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Adaptive optics has made significant advancement over the past decade, becoming the essential technology in a wide

variety of applications, particularly in the realm of quantum optics. One key area of impact is gravitational-wave detec-

tion, where quantum correlations are distributed over kilometer-long distances by beams with hundreds of kilowatts

of optical power. Decades of development were required to develop robust and stable techniques to sense mismatches
between the Gaussian beams and the resonators, all while maintaining the quantum correlations. Here we summarize
the crucial advancements in transverse mode control required for gravitational-wave detection. As we look towards the
advanced designs of future detectors, we highlight key challenges and offer recommendations for the design of these

instruments. We conclude the review with a discussion of the broader application of adaptive optics in quantum tech-
nologies: communication, computation, imaging, and sensing. © 2024 Optica Publishing Group under the terms of the Optica

Open Access Publishing Agreement

https://doi.org/10.1364/0OPTICA.511924

1. INTRODUCTION

Adaptive optics (AO) refers to any technology used to dynamically
correct optical aberrations. Since its inception in the late 1970s
[1], AO has played a pivotal role in various scientific and commer-
cial applications. Possibly the most famous example of AO is the
correction of atmospheric turbulence for astronomical telescopes
[2,3]. The past two decades have seen the rapid development
and commercialization of AO technology. As a result, AO is now
also used in a wide variety of fields including free space optical
communications (FSOC) [4-6], precision measurements [7,8],
microscopy [9], and biological imaging [10].

Terrestrial gravitational-wave detectors (GWDs) [11] are
exquisite optical systems. They use high optical powers and nearly
perfect resonators to achieve a quantum-noise-limited sensitivity
across their observing band. These km-scale interferometers are
able to detect differential length changes of about 1072° m/ VHz
[12].

2334-2536/24/020273-18 Journal © 2024 Optica Publishing Group

Active optical techniques were considered for GWDs as early as
1984 [13]. In 2003, researchers began attempting to directly trans-
late astronomical AO techniques to Gaussian beams and GWDs
[14]. However, deploying active optics in quantum enhanced
instruments poses numerous technical challenges. Particular issues
include back-scatter, polarization, vacuum, and low-frequency
stability. In the past 20 years, the GW community along with many
other independent researchers have developed bespoke sensing
and actuation schemes that integrate adaptive optics into the
precision engineered system. The resulting detectors are able to
significantly suppress quantum noise at audio frequencies [15-17].
This achievement has required decades of development of AO.

To date, uptake of AO systems has generally been constrained
to incoherent sources of light (e.g., [3,9,10]). In contrast, GWDs,
FSOC, and many quantum optics applications generally use
coherent light and spherical mirrors. The eigenmodes of these
optical systems are Gaussian modes [18-21]. The more precise,
but seldom used term “transverse mode control” refers to adaptive
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optics when applied to a system with discrete transverse eigen-
modes (e.g., [22]). We provide a brief introductory summary
of Gaussian modes in Supplement 1, Section A. Throughout
this review, we generally consider the Hermite-Gaussian (HG)
modes due to residual astigmatism in GWDs [23,24]. When used,
Laguerre-Gaussian (LG) modes are defined with the radial index,
p, following the azimuthal index, /, LG,,. In Gaussian optics, the
transverse properties of laser beams are described by a complex
beam parameter:

q(2) =izp + (2 — 20), (1)

where zp is a scaling parameter describing how quickly the beam
expands and z is a positioning parameter describing where the
beam radius reaches a minimum. The problem of ensuring that
the complex beam parameter of the incoming light matches the
complex beam parameter of the resonator is referred to as mode
matching. Additionally, the HG modes describe only perfect
spherical mirrors. However, any real optical system has surface
figure errors and clipping. These effects shift the mode basis away
from the analytical solutions given by the HG based model [25].
Instead, numerical models such as the linear canonical transform
(LCT) or fast Fourier transform (FFT) must be used to compute
the mode basis [25]. We refer to this as mode basis degradation.

Despite significant development in mode control, mode
mismatch accounts for a substantial fraction of the optical loss
budget in today’s GWDs [16,17], thus limiting the reduction in
quantum noise. Future detectors, envisioned to start operation
in ~2035 [26-28], will require higher levels of quantum-noise
suppression, which will require a reduction in the static optical
mismatch. Furthermore, they plan to operate with significantly
increased optical powers. These optical powers introduce thermal
transients, thus requiring better control of the dynamic mode mis-
match. Therefore, it is required that wavefront control improves
substantially over the next 10 years.

This paper is a historical review of the key developments in the
field. In the interest of brevity, we assume some familiarity with
GWDs; a complete introduction to the field, including all field-
specific nomenclature, can be found in Supplement 1, Section B.
Furthermore, a more detailed discussion of quantum noise and
how it links to mode matching can be found in Supplement 1,
Section C. Mismatch sensing schemes for Gaussian beams are
summarized in Section 2. Then, we summarize in Section 3 the
custom actuators designed to meet the demanding noise tolerances
in opto-mechanics. In Section 4, we summarize the installed AO at
the sites.

As quantum techniques begin to be used more generally, it will
be critical to match both free space and fiber optical modes between
resonators with minimal loss. In Section 5, we make recommen-
dations on the use of the developed technology within GWD
and speculate more broadly on applications within quantum
information science.

A. 70 Years of Adaptive Optics

AOQ is the process by which optical aberrations are corrected by
active elements. The simplest example is the use of a fast steering
mirror (FSM) to maintain the alignment of a laser beam to a quad-
rant photodiode (QPD) in the presence of seismic or atmospheric
turbulence. The technique is well developed with applications in
astronomy, vision science, microscopy, and FSOC.
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The first proposal for AO was from Babcock in 1953 [2].
Babcock suggested using a knife edge (see Supplement 1,
Section D) to interrogate the beam and feed it back to an Eidophor
(a precursor to modern spatial light modulators), which would
spatially modulate the phase of the beam. Inidally, the technique
was focused on astronomical and defense applications to correct
for atmospheric turbulence. In subsequent years several review
articles were published [1,3]. One key development in AO is to use
the Zernike polynomials [29] to describe the wavefront deforma-
tions. These wavefront deformations may be determined using a
Hartmann sensor (e.g., [30]) with incoherent light from a distant
stellar source. This can be corrected using a deformable mirror
[31]. In astronomy, laser guide stars [32] are used to provide point
spread functions to the telescope. For a thorough treatment, please
see [31].

Since the development of AO for astronomy, several other fields
have made use of the technology. For example, in vision science
adaptive optics can be used to mitigate time-dependent imperfec-
tions in the lens of the eye and allow high-resolution photographs
of the retina [10]. In astronomy a distinction is made between
active optics and adaptive optics. Active optics refers to translational
and rotational control of mirrors, whereas adaptive optics refers to
higher-order effects. In microscopy, a similar approach can be used
to overcome lensing by time-varying flows in the imaged medium
[9]. A comparison and review of the work in the first three fields
is presented in [33]. Recent work developing free space optical
communication links has to overcome atmospheric turbulence [4].

2. PROPOSED MISMATCH SENSING SCHEMES

Several optical mode sensing schemes have been proposed that
meet the requirements of GWDs. We group these into indirect
methods—which image the effects of thermal transients, direct
methods—which directly measure the mode matching between
resonators, and mode decomposition—which attempts to decom-
pose the beam and identify the mode structure and mode basis.
However, prior to discussing mode sensing specifically, we will
comment on the design considerations that minimize the need for
modal actuation.

A. Design Considerations

The Rayleigh range of the eigenmode in the arms of the LIGO
detector is ~400 m [34]. As such, the mode matching between
the input optics and arms cannot be corrected by distance opti-
mization alone. Furthermore, given the size of the beams, it is not
possible to profile the beam directly. Therefore, the designs of these
telescopes [35-37] are critical to avoid static mismatches in the
interferometer.

The designs of such telescopes typically use off-axis spherical or
parabolic mirrors to avoid back-reflections from imperfect anti-
reflective coatings. Such telescopes can be designed using spherical
mirrors with angles that minimally couple astigmatism [38]. A
thorough tolerance analysis is then undertaken in simulation to
minimize the sensitivity to possible polishing errors. This must be
done while also ensuring that the cavities are geometrically stable,
thus strongly enforcing the modal basis and facilitating alignment
control.

An alternative option, pursued by Advanced Virgo, is to
use marginally stable recycling cavities. In this case, the high-
magnification telescopes are shifted to the input optics [39]. The
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design of the input and output optics requires a similar tolerance
analysis [40,41].

To date, GWDs have been designed to use spherical mirrors,
thus enforcing the HG mode basis. However, a series of papers
[42,43] followed by preprints [44,45] considered the use of non-
spherical mirrors to reduce thermal noise. Recently, non-spherical
mirrors have been proposed once more [46], to shift the resonance
of higher-order modes away from degeneracy with the HGy
mode. The recycling cavities can then be designed by construct-
ing an appropriate cost function and using Monte Carlo based
simulations [46].

B. Indirect Mismatch Sensing Techniques

One of the crucial developments is an ultra-low-noise Hartmann
wavefront sensor (HWS). These devices differ from the Shack-
Hartmann sensors (e.g., [31]), common in other AO applications,
as the micro-lens array is replaced with a plate of uniformly spaced
pinholes, though the operating principle is the same. Forgoing the
lenslet array allows for higher sensitivity as the effect of aberrations
from imperfections in the lenses is removed, but also results in
greatly reduced light collecting efficiency [30,47]. Both Advanced
LIGO and Advanced Virgo use the HWS described in [30]. In
the GWD implementation, probe beams of incoherent light are
retro-reflected through transmissive optics and onto the HWS,
as illustrated in Fig. 1. The measured distortions of these probe
beams are, hence, related to distortions in the actual test masses
themselves. The HWS can be calibrated to the cold mirror surface
maps, which are measured independently. As the mirror thermally
deforms, the HWS can then provide information on the current
absolute mirror surface to a high precision.

The Hartmann sensor is an indirect method of sensing
mismatch. The result contains information on the wavefront
deformations, but contains no information on the overlap between
the cavity eigenmode wavefronts and the injected wavefronts. In

ITMY | 800nm
RHY i SLED  HR
cpy ....SLED

833 nm ;
@1064nm !
ITMX
BS CPX

srR3

Fig. 1.  Schematic representation of the Advanced LIGO wavefront
sensors. SLEDs inject light at 800 nm (X-arm) and 833 nm (Y-arm).
The AR coating on the BS reflects the 800 nm beam and transmits the
833 nm beam allowing for independent measurements of X and Y test
masses. Ring Heater X (RHX) and RHY are actuators; see Section 3.A.1
for details. Adapted from [8] with permission.

HWD-X
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the case of gravitational wave detectors, the lensing that degrades
mode matching is typically caused by temperature gradients due to
optical absorption. Each test mass supports a number of vibrational
eigenmodes, the spectrum of which depends on temperature, and
thus another indirect mode sensing method is to track these
eigenmode frequencies. This idea was first reported in [48].

C. Direct Mismatch Sensing Techniques

The most common way of inferring the laser beam parameter
directly is to profile the beam. Common approaches include:
the knife edge method, the chopper wheel, the scanning slit, and
the camera method. Details of these methods can be found in
Supplement 1, Section D. Additionally, for Advanced LIGO and
Advanced Virgo, calibrated cameras are placed in the near and
far fields of pick-off beams to track temporal changes in beam
shape. For the core interferometer, these beams first pass through
beam reducing telescopes, which may introduce systematic errors.
Depending on the accumulated Gouy phase, deviations in this
beam size can tell the GWD scientists, operators, and commission-
ers either about changes in wy or zy. A similar approach is used for
the Advanced LIGO input optics and further information can be
found in [40].

For the input and output optics, single-digit-percent-level
mismatching is achieved via traditional methods during commis-
sioning. Once single-digit-percent-level mismatching is achieved,
resonant methods must be used that directly interrogate the
overlap of the incoming light and resonator eigenmode.

1. Resonant Wavefront Sensing

In the case of alignment sensing, the beat between reflected PDH
sidebands and reflected HGg; /HG1¢ modes is routinely used to
control the alignment of suspended cavities ( [49,50] and therein).
Since the HG modes are orthonormal, on a large area photodetec-
tor there would be no beat. However, a quadrant photodetector
(QPD) breaks the orthonormality. Some segmented photodetec-
tors are shown in Fig. 2 and a historical review of the alignment
sensing developments between 1984 and today is provided in
Supplement 1, Section E.

In the year 2000, Mueller and others proposed extending the
resonant wavefront sensing used for alignment control, to mode
matching control [51]. For a small mismatch in beam parameters,
light will scatter from mode HG,, ,, into HG,,13 ,, and HG,, ,,, 12
with the amplitude coupling coefficient [51-53]:

Va4 1)(n+2) (z'Az— A2R>

)

/en,n+2 =

4

ZR

C

l Cathode

C on rear surface

Cathode Cathode

Fig.2. Frequently used segmented and position sensing diodes. Active
areas are shown in dark gray, metal contacts in light gray, and the beam
is shown in red. Far left depicts a biased lateral effect position sensor, the
middle depicts a quadrant photodiode, and the far right depicts a bulls-eye
photodetector.
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where Az denotes the difference in waist position, Az the differ-
ence in Rayleigh range, zx the mean of the two Rayleigh ranges,
and 7, m are mode indices. If the mode mismatch is reasonably
anastigmatic then scattering will occur equally into HGg, and
HG;p modes. The result is equal to a doughnut shaped LGy,
mode [54-56], as illustrated Fig. 3(a). Therefore, a bulls-eye
photodetector (BPD), shown schematically in Fig. 2, breaks the
orthonormality. Thus a beat occurs between the LG;¢ mode and
the reflected HGyy cavity locking sidebands. By using two BPDs,
separated by an appropriate Gouy phase, it is possible to simulta-
neously gather information on Az and Azg. While promising, the
technique has not been widely accepted by the community. BPDs
are difficult to source; furthermore, overlapping requirements on
the accumulated Gouy phase and beam radius at the BPD mean
that, likely, a custom BPD is required.

2. Mode Conversion

One option is to sidestep the BPD requirement by converting
the LGy mode associated with mode mismatch into a HGy;
pringle mode, which is more convenient for detection with a QPD.
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Because both HG and LG modes form a complete basis to describe
laser beam modes, one can decompose LGy into a combination
of two HG modes: HGyy and HGy, [54,55,57]. Additionally,
a 45° rotated HG1; mode can also be decomposed in the same
combination of HG modes, minus a sign flip, as shown in Fig. 3(a).
So, in principle, by adding a 7w/2 phase shift along one axis, it is
possible to convert LGy into a 45° rotated HGy;. In order to do
this, the Gouy phase shift is exploited.

Generally, this is done using two cylindrical lenses to create a
confined region where the beam is astigmatic. Provided the lenses
are positioned so that the beam is no longer astigmatic outside of
the converter, the additional Gouy phase shift along the astigmatic
axis remains constant after the converter and subsequent detection
is possible on a QPD. Consider a beam (along the non-focusing
axis) with Rayleigh range, z», and beam-waist position, zy. The
desired Gouy phase shift will be achieved with cylindrical focal
length [54]:

f= 14+1/4/2 @

This lens must be placed at Zt=z =+ f /2 to mode match
the output beam while achieving the Gouy phase shift. Figure 3(b)
shows the beam size in the astigmatic and non-astigmatic axis, and
the evolution of the Gouy phase shift for a mode converter using
cylindrical lenses. Mode converters with the same principle have
also been realized using spherical mirrors ata 45° angle [58].

Typically, mode converters are used in conjunction with hetero-
dyne techniques to generate an error signal for mode mismatch.
In [59,60], frequency-shifted sidebands in the HGgyp mode beat
against the converted HG;; on a QPD to generate an error signal.
By placing a beam splitter and two sets of QPDs separated by 45°
in Gouy phase, it is possible to get separate error signals for waist
size and waist position mismatch, respectively [59]. Such a mode
converter set-up is currently being used to mode match the filter
cavity for frequency-dependent squeezing at Advanced Virgo [61].

One limitation of the mode converter is that it assumes a LGy
mode and is thus incompatible with astigmatism. The frequency-
dependentsource uses curved mirrors in off-axis telescopes in order
to reduce optical losses [38], causing some small astigmatism by
design. This astigmatism limits how much mode matching can be
achieved with the current mode converter [61].

3. Radio Frequency Beam Modulation

Mode conversion is under active investigation, and is a promising
technique for future gravitational-wave detectors. However, it suf-
fers from three key limitations. First, it is not trivially generalized
to sensing the coupled cavity mismatch. Second, it requires Gouy
phase telescopes. Finally, it requires several new sensors and pick-
offs to be introduced into the vacuum envelope. In 2017, reference
was first made to the RF beam shape modulation method in an
alignment sensing paper [62]. In 2020, the first RF beam modula-
tion proposal paper was published [53]. The premise is to generate
a frequency offset beam-shape modulation using an acousto-optic
modulator (AOM) and a phaseplate. Using the nomenclature
defined in Supplement 1, Section B, the carrier is at HGE;%; " and

the modulation is at HG;’%J.; LT HG(S)OZZ1 . Considering only the 7
modes, where the beam experiences a basis change, we obtain
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HG — ko oHGY, + ko HGS? +O(Az Azy), (5)

w0+ o+
HGZ;q1 — kZ»ZHGZ;qZ

+Q
+ /ez,oHG‘(;’j’q2

+h HGY Y + O(AZ, AZp),  (6)

where £ = k(Az, Azp) denotes a coupling coefficient, defined in
Eq. (2). Further values of # can be found in [53]. On a photodiode
where the beam radius is much smaller than the active area, only
modes of the same order will produce beat notes due to the orthog-
onality of the HG modes. Therefore, in the presence of a mismatch,
there will be a beat with frequency €2 and the two mode-matching
quadratures z and zg can be read out with appropriate choices of
demodulation phase.

The scheme as proposed for LIGO is shown in Fig. 4. The
HG;’%+Q + HG“’(H_Q mode is generated from the coherent locking
field (CLF) [63— 65] which passes through the optical paramet-
ric oscillator (OPO) that generates the squeezing. The mode
sensing field then co-propagates with the squeezing until it is
reflected by the OMC. This proposal requires only a single new
component—the phaseplate, since all other components exist.

In contrast to generating the modulation with an AOM and
phaseplate, several authors have begun exploring the possibility of
using an electro-optic lens. First mentioned in [62], initial results
were shown by two independent groups in 2020 [66,67]. Proof-of-
principal work was presented in 2023 [68] and the applicability of
the schemes to higher-order carrier modes is discussed in [69].

Another approach is to forego the phaseplate and inject only
the frequency offset beam, thus relying on the mode mismatch
to excite the higher-order mode. For example, consider the field
HGS’%JF;Z, when the beam experiences a basis change, we obtain

wo+Q w+2
HGO;ql — kovoHGO;qz

+ ko HGYHE + O(AZ, AZ). %)

2592

On transmission of the cavity, the auxiliary modulation is fil-
, and HGwOJrQ In general, these do
not produce a beat as they are dlfferent modes, however, on a finite
area photodiode or on a BPD a beat note will be produced. The

CLF

tered away leaving only HG;"

OPO

Phase

Lascr plate

AOM

| YARM
! XARM

OMC

400 MHz

— M HGyy + HGy

— Carrier — 400 MHz =~ - [J AWC Mirror

Fig.4. Suggested implementation of a RF beam shape modulation ina
gravitational-wave detector. The modulation is generated with an AOM
and phaseplate; it then co-propagates with the squeezed light until the
OMC. At the OMC it is reflected and the mode-matching can then be

inferred. Reprinted with permission from [53], (©) The Optical Society.
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scheme is an extension of the 1984 Anderson alignment sensing
proposal [13] and was recently published [70]. Furthermore, by
observing on transmission, there is the possibility of developing a
scheme directly sensitive to the mismatch between cavities [70].
However, the mode separation frequency of the second cavity must
be within the FWHM of the first cavity. The HGS);(;Q sideband

is then resonant in the first cavity. On a mismatch between the

cavities it scatters into the HGwO+

mode with complex ampli-
tude given by Eq. (2). This technlque is powerful as it is the first
direct measure of mode mismatch between coupled resonators.
Some proof-of-principal work has been carried out at LIGO

Livingston [71].

D. Beam Decomposition

The previous section deals entirely with matching the complex
beam parameter of an incoming light field to the complex beam
parameter of a resonator. However, mirror surface roughness [72],
parametric instability [73], and thermal transients can all degrade
the mode basis [25]. These degradations shift the mode basis away
from the ideal HG one, which is only valid for infinite diameter,
perfect, spherical mirrors in free space.

In this abstract space, two figures of merit are important. First,
the overlap between the input laser eigenmode and the resonator
eigenmode, which dictates the power in cavity and, thus, the shot
noise level of the detector; second, the overlap between the squeezer
eigenmode and the resonator eigenmode. This overlap dictates the
maximum possible quantum enhancement. These two things must
be optimized without causing resonances that lead to instabilities.

In the remainder of this section, we will review two key ideas.
The first is the phase camera, a Cartesian decomposition of the
wavefront, referenced to some characteristic beam. The second is
to decompose the beam into some known reference basis, using
eitheran optical convolution or reference cavity.

1. Phase Cameras

Phase camera is the name colloquially given to devices that perform
radio-frequency differential wavefront sensing at significantly
higher spatial resolution than can be achieved with segmented
photodiodes. The namesake relates to their ability to produce
image maps of the transverse amplitude and phase of optical beats
between frequency-shifted beams. By contrast, Hartmann wave-
front sensors measure only the combined wavefront and segmented
PDs can usually measure only one mode.

There exist principally five designs of phase cameras, which
differ in their approach to measuring the spatial profile of the
optical heterodyne field. The first, and most natural design would
be a high-element-number PD array, where each element is simul-
taneously demodulated at the desired frequency. However, the
typical frequency offset for a GWD sideband is 1-100 MHz and
so cross-talk between the elements poses challenging limits on
the bandwidth and performance of these devices. The three most
developed designs of phase cameras are highlighted in Fig. 5, and
the following paragraphs discuss each of these individually.

Scanning pinhole phase cameras. The first phase camera
was developed to image the differential wavefront of the GWD
sidebands compared to the carrier [74]. In the first demonstration
[75], a frequency offset reference beam was combined with the test
beam on a beam splitter. The field was then reflected from a pair of
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Fig. 5.

4

when individually measuring the sideband field(s), rather than measuring the beat of the carrier and sideband field, which is as shown here.

galvanometer-driven steering mirrors onto a pinhole photodiode.
By demodulating the photodiode signal at the difference between
the reference field and the test fields, phase and amplitude maps
could be obtained of the carrier and sidebands independently.

In the first applications of the phase camera [74,76], the ref-
erence field was no longer used. Instead, by demodulating at the
difference between the sideband and carrier frequency, phase and
amplitude maps could be obtained of the sideband referenced to
the carrier wavefront. The technology was very mature and has
been used to study the mode structure of initial LIGO [77] and
assist with commissioning the initial LIGO OMC [74,76].

The scanning phase camera has seen significant development
since the first proposal. Modern cameras simultaneously image
11 sidebands (upper and lower sideband at five demodulation
frequencies plus the carrier). Each image has 214 pixels, with
maximum phase resolution ~4 /1600 (at the center of the beam)
acquired in under a second [78]. In contrast to the first version,
the cameras can scan either the test beam, or both beams over
the pinhole. They make use of high-dynamic-range ADCs, fast
FPGAs, and calibrated actuators to achieve this resolution. Due to
the slow scanning speed when compared to environmental phase
fluctuations, this resolution is only achievable for differential phase
images between carrier and sidebands. See [78] and references
therein for further details. This style of phase camera is routinely
used in the Virgo GWD [79]. There, differential phase images
are preferentially obtained to mitigate phase fluctuations in the
reference beam fiber and also the residual motion of the benches
themselves.

Optical lock-in phase camera. Optical lock-in phase cameras
use amplitude modulation to optically demodulate the RF beat
down to ~100 Hz where it can be measured with a standard CCD
camera. The amplitude modulation is achieved with a Pockels
cell and waveplates, which first modulate the polarization, and a
polarizing beam splitter (PBS) that converts this into amplitude
modulation. The Pockels cell is driven at the desired sideband
frequency, with large voltages ~1 kV being required to achieve
adequate modulation depths. Amplitude and phase maps are
acquired by subsequently stepping the phase of the amplitude
modulation through ¢ =1[0, 7/2, 7w, 37/2] and recording
images. The four images taken are then digitally processed into
amplitude and phase maps.

The technique was proposed in [80], where a 2 Mpx camera is
used to produce images with sensitivity up to —62 dBc after 2 s of
averaging. Subsequently, the camera has been trialed at LIGO [81]

and used to image parametric instabilities [82], thus determining
the mode of the PI. Further work has explored using neural net-
works to determine the mode decomposition of the beam [83].
However, the camera can only image one sideband ata time. Future
integration work will need to consider stable and efficient gener-
ation of the large driving voltage (~1 kV) at tunable frequencies,
with minimal RF contamination of the laboratory environment.

Time-of-flight phase camera. Time-of-flight (ToF) cameras
(e.g., [84]) are a mature technology used in many augmented
reality products, including smartphones and video games. The
operating principle is that a set of infrared light emitters turn on at
t = Tyand offatr = 77, and the cycle repeats at 7;. Four quadrants
of a pixel are triggered to collect charges at four different phases
between the 7j and 7;. By taking the ratio of the charges collected
in each pixel, the distance can be estimated. A distance L can only
be measured unambiguously provided as long as it does not exceed
the wavelength of the modulation, L < ¢(7; — T7) /2.

ToF cameras were proposed as phase cameras by the Advanced
Virgo team (Section 7.7.1.3 in [85]). The light is discarded
and the quadrants of each pixel are clocked at the frequency
difference between the sideband and the carrier, similar to the
optical demodulation approach. This means that only one spec-
tral component can be interrogated at a time. Up to 100 MHz
demodulation with —62 dBc has been demonstrated [86].

Spatial light modulator based phase cameras. Spatial light
modulator based phase cameras tag each pixel on a reference beam
with an orthogonal code [87]. The code is imprinted on the ref-
erence beam with a spatial light modulator (SLM). This reference
beam is combined with a test beam on a beam splitter, which can be
focused onto a single photodiode. By demodulating photodiode
data, with the code for a particular pixel, information is obtained
on the phase and amplitude of the beat note for that pixel. For a
SLM with 9 pixels, nine concurrent demodulations must take
place. Further work is required to adapt the scheme to image the
sidebands in a terrestrial GWD.

Summary. Table 1 compares the performance of the current
most developed types of phase cameras. For further details on using
phase cameras to measure mode mismatch, see [88].

2. Modal Weighting

Since both the HG and LG modes are orthonormal and form a
complete basis, any electric field can be described by
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Table 1. Phase Camera Parameter Comparison’
Scanning Optical Lock-In Time-of-Flight

Pixels (px) 128 x 128 2048 x 2048 320 x 240
Frame rate (fps) 1 (max. 10) 10 (max. 100) max. 60
Sensitivity (dBc/px) —61 (at 1 fps) —62 (at 0.5 fps) —62 (at 1 fps)

—72 (120 x 128 px, 1 fps) —50 (at 7 fps)
Detectable beam diameter change (%) 2.3 0.15 1.1
Spatial precision (mode weight ppm) 16500 1100 7800
Phase RMSE (nm) 0.7 Not available 0.1
Maximum frequency 250 MHz 100 MHz 100 MHz
Num. demodulations 11 1 1

“The values presented were extracted or derived from [78-80,86], respectively. The detectable beam diameter change assumes a telescope to image the beam onto the
camera. Assuming the beam diameter on the camera is 1/3 of the aperture, the detectable change is 3/(Num. Pixels). Spatial precision is computed from the spot size

change using Eq. (2). The sensitivity for the scanning phase camera was computed taking into account the optimal power in the reference beam [79].

E(;v t) = Z ﬂn,m,jun,m CXP(iwjf)v (8)

n,m,j

where #,,,, denotes either the HG or LG mode. The process of
determining the parameter 4,,,,,, ; for a given electric field is called
modal weighting.

Diagnostic breadboards. One of the options to determine the
modal weights is to perform a mode scan. To perform the mode
scan, a special optical resonator is assembled that should be stable,
with clear separation between different modes. Usually, a cavity
like the LIGO pre-mode cleaner is used [89]. Kwee ez al. developed
a diagnostic breadboard based on the pre-mode cleaner, which was
able to perform the mode weighting along with measurement of
the beam pointing and relative intensity noise [90]. This method
was successfully used in 2015 to characterize thermal lensing in
various materials [91] and has inspired follow-on work in the
FSOC community [92]. However, it is only possible to obtain the
mode power, |, s, ;|?, rather than the complex mode weight.

In 2010, Takeno ez al. developed an extension to the diagnostic
breadboard approach, where the phase and amplitude of devia-
tions from a perfect Gaussian mode could be imaged. The result
is a phase camera that processes only deviations from the carrier
mode [93].

Spatial filters. An alternative approach is to use a spatial filter to
compute the fraction of light in a particular mode. This is achieved
by passing the beam through a basic optical convolution processor
(BOCP), consisting of a phaseplate, lens, and aperture, all sepa-
rated by the lens focal length, as illustrated in Fig. 6. It is possible to
show, by application of the Rayleigh-Sommerfeld equation, that
the on-axis intensity is equal to

exp(i2kf +7/2))
A

1(0, 0, zpp) ~

x/[ E(E. 1. 2onepiue) TE. mdEdy. (9)

Such a derivation may be found in many places (e.g., §3.1 [94]).
If 7(¢, n) = u} (&, n), then, since the HG and LG modes are
orthonormal, the on-axis intensity is proportional to the power in
the 7z, 7 mode:

1(0, 0, zpp) X a ;,/ f*12. (10)

Fig.6. Mode weighting with a spatial filter. An incoming electric field
E(&, n) is passed through a phase modulating plate, with transmission
function T'(€, n). In the far field the on-axis intensity is proportional to
the overlap integral of T'and E.

f denotes the focal length of the lens and we have implicitly
assumed the light is monochromatic (e.g., [95]). This idea was first
proposed by Golub in 1982 [96].

However, difficulty fabricating the photographic plates led
to a slow adoption of spatial filters [97]. Approximate amplitude
modulation can be achieved on a phase-only device by varying
the depth of a blazed grating [98], thus eliminating the need for a
separate mask. This, combined with the popularity of liquid crystal
based spatial phase modulators [99], led to a resurgence in the
technology [100]. A more rigorous technique for amplitude modu-
lation was developed by Bolduc ezal. [101]. Another approach is to
use computer generated hologram correlation filters [102]. Computer
generated holograms are now popular and there exists a dedicated
review on the topic [97] along with an earlier text [103], to which
the reader is referred for further general information.

Within the gravitational-wave community, mode weightings at
the part-per-million level are required. A thorough tolerance analy-
sis of spatial filters found that the mode precision is limited by:
a) the relative positioning accuracy and b) finite aperture effects.
These cause cross-coupling of unwanted modes [95]. Overcoming
these limitations resulted in a mode (power) weighting precision of
4000 ppm. Further investigation used a meta-material spatial filter
to achieve a mode (power) weighting precision of 0.6ppm/~/Hz
[104]. The optical apparatus was fully integrated into the LIGO
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Table 2. Comparison of some of the Direct Sensing and Mode Decomposition Technologies®

Precision [Mode Weight] Integration Tested in GWD
Spatial filter 0.6 ppm/~/Hz [104] To LIGO CDS [104] No

4000 ppm (RMS) [95]

Diagnostic breadboard 20 ppm (RMS) [90] Complete All
Phase cameras 1000 ppm (1 Hz) [Table 1] Complete LIGO, Virgo
Resonant wavefront sensing 15000 ppm [51] Complete LIGO
Radio frequency beam modulation 100 ppm (RMS) [53] No No

“Conversion from fractional waist radii to mode weight is obtained from Eq. (2).

Control and Data System. Further work on back-scatter and longi-
tudinal tolerance analysis are required before spatial filters could be
integrated withina GWD.

E. Summary of Sensing Technologies

In this section, we have reviewed several different schemes for sens-
ing eigenmode mismatch. GWDs use a careful design procedure
informed by the simulation to ensure their optical telescopes will
achieve high magnification while also ensuring insensitivity to
small radii of curvature errors. This is complemented by Hartmann
cameras that image the thermal deformations of the main optics.
Several technologies have been proposed and trialed for direct
mode sensing, including resonant wavefront sensing, mode con-
version, and radio frequency beam modulation. Additionally,
several technologies have been proposed for beam decomposition
including: phase cameras, diagnostic breadboards, and spatial
filters. We presenta comparison in Table 2.

3. PRECISION ACTUATION OF SPATIAL
QUANTUM STATES

The required actuation on mirror radii of curvatures in advanced
GWDs ranges from ~100 pD on the test masses [8] to ~100 mD
on the input and output optics [105]. Many adaptive optics
technologies already exist, but are unsuitable for use in a GWD.
Requirements on scattered light exclude many mirror tech-
nologies. For example, spatial light modulators are excluded by
wide-angle scatter caused by the pixel grid. It is challenging to
polish ultra-thin mirrors to meet the scatter requirements and this
excludes many unimorph (e.g., [106]), monomorph (e.g., [107]),
and various bimorph (e.g., [108,109]) mirrors. Mirrors must
be suspended from complex seismic isolation chains to suppress
phase noise and thermal noise and this excludes many mechani-
cal and piezo-actuated mirrors due to vibrations, phase-flicker,
and 1/ f noise (e.g., [87,110,111]). Finally, vacuum outgassing
requirements exclude many commercial solutions.

The gravitational-wave community has coalesced around three
sets of solutions. First, for the core interferometer, transmissive
optics are radiatively heated to introduce thermal lensing. Second,
the input path must survive high optical powers and so transmis-
sive (or reflective with the HR surface after the substrate) optics
are heated by direct thermal contact. Lastly, the output path has
ultra-low-loss and phase noise requirements, so reflective optics,
which are mechanically stressed, are used.

A. Core Interferometer

Within the core interferometer, we will review four approaches
used to develop appropriate radiative heating patterns on the optic.

1. Ring Heaters

Ring heaters were discussed as early as 2002 [112] and first tested at
the GEOGO00 observatory [113]. These ring heaters can be used to
compensate for thermal lensing and also to correct for small radii
of curvature errors. While thermal lensing mainly occurs at the
center of a mirror, because that is where the laser beam deposits its
energy, the ring heater heats the outside barrel of a mirror. Figure 7
illustrates the concept.

Fused silica has both a positive refractive index change with
temperature, dn/dT >0, and a positive coefficient of ther-
mal expansion, 4L/dT > 0. For the ITM, the recycling cavity
eigenmodes are affected by both dn/dT and dL/dT. The arm
cavity eigenmode is only affected by &L /d T on both test masses.
Therefore the heating at the edge creates a more convex mirror,
offsetting the central heating caused by absorption of the Gaussian
laser beam. The heaters are made of two Pyrex rings surrounded
by a polished copper shield, which reflects the radiation onto the
test mass. The Pyrex ring is heated from a conductive wire wrapped
around [8,114,115].

Because the ring heater acts by reducing the thermal gradient, it
can only induce a reduction of the radius of curvature of a mirror.
For a typical fused silica mirror with a nominal radius of curvature
around 1.5 km, the ring heater at maximum power is able to reduce
the radius of curvature by 100 m (~100 puD) [8,114].

A variant of the GEOG600 ring heater is also used on the signal
recycling mirror 3 (SR3) in Advanced LIGO. In this instance, a
ring behind the test mass causes a thermal expansion of the outer
edges of the mirror, thus making SR3 more convex [116].

In Advanced Virgo, ring heaters have been installed also to
tune the radii of curvature of the recycling mirrors (both PR
and SR) and of the optics the filter cavity for the injection of the
squeezing [114].

Recently, Richardson ez al. have investigated extending the
use of the ring heater concept to the front surface of the test mass.

(a) (b) (©)

Fig. 7. Ring heaters. (a), (b) Reproduced from [114] under the CC-
BY-4.0 License. (c) Reproduced with permission from [8], (© The Optical
Society. (a) Drawings for the ring heater in Advanced Virgo. (b) Depiction
of ring heater around test mass. (c) Photograph of a ring heater installed in

Advanced LIGO.
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Referred to as a front surface type irradiator (FROSTI), it would
allow a non-spherical radius of curvature to be created by ther-
mally tuning a spherical optic [117], thus changing the resonance
condition of very-high-order optical modes, as discussed in
Section 2.A.

2. Central Heating Radius of Curvature Correction

Peripheral heating solutions like ring heaters can only reduce the
radius of curvature. While this allows to compensate for thermal
effects (thermo-optic and thermo-elastic), there may be situa-
tions where it is necessary to increase the radius of curvature of an
optic, for example, to compensate for deviations from nominal
specifications. The central heating radius of curvature correction
(CHRoCC) projects a heat pattern onto the center of an optic,
increasing the radius of curvature. The device is a black body emit-
ter inside a heat shield, together with an ellipsoidal reflector used to
project the heat into the target optic [118].

It was initially proposed and developed to correct the radius of
curvature of the end test masses in enhanced Virgo. The change of
the radius of curvature of the mirrors shifts the resonance frequency
of higher-order modes, which were otherwise degenerate with the
fundamental mode, causing locking instability issues [118]. In
this instance, the dynamic range was almost 1000 m change in the
radius of curvature. Currently, these CHRoCC devices have been
installed to increase the tuning possibilities of the power and signal
recycling mirrors in Advanced Virgo.

3. CO, Lasers and Compensation Plates

Shortly after the GEO600 demonstration of a ring heater [113],
compensation plates were proposed [112,119] and tested at the
High Optical Power Test Facility, Gingin, Australia [120]. The
premise is to install a dedicated optic, with strong optical path
length change with temperature. One concept was to use materials
where eitherdn/dT < 0ordL/dT < 0([121] and therein). This
has been successfully implemented for Faraday isolators in GWDs
[122,123]. However, as Zhao explains [124] it was difficult to find
suitable materials for use in a cavity.

The interferometer is much less sensitive to noise on the CP
than noise on the test mass, and so actuation can be much stronger
[125]. For example, in the first proposal, a conductive ring heater
was glued onto the compensation plate, which would not be pos-
sible on the test mass. However, in later revisions, this was swapped
for a powerful CO; laser [126]. The CO, emits at a wavelength of
10.6 pum, which is strongly absorbed by fused silica. The absorbed
light changes the optical path length through the material and
tuning the intensity of the laser adjusts the change to optical path
length [8,115]. In aLIGO, the CP was initially polished flat [127]
and then re-polished with some focal length offset [128].

The CO, laser and CP can be used as either a positive or neg-
ative lens [8,115]. When shining a Gaussian beam at the center
of the compensation plate, the temperature rises in the middle
and the radius of curvature of the optic is increased. This mode of
operation is called central heating.

In Advanced Virgo, the aberrations due to the average coating
absorption, which are mostly radially symmetric, are corrected for
by shining two annuli-shaped ring patterns on the compensation
plates. The optimal compensation heating pattern was estimated
using a FEA simulation [85]. These two ring-shaped intensity
patterns are obtained with two axicon lenses. A combination of

waveplates and lenses is used to control the intensity and thickness
of each ring, respectively. This set-up is called the Double Axicon
System (DAS) [115].

Finally the CO, laser can also be used in combination with a
scanning system [112,129], to compensate for non-axi-symmetric
aberrations. The beam is moved with a constant speed over the
compensation plate and the intensity is adjusted for each location
according to a correction map. Additionally, work is ongoing at
Virgo [130] to use the modified Gerchberg-Saxton algorithm
[131] and a commercially available deformable mirror to shape the
CO;, laser beam and develop novel heating pattern beams.

4. Matrix Heaters

Matrix heaters are arrays of heaters that can illuminate a heat-
ing pattern onto the test masses. This heating pattern deforms
the optic surface, leading to the enhancement or suppression
of particular optical modes. The first proposal [132] was to use
9 x lcm x 1 cm pixels operating between 500° and 1200°C.
The proposal suggested placing this outside the vacuum system
and imaging it onto the test mass using a ZnSe lens. The heating
pattern could then be used to tune problematic higher-order-mode
resonances in the arm cavities. One of the study’s coauthors then
developed a thorough optimization procedure that could be used
to minimize wide-angle scatter caused by mirror surface roughness
(133].

The first demonstration of a matrix heater [134] was at
GEOG600; 198 individually addressable heating elements were
arranged on a PCB. The heating elements could dissipate 1 W at
around 600°C (A 24 pm). In this instance, the imaging appa-
ratus consisting of a ZnSe vacuum window is used along with a
parabolicaluminum mirror.

The matrix heater concept has been further developed at Virgo
[135,136], to cope with localized heating from highly absorbing
regions of the test mass, with a characteristic size of about 100 um,
known as point absorbers [137]. These absorbers cause scattering
of power from the fundamental mode to higher-order modes in the
arm cavities, thus increasing the round-trip losses. The peculiarity
of the Virgo solution is that the corrective pattern is produced
through the use of a binary mask illuminated by a single heating
element. This allows to greatly simplify the driving electronics and
to increase the spatial resolution of the actuator, being equivalent
toa40 x 40 array of heaters. The mask is then imaged onto the test
mass using a germanium lens and ZnSe vacuum window.

B. Input Path

The idea to place some smaller active optical elements in the vac-
uum system naturally arises following the development of the
compensation plates. The initial design for aLIGO had provision
for two adaptive optical elements [40]. The design was similar to
the initial compensation plate. In this instance, a circular aperture
SF57 substrate was used as a lens [138]. This lens was held in place
by four segmented metal clamps in thermal contact with the barrel
of the optic. The clamps were heated by a resistive wire wrapped
around the clamp. The substrate was polished to be flat on both
sides; by heating the clamps the optical path length on the edge of
the mirror could be increased, and thus, a negative lens could be
formed with dynamic range /> 10 m [139]. The transfer func-
tion was stable, with a unity gain frequency of around 20 mHz,
DC gain of around 100, and it did not significantly degrade the
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beam quality [140]. By actuating each quadrant independently,
tilt and astigmatism could be introduced into the output [138].
However, the optic was never installed as the mode matching in the
input optics was never considered a performance limitation [141].
Furthermore, there were concerns about excessive heat on the table
interfering with the seismic isolation [139]. 200 mD of actuation
was achieved with 10 W of heating [142]. The work is summarized
in [142].

The idea can be expanded by using a mirror and placing the
AR surface at the front and the HR surface at the back. In this way,
the beam passes through the substrate twice. On the HR surface, a
multielement heating array can be bonded. An initial proposal used
nine heating elements and found minimal hysteresis and excellent
linearity [143]. 64 mD of focal length actuation was achieved with
only 160 mW, reducing the thermal load on the isolated tables.
Meanwhile promising results were shown for astigmatism actua-
tion. In the 2013 proposal [144], 61 heaters were used, enabling
the correction of Zernike modes up to fifth order.

C. Output and Squeezing Path

The output and squeezing paths of current GWDs require ~90%
[145] mode matching to ensure excellent quantum efficiency
between the cavity used to generate the squeezing, filter cavity,
interferometer, and output mode cleaner (e.g., [146,147]). This
path has similar requirements to the input path. However, instead
of high-power handling, requirements exist on back-scatter, phase
noise, and loss. As noted in [148], these requirements justify a new
class of solutions such as thermally actuated bimorph mirrors, with
high dynamic ranges. The operating principle is that a 6 mm thick
mirror is inset into an aluminum ring. The inner diameter of the
aluminum ring is smaller than the outer diameter of the mirror, and
thus applies a compression bias. The compression bias crushes the
mirror to be more convex. As the mirror is heated, the compression
bias is decreased. Further work is ongoing to demonstrate concave
mirrors and larger diameters [149].

The excellent noise characteristics of the thermally actuated
mirror make it ideal for use in the GWD output paths. However,
for the filter cavity paths, it was required to dither the radii of
curvature at O(1-10 Hz). Since the unity gain frequency of the
thermally actuated mirrors is O 1 mHz, a new technology was
required for the filter cavity path. The adopted solution is a care-
fully engineered piezoelectrically actuated mirror. The design uses
preloading and a custom flexure to convert the stress from the
piezo into a spherical deformation while meeting the aLIGO noise
requirements [150].

4. APPLIED MISMATCH MITIGATION STRATEGIES

A mathematical derivation of dynamics of thermal issues in
gravitational-wave test masses was published in 2009 [151].
Summaries of the thermal compensation systems in the core inter-
ferometer of Advanced Virgo were published in 2011 [7], 2019
[115], and 2023 [114]. A summary of the thermal compensation
system in the core interferometer of Advanced LIGO was pub-
lished in 2016 [8]. In this article, we will briefly summarize the
sensing schemes and actuation channels that are routinely used
throughout the entire interferometer in both LIGO and Virgo.
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A. Input Optics

The active optics for the input optics is a critical subsystem, as
higher-order modes can mediate the transfer of noise into the
GWD readout. For alignment, resonant wavefront sensing (see
Supplement 1, Section E) is routinely used. Actuation is then
provided by coil-magnet actuators ( [152] and therein).

For sensing the beam waist position and radius diagnostic,
calibrated cameras are placed in the near and far fields of the beam
[40]. These camerasare placed between the IMC and PRC, to track
the eigenmode in the IMC. This eigenmode will change as IMC
heats up. In addition, pick-off photodiodes in the input path and
PRC monitor the power recycling gain. The power recycling gain
depends on mode matching efficiency among other things.

Section 3.A.3 discussed the idea of optics with a negative optical
path length change with respect to temperature. This was not
used for compensation plates; however, the Faraday isolators in
the GWD input optics do contain a thermally driven positive lens
[122].

B. Squeezed Light Injection and Interferometer
Output Path

Active optics on the squeezed light and interferometer output paths
are critical to realizing high levels of quantum noise suppression.
All the techniques specified in the previous section are used.

There are various options to sense the mode matching between
the interferometer and OMC. One commonly used approach is to
partially lock the interferometer and use the OMC as a diagnostic
breadboard (Section 3.D.2). However, there are several issues.
For example, the output beam contains many sidebands and junk
light, which contaminates the measurement of mode matching.
Additionally, the length sensing and control scheme for the full
interferometer requires the OMC to be locked; therefore the state
of the interferometer during the OMC scan does not represent the
state used for gravitational wave detection.

Another useful measure is the complex transfer function
between the test masses motion and displacement readout [71].
Maximizing the gain of this transfer function indicates high
optical power in the arm cavity and, thus, good mode matching.
However, without linear error signals, this cannot be automated.
Furthermore, the function depends on many interdependent
parameters and cannot be uniquely constrained to mode matching.

For the squeezed path, the squeezing level into the interfer-
ometer and the audio diagnostic field [65] are used to infer the
squeezing mode matching. In terms of actuators, both thermally
and piezoelectric actuated bimorph mirrors are used (Section 3.C).
However, as with the transfer function method, it cannot trivially
be automated and requires substantial commissioning time to
diagnose issues.

C. Core Interferometer

Within the core interferometer, it is exceptionally challenging
to define a mode basis. Despite efforts to produce perfect spheri-
cal mirrors, effects such as point absorbers [137], apertures, and
surface figure errors shift the mode basis away from the HG
basis. This leads to a shift in the accumulated Gouy phase. The
problem is further complicated by thermal transients that add a
time-dependent Gouy phase change. The Gouy phase change can
bring unwanted modes onto resonance, destroying the sensing and
control schemes.
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At the time of writing, current detectors use a variety of tools to
infer to the desired operating point. The complex transfer method
described above is frequently used. In addition, maximizing the
power recycling gain and scans of the arm cavities are also used to
infer the state. However, at LIGO the only dedicated mode sensing
actuator is the Hartmann sensor. The Hartmann sensor is only
sensitive to changes in the thermal state and does not offer a quan-
titative decomposition of the mode content in the arms. Thus, it
is not possible to clearly identify higher-order-mode resonances
throughout the core interferometer, nor it is trivial to extract mode
sensing error signals for automatic mode matching. Actuation is
provided by: the ring heaters, compensation plates, and SR3 heater.

At Virgo, the use of marginally stable recycling cavities amplifies
the sensitivity to mode mismatch. In addition to the methods
above, Virgo makes routine use of scanning pinhole phase cameras.
Two of these devices are currently installed, the first one at the
output port of the interferometer and the second one on a pick-off
beam extracted in the PRC. Figure 8 shows a schematic diagram of
the phase cameras in a GWD. Another phase camera is planned in
reflection of the PRC in the future. In the Virgo implementation, a
frequency-shifted reference beam is obtained from a pick-off in the
main laser beam. The pick-off is fiber-coupled to the phase camera
installation. The shifted reference beam is useful for differenti-
ating the upper and lower sidebands, which is useful as sideband
imbalance is known to cause issues in the locking of cavities [153].
However, phase noise along the path of the optical fiber, during
the measurement time (~1s), limits the accuracy of the phase
measurement allowing, nowadays, only differential phase mea-
surements between carrier and sidebands. Some optical fiber phase
noise cancellation techniques are under test to be implemented in
future upgrades in order to be able to independently measure the
absolute phase of the different beams (carrier, and upper and lower
sidebands). Moreover, the information provided by the images
acquired by the phase cameras have been used to estimate the mode
content of the carrier beam at the output of the interferometer
[154], giving inputs on the actuation needed to reduce the reso-
nance of higher-order modes in the FP cavities. An optimization of

the data processing of the phase camera images is in progress with
the aim of estimating the mode content of all the acquired beams.
This will help in the evaluation of the mismatch level in the various
cavities of the GWDs.

5. FUTURE REQUIREMENTS

Two next-generation GW detectors are anticipated to be opera-
tional around 2035: Cosmic Explorer (CE) in the US [155] and
Einstein Telescope (ET) in Europe [26]. In addition, we anticipate
the routine use of integrated quantum photonics to produce vast
entangled networks [156], imaging below the shot noise level
(e.g., [157]), and define ST units [158]. In this section we will begin
by reviewing the challenges faced by future GWDs; we will then
discuss the work required to integrate the mode sensing solutions
described in Section 2 into these detectors. Lastly, we will close
with a discussion on how this work could be applied outside the

field of GWD.

A. Future Requirements for Gravitational-Wave
Detectors

ET will be an underground facility, hosting three pairs of interfer-
ometers, each 10 km long with 200 kg test masses. Each pair will
contain a low-frequency (ET-LF) and high-frequency detector
(ET-HF). The reference design for ET-LF is a cryogenic detector
with mirrors at 10 Kand only 18 kW of optical power in the arms.
The reference design for ET-HF is to operate at room temperature
with 3 MW of optical power in the arms.

CE is a conceptual design for a 40 km long detector with
1.4 MW of optical power and 320 kg test masses. The reference
design for CE is a singular, broadband interferometer with the
potential to build a 20 km second interferometer, possibly in
the southern hemisphere [27]. There exists scope for a potential
upgrade to CE, referred to as CE2, which may integrate longer
wavelength lasers and cryogenic silicon optics. Both CE and ET
can operate independently or as part of a global network, enabling
unprecedented cosmological reach and high detection rates [27].



Vol. 11, No. 2 / February 2024 / Optica 284

Several intermediate detectors and prototypes have been pro-
posed to bridge the technological gap between the current and
future detectors. Current detectors have around 40 kg, room
temperature test masses with around 300 kW of optical power.
One intermediate detector is the Neutron Star Extreme Matter
Observatory (NEMO), which uses 4.5 MW of stored optical
power and 70 kg mirrors at around 130 K mirrors [28]. Another is
the LIGO Voyager project, which proposes 3 MW of optical power
with 50 kg, 123 K mirrors [159]. The cryogenic community is
supported by several prototypes [160-163].

The Virgo project is developing Advanced Virgo Plus, Phase
II [164], which uses 100 kg room temperature mirrors and will
operate in the 5th Observing Run. The LIGO community is
currently using the term A# to refer to the upgrade in the LIGO
vacuum enclosure, following the 5th Observing Run. This will
likely involve heavier test masses, 10 dB of squeezing, and 1.5 MW
of stored optical power in the arms [165]. The Virgo community is
using the term Virgo_nEXT for a similar upgrade [166]. The larger
test masses may suppress many radiation-pressure-mediated angu-
lar instabilities ( [167] and references therein), therefore enabling
higher power operation. Furthermore, larger test masses may
permit larger beam sizes, reducing coating thermal noise [151].

B. Semi-Classical Mode Sensing and Control
Challenges in Future Detectors

These changes required by future detectors will have several impor-
tant effects on the interferometer modes.

First, the free spectral range of the longitudinal resonance of
arm cavities is close to the detection band, around 3.8 kHz for
CE and ~15 kHz for ET. This means that the majority of higher-
order modes are within the detection bandwidth. Even while
operating on the fundamental mode, Brownian motion on the
test mass scatters light into higher-order modes. As such, when
within the detection bandwidth, their control and suppression are
significantly more difficult.

When a high overlap is achieved between a mirror mechanical
mode and an optical mode, the optical mode can become resonant
at a frequency offset. The radiation pressure may then drive the
mechanical mode, causing the system to become unstable. The
effect is referred to as parametric instability (PI, e.g., [168] and
therein), and the parametric gain depends on the optical power
and accumulated Gouy phase, among other things. As the stored
power increases, the effects of PI will become more severe [169].
Furthermore, as higher-order modes are brought into the detec-
tion band PI will be harder to control. As such it will be critically
important to minimize scatter into higher-order modes and avoid
Plamplification.

Future detectors will likely use larger diameter test masses.
These large dimensions will put strict requirements on the polish-
ing of the optical elements. Surface figure errors over the large area
of the test mass contribute to shifts away from the HG mode basis,
thus making an analytic description of the interferometer state
intractable.

High powers in the interferometer will lead to large transient
thermal effects in mirror substrates, especially in the central beam
splitter. This is especially true for ET-HF and CE, which use fused
silica and operate at room temperature. In the current generation
of detectors, this time-dependent mismatch has caused numerous
problems. For example, by changing the mode shape and basis
in the recycling cavities, the resonance conditions for the control

sidebands in the first-order HG modes are shifted. Since these
sidebands are used for angular sensing and control, changing res-
onance conditions introduces additional noise into the detector.
Additionally, a changing mode basis means the PI gain becomes
time-dependent and substantially complicates PI mitigation.
Lastly, differential changes in the mode basis couple laser frequency
noise into the interferometer output signal, further limiting sen-
sitivity. Given these constraints, the current detectors are able to
operate using ~1 W of ring heater power [170] and limiting to
~300 kW arm power (e.g., [171-173]).

A comprehensive study of the actuator requirements for further
increases in LIGO arm power has been carried out [174] and it was
determined that increasing arm power will require increased ring
heater and CO; power as well as potential new actuators such as
FROSTI.

For cryogenic detectors, the thermal conductivity of crystalline
silicon at ~100 K is ~900 W/m K [175]. In contrast, the thermal
conductivity of fused silica at room temperature is ~1 W/mK
(e.g., [176,177]). When used for laser mirrors, the effective
thermal conductivity of cryogenic silicon is slightly increased
[178]. A trade-off study on cryogenic suspensions for high-power
GWDs found that geometric distortions will be suppressed by
several orders of magnitude compared to their room temperature
counterparts [179].

C. Challenges on the Way to 10 dB Squeezing

Both ET and CE reference designs require 10 dB of quantum noise
suppression to reach design sensitivity. In order to suppress both
quantum shot noise at high frequencies and quantum radiation
pressure noise at low frequencies, quantum uncertainty has to be
squeezed in different quadratures at different signal frequencies.
Such frequency-dependent squeezing is achieved by reflecting
squeezed light off a filter cavity [145,180-183]. Reaching 10 dB
of squeezing requires the total optical loss to be less than 10% in
the full detection band. There are several sources of squeezing
degradation, such as direct optical loss in the filter cavities and the
detector, scattering loss, length and phase noises, coupling two
quadratures of squeezed light, and, importantly, mode mismatch
(e.g., [15-17,184]). The overall effect of mode mismatch would
have to remain atalevel below ~1 % (p. 120 [26] and §8.3.5 [27]).

Mode mismatch affects squeezing level in two distinct ways: as
the direct source of optical loss, and as an additional degradation
due to a dephasing mechanism [146,147,184]. In this mecha-
nism, the squeezed vacuum coherently couples into a higher-order
mode and then back into the signal mode after acquiring some
(unknown) phase. Due to this additional phase, the back-coupled
light contributes a part of anti-squeezed quadrature into the
squeezed mode, thereby degrading it. The coupling phase depends
on the specifics of the coupling mechanism, and the detector needs
to be optimized with respect to it.

For CE and ET-HE the large beam radius will require signifi-
cant focusing, likely before and possibly also after the central beam
splitter [37]. This focusing will incur a significant Gouy phase
shift between different HOMs. Various imperfections along the
propagation path, most notably due to thermal effects on the cen-
tral beam splitter, will introduce an additional unknown coupling
phase between different HOMs, thus contributing to the dephas-
ing mechanism and leading to a significant reduction on squeezing
beyond the direct loss.
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ET-LF is planned to operate in a detuned regime, where the
opto-mechanical interaction between the light and test masses
causes an additional resonant signal enhancement for a range of
signal frequencies; the resulting quantum noise level is thus rather
complex. Filter cavities are required to replicate the quadrature
rotation caused by the interferometer. As such, the filter cavity
arrangement for ET-LF is commensurately complex requiring
either two filter cavities (Section D.3 of [185]) or one coupled
filter cavity [186], to achieve the required quadrature rotation. The
dephasing mechanisms will cause significant degradation at the
frequencies around the optomechanical resonance by coupling
a large portion of anti-squeezing into the signal mode. This will
require limiting the amount of squeezing injected into the detector,
thus impacting the overall sensitivity.

D. Recommendations

We identify three clearly separable issues in future room tem-
perature GWDs, first, the coupling of optical states between
resonators, especially in the recycling cavities, output optics, and
squeezing optics. Optimal mode matching is difficult to achieve
by indirect methods due to basis mismatches. For this reason, we
recommend the use of one of the direct mismatch sensing schemes
(Section 2.C), to be included in the baseline design of future inter-
ferometers. In addition to the direct correction, squeezed HOMs
can be employed to further improve the sensitivity [147,187].

Second is the issue of the mode basis degradation in the core
interferometer, caused by point absorbers, marginally stable cavi-
ties, and higher-order effects. Withouta clear understanding of the
mode basis, it is not possible to understand the transient behavior
of the full interferometer. For this reason, we recommend the use
of a dedicated beam-decomposition technology to be included in
the baseline design for future detectors. Furthermore, we note that
future detectors may need actuators able to make non-spherically
symmetric wavefront corrections, in order to mitigate higher-order
effects.

Lastly is the issue of the transient behavior of the interferom-
eter. Both Hartmann sensors and other more novel approaches
would be able to image the transient behavior. However, additional
work is required to develop new actuators to manage the transient
thermal distortions in future detectors, as discussed further in
[188,189].

For cryogenic detectors, further work is required to understand
the requirements on actuation. Depending on the design of the
recycling cavities, it may be possible to leverage the experience
obtained from KAGRA as the detector moves to higher powers.
For cryogenic detectors operating at 2000 nm wavelength, neither
silicon nor InGaAs photodetectors have suitable responsivity.
Extended InGaAs photodetectors are widely available and so mode
sensing solutions requiring photodetectors can be reworked for this
wavelength. However, technologies requiring quadrant or bulls-
eye photodetectors, or cameras, may be prohibitively expensive,
depending on wider market conditions.

E. Beyond Gravitational-Wave Detectors

Photonic states have a broad range of applications. In this section,
we will review a collection of applications and how the mode sens-
ing technologies could be used to further these areas of research.
One area with particular synergies is quantum information
technology. The recent rise of photonic quantum computation
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[190,191], where squeezed modes provide the resource for creating
large-scale entanglement [192,193], requires extremely high levels
of mode-matching and precise mode shape manipulation [194].
Building extended quantum networks with quantum computers
(not only photonic) requires secure and efficient quantum state
transport between different nodes. This is enabled by (continuous-
variable) quantum key distribution (QKD) (e.g., [195]) and
quantum teleportation (e.g., [156]). Given the fixed loss per unit
length of modern communication fibers, it is likely that such
links will involve, at least, one free space component to a satellite
receiver (e.g., [156]). However, atmospheric turbulence adds a
temporally fluctuating mode basis shift, which may be corrected
with the AO (e.g., [196]). This is similar to the temporal basis shift
caused by thermal effects in the interferometer, which degrades
the coherent and squeezed states in the interferometer. As such,
these applications could benefit from the direct mismatch sensing
schemes discussed in Section 2.C. Depending on the application,
such research may also benefit from applying the ultra-low-phase-
noise actuators discussed in Sections 3.B and 3.C to avoid mixing
quantum states.

Several authors have considered the use of higher-order spatial
modes to further enhance communication bandwidths [197,198].
As shown in [199], the fidelity with which the optical state must be
matched depends strongly on the mode order. This area is analo-
gous to matching a laser beam to an optical resonator and therefore
many of the technologies discussed in Section 2 can be applied
directly.

Several quantum technologies have proposed using higher-
order transverse modes to reduce their noise. For example, in
the area of optical clocks, higher-order modes have been pro-
posed to reduce thermal noise [200] or avoid point defects
(e.g., [201]). Then, in the area of cavity assisted atomic inter-
ferometry [202,203], higher-order modes can be used to increase
the size of the beam and, thus, capture more atoms. Finally, in
the field of optical tweezers increasing higher-order mode indices
corresponds to increasingly steep potentials [204], leading to
improved trapping. In all of these cases, switching to a higher-order
transverse mode will lead to increased mode matching require-
ments [199]. In all three cases, matching to an optical resonator is
required and as such many of the sensing and actuation schemes
could be applied. In particular, the RF sensing schemes discussed in
Section 2.C.3 have commensurately stronger error signals [69] and
could be used to optimally match the beam into these cavities. This
could reduce the linewidth of cavities in optical clock experiments,
capture more atoms in atomic physics experiments, and increase
the strength of the potential in optical tweezer experiments.

Quantum imaging technology can benefit from higher-order
modes in several ways. First, entangled spatial modes allow higher
resolution and lower noise in conventional imaging approaches
[205-207]. However, so far these applications were limited by
the ability to create, control, and detect quantum correlations
in higher-order modes. Recent success in generating [207-210]
and observing [211,212] of such states opens the way for their
practical use, assuming they can be efficiently controlled. A second
application in quantum imaging is the super-resolution approach,
where higher-order modes are used to extract additional phase
information and enable sub-diffraction imaging [213-215].
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6. SUMMARY

AO is one of the most important optical techniques with a wide
variety of applications. Gravitational-wave physicists applied active
optics as early as 1985 and applied AO as early as 2003. Following
nearly three decades of development, AO has been successfully
translated to the Gaussian laser optics domain. With the introduc-
tion of frequency-dependent squeezing in Observing Run 4, we
are seeing the routine use of AO to overcome quantum noise in a
practical application.

In this review, we grouped mode sensing solutions into three
categories: indirect mismatch sensing, direct mismatch sensing,
and beam decomposition/basis identification. For each area, we
have summarized the state-of-the-art mismatch sensing tech-
nologies and carried out a historical review of the technology to
date.

We have further grouped actuators into three categories by
area of application: first, the core interferometer, which requires
handling ~10° W of optical power, ~100 D actuation ranges,
and ~10 cm optics; second, the input path, which must han-
dle ~100 mD actuation range and ~100 W of optical power;
finally, the output path requires ~1 W of optical power, ~100 mD
actuation range, and variable bandwidth and actuation noise
requirements. For each category, we have presented several solu-
tions that meet the requirements and indicated which ones are
currently in use.

The current detectors have employed a number of technolo-
gies to reach as much as 6 dB of shot noise suppression without
introducing additional QPRN and maintaining ~300 kW of
circulating power. In Section 4, we summarized the use of resonant
wavefront sensing, diagnostic measurements, phase cameras, and
actuators to achieve this result.

Future gravitational-wave detectors will require exquisite con-
trol of the spatial properties of the wavefront to avoid a plethora of
issues. In Section 5, we have summarized these requirements and
discussed the range of proposed solutions that could be employed
to resolve them. We closed with a discussion of how this technology
could be translated into a plethora of domains from laser commu-
nications to quantum sensing and the authors look forward to a
bright future of enhanced adaptive quantum optics.
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