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Abstract
The polarisation Sagnac speedmeter interferometer has the potential to replace
the Michelson interferometer as the instrumental basis for future generations of
ground-based gravitational wave detectors. The quantum noise benefit of this
speedmeter is dependent on high-quality polarisation optics, the polarisation
beam-splitter (PBS) and quarter-waveplate (QWP) optics that are key to this
detector configuration and careful consideration of the effect of birefringence
in the arm cavities of the interferometer. A PBS with an extinction ratio of better
than 4000 in transmission and 700 in reflection for a 41◦ angle of incidence was
characterised along with a QWP of birefringence of λ

4 + λ
324 . The cavity mir-

ror optics of a 10 m prototype polarisation Sagnac speedmeter were measured
to have birefringence in the range 1 × 10−3 to 2 × 10−5 radians. This level of
birefringence, along with the QWP imperfections, can be cancelled out by care-
ful adjustment of the QWP angle, to the extent that the extinction ratio of the
PBS is the leading limitation for the polarisation Sagnac speedmeter in terms
of polarisation effects.

Keywords: speedmeter, polarisation Sagnac, gravitational wave, interferometer,
quantum noise
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1. Introduction

Operational gravitational wave observatories, including the two LIGO detectors in the USA
[1] and the Virgo detector in Italy [2] have been highly successful at measuring gravitational
waves emitted by the coalescence of black-hole and neutron star binary systems [3, 4]. These
detectors are based on Michelson interferometer configurations with suspended test masses
where information about the relative position of the test masses is recovered from the phase of
the laser light at the interferometer readout after the light has been modulated by interaction
with a gravitational wave [5].

As improvements are made to these detectors to decrease the contribution of classical noise
[6, 7], the detectors become quantum noise limited. Sensitivity in the detectors upper frequency
band, where quantum shot noise is the dominant effect, can be improved by increasing the laser
power [8] and using squeezed light injection [9, 10]. This comes at the penalty of increased
quantum radiation pressure noise at lower frequencies, although this currently remains below
the classical noise level in this band.

The dissimilar relationship between optical power and the two quantum noise terms, along
with the frequency dependence of both, results in an optimal power at each frequency that
results in the best sensitivity of the instrument that is known as the standard quantum limit of
a detector [11].

One way to improve on the sensitivity limitation imposed by the standard quantum limit
of a Michelson interferometer is to consider a different interferometer topology such as the
speedmeter [12] with an inherently lower standard quantum limit.

In a speedmeter interferometer the phase of the light at the readout contains information
about the relative velocity (hence speedmeter) of the test masses by interferometric cancelation
of positional information. The quantum radiation pressure noise is thus cancelled, resulting in
lower quantum noise ideally limited only by the quantum shot noise [13].

There are multiple topologies of speedmeter that are viable for future gravitational wave
detectors such as the Einstein telescope [14]. In this paper we consider the polarisation Sagnac
speedmeter [15] which unlike the ring-cavity Sagnac [16] has linear arm cavities, and does not
require additional cavities as in the sloshing speedmeter designs [17–20]. This make the polar-
isation Sagnac speedmeter attractive to consider as it is both conceptually straightforward and
employs, for the most part, components and techniques that are already familiar in Michelson-
based detectors and has the advantage of linear arms that are compatible with existing and
planned infrastructures.

2. The polarisation Sagnac speedmeter

In a polarisation Sagnac speedmeter (figure 1) the polarising optics are configured to produce
two counter-propagating beam paths such that light probes each arm cavity sequentially. This
introduces a delay between interactions with the two sets of test masses that results in a phase
modulation that is dependent on the relative velocity of the test mass pairs; in the ideal case
with no dependence on the relative positions of the test masses.

Imperfections in the polarisation optics will degrade the performance of the Sagnac speed-
meter by reintroducing positional phase dependence (or Michelson signal) into the output field
and resulting in imperfect cancelation of quantum radiation pressure noise [21].

The possible paths that light can take to introduce additional quantum noise to the output
due to polarisation imperfections are shown in figure 2. We use the relative amount of position-
dependent signal at the readout port (or the amount of Michelson-to-speedmeter signal) as a
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Figure 1. The polarisation Sagnac speedmeter as a gravitational wave detector interfer-
ometer. Laser light of linear polarisation illuminating the interferometer from the west is
split into two equal counter-propagating beams by the BS. The clockwise beam (green)
is first transmitted by the PBS and resonates in the east arm cavity acquiring positional
information about this pair of test masses. Returning to the PBS, as light of the orthogo-
nal linear polarisation having double-passed the QWP, the beam is reflected towards the
north arm cavity interacting with the second test mass pair after a time delay due to the
light travel time. Upon a third interaction with the PBS the light is of the original linear
polarisation, due to a second double-pass of the northern QWP, so is transmitted back to
the BS where it interferes with the counter-clockwise beam (blue) which has followed
the reverse path. The result of the interference is a beam of light, phase modulated with
information about the relative differential velocity of the two test mass cavities.

metric to judge the adverse effect of imperfections in the polarisation optics. In this paper we
only consider polarisation effects and no other optical loss mechanisms.

3. Characterisation of a PBS

The experimental setup to measure the polarisation extinction ratio in transmission and reflec-
tion of the thin-film polarising beam-splitter (PBS) is shown in figure 3(b). The optics under
investigation were Layertec [22] thin film polarisers with a specified polarisation extinction
ratio in transmission (PERT) of 2500 for 1550 nm light at an angle of incidence of 45◦. Thin
film polarisers are chosen as they are compatible with the suspension systems required of the
core optics of a gravitational wave detector and can be more economically scaled to larger sizes
in comparison to prism polarisers.

The light is prepared in a linear polarisation using a calcite prism of extremely high polari-
sation extinction ratio [23] and a half waveplate (HWP) to align the polarisation of the light to
the PBS. In this way the extinction ratio could be maximised such that the best performance
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Figure 2. (a) Single arm of the polarisation Sagnac speedmeter showing the input, out-
put and leakage of light within the interferometer due to imperfect polarisation optics.
(b)–(d) Possible optical paths of the clockwise propagating beam though the interfer-
ometer from input to output. Light following the desired speedmeter path (b) will be
resonant in both arm cavities. Light following the Michelson path (c) due to a combina-
tion of imperfect separation of polarisation at each PBS port and unwanted birefringence
will only sense one arm of the interferometer. Also due to the imperfect separation of
polarisation at the PBS some light will not enter either cavity and will circulate between
the steering mirrors in the so-called inner-Sagnac path (d).

of the optic could be investigated without limits imposed by misalignment between the input
polarisation and the PBS being characterised.

The reflected and transmitted beams are recorded on separate photodiodes (PDs) with cali-
brated high and low gain readout electronics that were designed to probe high extinction ratios
by being able to measure light power of a few milli-watts or a few micro-watts respectively. A
third PD was used to monitor the optical power at the input of the system. The input monitor
was used as a calibrated readout of the power in-front of the PBS during the measurements to
mitigate possible measurement errors introduced by changing input power.

The extinction ratio in transmission (PERT =
Tp
Ts

) and reflection (PERR = Rs
Rp

) as a function
of angle of incidence on the PBS was measured and the results are shown in figure 4. At an
angle of incidence of 45◦ the extinction ratio in transmission was measured to be 770 ± 6.5,
and 262 ± 1.8 in reflection. The optimal angle of incidence for concurrent transmission and
reflection extinction was found to be around 41◦, where the transmission extinction ratio was
measured to be better than 4000, and 700 in reflection compared to the specified transmission
extinction ratio of 2500.

4. Characterisation of a QWP optic

Imperfections in the manufacture of a quarter-waveplate (QWP) (thickness, surface uniformity,
etc) will result in imperfect polarisation transformation and allow Michelson signal leakage in
the polarisation Sagnac speedmeter system.
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Figure 3. (a) PBS: the input field of arbitrary polarisation is split into two orthogonally
polarised beams in reflection and transmission of the optical surface (grey shaded area).
(b) Experimental set-up for the characterisation of the extinction ratio as a function of
the angle of incidence of a thin-film polariser (PBS) on a Vernier-scale rotation stage.
The input light was prepared in a linear polarisation aligned to the PBS with a calcite
prism and a HWP. The set-up could be switched between a p- or s-polarised input beam
with use of a removable mirror and beam blocks. The reflected and transmitted beams
are recorded on separate PDs with a third as an input monitor.

Figure 4. Measured polarisation extinction ratio in transmission (blue) and reflection
(orange) of the PBS as a function of angle of incidence compared in the specification of
2500.

The waveplates purchased for the polarisation Sagnac speedmeter experiment were opti-
cally contacted, zero-order waveplates from Union Optic [24] with a specified birefringence
and tolerance of λ

4 ± λ
300 for 1550 nm light.

The experimental setup to measure the birefringence of a QWP is shown in figure 5(b). The
birefringence of the QWP is measured as the induced change in polarisation as a function of
the rotation of the QWP fast axis.

In this setup an ideal QWP at an angle of 45◦ relative to the linearly polarised light should
produce the greatest rotation of the polarisation of the laser light. The combination of the calcite
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Figure 5. (a) Basic principle of a QWP. The input field of linear polarisation is rotated
into a circular polarisation by the QWP with the fast axis orientated at 45◦ to the input
polarisation. (b) Experimental setup to measure the birefringence of a QWP as a func-
tion of fast axis orientation. The QWP is mounted in a rotating mount on a rotation stage
so both the fast axis angle and the angle of incidence can be adjusted for optimal per-
formance. The input light is prepared in a linear polarisation with a calcite prism and a
HWP and the input power is monitored with a PD pick-off before the calcite prism. The
polarisation state of light in transmission of the QWP is analysed with a PBS with PD
readout in each output port.

prism and HWP was set to produce s-polarised light (in the frame of the QWP) and in the case
of an ideal QWP would result in an equal amount of optical power reflected and transmitted
by the PBS. The extinction ratio of the PBS as characterised in section 3 is taken into account
when analysing the resulting polarisation of light in transmission of the QWP.

Plotting the light transmitted and reflected by the PBS as a function of the angle of the
QWP fast axis, the results can be compared to a model of the setup using Jones calculus [25]
to describe the polarisation optics and the polarisation vector of the laser light (see figure 6).
Fitting this model to the data with the QWP birefringence as a free parameter gives a birefrin-
gence of 1.590 ± 0.002 radians. This result can be expressed as λ

4 + λ
324 which is within the

manufactures specification of the optic having a birefringence tolerance of λ
4 + λ

300 .

5. Investigation of cavity birefringence

Birefringence in multi-layer amorphous mirror coatings, such as those used for gravitational
wave detectors, has previously been reported on [26–28], with the level of birefringence mea-
sured ranging between 10−4 to 10−7 radians per reflection [29]. Higher birefringence can be
expected in crystalline coatings which are also of interest for future gravitational wave detectors
[30].

In multi-layer coatings, stress-induced birefringence can result from the coating process
after the optical layers have been deposited due to the difference in thermal properties of the
coating and the substrate material.

Birefringence is present in the mirrors for current gravitational wave detectors but as the
detection method does not directly rely on the polarisation state of light in the interferometer
the impact is less significant and has been shown to be a minor source of loss in such an
interferometer [31].
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Figure 6. Result of the characterisation experiment for the QWP optic. The measured
optical power in reflection (orange) and transmission (blue) of the PBS was used to char-
acterise the birefringence of the QWP optic compared to the specification (grey region).
The predicted result for an ideal QWP is also shown (dashed lines). The modelled result
with a fitted value of QWP birefringence is also shown fitted to the data.

In a polarisation Sagnac speedmeter the polarisation state of the light in the detector arms is
critical and even low-levels of birefringence in the cavity mirrors can have a significant effect
on the overall performance as the effect of mirror coating birefringence scales with the finesse
of the arm cavity.

An experiment was devised to measure the birefringence of the cavity mirrors for the pro-
totype polarisation Sagnac speedmeter. This involves measuring the polarisation state of the
light transmitted by a suspended 10 m Fabry–Perot cavity to infer the birefringence effect of
the cavity mirrors. The layout for this experiment is shown in figure 7.

The polarisation state of the light in transmission of the cavity on resonance is analysed
with a PBS with two PDs in reflection and transmission. This readout system was calibrated
by first measuring the polarisation of the light that enters the cavity by removing the ETM
from the optical path so that no cavity is present and the beam transmitted by the ITM could be
analysed. The ellipticity induced by the cavity can be measured by comparing this no-cavity
result to the case where the cavity is held on resonance with the input laser light.

This ellipticity measurement was performed for six different relative orientations of the
cavity mirrors; achieved by rotating the ETM optic in its suspension. Rotating the ETM relative
to the ITM changes the orientation of the fast axis of the ETM and therefore the combined
birefringence of the cavity. The resulting change in the ellipticity of the transmitted cavity
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Figure 7. Experimental layout to measure the polarisation ellipticity induced by birefrin-
gence effects in the mirrors forming a 10 m long Fabry–Perot cavity. The pre-stabilised
laser is locked to the cavity length using the Pound–Drever–Hall (PDH) technique to
ensure the laser light is resonant in the arm cavity. The PDH error signal is shaped by a
digital servo implemented in a CDS unit [32] that consists of gain shaping low-pass tran-
sitional integrator and differentiator filters to lock the cavity, and resonant gain and notch
filters to compensate for the pendulum and mechanical modes of the suspended optics.
The length of the cavity is controlled by applying a feedback signal to a coil–magnet
actuator on the suspended ETM mirror to lock the cavity to the laser with a unity gain
frequency of 600 Hz. The transmitted light is analysed using a PBS with readout PD
in reflection and transmission. This PBS was calibrated with the ETM mirror removed
to measure the polarisation of the light entering the cavity with no cavity birefringence
effects. More details about the suspended 10 m cavity infrastructure can be found in
[33].

light would be expected to follow a sinusoidal relationship with ETM angle as the mirror is in
effect a low birefringence waveplate.

In order to interpret the results a model of the experiment was built, based on Jones calculus.
This model is the linear combination of Jones matrices [25] that represent each polarising
optical element as arranged in figure 7. The birefringence of each cavity mirror is included in
the model as a weak waveplate and the combination forms a Fabry–Perot cavity that induces a
degree of ellipticity to the circulating light. The model was used to generate ellipticity curves
that were compared to the experimental data shown in figure 8(b). More detail on the modelling
procedure can be found in [33].

In the model the reflection and transmission coefficients of the ITM and ETM are known
parameters. While the birefringence amplitude and fast axis angles of both mirrors are unknown
parameters. A Monte Carlo method was used to generate multiple models of the experiment
with combinations of the unknown parameters selected from a defined parameter space. The
parameter space limits for the mirror birefringence were set based on [29] and a half rotation
of the fast axis of each mirror was considered due to symmetry. Comparing the fit of each
test to the data with a quality factor, it was possible to produce a parameter estimation result
shown in figure 8(c) where each point in this plot represents a single model in the parameter
space. A few thousand simulations were preformed to ensure the full parameter space was
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Figure 8. Results of the experiment to measure cavity birefringence. In a Fabry–Perot
cavity (a) where the ITM and ETM mirrors are considered to be birefringent each mirror
can be considered as a weak waveplate with birefringence (η) and fast axis orientated
at angle (θ) to the horizontal plane. The cavity is illuminated with circularly polarised
light which becomes elliptically polarised while resonating in the cavity. This ellipticity
of the transmitted light was measured (b) for six different orientations of the ETM fast
axis (θETM) relative to the ITM. A model was used to preform a parameter estimation
fit to the data (purple) and each pink trace in (b) is a possible fit that corresponds to the
white point in (c) of best-guess parameters for the two birefringent mirrors.

considered. The colour shading for each point represents the quality of fit with white being
the best fit.

From this result bounds can be placed on the mirror’s birefringent properties. The measured
data was found to be consistent with an ITM of birefringence in the range from 1.3 × 10−4

radians to 1.0 × 10−3 radians, and an ETM of birefringence in the range from 2.0 × 10−5

radians to 9.1 × 10−5 radians.

6. Consequences for the polarisation Sagnac speedmeter

A model of the polarisation Sagnac speedmeter was constructed using Jones calculus to model
the polarisation state of light following the possible paths though the interferometer. This model
allows us to determine the amount of light reaching the readout of the interferometer that

9
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Figure 9. Effect of imperfect PBS and QWP optics on the amount of unwanted light at
the readout of a polarisation Sagnac speedmeter. The results are normalised to the total
optical power at the readout. For the PBS (a) the result is shown for three paths through
a full polarisation Sagnac speedmeter as a function of the PBS angle of incidence. For
the QWP (b) the fraction of optical power at the output of a single arm of the speedmeter
that is Michelson leakage is shown as a function of QWP fast axis angle.

follows the Michelson path and will therefore degrade the sensitivity of the instrument as a
speedmeter.

6.1. Impact of PBS imperfection

The modelled result for the PBS characterised in section 3 is given in figure 9(a) where the
amount of optical power at the readout that has followed undesirable paths is shown.

Light following the inner Sagnac path contributes the most at the output. This can be con-
sidered a source of optical loss in the instrument as the light does not couple into either cavity
therefore does not contribute to the detector sensitivity. It is the Michelson path which will
most severely impact the detector sensitivity by reintroducing positional information at the
readout.

The result shows that at a 45◦ angle of incidence 0.295% of the light at the readout will have
followed the Michelson path and this Michelson signal decreases below 0.1% for an angle of
incidence <43◦.
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Figure 10. Modelling the combined effect of imperfect PBS and QWP optics in one
arm of a polarisation Sagnac speedmeter with birefringent cavity mirrors. The level of
Michelson leakage signal (normalised to optical power at the output) is plotted against
the birefringence of the cavity mirrors for the case that the ETM is five times more
birefringent than the ITM based on the limits obtained in section 5. The three plots
correspond to three different orientations of the QWP fast axis relative to the cavity
mirrors. The colour of each trace relates to the relative orientation of the two cavity
mirrors as shown in the insert in the middle plot.

6.2. Impact of QWP imperfection

The amount of Michelson leakage from one arm of the speedmeter due to a QWP with a bire-
fringence of λ

4 + λ
324 is shown in figure 9(b) as a function of the QWP fast axis rotation. This

is shown for the case of an ideal PBS and for the PBS measured extinction ratio at the optimal
angle of incidence.

In a full speedmeter interferometer with two arm QWPs of the same birefringence 0.088%
of the light at the readout will have followed a Michelson path through the interferometer this
increases to 0.348% in combination with the imperfect PBS.

6.3. Impact of cavity birefringence

In the three sub-plots of figure 10 the limitation on the amount of light following the Michelson
path due solely to the imperfect PBS is shown as a grey dashed line along with the limit due
to the combination of imperfect PBS and QWP as a black dashed line. For low levels of cavity
birefringence (ηITM < 10−5 radians) it is the combination of PBS and QWP imperfections that
limit the performance of the speedmeter. Cavity birefringence becomes the limiting factor for
high levels of birefringence (ηITM > 10−4 radians). In the region between these two limits there
is a cancelation effect between the birefringent cavity and the imperfect QWP that depends on
the relative orientation of these three optics. This can be seen in figure 10 where for certain
orientations of the QWP and cavity optics the level of Michelson signal drops to the limit
imposed by the imperfect PBS optic. This manipulation of ‘imperfect’ birefringence of the
QWP via rotation of the optic can cancel a range of cavity birefringence (where the range is
determined by the level of birefringent imperfection in the QWP) and mean the polarisation
Sagnac is limited only by the PBS extinction ratio.
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7. Outlook

In this paper it was demonstrated that optics of a sufficiently high quality are available for
prototype-scale experiments with 25 mm diameter optics and a beam radius of 1.9 mm though
the polarisation optics. While further testing is required, there is considerable promise of being
able to scale these results for a detector such as the Einstein telescope with 10 km arms and a
beam radius of 6 mm at the central beam-splitter (BS) [34]. An approximate increase in optical
aperture size by a factor of three would be relatively straightforward for the PBS as thin film
polarisers can be scaled to larger optics and QWP optics are currently available with an aperture
of 96 mm but with a lower birefringence specification of λ

4 + λ
200 [35].

8. Conclusion

While many other speedmeter designs exist, the polarisation Sagnac remains the least techno-
logically complex and most compatible with existing infrastructure. The main limiting factors
for a polarisation Sagnac speedmeter are cavity birefringence in the interferometer arms and
the imperfections of the PBS and QWP polarisation optics.

In this work we investigated, with a series of experiments and optical path modelling, how
polarisation effects in a polarisation Sagnac speedmeter can couple Michelson signal fields to
the interferometer readout, a process that is known to degrade the speedmeter performance due
to imperfect cancelation of quantum radiation pressure noise. It was shown that for a polari-
sation Sagnac speedmeter utilising the PBS characterised in this work at an optimal angle of
incidence the output light would contain <0.1% of Michelson signal. This is a level of imper-
fection that would not critically impact the quantum noise limited sensitivity of this detector
design.

We have shown that it is possible to mitigate the effects arising from arm cavity birefrin-
gence by adjusting the QWP. With such a cancelation the limitation remains solely due to the
finite extinction ratio of the PBS optic. This removes a significant potential disadvantage of the
polarising Sagnac scheme and hence increases the feasibility of fabricating low-birefringence
cavity mirrors with the required performance.

While the availability of polarising optics with the required combination of optical qual-
ity and aperture size needs to be demonstrated there is considerable promise as for the thin
film polariser this should be relatively straightforward. For the QWP some development is
required to produce suitable components. Leaving the polarisation Sagnac speedmeter as a
strong candidate for future gravitational wave detectors with reduced quantum noise.
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