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Abstract

The low-frequency sensitivity of gravitational-wave detectors can be degraded by noise
arising from the re-coupling of stray light with the main interferometer beam. This review
describes the re-coupling mechanism and shows how the experience gained with current
detectors can be used to anticipate and mitigate stray-light issues in third-generation
instruments. We summarize the work carried out on numerical simulations and on the
extensive characterization of stray light originating from both core and auxiliary optics. We
also discuss possible improvements to the interferometric readout system aimed at reducing
stray-light-induced noise, as well as diagnostic approaches for identifying potentially
harmful scattering elements. Overall, this review summarizes best practices for the effective
control of stray light in future gravitational-wave detectors, supporting design approaches
aimed at preventing unforeseen noise issues.

Keywords: gravitational waves detectors; stray light; baffles; third generation; auxiliary
optics; simulations; diagnosis tools; noise projections

1. Introduction

Stray light is the unwanted light that is scattered, reflected, or diffused away from
its intended path and unintentionally re-enters the optical system, potentially causing
noise or interference. In Gravitational-Wave Interferometric Detectors [1–4], it refers to
light that escapes the main beam, interacts with surfaces or optics, and then couples back
into the interferometer’s main field, degrading sensitivity. This phenomenon is among
the dominant noise sources at low frequencies, a crucial band for many key astrophysical
observations [5]. There are two main mechanisms for stray light to recombine with the
main interferometer field, mainly related to the virtual port involved in the coupling of the
noise. Let us note that in gravitational waves detector interferometers, the term core optics
refers to the (generally suspended) optical components which form the main interferometer,
e.g., the mirrors of the arm Fabry–Perot cavities, the optics of the Power Recycling and
Signal Extraction/Recycling cavities, the main beam splitter, and any possible transmissive
optics sitting in the main interferometer. Output ports is a term which refers instead to
any optical access through which (part of) the main interferometer beam can leave the
interferometer, either by design or by unavoidable imperfections.

1. Light scattered off the core optics of the interferometer can impinge on mechanical
structures and be scattered/reflected back to the same or different core optics, where
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a third scattering event could recombine a fraction of the spurious field with the
interferometer main mode [6,7].

2. Light leaving an interferometer output port traverses multiple optical components,
which can reflect or scatter part of it back into the instrument. This returning field can
interfere with the main mode, producing a time-varying spurious contribution whose
phase and amplitude carry the imprint of the optical element motion [8–12].

Already from that basic description, it is clear that the best way to prevent stray
light from being produced is to restrict the interaction of the laser beam to as few optical
components as strictly needed.

Following the approach of [8], Ein represents the interferometer’s internal field at a
reference position, chosen for its relevance to the assessment of stray-light coupling to
the detector sensitivity. Eout referes to the optical field emerging from one port of the
interferometer at the position of the stray light source. Er denotes the portion of this field
that is scattered or reflected back and then recoupled into the main interferometer mode at
the reference location where Ein is evaluated, as shown in Figure 1. We define the phase
φr(t) of the field Er which encodes the relative time-dependent motion zr(t) between the
interferometer and the scattering or reflecting object:

φr(t) =
4π

λ
· zr(t) (1)

where λ is the wavelength of the interferometer’s field.

Figure 1. Schematic of the stray-light coupling: the input field Ein propagates inside the interferometry,
while the field Eout exits the cavity and impinges on a scattering object. The resulting back-scattered
and back-reflected field Er re-enters the cavity, propagating in the direction opposite to Ein [13].

The stray light field Er adds to the unperturbed interferometer field Ein, giving the
output field

Eout = Ein + Er = Ein +
√

fr · Eout · ei(φ0+φr(t)) = Ein ·

[

1 +

√

fr ·
Pout

Pin
· ei(φ0+φr(t))

]

(2)

where φ0 is a static phase which depends on the scattering or reflecting object position with
respect to the reference point in the interferometer, fr is the fraction of stray light exiting
the detector output port which recouples back into the main mode, and Pout and Pin are
output and input powers, respectively. The ratio fr

Pout
Pin

is considered << 1.
The factor fr receives contributions from multiple sources

fr = fsc + fsp + fRayleigh + fextra (3)

where fsc accounts for the light back-scattered from a surface, fsp for the specular reflection,
fRayleigh represents the light back-scattered by atoms or molecules (in crystals for example),
and fextra is the extra contribution of scattered light coming from spurious beams.
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The back-scattered contribution fsc is an intrinsic contribution of each optical element
and is proportional to the bi-directional reflectance distribution function (BRDF) of the
surface by means of the approximate relationship [8]

fsc ∼
BRDF(θ) · λ2

πω2 (4)

where ω is the beam radius at the scattering surface and θ the scattering angle. There
are several optical measurement setups that allow the BRDF of optical components to be
directly characterized in the laboratory [14]. An approximation for cases in which this
measurement cannot be performed and/or the scattered light is assumed to be uniformly
distributed over a 2π-steradian hemisphere (Lambertian Scattering regime [15]) is to use
the total integrated scattering (TIS) measured from the object and divide it by π to obtain
an estimate of the BRDF.

The back reflection contribution fsp accounts for the light back-reflected towards the
interferometer by surfaces that are almost perpendicular to the beam. Its expression for
an optical element with reflectivity α can be estimated as the overlap integral between
the incoming beam E1 and the back-reflected beam E2, |⟨E2|E1⟩|

2, and can be computed
analytically by assuming that the incoming mode is purely Gaussian as [8]

fsp = α|⟨E2|E1⟩|
2 =

αR2z2
R exp

[

−
2πD2zRβ2

2λ

(

1
D2 + z2

R

+
1

(D − R)2 + z2
R

)]

(D2 + z2
R)
[

(D − R)2 + z2
R

] (5)

where R is the radius of curvature of the reflecting surface, D is the distance between the
surface and the beam waist position, zR is the beam Rayleigh range, and β is the small
angle at which the optic is tilted.

The Rayleigh scattering contribution fRayleigh arises from microscopic inhomogeneities
or small imperfections within a solid medium. In high-quality optical materials, these
microscopic variations represent the dominant source of scattering losses. The scattering
recombination coefficient can be expressed as [16]

fRayleigh =
8
3

π3

λ4 (n
4 p)2kBTβT l (6)

where λ is the wavelength, n is the refractive index, p is the photo-elastic constant, kB is the
Boltzmann constant, T is the absolute temperature, βT is the isothermal compressibility
of the material, and l is the length of the medium. This expression is derived under the
assumption of thermodynamic equilibrium, valid for liquids and gases, and it can still be
applied to amorphous materials by considering the structural fluctuations set at the glass
transition temperature rather than the ambient one.

The final contribution, fextra, corresponds to the fraction of light scattered by various
parasitic beams generated within the optical system that can subsequently re-couple into
the interferometer’s main beam. To identify and mitigate this source, it is necessary to
simulate the paths of these parasitic beams throughout the system, implement measures to
block them, and estimate the potential contribution of each to the overall noise. Each of
these steps will be described throughout this paper.

The total field in Equation (2) contains contributions in both orthogonal quadratures,
amplitude and phase, because the complex exponential in Eout encodes both the cosine and
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sine components of the field. Starting from this complete output field, the projection of the
stray-light noise can be derived by evaluating its contribution to each quadrature:

hr( f ) =

√

fr ·
Pout

Pin
·

{

Knφ( f ) · F

[

sin
(

4π

λ
(z0 + zr(t))

)]}

+

+

√

fr ·
Pout

Pin
·

{

K δP
P
( f ) · F

[

cos
(

4π

λ
(z0 + zr(t))

)]}

(7)

where F represents the Fourier transform and Knφ( f ) and KδP/P( f ) are the phase and
amplitude quadrature transfer functions from the port where the scatterer/reflector is
located to the gravitational-wave signal, i.e., the linear response of the interferometer phase
and amplitude noises.

This expression makes clear that stray light affects detector sensitivity through
two main contributions: the relative motion between the scattering object and the in-
terferometer zr(t) and the amount of stray light actually recombined fr. The relative motion
can be minimized by improving the performance of mechanical suspension systems, while
the amount of recombined stray light depends mostly on the optical features [9,17]. In the
following, we focus on the optical contribution to stray-light noise, reviewing mitigation
strategies and best practices relevant for next-generation detectors such as the Einstein
Telescope (ET) [18] and Cosmic Explorer (CE) [19]. These instruments aim for a sensitivity
roughly ten times better than current detectors, making stringent control of scattered light
critical, even as optical systems become more complex. Leveraging the studies and strate-
gies developed in current detectors will be essential to ensure that future observatories are
not limited by stray light.

It is worth noting here that all the clever techniques and ideas developed by the
gravitational-wave community for controlling stray light can be easily spoiled by the
contamination of optical surfaces due to improper handling and/or poor cleanliness stan-
dards. The performance of interferometer optical components (scattering, absorption,
laser-induced damage threshold) can be compromised by even minimal levels of particu-
late contamination. Mitigation strategies involve quantifying contamination, identifying
sources, improving practices to reduce particle generation, developing in situ cleaning for
suspended optics, qualifying cleanliness standards against potential damage, and creating
remote measurement and cleaning methods for optics in a vacuum (see for instance [20,21]).

2. Stray Light from Core Optics

The interferometer main laser field interacts with core optics and a tiny part of it
experiences a scattering due to unavoidable surface imperfections and roughness. The
scattering mechanism is described in Section 1. It is worth stressing that the whole recombi-
nation process requires, in that case, at least three scattering/reflection events: scattering
off a given core optic, interaction with an external structure (either scattering or reflection),
and further scattering off a core optic to the interferometer main mode. If one of the events
has a negligible scattering efficiency, then the whole process is largely disfavored. Since
the BRDF value involved in the wide-angle scattering from core optics is of the order of
few ppm, the most harmful scattering process is linked to the small-angle scattering due to
low-spatial-frequency figure errors.

The strategies used to cope with that type of scattering noise generally involve
the following:

• Mitigating the amount of stray light which can scatter off the core optics, by employing
precision polishing and coating control;
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• Preventing the stray light from wandering until it can recombine the main mode,
usually by means of absorbing baffles in the arms, vacuum links, and around the core
optics themselves.

State-of-the-art polishing techniques to achieve the required surface roughness rely on
advances such as magnetorheological finishing (MRF) [22], ion-beam figuring (IBF) [23],
and super-polishing with colloidal suspension slurries [24,25].

High-quality coatings suppress scatter by reducing micro-roughness and internal
defects [26,27]. Future approaches include the following:

• Ion-beam sputtered (IBS) amorphous materials;
• Crystalline coatings (e.g., AlGaAs);
• Metasurfaces designed to reduce scattering at specific angles.

Minimizing scatter from core optics requires achieving sub-Å RMS surface roughness
across apertures of the size of few beam diameters. State-of-the-art workflows combining
magnetorheological finishing (MRF), ion-beam figuring (IBF), and colloidal super-polishing
routinely achieve ∼0.05−0.2 nm RMS roughness, limiting the noise due to surface scatter
below coating thermal noise and well within stray-light budgets [15,28,29].

Ion-beam sputtered dielectric stacks and emerging crystalline coatings preserve sub-
strate roughness and suppress high-spatial-frequency noise growth. High-uniformity IBS
coatings and crystalline GaAs/AlGaAs layers have shown near-perfect roughness transfer
and reduced scatter losses critical for ET and CE [30,31].

Operating at longer wavelengths (e.g., 1.55–2 µm silicon test masses for Low-
Frequency detector of ET) reduces Rayleigh scattering (∝ λ−4), allowing looser microscopic
roughness constraints while supporting cryogenic operation [32,33].

Low-scatter absorbing baffles and mechanical structure shielding prevent stray pho-
tons from re-entering the interferometer mode. Research into metamaterial and nanotex-
tured absorbing surfaces offers improved angular absorption and reduced retro-reflection
compared to traditional blackening [34,35].

Metasurfaces and engineered sub-wavelength texturing can shape the bidirectional
scattering distribution function (BSDF), directing unwanted scatter into lossy angular re-
gions and suppressing low-angle feedback pathways [36,37]. These techniques are promis-
ing for isolating beam tubes and auxiliary optics for future generations of Gravitational-
Wave Interferometers, where traditional baffling is insufficient.

A slightly different mechanism concerning stray light from core optics occurs when
the primary source of stray light is the ghost beam coming from the residual reflection
off anti-reflective coated surfaces. In that case, while it still holds true that better coatings
can minimize the amplitude of such a ghost beam, a tilt of the AR-coated surface is also
of primary importance to steer the ghost beam towards a safe termination. This tilt can
be achieved either by tilting the whole optics if possible (e.g., for the compensation plates
used for correcting the thermal aberrations) or by providing the AR-coated surface with
a wedge (e.g., as for the back surface of the main beam splitter). In both cases, the angle
is chosen in order to minimize losses in the main beam. This often implies small angles
(of the order of ∼hundreds of µrad, and the necessity to separate the related ghost beams
from the main mode at the output of suitable telescopes on suspended output benches.
Particular attention has to be paid in the optical design phase to allow proper clearance to
the ghost beams until they reach their intended termination.
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3. Stray Light from Auxiliary Optics

Gravitational-wave detectors are highly complex instruments that, in addition to their
core optics, rely on numerous suspended optical benches hosting auxiliary optics required
to operate the various feedback loops that keep the interferometer at its working point.

An illustration of the complexity of these optical benches is provided in Figure 2, which
shows Suspended Detection Bench 1 (SDB1), one of Virgo’s detection benches located at the
interferometer’s output port. Stray light generated on the detection benches couples back
into the interferometer far more efficiently than light scattered elsewhere, owing to the large
transfer function associated with the output port. The bench shown in Figure 2 contains
numerous optical elements that give rise to all the recoupling mechanisms described in
Section 1. Light is back-scattered from optical surfaces and photodiode windows. Some
lenses, being nearly perpendicular to the incident beam, also reflect light backward into
the interferometer. Moreover, Rayleigh scattering occurs within the crystals, and the
high optical density of the bench leads to numerous parasitic reflections that can further
contribute to back-scattering.

Over the years, several studies, analyses, and mitigation strategies have been carried
out to reduce the impact of this noise on the detector. The following subsections summarize
the main results and lessons learned, which are crucial for the design of next-generation
gravitational-wave detectors.
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Figure 2. One of Virgo’s suspended detection benches, the Suspended Detection Bench 1 (SDB1),
receives the B5 beam (Michelson beam splitter reflection) and the B1p beam (output beam) from the
interferometer. A portion of the B1p beam is transmitted through the Output Mode Cleaner (OMC)
cavity, forming the B1 beam that carries the gravitational-wave signal, while the reflected component,
B1s, is also directed toward Suspended Detection Bench 2 (SDB2). Figure adapted from [13].

3.1. Reduction of Back-Scattering and Rayleigh Light

The estimation of the amount of back-scattered light that couples back into the inter-
ferometer beam can be obtained either from manufacturer specifications or from laboratory
measurements [14]. The components that contribute most to scattering on the Virgo
benches include the following:

• The coatings of crystals mounted on the benches, such as the TGG (Terbium Gallium
Garnet) crystals in the Faraday isolators [38,39] and the monolithic fused silica cavity
of the Output Mode Cleaner (OMC, Suprasil 3001) [40].

https://doi.org/10.3390/galaxies14010005

https://doi.org/10.3390/galaxies14010005


Galaxies 2026, 14, 5 7 of 18

• Light retro-reflected by the filter cavity in the frequency-dependent squeezing sys-
tem [41,42], which is subsequently amplified by the nonlinear crystal generating the
squeezed field, i.e., the optical parametric oscillator (OPO) [43].

• Windows of photodiodes or quadrant photodiodes, which exhibit relatively high
BRDF values.

The residual motion of the filter cavity must be minimized as much as possible,
since any displacement directly increases back-scattered light and its coupling into the
interferometer. To further reduce retro-reflected light, the number and placement of Faraday
isolators between the cavity and the interferometer need to be carefully optimized. In
Virgo’s squeezing system, an active control loop has also been tested to suppress stray light
originating from an independent diagnostic local oscillator. Although this scattered light
is absent when the squeezed beam is injected, developing such mitigation techniques is
crucial to prevent potential noise sources from affecting science-mode operation [13]. A
control scheme aimed at de-amplifying the back-scattered light inside the OPO, thereby
reducing the noise it produces in the GEO600 detector [44], has also been successfully
demonstrated [45]. Moreover, it is crucial to characterize a priori in the laboratory the
scattered light produced by photodiodes and quadrant detectors before installation, as
their measured BRDF ranges widely between 3 < BRDF < 106 [46].

As for the TGG crystal inside the Faraday isolator, although it is tilted by about 1 deg
to avoid back-reflection, it still contributes significantly to back-scattering due to optical
surface roughness and internal material scattering [47]. In LIGO, studies are ongoing
to replace the Faraday material with the magneto-optic crystal KTF (potassium terbium
fluoride) [48] to reduce absorption losses affecting the squeezing. However, this change
would increase the crystal’s total scattering by a factor of four. Therefore, further research
is needed to identify low-loss materials with reduced scattering [39].

The Virgo output mode cleaner is a monolithic fused silica cavity (Suprasil 3001),
which generates scattering both from its optical surfaces and from the bulk material itself.
This scattered light is critical for the interferometer’s sensitivity, as back-scattered light can
be amplified by the cavity by a factor proportional to its finesse, even though retro-reflected
light is attenuated by 104 when passing back through the Faraday isolator. Replacing
this monolithic cavity with an open design, as in LIGO, could help reduce the amount of
back-scattered light reaching the interferometer by eliminating contributions from Rayleigh
scattering [16].

3.2. Reduction of Back-Reflected Light

The dominant contribution to back-reflected light re-coupling into the interferometer
beam originates from the lenses. As shown in Equation (5), the fraction of light that re-
couples decreases exponentially with the tilt angle of the reflecting surface, as illustrated in
Figure 3.

The contribution fsp from certain lenses located on the suspended benches of Virgo, as
a function of their tilt angle, is shown in Figure 4, considering both surfaces of each lens.
This contribution decreases rapidly with increasing tilt angle, emphasizing the importance
of avoiding completely untitled lenses. Most lenses on the benches can—and should—be
tilted by approximately 1 deg to achieve a safe operating condition, as implemented in
Virgo during the upgrade between the O3 and O4 observing runs. It is important to
underline that tilting the lenses would introduce astigmatism to the transmitted beam.
This effect can be taken care of by performing optical simulations, but generally it is a
negligible effect. Furthermore, it is crucial to dump the direct reflections from the lenses
onto an absorbing surface to prevent the reflected light from scattering off other optical
components. The Virgo benches also feature large meniscus lenses (see the entrance of the
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bench in Figure 2), 4 inches in diameter, which are positioned perpendicular to the beam
or for which the tilt angles are unknown. Due to their size and fixed mounts, these lenses
cannot currently be tilted. Assuming a null or minimal tilt angle, their fsp contribution is
comparable to other major scattering sources. For future upgrades, replacing these fixed
mounts with motorized ones is recommended, allowing controlled tilting and enabling a
systematic study of scattered-light behavior as a function of lens tilt.

Figure 3. Schematic representation of how a Gaussian beam is back-reflected by a surface. w0 and w′
0

are the waists of the incident and reflected beams, respectively. D is the distance between the beam
waist position and the surface with reflectance R, and β is the tilt angle of the surface [8].

Figure 4. Contribution fsp for some of the most critical lenses on Advanced Virgo Plus benches [13]:
Suspended Detection Bench 1 (SDB1), Suspended West End Bench (SWEB), Suspended Power
Recycling Bench (SPRB).

3.3. Reduction of Scattering from Spurious Beams

Spurious beams, known as ghost beams, arise from residual reflections and transmis-
sions within optical elements, depending on the residual reflectivity and transmissivity of
their coatings or substrates. Figure 5 shows a simulation of ghost-beam generation: the
incident beam is partially transmitted through the first surface of a mirror, then partially
reflected by the second surface, and finally transmitted again in a direction determined by
the mirror’s wedge angle. As this beam propagates, it can encounter scattering surfaces,
and a fraction of it may re-couple into the interferometer beam.

In Virgo, ghost beams have been systematically traced using the software Optocad [49]
on all suspended benches, and several mitigation strategies have been implemented:

• Installation of beam dumps to intercept them;

https://doi.org/10.3390/galaxies14010005
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• Re-orientation of mirrors to change the direction of their wedge to make it easier to
dump them;

• Gluing of absorbing glass pieces onto the mounts of lenses, photodiodes, and mirrors
to block residual beams without requiring additional space.

A systematic study of this kind will also be essential for future gravitational-wave
detectors, in order to allocate space for beam dumps and other absorbing solutions, and to
ensure that this contribution does not compromise the instrument sensitivity.

Input beam

Ghost beam

Reflected beam

Figure 5. Ghost beam generated by not-perfect mirror coatings ending up on an absorbing surface [13].

4. Simulation of Stray Light in Gravitational-Wave Interferometers

The pre-emptive simulations of the effects due to stray light is of paramount im-
portance to be able to implement mitigations directly during the design phase of the
interferometric detectors. Indeed, the effort to modelize and predict the impact of stray
light noise predates by far the construction of current interferometers and is contemporary
to the initial study of the detectors [6,7,50]. Several tools have been developed and em-
ployed during this decade-long challenge, and nowadays a few of them have proven to be
effective enough to steer the design of mitigation solutions.

4.1. Small-Angle Scattering: FFT-Based Propagation Tools

When the relevant mirror-surface perturbations are dominated by low spatial-
frequency height errors, the scattered field remains confined to a narrow angular cone
relative to the Gaussian main beam—typically an issue in the long arm cavities. In this
regime, FFT-based angular-spectrum propagation tools [51–55] are ideally suited for pre-
dicting stray-light amplitudes and mode content across multiple sequential scattering
events. A typical simulation chain models three conceptually distinct steps: (i) a first
scattering event from a test-mass mirror, (ii) a second scattering event from a baffle or tube
wall at the far end of the arm cavity, and (iii) a third scattering event returning toward the
original test mass, generating the fraction of light that is coherent enough to recombine
with the fundamental interferometer mode.

This three-stage FFT simulation workflow provides a self-consistent method to es-
timate the full coherent stray-light coupling chain associated with low-angle scattering
from core optics. The method integrates detailed mirror maps, baffle geometry, and (mea-
sured or modeled) BRDF data. Furthermore, the basic principle of simulation naturally
encompasses the diffraction mechanism once the correct geometry (aperture profile and
distance) is provided. It has been successfully employed for the design of Advanced Virgo
baffles [56], and for the development of scattering budgets in the arms of the Einstein
Telescope [57,58]. As such, FFT-based multi-stage small-angle scattering simulations consti-
tute a mature and indispensable tool for controlling stray-light noise in next-generation
gravitational-wave interferometers.

4.2. High-Spatial-Frequency Scattering: Ray-Tracing and Hybrid Recombination Models

Surface defects with high spatial frequency scatter light at large angles, producing
fields that propagate far from the main interferometer mode and eventually strike vacuum-
tube walls, baffles, or optical-bench components. These wide-angle processes cannot be

https://doi.org/10.3390/galaxies14010005

https://doi.org/10.3390/galaxies14010005


Galaxies 2026, 14, 5 10 of 18

efficiently simulated using FFT-based wave-propagation tools, whose grid resolution re-
quirements become prohibitive when representing small-scale defects on large optical
surfaces. Instead, ray-tracing methods are routinely adopted to estimate how much power
is removed from the main beam, how it is redistributed in angle, and which fraction geo-
metrically returns toward the interferometer after one or more reflections. This approach
has been applied successfully to port optics and benches in Advanced Virgo and related
setups [59,60]. The main software tools used to carry out this kind of approach are Optic-
Studio (formerly Zemax) [61] and FRED [62] for the non-sequential ray-tracing, while an
ad hoc phase-aware ray-tracing tool was developed to an initial stage in [60].

Ray-tracing naturally accounts for complex three-dimensional geometry, but it does
not preserve optical phase information and therefore cannot, by itself, predict the coherent
recombination of returned light with the fundamental interferometer mode. A second ana-
lytical or semi-analytical step is therefore required to estimate the coupling efficiency. This is
typically done by assigning a representative phase model to the returned rays, constructing
an approximate field distribution at the interferometer aperture, and evaluating its overlap
with the interferometer eigenmode. A coherence factor, derived from the distribution of
path-length differences and the laser coherence length, determines whether the returned
light produces stationary phase noise or merely adds incoherent background power. This
hybrid procedure provides realistic engineering estimates of stray-light coupling in situa-
tions dominated by large-angle scatter—particularly on optical benches, where numerous
reflective surfaces and apertures create a dense network of potential scattering paths.

The main limitations arise from uncertainties in the phase properties of scattered fields
and from the simplified treatment of the microscopic scattering process. Ray-tracing cannot
capture coherent interference between nearby scattering sites or diffraction associated with
intermediate apertures. Moreover, BRDF models for real surfaces often involve poorly
constrained parameters, especially for contaminated, aged, or angle-dependent coatings.
As a result, current predictions may underestimate or overestimate coherent recombination
in cases where geometric and wave effects coexist.

Different software programs were also developed within the community of Gravitational-
Wave Interferometers to have a visual representation of the optical path followed by the main
interferometer beam and by higher-order reflections and transmissions, in order to predict
potential interactions of the laser field with mechanical structures and optical apertures. These
software programs belong to the family of non-sequential Gaussian beam tracers, a feature that is
currently lacking in other commercial software such as OpticStudio (formerly Zemax) [61]
and FRED [62], which are able to either propagate the beam with Physical Optics in sequential
mode (the user provides the sequence of optical surfaces to interact with) or to trace the
beam with Geometrical Optics in non-sequential mode. Optocad [49] was one of the first
tools being developed for this purpose, and despite the limitations (not maintained anymore,
only 2D tracing capabilities) is still one of the most used tool to analyse the path of both
the main beam and of spurious ghost beams (see Section 3.3). Nevertheless, it appeared
soon evident that a 3D tracing capability was needed to correctly account for out-of-plane
reflections or transmissions and the development of additional tools was pursued through
the years, although with different results and pace. Software programs actually used for the
design and the analysis of current and future generation Gravitational-Wave Interferometers
are Ifocad [63] and Theia [64], among others.

Future progress will likely come from integrated simulation frameworks that com-
bine ray-tracing with localized wave-optics calculations, for example by embedding high-
resolution FFT “patches” at critical scattering surfaces or by propagating the angular
spectrum of ray-traced returns using paraxial field solvers. Improved BRDF measurements
for relevant optical and mechanical components, as well as systematic coherence modeling
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informed by in situ diagnostics, will further reduce uncertainties. Together, such devel-
opments will allow more accurate and computationally efficient stray-light budgets for
third-generation gravitational-wave detectors.

5. Readout Schemes for Stray-Light Immunity

Readout architectures can decrease how strongly parasitic scattered light couples into
the gravitational-wave signal, by reducing coherent coupling with stray fields or enabling
their active suppression. Balanced homodyne detection provides improved common-
mode rejection and flexible quadrature choice, while dual-readout and witness-channel
approaches allow construction of noise-orthogonal combinations that isolate and subtract
stray-light–dominated components. Additional techniques—such as modulation/tagging
schemes—further discriminate parasitic fields from the scientific signal. Together, these
approaches offer a complementary pathway to mitigating scattered-light noise at the
readout, and motivate dedicated development for third-generation detectors.

5.1. Dual Balanced Homodyne/Dual Readout

A powerful strategy to increase immunity to stray-light noise is to use a dual balanced
homodyne readout architecture, where two independent balanced detection chains are
employed and combined. An auxiliary readout provides a witness signal for parasitic
optical fields, enabling active subtraction of stray-light noise from the main gravitational-
wave channel. Experiments demonstrate that dual readout allows us to model the parasitic
scattered-light contribution and subtract it effectively, yielding significant reductions of
back-scatter noise in table-top interferometers. Subtraction fidelity depends on the witness
signal-to-noise ratio and the degree of linear coupling between stray-light paths and
the science readout. Accurate calibration and phase control of the local oscillator are
required [65].

5.2. Tunable Coherence/Coherence Engineering

Another advanced mitigation approach is to modify or tune the coherence properties
of the interferometer laser so that scattered light returning from ancillary paths remains
only partially coherent with the main carrier. Techniques such as pseudo-random phase
modulation or coherence tailoring can convert coherent parasitic interference into incoher-
ent fluctuations or shift it to a spectral regime that is easier to reject. Recent experiments
using tunable coherence demonstrated suppression of stray-light noise by drastically reduc-
ing the coherence length without compromising interferometer control or scientific signal
recovery [66].

5.3. Witness Sensors and Adaptive Feedforward Subtraction

The addition of witness sensors to monitor scattered-light fields and mechanical
motion of optic mounts enables data-driven subtraction of back-scattering noise from the
readout. Auxiliary photodiodes placed near baffles or apertures, quadrant photodiodes
monitoring scattered-mode content, and vibration sensors on scattering elements provide
correlated channels for Wiener-filter or adaptive subtraction. This method can significantly
reduce stray-light contamination, provided that witness channels have sufficiently high
signal-to-noise ratios and are linearly related to the stray-light coupling paths. Care must be
taken to avoid over-subtraction or inadvertent removal of astrophysical signal content [67].

5.4. Modulation and Tagging Schemes

Stray-light robustness can also be enhanced by optical tagging techniques, where
specific phase or frequency modulation patterns are applied to the interferometer carrier
or local oscillator. Fields that undergo unintended scattering paths then accumulate dis-
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tinguishable modulation signatures, which enables selective demodulation or rejection of
parasitic interference products. This approach can also be interpreted as a generalization of
heterodyne readout, where additional sideband structure and multi-tone demodulation
help discriminate genuine gravitational-wave signals from scattered-light artifacts. These
methods introduce complexity in locking and control, but offer a systematic means to
separate coherent interferometric signal from stray-field contamination [68,69].

6. Tools for Diagnosing Stray Light Sources

The availability of diagnostic instruments to measure stray light in such complex
systems as Gravitational-Wave Interferometers is essential to assess whether the setup
is properly aligned, whether the components behave as expected, and whether any dust
contamination has altered the amount of light scattered by a given optic. A relevant ad-
vancement in this field is the realization of photosensor-equipped baffles (or instrumented
baffles). These devices allow the reconstruction of the diffused light pattern they intercept
with a resolution given by the distribution of sensors on the baffle surface. This piece
of information can be used to gain a deeper insight on the defects giving raise to the
scattered light and alert on their possible evolution [70,71]. A strategic placement of this
kind of devices in the future Gravitational-Wave Interferometers will allow us to gather a
comprehensive view on the status of the stray light inside the interferometer.

Studies of this kind are also at an advanced stage in the LISA space-based gravitational-
wave detector project [72]. In fact, an instrument capable of identifying the position of the
optics responsible for stray light has been developed and tested [73]. In this instrument,
which generalizes the Optical Frequency Domain Reflectometry (OFDR) technique, stray
light introduces an additional optical path with respect to the nominal beam. Since the
laser undergoes a linear frequency sweep, this path difference manifests as a beat signal at
a well-defined frequency. The relationship between the beat frequency νSL and the optical
path difference ∆L is

νSL =
∆νopt

∆t

n∆L

c
(8)

where νopt
∆t is the frequency sweep rate of the incident beam, n is the refractive index, and c

is the speed of light. The term n∆L
c represents the temporal delay between the two beams.

Thus, the beat frequency is simply the product of this delay and the sweep rate, implying
that larger optical path differences generate higher beat frequencies and can therefore be
detected and quantified.

The frequency ramp must be linear for this relationship to remain valid, and it is gen-
erated through a feedback loop using an unbalanced heterodyne Mach–Zehnder interfer-
ometer in fiber to produce an error signal, with current actuation and a temperature ramp.

As shown in Figure 6, the demodulated interferometer phase is F + ∆F, where the
frequency offset ∆F, set by the Mach–Zehnder arm imbalance ∆LMZ, is directly related to
the sweep rate:

∆F =
(n f iber∆LMZ

c

)(

∆νopt

∆t

)

(9)

where nfiber is the refractive index of the fiber and c is the speed of light.
A similar instrument is being developed for the Virgo gravitational-wave detector [74],

which is undergoing planned upgrades that include the installation of new optical benches.
Verifying that these benches do not introduce excessive stray light before they are put in
place is therefore highly desirable. Moreover, having a diagnostic tool for periodic checks
is essential to ensure that the system remains well-controlled over time. This approach
will be even more critical for future gravitational-wave detectors, where the stray-light
requirements are expected to be more stringent due to their increased sensitivity.
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Figure 6. Schematic of the device that generates a laser frequency sweep, allowing the amplitude of
the stray-light peak to be identified as a function of the optical path distance [75].

7. Stray-Light Noise Projections

In order to be able to prevent and predict excess of stray light originating from optics
in the next generations of Gravitational-Wave Interferometers, a priori noise projections
are mandatory to verify whether the expected stray light level remains well below the
sensitivity curve.

For instance, in Virgo, the projected contribution of stray light originating from the
optical benches has been evaluated starting from Equation (7) [13]. In this analysis, fr was
estimated using Equations (4)–(6), together with the available measurements [14]. The
corresponding transfer function was obtained from detector simulations, while the zr(t)

motion was derived from Virgo seismic data acquired by sensors located near the optical
element under test.

The estimated fr value can be experimentally verified by injecting a sinusoidal noise
onto the suspensions of the suspended bench hosting the optics of interest. The introduction
of a sinusoidal displacement noise greater than the wavelength λ of the laser into the stray-
light path produces the phenomenon of fringe wrapping, which appears as a shoulder-
shaped feature in the noise spectrum, as shown by the blue curve in Figure 7 for the
suspended detection bench 1 (SDB1) in Virgo. The associated cutoff frequency fmax can be
expressed as [76] follows:

fmax =
2vr

λ
= Ar sin(2π frt) (10)

where vr is the velocity of the scatterer, λ the wavelength of the laser, and Ar the am-
plitude of the motion of the scatterer. Once the fr value has been determined, it can be
compared with the estimated one. A noise projection can then be performed, again based
on Equation (7), but this time using the high- and low-seismic measurements recorded by
sensors near the optical element under study, instead of a noise injection in zr(t) [77,78].
This allows us to assess whether stray-light noise is safely below the interferometer’s
sensitivity curve or if it could become relevant under unusually high seismic conditions.

Performing similar projections for different components of third-generation gravitational-
wave detectors, based on available data or realistic estimates, provides a way to ensure
that all elements are operating within acceptable limits and to identify potential issues
before installation.

https://doi.org/10.3390/galaxies14010005

https://doi.org/10.3390/galaxies14010005


Galaxies 2026, 14, 5 14 of 18

S
tr

a
in

 (
h
 /
 
𝐻
𝑧

)

h(t) reference

h(t) injection

projection with f
r = 1.5×10−9

10 102

Frequency (Hz)

10−19

10−20

10−21

10−22

10−23

Figure 7. Measurement performed in 2023 on the Virgo detection bench SDB1: the black curve is the
Virgo sensitivity curve, the blue curve represents the sensitivity during a sinusoidal noise injection
with amplitude Ar >> λ, the red curve is the stray light noise projection during the injection [79].

8. Conclusions

Stray light has long been recognized as a significant limitation to the low-frequency
performance of laser-interferometric gravitational-wave detectors, and experience from the
current generation of observatories has demonstrated that its impact can be both subtle
and severe. Parasitic optical fields originate from a diverse set of mechanisms—surface
and coating defects, auxiliary-optics scatter, unintended apertures, and structured vacuum
components—that create paths capable of re-coupling into the interferometer’s fundamen-
tal mode. Once injected into the readout chain, such fields probe mechanically driven
structures and imprint non-linear, displacement-dependent noise that is difficult to predict
and highly sensitive to environmental conditions. Despite extensive mitigation efforts, stray
light has repeatedly limited, or come close to limiting, detector performance, demonstrating
the need for more predictive strategies.

Over the past decades, extensive scatter measurements, BRDF characterizations, and
commissioning campaigns have provided a detailed empirical basis for understanding
stray-light generation and coupling mechanisms. Complementary progress in numerical
tools—FFT-based wave simulations, hybrid wave–ray models, and Monte-Carlo scattering
pipelines—has enabled identification of key scattering paths and supported more reliable
stray-light budgeting. These developments have clarified essential design principles for
third-generation detectors: removal of direct line-of-sight paths, implementation of low-
scatter baffling, strict BRDF control of exposed surfaces, and reduction of mechanically
driven scatterers through improved suspension design and the selection of seismically
quiet sites.

Advances in materials and surface engineering offer additional opportunities. Ultra-
low-scatter substrates, improved super-polishing, low-defect coatings, and engineered
absorbing surfaces (e.g., meta- and nano-structured materials) promise to reduce primary
stray-light generation at its source. Their systematic qualification under high-power opera-
tion will be crucial for next-generation observatories.

Readout-side strategies provide a complementary route to enhanced robustness. Dual
balanced or dual homodyne readout, coherence-tailored laser sources, and modulation-
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tagging schemes have demonstrated the ability to suppress or subtract the influence of
parasitic fields by improving common-mode rejection, reducing coherence with scattered
light, or enabling noise-orthogonal data combinations. These techniques are likely to
become increasingly relevant as third-generation detectors push toward more demanding
low-frequency performance.

Looking forward, a more predictive and diagnostic-oriented methodology will be
essential. Early stray-light noise projections should accompany both optical and mechani-
cal design, and dedicated diagnostic tools—scatter probes, temporary witness channels,
and systematic BRDF verification—should be integrated into commissioning to identify
problematic scattering elements before installation or early in operation.

In summary, effective stray-light mitigation for third-generation gravitational-wave
detectors requires a system-level approach combining improved materials, optimized
scattering geometries, mechanically quiet infrastructure, advanced diagnostics, and readout
architectures explicitly engineered for stray-light immunity. Integrating these strategies
from the earliest design phases will be essential for achieving the ambitious sensitivity
goals of future gravitational-wave observatories.

As such, stray-light control should be considered a central pillar of third-generation
detector development, on par with quantum-noise reduction, thermal-noise engineering,
and seismic isolation.
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