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Third-generation gravitational wave detectors will use large mirrors isolated from seismic motion at low
frequency, and also cooled down to cryogenic temperatures. To fulfil these two specifications, the E-TEST project
explores the possibility of using a purely non-contact radiative cooling strategy. Based on cooling predictions,
the paper includes a detailed design of the cryostat and the assembly procedure. A test campaign demonstrated
that the proposed strategy succeeded in bringing the temperature of a 100 kg dummy mirror down to 22K in 19
days. These encouraging results are paving the way toward a fully radiative approach for cooling the mirrors of
the future Einstein Telescope.

1. Introduction

The sensitivity to gravitational-wave (GW) signals of existing ground-
based observatories is limited at low frequencies, in particular around
10Hz [1-3]. This limitation comes from several noise contributions,
including the coupling of the mirror motion with other degrees of free-
dom, seismic noise, and thermal noise. The Einstein Telescope (ET) is
a third-generation gravitational-wave detector aiming to mitigate these
noise sources to broaden its sensitivity curve down to 3 Hz, thus signif-
icantly increasing the observable volume of the universe [4]. Thermal
noise contributions from the mirror suspension and the mirror coating
can be efficiently reduced by cooling the payload to cryogenic tem-
perature, choosing a low-mechanical loss material for the mirror, and
increasing the mirror mass. The low-loss material selected for ET cryo-
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genic mirrors is silicon because of its numerous advantages at cryogenic
temperatures. Silicon’s mechanical losses decrease with temperature,
it has high thermal conductivity, and its coefficient of thermal expan-
sion (CTE) is null around 123 K and becomes very close to zero below
18K [5,4,6-8]. At these two zero-CTE points, the thermoelastic noise
component to the thermal noise vanishes and the distortions of the mir-
ror due to thermal-induced stresses are minimized. For this reason, ET
is planned to operate in the 10-20K range. Cooling the payload of
gravitational-wave detectors is not straightforward and must meet two
requirements: (i) an efficient thermal link between the payload and the
cooling system must be ensured to guarantee an efficient extraction of
the absorbed heat on the mirror from the high-power incoming laser and
remaining parasitic radiative heat load from the environment, (ii) the
seismic isolation must be preserved by mechanically isolating the pay-
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Nomenclature

CLIO Cryogenic laser interferometer observatory

CSL Centre Spatial de Liége

CTE Coefficient of thermal expansion

E-TEST Einstein Telescope Euregio Meuse-Rhine Site & Technol-
ogy

ET Einstein Telescope

FEA Finite Element Analysis

FOCAL Facility for Optical Calibration at Liége

GAS Geometric Anti-Spring

GHe (Gaseous) Helium

GW gravitational wave

He-II Superfluid helium

HLVIS  Heat-link vibration isolation system
P Inverted Pendulum

IR Infrared

KAGRA Kamioka Gravitational wave detector
LF Low Frequency

LIGO Laser Interferometer Gravitational-Wave Observatory
LN, Liquid nitrogen

MLI Multi-Layer Insulation

PCTFE  Polychlorotrifluoroethylene

PTFE Polytetrafluoroethylene

load from the cooling system [4]. As a baseline requirement for ET, the
vibrations of the payload cooling system must be attenuated to a lower
level than what the seismic isolation chain can achieve, which is of the
order of 2 x 10~18 m/\/Hz at 2Hz for a 10 km arm [9]. The laser heat
load is expected to be in the 0.1-1 W range, setting the requirement on
the cooling power of the cryogenic system at the operating temperature,
between 10 and 20K [4,9].

1.1. State of the art

The Einstein Telescope is not the only gravitational-wave detec-
tor aiming to operate at cryogenic temperature. Low-vibration cooling
systems are developed worldwide for other facilities, such as KAGRA
(Kamioka Gravitational wave detector) and LIGO (Laser Interferome-
ter Gravitational-wave Observatory) Voyager. This section reviews and
compares the low-vibration cooling strategies designed for various GW
detectors. It is important to note that all these systems were not designed
based on the same requirements.

Similarly to the Einstein Telescope, the Japanese GW observatory
KAGRA is designed to operate at 20 K. Their strategy is to cool the
detector monocrystalline sapphire mirrors with conductive cooling [3]
through high thermal conductivity and low stiffness 6N (99.9999%)
pure aluminum heat links [10]. Four 1 W pulse-tube cryocoolers sustain
the 8 K and 80K thermal shields surrounding the payload. Pulse-tube
cryocoolers were selected as they proved to be the lowest-vibration
alternating regenerative cryocoolers. The vibration level at their cold-
head is two orders of magnitude lower than those of Gifford-McMahon
coolers [11-13]. The additional relative vibration between the cold head
and the cold-end stage that comes from thermal deformation and pres-
sure waves in the cryocooler body is of the same order of magnitude
for both types of coolers [11]. To limit vibration transmission through
heat links and maintain stringent seismic isolation requirements, ther-
mal shields are connected to an upper stage of the suspension, and
an additional multistage heat-link vibration isolation system (HLVIS)
is used for further decoupling. A similar strategy is implemented for
the cryogenic laser interferometer observatory (CLIO), located in the
Kamioka Mine, alongside the KAGRA detector. They tested a 4 K and a
80 K pulse-tube cooling system that both exhibit vibration amplitudes of
the cryocooler less than 1 pm (comparable to the seismic motion in the
mine) while achieving a temperature of 4.5 K and 70 K with a cooling
power of 0.5 W and 50 W, respectively [14,15]. This strategy is efficient
in sustaining low cryogenic temperatures. Still, it comes with a great
toll in terms of suspension design complexity to avoid transmitting the
cryocooler vibration to the detector test mass and spoiling the seismic
isolation performance.

The future American GW detector LIGO Voyager steps away from
this convoluted strategy and prefers radiative cooling [6,16]. It plans
to operate at 123 K, one of the zero-CTE points of low-loss crystalline
silicon material. Their design consists of two non-contacting cylindrical
cold shields surrounding the test mass at the last stage of the suspen-
sion of the detector seismic isolation chain. The inner shield operates

at a temperature of 83 K and maintains the mirror temperature by ra-
diatively absorbing the expected 5 W steady-state heat load from the
mirror. It is coated with a high emissivity black coating to maximize the
radiative coupling to the test mass. The second shield has a temperature
of 80 K and protects the inner shield from additional heat load from ra-
diation emitted by the surrounding room temperature environment. The
shields being mechanically decoupled from the test mass avoids direct
vibration transmission to the mirror. However, the inner thermal shield
is still subjected to low vibration requirements. Indeed, it has a direct
view to the laser beam and if a small fraction of the scattered light sees
a vibrating surface, it is translated into a phase shift on the light when
recombining at the mirror level. This can then cause disturbances in the
radiation pressure on the mirror coming from the light, leading to a re-
duction in the sensitivity of the detector. The low vibration requirement
is met by suspending the inner shield from an active isolation platform.
The outer shield is cooled by a Gifford-McMahon cryocooler, whose vi-
brations can be attenuated with spring-mass systems but are not critical
since the outer cryostat does not see the laser beam. The inner shield is
conductively cooled by a flexible copper heat link attached to the outer
shield. The radiative cooling is efficient for maintaining the mirror at
123 K but would require a long time to cool it from room temperature.
The primary cool-down is thus completed conductively by connecting
a movable heat link to the mirror, which is removed as soon as the op-
erating temperature is reached. A demonstrator was built, tested and
proved that this technique allowed to cool a mirror to 124 K without
impacting its vibration isolation [16].

The low-vibration cooling strategy for ET has not yet been deter-
mined, and different technologies are being studied across Europe to
determine the most appropriate one. This implies a strategy that could
provide the required cooling power while preserving the detector seis-
mic isolation, with limited design complexity, cost, and maintenance.
ETpathfinder [17] is a research facility in Maastricht developing key
technologies for ET and is investigating an improved version of the
KAGRA conductive cooling strategy via low-stiffness heat-links and low-
vibration cryocoolers. The difference lies in the active cooling strategy.
Traditional cryocoolers can be made low-noise with sophisticated vi-
bration reduction systems as in KAGRA, but they will always produce
vibrations because of their mechanical compressor. In ETpathfinder, a
sorption-based Joule-Thomson cooler is chosen for the active cooling.
Sorption compressors are thermally driven and use passive valves to di-
rect the gas flow direction [18,19]. The absence of moving parts in the
compressor (besides the passive valves) makes them almost vibration-
free. ETpathfinder demonstrator should thus be able to reduce all fun-
damental noise sources down to 1 x 107! m/ \/ Hz from 20 Hz onwards.
However, sorption coolers cooling capacity depends on the nature of
the cryogen flowing in the cycle and it requires more cooling stages
than traditional cryocoolers making the overall cooling system even
more complicated than KAGRA’s. The ETPathfinder cryostat design is
composed of four nested thermal shields: (i) an outer thermal shield at
250K, (ii) a liquid nitrogen (LN,) shield at 80-90 K, (iii) an interme-
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diate neon (Ne) shield at 40 K, and (iv) an inner helium (He) shield at
15 K. It is composed of a cascade of three sorption cooler stages: a Ne
stage providing 2.5 W cooling power and cooling the 40 K shield, a He
stage with 0.5 W cooling power and cooling the 15K shield, and a H,
stage at 8 K, which, combined with the aluminium heat links, provide
a cooling power of 50 mW for the payload. Since sorption coolers are
effective in maintaining a given temperature but not for cooling down
a massive system from room temperature, the cooling of the payload is
performed in two steps. During the first step, the payload is cooled from
room temperature to the sorption cooler working temperature range by
a powerful LN, cooling system and a convective helium gas loop cooled
by a traditional vibrating mechanical cooler. Once the operating tem-
perature of 10K is reached, the pre-cooling system is deactivated and
the sorption-based Joule-Thomson cooler is switched on.

Another idea considered for ET cooling system, or at least its future
version, is to make use of the superfluid helium (He-II) at 2 K. Future
versions are mentioned because He-II implies a mirror working temper-
ature of 10 K rather than 20 K. He-II displays an extremely low viscosity
and very high specific heat, which prevents small transient temperature
fluctuation [9]. In addition, its steady-state thermal conductivity is one
order of magnitude larger compared to the best solid conductive mate-
rial [20], which makes it able to extract heat a thousand times better
than any metallic conductor [9]. This high thermal conductivity allows
for a fast cooling of the payload without a significant thermal gradient
along the cooling lines and there is no need for macroscopic He-II flow,
leading to an extremely low vibration system. This ultra-low noise cool-
ing would allow for a detector sensitivity below 1 x 10720 m/ \/ Hz in the
detection band [20]. He-II is generated by pumping from a regular He-I
bath, which is supplied by a cryoplant. The latter must be installed in
a separate cavern since it still has vibrating components such as a com-
pressor. Additional 1.8 K units for liquefaction and refrigeration units
must be placed in the main cavern to sustain the He-II cooling. An-
other advantage of He-II cooling is that, unlike regular cryocoolers, a
single helium refrigerator can provide cooling capacity to all cryostats
of ET [20,4].

1.2. Context and scope

A third cooling strategy for ET is investigated in the context of the E-
TEST collaboration (Einstein Telescope Euregio-Meuse-Rhin (EMR) Site
and Technology) [21,22]. This project is dedicated to developing tech-
nologies necessary for 3rd generation gravitational-wave detectors. It
focuses on the suspension and low-frequency isolation of a large cryo-
genic mirror. A new low-vibration cooling strategy was developed for
the E-TEST prototype. Similar to LIGO Voyager, E-TEST steps aside from
conductive cooling and its complex thermally conductive heat paths and
focuses on radiative cooling. The low-vibration requirements of the in-
ner part of the radiative heat exchanger are met by suspending it to
the last stage of the seismic isolation chain (cold platform), right above
the test mass. An external cryostat is actively cooled and is completely
disconnected from the rest of the prototype. The non-contact radiative
cooling between the external and internal cryostat ensures a complete
mechanical decoupling between the cooling system and the test-mass,
preserving the vibration isolation while maintaining the cryogenic en-
vironment. The cold platform is equipped with five cryogenic inertial
sensors to monitor the residual vibration remaining at the test mass
level. The cryostat developed in the E-TEST project bridges the gap be-
tween 123 K and 20 K left by LIGO Voyager by maximizing the radiative
heat exchange area between the suspended payload and the actively
cooled environment with interleaved fins.

It is important to note that E-TEST is a technology demonstrator.
It aims at proving the feasibility of radiative cooling and is thus not
designed to directly meet ET’s specifications in terms of cooling power
and displacement noise at the payload level. The absence of laser heating
the mirror indeed relaxes the requirements for the cooling power. Once
demonstrated, the design can be upscaled to meet ET’s requirements.
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=— Marionette
| Cold platform

— IP safety tubes

Fig. 1. Prototype inside the FOCAL6.5 vacuum chamber with the active plat-
form, inverted pendulum, marionette, cold platform and mirror. (For interpre-
tation of the colours in the figure(s), the reader is referred to the web version of
this article.)

To take advantage of the existing expertise and infrastructure avail-
able in the EMR region, the E-TEST prototype was integrated in existing
facilities at the Centre Spatial de Liége (CSL).

The cryostat design is described extensively in the following sections.
Section 2 starts with a preliminary steady state assessment of the re-
quired area and then describes the subsequent detailed design of the
cryostat. Section 3 then presents the model and associated cooling pre-
dictions while Section 4 describes the hardware and test results. The
model is eventually correlated in Section 5 before presenting conclu-
sions, lessons learnt and future work.

2. Cryostat design
2.1. Problem statement

The overall objective is to radiatively cool down the payload, i.e. a
100 kg 450 mm diameter silicon mirror and its supporting cold platform
(in pink in Fig. 1). The main idea is therefore to provide an actively
cooled radiative environment surrounding the cold platform and mir-
ror. A sufficiently large radiating area has to be connected to the cold
platform since the mirror cannot be considered as interface, facing the
actively cooled environment. In the frame of E-TEST, the available vol-
ume is bounded by the active platform, the top stage of the inverted
pendulum (IP) and the feet of the IP, as depicted in Fig. 1. It is further
bounded by the existing 6.5 m diameter vacuum chamber of CSL planned
to be used for the test: FOCAL6.5 (Facility for Optical Calibration at
Liége) vacuum chamber. The cold platform hosting the mirror is sus-
pended through 3 titanium wires from the marionette, itself suspended
from the keystone of a geometric anti-spring (GAS) filter mounted at
the center of the inverted pendulum top stage. In the ET interferome-
ter, a large optical aperture is required to illuminate the whole mirror.
In E-TEST, due to the bounded environment, large thermal baffling for
a large aperture was not possible, but it is not considered as critical for
ET. Indeed, the length of the thermal baffle only needs scaling up to
limit the radiative heat load. To still enable optical measurement of the
mirror, 3 small apertures are required in front of the mirror instead of
one single large aperture.

2.2. Preliminary steady-state equilibrium

One of the driving constraints in the radiative heat exchanger design
is the area required to achieve a sufficiently low temperature. As a first
approximation, the average steady-state temperature of the payload is
governed by the following equation, assuming two parallel plates of area
A and emissivity e:
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LN, thermal shield

GHe cooled shroud

25K with exchanger fins

20 K % Qpaytond Payload and suspended

heat exchanger fins

293 K

Fig. 2. Heat transfer flowing in the system. The straight arrows are conductive
heat transfers and the waving arrows are radiative transfers.

Table 1

Heat load assessment sum-

mary.

QO [mW]
Apertures 50
MLI leaks 50
Suspension wires 100
Harness 50
Ae 4 4
Qpayload =0 2—¢ (Tpayload - Tsink) @

where Qpayi0aq s the total heat to be evacuated from the payload,
Thayload the payload temperature, Ty, the actively cooled environment
temperature and ¢ Stefan-Boltzmann’s constant.

First, the required cooling power Q10,4 iS assessed by listing the
various heat loads affecting the payload. To limit the heat load on the
payload from the environment, the outer cryostat architecture is com-
posed of a main support structure at ambient temperature, supporting
an external liquid nitrogen (LN,) thermal shield. The actively cooled
panels are mounted on this LN, shield, and are fed with gaseous he-
lium (GHe) from the CSL closed-loop helium refrigerator. GHe panels
are mounted on the LN, shield to limit the external heat load to the he-
lium refrigerator. As water contamination is not an issue in the frame of
E-TEST prototype, classical Multi-Layer Insulation (MLI) is used around
the GHe panels and around the LN, panels to further reduce the heat
load. The main sources of heat to be evacuated from the mirror and cold
platform:

+ Radiative heat load from nominal apertures (suspension wires, op-
tical apertures)

+ Radiative heat load from holes & defects in MLI

+ Conductive heat load from the suspension wires

+ Conductive heat load from the payload electrical harness (temper-
ature sensors, vibration sensors)

They are illustrated in Fig. 2. The total heat load to the payload
can be estimated to around 250 mW, as summarized in Table 1. The
assessment of the individual heat loads is detailed in Appendix A. For
ET, the additional load from the laser beam partially absorbed by the
mirror is expected in the 0.1-1 W range and strongly depends on the
water layer that might be adsorbed on the front face of the mirror [20].

The emissivity plays a significant role in the heat load extraction
from the payload but usually decreases with temperature, as discussed
in more details in Section 3. Based on Equation (1) and considering
conservatively an emissivity of 0.4 with the temperature of the GHe-
cooled panels at 20 K, the required area to evacuate the 250 mW would
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Fig. 3. Compact radiative heat exchanger concept, based on interleaved fins.

‘ IP top platform & GAS filter ‘

Harness
External cryostat thermalization &

supporting structure radiative heat load

|| IUI U | /reduction tubes
n | LI

Suspended heat

P legs (x3) —L 4 exchanger fins
— | | Ticold platform
Safety tubes I — | suspension (x3)

—— — Copper braids

| T (x16)
— —] | ] | Inertial sensors
LN, thermal shield 4 | —— l (x5)
GHe cooled shroud | = — H 1 Silicon mirror
& exchanger fins | [ = suspension x4
T T

]

Active platform

Vacuum chamber bench

Fig. 4. Cryostat and radiative heat exchanger initial architecture with verti-
cal stacking (front view), integrated in the suspension chain. The test-mass is a
100 kg silicon mirror.

be 75m? for a target temperature of 25K. The following subsection
proposes a solution to fit this required area in the available volume.

2.3. Compact heat exchanger concept

Several geometries were investigated to make a compact radiative
heat exchanger, such as interleaved honeycomb, tubes and planar fins.
Interleaved fins as described in Fig. 3 exhibit the best total-to-projected
area ratio or amplification ratio. This ratio is defined by:

At

L
_:1+_f

Ap g

@

with A, the total radiating area of one side, A, the projected area of one
side, L the fin length and g the gap between passive (suspended) and
actively cooled fins. The same gap g is considered between the tip of
the fin and the opposite panel.

Applying the above-described heat exchanger concept, two types
of configurations can be investigated: vertical or horizontal stacking.
The vertical stacking configuration is described in Fig. 4. On the sus-
pended cold platform (in yellow) is mounted a structure to support the
fins (in green). The outer part of the radiative heat exchanger is com-
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for mirror view

Cryostat
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Fig. 5. Prototype CAD view, with the cryostat closed in between the IP legs,
above the active platform.

posed of an external supporting structure (in grey) lying directly on the
ground without contact with the active platform. This structure sup-
ports the LN, thermal shield (in brown). The vertical LN, panels host
the GHe panels onto which the external fins are fixed (in blue). This
configuration allows some in-plane and vertical translations, within the
inter-fin gap fixed at 20 mm. This allocated clearance takes into account
various thermo-mechanical effects that will be further explained in sec-
tion 2.4.3. Four cryogenic inertial sensors (cyan) were integrated on the
cold platform (two verticals and two horizontals), with an additional
horizontal one below the mirror. They are used to monitor the residual
translation and pitch of the cryogenic payload. Alternative horizontal
stacking configurations might provide more benefit in terms of degrees
of freedom and amplification ratio. One advantage of horizontal stack-
ing, the fins being vertical, is to mitigate the bending of the fins under
their own weight, therefore allowing longer fins and amplification ratio.
Limitation from buckling should nevertheless be considered for the fins
pointing upwards. Circular vertical fins could mitigate buckling. A hori-
zontal configuration would, for instance, provide an amplification ratio
about 70 with 700 mm long fins, enabling 500 m? total heat exchanger
area and therefore reaching a payload temperature of 13 K with a sink
at 4K (for 250 mW heat load and same emissivity of 0.5).

2.4. Detailed design

The selected configuration was vertical stacking because of practi-
cal implementation constraints. For similar reasons, cooling the active
side to liquid helium temperature with the existing facilities at CSL was
discarded. Therefore, the helium refrigerator provides a 15-20K envi-
ronment. Increasing the total exchanger area would not allow cooling
below 20 K.

In practice, 35 layers of 300 mm long fins, 800 mm wide for the short
ones and 1100 mm wide for the long ones were implemented and led to
a total developed heat exchanger area of almost 80 m?. The suspended
payload is a 100 kg silicon mirror, suspended by four silicon suspension
fibres. For the first test campaign, the test-mass is replaced by a dummy
mass made of aluminium, and suspension rods made of CuCrZr (C18150)
alloy. To compensate for the change in density, the thickness of the
dummy mass was adapted to keep the 450 mm diameter.

As the size of the cold platform is fixed by the 450 mm diameter of
the mirror and the overall structure of the cryostat must fit in between
the IP legs, the length of the fins is limited. Fig. 5 and 6 show how
the concept was implemented in the prototype. The external part of the
cryostat is supported by a frame stepping over the active platform to in-
terface directly with the vacuum chamber floor. One side of the cryostat
is equipped with three aperture baffles, allowing a direct view of the mir-
ror dedicated to optical experiments, while limiting the heat load. The
baffles are composed of one external tube mounted on the LN, shield
and one internal tube mounted on the GHe-cooled panel. The length of
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3 baffling tubes
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cold platform

Mirror
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Fig. 6. Prototype CAD cut view, showing the inner details of the radiative heat
exchanger integration with the suspended payload.

Thermal straps  T_shape profile

PCTFE
blades

Fig. 7. Detailed design of the cryostat with the active side of the radiative heat
exchanger mounted on the actively-cooled panels (left) and the suspended pay-
load with the inner side of the radiative heat exchanger (right).

the internal tube is 400 mm. Similarly, the apertures for the three suspen-
sion wires on the top side are also equipped each with a set of two tubes,
the outer one at LN, temperature and the inner one at GHe tempera-
ture. They offer baffling of the IR radiation and radiative thermalisation
of suspension wire and electrical harnesses. The electrical harnesses of
the temperature and mechanical sensors located on the cold platform
and inner side of the radiative heat exchanger, are made of phosphor
bronze for its low thermal conductivity. The assumed total cross sec-
tion is equivalent to 20 X AWG 24 (0.2 mm?) wires for the mechanical
sensors and 100 X AWG 32 (0.032 mm?2) wires for the temperature sen-
sors. The wires are twisted along the suspension cables through the top
tubes. Twisting the wires increases their surface exposed to the tubes to
maximise radiative thermalisation.

Fig. 7 shows the details of the cryostat. On the suspended part of the
radiative heat exchanger, one of the main design driver is the vertical
location of the suspension wire bottom interface. It should lie within the
plane of the centre of mass of the suspended payload. To enable some
adjustment and meet this requirement, the cold platform is mounted in-
side a U-shaped profile with three adjustment screws. This allows not
only to adjust the overall centre of gravity of the inner fins structure but
also to adjust the pitch and roll angles. The thermal contact between
the cold platform and the aluminium structure hosting the fins is there-
fore very poor. Additional flexible copper thermal braids are therefore
implemented to circumvent this poor thermal contact. They provide di-
rect connection between the T-shaped profiles onto which the fins are
mounted and the cold platform. The T-shaped profiles conduct vertically
the heat from the fins towards the thermal braids interfaces. As ensur-
ing good thermal contacts is critical for the cooling efficiency, standard
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Fig. 8. GHe panels PCTFE blades design.

A2-70 stainless steel screws combined with Belleville washers are used
to maintain the preload in the screws when cooling down. During the
integration, the bottom side of the cryostat has to support the weight of
the complete payload before it is suspended, the panels are supported by
thick permaglas cylinders rather than thin blades like the lateral panels.

2.4.1. Outer cryostat panels support design

To limit the heat load on the helium refrigerator, the external cryo-
stat helium panels are mounted on the LN, shield through insulating
blades made of PCTFE (Polychlorotrifluoroethylene). This material is se-
lected for its high stiffness to thermal conductivity ratio, and its better
resistance to creep compared to classical PTFE (Polytetrafluoroethy-
lene). For mechanical reasons, the blades were distributed as depicted
in Fig. 8 with four vertical wider blades at the centre supporting most
of the weight and 16 narrower blades pointing towards the centre of
the two copper panels. This configuration allows for differential ther-
mal contraction between the GHe panels and the external LN, panels
supporting them without changing the centre position during contrac-
tion. Allocating a total conductive heat load of 1 W for each side and
considering the effective length of the blade to be 75 mm (95 mm in to-
tal but 75 mm in between stainless steel clamps), the blades thickness is
set to 3 mm with 4 blades of 100 mm width and 16 of 50 mm width. Me-
chanical analyses were then conducted to confirm sufficient margin of
safety remained.

The same principle is applied for the blades linking the LN, panels
to the external structure, knowing the heat load on the LN, was less
critical but the mass to be supported (LN, + GHe + fins) is obviously
larger. The thickness of the blade is thus increased to 8 mm, while their
length is decreased to 70 mm (50 mm effective) for compactness.

2.4.2. Fin geometry sizing
As already mentioned in previous sections, the fin design results from
trade-off between:

« Self-supporting capability (stiffness)

« Sufficient thermal conduction from tip to base

» Thermal capacity minimisation (to limit cool down duration)
» Manufacturing costs and availability

+ High-emissivity coating compatibility

Due to the volume available in-between the inverted pendulum legs
and the thickness of the external cryostat, the length of the fins is fixed
to 300 mm. To minimise the weight while ensuring a sufficient thermal
cross-section, a thickness of 0.2 mm of 1050A aluminium (99.5% purity)
is selected. Even if high-purity aluminium exhibits higher thermal con-
ductivity, the mechanical properties are poorer. The bending of 0.2 mm
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Fig. 9. Corrugated fin with a 2 mm peak-to-peak and 2 mm pitch profile.

Fig. 10. Top: Flat fin + stiffener concept, with the stiffening fork in yellow
and the base rod in red and cyan. Bottom: Picture of the as-built configuration,
before painting.

thick, 300 mm long fins is too excessive (>10 mm), and increasing the
thickness would increase the overall thermal capacity. To overcome this
issue, two main concepts were investigated: a self-supporting corrugated
geometry and a flat geometry combined with a stiffening support struc-
ture.

The corrugated geometry offers several advantages. First the sine
wave function increases the apparent stiffness of the fin: for a 2 mm pitch
and 2 mm peak-to-peak sine, the deflection at the tip of the fin is below
1 mm, as depicted in Fig. 9. The second advantage is the light trapping or
“macro-roughness” feature that increases the apparent emissivity of the
fin at low temperature. Extending the concept further, micro-structuring
of the fin could increase the apparent emissivity by matching the struc-
ture characteristic length to the peak black body emission wavelength.
However, corrugated geometry implies an increase of mass for a given
sheet thickness, roughly factor 1.5 for the above-described geometry.
This might still be compensated by reducing the thickness since the over-
all stiffness is improved so that an optimum might be found. The main
drawback of the corrugated fin lies in the difficulty of clamping the base
and attach it to the main structure.

The second concept, presented in Fig. 10, is based on a fork-shaped
stiffening secondary structure located below the 0.2 mm thick fin to limit
the bending. The thickness of the stiffener and the spacing between the
fork arms are designed to limit the overall deformation below 2 mm. The
spacing between the forks is about 300 mm and their thickness is 3 mm.
The foil is attached to the fork through low-outgassing aluminium tape
and it is clamped at the base between the fork base and a 10x10 mm?
extruded aluminium rod. This rod also serves as interface with the rest
of the structure.
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Fig. 11. Inter-fin gap tolerancing analysis summary for the top and the bottom
of the radiative heat exchanger.

The main drawback of the flat foil is its proneness to plastic defor-
mation generating bumps. The manufacturing process of the fork also
has the tendency to leave manufacturing stresses that sometimes relax
during the fin assembly and painting process, therefore inducing defor-
mations. To further limit tip deformations, additional bent aluminium
foil was applied.

The flat configuration was selected for the initial test run of the pro-
totype. The corrugated version should be investigated further to over-
come the assembly difficulties as its performances are expected to be
better.

2.4.3. Gap sizing

Several contributors constrain the required clearance between the
internal and external fins. The suspended radiative heat exchanger (in-
ner cryostat) is subjected to global shrinkage because of the large CTE of
its aluminum structure. The shrinkage of the three titanium suspension
wires also impacts the gap sizing as it makes the suspended heat ex-
changer move upwards. Another significant contributor that influences
the final location of the inner cryostat is the absence of buoyancy force
in vacuum conditions. The inner cryostat being suspended and in equi-
librium, when the air is pumped out of the vacuum chamber, it removes
the vertical force due to Archimedes’ law, directed upwards and equal
to the removed volume of the inner cryostat and marionette.

The outer cryostat is subjected to thermo-elastic effects as well. The
use of several different materials, mainly the fin structure made of alu-
minium and the GHe panels made of copper, does inevitably introduce
large distortions. To mitigate these effects, the copper panel is sand-
wiched in-between the aluminium fin structure and an additional alu-
minium bar at the back of the panel, helping to keep the GHe panel flat.
However, the combination of the GHe panels shrinkage and bending still
needs to be taken into account in the inter-fin gap sizing.

On top of the predictive deformations, many statistical contributors
also affect the gap between the fins due to manufacturing and assembly
tolerances.

The various contributions to the clearance between the suspended
and external fins of the exchanger are summarised in Fig. 11. They are
quantified in Appendix B. In total, considering the allocated clearance
of 20 mm between the fins, a margin of 10 mm is expected.
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2.4.4. Residual gas molecular heat conduction

The expected operational distance between the fins being of the or-
der of 10 mm, it becomes important to assess the potential impact of
residual gas pressure heat transfer on the cooling process. The typical
pressure achieved in that vacuum chamber is 1 X 10~% mbar. However,
this is the pressure measured at the chamber wall level and is not rep-
resentative of the local pressure in the vicinity of the fins. Thanks to the
different cryopumping mechanisms, the partial pressure of N,, O, and
Ar in the vicinity of the fins at an average temperature of 20 K drops
well below 1 x 1072 mbar [23,24]. At this level of pressure, even if it
increases as the temperature decreases, the mean free path of the gas
molecules remains several orders of magnitudes larger than the inter-fin
distance. For instance, the mean free path of Nitrogen at 1 x 10~¢ mbar
is about 60 m and 4 m at 300 K and 20 K, respectively and increases by
a factor 1000 at 1 x 10~ mbar. The Knudsen number, being the ratio be-
tween the mean free path and the distance between the fin in our case,
is very large and suggests the heat transfer regime between the fins is
free molecular conduction. In that regime, the heat exchange between
two surfaces, 1 and 2, is proportional to the local pressure [25,26]:

r+1 N,kg
ans cond =
y—1\ 8zMT,

avg

PF, F,A(T,-T)) 3)

where y is the specific heat ratio of the gas, M its molar mass, N 4, Avo-
gadro’s number, k5 Boltzmann’s constant, T, the average temperature
(T, +T,)/2, F\, the view factor between the two surfaces and A the fin
area in our case. F, is the accommodation coefficient factor and depends
on the accommodation coefficients @, and @,, depending themselves on
the temperature of surfaces 1 and 2 and are analogous to the emissiv-
ity in radiative heat transfer. For parallel plates with unit view factor
and conservatively assuming unit accommodation coefficients, F, also
becomes equal to 1 [25]. Considering a 5K AT, an average tempera-
ture of 20 K and a partial pressure of N, of 1 x 10~ mbar, the total heat
exchange through free molecular gas conduction between the 80 m? fin
area is of the order of pW and therefore several orders of magnitudes
less than radiative heat transfer.

Following the above principle, taking advantage of molecular con-
duction to accelerate the colling of the payload was investigated. A
controlled filling of the chamber or cryostat with a small helium pres-
sure of the order 1 mbar could create a significant heat transfer. This
well-known technique was used in past projects to for instance accel-
erate the cryogenic thermal cycling of the solar panels for the JUICE
space mission [27]. Although very effective, this technique was eventu-
ally discarded as it did not seem practical and scalable to ET. It would
for instance probably require specific gate valves to separate the ET-LF
tower filled with helium from the beam pipe and dedicated pumping
systems. Helium would also most probably leak into the warm part of
the ET-LF tower. As described in Section 4.2, the technique was only
used to accelerate warm-up.

3. Cooling predictions
3.1. Thermal model description

Based on the above-described design, a detailed thermal model was
derived. The model is developed in the ESATAN-TMS software used
for spacecraft thermal analysis, as depicted in Fig. 12. This software,
based on the lumped parameter (finite difference) method, is partic-
ularly suited for such models since it enables complex radiative heat
transfer modelling through ray-tracing including multiple-reflections. It
also allows complex geometry modelling while limiting the number of
nodes and therefore computation time for long transient simulations.
The mirror is for instance modelled with one node, like the cold plat-
form. The fins are discretised with 10 nodes in one direction from base
to tip as the temperature gradient along the width of the fins is by design
negligible. In total, the model is made of less than 400 nodes. Conduc-
tion through complex geometries are nevertheless modelled accurately
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Fig. 12. Cut view of the ESATAN Geometrical Mathematical Model.
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Fig. 13. Emissivity in function of temperature and thickness for various black
coatings. Data extracted from [30-35].

with FEA to derive proper conductive links between the nodes. Contact
through bolted connections are also taken into account and considered
in the uncertainty analysis developed in Section 3.2.3.

Temperature-dependent thermal properties are used and based on
standard data from NIST [28] and Touloukian [29]. Like any model,
it is subject to high uncertainties, in particular when dealing with
temperature-dependent properties. The emissivity of the fin black coat-
ing plays a significant role in the cooling performances while it is highly
uncertain. Fig. 13, compiling data from various references [30-35],
highlights that the emissivity of most of the black coatings exhibits a
significant drop at low temperature, except for some very specific thick
coating (like the Ball InfraRed Black™ developed for the James Webb
Space Telescope cryogenic radiators but the thickness of this coating
is in the millimetre range). This drop strongly depends on the coating
thickness and therefore application process.

To be conservative in terms of cooling time, a constant emissivity,
corresponding to low-temperature value, is used. The emissivity being
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Fig. 14. Mirror, cold platform and inner suspended cryostat temperature profile
with nominal properties.

higher at ambient temperature, it provides better heat exchanger perfor-
mance during the beginning of the cooling. The effect of the temperature
dependency was assessed in ESATAN using the piecewise grey-body
method and confirmed the expected behaviour. It also showed that vari-
ations of the cooling profile with respect to the simplified model with a
constant emissivity are well below the range of uncertainties. The nomi-
nal value of 0.4 is considered and a +0.2 uncertainty will be considered
in Section 3.2.3. 10 mm gaps in the GHe MLI located in-between the
GHe panels and the LN, shield are considered. This will induce a direct
heat load from the LN, shield and its MLL

Regarding the emissivity of the silicon test mass, it is also sub-
ject to quite high uncertainties. Constancio et al. [36] derived some
temperature-dependent emissivity models between 120K and 260 K
from measurement. The obtained curve is e(T") = 0.00245T +0.116, giv-
ing an emissivity of 0.75 at 260K and 0.41 at 120 K. Although not
rigorous, extrapolating below 120K to 40K or even 20 K would lead
to an emissivity of 0.2 or 0.16, respectively. As silicon exhibits semi-
transparency in that part of the IR spectrum, bulk absorption is expected.
The thickness of the silicon sample therefore plays a role, both for the
absorption and emission of IR from the environment but also for the ab-
sorption of the laser beam in the Einstein Telescope. In the frame of the
E-TEST project, a simplified model was collectively assumed with on a
constant value 0.4.

The electrical harnesses coming from the marionette to the vari-
ous thermal and mechanical sensors described in Section 2.4 are also
modelled. They are discretised to capture the temperature gradient and
related heat loads with the effect of the temperature-dependent thermal
conductivity.

3.2. Baseline configuration

3.2.1. Nominal parameters

Fig. 14 gives the cooling profile of the suspended cryostat. The final
expected steady-state temperature of the inner cryostat, cold platform
and mirror is about 26.5 K with an outer cryostat actively cooled at
20 K. Considering the steady-state to be 1 K from the exact final steady-
state temperature, the temperature of 27.5 K is achieved after 13 days
of cooling which lies within the 20 days window allowed in the E-TEST
project due to vacuum chamber availability. Analysing the heat flows of
the suspended payload, given in Fig. 15, the total heat load is 366 mW
with a major contribution (140 mW) from the modelled imperfections
in the MLIL. This is more than the 50 mW obtained in the preliminary
assessment done in Section 2.2 since a gap of 10 mm in between the
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Fig. 15. Steady state heat flow map [mW]. Red and blue arrows indicate con-
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Fig. 16. Steady-state heat flow map [mW] considering (a): a reduced GHe MLI
gap from 10 mm to 5mm and (b) a completely closed GHe MLI gap. Red and
blue arrows indicate conductive and radiative heat flow, respectively.

bottom and top halves of the GHe MLI gives a direct view to the LN,
panels and their MLI. For the load coming from the 6 apertures, the
50 mW is in line with the assessment. The preliminary value of 100 mW
from the suspension wire is also confirmed here with the 89 mW. The
cold harnesses conductive contribution of 60 mW is not far from the ini-
tial 50 mW but an additional 20 mW of radiative contribution is present
in the detailed model. The model is checked against Equation (1) since
with a temperature of 26.5 K, a sink at 20K and an emissivity of 0.4,
the area of the heat exchanger is 78 m?.

3.2.2. Sensitivity analysis

GHe MLI As it was highlighted in Section 2.2, the gap in the GHe MLI
induces a significant contribution to the overall heat load. The effect of
the reduction of the gap from 10 mm to 5 mm is thus analysed. Fig. 16a
shows the updated heat flow map where the contribution is decreased
by more than 40 mW for a total heat load of 320 mW instead of 366 mW.
This translates into a gain of 0.5 K on the steady-state temperature of
the mirror from 26.5K to 26 K, which shows that the MLI integration
must be performed with great care.

Closing the GHe MLI gap completely (without closing the gap be-
tween the GHe panels themselves so that the GHe MLI is still seen by
the inner cryostat) results in another reduction of 60 mW to reach a
total of 257 mW as described in Fig. 16b. It also further reduces the fi-
nal steady-state temperature to 25.2 K. This highlights the importance
of the insulation tightness surrounding the actively cooled GHe panels
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Fig. 17. Mirror, cold platform and inner suspended cryostat temperature profile
considering no radiation of Silicon mirror (emissivity = 0).
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Fig. 18. Steady-state heat flow map [mW] considering no radiation of Silicon.
Red and blue arrows indicate conductive and radiative heat flow, respectively.

of the external cryostat. The nominal10 mm gap leads to an additional
100 mW heat load.

Silicon mirror emissivity To assess the influence of the radiative cooling
of the silicon mirror itself, the emissivity of the mirror is set to 0. Fig. 17
shows the resulting cooling profile and Fig. 18 the corresponding heat
flow map. While the steady-state heat flow map is very similar to the one
presented in Fig. 15 (since it does not show details of the mirror itself and
the surface of the mirror is small with respect to the surface of the heat
exchanger), the cooling profile is drastically different. The steady-state
temperature (26.7 K) is not even achieved after 20 days. This highlights
the importance of taking into account the mirror emissivity in cooling
predictions.

3.2.3. Global uncertainty analysis

As already introduced above, uncertainties should be considered for
the robustness of the predictions. Not only uncertainty on the black coat-
ing emissivity (+0.2) will be considered, but also:

the thermal conductivity of the materials (+10%)

the contact conductance between the different assemblies (+50%)
the specific heat of the material (+10%)

the emissivity of the rest of the components. This value depends
on the nominal emissivity, and +0.2 for the black paint and silicon
emissivities was considered).

One worst and one best case are derived to envelope the nominal
prediction. The results are given in Fig. 19. In the most optimistic case,
the steady state temperature ends at 24.5 K while in the worst case it
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Fig. 19. Mirror temperature profile with nominal, worst and best assumptions
regarding material properties.

becomes 35 K. In the worst case, the time to cool down is largely in-
creased and after 20 days, the temperature of the mirror is still about
40K and is reaching 1 K above steady-state only after 25 days.

3.3. As-built configuration predictions

The final selected vacuum-compatible black coating is Aeroglaze
7307 with a targeted nominal thickness of 50 um. As shown in Fig. 13,
at the same thickness, it exhibits a higher emissivity than the classical
7306 version, usually used in spacecraft applications. As mentioned, the
silicon mirror and suspension rods were replaced by an aluminium mir-
ror and CuCrZr rods with 9 mm diameter and one thinner section (3 mm
diameter) at each end acting as mechanical hinge. Replacing the 100 kg
silicon mirror by 100 kg aluminium has a strong impact on the thermal
behaviour since the specific heat of aluminium (900J/kgK at 300 K)
is larger than the one of silicon (700J/kgK at 300 K). The emissivity
is also lower, raw aluminium presenting an ambient emissivity of the
order of 5% to 10%. Section 3.2.2 showed the importance of the radia-
tion of the mirror on the cooling profile. To overcome this drawback, it
was decided to paint the mirror with Aeroglaze Z307. Fig. 20 shows the
resulting cooling profile. As expected, the cooling time increases signif-
icantly. After 20 days, the mirror does not reach steady-state and only
achieves 38 K. As presented in Fig. 21, the steady sate heat flow map is
however identical to the silicon version since the assumed value for the
emissivity of the black paint is identical to the silicon one.

4. Prototype assembly and test results
4.1. Assembly and instrumentation

Between August and November 2023, the different sub-systems were
assembled in the ISO7 cleanroom at CSL with the aim to test the proto-
type in the 6.5 m diameter vacuum chamber (FOCAL6.5).

After being painted, all the fins were integrated on the inner and
outer cryostat. Fig. 22a shows the fins mounted onto the inner cryostat
structure, before integration of the cold platform and mirror. The fins
being very delicate, some of them suffered plastic deformation during
assembly and painting. Some reinforcement was therefore added at the
tip of the fin to retrieve sufficient flatness, as illustrated in Fig. 22a.
One side of the inner cryostat was designed to be removed from the
outside to give access for the integration of the mirror and the cold
platform equipped with the sensors. Fig. 22b shows four inertial sensors
mounted inside the inner cryostat. It also illustrates the copper braids
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Fig. 20. Black aluminium mirror with CuCrZr suspension rods, cold platform
and inner suspended cryostat temperature profile.
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Fig. 22. (a): Inner cryostat assembly waiting for the cold platform and mirror
to be integrated. (b): Sensor plate, with two vertical sensors and two horizontal
sensors integrated inside the inner cryostat.

(16 in total) ensuring the conductive coupling between the cold platform
supporting the mirror and the inner cryostat structure onto which the
fins are attached. The use of flexible copper braids allows mechanical
decoupling between the cold platform, required for fine adjustment of
the suspended payload centre of mass, as mentioned in Section 2.4.

In parallel of the inner cryostat and cold platform integration, the ac-
tive platform, inverted pendulum and marionette were assembled. Once
the active platform was mounted inside the chamber, preliminary fit
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Fig. 23. (a): Inner cryostat integrated below the inverted pendulum on the active
platform. (b): Three sides of the outer cryostat integrated around the suspended
inner cryostat.
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Fig. 24. (a): Zoom on the outer and inner cryostat interleaved fins to check
proper alignment and gap, before closing the last sides of the inner and outer
cryostat. It also shows the horizontal inertial sensor located at the bottom of the
inner cryostat. (b): Completed cryostat during the FOCAL6.5 vacuum chamber
closing.

and suspension checks of the inner cryostat by the inverted pendulum
were conducted, as illustrated in Fig. 23a. The sequence required then
to temporarily remove the inverted pendulum to enable the integration
of the first three lateral sides of the outer cryostat. The integration of
the lateral sides of the outer cryostat required perfect horizontal align-
ment of the fins to allow the insertion in between the inner cryostat fins.
This was conducted thanks to a dedicated hoisting device designed with
adaptative counter-weighting, already illustrated in Fig. 5.

The inverted pendulum was then mounted back onto the active plat-
form, with one side of the cryostat left open to perform the suspension
of the inner cryostat to the marionette and inverted pendulum, as de-
picted in Fig. 23b. The optical and electrical harnesses routing along the
suspension wire towards the outside of the cryostat are also performed
at that moment. Fig. 24a illustrates the alignment check of the inner and
outer fins.

The last side of the cryostat is eventually integrated, carefully align-
ing the fins and making sure the thermal insulation is properly installed.
The chamber is finally closed, as depicted in Fig. 24b. The lateral door
in the chamber vessel allowed last electrical checks before final closure
and pumping.
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Table 2
Cooling test key durations.
100K 50K Final T [K]
Suspended cryostat < 1day 4 days 21.6

Cold platform 1.5 day 5 days 21.6
Mirror 7 days 14 days  22.0
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Fig. 25. Chamber pressure profile. Primary pumping started on the evening of
November 21°% and turbo pumping in the next morning, explaining the constant
pressure during the night. The first phase of pressure recovery with dry nitrogen
for the warm-up started on December 11%, followed by the second phase with
air the next day.

To monitor the temperatures of the various components, the sus-
pended payload was instrumented with 22 cryogenic Si435 temperature-
monitoring diodes from Scientific Instrument. 14 are placed on the inner
cryostat to monitor the uniformity of the structure. 2 diodes are mounted
on each of the following items: mirror, inertial sensors, cold platform,
and on the titanium wire suspension interface. On top of the temper-
ature sensors of the suspended payload, 1 diode was also mounted on
each of the 12 GHe-fed panels of the outer cryostat. LN, external panels
were instrumented with standard Pt1000 temperature sensors.

4.2. Test chronology

The chamber was closed on November 21%, 2023 and primary pump-
ing was started in the afternoon. Turbo pumping was then started in the
morning of November 22", When pumping started, the buoyancy ef-
fect inducing a small downward translation of the suspended payload
was observed through the reading of the displacement sensors on the IP
top stage. The LN, shield was started slightly after the turbo pumping,
once the pressure was below 107> mbar. After 2 hours, the LN, shield
was around 90 K. In parallel, the helium refrigerator plant was started.
The time required for the plant to be cold and feed cold gaseous helium
to the cryostat is a few hours and the external cryostat Helium panels
started to cool down around noon of November 23", In the morning of
November 23", the external cryostat helium panels were below 30 K
on average and the helium refrigerator return line was switched to a
colder heat exchanger to finally reach an average temperature around
15 K. From that moment, the suspended cryostat and mirror radiative
cool down started. Table 2 summarises the key duration of the cooling,
highlighting that the mirror reached 50 K nine days after the cold plat-
form. This already suggested that the CuCrZr suspension wires strongly
contribute to the cooling bottleneck.

Therefore, the warm-up started in the morning of December 11,
The pumping was stopped around noon of December 11, Fig. 25 shows
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Fig. 26. Measured temperatures of the mirror and cryostat elements. The helium
refrigerator was started on November 22, right after the LN, shield and warm-
up started on December 11 right after reaching 22 K.

the pressure profile obtained during the test. The achieved pressure in
the chamber was 6 x 107 mbar partially thanks to cryo-pumping of the
helium panels. The warm-up was conducted very carefully, to mitigate
the classical pressure peaks arising from the desorption of the accu-
mulated cryo-adsorbed gas on the panels. Partial pressure recovery to
300 mbar with dry nitrogen was then performed to induce convection
and accelerate the warm up of the suspended payload. Final pressure re-
covery to ambient pressure with air was then performed once the mirror
temperature was sufficiently high to avoid water condensation.

4.3. Temperature data

Fig. 26 presents the evolution of the average temperature of the main
components of the setup. The actively GHe-cooled panels reached a tem-
perature in the range of 14-15 K after 1 day. The small perturbation in
the outer cryostat temperature observed around December 41 is due
to some regeneration of the helium refrigerator plant. Its effect on the
cooling profile is barely visible. From 50 K, the cold platform followed
closely the inner cryostat structure. While the cold platform and inner
cryostat crossed 50 K, the mirror was still above 120 K. The decrease of
the specific heat of aluminium with temperature induced almost a linear
trend in the mirror cooling profile between 100 K and the final landing
at 22 K. The warm-up phase, thanks to the nitrogen pressure recovery
allowing for convection to take place again and through the circulation
of ambient GHe in the outer cryostat panel, took less than 1.5 days.

While Fig. 26 showed the average temperature of the different ele-
ments, Fig. 27 highlights that the temperature of the suspended cryostat
is quite uniform. Yet, during the first part of the cool-down, above 100 K,
the difference between the maximum and minimum measured tempera-
ture reaches 80 K. The top of the inner heat exchanger structure is colder
than the bottom part during transient since the external cryostat panels
are connected in series, the top panels being first fed with cold GHe, the
bottom panels being the last ones to be cold. Below 100 K, the unifor-
mity is better than 15K and below 50 K, it drops to 2.5 K. In the end,
the difference between the highest and lowest temperature of the inner
cryostat is less than 0.5 K. The suspension interface, i.e. the lower ex-
tremity of the three titanium wires coming from the marionette being
at ambient temperature outside the cryostat, is the warmest point dur-
ing transient (except for the mirror) but quite rapidly merges with the
rest of the suspended structure, showing that the radiative thermalisa-
tion of the wires through the entrances tubes is effective. The sensors,
although not strongly conductively linked to the cold platform, also fol-
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Fig. 27. First 6 days cooling profile of the suspended cryostat elements, high-
lighting the uniformity of the suspended part of the radiative heat exchanger
(in green) even during transient. The cold platform, sensor and suspension in-
terface catching back after 4 days.

lowed smoothly the cooling, thanks to radiative heat exchanges, finally
also hitting the 22 K. Conduction heat load through electrical and opti-
cal harnesses was thus well minimised through the thermalisation tubes.
It also confirms the low thermal dissipation of the sensors.

5. Model correlation

Although the model with the nominal parameters predicted that the
payload could not reach stability after 20 days of cooling, the test results
were eventually more satisfactory. The comparison of Figs. 26 and 20
already shows several leads for the correlation of the model:

« First the temperature of the GHe-fed panels, cooled by the he-
lium refrigerator and acting as boundary condition in the model,
is slightly lower than expected (15 K instead of 20 K).

+ Second, the cold platform follows the inner cryostat temperature
much more closely than predicted (around 50 K after 6 days instead
of 75 K).

« Finally, the mirror cools slightly faster than expected and reaches
stabilisation around 22 K.

The main parameters that required small adjustment in the model
are the measured masses of cold platform sensors, the actual number
of electrical harness, the copper braids final length and thermal contact
and finally the emissivity of the Aeroglaze Z307 black paint increased to
0.65, playing a major role. Fig. 28 presents the correlation results, even-
tually fitting pretty well the measured data. The warm-up phase is not
considered in the correlation since convection was artificially induced
as explained above.

Although the correlated model provides quite a good match with
the measured data, it remains difficult to discriminate the effect of the
emissivity of the black paint from some imperfections in the insulation
(MLI) of the cryostat. Indeed, the model still includes some imperfec-
tion (gaps) in the MLI surrounding the cryostat, inducing parasitic heat
load as described in Section 3.2.3. If the MLI was indeed more efficient
that considered in the model, therefore reducing the heat load on the
payload, a different (smaller) black paint emissivity would lead to the
same results.
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Fig. 28. Comparison of test data and correlated model. Dotted lines correspond
to correlated ESATAN model.

6. Conclusions and future work

The paper presented the design and operation of an innovative cryo-
stat, capable to extract heat of a large payload in a purely radiative way.
The main advantage of this technology is the contact-free nature of the
radiative heat exchange, which is not expected to induce any vibration,
making it particularly suitable to cool down sensitive payloads like the
heavy mirrors of future gravitational wave detectors. The low-vibration
nature of the cooling strategy will be investigated in a dedicated publi-
cation.

Based on specifications derived from the ones of the Einstein Tele-
scope, a cryostat was designed, produced and assembled. Its cooling
capability was tested with an aluminium test mass, representative of
one mirror of the ET-LF (low frequency).

A test campaign was conducted, where the temperature was moni-
tored at various locations during the cooling phase. Experimental results
were found to match closely with theoretical prediction, both in terms
of cooling rate and asymptotic values. After 19 days, the payload tem-
perature stabilised at 22 K. These encouraging results demonstrate that
the proposed strategy has a strong potential to be implemented in the
final design of ET-LF cryostat.

The next step for the E-TEST prototype is to change the aluminium
mass for an ET-like 450 mm silicon mirror. The design of silicon mirror
suspension is also left for future work.

The outcome of the E-TEST campaign highlighted multiple points of
interest. One of the most important is the necessity for system engineer-
ing to ensure all disciplines and constraints are considered throughout
the design. The design of such complex systems, in particular at the scale
of the ET, would really benefit from a concurrent engineering process,
similar to what is done for space missions with the Concurrent Design
Facility of the European Space Agency [37,38]. Another important as-
pect is the importance of considering the integration process early in the
design phase. On that topic, it is planned to re-assess the overall archi-
tecture of the cryostat, considering again the trade-off between vertical
and horizontal stacking of the fins. Circular vertical interlocking could
also be envisaged, relaxing the yaw degree of freedom (rotation around
the vertical axis) and enabling vertical integration.

Emissivity enhancement at low temperature is also a key to enabling
further reduction in the temperature or required area. Micro-structuring
with corrugated or honeycomb-like structure could offer higher emissiv-
ity at low temperature but could also contribute to the stiffness of the
fin. The lack of accurate data regarding thermo-optical properties at low
temperature was also highlighted and this matter will be investigated.
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The effect of having an even colder outer cryostat, for instance cooled
to liquid helium temperature should also be assessed. In the present
project, MLI was used as default and easily available insulating mate-
rial but shall be prohibited in the ET due to the large moisture release.
Alternatives, for instance developed for space telescope sensitive to con-
tamination, shall be considered.

Finally, the dynamic behaviour and thermal noise induced by the
suspended part of the radiative heat exchanger attached to the cold plat-
form was not covered by this paper and shall also be assessed.

The investigations described above will help improving the design
of the E-TEST cryostat and its cryogenic radiative heat exchanger and
pave a way towards the ET-LF cryostat design.
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Appendix A. Preliminary heat load assessment

The main sources of heat to be evacuated from the mirror and cold
platform are:

- Radiative heat load from nominal apertures (suspension wires, op-
tical apertures)

+ Radiative heat load from holes & defects in MLI

+ Conductive heat load from the suspension wires

+ Conductive heat load from the payload electrical harness (temper-
ature sensors, vibration sensors)

Aperture radiative heat load The radiative heat load through the 6 aper-
tures providing direct view to ambient can easily be assessed and is of
the order of 50 mW for 6 tubes, considering 30 mm diameter and 300 mm
long tubes (ratio 10 to limit the view factor) and assuming an internal
emissivity of 50% and specular reflection. Multiple reflections inside
the tubes are taken into account as they play a significant role. Increas-
ing the internal reflectivity of the tube, especially if specular, largely
increases the heat load. If the reflection is diffuse, the heat load is de-
creased by a factor 10, down to 5 mW. If the reflectivity goes up to 80%
instead of 50%, the heat load increases to 8 mW for diffuse reflections
but to almost 300 mW for specular reflections.

Insulation radiative leaks The GHe panels do not provide a perfectly
tight thermal environment and some heat load could still leak through
the gaps in between different panels. The gaps give a direct view to
the MLI located in between the GHe panels and the LN, thermal shield.
The 10-layer MLI used at CSL itself provides an insulation of the order of
20 mW /m? between 80 K and 4 K. Considering conservatively some im-
perfection in the MLI (performance degradation of 150% to 50 mW /m?2),
it still allows 1 m? of apertures through the GHe envelope for a budget
of 50 mW, if the MLI is itself tight.

Suspension wire conductive heat load The suspension wires are made
of titanium which is a good metallic thermal insulator with a ther-
mal conductivity around 7 W/mK at ambient temperature, dropping to
1 W/mK at 20 K. The three wires have a diameter of 3 mm to support the
weight of the payload. To assess the heat load from the suspension wires,
an effective temperature gradient length of 250 mm is assumed. Taking
an average thermal conductivity of 4 W/mK, the heat load through the
suspension wires is about 100 mW.

Electrical harnesses conductive heat load Finally, the heat load through
the electrical harness of the cryo-sensors can be assessed. High-thermal
resistance cables are assumed, such as Phosphor Bronze having a ther-
mal conductivity of 50 W/mK at ambient temperature and 10 W/mK at
20 K. Small cross section wires for signals and larger cross section ones
for power are also assumed: 150 X AWG32 and 5 X AWG24 would lead
to an additional 50 mW heat load. The harness is thermally anchored
by being twisted around the cold platform suspensions and surrounded
by baffling tubes to reduce its radiative and conductive heat load con-
tribution. To avoid transmitting vibration to the payload and further,
the harness stiffness is decreased by routing it forming U-shape bellows
between their vibrating origin and the low-vibrating marionette from
which departs the suspension wires. Joule effect in the harness is ne-
glected as the current are expected to be very small. Conduction through
optical fibres connected to the vibration sensors is also neglected as the
thermal conductivity of optical fibres is also very low (<1 W/m/K).

Summary and required heat exchanger area The total heat load to the
payload can be estimated to around 250 mW, as summarized in Ta-
ble A.3.
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Table A.3
Heat load assessment sum-
mary.
O [mW]
Apertures 50
MLI leaks 50
Suspension wires 100
Harness 50

240mm

|
‘ -3.4mm+2.0mm

v

IZ.Gmm+2.0mm

Fig. B.29. Inner cryostat global thermal contraction showing a global rise of the
suspended payload.

Appendix B. Detailed considerations for the inter-fin gap sizing

Several contributors constrain the required clearance between the
internal and external fins.

Suspended radiative heat exchanger global shrinkage and rise The sus-
pended radiative heat exchanger structure is completely made of alu-
minium, selected for its light weight and excellent thermal conductivity.
However, aluminium also exhibits a quite high coefficient of thermal
expansion (CTE), contraction in the present case. Between ambient tem-
perature and 20 K, aluminium will contract by about 4 mm per meter.
Being 1.5 m tall, the structure will contract by about 6 mm. As the inner
cryostat is suspended by titanium rods whose ends are 860 mm away
from the top of the inner cryostat, it will shrink around that level.
Titanium contraction is less than aluminium and is about 1.8 mm/m
between ambient and 20 K. This means that due to the contraction of
the titanium wires, the attachment point of the payload will move up
by about 2 mm with respect to the outer cryostat. In total, the top of the
suspended radiative heat exchanger structure will go down by about
1.4mm and the bottom will go up by about 4.6 mm, as illustrated in
Fig. B.29. Temperature gradients in transient and in steady-state are ex-
pected to be low so that homothetic shrinkage is assumed.

Thermo-elastic analyses of the outer cryostat Regarding the outer part
of the cryostat, the use of several different materials, mainly the fin
structure made of aluminium and the GHe panels made of copper, does
inevitably introduce large distortions. To mitigate these effects, the cop-
per panel is sandwiched in-between the aluminium fin structure and an
additional aluminium bar at the back of the panel. This helps to keep
the GHe panel flat. Fig. B.30 shows the resulting thermo-elastic displace-
ment obtained from finite element analysis (FEA). The model includes
the PCTFE blades supporting the LN, shield panel, the PCTFE blades
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Fig. B.30. Outer cryostat thermo-elastic vertical displacement from FEA. Top
Figure includes both gravity and thermo-elastic effects and bottom only thermo-
elastic deformation.

between the LN, panels and the GHe panels and the fin structure. Grav-
ity is also included in the model and in the results shown in the top of
Fig. B.30.

Overall, the GHe panel contracts by 6 mm around the centre. How-
ever, some bending counteracts the contraction and the tip of the fins
only moves towards the centre by about 1 mm. Still, the base of the top
and bottom fins is moving by about 3 mm towards the centre. The choice
of copper for the panels is mainly historical for compatibility with CSL
existing facilities. The design could be improved by using aluminium
for the panels as well. Aluminium with TIG welded aluminium tubes is
actually the standard choice for thermal shroud panels in US spacecraft
testing facilities [39]. Some thermo-elastic bending of the fins is also to
be expected since the CTE of the black paint is different from the one of
aluminium and the target thickness of the paint (50 um) is not negligible
with respect to the thickness of the fin (200 pm). No data was available
regarding the paint CTE. Stress relaxation from manufacturing is also to
be expected.

Manufacturing and assembly tolerances On top of the predictive defor-
mations, many statistical contributors also affect the gap between the
fins. A non-exhaustive list of contributors is exposed here below:

» Global tilt of the suspended radiative heat exchanger with respect to
the outer cryostat due to mis-balancing. Over the 1400 mm span of
the inner cryostat from tip to tip, 1 mm in each direction is already
a reasonable target after adjustment.

+ Offset in the positioning of the fins inside their mounting holes:
the through-hole is always larger than the screw diameter. Each
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Fig. B.31. Inter-fin gap tolerancing analysis summary for the top and the bottom
of the radiative heat exchanger [mm].

fin could therefore be mounted either 0.5 mm above or below its
nominal position.

Offset in the fin clamping. The perpendicularity of the fins is en-
sured by the squareness of the 10x10 rods linking the fin fork
support to the vertical T-shape profile. Manufacturing tolerances of
the 10x10 rods, according to ISO EN754-4 ensure the side length
does not deviate more than 50 pm. For a 300 mm long fin, this leads
to a maximum deviation of 1.5 mm at the tip.

Fin foil flatness. The manufacturing and assembly technique in-
evitably induces deflection in the foil. A target of 2 mm flatness
is allocated.

Buoyancy effects The inner cryostat being suspended and in equilib-
rium, when the air is pumped out of the vacuum chamber, removes the
vertical force due to Archimedes’ law, directed upwards and equal to
the removed volume of the inner cryostat and marionette. The stiffness
of the GAS filter being 783 N/mm ie. 12.5mm/kg and the volume of
the suspended cryostat including the marionette being 0.12 m?, the sus-
pended payload is expected to move down by 1.8 mm with respect to the
top stage of the inverted pendulum. Similarly, the whole inverted pen-
dulum is also suspended on the springs of the active platform, having a
stiffness of 418 000 N/mm, i.e. 23.5 pum/kg. The volume of the suspended
part of the active platform, inverted pendulum and inner cryostat being
1.1 m3, an additional motion of 30 um is expected.

Summary The various contributions to the distance between the sus-
pended and external fins of the exchangers are summarised in Fig. B.31.
In total, considering the allocated clearance of 20 mm between the fins,
a margin of 10 mm is expected since the buoyancy effect almost cancels
the one of the titanium suspension rods.

Data availability
Data will be made available on request.
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