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Quantum noise imposes a fundamental limitation on the sensitivity of interferometric gravitational-
wave detectors like LIGO, manifesting as shot noise and quantum radiation pressure noise. Here, we
present the first realization of frequency-dependent squeezing in full-scale gravitational-wave detectors,
resulting in the reduction of both shot noise and quantum radiation pressure noise, with broadband
detector enhancement from tens of hertz to several kilohertz. In the LIGO Hanford detector, squeezing
reduced the detector noise amplitude by a factor of 1.6 (4.0 dB) near 1 kHz; in the Livingston detector,
the noise reduction was a factor of 1.9 (5.8 dB). These improvements directly impact LIGO’s scientific
output for high-frequency sources (e.g., binary neutron star postmerger physics). The improved low-
frequency sensitivity, which boosted the detector range by 15%-18% with respect to no squeezing,
corresponds to an increase in the astrophysical detection rate of up to 65%. Frequency-dependent
squeezing was enabled by the addition of a 300-meter-long filter cavity to each detector as part of the

LIGO A+ upgrade.

DOI: 10.1103/PhysRevX.13.041021

I. INTRODUCTION

Interferometric gravitational-wave detectors are desig-
ned to be limited by quantum noise in most of their
detection band from 20 Hz to a few kilohertz [1,2]. This
measurement noise can be attributed to quantum fluctua-
tions of the electromagnetic field that enters the interfer-
ometer at its readout port. These quantum fluctuations
interact with the interferometer and return to the readout
port, where they create noise on the readout photodetec-
tors [3].

The quantum description of this interaction traditionally
relies on two canonically conjugate operators: the phase
and amplitude quadrature operators. In this description, the
ground state of the electromagnetic field is a coherent state
with zero average amplitude and equal uncertainty in both
phase and amplitude. This state is known as the “coherent
vacuum state,” and the uncertainty in phase and amplitude
are often referred to as quantum fluctuations or “vacuum
fluctuations.” Quantum noise in an interferometer can, thus,
be described by two conceptually distinct components: shot
noise, caused by phase quadrature vacuum fluctuations,
and radiation pressure noise, caused by amplitude quad-
rature vacuum fluctuations.

Unlike the coherent vacuum state, squeezed vacuum
states have reduced uncertainty in one quadrature and
increased uncertainty in the other, as required by the
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Heisenberg uncertainty principle. Instead of allowing
the coherent vacuum state to enter the interferometer,
squeezed vacuum states (or simply ‘“‘squeezing”) can be
injected into the readout port to reduce quantum noise
and enhance the interferometer sensitivity to gravitational
waves [4].

The GEO600 interferometer has employed squeezing
since 2009 [5,6], and squeezing was also injected in the
initial LIGO Hanford detector in 2011 [7]. In their third
observing run (O3), the LIGO, Virgo, and GEO600
interferometers all employed squeezing to reduce shot
noise [8—10]. These were implementations of “fre-
quency-independent squeezing,” where the injected
squeezed vacuum states had reduced uncertainty in the
phase quadrature, thus reducing shot noise at the expense of
increased uncertainty in the amplitude quadrature and,
consequently, increased radiation pressure noise [11,12].
With increasing laser power and higher levels of squeezing
in the phase quadrature, radiation pressure noise can
become dominant, preventing further sensitivity improve-
ment beyond the point where the two forms of quantum
noise are balanced. This limit is the primary motivation for
the development of “frequency-dependent squeezing” and
its implementation in LIGO, which is the focus of the work
described here.

The history of gravitational-wave detectors is deeply
linked with the study of how quantum processes impact
precision measurement [13,14]. The term “nondemolition”
was introduced to name techniques that circumvent or
surpass the balancing act between competing quantum
noise terms [15]. In the 1980s, state preparation was
established as a nondemolition technique [16,17] that
can achieve a broadband reduction of quantum noise
[18]. To do so, a squeezed vacuum state must be prepared
for phase squeezing in the shot-noise-limited region and
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amplitude squeezing in the region dominated by radiation
pressure noise. Furthermore, quantum radiation pressure
noise can be viewed as a consequence of backaction,
resulting from the measurement of the interferometer’s
output field [19].

In 2001, Kimble et al. [20] proposed using a low-loss
optical filter cavity, detuned from resonance, to impart the
necessary frequency-dependent rotation of the squeezed
states’ quadrature before injection into the interferometer.
Frequency-dependent squeezing circumvents backaction to
enable a reduction of quantum noise over the entire
astrophysical detection band. Several experimental groups
have developed this technique [21-25] with the goal of
meeting the strict requirements of gravitational-wave
detectors [26-30]. Alternative techniques to reduce back-
action through squeezing have also been experimentally
demonstrated [31-33].

To implement frequency-dependent squeezing in LIGO,
a 300-m-long filter cavity was installed at both the Hanford,
Washington (H1) and Livingston, Louisiana (L1) interfer-
ometers as part of an upgrade program known as A+.
Several other improvements to the squeezed state produc-
tion and injection systems were also part of this upgrade,
including low-loss optical components and active mode-
matching elements [34-36]. These upgrades were imple-
mented together to boost detector sensitivity for the fourth
observing run (O4). Here, we report the first realization
of frequency-dependent squeezing in gravitational-wave
detectors, resulting in a broadband reduction of quantum
noise and significant sensitivity improvement in both LIGO
detectors.

II. THEORY

This section describes how the injection of frequency-
dependent squeezing enables a broadband reduction of
quantum noise in the LIGO interferometers [20,37]. For
clarity, the simplified model of quantum noise presented
here considers a lossless interferometer, operated on
resonance.

The spectral behavior of quantum noise is usually
described by a power spectral density calibrated in units
of interferometer strain: SSN . Without injected squeezing,

N . . ..
S(,? is the sum of shot noise and quantum radiation pressure
noise:

N
S = SEN 4SRN, (1)

Shot noise SN decreases inversely with optical power and is
given by

hy Q?
SN _
Sy (Q)_4kLP <1+y2>, (2)

where Q is the angular measurement frequency, k is the wave
number of 1064 nm interferometer light, L = 4 km is the
arm cavity length, and P ~ 350 kW is the circulating laser
power. LIGO interferometers use resonant cavities to
enhance the arm power and strain sensitivity, which set
the signal bandwidth to y ~27 x450 Hz. By con-
trast, quantum radiation pressure increases linearly with
the optical power, producing a strain noise power spectral
density of

SE™@)

 64hkP 1 ( 92>—1’ )

T 2Ly QF /2
where m = 40 kg is the mass of the suspended mirrors.

For the set of parameters above, the crossover where
SIN(Q) = SRPN(Q) is Q = 27 x 43 Hz. This frequency
increases with the circulating laser power and decreases
with higher mirror mass.

Squeezing either phase or amplitude will suppress one of
these noises by a factor of e?” while amplifying the other by
the same amount, where r is known as the squeeze factor. A
squeezed state can be represented by an uncertainty ellipse
in a space defined by two quadratures (Fig. 1, yellow
panels), where the ellipse angle, or “squeeze angle,” is
determined by the relative phase between the squeezed
field and the interferometer field. A change of this angle,
thus the quadrature that is squeezed, can be described as a
“rotation.”

The optical and mechanical responses of the interfer-
ometer further shape the squeezed state interacting with it.
The result is that the quantum noise of the interferometer
with injected squeezing is described by [11,37]

SzQZ = SSN [e‘zrcos2 [ — 0(Q)] + e*sin®[¢p — 9(9)]} ,
4)

where SgN is the quantum noise without squeezing
[Eq. (1)], ¢ is the squeezing angle relative to the readout
quadrature, and O(Q) arises from the optomechanical
response of the interferometer:

0(Q) = tan""! {@i (1 +Q—j)_1]. (5)

mLy Q? y

When frequency-independent phase squeezing is
injected, the above two equations simplify to
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FIG. 1. Experimental setup of frequency-dependent squeezing in the LIGO detectors. The blue panel shows a simplified overview of
the main experimental components. The LIGO detector is a modified Michelson interferometer with Fabry-Perot arm cavities and both
power recycling and signal extraction cavities [1]. The LIGO squeezer [8] generates squeezed vacuum at 1064 nm using a subthreshold
optical parametric oscillator, pumped at 532 nm. The squeezed beam reflects from the 300-m filter cavity, and a movable beam diverter
opens to inject squeezing at the output port of the interferometer. Three Faraday isolators prevent stray interferometer light from reaching
the squeezer and filter cavity. Active steering optics [34] enable alignment and mode matching of the squeezed beam to the filter cavity
and interferometer. The squeezed beam copropagates with the outgoing interferometer beam through the output mode cleaner cavity, for
measurement at the readout photodetectors [1]. The yellow panels illustrate uncertainty ellipses of squeezed states in phase space [20],
where vacuum fluctuations are squeezed along the vertical readout quadrature. The left depicts the frequency-dependent rotation
impressed by filter cavity resonance (upper) upon the generated squeezed vacuum state (lower). The right shows how the interferometer
backaction affects the injected squeezed state, which is either frequency independent (light) or frequency dependent (dark). In either
case, the ellipse is rotated and stretched, corresponding to rotation and gain of the squeezed state. For frequency-independent squeezing,
uncertainty in the readout quadrature is increased at low frequencies, as indicated by the vertical red arrows. For frequency-dependent
squeezing prepared with the appropriate rotation to counteract backaction, a reduced uncertainty in the readout quadrature is recovered
at low frequencies.

carrier frequency at Q = 0, before injection in the inter-

S (p =0) = e ¥ SN + £ SRN, (6)
ferometer [20].

analogous to increasing the laser power by a factor of e?”.

In this case, SiQZ > SgN for frequencies below approx-

imately 100 Hz due to interferometer backaction from the
e’ enhanced radiation pressure term. When the injected
squeezed states are instead prepared with frequency-
dependent squeezing angles, ¢(Q) = 0(Q), the total quan-
tum noise SZQZ can be minimized to e‘er(h)N across the
detection band, analogous to increasing both laser power P
and mirror mass m by a factor of e?". This is the premise
of frequency-dependent squeezing—to overcome not
one but two engineering challenges using quantum
enhancement.

The appropriate frequency-dependent squeezing angles
can be produced by reflecting the squeezed states off an
optical filter cavity, detuned from the interferometer laser

III. EXPERIMENTAL SETUP

Figure 1 shows the experimental implementation of
frequency-dependent squeezing via a filter cavity in
LIGO, with an overview of the full interferometer and
key elements of the squeezing system. A more complete
description of the squeezer experimental setup and control
scheme is presented in Appendix A.

A. Squeezer

The LIGO squeezed vacuum source, installed for O3 [8],
uses spontaneous parametric down-conversion in a sub-
threshold optical parametric oscillator (OPO) containing a
periodically poled potassium titanyl phosphate (PPKTP)
nonlinear crystal. The OPO is a traveling-wave, doubly
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resonant bow-tie cavity, pumped at 532 nm to produce
squeezed vacuum around the interferometer carrier fre-
quency at 1064 nm [38—40]. With the expectation that
backaction could be mitigated by frequency-dependent
squeezing injection, the OPO cavity finesse and green
pump optics were upgraded to generate higher squeezing
levels in preparation for O4.

B. Filter cavity

Squeezed vacuum then undergoes a frequency-
dependent phase shift upon reflection from a 300-m,
in-vacuum, optical filter cavity, producing a frequency-
dependent rotation of the squeezed state for frequencies
within the cavity resonance. The filter cavity has a full-
width-half-maximum linewidth of about 74 Hz and a
detuning from carrier of approximately 35 Hz to impart
a squeezing rotation that counters the optomechanical
response of the interferometer (Fig. 1) while minimizing
squeezing loss [26,30].

The system is further engineered [26] to suppress noise
from stray interferometer light that is misdirected along the
squeezing injection path and, subsequently, scattered back
to the interferometer readout by vibrations of the filter
cavity and squeezer optics. Both cavity mirrors use triple
pendulum suspensions [41] mounted on isolated in-vacuum
optical tables [42] for vibration isolation, while relay optics
use either single or double suspensions [43]. For filter
cavity length stabilization, the scheme developed for LIGO
in Ref. [23] is used and further described in Appendix A.
Measured filter cavity parameters are presented in Sec. V
and discussed in Appendix B.

C. Improved components

In O3, the measured shot noise reduction with squeezing
was limited both by the amount of generated squeezing and
by propagation losses [8,44]. In particular, the Faraday
isolators were a major source of squeezing loss but are
necessary to meet LIGO’s strict requirements on stray light
isolation. In preparation for O4, three custom high-effi-
ciency Faraday isolators were installed, decreasing total
loss and improving stray light isolation. In addition to
optical losses, mode mismatch between the squeezer and
interferometer beams also limited squeezing efficiency in
O3 [44]. Active optics [34,35] were installed to improve
mode matching between the squeezer, interferometer, and
filter cavity. The increased squeezing levels result from
these upgrades and are discussed in Sec. V.

D. Long-term stability

The squeezing system is fully automated and integrated
with the main interferometer, with the alignment and
intensity controls shown in Fig. 3. At the time of writing,

both H1 and L1 detectors are operating with frequency-
dependent squeezing in O4, demonstrating the stability of
the squeezing subsystem on the timescale of weeks.

IV. RESULTS

We present data from the LIGO detectors during the
commissioning period preceding O4, between February
and May 2023. For these data, the H1 detector operated
with approximately 360-380 kW of circulating power in its
interferometer arm cavities, while L1 operated with approx-
imately 300 kW; in comparison, the arm power during O3
was 200-230 kW. The strain noise amplitude spectral
density of both detectors is shown in Fig. 2.

With frequency-dependent squeezing, we achieved a
quantum enhancement of the detectors that simultaneously
reduced both shot noise and quantum radiation pressure
noise. Compared to the measured detector noise with-
out squeezing (Fig. 2, black) and the detector noise
with frequency-independent squeezing (Fig. 2, green),
frequency-dependent squeezing provided broadband
improvement (Fig. 2, purple), with measurable reductions
in the total detector noise from several kilohertz down to
frequencies as low as 60 Hz in H1 and 30 Hz in L1.

In the shot-noise-limited region around 1 kHz, both
detectors measured higher squeeze levels than O3, due to
the higher generated squeezing levels and reduced cumu-
lative optical losses along the squeezing path. In the H1
detector, squeezing reduced the shot noise amplitude by a
factor of 1.6 (4.0 dB) near 1 kHz; in the L1 detector, the
shot noise reduction was a factor of 1.9 (5.8 dB). Since
shot noise is the largest noise source in the kilohertz
frequency band, the total interferometer noise was similarly
reduced.

While these kilohertz noise improvements are essential
to study the postmerger physics of binary neutron stars
[45,46], the injection of frequency-independent squeezing
significantly degraded detector performance around
100 Hz, which is detrimental to standard metrics of
astrophysical sensitivity. For gravitational-wave detectors,
a standard figure of merit is the distance to which a binary
neutron star (BNS) or binary black hole (BBH) merger
can be detected [47,48]; such metrics heavily weigh the
detector noise around 100 Hz. As a result, the frequency-
independent squeezing spectra corresponded to a 10%—
15% reduction in BNS range, compared to no squeezing.

In contrast, frequency-dependent squeezing recovered
low-frequency sensitivity, improving the BNS inspiral
range by 15%-18% and the BBH inspiral range by
12%, with respect to no squeezing. Since event rates scale
with the volume of the observed Universe, this corresponds
to an increase of up to 65% in BNS detection rates and 40%
in BBH detection rates.
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FIG. 2. Observation of frequency-dependent squeezing in the LIGO detectors. The top and bottom show strain noise spectra of the
LIGO Hanford (H1) and Livingston (L1) detectors in amplitude spectral density units, measured in the commissioning period leading up
the fourth observing run, O4. Reference measurements of detector noise spectra without squeezing are shown in black and measured
with the squeezed beam diverted away from the detector. Without squeezing, the classical noise estimate (gray), i.e., the sum of
nonquantum noises, is obtained by subtracting the calculated quantum noise (red) from the measured detector noise (black). Frequency-
independent squeezing spectra (green) are measured with the squeezed beam injected and the filter cavity end mirror misaligned, to have
the input mirror act as a high reflector. With frequency-independent squeezing, shot noise reductions of 4.0 (H1) and 5.8 dB (L1) are
observed around 1 kHz, alongside the corresponding increase in quantum radiation pressure noise below a few hundred hertz.
Frequency-dependent squeezing spectra (purple) are obtained by locking the filter cavity near resonance, demonstrating the broadband
reduction of detector quantum noise. In addition to the squeezed shot noise reduction, the filter cavity reduces total detector noise by
1-2 dB from 60-100 Hz in both detectors, with quantum enhancement visible from kilohertz down to tens of hertz.
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TABLE 1. Summary of key parameters, including generated
squeeze levels, squeezing injection and readout efficiencies, and
filter cavity parameters. The observed squeezed shot noise
reduction at 1 kHz is used to infer a lower bound on the total
squeezing throughput. Entries marked by an asterisk were
determined by comparing squeezing data to a quantum noise
model. For a full list of parameters, see Table II.

H1 L1

Squeezing generation

Generated squeezing 16.9 dB 17 dB*

Measured squeezing —-4.0 dB -5.8 dB
Squeezing injection efficiency 91.6% 91.8%
Readout efficiency 91% 94%
Phase noise (rms) <20 mrad <20 mrad
Total expected throughput 84% 86%
Inferred throughput >63% >T77%
Filter cavity parameters

Filter cavity length 297.77 m 297.72 m

Filter cavity detuning —36 Hz* —29 Hz*

Filter cavity full linewidth 74 Hz 74 Hz

Filter cavity round-trip loss <50 ppm <50 ppm

V. CHARACTERIZATION

The effective quantum noise reduction with squeezing,
or the observed squeeze level, is determined by the amount
of generated squeezing and by degradation mechanisms
such as phase noise, optical loss, and mode mismatch
[27,29,30,44]. As a result, the measured squeezing in
decibels, Ngg, is limited to approximately [44]

Ngg > 1010g0(20ms + A). (7)

0. 1s the radians of root-mean-square (rms) phase noise in
squeeze angle. A is the total fractional optical power loss
along the squeezer path, while the efficiency, or optical
throughput, is 1 — A. Table I summarizes the squeezing
parameters in the two detectors, including estimates of the
throughput and key filter cavity parameters while operating
with frequency-dependent squeezing. Appendix C and
Table II contain more detail.

A. Phase noise

Phase fluctuations between the squeezer and interfer-
ometer fields at the readout, known as ‘“phase noise,”
reduce the measured squeeze level by mixing some of the
orthogonal “antisqueezed” quadrature into the measure-
ment quadrature [8,50,51]. Using the coherent control
scheme [52] described in Appendix A, phase noise is
controlled to less than 20 mrad in both detectors, as inferred
from in-loop error signals and from sweeps of the generated
squeezing levels using a diagnostic homodyne detector.

Filter cavity detuning fluctuations contribute an additional
frequency-dependent phase noise within the cavity band-
width. At both detectors, this detuning is stabilized to
within 1 Hz (i.e., cavity length is stabilized to within 1 pm),
adding approximately 5 mrad of excess phase noise around
the detuning frequency. Overall, at the current levels of
generated squeezing, 20 mrad of rms phase noise reduces
measured squeezing by less than 0.2 dB.

B. Optical losses

The primary degradation mechanism that limits the benefit
of squeezing is caused by optical losses. Losses mix

SQZ

squeezed vacuum (giving rise to S,~") with unsqueezed

vacuum (ShQN), limiting the quantum noise reduction in
decibels to approximately Ngg ~ 1010g10[S,51QZ(1 —-A)/

S;)N + AJ]. Losses can be separated into two categories:
the injection losses that affect the squeezed beam before
entering the interferometer and the readout losses in the
optical path from the signal extraction mitror to the readout
photodetectors. Optical components in the squeezing injec-
tion path have been engineered to maximize throughput,
achieving >91% injection efficiency measured at both sites.
Filter cavities at both sites are measured to have <50 ppm
of round-trip loss which, near resonance (around 35 Hz),
contributes an additional 10% of squeezing loss [see
Eqgs. (53) and (57) in Ref. [44]]. At the interferometer
output, readout losses limit throughput of both the inter-
ferometer signal and the measured squeeze level. These
losses are largely common to the interferometer and
squeezer and inform our estimate of classical noise.
Based on independently measured optical losses at the
output port, readout efficiencies of up to 91% (HI) and
94% (L1) are expected.

Given known optical losses, the total expected through-
put is similar for both detectors: 84% in H1 and 86% in L1
(see Table I). However, minimum squeezing throughputs of
63% in H1 and 77% in L1 are inferred from measured
squeezing levels, i.e., the measured shot noise power
reduction with squeezing at 1 kHz of 4.0 dB in HI and
5.8 dB in L1, while assuming 20 mrad of phase noise.

C. Mode mismatch

Both detectors have a discrepancy between known
losses and losses inferred from the measured shot noise
reduction. The remaining losses amount to approximately
25% in H1 and approximately 10% in L1. These are likely
dominated by residual mode mismatch and misalignment
between the squeezed field, the interferometer cavities, and
the output mode cleaner cavity. In H1, this hypothesis is
supported by estimations of the squeeze level after classical
noise subtraction, where the quantum noise reduction from
100-200 Hz is higher, at 4.8 dB, suggesting that unknown
losses are frequency dependent and, thus, likely due to
mode mismatch of the squeezer and interferometer, as
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previously observed [44]. In L1, adjustments of the
squeezer alignment and mode matching are routinely
performed to optimize measured squeeze levels.

VI. CONCLUSIONS AND OUTLOOK

Frequency-dependent squeezing via a filter cavity
enabled a broadband reduction of quantum noise and a
significant sensitivity improvement in both LIGO detectors.
Below 100 Hz, frequency-dependent squeezing improved
the interferometer noise by up to 2 dB. Thanks to several
upgrades, in particular, higher levels of generated squeez-
ing, low-loss Faraday isolators, and active mode-matching
elements, the amount of measured squeezing around 1 kHz
increased to 4.0 dB in H1 and 5.8 dB in L1, from the 2—
3 dB observed in O3. At the time of writing, both LIGO
detectors operate with frequency-dependent squeezing
in O4.

Injecting frequency-dependent squeezing in the LIGO
detectors not only enables a significant high-frequency
sensitivity improvement, but also circumvents backaction
noise that impacts low frequencies. It increases the astro-
physical event detection rates by up to 65% and is now a
new, fundamental technology for gravitational-wave detec-
tors. Notably, without frequency-dependent squeezing,
achieving the equivalent sensitivity in L1 would otherwise
require a two- to fourfold increase in both the circulating
laser power and mirror mass.

Future upgrades in current facilities and proposed next-
generation gravitational-wave observatories like Cosmic
Explorer [53] and Einstein Telescope [54] all target 10 dB
of frequency-dependent squeezing. Ongoing investigations
of the squeezing performance in the LIGO detectors defines
the path forward for further technology improvements to
reach this ambitious goal.
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APPENDIX A: SQUEEZING SYSTEM
CONTROL SCHEME

Figure 3 shows a detailed depiction of the frequency-
dependent squeezing implementation in LIGO, including
its control scheme. Beyond the overview in Fig. 1, this
schematic shows the in-air preparation (yellow) of squeezer
control signals before their delivery to the vacuum system
(blue) via optical fibers. Arrows indicate how various
alignment and length control signals are sensed and
actuated across the squeezer system.

1. Squeezer controls

Squeezer controls are largely the same as in O3 [8]. The
squeezer pump laser is a 1064 nm laser that is frequency
stabilized to the main interferometer laser with 100 kHz
bandwidth. The in-vacuum OPO is pumped with green
532 nm light produced from the squeezer pump laser using
an in-air second harmonic generation (SHG) cavity. Both
OPO and SHG cavities are locked to the squeezer laser
using Pound-Drever-Hall (PDH) sensing. Two acousto-
optic modulators (AOMs), in series, generate an rf side-
band at a detuning of 3.125 MHz, known as the coherent
locking field (CLF), for coherent control of the squeezing
angle [52]. To sense the relative phase between the
squeezed field and the interferometer’s local oscillator
field, the CLF sideband is injected through the OPO and
copropagates alongside squeezed vacuum through to the
detector readout.

Squeezed vacuum is generated in the OPO cavity and
reflected off the filter cavity that is detuned slightly off
resonance. This applies a frequency-dependent phase shift
upon reflection to produce frequency-dependent squeezed
vacuum. A movable beam diverter opens to inject squeez-
ing at the output port of the interferometer via the output
Faraday isolator. When the interferometer is fully locked,
the squeezed beam enters and exits the interferometer from
the signal extraction cavity, copropagates with the main
interferometer beam through the output mode cleaner
(OMC), and is detected at the readout photodetectors.
For squeeze angle control, the readout photodetector
signals are demodulated at the CLF frequency to phase
lock the squeezed field to the output interferometer field via
feedback to the squeezer pump laser.

For long-term stability, the generated squeezing level and
control sideband powers are stabilized based on the dc
power of the transmitted 532 nm pump and reflected CLF
beams, controlled by GAOM3 and AOM2, respectively.
To align the squeezer to the interferometer, a pair of wave-
front sensors [i.e., demodulated quadrant photodetectors
(QPDs)] detects a 1% pickoff between the output Faraday
isolator and the OMC, where the CLF at 3.125 MHz beats
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FIG. 3.

Detailed optical and controls layout of frequency-dependent squeezing instrumentation in the LIGO detectors, described in

Appendix A. To generate squeezed vacuum, the squeezer pump laser is frequency stabilized to the main interferometer laser, frequency
doubled using SHG, and sent to pump the in-vacuum OPO. A series of AOMs generate both 1064 nm squeezer control sidebands: the
CLF at 3.125 MHz for squeeze angle control [8,52] and the resonant locking field (RLF) at 3.020 MHz for filter cavity length and
detuning control [23]. Both sidebands are injected through the OPO and copropagate with squeezed vacuum to the filter cavity,
interferometer, and readout photodetectors. A movable beam diverter can redirect the squeezed beam to an in-air balanced homodyne
detector for diagnostics. After first acquiring lock at 532 nm, filter cavity length control is transferred to lock on RLF resonance such that
the CLF is off resonant; the optical beat note of the RLF and CLF at 105 kHz is, thus, phase sensitive to filter cavity resonance. In
reflection of the filter cavity, a 1% pickoff sends this 105 kHz beat note to a pair of quadrant photodiodes for filter cavity length and
alignment control. For long-term operation, alignment is controlled between the OPO, filter cavity, and interferometer, and intensity
stabilization holds the control sideband powers and generated squeezing levels constant.

with the interferometer sidebands at 45 MHz to produce
pitch and yaw alignment signals at 42 MHz. Alignment
control signals actuate on the pitch and yaw of a pair of
doubly suspended relay optics at the end of the squeezing
injection path.

2. Filter cavity control

The filter cavity length control scheme developed for
LIGO in Ref. [23] is now in use at both HI and LI
detectors. Length control of the 298 m high-finesse filter
cavity is initially acquired at 532 nm, where the cavity is

lower finesse, and subsequently transferred to 1064 nm
during nominal operation. The SHG output is split into a
secondary path for filter cavity locking; this path contains
an electro-optic modulator (EOM) for PDH and a series of
two AOMs (GAOM1 and GAOM?2) to control the green
frequency at the filter cavity. With green PDH sensing, this
light is first frequency locked to stabilize the cavity-laser
detuning with high bandwidth. This enables the low-
bandwidth feedback to the filter cavity mirror suspensions
to then bring the physical cavity length under control with
length actuation via electromagnet coils along the mirrors’
triple suspensions [41].
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After locking the cavity length in green, the cavity lock is
transferred to resonate a 1064 nm field known as the
resonant locking field (RLF), needed for precise control of
the detuning between filter cavity resonance and the
interferometer carrier frequency (“filter cavity detuning”
0). The RLF is an additional rf sideband generated by the
same two AOMs that generate the CLF; unlike the CLF at
3.125 MHz, the RLF is generated at a 3.02 MHz offset from
carrier. The RLF frequency is chosen to be near the CLF
frequency such that it largely inherits the phase stability of
the CLF with respect to interferometer light while still
resonating in the filter cavity. This puts the RLF at a
105 kHz offset from the CLF, which is about six free
spectral ranges (FSRs) above carrier resonance in the filter
cavity (6 x FSR 4 6). The RLF and CLF copropagate
through the OPO to reach the filter cavity.

The filter cavity length is then locked onto the RLF
resonance such that the CLF is off resonant; past the filter
cavity, the resonant RLF beats against the off-resonant
CLF, producing an error signal at the beat-note frequency
of 105 kHz. A 1% optical pickoff for fast, high-gain QPDs
is installed in the squeezer path on reflection from the filter
cavity; these QPDs have a >120 kHz response and are shot
noise limited with only 10 nW per quadrant. These QPDs
are demodulated to provide error signals for both length
(i.e., detuning) and alignment control of the filter cavity.
Length control actuates on the filter cavity end mirror
suspension. Alignment control actuates on pitch and yaw of
the filter cavity mirrors, aligning the cavity axis to the
incident beam from the OPO.

APPENDIX B: FILTER CAVITY
CHARACTERIZATION

There are standard methods to characterize a high-
finesse optical cavity [55] and, subsequently, its application
to frequency-dependent squeezing in gravitational-wave
interferometers [27,30,44].

Tables I and II list key optical properties of the high-
finesse filter cavities at H1 and L1. The filter cavity length
is precisely measured by sweeping an optical sideband to
measure the free spectral range [56,57]. The optical storage
time in the cavity, which determines the full-width-half-
maximum linewidth, is measured using a ringdown tech-
nique in both cavity transmission and reflection [55]. From
the measured cavity linewidths and the vendor-specified
input coupler power transmissivities of 910 ppm, we esti-
mate filter cavity round-trip power losses of 25-50 ppm.
Mode mismatch between the squeezed beam from the OPO
and the filter cavity is measured by scanning the filter
cavity length and measuring the optical modes in trans-
mission using a camera and photodiode power sensor. For
this, a bright carrier beam is resonantly transmitted through
the OPO in place of the squeezed vacuum beam.

For diagnostic measurements, the squeezed beam is
redirected by the in-vacuum squeezer beam diverter to an
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FIG. 4. Frequency-dependent squeezing on a diagnostic bal-
anced homodyne detector in H1. The blue and yellow traces show
frequency-independent squeezing spectra measured with the filter
cavity end mirror misaligned. The red and green traces show
frequency-dependent squeezing spectra, measured with the filter
cavity locked at a detuning of § ~ 1 kHz from the local oscillator.
Dotted lines show a model of frequency-dependent squeezing for
each configuration, given measured optical properties of the filter
cavity [27]. From the model, the plot legend gives the corre-
sponding squeeze angle ¢ and filter cavity detuning & for
each trace.

in-air balanced homodyne detector. The homodyne
uses a local oscillator sourced from a fiber pickoff of
the main interferometer laser (see Fig. 3, schematic).
Figure 4 shows a measurement of frequency-dependent
squeezing on the diagnostic homodyne detector, com-
pared to a model [27]. An auxiliary audio field [58] is used
to further estimate mode matching and round-trip loss in
the filter cavity.

To reduce quantum radiation pressure noise in the full
interferometer, the filter cavity resonance is held at a fixed
detuning relative to the carrier light in the interferometer. At
both detectors, the filter cavity detuning in situ is inferred
by comparing detector noise spectra to a quantum noise
model. In H1, the detuning is additionally measured using
audio-field sweeps on both the homodyne detector and full
interferometer [58].

To minimize backscatter driven by the filter cavity, the
filter cavity length is stabilized by the RLF locking scheme
described in Appendix A to within 1 Hz rms (equivalently,
approximately 1 pm rms) at both detectors. In addition,
the filter cavity control scheme is designed to minimize
frequency noise of the RLF field, as it appears as length
noise in the cavity servo. The servo bandwidth to the filter
cavity length control servo is cut off at as low a frequency
as possible (<50 Hz) such that the sensing noise of the
RLF error signal, injected through the servo, does not
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compromise the vibration isolation of the triply suspended
filter cavity mirrors.

APPENDIX C: INTERFEROMETER AND
SQUEEZING PARAMETERS

This appendix discusses the interferometer and squeez-
ing parameters from Sec. V in detail, including a more
complete set of parameters in Table II. In particular, we
discuss optical losses in two categories: in the squeezing
injection path before the interferometer and in the readout
path from the interferometer to the photodetectors. We also
further describe the interferometer configuration as it
relates to the characterization of the measured squeeze
levels.

1. Squeezing injection losses

Optical losses in the injection path start from the
squeezing generation in the nonlinear crystal. These injec-
tion losses include OPO cavity losses, filter cavity losses,
and four passes through Faraday isolators before reaching

TABLE II. Detailed summary of interferometer and squeezer
parameters. Entries marked by an asterisk were determined by
comparing measured squeezing data to a quantum noise model.

H1 L1

Interferometer parameters

Arm power 360-380 kW* 300 kW*

SEC detuning (round-trip phase) 0.54° 0.1°
Readout angle =27° —14°
Readout efficiency
Optical throughput (SEC to OMC) 97.5% 97.5%
OMC transmission 95.7% 98%
Photodiode quantum efficiency 98% 98%
Total readout efficiency 91% 94%
Squeezing parameters
Generated squeezing 16.9 dB 17 dB*
Measured squeezing —4.0 dB -5.8 dB
Measured antisqueezing 14.4 dB 15.8 dB
OPO throughput 98.5% 98.7%
Injection efficiency (OPO to SEC) 91.6% 91.8%
Phase noise (rms) <20 mrad <20 mrad
Total expected throughput 84% 86%
Inferred throughput >63% >T77%
Filter cavity parameters
Filter cavity length 29777 m  297.72 m
Filter cavity detuning —36 Hz* —29 Hz*
Filter cavity full linewidth 74 Hz 74 Hz
Filter cavity finesse 6700 6700
Filter cavity round-trip loss <50 ppm <50 ppm

99.8%
<1 Hz

Filter cavity mode matching 98%
Filter cavity length noise (rms) <0.5 Hz

the interferometer, i.e., arriving at the signal extraction
mirror. The in-chamber squeezer injection losses are
externally measured by injecting a bright carrier field
through the OPO in place of the control sidebands; we
measure the OPO cavity’s optical throughput to be 98.5%—
98.7%, in addition to the in-chamber throughput of 93%.
Custom low-loss Faraday isolators were implemented in
preparation for O4, with measured single-pass throughput
on the order of 99%-99.5%. With four isolator passes,
through two isolators on the squeezer injection platform
(one more than O3) and the interferometer’s output Faraday
isolator, the O4 isolators provide a significant reduction in
losses over those used in O3, which each had 96%-97%
single-pass efficiency. In total, known optical losses limit
the maximum squeezing injection efficiency to about 91%
in both detectors.

To optimize mode matching on the squeezing injection
path, three doubly suspended active optics elements,
realized by piezodeformable mirrors [34], were installed.
The first deformable mirror optimizes mode matching
between the OPO and the filter cavity, while the other
two mirrors optimize the mode matching of the frequency-
dependent squeezed vacuum beam to the interferometer.

2. Readout losses

Readout losses impact both the shot-noise-limited inter-
ferometer sensitivity without squeezing and the total
quantum noise reduction achievable with injected squeez-
ing. From the more detailed schematic in Fig. 3, readout
losses from the output of the signal extraction mirror to the
readout photodetectors include one outgoing pass through
the output Faraday isolator, several optical pickoffs
required to stabilize alignments between the interferometer
and the OMC, optical round-trip losses in the OMC cavity,
and the quantum efficiency of the readout photodetectors.
Separately, the squeezer and interferometer beams may
have different mode matching through the OMC, leading to
possible differences in readout loss between the interfer-
ometer and squeezer beams. Excluding mode mismatch,
the expected readout efficiency is 91% in H1 and 94%
in L1.

3. Readout losses without squeezing

Many readout losses are common to the squeezer and
interferometer, and, thus, estimating the shot noise level
requires knowledge of the interferometer’s output losses
independent of squeezing. Without squeezing, detector
noise around 1 kHz is dominated by shot noise; this level
can be compared to a shot noise model [e.g., Eq. (2)] to
estimate the in situ readout losses, beyond the known
optical losses in the path. The shot noise model is primarily
determined by the interferometer laser power and optical
response, both of which can be independently measured.

Key parameters that characterize the interferometer
optical response are the interferometer readout angle and
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the detuning of the signal extraction cavity (SEC).
Differential losses in the interferometer’s arms lead to an
imperfect dark fringe with excess field at the output, known
as the contrast defect. Since this excess field does not
contain information about the differential arm length signal,
it results in a nonzero angle between the signal and readout
quadratures, which increases the shot noise levels at high
frequency [37]. Measuring the residual optical power at the
dark fringe of the interferometer provides an upper limit on
the readout angle, given in Table II. Next, the SEC
detuning, often quoted as the round-trip phase shift through
the cavity in degrees, can be estimated by measuring the
interferometer response to an external drive of the end
mirrors [59]. Given this optical response, the shot noise
model without squeezing [37,44] (Fig. 2, red) can be
compared to the measured noise spectra without squeezing
(Fig. 2, black) to estimate the interferometer readout losses.

Without squeezing, for the L1 detector, we find that less
than 10% additional readout losses are needed to explain
the observed shot noise level, given the expected optical
losses at the output of the interferometer. For H1, a similar
analysis of readout losses is complicated by uncertainty in
the arm power, a larger SEC detuning, and a larger readout
angle as constrained by the contrast defect. For the reported
H1 parameters in Table II, we estimate less than 20%
additional interferometer readout losses compared to
known losses.

For both detectors, the additional interferometer readout
losses can be related to mode mismatch. For instance, mode
matching of the interferometer output beam through the
OMC is imperfect and highly dependent on the thermal
state of the interferometer [44]. Another source of mode
mismatch is intracavity mismatch between the signal
extraction cavity and the two arm cavities, which varies
with the thermal state of the interferometer and optical
defects across the LIGO’s core optics [60]. Work to
understand mode mismatch is ongoing.
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