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Abstract: Future gravitational-wave detectors will use frequency-dependent squeezed vacuum
states to obtain a broadband reduction of quantum noise. Quantum noise is one of the major
limitations to the sensitivity of these detectors. Advanced LIGO+, Advanced Virgo+ and KAGRA
plan to generate frequency-dependent squeezed states by coupling a frequency-independent
squeezed light state with a filter cavity. An alternative technique is under consideration, based
on conditional squeezing with quantum entanglement: the Einstein-Podolsky-Rosen (EPR)
squeezing. In the EPR scheme, two vacuum entangled states, the signal field at 𝜔0 and the idler
field at 𝜔0 + Δ must be spatially separated with an optical resonator and sent to two separate
homodyne detectors. In this framework, we have designed and tested a solid Fabry-Perot etalon,
to be used in a EPR table-top experiment prototype, thermally controlled without the use of a
control probe optical beam. This device can also be used in optical experiments where the use of
a bright beam to control an optical resonator is not possible, or where a simpler optical device is
preferred.

© 2022 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

On September 14, 2015, the first direct detection of gravitational waves (GW) from the merger
of two coalescent black holes [1] opened a new window in the observation of the Universe.
Since then, the sensitivity of the current interferometric gravitational-wave detectors, Advanced
Virgo [2], Advanced LIGO [3], KAGRA [4] and GEO600 [5], has been constantly improved to
probe the Universe further and to detect more sources. At the time of writing, about 100 events
were observed [6].

A key towards better sensitivity is to reduce quantum noise, which can be seen as the coherent
vacuum fluctuations of the optical field entering through the interferometer’s dark port. Quantum
noise has two components which are driven by phase fluctuations for the shot noise, and by
amplitude fluctuations for the radiation pressure noise (RPN). The former limits the sensitivity
above ∼ 100 Hz and the latter is present at lower frequencies [7].

In 1981, C. Caves [8] proposed a method to enhance the current ground-based detectors
sensitivity by injecting a squeezed vacuum optical field into the dark port. This squeezed vacuum
can be represented by an ellipse, in phase-amplitude space, where the phase uncertainty is reduced
with respect to a coherent state, while the amplitude uncertainty is increased. This method, known
as frequency-independent squeezing, has successfully improved the high-frequency sensitivity in
Advanced LIGO [9] and Advanced Virgo [10] by about 3 dB during the last observation run
O3, contributing to enlarge the catalog of observed compact binary coalescences [6]. However,
due to the Heisenberg Uncertainty Principle, frequency-independent squeezing can only reduce
the variance of one quadrature of the optical field at the expense of the other: phase squeezing,
i.e. shot noise reduction, corresponds to amplitude anti-squeezing, i.e. RPN enhancement. Up
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until the end of O3, shot noise reduction by phase squeezing effectively improved the existing
detectors’ sensitivity, because RPN was covered by technical noises.

However, after the current upgrades of the interferometric GW detectors, a broadband quantum
noise reduction will be necessary, i.e., the squeezing should be frequency-dependent, reducing
the fluctuations of each quantum quadrature of the optical field in the frequency band where it is
dominant. The solution adopted is to inject the squeezed vacuum into a very long Fabry-Perot
cavity, a filter cavity. This technique has been already demonstrated [11,12] and filter cavities
of ∼ 300 m are being integrated both in Virgo [13] and LIGO detectors [14].

In 2017, Ma and coworkers proposed an alternative using Einstein-Podolsky-Rosen (EPR)
entangled states, without the need of an expensive external filter cavity [15]. Because of the
reduced cost, complexity and flexibility by not building a long cavity, this technique is very
compelling for future detectors as the Einstein Telescope [16]. This proposal relies on the use
of the interferometer itself as a filter cavity and has been experimentally demonstrated by two
proof-of-principle experiments [17, 18]. With this technique, two EPR-entangled fields, called
signal and idler are injected through the interferometer’s output and reflected off from it. Finally,
these two fields must be separated before being measured by two separate homodyne detectors.
Once the two entangled fields are detected, the rotation of the squeezed vacuum states is achieved
by conditionally filtering the measurement.

In this framework, we decided to build a demonstrator [19,20] to test RPN suppression in a
small-scale interferometer (SIPS) [21] with suspended test masses using frequency-dependent
squeezing technique with EPR entanglement. This interferometer is limited by RPN in the same
frequency band as for GW detectors. This will be a fully automated [22] table-top experiment and
will represent a further step towards the injection of EPR squeezing into current GW detectors.
In the proposal [15], the EPR-entangled fields are separated with the output-mode cleaner (a
resonator) of the interferometer. We chose to use a solid Fabry-Perot etalon, acting as an optical
resonator for our demonstrator. This consists of two parallel planar highly-reflective surfaces with
a fixed spacing and the cavity between them filled with a solid transparent material, fused silica in
our case. The substantial advantage is thus it does not require a bright beam to perform an active
length control as for the locking of air-spaced cavities. A temperature feedback system simply
controls the cavity length, which enables to physically change the fixed length of this cavity and
choose the suitable working condition to transmit the signal field while reflecting the idler field.
As a matter of fact, the Fabry-Perot etalon is commonly used to obtain high-resolution spectra in
the spectroscopy domain, or used as an optical passive device in optical communications [23]
and even in the reduction of coating thermal noise for GW detectors [24]. However, there is
very few applications of a thermally-controlled etalon cavity for frequency selection filter purpose.

Here, we present the design and characterization of the first thermally-controlled optical
resonator used in an EPR squeezing demonstrator for EPR beams separation. In Section 2, we
will describe the optical scheme of this EPR demonstrator. In Section 3, we will give an overview
of the design requirements, specifications for the etalon, its mechanical and temperature-controlled
system designs. In Section 4, we present the results of the optical characterization and thermal
stabilization tests performed in our dedicated characterization bench. It is crucial to evaluate the
performances of the etalon as they will impact the measured level of EPR squeezing. Finally, a
summary of the work and perspectives are discussed in Section 6.

2. EPR squeezing scheme

Figure 1 shows the simplified optical scheme of our EPR table-top experiment, to test the
technique proposed in [15]. First, two EPR-entangled fields are generated using the same
components as for the frequency-independent squeezing technique. A main laser pumps a
second-harmonic generator (SHG), generating the pump field, at frequency 2𝜔0 + Δ, for the



optical parametric oscillator (OPO), which generates the two vacuum entangled fields: the signal
field at frequency 𝜔0 and the idler field at frequency 𝜔0 + Δ. The entangled beams are then
injected into either a test cavity or the suspended interferometer (SIPS), both mimicking the effect
of a GW interferometer. The test cavity and the interferometer arm lengths are controlled to have
the signal beam at resonance, while the idler beam, being detuned with respect to the resonance,
undergoes a frequency-dependent differential phase rotation, experiencing a quadrature rotation.
The two entangled fields, reflected from the cavity or the interferometer arm, are separated
and filtered by the etalon and then measured by two separate homodyne detectors.Note that the
detection scheme can be different, as shown in [17] where the two entangled beams are directly
injected into a bichromatic balanced homodyne detector [25]. However, this technique cannot
be applied for GW detectors, as explained in the introduction because of the presence of an
output-mode cleaner.

The next section will focus on the separation step which is very important to generate
conditional squeezing. The etalon is thus a key element for this technique.

3. Optical resonator specifications and design

In the two proof-of-principle experiments [17, 18], the separation of the entangled fields is made
with a triangular stable cavity, similar to the other mode-cleaner cavities used in squeezing
experiments. We chose to use a solid Fabry-Perot etalon mainly due to the possibility to simplify
as much as possible its alignment and control. First, choosing a very thin cavity makes it less
sensitive to the frequency changes of a free-running laser (which is the case for the laser of
our test bench). Moreover, the possibility to stabilize the cavity temperature with a simple
temperature-controlled system, makes also possible to keep the cavity in its working point without
an error signal made with a bright beam, which will greatly simplify the optical scheme of the
experiment. A final reason to use an etalon, is to acquire experience with a different method with
respect to the ∼ 20 cm triangular cavities used in squeezing experiments for other purposes.

We will describe in 3.1 the chosen parameters for the etalon. To ensure a good thermal
stabilization, we designed the mechanical holder design and the thermal control system, which
are described in 3.3 and 3.4.

3.1. Choice of the thickness and the finesse

The first optical parameter to be defined is the etalon thickness. Since the etalon purpose is to
separate the two entangled fields (at frequency 𝜔0 for the signal beam and 𝜔0 + Δ for the idler
beam), the etalon free spectral range (FSR) is chosen as the double of the entangled beam
separation. The signal field will be kept at the cavity resonance while the idler field will be at the
cavity anti-resonance (see Figure 2). Since in our experiment Δ = 3.8 GHz, we have:

𝐹𝑆𝑅𝑒𝑡𝑎𝑙𝑜𝑛 =
𝑐

2𝑛𝐿𝑒𝑡

= 7.6 GHz and 𝐿𝑒𝑡𝑎𝑙𝑜𝑛 = 13.6 mm,

where 𝐿𝑒𝑡 is the physical length of the etalon and 𝑛 the refractive index of the material between
the reflective surfaces (𝑛 = 1.4496 for the fused silica), 𝑐 is the speed of light.

The choice of the finesse (and then of the reflectivity of the two etalon surfaces) is dictated by
two constraints: the first one is to correctly separate the two beams with the minimum optical
losses (as the squeezing is highly impacted by them), and the second one is to allow the simplest
possible control of the cavity (and then, have the lowest possible finesse).

The first constraint translates in having the maximum transmission for the signal beam (𝜔0),
kept at the resonance, and the maximum reflection for the idler beam (𝜔0 + Δ), kept at the
anti-resonance.



Fig. 1. Simplified optical scheme of our table-top experiment to test frequency-
dependent squeezing using EPR entanglement. The entangled signal (blue) at 𝜔0 and
idler (red) fields at 𝜔0 + Δ, are generated by the OPO, as for a frequency-independent
squeezing experiment. They are injected into either a test cavity which mimics an
interferometer arm or either the SIPS. Then the reflected beams are spatially separated
by the etalon using a polarization filtering (the transmitted signal field and reflected idler
field have perpendicular linear polarization). The two entangled fields are then measured
by two separate homodyne detection systems and are electronically recombined using
an optimal filter (with a gain 𝑔) for the final readout measurement. The abbreviations
PBS, MC, SHG, OPO and PLL stand respectively, for polarizing beam-splitter (PBS),
mode-cleaner, second-harmonic generator, optical parametric oscillator and phase
locked-loop.



Fig. 2. Transmission and reflection of the etalon, the signal (dotted-blue) and idler
(dotted-red) frequencies with respect to the resonance and anti-resonance of the cavity
are indicated. The limits at 1%, 5%, 95% and 99% are also indicated.

The etalon is a resonant cavity that is characterized by transmission resonances varying
periodically, due to the interferences between multiple reflections of light inside it. The
expression of the transmitted field of the cavity (normalized with respect to the input beam) is:

𝑇𝑐𝑎𝑣 (Φ) =
(
1 − 𝐴

1 − R

)2 1
1 + (2F/𝜋)2 sin2 (𝜙( 𝑓 )/2)

,

where R = 𝑟2 considering the same amplitude reflectivity 𝑟 for the two surfaces, 𝐴 is the round
trip losses. The finesse F (for a very high amplitude reflectivity) and the round-trip phase 𝜙( 𝑓 )
are defined as:

F =
𝜋
√
R

1 − R ≃ 𝜋

1 − R , 𝜙( 𝑓 ) = 4𝜋𝑛𝐿𝑒𝑡 𝑓

𝑐
.

The round-trip losses 𝐴 can be estimated from the surface roughness 𝜎 and the total loss 𝐴𝑡𝑜𝑡

can be expressed as:

𝐴 = 2
(
2 ∗ 𝜋𝜎

𝜆

)2
, 𝐴𝑡𝑜𝑡 ≃

2𝐴
1 − R ≃ 2𝐴F

𝜋
. (1)

Considering a roughness of 0.5 nm, this gives a total round trip loss of 𝐴 ≃ 70 ppm, which
will be approximated, in a conservative way, to 100 ppm for the design phase. 𝐴𝑡𝑜𝑡 is thus equal
to 64 × F ppm. This means that 𝐴𝑡𝑜𝑡 ≥ 1% for F ≥ 156.

Figure 3 shows the transmitted and reflected idler and signal fields as a function of the finesse and
the amplitude reflectivity 𝑟 . As calculated earlier, to reach a signal field transmitted at more than
99% the finesse should be less than 150. Otherwise, the round-trip losses are not negligible any-
more. To achieve an idler field reflected at more than 99%, the finesse should be higher than ∼ 14.
To conclude, to have less than 1% of losses for the signal and idler beam, the possible range for
the finesse is between 14 and 150 and for the limit at 95%, the possible range is between 6 and 780.



Fig. 3. Transmission and reflection of the idler and signal fields as a function of the
finesse and the amplitude reflectivity 𝑟. (Left) Idler reflection (in red) and signal
transmission (in blue) along with the requirement curves at 95% (in black-dotted) and
99% (in green-dashed). (Right) Idler transmission (in red) and signal reflection (in blue)
along with the requirement curves at 5% (in black-dotted) and 1 % (in green-dotted).

Considering this range, we chose the lowest possible finesse (F = 14) in order to release as
much as possible the requirements on the cavity control, then to have a less stringent constraint
in the stability of the temperature and a less sensitivity with respect to the frequency noise and
drifts.

Let us also remark that the requirements of 95% for the signal transmission and 5% for the
idler reflection are preliminary requirements, aiming to minimize the readout losses [26] which
can degrade the squeezing level.

3.2. Cavity control simulations: temperature stability and frequency noise

After choosing a finesse of 14, we have considered two main perturbations for the control of the
cavity: the temperature variations of the etalon and the frequency drift of the laser. By neglecting
the term 𝑂 (Δ𝑇2) and considering that the etalon is at resonance for Δ𝑇 = 0, the temperature
affects the transmission and reflection of the etalon as follows:

𝜙( 𝑓 ,Δ𝑇) ≃ 4𝜋𝑛 𝑓 𝐿𝑒𝑡

𝑐

(
𝑑𝑛

𝑑𝑇
Δ𝑇 + 𝛼Δ𝑇

)
, (2)

where 𝛼 = 0.55 × 10−6 °C−1 is the fused silica thermal expansion coefficient (for Suprasil fused
silica) and 𝑑𝑛

𝑑𝑇
= 0.87× 10−5 the change in the refractive index with temperature [27].

Considering the temperature stability of the etalon, Figure 4 (left) shows the transmission
of the signal beam as a function of the temperature variation of the etalon and of the finesse,
for 100 ppm round trip losses. A similar calculation was done with the idler field reflection at
the anti-resonance condition, but the resulting tolerance is much looser than the one for signal
transmission. On the other hand, Figure 4 (right) shows the transmission of the signal field for
a finesse of 14. We see that in order to guarantee a transmission of 99% we need a stability
of ∼ 0.01 °C and for a transmission of 95% we need a stability of 0.025 °C. Consequently, for
the thermal control system described in 3.4, the specification to take into account is that the
temperature fluctuations have to be smaller than ±0.01 °C. Considering variations of the room
temperature of the order of half a degree, this means that we need a temperature stabilization to
keep the etalon in resonance with the laser light.



Fig. 4. (Left) Transmission of the signal field at the resonance condition in function of
the temperature variation and the finesse. (Right) Signal transmission as a function
of temperature variation for a finesse of 14 along with the requirement level at 95%
(black-dotted) and 99 % (green-dotted).

A similar simulation is done to study the influence of the frequency drift on the cavity
transmission. Considering that the etalon is at resonance for Δ 𝑓 = 0, the frequency drift affects
the transmission and reflection of the etalon as follows:

𝜙(Δ 𝑓 ) ≃ 4𝜋𝑛𝐿𝑒𝑡Δ 𝑓

𝑐

To have a transmission higher than 99%, the frequency should not change more than 25 MHz.
The lasers Mephisto and Mephisto S from Coherent company [28] used in our experiments,
have a long term drift of the order of 5 MHz, therefore the laser drifts, due to the cavity small
thickness, will not put the cavity out of resonance.

3.3. Mechanical holder design

The strategy for scanning and stabilizing the etalon temperature to find the working condition is
to use a Peltier element (thermoelectric cooler). We decided to design a mechanical holder with
the Peltier element glued at the top of it. The topology of the holder should ensure a good thermal
contact with the etalon. Indeed, when a temperature change is induced by the Peltier element, the
heat from the Peltier element should be transferred homogeneously to the whole etalon.

We chose to ask SLS Optics for the fabrication of the etalon. The properties ensured by the
manufacturer, are described in Table 1.

As depicted in Figure 5, an indium foil wraps the etalon lateral side, to ensure a good thermal
contact with the holder. The bottom part of the holder (in yellow in the drawing) is in acrylonitrile
butadiene styrene (ABS), a durable plastic to prevent from thermal cut-off with the optical table.
Two thermistors are used: an in-loop thermistor (model TCS10K5) which is used for the PID
control and an out-of-loop thermistor (model TCS610), which is used as a temperature witness.

3.4. Temperature-controlled system

The temperature controlled system have to enable to scan enough range of temperature to find
the working point and then, stabilize in a long-term duration at this temperature with a maximum



Manufacturer SLS Optics Ltd.

Etalon thickness 13.604 mm

Clear aperture 28.0 mm

FSR 7.6 GHz

Finesse 14

Reflector coating 80.0 %

Surface roughness 0.44 nm RMS

Table 1. Design parameters provided by the manufacturer.

Fig. 5. An exploded view of the mechanical design of the etalon holder along with
photographs of the etalon in its holder, with the thermistors glued on the holder with
thermal tape.



Fig. 6. Representation of the temperature feedback control system along with pho-
tographs of the temperature controller, the in-loop thermistor (model TCS10K5) as the
sensor and the Peltier element (model AMS-71-1.0-1.5) as the actuator.

range of temperature fluctuations of ±0.01 °C. Since the temperature of the room can change by
half a degree or more, we need a feedback system, to keep the temperature of the etalon constant.
The feedback system is represented in Figure 6, in a block diagram. 𝑒 = 𝑟 − 𝑦 is the control
error, equal to the difference between the reference signal (or also called the setpoint) 𝑟 and the
output of the system 𝑦, 𝑢 is the actuation command. There are three main components in such
a system: the temperature sensor (the in-loop thermistor), the temperature controller (model
LFI-3751 from Wavelength Electronics [29]) and a Peltier device (model AMS-71-1.0-1.5 [30]).

4. Experimental setup

The characterization of the whole etalon system (etalon installed in its mechanical holder with its
thermal control system) has been done in a cleanroom of Class ISO 08 at the APC laboratory.

4.1. Description of the setup

As depicted in Figure 7, a Nd:YAG at 1064 nm (a Mephisto S laser [28]) provides a p-polarized
beam and the half-wave plate "HWP_2" is tuned so that there is a s-polarized incident beam part
that arrives at "PD_in" (see Figure 12). Before being injected, the beam is going through a PBS,
then a quarter-wave plate (QWP, called "QWP_2" in the figure). If the beam is reflected back by
the etalon, it will undergo a second time through the same QWP and it will become s-polarized.
This beam will arrive back to the polarizing beam splitter that will reflect this beam in the
"reflection detection arm". If the beam is transmitted by the etalon, it will go through a second
QWP ("QWP_3") that will turn the polarization from circular to linear. For each detection arm,
the beam is detected by a photodiode and also imaged by a camera. The orange area indicates the
zone covered by an insulated box in polystyrene. This will ensure better temperature stabilization
but is not necessary to reach the requirements.

Concerning the matching of the beam to the etalon, a simulation was performed with a software
called GaussianBeam [31]. We modelled the beam with parameters as the waist and position
of the input beam, the position of lenses and their focal length and access at every position to
the beam parameters such as its radius. This enables to have a collimated beam (after choosing
the adapted lens) arriving on the etalon, with the adapted waist, which should be higher than
around 340 µm, to not degrade the etalon performances. This waist was calculated based on the



manufacturer specification of having a divergence angle smaller than 1 mrad for the beam, to
keep the transmission and reflection higher than 95%.

Fig. 7. Schematics of the characterization bench for etalon tests. A Nd:YAG at 1064 nm
provides a p-polarized beam which is injected through the etalon. Thanks to the
combination of a PBS and a QWP ("QWP_2"), a polarization discrimination enables to
spatially separate the reflected beam from the etalon and the transmitted beam. Each
beam is detected separately with its dedicated photodiode and camera. The orange area
indicates the zone covered by an insulated box in polystyrene.

5. Experimental results

The experimental results will be divided into two categories: optical characterization and thermal
stabilization. The aims of the optical characterization are to evaluate the separation power of the
etalon and the conservation of the 𝑇𝐸𝑀00 mode for both transmitted and reflected beam. The
aim of the thermal stabilization part is to evaluate the efficiency of the thermal stabilization to
keep the cavity in resonance with the laser light.

5.1. Optical characterization

The optical characterization is separated into two axes. First, it is composed of the determination
of the etalon finesse and the evaluation of the resonant (respectively, off-resonant) transmission
and reflection efficiencies. The second axes consists of the overlap integral calculation, designed
for evaluating the purity of the 𝑇𝐸𝑀00 mode (fundamental mode). In the homodyne detection
principles, the detected beam beats with a beam called local oscillator (LO) that is, in our case, a
beam at 𝑇𝐸𝑀00 mode. If the beams separated by the etalon do not have the same spatial mode
as their corresponding LO beams, the detection is degraded, thus the squeezing level measured is
lowered.

5.1.1. Finesse and efficiency

To measure experimentally the finesse of the etalon, we acquire the power of the transmitted and
reflected fields with the photodiodes 𝑃𝐷_𝑡𝑟𝑎𝑛𝑠 and 𝑃𝐷_𝑟𝑒 𝑓 𝑙 (see Figure 7) while scanning
the laser frequency in a range where the etalon is resonant and off-resonant, through a scan in
temperature of the laser crystal and then we perform a fit of the transmitted power. A typical
curve obtained during the scan is shown by Figure 8 (right), where the y-axis is normalized to
the incident power and the laser frequency absolute values are shifted so that the frequency of the
transmission peak is equal to one FSR (7.6 GHz).



Fig. 8. (Left) Plot of 7 different fits of finesse along with its statistic mean equal
to 14.02, its 1-sigma and 2-sigma intervals. (Right) Normalized transmission and
reflection vs. frequency from DATA 3: etalon transmission curve (blue) along with its
fit curve (black-dotted), etalon reflection curve (red) and the transmission and reflection
values at resonance and anti-resonance. For ease of visualization for the x-axis units,
the curves are shifted in frequency so that the frequency of the transmission peak is
equal to one FSR (7.6 GHz).

Transmission (%) Reflection (%)

Resonance 97.4 0.9

Out of resonance 1.2 97.8

Table 2. Measured transmission and reflection values when the etalon is resonant and
off-resonant

For the reflection part, the reflected beam power can only be measured in the path to the
reflection arm, just after the PBS. The propagation losses from the etalon to the PBS were
estimated to subtract these losses in our measures. At the resonance condition, the transmission
is equal to 97.4% while the reflection is equal to 0.9%. At the anti-resonance condition, the
transmission is equal to 1.2% while the reflection is equal to 97.8%. These values, presented
in Table 2 meet our specifications of having more than 95% for signal transmission and idler
reflection. According to Figure 8 (left), the measured finesse is 14.02 with a standard deviation
(calculated from the seven data) of ±0.08, the finesse quoted by the manufacturer being inside
this interval.

5.1.2. Overlap integral

The detection technique requires to couple each EPR-entangled beam with a local oscillator
beam which has the same properties as the interferometer beam and particularly, being at 𝑇𝐸𝑀00
mode. The Figures 9, 10 and 11 (left) show the images of the input field and the transmitted and
reflected field from the etalon. We notice some interference fringes, which are probably made by
some optical components on the beam path. However, it was possible to remove offline these
fringes by applying a low-pass filter to the FFT of each image but we notice that the calculated
overlap integral (defined later) is the same, with or without these fringes. The figures at the right
side are the corresponding fit of each image with a 𝑇𝐸𝑀00 intensity profile.

We use an intensity overlap integral to measure the purity of the transmitted and reflected
modes. The overlap integral is made with a perfect 𝑇𝐸𝑀00 beam which has the same radius of
the measured field, and which is defined as:



Fig. 9. (Left) Image of the input beam captured by the beam profiler at about 75 mm
before the etalon, plotted along with its averaged horizontal and vertical profiles (scaled
to fit in the picture) (Right) Fit of the input beam with a 𝑇𝐸𝑀00 intensity profile,
plotted along with the averaged horizontal and vertical profiles.

Fig. 10. (Left) Image of the transmitted beam captured by the beam profiler at about
75 mm after the etalon, plotted along with its averaged horizontal and vertical profiles
(scaled to fit in the picture) (Right) Fit of the transmitted beam with a 𝑇𝐸𝑀00 intensity
profile, plotted along with the averaged horizontal and vertical profiles.

𝛾𝑚𝑒𝑠,𝑡ℎ =

��√𝐼𝑚𝑒𝑠 ×
√︁
𝐼𝑡ℎ𝑒𝑜𝑟𝑦 exp (𝑖ΔΦ)

��2∬
𝐼𝑚𝑒𝑠𝑑𝑆 ×

∬
𝐼𝑡ℎ𝑒𝑜𝑟𝑦𝑑𝑆

, (3)

where 𝐼𝑚𝑒𝑠 is the transverse intensity distribution acquired by a beam profiler camera, 𝐼𝑡ℎ𝑒𝑜𝑟𝑦
is the numerical fit (nonlinear curve-fitting in a least-square sense) of the transverse intensity
distribution of the image from the beam profiler with a perfect Gaussian intensity distribution, 𝑑𝑆
is the infinitesimal surface element and ΔΦ is the differential of the two phase profiles. However,
since it is more complex to measure the phase of a laser beam as it cannot be measured by a
beam profiler but it requires a wavefront sensing device, we will assume ΔΦ equals zero (i.e., the
two profiles are perfectly marched). Hence we can only obtain an upper limit for 𝛾𝑚𝑒𝑠,𝑡ℎ. The
numerical integration for the Equation 3 becomes:

𝛾𝑚𝑒𝑠,𝑡ℎ =

∑𝑛
𝑥=1

∑𝑚
𝑦=1 𝐼𝑚𝑒𝑠 (𝑥, 𝑦)𝐼𝑡ℎ (𝑥, 𝑦)Δ𝑥Δ𝑦√︃∑𝑛

𝑥=1
∑𝑚

𝑦=1 𝐼
2
𝑚𝑒𝑠 (𝑥, 𝑦)Δ𝑥Δ𝑦

√︃∑𝑛
𝑥=1

∑𝑚
𝑦=1 𝐼

2
𝑡ℎ
(𝑥, 𝑦)Δ𝑥Δ𝑦

, (4)

where 𝐼𝑚𝑒𝑠 is the image from the beam profiler at the size 𝑛 ×𝑚 pixels, 𝑥 and 𝑦 are the indexes in



Fig. 11. (Left) Image of the reflected beam captured by the beam profiler at about
450 mm in the reflected path from the etalon, plotted along with its averaged horizontal
and vertical profiles (scaled to fit in the picture) (Right) Fit of the reflected beam with
a 𝑇𝐸𝑀00 intensity profile, plotted along with the averaged horizontal and vertical
profiles.

horizontal and vertical direction, Δ𝑥 and Δ𝑦 are the increment steps in respectively the horizontal
and vertical direction and are equal to the size of one pixel. 𝐼𝑡ℎ is the fit image. The nonlinear
function to fit is:

𝐹 (𝑋,𝑌 ) = 𝑎𝑒
−2 (𝑋−𝑏)2+(𝑌−𝑐)2

𝜎2 ,

where 𝑎 is the intensity normalization coefficient, 𝑏 and 𝑐 are the shift of the intensity peak for
the vertical and horizontal direction and 𝜎 is proportional at the Full-Width at Half Maximum
(FWHM) of the function with 𝜎 = 𝐹𝑊𝐻𝑀√

2 ln 2
or can be defined as the radius for which the intensity

is equal to the maximum intensity times 1/𝑒2.
The resulting overlap integral is equal to 99.2% for the incident beam, 99.3% for the transmitted

beam and 96.9% for the reflected beam. The result for the reflected beam is slightly worse than
the other results, what may come from a residual tilt angle of the incidence beam.

5.2. Thermal stabilization tests

Tests were performed to evaluate our temperature controller performances and to choose the PID
experimentally to minimize the time needed for the etalon to be stabilized at the set temperature.

In the following subsections, we present a long-term stabilization measurement taken with
the etalon in resonance condition; the temperature of the etalon is stabilized, the etalon and
its four steering mirrors are placed inside an insulated box, as shown by the orange area in
Figure 7. The measurement is done in a period of more than 22-hour with the acquisition of
the incident, transmission and reflection voltages, the room temperature, the temperature inside
the insulated box, the in-loop and out-of-loop temperature. The Agilent 34970A Data Logger
Switch Unit acquires the three photodiodes (reference: Thorlabs PDA36A-EC, Si Amplified
Detector) 𝑃𝐷𝑡𝑟𝑎𝑛𝑠, 𝑃𝐷𝑟𝑒 𝑓 𝑙 and 𝑃𝐷𝑖𝑛 and the sampling rate is 0.1 Hz. This data logger also
acquires the temperatures from the out-of-loop thermistor and the room temperature thermistor.
The temperature controller acquires the temperatures from the in-loop thermistor for the PID
stabilization and from the thermistor placed inside the insulated box, with a sampling rate of
0.2 Hz.



5.2.1. Transmission evolution

After observing that the transmission fluctuations follows the fluctuations of the incident power,
we removed the effect of laser intensity fluctuations thanks to the acquisition of the fluctuations
of the incident power (easily calculated thanks to the acquisition of the photodiode 𝑃𝐷_𝑖𝑛 which
acquires a pick-up beam from the laser). 𝑇𝑐𝑎𝑣 is then the transmission function whose values are
between 0 and 1 and is shown by Figure 12.

Fig. 12. More than 22-hour acquisition of the transmission function (transmission
power normalized with the incident power) with the etalon in resonance condition.

The variations in the transmission curve seem to follow a cycle, the transmission decreases
during the first 15 hours and drops to 95% and then, it increases to reach more than 99% of
transmission again. In a one-day period, the transmission stays at higher than 95%. Moreover,
the reflection (which is not plotted for ease of visualization) is never higher than 2% during the
whole measurement period.

5.2.2. Temperatures evolution

The Agilent 34970A Data Logger Switch Unit acquires the temperatures from the out-of-loop
thermistor and the room temperature thermistor. The temperature controller acquires the
temperatures from the in-loop thermistor and the thermistor placed inside the insulated box. In
Figure 13, the evolution on a 22-hour period of the four temperatures is plotted. The fluctuations in
22 hours for the in-loop and out-of-loop temperature are respectively ±0.0025 °C and ±0.007 °C.
The in-loop temperature and insulated box data are down-sampled, to have the same sampling
for the four temperature curves. We can observe that the in-loop and out-of-loop temperatures
are very stable compared to the room temperature and the insulated box temperature and the
zoom in a 1-hour period, depicted in Figure 14, shows that their fluctuations are respectively
± 0.0005 °C and 0.001 °C. Moreover, the model of all the thermistors is TCS610, except the
one for the in-loop temperature (model TCS10K5). Thus, the big fluctuations in the room
temperature cannot be caused by the difference in thermistors performances between different
models. They are certainly due to the room temperature itself and not from the numerical noises
of the thermistor. The presence of the insulated box made the temperature inside it increase, this
explains the increase of the related measure (red trace in Figure 13) during the first five hours.



Fig. 13. Evolution of the different acquired temperatures on more than 22 hours: in-loop
(pink) and out-of-loop (blue) temperatures, room temperature (black) and insulated box
(red). The fluctuations during all this period for the in-loop and out-of-loop temperature
are respectively ±0.0025 °C and ±0.007 °C.

Fig. 14. Zoom in a 1-hour period for the in-loop and out-of-loop temperatures, to see
the fluctuations. Note that the two y-axes are shifted towards each other but the scale is
the same.



5.2.3. Discussion on stabilization tests

The long-term stabilization measurement shows that the signal transmission can be kept higher
than 95% during at least one day. The temperature, measured with an out-of-loop sensor was
stable at 0.001 °C on 22-hour and 5 times better on a 1-hour period. The conclusion is that the
variations of the transmission signal cannot be explained only by a change of length in the etalon
but there are other factors (alignment drifts or change in the frequency of the laser higher than
expected).

6. Conclusions and outlook

We have made the design and tested a separation cavity for the EPR experiment, based on a
Fabry-Perot etalon. The whole system was installed in a characterization setup in cleanroom to test
its optical properties and its thermal stabilization system. Concerning the optical characterization,
a finesse of 14 ± 0.08 and an overlap integral > 97% for the transmitted and reflected beam was
determined. These results guarantee respectively a good beam separation and a reasonable level
of losses for homodyne measurements. The transmission of the signal and reflection of the idler
beams are almost equal to 98%, which meets our specification of 95%. This will guarantee to
reduce losses due to readout loss for the production of EPR squeezing.Indeed, as explain in [ref
thesis], it is possible to link the variance of produced squeezing level and the measured variance
with:

𝑉𝑚𝑒𝑎𝑠 = 𝜂𝑡𝑜𝑡𝑉
𝑝𝑟𝑜𝑑 + (1 − 𝜂𝑡𝑜𝑡 ) (5)

where 𝑉𝑚𝑒𝑎𝑠 and 𝑉 𝑝𝑟𝑜𝑑 are respectively the measured squeezing variance and the produced
squeezing variance, and 𝜂𝑡𝑜𝑡 is the total optical efficiency that includes all the losses 𝐿 from
the generation to the detection of squeezed light and these follows the relation 𝜂𝑡𝑜𝑡 = 1 − 𝐿.
Considering only the losses from the etalon, 𝜂𝑡𝑜𝑡 = 0.97 ∗ 0.97, which are the measured
transmission for the signal beam and the measured reflection for the idler beam, with a produced
squeezing level goal of -15 dB , we should have a measured squeezing level of -10.5 dB, which is
detectable. For our demonstrator, the goal is to be able to produce and measure EPR squeezing
and understand all the losses.

The short-term and long-term stability of the temperature-controlled system show temperature
fluctuations around ± 0.0005 °C on 1-hour time scale and ± 0.0025 °C on 22-hour time scale.
This is respectively 20 times and 4 times smaller than the requirement. The stabilization on a
1-hour and a 22-hour scale thus meet the requirement on the temperature fluctuations.

From these tests, we can conclude that our etalon is ready to be integrated in the EPR
experiment: the whole etalon system is a robust and stable optical element for the purpose of
EPR beams separation in a frequency-dependent squeezing experiment using quantum states
entanglement. For further characterizations, it would be important to do more extensive tests to
understand the effects of the misalignments of the incident beam and compare the results with
simulations.
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