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1 INTRODUCTION 2

Abstract. To achieve the expected level of sensitivity of third-generation
gravitational-wave observatories, more accurate and sensitive instruments than
those of the second generation must be used to reduce all sources of noises.
Amongst them, one of the most relevant is seismic noise, which will gequirerthe
development of a better isolation system, especially at low frequencies (below 10
Hz), the operation of large cryogenic silicon mirrors, and #he improvement/of
optical wavelength readouts. In this framework, this article presénts the activities
of the E-TEST (Einstein Telescope Euregio Meuse-Rhine Sité & Technology) to
develop and test new key technologies for the next generation‘of GW observatories.
A compact isolator system for a large silicon mirror (1007kg) atslow frequency
(< 10 Hz) is proposed. The design of the isolator @llows the, overall height
of the isolation system to be significantly compact and also suppresses seismic
noise at low frequencies. To minimize the effect of thermal moise, the isolation
system is provided with a 100-kg silicon mirror whichds suspended in a vacuum
chamber at cryogenic temperature (25-40 K). To achieve thig'temperature without
inducing vibrations to the mirror, a radiation-based cooling strategy is employed.
In addition, cryogenic sensors and electronics,are being developed as part of the
E-TEST to detect vibrational motion in«the penultimate cryogenic stage. Since
the commonly used silicon material i§ not transparent below the wavelengths
typically used in the 1-nm range for GW detectors, new optical components and
lasers must be developed in the rangesabove 1500 nm to reduce absorption and
scattering losses. Therefore, solid-state andyfiber lasers with a wavelength of 2090
nm, matching high-efficiency photodiodes; and low-noise crystalline coatings are
being developed. Accordingly, the key technologies provided by E-TEST serve
crucially to reduce the limitations of the current generation of GW observatories
and to determine the technical design for the next generation.

Keywords: E-TEST ractive control, seismic, cryogenic sensor, radiative cooling,
silicon mirror, coating

1 Introduction

Since Albert Einstein’s p%diction of the existence of gravitational waves (GWs) in
1915, several GW observational campaigns have been conducted around the world.
These activities were crowmed with success when GWs were successfully detected by
the US-based detector, LIGO (Laser Interferometer Gravitational-wave Observatory)
on September 14, 2015. [I], 2]. The experiments carried on over the year to improve
the sensitivity,of the instruments hold great potential for the development of a more
accurate measurement system, as shown by the improvements in the isolation system
of LIGO, avhich achieved isolation in the amplitude of about a factor 300 at 1 Hz
and about 3000 at 10 Hz [3]. Further evidence is provided by experimental results
from the Superattenuator at Virgo, which shows the isolation of about 10 orders of
magnitude at 10 Hz [4].

To date, many GW measurement systems are being built around the world to detect
these waves with an exceptionally accurate laser interferometer detector [5H9]. For
example, five large ground-based GW telescopes with a large laser interferometer
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detector are currently in use [I0]: the two Advanced LIGOs in the USA [d],
completed around 2015, GEO 600 in Germany [8, 1], completed around 2016,
Advanced Virgo in Italy, completed in 2017 [7], and KAGRA (Kamioka Grayitational
Wave Detector) in Japan, completed in 2020 [9]. These telescopes (except GEO
600) are called second-generation telescopes because they are the improved wversions
of the first-generation telescopes: LIGO [12], VIRGO [13], and TAMA300 [i4].
The second-generation telescopes run with about one order of magnitude better
sensitivity than the first-generation telescopes, being sensitive in the frequency range
10-2000 Hz. [9]. This means that the observable volume ds 1000 times larger.
Alternatively, the Einstein Telescope (ET) [15] and the Cosmie Explorer (CE) [16]
are considered third-generation GW observatories that are expected to achieve one
order of magnitude better performance in sensitivity .than the second-generation
telescopes [17]. To achieve this goal, the frequency ramnge of detection must be
broaden below 10 Hz. This will allow the detector té'be sensitive to objects emitting
GWs at frequencies below 10 Hz, where instrumeénts are.ctirrently blind, enabling
the study of sources whose physical structure'and astrophysical features are still
unknown, and also the study of the features.of @wave in the earlier phases of the
inspiral, in the case of binaries [I8]. This/last/pointais crucial for the development
of Multi-messenger Astronomy involving Eléetro-Magnetic detectors (EM), where
the longer the observing time, the better the eammunication between GW and EM
instruments [19]. Another important consequence is that if the instrument could
detect in a broader range oftlewer frequencies, it is possible to identify objects
that are at higher redshifts, i.e.more ancient, or apparent high masses that are
increased by a cosmologigal distance {20]. Examples of these objects are Intermediate
Mass Black Holes (IMBH) or stellar-mass BHs, whose nature and physics are still
unknown. Reducing thé main sources of noise (such as seismic noise, thermal
noise, quantum noise, control noise, Newtonian noise, suspension thermal noise,
coating and Brownian noise, and scattered noise) is then crucial and breakthrough
technologies must be déveloped.

The approach propesed for ET and CE is very different from the currently used
GW detectors. Tt needs'to be much more sensitive at low frequencies, which requires
better isolation of the mirror from seismic motions and gravity fluctuations. Another
feature of the third=generation detectors is the optics. Advanced Virgo and Advanced
LIGO use fusedsilicasmirrors, which have a limited size at room temperature, and use
a laser, wavelength of 1064 nm [21]. KAGRA (sometimes called the Generation 2.5
detector) uses cryogenic sapphire mirrors that allow it to stay at a laser wavelength
of 1064 nm [22H24]. In contrast, both ET and CE plan to operate large cryogenic
silicon. mirrors. Since silicon is not transparent at 1064 nm, wavelengths further
in the infrared must be used, for example from approximately 1550 nm to 2100
nm [16] [15]. Several prototypes and facilities are currently being built around the
world to prepare and validate the technology required for these future instruments.
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For ET, four research facilities are currently operated in Europe to develop all
the necessary technologies required to achieve the desired performance of the ET
detector: E-TEST, ETpathfinder, Amaldi Research Center (ARC), and SarGraw
[25]. This article presents the current research activities of the E-TEST. These
activities include the design of a compact isolation system for a large mirror (Section
, the radiative cooling of the mirror (Section , the design of “the protetype
(Section [4] ), and the development of the cryogenic sensors (Section . In-addition,
Sections [0] and [7] present the low-noise optics research activities andsthe proposed
validation techniques, respectively. Finally, Section [8| containg the conclusion.

[26]

2 Compact isolation for large mirror

The ET concept report published in 2011 proposed the ET isolation system, which
uses a combination of passive isolators [27]. It comsists 6f an inverted pendulum
platform (IPP) and multiple cascaded pendalums. The ET isolation system is
inspired by the Virgo isolation system (Superattenuator), but with an improved
model to achieve the desired sensitivity requiremeént of ET (desired crossover
frequency between the horizontal tramsfer funetion and the ET requirements (107)
is around 1.8 Hz) [4]. The result is a 17:5-m high isolation system.

The IPP offers three key advantages: 1), it provides a point positioning system to
compensate for tidal drift [28129], 2) iteprovides the ability to position the entire
isolation system to reduce the swinging angle of the test mirror [30] [31), 28], and 3)
it results in a very low horizental resonance frequency (about 40 mHz for Virgo [4]
and 70 mHz for KAGRA32]). "Hewever, the very long ET isolation system increases
design complexity and infrastructure cost [33, 25].

With this in mind, therefs considerable interest in the ET community to reduce the
overall height of the BT isolation system while maintaining the desired performance
[27, (15, 34]. Also, the possibility of achieving better isolation performance, especially
at low frequeneiespif other approaches are incorporated into the isolation system [34].
For example, this can be achieved by adding an active inertial platform (AP) to the
isolationssystems, which improves the suppression of seismic noise that is below the
resonance of the structure and also allows for a smaller isolation system than a
purely, passive dsolation approach. The LIGO isolation system is an example of this
approach, based on a combination of an AP and multiple cascaded pendulum masses
[3]. "Howeyer, the performance of this approach is limited at low frequencies where
seismic noise suppression is difficult to achieve due to sensor noise, sensor coupling,
and coupling due to gravity [35], B [36]. The performance limitation due to sensor
noise can be improved by introducing better sensor sensitivity at low frequencies
as presented in this [37], while sensor coupling and coupling due to gravity are
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still challenges for the active inertial approach. On the other hand, the LIGO
isolation system requires additional means to position the entire isolation system
and compensate for tidal drift [38]. This increases the complexity of thessystemy
which is not the case when the IPP is included in the isolation system [28, 29].

The E-TEST project presents a new isolation system for a large airror at-low
frequencies that combines the features of IPP and AP in onegsystem. As'a
result, the E-TEST isolation system is smaller and provides befter seismi¢ noise
suppression, especially at low frequencies, than the proposed ET isolation system.
This new isolation system includes an AP (improves seismi¢ noise suppression at
low frequencies with a smaller isolation system), an IPP (compen\sates for any tidal
or mirror drift and provides a low resonant frequency), and a' passive cascaded
pendulum mass (suppresses seismic noise at high frequengies). The E-TEST isolation
system will house a 100-kg full-size silicon mirror operatingrat 25 K in cryogenics
and a reduced number of stages with a total height of.5.5 m, as no tower with all
stages is required for validation of this hybrid/technelogy. This new approach is
being pursued for a new concept investigationfor the future ET. More details about

the design are presented in section [}
L 4

3 Radiative cooling of the mirrer

One of the goals of E-TEST is to cool a 100 kgsilicon mirror to cryogenic temperature
(25 K). As explained in section , the mirror is suspended in order to avoid any
vibration. Vibration isolation implies that suspended parts can not have any contact
with any elements exterfial to the inverted pendulum.

Cooling down without ifnjecting,noise is an important constraint, which led our
research on the development of an innovative concept for contactless cooling
of the mirror. This teaﬁnology is based on radiative exchanges between two
intertwined radiators-like structures called inner and outer cryostats. The payload
was mechanically decoupled from the rest of the cryostat in order to avoid vibrations.

Figure [1| presentsithe scheme of the cryogenic concept developed for the E-TEST
project ingclose collaboration with the partners of the consortium [39]. It is
based onsthe radiative exchanges only between an inner suspended cryostat directly
attached on'thewoldplatform supporting the mirror, and an outer cryostat, in direct
connection with He shrouds and pre-cooled by a LNy shield. It is important to notice
that thereds no contact between the outer parts and the inner suspended ones: this
design allows to reach the goal set for radiative cooling, because it provides the
required temperature without injecting vibration noise through contacts between
inner and outer parts.
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External cryostat
supporting structure

Il

| | Suspended heat exc¢h@anger fins

| Titanium coldplatform
suspension,rods (x3)

LN, thermal shield

AL I
@
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Si mirror suspension rods (x4)

GHe cooled shroud 100kg Sigrmicror

With exchanger fins

Figure 1. Design of the radiative cooling concept with its main features. The
inner cryostat is in green and it is suspended because it is directly connected to the
mirror to cool down. Thefeuter cryostat is represented in blue and it is connected
to helium and liquid nitrogen ceolers. All'the suspended elements are cooled down
via an innovative contact-lessiprocedure involving a multi-stages radiative process.

The required size of the radiative heat exchange area depends on two main factors:
the target final temperature of the payload and the total heat load to be extracted
at that temperature. Asthirdiimportant aspect is the transient behavior of the
system: the total mass of the suspended cold elements. The cooling time should
be minimized and se”thesmass of the cold payload (inner cryostat, mirror, cold
platform). Assuming thé total heat load to be extracted is about 0.3 W (including
IR loading through openings, harness heat leaks), the required area then depends on
the emissivity at that temperature. Since the emissivity decreases drastically with
temperaturej even for black paint, we can assume a 0.5 emissivity. The required area
significantly increases if the required target temperature is lower because it depends
on the fourth power of the temperature: under these assumptions and with a sink
temperature at{20° K, (average temperature of the external cryostat), the required
flat.area of the heat exchanger is about 70 m? for a target payload temperature of
25 K. If the external cryostat is fed with liquid helium at 4 K, this reduces to 41
m?; still for a target of 25 K.

Based, on CSL experience on past space projects in that vacuum chamber,
the FOCALG6.5 chamber provides a vacuum level about 107® mbar at ambient
temperature. Due to the presence of the Helium-cooled cryostat, vacuum level goes
usually down to reach 10~7 mbar. Cryo-sorption of residual gases is not considered
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as an issue in the frame of the E-test project for several reasons. First, the duration
of the test will be limited to 20 days, including the long cool down time. Second,and
most importantly, the surrounding cryostat will always be colder than the mirror and
provides a much larger area (> 100x that of the mirror) to trap residual contaminant.
Residual water will be first trapped by the outer layer of the cryostat cooled at liquid
Nitrogen. After this initial cooling, the Helium cooled parts of the cryestat will then
mostly trap residual Nitrogen. If cryo-sorption is deemed to be an issue for future
project at CSL, liquid-helium cooled charcoal panel could be used like it was used
during the Planck spacecraft testing to protect the detector cooled at. 0.1 K. Based
on CSL experience of cryogenic tests of space instrument belown50 K, effect of cryo-
sorption on the radiative cooling is not expected to affect signifteantly the cooling
performances.

To increase the exchange area while remaining in a compagt, envelope, the chosen
strategy is to work with a stack of horizontal fins for'beth cryostats: the suspended
inner one and the outer one linked to the gaseous Helium (GHe) fed shrouds. These
fins are spaced in order to leave 2-cm gap above and bottom each fin when the
inner and outer cryostats are in place (intérlaced)pavoiding any contact between
fins and consequently cryostat structure. [ In order t6 maximize the emissivity and
the cooling efficiency, the fins will bexcoated with/thick layer of black paint on both
faces. Finally, the fins are designed imorder to minimize their weight while ensuring
sufficient stiffness in order to keep the naturaltbending in the range to 1.5 mm. This
intertwined radiator geometry improves the radiative exchange area by a factor of
about 16 compared to the projected flat surface. This means that to reach 25 K
on the inner payload withran outer cryostat at an average temperature of 20 K, the
projected area can be redueedfrom 70-m? to 4-m?2.

4 Conceptual design of the prototype

A 3D view of,the E-TEST/isolation system is shown in Figure 2 The isolation
system consists in,_an active platform (AP), an inverted pendulum platform
(IPP), a geometric-anti‘spring (GAS) filter, and multi-cascaded pendulum masses
(Marionette (Mar) and payload). The payload contains the cold platform (CP) and
the Mirzeri(Mir). which are suspended and hosted in a cryostat. These sub-isolators
are further presented. in this section.
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Figure 2. Overview of the E-TEST prototype design. A large vacuum tank
(left) hosts the cryogenic mirror guspension (right). From top to bottom we can
see 1) the top GAS filter, 2) theltop stage, 3) the marionette and 4) the inverted
pendulum legs within pipés.that support a/reference ring below the top stage. The
cryogenic part features 5) theyinner eryostat which has the interlacing fin type
heat exchanger. The whole cryostat features (6) three access points for outside
experiments to interact with the cryogenic mirror. The inner cryostat is attached
to 7) the cold platform. Theyinner cryostat fins interlace into the fins of the 8)
outer cryostat which prevides a cold environment and houses the (9) 100 kg silicon
mirror. All.6f this is supported by 10) an active platform, which provides a stable
and quiet environment. In turn, the active platform hangs from three large blades
with have a (11) suppert pillar on the ground.

A S
4.1 Active Inertial Platform (AP)

The AP, shown in Figuré3] provides inertial control in the six degrees of freedom. It
is a completelysredesigned and up-scaled version of the LIGO HAM-ISI (Horizontal
Access Modules- Internal Seismic Isolator) platform [40] with a new diameter of 2.5
m (to host the large cryostat) and 0.75 m in height. The natural frequency of the
platform AP is designed to be about 2 Hz for the vertical, pitch and roll degrees
of freedom, and about 2 Hz in the horizontal and yaw (rotation about the vertical
axi§) degreesof freedom. This is achieved by suspending the platform using three
cantilever blade springs and three flexure elements.

The sandwich structure of the payload, made of vertical panels, is reinforced for
maintaining the first flexible mode above 300 Hz. This is to guarantee high control
performance in the low frequencies. The shape of this mode is further shown in
Figure ] which appears at 320 Hz.
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Figure 3. CAD design views of the AP (made of Aluminum). A\complete view
in the left, an inside view in the middle, and the flexures and blade springs are on
the right. ~
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Total Deformation 7
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Figure 4. Different views of finite element analysis of the AP: first flexible mode
appears Above 300 Hz.

Particular attention has also been paid to: 1) mass and stiffness repartition, and
2) positions of the horizontal sensors and horizontal actuators. This is to facilitate
plant decoupling in view of its control.

The absolute motion of the platform is reconstructed using the signals of six inertial
sensors that are embedded inside of its structure: three vertical sensors for the
vertical ‘motion (developed in the PML (Precision Mechatronics Lab) [37]) and
three thorizontal sensors based on Watt’s Linkage (developed at KU Leuven [41l-
43)) for the horizontal motion. They are positioned symmetrically in a circular
configuration, allowing the reconstruction of the platform’s degrees of freedom. Each
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sensor aims for a sub-picometer resolution at frequencies below 10-Hz. This is
achieved by reading the proof-mass motion of the sensor mechanics using a high
resolution, homodyne, quadrature, Michelson interferometer [44, [45], which, has
already demonstrated 1 pm resolution above 1 Hz until the Nyquist frequency [46].
The sensor’s mechanics are designed to comply with the geometrigal constraints /of
the design and to be compatible with the Ultra-High vacuum envirenment of the
platform. The sensor’s performance is expected to break through the 10~/ VHz
at 1 Hz.

> = >

FC‘) O_> Plant

L AP damping/ j=g—=

Actuator_Jacobian v

Sensor_Jacobian

t AP'isolation |-——v--—

IPP.damping |-

Figure 5. Schematic representation of the E-TEST control strategy. It includes
three control loops. At the local frame, the AP damping is used to reduce the Q
of all translational and rotational modes of the rigid body of the suspended stage.
The AP isglation at the Cartesian frame can provide suppression thanks to the
decoupling strategy. Finally, the IPP loop provides the final damping of the whole
prototype (global control).

For inertialicontrol, AP uses six voice coil actuators (NCC09-39-190-1V from H2W
Technolegies), threé for the horizontal direction and three for the vertical direction.
In additions AR uses.six BOSEMs [47] to measure the relative displacement of the
platferm with respect to the ground. The error signals for the controller are obtained
by blending, thanks to a complementary filter the information from the displacement
sensors at/dow frequency with the signal from the inertial sensors at high frequency.

As shown in the schematic diagram of the controller in Figure 5 E-TEST applies
three control loops: a damping control loop (AP damping) and an isolation control
loop (AP isolation) for AP, and a damping control loop at the IPP level for the
horizontal and vertical modes of the passive isolation chain. The damping control
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loop AP is applied to AP in the local frame, then the isolation control loop AP is
applied to the same stage but in the Cartesian frame, providing inertial isolation.

More details on this control strategy will be published in a follow-up articleswhereas
a brief description can be found in [48] 49

4.2 Inverted Pendulum (IP)

The isolation system consists of three inverted pendulum legs (IPL§) mountedon AP
that support the IPP. Each IPL, 2.7 m high, is housed in a safefy tubeas shown on
the label No. 4 (red) in Figure[2] In addition, each upper end of the IPL is attached
to a 12 kg counterweight (CW) to improve the performanee of Qle IPP. The IPLs
are connected to AP and the IPP via bends of maraging steel approximately 17
mm in diameter. The diameter of the IPP is the samé as that of AP and is 2.5 m.
The resonant frequency of the IPP is designed to be maintained at about 70 mHz.
The IPP also has three horizontal sensors and three horizontal voice coil actuators.
These sensors and actuators are used for the dampingiloop (to damp the horizontal
resonances of the IPP and the masses of the multicascaded pendulum). In addition,
the IPP contains a large GAS filter. »

4.8 Geometric-Anti Spring (GAS) Eilter

The GAS filter, shown in Figure [0 provides additional isolation in the vertical
direction, where its suspended'meode is about 250 mHz. It consists of 12 triangular
blades made of steel. Each bladeis,10.4 kg.' The GAS filter includes a linear variable
differential transformer (LVDT) displacement sensor and a voice coil actuator for
vertical direction feedback eontrol. Additional static positioning actuators are
provided consisting of a stepper, motor driven vertical correction spring and a
stepper motor driven Ha{nonic Drive bearing for adjusting the orientation of the
downstream passive/filtering chain in the yaw degree of freedom.

Figure 6. CAD design views of the GAS filter (top view on the left and bottom
view on the right).

composed of twelve springs.
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4.4 Marionette (Mar)

A mar, shown in Figure [7] (blue), hangs from a wire (0.7 m high) at the GAS filter.
It contains two stepper motors with two CWs to position the payload in"angular
degrees of freedom. The Mar is made of aluminum with a diameter of 0.75 m and
instrumented with eight coil-magnet actuators to control the piteh, roll; and yaw
degrees of freedom of the cryogenic payload; error signals are provided,by two built-
in in-vacuum optical levers measuring the orientation of the marionette with respeet
to the IPP platform.

Figure 7. CAD design views of the marionet‘e: isometric view showing the body
(blue) and reference frame (left), bottom view (middle), and top view showing
stepper motors and CW (gight).

4.5 Cryogenic payload (CP)

The cryogenic payload, operated atycryogenic temperature, is suspended from the
marionette via three wires)(1.46 m high): As shown in Figure , the payload contains
on the CP and the largesmirror (Mir). The CP is a cryogenic test bed for the
cryogenic sensors used to detect motion at this stage (see [5| for more details on
cryogenic sensors). The'Whiris suspended from the CP with four silicon rods (0.4 m
high) parallel to four cantilever springs (made of CuCrZr). These cantilever springs
are part of the payload, not the seismic platform. Since the silicon rods are very
stiff vertically, €hemmnetal springs are used to provide some vertical compliance to
suspend the/mirror. This results in a 13 Hz bounce mode of the final suspension
stage. Thefsilicon mirror has a diameter of 45 cm and a total weight of 100 kg. For
safety reasomns, thesmirror is surrounded by a cage.
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Figure 8. CAD design views of the mirror suspended fr;n the cold platform
by the silicon rods (wires shown in black) and swrounded by a safety cage. The
green and red boxes (left) represent the cryogenic imertial sensors mounted on a
cold platform. The cantilever blades are hidden under the cold platform and are
shown in the figure on the right after the removalef the cold platform and inertial
sensors.

4.6 Cryostat &

As shown in Figure [2] and mentionédyin Section |3} the cryostat is composed of two
parts: the inner cryostat, suspended withithe cold platform and the outer cryostat,
including the thermal shrouds and supported by a structure placed on the optical
bench of the vacuum chamber. Beothperyostats are framed by interwined stack of
fins, which are spaced in order to leave 2 cm gap above and below each fin when the
inner and outer cryostatsare in place (interlaced); this prevents any contact between
fins and, consequently, the“eryostat structure. In order to maximize the emissivity
and the cooling efficiency, the fing must be coated with thick layer of black paint on
both faces. N

In order to predict