed-loop mechanical suscepti-
bility becomes
1
mlof — 0? +i(1 + @) ym(w)o]
1
2

mlo§ — @ + iye(@)o]

Xer(@) = (15a)

(15b)

which is characterized by an effective damping rate
Yeti(@) = (1 + g)ym(®).

B. Feedback gain optimization

Figure 6 suggests that increasing the feedback gain g
reduces the test mass displacement at resonance. However,
it also increases the feedback of the measurement noise,
expressed by the term xpx, in Eq. (7). As a result, there is
an optimal gain at which the total closed-loop displace-
ment can be minimized. This can be seen by rewriting
Eq. (7) in terms of the closed-loop displacement power
spectral density

See(@) = | xer(@)|* (Sji (@) + SF# (@) + | X (@)1 Sh (@)
(16)

and integrating over the resonance peak to give the closed-
loop displacement variance

1 g2 (xz

2
T+g n) + Xex) (@) (17)
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FIG. 6. Effective susceptibility xer(w) of the test mass for dif-
ferent gain factors g = 0, 2500, 5000, and 10000. The case
of g =0 represents the open-loop mechanical susceptibility.
Increasing g reduces driven displacement on resonance.

where (x{, () = kgT/mw§ ~ ynSh(wo) /4 is the open-loop
thermal displacement, (xf) ~ ymSe.(wo)/4 is the appar-
ent displacement due to measurement noise, and (x2,) =
f | Xeff(w)le}’}f (w) dw /27 is the closed-loop displacement
due to external forces.

In principle, g can be tailored to minimize (x?) (note
that, in general, (x2,)(g > 0) < (x2,)(0)); however, the
magnitude of this gain depends on the external force spec-
trum SEi (w). Without knowing S$3 (), it is customary to
optimize g to minimize the thermal noise, i.e.,

/ (xtzh o) dkgT
opt ~ — = R 18
g pt (x%> ma)(z) ymSgC ( )
yielding
() min = 21/ (x3,0) (x2) (19)

in the limit g, >> 1 (corresponding to a large open-loop

thermal-to-measurement-noise ratio). The effect of this

feedback strategy is to reduce the effective temperature of
the test mass vibration to

20,2 2

Top = mogbe) L 1, 8

kg l+¢g 1+

T, > 2/TT,, (20)
g

where T, = ma} (x2)/kg is the apparent temperature of the
readout noise and the minimal value is obtained for g =
Zopt in the absence of external forces.

Finally, we note that at g = g, the added force noise
| xm|>S”, is commensurate with thermal noise St., result-
ing in a two-fold reduction in force sensitivity at fre-
quencies where thermal motion S™ dominates the open-
loop displacement measurement, and negligible change

(a)
=
o
5 10%}
©
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2 N
= s.'».ﬁ%
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FIG. 7. (a) Relation between effective temperature and gain

factor for different levels of readout imprecision noise. (b) Min-
imum temperature that the cooling system can achieve and the
corresponding gain factor to achieve this temperature versus the
readout imprecision noise in the system.

where readout noise S, dominates. Practically, the lat-
ter corresponds to baseband frequencies (w < wy) where
acceleration sensing is carried out.

In Fig. 7(a), we plot the effective temperature of the
resonator described in Sec. II B, subject to feedback cool-
ing with a variety of gains and measurement noise levels,
assuming 7 = 300 K. In Fig. 7(b) we plot the optimal
gain and associated minimal temperature as a function
of measurement noise. In the next section we consider a
parameter space that is practically accessible.

IV. FEEDBACK IMPLEMENTATION

In this section, we consider how to practically imple-
ment feedback cooling of our low-frequency resonator,
described in Sec. II B [10]. We are particularly interested
in the requirements to cool the test mass to the measure-
ment noise floor, corresponding to a gain factor of g = gop
[Eq. (18)]. Building upon the recent development of a
monolithic HLI integrated with a similar test mass [26], we
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conservatively assume /8% =5 x 1072 m//Hz. Com-
bined with the test mass properties described in Sec. 11 B,
this implies gopr = 3.40 x 10*. We find that achieving this
gain factor is challenging with the long-range (HLI) detec-
tion scheme, due to its (deliberately) small transduction
gain. To overcome this challenge, we propose a dynamic
gain feedback cooling strategy employing both long-range
(HLI) and high-sensitivity (FPI) readout systems in series.

A. System parameters

Combining Eqgs. (13) and (14), near the resonance fre-
quency, the feedback gain factor g is related to the system
parameters in the control loop by

0 _4772 0O |Gpac(wg)|Pysin26

= (0)] —_— =
g = [xn( O)|ma)(2) o ma? A

1)

In practice, the EOAM phase is adjusted to maximize
the modulation depth, corresponding to sin26 = 1. The
remaining free parameters are the optical power Py, the
half-wave voltage V,, and the (complex-valued) digi-
tal conversion gain Gpac, which is the parameter that
provides the largest tuning range.

As mentioned in Sec. II D, the digital gain, Gpac, is a
complex variable factor in the digital-to-analog conversion
(DAC) coefficient that translates the digital phasemeter
output, a phase in radians, into a corresponding propor-
tional analog voltage that is injected into the EOAM to
control the optical power used for feedback cooling. In
practice, the magnitude of Gpac is limited by the EOAM
half-wave voltage (V) and the physical displacement
range of the test mass x,_,, where

)

27x,_p

|GPacl = (22)

B. Feedback cooling with HLI detector

The open-loop displacement of our test mass has been
measured to be of the order of £100 wm in our labo-
ratory, without vibration isolation. Combining Eqgs. (18),
(21), and (22), with the mechanical properties of the res-
onator in Sec. II B, we predict that the minimum laser
power Py needed to achieve a gain factor g = 1 (Tegr =
T/2) is 1.16 mW, and the laser power to achieve gop =
3.40 x 10* is 34.43 W. Thus, we find that, for our current
test mass, feedback cooling with the long-range HLI detec-
tor is challenging due to the required high laser power.
In particular, Py = 100 mW has the potential to damage
the EOAM crystal. It also poses a challenge in terms of
thermal management and handling of other components in
the system such as the fiber couplers and photodetectors.
To reduce the power requirements, we propose a dynamic

cooling mechanism employing a dynamical gain Gpac, as
discussed in the following.

C. Dynamic feedback cooling

The critical factor limiting the single-stage cooling
approach is the readout conversion coefficient Gpac. To
overcome this limitation, we can use the fact that the
maximum gain, G-, can be increased as the test mass
is cooled, allowing for use of less optical power. This
means that we can dynamically increase Gpac as the
oscillation amplitude of the test mass goes down. In fact,
we can also dynamically switch from the low-sensitivity
HLI readout scheme to the high-sensitivity FPI readout
scheme when the test mass oscillation is suppressed to
V {(x?) < A/F. The trade-off of this dynamic gain approach
is that it takes time for the oscillator to relax to a steady
state between gain settings. Specifically, the displacement
variance decays as [47]

(x*(0))

o) = G (L gexpm @),

(23)

where y,, ~ 27 - 10 wHz is the open-loop damping rate.

In Fig. 8 we present simulations of single-step and
dynamic feedback cooling of our test mass for various
gain settings and optical powers, using the HLI detec-
tor and system parameters described previously. Relative
to single-step cooling with Py ~ 34 W, dynamic cool-
ing enables optimal gain (gop = 3.4 x 10%) to be reached
with 10*-fold lower optical power (Py &~ 1 mW), at the
expense of a 10*-fold longer cooling time (10 days, ver-
sus 1 min). We emphasize that an optical power of Py = 1
mW is sufficient to counteract the thermal motion of our
2.5 g test mass, because the associated radiation pres-
sure force, Frp =2P/c =7 x 10712 N, is four orders
of magnitude larger than the root-mean-squared thermal
force integrated over the mechanical bandwidth, AFy, =
V8rkgTm x (f /Q) = 2 x 1071 N. This counterintuitive
result is a consequence of the ultralow damping rate,
f /0O ~ 10 nHz, of the test mass vibration.

As shown in Fig. 9, the total cooling time for the
dynamic approach depends on the initial gain factor g,
which is proportional to optical power, and scales approx-
imately inversely with gy. In practice, however, we can
cool the test mass down to within the FPI capture range
at much lower gains than gy, which allows us to switch to
a FPI readout much faster. In this case, the required time
in our dynamic cooling approach can be reduced to a few
hours using an optical power feedback of only 11.59 mW,
as shown in Fig. 9.

V. COMPLETE SYSTEM OVERVIEW

The complete system we propose is shown in Fig. 10,
including the dual measurement scheme and radiation
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FIG. 8.

Effective temperature of the test mass subject to feedback cooling with a constant gain factor g = 1, 100, and 3.40 x 10%,

and for an iteratively increased g (dynamic feedback cooling). Each step on the iterative curve corresponds to the moment when Gpac
changes. The inset shows an enlarged view of the final state for g = 100 and 3.40 x 10, and the iterative g. In the dynamic cooling
mechanism, the initial gain factor is go = 1. After six iterations, its final state reaches the same level as single-step feedback cooling
with gope = 3.40 x 10, For iterative cooling, the optical power is fixed at Py = 1.16 mW.

pressure feedback circuit. In this figure we show three
lasers for simplicity, however, we note that all these three
sources can be obtained from a single laser unit, follow-
ing a proper optical setup and frequency management. The
three optical sources are: (a) the frequency-stabilized laser
that serves as the optical source for the heterodyne interfer-
ometer to monitor the full-range motion of the test mass, as
well as the frequency standard to obtain the frequency drift
of the probe laser; (b) the probe laser, which is the optical
source for the FPI, allowing for high-sensitivity displace-
ment measurements; and (c) the feedback laser, which is
interfaced with an EOAM intensity modulator for feedback
cooling.

The feedback circuit is shown at the top right of Fig. 10.
For simplicity, we omit the fact that the HLI output passes
through a near-resonant bandpass filter and a phase shifter
in this Figure, to avoid crosstalk from higher-order modes
as well as to provide a 90° phase shift for the feedback

300 - ' ' '
—g,=1,P,= 116 mW

2 —9g,=5 P,=580mW
o 200\ | 9,=10, P, =11.59 mW
i
© 50 %
o : 25
= 100 ¢
o : 0
— \\-

0 H

0 100 200 300 400 500

Time (h)

FIG. 9. Effective temperature in a dynamic cooling mecha-
nism for different initial gain factors go = 1, 5, and 10. A large
go allows the system to operate much faster and with fewer
iterations to achieve a certain final state.

force, respectively. The optical components of both the
heterodyne interferometer and the FPI can be mounted
on the resonator frame, leading to a compactly integrated
and vacuum-compatible inertial sensor. This design also
reduces the effect of mechanical vibrations and thermal
expansion, which are significant noise sources at low
frequencies.

In closed loop, the detected laser frequency fluctuations
in Eq. (5b) can be rewritten as

¢ dext(w) + am(w) + a,(w)

Av = — 5 5 N . (24)
AL wy — 0* +i(1 + g)wwy /O
Feedback laser »
Phasemeter
& Control
Amplitude
Frequency-stabilized stabilization
laser* system

EOAM
_m Heterodyne
detection
Cavity
mirrors_

E_.

[II [—

Frequency
counter

FIG. 10. Overall layout of the optomechanical inertial sensor
design, including details of the mechanical resonator, the optical
readout systems, and the feedback control system. Three individ-
ual lasers are used in this figure due to their different purposes in
the system. Note that, in practice, all three lasers can be replaced
with a single laser source, following a proper optical setup and
frequency management.
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where g in the dynamic cooling system can be traced to
the final Gpac via Eq. (21). All the parameters in Eq. (24),
such as wy, O, A, and L can be measured directly and inde-
pendently from the displacement sensitivity measurement.

VI. CONCLUSIONS AND OUTLOOK

We have proposed an optomechanical inertial sen-
sor that features high displacement sensitivity, to enable
thermal-noise-limited performance, and the ability to per-
form large-amplitude acceleration measurements in non-
isolated environments via radiation pressure feedback
cooling. The design principles are described in detail for
each subsystem, followed by a discussion of a practical
implementation. A novel dynamic cooling approach is pre-
sented, which reduces the laser power requirements and
improves the cooling efficiency.

Dynamic feedback cooling of our relatively large, low-
frequency test mass allows the use of low optical power,
at the milliwatt level. However, this feature comes at the
expense of prolonging the time needed for the optical cool-
ing process, when compared with a single-step method
that utilizes high laser power (tens of watts). Nonetheless,
this extended time in reaching the minimal operational
resonator temperature may likely be acceptable for appli-
cations where the sensor is deployed permanently, and
the dynamic cooling is part of the initial calibration pro-
cess. Seismic monitoring of a particular site or space
missions are examples of such applications, because they
typically require commissioning of their instrumentation
over comparable time scales. Our design thus introduces a
promising optomechanical inertial sensing technology that
is capable of reaching high acceleration sensitivity at low
frequencies (below 1 x 10~ m s~2/4/Hz above 1 mHz
[10]). This system is currently under development in our
laboratory.
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