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All-polarization beamsplitters for interferometer applications
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Optical beamsplitters with similar properties for orthogonal, linear polarization modes are required for real-
izing polarization-based speed meter schemes to reduce backaction noise in gravitational-wave interferometers.
In this paper, we investigate two beamsplitter coatings obtained from Laseroptik GmbH and Optoman on a
best-effort basis that aim for a 50/50 power splitting ratio and equal overall phase shift for two orthogonal, linear
polarization modes interacting with the optic. We show that while Laseroptik GmbH opted for coating stack
with 22 alternating layers of Ta,Os and SiO,, Optoman produced a much thinner coating made of five SiO,
and SiO, (0 < x < 2) layers. With these strategies, the Laseroptik coating achieves an equal power reflectivity
of 51% at 46° angle of incidence and zero phase shift between both polarizations at 44.25° angle of incidence.
The Optoman coating achieves power reflectivities of 49% for s polarization and 51% for p polarization with a
differential phase shift around 5° largely independent of the angle of incidence.

DOL: 10.1103/p244-1269

I. INTRODUCTION

Dual-recycled Michelson interferometer topologies, like
Advanced LIGO [1] and Advanced Virgo [2], have been
very successful in detecting gravitational waves from black
hole and neutron star mergers [3—5]. These instruments rely
on a central optical beamsplitter component that splits the
laser beam into two orthogonal arms and recombines the
back-traveling beams from both arms to measure arm length
changes.

Over a wide frequency range, the design sensitivity of
current and future gravitational-wave detectors is fundamen-
tally limited by quantum noise [6], which originates from the
particlelike nature of light and its interaction with suspended
optics and photodetectors in the interferometer. One way to
overcome this semiclassical sensitivity limit is speed meters
[7], which measure a quantum nondemolition observable and
thereby allow significant reduction of radiation pressure noise,
the manifestation of quantum noise limiting the interferometer
sensitivity at low frequencies. Several incarnations of speed
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meters have been proposed [6,8—13], of which polarization-
based speed meters are favorable because they require the
least infrastructure changes to operating interferometers.

Polarization-based speed meters rely on two orthogonal
polarization modes that coherently probe the mirror position
independently at different times to achieve a mirror speed
measurement. This requires the interferometer optics to have
the same optical properties for both modes. According to
Fresnel equations, reflectance, transmittance, and phase shift
acquired by light impinging under non-normal incidence at
an interface are generally different for p and s polarizations.
Symmetric beamsplitters are commonly designed for 45° an-
gle of incidence and feature two coated surfaces, one for
achieving the 50:50 power splitting ratio between reflected
and transmitted beams, and one antireflective coating to re-
duce reflection from the back surface of the optic to a few
hundreds of ppm (parts per million). Beamsplitters in current
detectors have reflectivity requirements of 50% £ 0.5% for
one polarization [14]. Applying this requirement for both po-
larizations independently would lead to a requirement |R, —
Rs| < 1% for the power reflectivity imbalance between p and
s polarizations.

Coatings are typically composed of multiple interfaces of
alternating high- and low-refractive-index dielectric materials.
Careful choice of materials, number of layers, and individual
layer thickness have been shown previously to lead to coating
designs with similar properties for p- and s-polarized light, for
instance, by using a graded index film [15] or more than two
materials [16]. Refractive gratings and metasurfaces have also
been investigated as alternative design approaches [17,18].

Published by the American Physical Society
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Coatings with similar properties for all polarizations not
only are interesting for the feasibility of polarization-based
speed meters, but have also been investigated, among others,
in the context of photopolarimetry [19], optical communi-
cations [20], and space applications [21]. In this paper, we
present the characterization of two different all-polarization
coatings provided by Laseroptik GmbH [22] and Optoman
[23] on a best-effort basis. A total of 21 beamsplitter sam-
ples were characterized: 8 Laseroptik samples (4 plane and 4
wedged) and 13 Optoman samples (6 plane and 7 wedged).
We discuss the coating design strategies in Sec. IIA and
analyze the achievable power splitting ratio symmetry in Sec.
II B, and phase shifts introduced between both polarizations
in Sec. II C.

II. MEASUREMENTS

A. Coating decomposition

Before assessing the functional characterization of the two
coatings, their structure and composition are studied to gain
a better understanding of the design strategies chosen by the
two manufacturers. To this end, a combination of a scan-
ning electron microscope (SEM) and an energy-dispersive
X-ray spectroscope (EDX) was employed to investigate the
cross-sectional morphology and elemental distribution of the
coatings.

A sample of each coating, deposited on a fused silica
substrate, was cut with a water-cooled diamond saw, after
which a cross-sectional surface, perpendicular to the coating
surface, was prepared for SEM analysis. This was done by first
mechanically grinding the surface up to 4000 grit using SiC
foil (Struers), and subsequently polishing the samples using
OP-U 0.04 um standard colloidal silica suspension in the final
polishing step.

After polishing, the samples were mounted in the SEM.
Due to the insulating fused silica substrates, charging effects
complicate proper visualization of the coatings in an SEM
operating under ultrahigh-vacuum conditions. Furthermore,
drifting of the electron beam makes EDX linescans unre-
liable. Therefore, a variable-pressure SEM (VPSEM) [24],
which can operate at an elevated sample chamber pressure,
was employed, allowing for better control over the sam-
ple’s electrostatic charging. For this study, a Hitachi S-3400N
VPSEM was used, operating at a sample chamber pressure
of 20Pa. The surface charge on the samples is removed by
ionization of the residual gas in the sample chamber. Because
a VPSEM is not compatible with secondary electron (SE)
detectors, imaging in this setup is done with backscattered
electrons (BSEs). Although using BSE instead of SE leads
to a lower resolution, BSE images feature a large atomic, or
Z-, contrast. For EDX analysis, the setup is equipped with a
Thermo Scientific UltraDry detector and NORAN System 7.
For imaging with secondary electrons, a JEOL JSM-IT800
SEM operating in ultrahigh vacuum was used and, despite
charging effects, some images of the coatings could be made.
All accelerating voltages used were chosen to optimize the
sensitivity to the relevant elements and image quality, while
minimizing background. Figures 1(a) and 1(b) show BSE
images of the Laseroptik beamsplitter coating from different
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FIG. 1. (a) BSE image of the Laseroptik coating acquired in the
VPSEM, looking at the polished cross section (edge view). (b) BSE
image of the Laseroptik coating acquired in the VPSEM, looking
at the coating surface near the polished edge of the sample (top
view). The green lines represent the vertically integrated image in-
tensity. (c) A schematic illustration of how the measurements were
performed to help with image interpretation.
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perspectives. To help with image interpretation, Fig. 1(c) pro-
vides a schematic illustrating how the measurements were
performed. Figure 1(a) presents a cross-sectional (edge view)
BSE image of the coating, acquired in the VPSEM with an
accelerating voltage of 15kV. The green line shows the pixel
intensity integrated along the direction parallel to the coating
layers (i.e., vertically in the image). A strong contrast between
bright and dark layers can be observed, indicating that the
coating is made of alternating layers with high chemical con-
trast, where the bright layers have a higher average atomic
number than the dark layers. A total of ten bright and nine
dark layers can be counted. The layers increase in thickness
from the surface toward the substrate, except for the bottom
layer, which is again thinner. Figure 1(b) shows a top-view
BSE image of the coating, acquired near the cut and polished
edge of the sample in the VPSEM with an accelerating voltage
of 6 kV. The green curve again represents the vertically inte-
grated pixel intensity. The visibility of the individual coating
layers in this top view indicates that the polishing was not
perfect: The polished surface is slightly sloped, as schemat-
ically represented in Fig. 1(c). This explains the decrease in
image intensity toward the coating surface in Fig. 1(a). The
surface layer appears with lower intensity, indicating that it is
composed of a material with a lower average atomic number.
From this image, 11 bright layers and 11 dark layers can be
counted. Consequently, the Laseroptik beamsplitter coating
consists of 22 layers in total. Although the top three layers
of the coating cannot be distinguished from Fig. 1(a) due
to loss of image intensity and contrast, this image is more
representative for estimating the coating thickness and the
individual layer thicknesses.

A cross-sectional BSE image of the Optoman beamsplitter
coating, acquired in the VPSEM, did not reveal any struc-
tural information due to a lack of chemical contrast. This
suggests that the coating layers are made of similar materials
with comparable average atomic numbers. Despite charging
effects, an SE image of the coating could be obtained under
ultrahigh-vacuum conditions in the JEOL SEM, using an ac-
celerating voltage of 5kV (Fig. 2). The green line again shows
the vertically integrated pixel intensity. A total of five layers
can be identified.

Figure 3 shows the EDX spectra of the two investi-
gated beamsplitter coatings, measured in cross section in the
VPSEM. For the Laseroptik coating, an accelerating voltage
of 12kV was used. From the measured spectrum [Fig. 3(a)],
it can be observed that only oxygen, silicon, tantalum, and
argon were detected. Together with the BSE images [Figs.
1(a) and 1(b)], this indicates that the coating is made of a
stack of alternating layers of Ta,Os and SiO,. An EDX lines-
can confirms that the bright layers have a higher Ta content,
while the dark layers have a higher Si content. The argon is
most likely contamination from the coating deposition. For
the Optoman coating, an accelerating voltage of 10kV was
used. From the measured spectrum [Fig. 3(b)], only oxygen
and silicon can be observed. Since the attempt to obtain a
BSE image of this coating was unsuccessful due to insufficient
chemical contrast, it is likely that the coating is made of a
stack of SiO, layers and SiO, layers, where SiO; is either
amorphous silicon (x = 0) or substoichiometric silicon oxide
0 <x < 2)[25].
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FIG. 2. SE image of the Optoman coating, acquired in the JEOL
SEM. The green line represents the vertically integrated image
intensity.

Figures 4(a) and 4(b) represent the estimated structure
and composition of the coatings as obtained from the SEM
and EDX analyses. The blue curves are the vertically inte-
grated image intensities shown in Figs. 1(a) and 2. Local
thresholding was employed to estimate the position of layer
interfaces. The horizontal scale of Figs. 4(a) and 4(b) is the
same to highlight the pronounced difference in coating de-
sign between the two manufacturers. Based on these results,
the total coating thickness is around 5 um for the Laseroptik
coating and 400nm for the Optoman coating. A measure-
ment of the total coating thickness was also performed with
a Taylor Hobson TalyStep profilometer. A differential mea-
surement between the middle of the sample surface and the
uncoated edge resulted in 5 & 1 um for the Laseroptik coating
and 0.5 £ 0.1 um for the Optoman coating, confirming that
the SEM analysis produced values of the correct order of
magnitude.

Imperfect sample preparation and limited accuracy of the
SEM metrology rendered it impossible to build an exact opti-
cal model of the beamsplitter coatings. Possibly, focused ion
beam (FIB) milling could result in cleaner cross-sectional sur-
faces. However, FIB tools were not available and a diamond
saw was used as the practical alternative. Furthermore, the
manufacturers did not provide design details such as layer
thicknesses or refractive indices, which are considered propri-
etary. Our characterization therefore aimed at independently
revealing the main structural differences between the two
coatings, rather than reproducing their exact optical design.

The analysis presented here reveals notable differences
between the two coatings, in both their layer structure
and material composition. The results indicate that the two
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FIG. 3. EDX spectra measured on cross sections of the beam-
splitter coatings, acquired with the Thermo Scientific UltraDry
detector and NORAN System 7 on the VPSEM. (a) The coating from
Laseroptik only shows peaks from oxygen (O), silicon (Si), tantalum
(Ta), and argon (Ar). The coating is therefore made of a stack of
alternating layers of Ta,Os and SiO,, with the argon likely being
contamination from the deposition process. (b) The coating from
Optoman only shows peaks of oxygen (O) and silicon (Si). It is likely
that the coating is a stack of SiO, layers and SiO, layers, where the
SiO, is either amorphous silicon (x = 0) or substoichiometric silicon
oxide (0 < x < 2).

manufacturers employ markedly different coating designs and
manufacturing approaches.

B. Power splitting ratio

The power splitting ratio of the beamsplitter is measured
with the setup shown in Fig. 5. The laser beam, with a wave-
length A = 1550 nm and a beam diameter of about 2 mm, is
initially linearly polarized and incident on a half-wave plate
(HWP). The HWP is used to tune the polarization direction of
the laser beam that enters a first polarizing beamsplitter (PBS).
This beamsplitter, labeled as PBS1, separates the laser beam
into the two orthogonal s- and p-polarization modes. This
split-off is necessary to probe the beamsplitter sample with
both polarizations independently. Since the polarization purity
of the transmitted beam through the PBS is generally better
than that of the reflected beam (transmission p polarization
>97% versus reflection s polarization >99.5%), a second PBS
(PBS2) is used to filter out any remaining p-polarized light
from the mainly s-polarized beam in reflection. Assuming

that the incoming beam is 45° linearly polarized, the reflected
beam will contain a maximum of 3% p-polarized light. This
is reduced to 0.09% after passing PBS2. Both of the p- and
s-polarized beams are recombined at a 50/50 beamsplitter
(BS), where one of the output ports sends the combined beam
to the all-polarization beamsplitter that is to be characterized.
The other output is dumped. The all-polarization beamsplitter
sample is placed on a precision rotation mount to allow for
different angles of incidence. The outgoing beams are each
focused on a photodiode (PD) by a lens. The only difference
is that the transmitted beam is directly captured by PDr, while
the reflected beam first passes a steering mirror before being
captured by PDg.

The probed beam splitter is initially put under a 45° an-
gle of incidence with respect to the p-polarized beam, after
which BS and PBS2 are adjusted to co-align the s-polarized
beam onto the first one. This ensures that both beams hit the
same spot on the all-polarization beamsplitter coating and the
photodiodes.

Each measurement starts with the sample at an angle of 2°
away from its initial position. This is the largest possible angle
for the beamsplitter such that the beam does not clip on the
steering mirror in reflection. First, one of the polarized beam
paths is blocked, so that the reflectance and transmittance for
the orthogonal polarization can be measured by PDg and PDr,
respectively. After that, the other path is blocked so that the
same measurement can be realized for the other polarization.

Next, the beamsplitter is rotated by 0.5° toward the central
45° position and the reflectance and transmittance are mea-
sured again. This changes the beam path of the reflected beam,
so the steering mirror is used to align the beam back onto PDg.
This procedure is repeated until the entire 2° range around
the nominal 45° angle of incidence is covered. The seventh
plane Optoman beamsplitter was used as BS in Fig. 5. The
wedged samples all have a wedge of 2° on the side with the
antireflective coating. This sample is oriented in such a way
that the width of the wedge increases horizontally, away from
the direction of the transmitted beam. So, also the refraction
of the beam is only affected in the horizontal direction.

The reflectance is calculated by taking the reflected power
Pr and dividing it by the total power:

P

R= ———, 1
Pr + Pr )

where Pr is the transmitted power. This ensures that the
measurement is insensitive to general power fluctuations. The
optical power is inferred from the calibrated voltage output
given by each photodiode. The calibration factors (in terms
of output voltage per unit input power) are determined by
varying the power input for a photodiode and making a linear
fit of the resulting voltage output using a least-squares fitting
algorithm.

The statistical uncertainties on the average reflectance are
obtained by repeating a measurement of one of the samples (a
plane Optoman sample) and calculating the sample standard
variation for each angle and polarization. Then, the standard
deviation is averaged across all angles and assigned equally to
each data point. Finally, the standard deviation for the mean
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FIG. 4. Visual representation of the beamsplitter coating composition and structure (with estimated layer thicknesses) as obtained from
the analysis of the SEM images and EDX spectra, for (a) the Laseroptik coating and (b) the Optoman coating. The horizontal scale of both
panels is the same to exemplify the strong difference in coating design between both manufacturers.

value o (R) is calculated in the following way:

n

1
> o R), )

i=1

o(R) =

where R is the average of the reflectance, n is the num-
ber of samples, and o>(R;) is the variance of the individual
measurements that were calculated before. This measure of
uncertainty is displayed by the error bars of each measure-
ment in Fig. 6 and indicates statistical errors within that
measurement. This includes random readout fluctuations, like
the beam hitting slightly different spots on the photodiode,
but also the uncertainty in the fit parameters of the photodiode
calibration. This is the quantity closest related to the real mea-
surement uncertainty, but is smaller by a factor roughly equal
to the number of samples. This is also why the uncertainties
on the mean reflectance of the Optoman samples are naturally
larger, since more samples were available.

The maximal variations across different samples from the
same type are represented by the shaded areas in Fig. 6. This
is a measure of the physical differences between individual
coating samples, but also includes statistical uncertainties
caused by different positioning in the mount when switching
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HR §sample
PBS2 s-path
BS
il p-path |
I~ /4
HWP PBS1

FIG. 5. Schematic of the setup used to measure the power split-
ting ratio for the all-polarization beamsplitter under test (labeled
sample).

out samples, for example. This measure of uncertainty (the
maximum and minimum values of the reflectance) is also
more prone to statistical outliers. Especially for the wedged
Optoman samples (OM-W), there were two strong outliers
that broadened this range of uncertainty significantly. This
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FIG. 6. Average reflectance of the all-polarization beamsplitter
coatings produced by (a) Laseroptik and (b) Optoman. The additions
P and W indicate whether the substrate of the beamsplitter is plane or
wedged, respectively. The shaded areas are created by the highest and
lowest reflectances that were measured for each category of samples,
to indicate the variations for each coating.
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FIG. 7. Schematic of the scanning Michelson interferometer
setup used to measure the phase shift introduced between p- and
s-polarization modes by the beamsplitter sample.

effect is also amplified by having a larger number of samples
available. Both of the abovementioned uncertainties apply to
different quantities and should not be compared.

The averaged values of the measured reflectances are
shown in Fig. 6. Here, Optoman and Laseroptik samples
are labeled with OM and LO, respectively, while plane and
wedged samples are labeled with P and W, respectively. It
follows from these measurements that the Laseroptik samples
show more angular dependence than the ones from Optoman,
likely because they use a more complex coating structure with
more layers. The less-layered Optoman coating shows a very
consistent performance in terms of reflectance as a function
of incident angle, with an averaged reflectance of ~51% for
s-polarized light and ~49% for p-polarized light. Reflectances
between individual coatings can vary up to 3% for s-polarized
light and up to 2% for p-polarized light. Interestingly, the
coatings average ~2% differences in reflectance between s
and p polarizations across the entire 5° angular sweep.

The Laseroptik samples show a point where the re-
flectances of s and p polarizations are equal. However, this
condition is met close to 47° at 51% reflectance for the plane
beamsplitter samples (LO-P). Variations in reflectance are
limited for all Laseroptik samples, with <0.9% difference
between individual samples at any given angle of incidence.

There exist, sometimes significant, deviations between the
reflectance curves of different samples. This could be because
of inherent differences between the coatings from the same
run or other systematic uncertainties that come from exchang-
ing the sample in the experiment.

C. Dark fringe offset

The overall phase shift introduced by the beamsplitter was
measured in a scanning Michelson interferometer setup (see
Fig. 7). The polarization of the input light (from the left)
was prepared using a half-wave plate, a quarter-wave plate,
and a high-extinction-coefficient (e ~ 107°) calcite prism.
The extinction ratio of the PBS in the readout port has been
optimized by alignment prior to the experiment using the flip
mirror in the input path (see Fig. 7). Numerical simulations
have shown that the effect of the signal distortion by the PBS
asymmetry on the measured phase was negligible compared to

1.0
0.5
S
< 0.0
c
.20
w
—0.5 —— piezo driver
— s-pol output/
~10 —— p-pol output
0.00 025 050 075 1.00 1.25 1.50

Time (ms)

FIG. 8. Signals from the scanning Michelson experiment aver-
aged over all upward ramps.

the other uncertainties discussed below. The input polarization
impinging on the beamsplitter sample was chosen to be 45°
linear, i.e., with equal power in the p- and s-polarization
modes. The beamsplitter to be characterized was placed in the
center of the scanning Michelson interferometer on a rotation
mount to allow for different angles of incidence. The rotation
stage was calibrated to 45.00° £ 0.25° angle of incidence by
observing the reflection of the beamsplitter in the far field. The
end mirror in transmission (Mg) was aligned to overlap in-
coming and reflected light. This mirror was piezo-driven and
remained unchanged after initial alignment. The end mirror
in reflection of the beamsplitter (My) needed to be realigned
for each angle of incidence to overlap the beams from both
arms on the beamsplitter. Due to the geometry of the optics
(1in. diameter) and the arm length of the Michelson (15 cm),
the measurable range was limited to £2° around the nominal
45° angle of incidence. At the dark port of the Michelson
interferometer, the laser was split into its p-polarization (trans-
mission) and s-polarization (reflection) components using a
PBS and detected by individual PDs.

At the start of each measurement, the end mirror in reflec-
tion of the main beamsplitter (My) was aligned to overlap the
beams from both arms of the Michelson interferometer, and
the steering mirrors downstream of the PBS (M) were used
to maximize the signals on both PDs. A triangular ramp of
234 Hz was applied to scan the relative arm length of the in-
terferometer over multiple fringes per upward and downward
ramp. Fine adjustments of the end mirror (My) were used to
maximize the fringe contrast, before the data were saved.

In a first postprocessing step, fringe signals for both polar-
izations were cut at the turning points of the triangular piezo
ramp and averaged separately between data streams corre-
sponding to upward and downward ramps. Figure 8 shows
an example of an averaged signal for upward ramps. The PD
signals measured for both polarizations i = p, s are generally
of the form

3

ey, AV Ay,
VizAixcos2[ pe + ¢b”i|,

A 2

where the fringe amplitude A; is dependent on the laser input
power, the beamsplitter power reflectivity, and the respon-
sivity of the individual photodetectors. The Michelson arm
length change depends on the length coupling c,, (m/V) per
voltage change AV, which is potentially nonlinear due to
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FIG. 9. Example of a Lissajous figure from an Optoman sample,
including fitted ellipse and phase shift from ellipse. The uncertainty
was obtained via the standard deviation of the fit parameters from the
residuals between fit and data.

piezo hysteresis and calibrated to the laser wavelength A =
1550 nm. The phase shift A¢y,s between the fringe signals was
the quantity to be measured. The phase of the p-polarization
fringe signal was taken as reference (Agysp = 0) and the
sign of Ag¢ys defined to be negative/positive when the s-
polarization fringe signal is lagging/leading.

Under the assumption that the piezo acts linearly apart
from the turning points of the ramp, the fringe signals can be
described by a single frequency and the Pearson correlation
coefficient can be used to estimate the phase shift between the
two signals. It is defined as the ratio between the covariance
of the demeaned signals and the product of their standard
deviations [26],

cov(Vp, Vs)
r=————- = coS(Aeps). @)

o (V)o (Vo)
This method is insensitive to the sign of the phase shift due
to symmetry of the cosine function. To account for multifre-
quency components and noise, the result was compared to
phase shifts obtained by finding the maximum in the cross-
correlation function between both signals, but no significant
difference was found.

To improve the robustness and reliability of the phase shift
estimation, especially in the presence of noise, multiple meth-
ods were applied. In addition to the Pearson correlation-based
cosine inversion and cross-correlation analysis, the geometric
ellipse fitting of the Lissajous figure formed by the two fringe
signals was used to extract the phase shift. This method addi-
tionally provided an intuitive way to infer the sign of the phase
shift from the direction of rotation of the Lissajous figure. In
the case of the two fringe signals from the scanning Michelson
interferometer, the Lissajous figure is a noisy ellipse (see
example in Fig. 9). A numerically stable least-square fitting
method for ellipses [27] was used to obtain values for the semi
major a and semiminor axes b of the normalized ellipse, from

which the phase shift can be calculated via

A¢ps = 2 - arctan (g) (®)]
This method is sensitive to the sign of the phase shift by means
of the direction—either clockwise or counterclockwise—in
which the points (V,,(¢), Vs(¢)) move along the ellipse as time
t progresses. This geometric interpretation of the sign was
determined from the data by constructing a velocity vec-
tor (Vp(t), V(1)) from subsequent data points Vi) = Vit +
At) — Vi(t) (At =~ 14 ns) for the datasets of both polarizations
individually and by calculating the cross product X between
position and velocity vectors,

X =V, — V. (6)

The sign of the cross product corresponds to the sign of
the phase shift with X < 0 clockwise and s-polarization
fringes lagging (A¢ps < 0), and X > 0 counterclockwise and
s-polarization fringes leading (A¢ps > 0).

The uncertainty of the phase shift estimation from the
above data analysis methods was quantified using three in-
dependent approaches: Monte Carlo simulation, bootstrap
resampling, and analysis of residuals from the ellipse fit. In
the Monte Carlo method, Gaussian noise with a standard
deviation of 0.01 was added to the original signals, and the
phase was recomputed across 1000 trials. This process yielded
a standard deviation in the phase estimate of approximately
0.01°, providing a measure of statistical uncertainty under
the influence of measurement noise. Similarly, bootstrap re-
sampling was used to generate 1000 synthetic datasets by
sampling with replacement from the original time series. The
resulting spread in phase estimates yielded a standard devia-
tion close to 0.01°, consistent with the Monte Carlo result. A
third independent estimate of uncertainty was obtained from
the ellipse-fitting method by calculating the residuals, defined
as the distances from each data point to the closest point on
the fitted ellipse. This geometric error metric can be used as
a proxy for the precision of the ellipse fit. Phase shift values
from variation of ellipse-fitting parameters compatible with
the data were found to have an uncertainty of up to 0.35° for
all measurements, which is most likely an overestimation.

Inconsistencies between repeated measurements for the
same sample and between different samples from the same
coating run were found to be the largest sources of uncertainty,
more than an order of magnitude larger than uncertainties
from the data analysis processes detailed above. It is hard to
identify the exact cause of these systematic errors, but they
can be quantified via the standard deviation of results from
different measurements, which is found to be less than 1.5°
for all datasets. Additionally, the phase shift was measured
with, respectively, only p- or s-polarized light in the inter-
ferometer, turning the polarization to 45° linear at the dark
port after recombination at the beamsplitter to have equal
fringe amplitude on the photodetectors. The average phase
shift for these measurements was found to be —1.75° without
large variations for different beamsplitters and all angles of
incidence. This phase shift was understood to be an offset to
all measurements. Figure 10 shows a summary of the results
obtained with the above-mentioned methods taking into ac-
count the offset of —1.75°. Each curve shows the mean phase
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FIG. 10. Summary of results from phase shift measurement in
the scanning Michelson experiment for an off-the-shelf Layertec
coating (purple), and two best-effort coatings from Optoman (orange,
red) and Laseroptik (blue, green), taking into account an offset of
—1.75° for all measurements. The error bars are given by the spread
of the values between different samples of the same type.

shift measured for one type of sample with error bars from the
variation between samples on the order of 1.5° as mentioned
above. The datasets for the two custom beamsplitter coatings
ordered on a best-effort basis from Laseroptik (blue, green)
and Optoman (red, orange) with the aim to minimize this
phase are compared against measured values for a commercial
off-the-shelf beamsplitter from Layertec (purple), which was
not optimized for this particular figure of merit. The result for
Optoman coatings (orange, red) is more or less independent
of the angle of incidence and on the same order of magni-
tude as for the nonoptimized Layertec coating (purple). The
Laseroptik coating (green, blue) shows an angle of incidence
dependence and reaches a zero phase shift, but for a smaller
angle of incidence compared to the target 45°. This means
that a zero-phase-shift coating is possible with the Laseroptik
design strategy, but needs some optimization to be reached
at the desired orientation of the symmetric beamsplitter. For
the Optoman coating, strategies to compensate for the stable
phase shift could be investigated. In general, a nonzero phase
A¢yps from the beamsplitter coating means that the interfer-
ometer can only be tuned to the dark fringe for one of the
orthogonal polarization modes at a time. This additional un-
controlled degree of freedom has implications for the control
and sensitivity of polarization-based speed meters.

III. DISCUSSION

In this paper, we analyze two all-polarization beamsplitter
coatings from manufacturers that pursue fundamentally dif-
ferent strategies to achieve similar optical properties for two
orthogonal linear polarization modes. The Laseroptik coating
uses a complex design with 22 alternating layers of common
materials silica (SiO,) and tantala (Ta,Os), which achieves
the desired equal power splitting ratio and zero differential
phase, however, at different angles of incidence and not at
the target 45°. The complexity of the coating design, which
also leads to the significant angle-of-incidence dependence,
implies a large number of degrees of freedom that could be
used to further optimize this coating design so that both design
goals coincide. At the same time, such a design has a high

sensitivity to parameter variations during the deposition, so
that these have to be tightly monitored and controlled to reach
the specifications.

The Optoman beamsplitter coating utilizes a much thinner
coating with five layers of SiO, and SiO,, which feature a
much higher refractive index contrast and result in a coating
that does not achieve the specifications of equal and close to
50:50 power splitting ratio but |R, — Rs| ~ 2% and a dark
fringe offset of A¢ys ~ 7°. This does not satisfy the spec-
ifications at any angle of incidence, but it is robust against
angle-of-incidence changes. Therefore, if the design and de-
position control can be tuned to reach the specification, the
coating would show a large acceptance angle.

Requirements for beamsplitters to be used in speed me-
terlike gravitational-wave detectors can be derived from the
effect on the sensitivity and control of the interferometer.
Ideally, the dual-recycled Michelson interferometer needs to
be controlled to be at the dark fringe for both polarizations
at the same time. An effective phase shift between the polar-
izations introduced by the central beamsplitter can therefore
be understood as a dark fringe offset for one of the polariza-
tions. Depending on the magnitude of this additional degree
of freedom, the interferometer could be operated close to dark
fringe for both polarizations, i.e., at A¢ys/2, or the phase
shift needs to be controlled, e.g., by means of a phase plate.
Alternatively, the temperature dependence of the differential
phase shift could be investigated to explore the possibility
of temperature control for this additional degree of freedom.
Similar investigations have been conducted for the differen-
tial reflection phase between two modes in the context of
high-finesse bichromatic optical cavities [28,29]. An optimal
working point away from 45° angle of incidence might also
be compensated for with intermediate telescopes, which are
foreseen for future gravitational-wave detectors [30,31] like
Cosmic Explorer [32,33] and Einstein Telescope [34-36].
However, tolerances for this angular deviation depend on the
geometrical properties of the detector in question.

In terms of quantum-noise reduction, a phase shift between
both polarization modes leads to a leakage of position infor-
mation into the speed meter readout and therefore an increased
backaction noise. Quantification of this effect and derivation
of requirements will be subject to future work. Should the
required phase shift A¢ps be constrained to the subdegree
level, enhancements to the scanning Michelson interferometer
setup will be necessary to provide the precision needed for
upcoming iterations of all-polarization beamsplitter coating
designs. While the dark fringe offset could potentially be
compensated by a phase plate or temperature control, the
difference in power splitting ratio could be a problem for si-
multaneous control of the interferometer for both polarization
modes and needs to be brought closer to 50:50 for both modes
independently in future design iterations of the coating.
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