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The Einstein Telescope (ET) is a third-generation gravitational wave detector that includes a room-
temperature high-frequency (ET-HF) and a cryogenic low-frequency laser interferometer (ET-LF). The
cryogenic ET-LF is crucial for exploiting the full scientific potential of the ET. We present a new baseline
design for the cryogenic payload that is thermally and mechanically consistent and compatible with the
design sensitivity curve of the ET. The design includes two options for the heat extraction from the
marionette, based on a monocrystalline high-conductivity marionette suspension fiber and a thin-wall
titanium tube filled with static He-II. Following a detailed description of the design options and the
suspension thermal noise (STN) modeling, we present the sensitivity curves of the two baseline designs,
discuss the influence of various design parameters on the sensitivity of ET-LF, and conclude with an
outlook to future R&D activities.
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I. INTRODUCTION

The Einstein Telescope (ET) is a third-generation gravi-
tational wave (GW) detector with a xylophone design,
combining a low-frequency (LF) and a high-frequency
(HF) laser interferometer. Sensitivities lie in the ranges of
3 Hz to 30 Hz (ET-LF) and 30 Hz to 10 kHz (ET-HF),
respectively. The low-frequency sensitivity is crucial for
exploiting the full scientific potential of ET, in particular
with regard to:
(1) the observation of binary neutron stars (BNSs),

staying a long time in the bandwidth,
(2) premerger detection to probe the central engine of

gamma-ray bursts (GRBs), particularly to under-
stand the jet composition, the particle acceleration
mechanism, and the radiation and energy dissipation
mechanisms,

(3) detecting a large number of kilonova counterparts,

(4) detecting primordial black holes (PBHs) at red-
shifts z > 30,

(5) detecting intermediate massive back holes (IMBHs)
in the range of 102–104M⊙ [1].

Figure 1 shows thenoise contributions to the sensitivity curve
ET-D [2], based on payload design parameters listed in
Table I. Cryogenic operation of the payload is indispensable
to suppress the suspension thermal noise (STN) to the level of
gravity gradients—i.e., Newtonian noise (NN). Both STN
and NN are the fundamental noises that dominate the ET-LF
noise budget at frequencies below 10 Hz.
The technical implementation of the parameters in

Table I is not straightforward [3,4]. Therefore, in this
paper we develop a baseline design of a cryogenic payload
for ET-LF, which is consistent in terms of mechanical and
thermal design, as well as STN modeling. It shall serve as a
stepping stone for the cryostat design and for future
payload design optimization, rather than assuming it to
be “final.” The focus of this paper is purely on the payload,
not yet including the impact of cooling interfaces, which is
a subject of future R&D.
Section II introduces the baseline cryogenic payload

design for ET-LF with two heat extraction concepts, which
are further explained in Secs. III and IV. This is followed in
Sec. V by a detailed description of the STN modeling.
Section VI then presents the sensitivity curves of the
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baseline designs. The influence of various design param-
eters on the sensitivity of ET-LF is analyzed in Sec. VII,
before main conclusions and an outlook to future R&D
activities are presented in Sec. VIII.

II. BASELINE DESIGN OF A CRYOGENIC
PAYLOAD FOR ET-LF

A. Overall operating conditions

ET-LF shall be operated with a 1550 nm wavelength
laser at an arm power of 18 kW. The baseline material for
the mirror and its suspension fibers is monocrystalline
silicon. An alternative material for the mirror and its
suspensions is sapphire. The operating temperature of
the mirror is between 10 K and 20 K. While a 0.1 W heat
load has been estimated in [2,5], we redefine an engineer-
ing design target of

Q̇ ¼ 0.5 W ð1Þ

total heat load on the ET-LF payload, considering the size
and complexity of the cryostat and including the need for
optical access. This value entails a thermal safety margin

and compares to a range of 0.5–1.0 W that KAGRA, the
first cryogenic gravitational wave detector, assumes on its
cryogenic test masses of 23 kg, partially caused by a higher
absorption in its sapphire mirrors [6].

B. Conceptual design of the payload

The baseline design of the ET-LF cryogenic payload is
derived from the double pendulum layout of the Advanced
Virgo (AdVirgo) payload [7]. It is depicted in Fig. 2 and
includes the following main components:
(1) Platform (PF), from which the marionette and the

cage are suspended separately, using a single sus-
pension for the marionette and three suspensions for
the cage. The platform is the first stage inside the ET-
LF cryostat volume, being suspended from a warm
superattenuator system.

(2) Marionette (MA), which coordinates the position of
the mirror via four monocrystalline silicon suspen-
sion fibers. These suspensions are connected to so-
called mirror ears that are attached via hydroxide
catalysis bonding (HCB) onto the sides of the mirror.

(3) Actuation cage (CA), which serves as a reaction
mass for both the mirror and the marionette. In
addition, various sensory devices are installed on
this robust structure to avoid a direct contact with the
sensitive optics. In AdVirgo, the cage is rigidly
attached to the PF, whereas a suspended cage is
proposed here.

(4) Mirror / Test mass (MI), which constitutes the core
optical element of the interferometer.

The design of the cryogenic payload must consider
thermal and mechanical feasibility, while fulfilling a low
STN contribution compatible with the ET-D sensitivity

FIG. 1. ET-LF noise contributions in the ET-D sensitivity
curve [2].

TABLE I. ET-LF payload design parameters from [2], using a
branched pendulum model as in Virgo.

Marionette Recoil mass Mirror

Mass (kg) 422 211 211
Suspension length (m) 2 2 2
Suspension diameter (mm) 3 3 3
Suspension material (-) Ti6Al4V Silicon Silicon
Loss angle (-) 1 × 10−5 1 × 10−8 1 × 10−8

Temperature (K) 2 10 10 FIG. 2. Baseline design of the ET-LF cryogenic payload based
on the AdVirgo double pendulum design.
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curve [2]. The correct implementation of interfaces, tem-
perature gradients, and mechanical safety factors is essen-
tial. Further design aspects include the cryostat dimensions
and space requirements for installation and auxiliary
systems, the fabrication of long and high-quality mono-
crystalline suspension fibers, and the achievable marionette
temperature based on the cooling concept.
The AdVirgo payload operating at room temperature has

a MA made of 316L stainless steel [7]. In the ET-LF
cryogenic payload, the material for the MA remains to be
decided. In addition to mechanical functionality, the choice
is influenced by thermal aspects—i.e., the transient
cool-down behavior and the achievable temperatures in
steady-state operation. Therefore, aluminum alloys offer an
alternative material choice for the MA.
The combination of various constraints yields the base-

line design parameters listed in Table II. While the mirror
suspensions are generally made of monocrystalline silicon
or sapphire fibers, we propose two alternative concepts for
the heat extraction and the marionette suspension. The first
concept presented in Sec. III relies on a cooling interface on
the CA and the PF, requiring a monocrystalline high-
conductivity marionette suspension made of silicon or
sapphire. The second concept uses a thin-wall titanium
tube as a marionette suspension that is filled with superfluid
He-II. This concept provides cooling at 2 K down to the
marionette and is explained in Sec. IV. In both heat
extraction concepts, the cooling interface design will affect
the sensitivity. Defining the interface deteriorative impact
on sensitivity and thermal resistivity requires a refined and
experimental-based analysis. The designs will result from
experimental investigation and optimization, which are not
yet advanced enough to be included in the scope of this
paper.

III. CONCEPT WITH MONOCRYSTALLINE
MARIONETTE SUSPENSION

A. Motivation

The initial conceptual payload design with the param-
eters in Table I is based on a heat extraction interface on the
marionette, which is thermally insulated from the platform
via a low-conductivity Ti6Al4V suspension [2]. STN

computations [8,9] reveal that the cooling interface must
be implemented on the CA and passed to the PF, as the
direct connection of any high-dissipation cooling path on
the marionette would critically affect the thermal noise.
Hence, the suspension material must induce low STN and
provide high thermal conductivity and mechanical strength.
Al6N can be used to connect the payload to the cryogenic
system, but is not an option to suspend the marionette due
to a very low yield strength [10], which is more than 1 order
of magnitude smaller compared to crystalline silicon or
sapphire. The low STN requirement is achieved for
crystalline sapphire and silicon at low temperatures thanks
to their high quality factorQ [11], whereQ is the inverse of
the loss angle ϕ at resonance [12,13], cf. Sec. V.
The overall results from the computations converge in the

assessment that the marionette suspension mechanics must
assure low thermal noise—i.e., mechanical dissipation—in
order to preserve ET-LF sensitivity goals. The most
advanced toy model takes into account the presence of
soft Al6N thermal links, similar to those implemented in
KAGRA [14–16], connecting the CA to the thermal shield,
combined with a heat extraction through the PF via a
crystalline marionette suspension fiber with high Q and
high thermal conductivity. The payload and cryostat
dimensions, as well as the sensitivity goal in ET-LF, differ
from KAGRA, implying differences in the thermal and
mechanical design requirements [5,6], which are not
straightforward to define.
Figure 3 depicts the examined thermal link interface

possibilities on the cryogenic payload. A simple double-
stage payload with sapphire marionette and mirror suspen-
sions is used as a reference. In the simplest case (left), the
thermal link (TL) to the cryogenic system is modeled by a
connection to the MA, showing up critical impact on the
predicted sensitivity. A more realistic case (right) adopts a
connection onto the CA and PF, ensuring sustainable
mechanics of the TL connection. Figure 4 shows the effect
of the soft thermal link on the STN for the cases depicted in
Fig. 3. Imposing a nominal assumption for the STN
roughly comparable with that of ET-LF, it can be realized
that the TL should be connected far from the MI. Figure 4
demonstrates that the thermal links must be connected to
the CA, being the minimum distance from the MI in order

TABLE II. Baseline design parameters of the ET-LF payload, including two marionette cooling concepts.

Marionette Mirror

Cooling concept Monolithic Monolithic He-II filled Silicon Sapphire

Mass (kg) 200 220 200 200 220
Suspension length (m) 1.0 1.0 1.0 1.2 1.2
Suspension diameter (mm) 8.1 6.5 8.3 3.0 2.3
Suspension material (-) Silicon Sapphire Ti, He-II Silicon Sapphire
Bulk loss angle (-) 1 × 10−9 3 × 10−9 1 × 10−6 1 × 10−9 3 × 10−9

Temperature (K) 15 17 2 15…20 20…23
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not to compromise the STN. The criticality is reached with
the parameters mentioned in the caption of Fig. 4. The
computation is analytic, but FEA modeling provides
similar results [4,17]. A secondary but yet significant issue
is the noise injection and the drag through the thermal link,
which has been estimated with a similar method as in
Fig. 4 [8].
The outline of the solid conduction cooling through

thermal links is that in order to reduce the thermal noise
(cf. Sec. V) induced from the link, it must be connected to
the CA and cannot reach the MA. The implementation is
feasible through a careful mechanical and thermal design
of the payload in order to operate at TMI ≈ 20 K. The
monocrystalline-based concept in this paper assumes
using the same material (silicon or sapphire) for the mirror,
the mirror suspensions, and the marionette suspension.

Nonetheless, also a hybrid monocrystalline suspension
application is being analyzed [18,19].

B. Mechanical dimensioning

The marionette suspension is dimensioned for the total
mechanical load of the MA and theMI, considering a safety
factor SF ¼ 3with regard to the ultimate strength σmax. The
material properties listed in Table III for sapphire and
silicon yield the dimensions in Table II, which are used in
the STN modeling in this paper. For sapphire, a very
conservative value of 400 MPa is assumed, based upon
[20]. Significantly higher values of breaking strength at low

FIG. 3. Schemes of thermal link connection possibilities onto
the cryogenic payload.
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FIG. 4. Impact on the STN due to a direct connection of a 1 m
thermal link (made of 28 braids, each composed by 49 Al6N
wires with d ¼ 150 μm [14] and assuming ϕTL ¼ 0.5) on the
MA and CA.

TABLE III. Physical properties of silicon and sapphire at 20 K and metals at 2 K. Some of the indicated references comprise
temperature dependencies, which are included in the STN model presented in Secs. VI and VII.

Silicon Sapphire Ti6Al4V Titanium Al5056a

T (K) 20 20 2.0 2.0 2.0

ϕbulk (-) 1 × 10−9 [23]b 3 × 10−9 [24] 1 × 10−4 [25]c 1 × 10−6 [26] 2.5 × 10−8 [27]
σy (MPa) 230 [28]d 400 [20]d 1600 [29] 1200 [29] 280 [29]
λðTÞ (W=m=K) 4940 [30] 6000 [31] 0.22 [32] 2.5 [32] 2.0 [33]
cpðTÞ (J=kg=K) 3.40 [34] 0.69 [35] 0.01 [32] 0.12 [32] 0.10 [36]
αðTÞ (1=K) −2.9 × 10−9 [37] 1.3 × 10−8 [38] 6.0 × 10−6 [39] 5.5 × 10−8 [39] 14 × 10−6 [29]
β (1=K) −7.9 × 10−6 [40]e −4.4 × 10−6 [41]e −4.6 × 10−4 [42]e −4.6 × 10−4 [42]e 1.2 × 10−4 [43]
E (GPa) 130 [44]f 360 [45]f 127 [46]f 130 [29] 81 [43]
ρ ( kg=m3) 2330 [47] 3980 [47] 4540 [32] 4540 [32] 2660 [32]
αsurf (m) 5 × 10−13 [48] 5 × 10−13

g 0.0 0.0 0.0
aPhysical properties, except for ϕbulk; λ and cp, are taken from Al5083 due to the lack of data at cryogenic temperatures for Al5056.
bValue given at T ¼ 10 K and applied in accordance with the silicon surface loss parameter reported in [48].
cValue given at T ¼ 80 K due to lack of data at lower temperatures.
dFor brittle materials, the yield strength σy and the ultimate strength σmax are nearly equivalent. The data given for 300 K tend to

increase by about 10% at cryogenic temperatures.
eValues in the range of 80 K to 300 K; expected to decrease further at cryogenic temperatures.
fData given for 300 K tend to increase by about 30% at cryogenic temperatures.
gFor sapphire, the same surface loss parameter as silicon is assumed due to the lack of experimental data.
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temperatures, spread in the range of 1000 MPa to
2600 MPa, have been recently measured [21] and certified
using samples produced in Japan by Shinkosha [22] and
machined from a single ingot.

C. Thermal behavior

The thermal behavior depends on the thermal conduc-
tivity in the range of 10 K to 30 K. In thin suspension fibers,
the phonon boundary scattering may significantly reduce
the bulk conductivity [49]. Thermal conductivity data for
high-purity monocrystals and monocrystalline fibers of
silicon and sapphire are therefore compared in Fig. 5. In
silicon fibers, a marginal reduction of thermal conductivity
is visible [50], whereas a significant reduction is reported
for sapphire fibers [31]. Further thermal conductivity
measurements of silicon and sapphire fiber samples are
planned within future R&D activities.
The nominal heat load from Eq. (1) together with the

dimensions in Table II and the thermal conductivity data of
monocrystalline fibers according to Fig. 5 yield temperature
gradients along the marionette suspension of ΔTma ¼ 3 K
for silicon and ΔTma ¼ 5 K for sapphire.

IV. CONCEPT WITH He-II–FILLED
MARIONETTE SUSPENSION TUBE

A. Motivation for using He-II

Cryogenic fluids have been extensively used to operate
the second generation of resonant GW detectors [54],

and later have been proposed for cooling the test masses
of the GW interferometers [55]. The use of He-II is
motivated by the exceptional properties of superfluid
helium, rather than its temperature around 2 K. The
abundant 4He isotope can exist in two liquid forms,
separated by the λ line depicted in Fig. 6. While liquid
helium at T > Tλ (called He-I) exhibits normal fluid
behavior, it becomes a quantum fluid (called He-II) at
T < Tλ when fractions of the atoms condense in the
ground state as a Bose-Einstein condensate [56,57].
The He-II is composed of a normal and a superfluid
component, as described by the two-fluid model [58,59].
The second-order phase transition from He-I to He-II is
associated with dramatic property changes. Particularly
relevant is the exceptional increase in thermal conduc-
tivity, yielding a thermal reservoir to absorb and con-
duct heat in the quietest possible manner. This property
enables the concept of heat extraction from the ET-LF
payload via a static He-II column inside a thin-wall
marionette suspension tube. For the conditions given in
Fig. 5, He-II can exceed the thermal conductivity of
high-purity sapphire or silicon by at least 1 order of
magnitude. This concept provides a temperature of 2 K at
the marionette, which is an essential parameter to reduce
the STN, as discussed in Sec. VI.
Related to the thermal conductivity, the quantum

fluid properties may imply that thermal and mechanical
dissipation in the static He-II column is very low, and
that momentum transfer to/from the suspension tube may
not take place due to superfluidity. These hypotheses,
however, require experimental validation, as the integra-
tion of a quantum fluid in suspensions of GW detectors
has never been analyzed and presents a new field of
research.

FIG. 6. Phase diagram of 4He.

FIG. 5. Thermal conductivity of helium compared to several
high-purity solids [30–32,50–53].
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B. Conceptual layout

The conceptual layout of the He-II marionette suspen-
sion is depicted in Fig. 7. In addition to the thin-wall
marionette suspension tube, an internal guiding tube
enables cooldown of the payload in counterflow with
supercritical helium (p > 2.3 bar) at adjustable supply
temperatures. The helium supply can be implemented at
a cooling interface on the PF, using multiple thin-wall and
“soft” capillaries attached to vibration isolation systems,
similar to the heat link concept in KAGRA [15,60]. The
capillaries connect the cooling interface to a cryogenic
supply unit in the vicinity of the cryostat, cf. [61,62].
Exemplary capillary dimensions are given in [63].
For steady-state operation, the normal He-I is trans-

formed in a static He-II column [61]. The internal guiding
tube has no function in this case—i.e., heat conduction
takes place via the entire He-II cross section. By contact
with the He-II suspension, the marionette reaches a temper-
ature of 2 K. The silicon mirror temperature is around 15 K
due to the heat load and the temperature gradient in the
monocrystalline mirror suspensions.

C. Mechanical dimensioning

The marionette suspension tube carries the mechanical
load of the MA and the MI. The dimensioning includes a
mechanical safety factor SF ¼ 3 with regard to the yield
strength σy of the tube material (cf. Table III for material
options). Besides low-temperature ductility and mechanical
strength, a decisive constraint in the material choice is

related to suspension losses. This yields a preference for
titanium, as discussed in Sec. VI.

D. Thermal dimensioning

In this marionette suspension concept, the thermal
dimensioning (i.e., the He-II cross section) is independent
from the mechanical dimensioning (i.e., the suspension
tube wall cross section). The two-fluid model [58,59]
describes the heat transport in static He-II by a counterflow
between the normal and the superfluid components on a
molecular level—i.e., there is no macroscopic movement of
the bulk liquid. The most efficient laminar regime is
achieved only in narrow channels of d < 10 μm, where
the normal and superfluid components do not interact. In
channels of d > 1 mm, an additional turbulent term starts
dominating the temperature gradient by the excitation of
rotons and a resulting mutual friction among the two
components. The mutual friction signifies a dissipative
process that limits the heat transport [56], but the thermal
conductivity remains nonetheless higher than in pure
solids, as shown in Fig. 5.
The temperature gradient along the He-II column in the

marionette suspension is given by

ΔTma ¼
32ηLma

ðdhρsÞ2T
q̇þ Lma

h
�

T
Tλ

�
gpeakðpÞ

q̇3.4; ð2Þ

where the left term signifies the analytic description of the
laminar regime [57] and the right term uses the model from
Sato et al. [51] for the turbulent regime. Lma denotes the
marionette suspension length, η the dynamic viscosity, ρ
the density and s the entropy of the He-II, dh refers to the
hydraulic diameters of the circular and the annular cross
sections shown in Fig. 8, q̇ is the heat flux, and hðTÞ
and gpeakðpÞ are empirical functions from Sato et al. [51].
For the baseline design under nominal operating

FIG. 7. Conceptual layout of the He-II marionette suspension.

FIG. 8. Suspension tube design.
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conditions, the contribution from the laminar term is
negligibly small.
Defining a temperature gradient of ΔTma ¼ 50 mK with

regard to the overall He-II operating concept explained in
[61], the suspension tube design parameters are summa-
rized in Table IV. The suspension tube lower end temper-
ature is the highest temperature in the He-II system set to
1.9 K, where the thermal conductivity peak is located. The
suspension tube outer diameter do results from the required
He-II cross section, whereas the wall thickness so results
from the mechanical design. The inner guiding tube
dimensions are chosen such that equal cross sections of
the inner tube and the annular gap yield similar flow
velocities during cooldown. Figure 9 shows the relation
between the required suspension tube diameter do and the
heat load that can be extracted at ΔTma ¼ 50 mK and
Lma ¼ 1 m.

E. Cooldown with normal He-I flow

One main advantage of this concept is the ability for
convective cooldown of the ET-LF payload. This is enabled
by normal He-I flow through the double-walled marionette
suspension tube, as indicated in Fig. 7. The heat flux q̇ from
the marionette to the helium flow is correlated by

q̇ ¼ αðTwall − THeÞ; ð3Þ

where α denotes the heat transfer coefficient, Twall the wall
temperature, and THe the fluid temperature. Using alumi-
num alloy 1200 as marionette material, the marionette
temperature change is given by

dTMAðtÞ
dt

¼ −q̇AHT

cp;AlðTMAðtÞÞMMA
; ð4Þ

where AHT is the heat transfer area, cp;AlðTÞ the specific
heat capacity, andMMA the marionette mass. This equation
simplifies the marionette as a block capacitance, neglecting
the influences of finite heat conductivity. The cooldown
process is therefore analyzed numerically by CFD simu-
lation. In the model development process, simulations were
set up in ANSYS Fluent® (finite volume method) and in
COMSOLMultiphysics® (finite element method), allowing
validation of the numerical model independence.
Simulations are carried out for the marionette and

suspension design parameters in Tables II and IV. The
suspension tube length is 1.105 m in total, of which
105 mm are centrally connected to the bottom half of
the marionette, passing through a slightly wider bore in the
upper half. This insertion yields a heat transfer area of
AHT ≈ 2750 mm2. Table V lists additional simulation
parameters and material properties in the relevant temper-
ature range of 3.0 K to 293.15 K. The 3 K denotes the

TABLE IV. Suspension tube design parameters.

Parameter Value

Lma 1.0 m
MMA 200 kg
MMI 200 kg

Constraints:
Mechanical SF 3.0
Tðy ¼ LmaÞ 1.9 K
pHe-II;in 1.2 bar(a)
ΔTma 50 mK
Q̇ 0.5 W

Design results:
do 8.30 mm
so 0.36 mm
di 5.80 mm
si 0.05 mm

TABLE V. CFD simulation parameters and material properties
of the marionette convective cooling model.

Parameter/property Value/expression

ṀHe 1.0 g s−1
pHe;out 2.5 bar(a)
THe;inðtÞ maxfT̄MAðtÞ − ΔTMA-He;in; 3.0 Kg
ΔTMA-He;in 100 K
TMAðt ¼ 0Þ 293.15 K
T̄MAðtendÞ 3.01 K
dMA 700 mm
hMA 210 mm
AHT 2750 mm2

λAlðTÞ 59.4…502 Wm−1 K−1 [64]
cp;AlðTÞ 0.29…942 J kg−1 K−1 [32]
λTiðTÞ 4.03…36.0 Wm−1 K−1 [32]
cp;TiðTÞ 0.20…520 J kg−1 K−1 [32]FIG. 9. Cooling capacity of the He-II suspension as a function

of the outer tube diameter.
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convective precooling limit before the transformation to
He-II operation.
In the numerical model, the geometry is simplified by

axial symmetry, yielding a cylindrical marionette instead of
the octagonal prism shape displayed in Fig. 2. The helium
properties are implemented via REFPROP [65] in ANSYS
Fluent®, and by the Peng-Robinson (Twu) equation of state
[66] in COMSOL Multiphysics®. The operating conditions
in Table V yield exclusively turbulent flow regimes. In
order to solve the flow problems, the standard turbulence
eddy viscosity k − ϵ model with renormalization group
(RNG) methods developed by Yakhot et al. [67] is applied
for its accuracy regarding heat transfer [68]. Scalable wall
functions are implemented for the generated spatial dis-
cretization, since they enable an adequate resolution of
thermally and fluid-dynamically induced effects close to
the walls within the fluid domain.
The helium supply temperature THe;in is set as a function

of the average marionette temperature for controlled
cooldown. A constant ΔT ¼ 100 K ¼ T̄MAðtÞ − THe;in is
defined until the lowest helium supply temperature of 3 K is
reached and held constant subsequently. The low-pressure
limit of pHe;out ¼ 2.5 barðaÞ ensures supercritical single-
phase flow during the entire cooldown process. The
marionette and suspension tube surfaces are considered
adiabatic, while the internal guiding tube is diabatic.
Figure 10 shows exemplary results of the CFD simu-

lation at an intermediate time step with T̄MA ¼ 103 K and
THe;in ¼ 3 K. At the bottom end, the helium flow is
returned from the inner guiding tube to the outer annular
gap. Due to internal heat exchange in the suspension,

the helium supply flow is heated up by ΔT ≈ 57 K
before entering the marionette heat transfer area AHT at
THe ≈ 60 K. Yet, the temperature difference between
marionette and helium is still around 40 K, driving the
heat extraction from the marionette. In comparison, the
temperature gradients within the marionette are small due
to the high thermal conductivity of aluminum alloy 1200,
especially at T < 100 K [64].
Results of the numerical simulation in terms of cooldown

time and pressure loss are presented in Fig. 11. The
pressure loss ΔpHe ¼ pHe;in − pHe;out decreases with tem-
perature due to decreasing flow velocities at increasing
densities. A distinct point in the cooldown curve is found at
t ≈ 3.2 d, where THe;in reaches the low-temperature limit of
3 K. Toward the end of the cooldown at t ≥ 4 d and
T ≤ 50 K, the marionette temperature decreases rapidly
due to the T3 dependence of specific heat capacity. The
results in Fig. 11 indicate that the marionette can be cooled
from ambient to operating temperature in about 4.2 d. With
a helium mass flow rate of 1 g s−1, the pressure drop in the
suspension is ΔpHe < 300 mbar, which is compatible with
the helium supply system presented in [61]. In addition to
the numerical approach, the results are verified by imple-
menting heat transfer and pressure drop correlations in a set
of differential equations, yielding the dashed line for the
pressure drop in Fig. 11. A more detailed discussion of this
model exceeds the scope of this paper.
In a next step, the cooldown of a silicon test mass is

investigated, using the data of the marionette cooldown
model to define the temperatures of the mirror suspensions
at their upper ends. Radiative heat transfer is included in
this model, as former studies have shown the need of
combined convective and radiative cooling to achieve
sufficient cooldown rates [62]. The simulation data are
summarized in Table VI. Conservative assumptions are
made for the emissivity of silicon with ϵMI;Si ¼ 0 at

FIG. 10. Temperature contours and velocity field in the bottom
section of the marionette; intermediate results at T̄MA ≈ 103 K.

FIG. 11. Helium pressure loss in the suspension tube and
marionette temperature during cooldown for the conditions listed
in Table V.
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T < 120 K and ϵMI;Si ¼ 0.75 at T > 260 K, due to the lack
of data. Thermal radiation is implemented from the test
mass to a surrounding black body at T ¼ 5 K starting at
t ¼ 0, representing the thermal shield operation around the
payload [61].
Figure 12 contains the simulation results, showing that

the silicon test mass can be cooled from ambient to
operating temperature in about 12.8 d. The first phase at
t < 5.2 d is driven by thermal radiation, where temperature
differences between the test mass and the shield are large,
and the marionette cooldown is yet in progress. In the
second phase, thermal radiation is effectively disabled with
ϵMI;Si ¼ 0. The heat extraction from the test mass occurs
exclusively via the test mass suspension fibers to the
helium-cooled marionette. Toward the cooldown end,
this mechanism is amplified by increasing thermal con-
ductivity values of silicon and the strongly decreasing heat
capacity.

V. MODELING OF SUSPENSION
THERMAL NOISE

A. Theoretical foundations

Thermal noise is a thermally driven motion, which is
directly related to the mechanical dissipative behavior of a
system. Since thermal noise is a generalized type of
Brownian motion with a random displacement of particles,
it can be described using the fluctuation-dissipation theo-
rem (FDT) [71]. It states that the dissipations in the system
are the driving force for thermal fluctuations, which are
presented in the form of a displacement spectral density.
The FDT is able to include the contributions of various
dissipative sources, using an equivalent macroscopic
mechanical model that describes the total impedance of
the system in the frequency domain [72]. The theoretical
foundations and further details of thermal noise modeling
in mechanical systems, especially for suspensions used in
gravitational wave detectors, are explained in [12,72–76].
The general approach can be summarized by the follow-
ing steps:
(1) Choice of the representative mechanical model and

the dissipation mechanisms affecting the system.
(2) Definition of the one-dimensional equation of mo-

tion for the mechanical displacement xðtÞ and its
Fourier transform XðωÞ.

(3) Definition of the mechanical impedance ZðωÞ and
its inverse, the admittance YðωÞ. ZðωÞ is the ratio
between the Fourier transforms of the applied force
and system velocity and is calculated by applying an
external force on the system and inspecting its
reaction based on its equation of motion:

ZðωÞ≡ F
iωXðωÞ and YðωÞ≡ ½ZðωÞ�−1: ð5Þ

(4) Calculation of the thermal noise spectral density
based on the FDT:

SxxðωÞ ¼
4kBT
ω2

· Reð½ZðωÞ�−1Þ; ð6Þ

where kB is the Boltzmann constant, T the suspen-
sion temperature, and ω the angular frequency.

B. Dissipation in a pendulum system

Energy dissipation in a mechanical system can arise from
various sources, contributing directly to the generation of
thermal noise [12]. The dissipation is quantified by the loss
angle ϕ, representing the ratio between the imaginary and
the real restoring force in the system [77].
The suspension thermal noise model in this paper

considers the ET-LF payload as a double pendulum, with
MA and MI as point masses and suspensions with
homogeneous mechanical losses. The loss angle of a

TABLE VI. Simulation parameters used in the test mass
cooldown model.

Parameter Value

MMI 200 kg
dMI 450 mm
hMI 570 mm
dmi 3.0 mm
Lmi 1.2 m
TShield 5.0 K
ϵMI;SiðTÞ 0.41…0.75 [69]a

λSiðTÞ 2330…5130 Wm−1 K−1 [30]
cp;SiðTÞ 0.28…707 J kg−1 K−1 [70]

aRange represents values from 120 K to 260 K for a sample
with dimensions 70 mm × 30 mm × 103.5 mm.

FIG. 12. Cooldown of an ET-LF silicon test mass installed
within a thermal shield at T ¼ 5 K for the conditions listed in
Tables V and VI.
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suspension includes the summation of different dissipation
mechanisms as

ϕsuspðωÞ ¼ ϕbulk þ ϕthermðωÞ þ ϕsurf þ ϕjoin: ð7Þ

Bulk losses, ϕbulk, designate intrinsic dissipations in the
bulk material. These losses arise from the structural
composition and from defects in the material, depending
on temperature and frequency [13]. The frequency depend-
ence is usually considered negligible, and the temperature
dependence is determined experimentally [78]. For the ET-
LF marionette suspension, several materials are proposed
as depicted in Tables II and III. Their bulk losses at
cryogenic temperatures are summarized in Table VII.
For the mirror suspensions, the proposed materials include
monocrystalline silicon or sapphire. The bulk loss angles
applied in this STN model are summarized in Table III.
Thermoelastic losses, ϕtherm, are frequency-dependent

losses occurring in a suspension under tension, character-
ized by a broad maximum at a characteristic frequency
[12,86]. These losses originate from local temperature
gradients generated by the compression and expansion at
the suspension bending point. These gradients induce a
heat flux that is accompanied with entropy generation (i.e.,
energy dissipation) [48,87]. For modeling, [87] proposes to

consider both a contribution from the linear expansion
coefficient α, and a nonlinear contribution from the temper-
ature dependence of the Young’s modulus E via the thermal
elastic coefficient β ¼ dlnE=dT:

ϕthermðωÞ ¼
ET
ρcp

�
α − σ

β

E

�
2
�

ωτ

1þ ðωτÞ2
�
; ð8Þ

with σ as the suspension tension and τ as the thermal
diffusion time, for a circular suspension given as [88]

τ ¼ d2ρcp
13.55λ

; ð9Þ

with d as the suspension diameter and λ as the thermal
conductivity of the suspension material. This type of loss
depends on geometry and tension [cf. Eq. (8)]. Thus, a
reduction or nullification via an optimized suspension
profile design, as applied in silica suspensions in current
detectors, could be possible [28].
Surface losses, ϕsurf , are mechanical losses in a thin

surface layer hs, the dissipation depth, which differ from the
bulk losses [48,89]. These depend on the surface quality
and on treatment techniques (e.g., polishing, dry or wet
chemical etching) but are generally not yet fully understood
[80]. ϕsurf are determined from experimental data, using the
surface loss parameter αsurf ¼ hsϕbulk. The relation between
ϕsurf , αsurf , the geometry factor μ, the surface area Asurf and
the volume V is given by [89] and simplified for thin
circular fibers with μ ¼ 2 to

ϕsurf ¼ αsurf
μAsurf

V
¼ hsϕbulk

8

d
: ð10Þ

This equation shows that surface losses become increas-
ingly relevant with higher surface-to-volume ratio.
Jointing losses, ϕjoin, are additional mechanical losses

resulting from the clamping between the suspensions and
their anchors. The minimization of these losses requires
dedicated numerical simulations including the real
payload geometry alongside experimental validation
[90]. Equivalently to the ET conceptual design study [2]
and the design report update [5], this type of loss requires a
more advanced design and is hence not yet considered in
the model.

C. Dynamic behavior of the pendulum system

The suspension thermal noise modeling requires the
mechanical impedance ZðωÞ of the payload derived from
the equations of motion as given in Eq. (6). The double
pendulumsystem representing theET-LFpayload is depicted
in Fig. 13. It is modeled as a double mode oscillator with a
stiffness constant for each pendulum stage [12,76]. The
equations of motion in the frequency domain are given as

TABLE VII. Bulk loss angles ϕbulk of various materials at
cryogenic temperatures.

Material Type/treatment T (K) ϕbulk (-)

Silicon Single crystal (100) [23] 3.5 5 × 10−10

10 1 × 10−9

20 3 × 10−9

Silicon Single crystal (100) [11] 10 5 × 10−9

20 8 × 10−9

Silicon Single crystal (100) [79] 18 5 × 10−9

Silicon Single crystal (111) [11] 10 1.1 × 10−8

20 1.2 × 10−8

Sapphire Single crystal, annealed [24] 10 2 × 10−9

20 3 × 10−9

Sapphire Single crystal, annealed [80] 4.0 2 × 10−10

10 1 × 10−9

20 3 × 10−9

Sapphire Hemlite grade [81] 4.2 4 × 10−9

10 5 × 10−9

20 5.6 × 10−9

Titanium Grade 1, annealed [26] 1...20 6 × 10−7

Titanium Grade 1, stress-relieved [26] 1...20 1 × 10−6

Titanium Grade 1, untreated [26] 1...20 1 × 10−6

Titanium Grade 2 [82] 4.2 5 × 10−7

20 1 × 10−6

Ti6Al4V Grade 5 [25] 80 1 × 10−4

Al5056 Untreated [83] 2.0 6 × 10−8

Al5056 Annealed [83,84] 2.0 2.5 × 10−8

Al5056 � � � [85] 2.0 1.6 × 10−7
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0 ¼ −MMAω
2Xma þ kmaXma þ kmiðXma − XmiÞ; ð11Þ

F ¼ −MMIω
2Xmi þ kmiðXmi − XmaÞ; ð12Þ

whereF is an external force applied onto themirror stage. The
spring constants kma and kmi of the marionette and the mirror
stages, respectively, are calculated via the representative
mechanical system of each pendulum stage. González [75]
provides a detailed summary of mechanical models appli-
cable to suspensions used in gravitational wave detectors.
The marionette stage is modeled using a simple pen-

dulum with a suspended point mass, considering a lossless
gravitational potential and a lossy elastic potential as the
only energy sources. The latter is a simplified treatment to
introduce dissipation, given that the violin modes of the
marionette suspension have been shown to have a negli-
gible impact compared to the dominating ones of the mirror
suspensions. Hence, the marionette violin modes do not
need to be considered in the dynamics of the representative
system. The marionette spring constant kma is obtained
from the lossless gravitational spring constant kg and the
lossy elastic spring constant kel via

kma ¼ kg þ kelð1þ iϕsuspðωÞÞ: ð13Þ

Introducing the dilution factor D, which depicts the ratio
between the system’s elastic and gravitational potential
energies [12,77], as

D ¼ kel
kg

¼ n
ffiffiffiffiffiffiffiffi
EIσ

p

2L2

L
Mg

¼ 1

2L

ffiffiffiffiffiffiffiffi
nEI
Mg

s
; ð14Þ

with M as the total mass suspended by n wires, σ as the
tension in each wire, I as the area moment of inertia, g as

the gravitational acceleration, and L as the suspension
length, kma yields [91]

kma ¼ kgð1þDþ iϕpendðωÞÞ: ð15Þ

The definition of the pendulum loss angle ϕpendðωÞ in
Eq. (16) shows that the pendulum losses are lower than the
suspension losses ϕsusp according to Eq. (7) due to dilution
via D:

ϕpendðωÞ ¼ ϕsuspðωÞD: ð16Þ

The equation of motion for the marionette stage includes
only a complex spring potential

−kmaxðtÞ ¼ MMA
∂
2xðtÞ
∂t2

; ð17Þ

yielding in the frequency domain [xðtÞ → XðωÞ · eiωt]

kmaXðωÞ −MMAω
2XðωÞ ¼ 0: ð18Þ

The mirror stage is modeled using a pendulum consisting
of four anelastic suspension fibers suspending a point mass.
Thus, in addition to the pendulum’s degree of freedom
(d.o.f.), from which the pendulum mode is extracted, the
degrees of freedom related to the transverse motion along
the suspension are also included in order to obtain the
infinite series of violin modes associated with its bending
[74,75,91].
The effective mirror spring constant kmi associated with

the suspension elasticity and gravitational restoring force is
derived by solving the elastic equation for a slightly
deflected suspension stretched by a tension σ [75,91]:

−EcxI
∂
4xðy; tÞ
∂y4

þ σ
∂
2xðy; tÞ
∂y2

¼ ρS
∂
2xðy; tÞ
∂t2

: ð19Þ

The introduction of the Fourier transform of the displace-
ment Xðy;ωÞ yields

EcxI
∂
4Xðy;ωÞ
∂y4

− σ
∂
2Xðy;ωÞ
∂y2

− ρSω2Xðy;ωÞ ¼ 0; ð20Þ

with S as the cross-sectional area of the suspension. The
complex Young’s modulus Ecx introduces the dissipation
into the system as

Ecx ¼ Eð1þ iϕsuspðωÞÞ: ð21Þ

The general solution of Eq. (20) yields the displacement of
the suspension Xðy;ωÞ along the suspension axis y:

Xðy;ωÞ ¼ C1 sinðksyÞ þ C2 cosðksyÞ þ C3ekey þ C4e−key;

ð22Þ

FIG. 13. Scheme of the representative mechanical system used to
model the STN of the ET-LF payload (ma ¼ marionette suspen-
sion, MA ¼ marionette, mi ¼ mirror suspension, MI ¼ mirror).
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with ks as the wave number associated with the flexural
stiffness of the suspension [74,92]

ks ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2 þ 4EcxIρSω2

p
2EcxI

s
; ð23Þ

and ke as the wave number of an elastic fiber

ke ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−σ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2 þ 4EcxIρSω2

p
2EcxI

s
; ð24Þ

where the constants C1 to C4 are defined from the system
boundary conditions. For simplicity, henceforth the fre-
quency dependency of Xðy;ωÞ is dropped.
The first two boundary conditions result from the upper

part of the suspension at y ¼ 0, where the fixed clamping
on the marionette yields

Xð0Þ ¼ 0 and
∂X
∂y

ð0Þ ¼ 0: ð25Þ

The third and the fourth boundary conditions are associated
with the bottom part at y ¼ Lmi, where the mirror is
attached and foregoes a displacement of X0:

XðLmiÞ ¼ X0; ð26Þ

∂X
∂y

ðLmiÞ ¼ 0 or
∂
2X
∂y2

ðLmiÞ ¼ 0: ð27Þ

Assuming the mirror as a lumped mass causes the
suspension slope at the bottom to be a free parameter
[75], Somiya [92] reports how this boundary condition can
be defined for different mirror positioning approaches. In
the case of the mirror facing in the beam direction, the
suspension bends at the attachment point, yielding
∂X
∂y ðLmiÞ ¼ 0 [91]. This condition is applied in this paper,
equivalently to the ET-LF design in [5].
After defining the suspension displacement function

XðyÞ according to Eq. (22), the effective mirror spring
constant kmi can be derived by applying an external force F
on the suspended mass at y ¼ Lmi [74,91]. From the
equation of motion of a lumped mass

EcxI
∂
3X
∂y3

ðLmiÞ − σ
∂X
∂y

ðLmiÞ −MMIω
2XðLmiÞ ¼ F; ð28Þ

with ∂X
∂y ðLmiÞ ¼ 0 as a boundary condition, the mirror spring

constant kmi for four suspensions is given by Eq. (34).
The mechanical impedance ZhorzðωÞ, needed for the

STN calculation in Eq. (6), is defined by the equations of
motion for the double pendulum system, presented in
matrix form in Eq. (35). Through this motion matrix, the

mechanical impedance ZhorzðωÞ is obtained from Eq. (36).
The spring constants kma and kmi implemented in our STN
model are taken from Eqs. (15) and (34).
The system dynamics described above refer to the

horizontal d.o.f., representing the dominant source for
the STN. Nonetheless, the vertical d.o.f. delivers also a
non-negligible contribution to the STN and is included in
the model. The approach for modeling the vertical imped-
ance ZvertðωÞ is analogous to the algorithm above, whereby
both the marionette and mirror stages are represented via
simple pendulum systems, whose vertical spring constants
are given by [91]

kmi;vert ¼
4EmiSmi

Lmi
ð1þ iϕsusp;miÞ; ð29Þ

kma;vert ¼ ð2π · 0.4 HzÞ2MMAþMIð1þ iϕsusp;maÞ: ð30Þ

The vertical spring constant for the marionette suspen-
sion can be evaluated as a set of two springs connected in
series, namely the marionette suspension itself and the
spring blades at its upper part. The resulting vertical spring
constant is dominated by the soft magnetic spring blades of
the superattenuator system. The value 0.4 Hz in Eq. (30)
refers to the natural frequency measured for the magnetic
antispring blades in AdVirgo [91]. Similar spring blades are
assumed in this model for ET-LF.
Finally, the overall STN spectral density is

Stotalxx ðωÞ ¼ Shorzxx ðωÞ þ θ2vhS
vert
xx ðωÞ; ð31Þ

where θvh is the vertical-to-horizontal coupling factor.
Weak coupling of vertical motion to horizontal motion
results from the nonparallel alignment of the test masses at
the ends of the interferometer arms due to the Earth’s
curvature. For a 10 km ET-LF arm, θvh yields

θvh ¼
Larm

dEarth
¼ 7.8 × 10−4: ð32Þ

D. Implementation of temperature distribution

For systems including nonuniform temperatures, the
STN is usually modeled using the normal modal approach
[2,5,91], as the standard FDT assumes a single homo-
geneous temperature in the whole system, as seen in
Eq. (6). The modal approach can be a heavy computational
task [93] and includes only homogeneous dissipation. To
include inhomogeneous losses, Levin [73] introduces an
extended formulation of the standard FDT. Komori et al.
[94] propose a discrete version of this extended FDT, which
can be applied for STN modeling of systems with inho-
mogeneous temperatures, such as cryogenic payloads. This
approach foresees the discretization of the system into
elements, where each element is associated with a
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homogeneous temperature and an individual mechanical
impedance, where the thermal noise spectral density sensed
by the element j of the system is given by [94]

SxxðωÞ ¼
2kB
ω2

X
j

TjZ−1ðZj þ Z†
j ÞZ−1†: ð33Þ

The STN model in this paper uses the discrete FDT
approach for modeling the cryogenic payload consisting
of two elements (i.e., mirror stage and marionette stage).
Here homogeneous losses and a constant temperature along
the suspensions, namely the highest temperatures at the
lower ends, are assumed.

kmi ¼
−EcxI ∂

3X
∂y3 ðLmiÞ

XðLmiÞ
¼ 4EcxIkskeðk3s cosðkeLmiÞ þ k2ske sinðkeLmiÞ þ k3e sinðkeLmiÞÞ

ðk2s − k2eÞ sinðkeLmiÞ − 2kske cosðkeLmiÞ
; ð34Þ

�
kma þ kmi −MMAω

2 −kmi

−kmi kmi −MMIω
2

��
Xma

Xmi

�
¼

�
0

F

�
; ð35Þ

ZhorzðωÞ ¼
1

iω

�
kma þ kmi −MMAω

2 −kmi

−kmi kmi −MMIω
2

�
: ð36Þ

Figure 13 illustrates the main modeling parameters
implemented for the marionette and mirror suspensions.
This conservative approach reduces computational effort,
as results from KAGRA [94] show that including the
temperature gradients along the suspensions in the STN
model has a negligible impact.

VI. SENSITIVITY OF THE BASELINE DESIGN

Using the STN model of Sec. V with the parameters in
Tables II and III, the STN curves of the baseline design
options are depicted in Fig. 14. Both the monocrystalline
and the He-II–filled marionette suspension concepts fulfill
the sensitivity requirements of the ET-D curve [2].
The combination of a He-II–filled marionette suspension
with a sapphire mirror yields STN values similar to the

monolithic sapphire marionette concept and is therefore not
displayed.
When comparing the three STN curves of the baseline

design in Fig. 14 with the suspension losses from Eq. (7),
plotted for various materials in Fig. 15, two major con-
clusions can be drawn:
(1) The suspension loss angle ϕsusp, especially of the

mirror suspensions, has a crucial impact on the STN,
yielding the difference between silicon and sapphire
in the monocrystalline concepts.

(2) The lower marionette suspension temperature Tma
compensates higher marionette suspension losses
ϕsusp in the He-II–filled titanium suspension tube,
yielding results similar to the monocrystalline silicon
suspension concept in the range of 3 Hz to 30 Hz.

FIG. 14. STN of the baseline design for the monocrystalline
and He-II–based marionette cooling concepts (Sa ¼ sapphire,
Si ¼ silicon, ST ¼ He-II suspension tube).

FIG. 15. ϕsusp [Eq. (7)] and ϕtherm [Eq. (8)] of the marionette
suspension for metallic suspension tubes (ST) and for monolithic
silicon and sapphire suspensions, with design parameters from
Table II.
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The latter effect can be deduced from the thermal noise of a
simple harmonic oscillator far from its resonance (pendu-
lum mode) at ω ≫ ω0 [12] as

SxxðωÞ ∝ Tϕsusp: ð37Þ

When approaching the pendulum peak ω ≈ ω0, however,
the impact of ϕsusp dominates the STN, which is visible at
1 Hz in Fig. 14.
Various values for the bulk loss angle ϕbulk of mono-

crystalline silicon and sapphire have been reported at
cryogenic temperatures, see Table VII. This implies the
necessity for R&D to refine the confidence interval of the
data, which are immensely affected from the experimental
setup. In this work, ϕbulk values of 1 × 10−9 and 3 × 10−9

have been applied for silicon and sapphire, respectively.
Given the crucial influence of this parameter, as also
presented in Sec. VII, these values should be revised
accordingly based on future R&D.
The thermoelastic losses of silicon and sapphire at T ≤

25 K are negligible compared to the dominant bulk losses
in ϕsusp, as depicted for 20 K in Fig. 15. Further inves-
tigations on surface losses of treated, strength-improved
monolithic silicon and sapphire crystals are crucial, in order
to use reliable values in the model, because especially in
small-scale structures such as suspensions, these losses can
be a significant source [28,48]. For thin silicon flexures,
Nawrodt et al. [48] report a surface loss parameter αsurf of
5 × 10−13 m at T ¼ 10 K, yielding a dissipation depth of
hs ¼ 5 × 10−4 m. For sapphire, currently the surface loss
parameter has not been investigated; hence, it is assumed to
be equal to that of silicon. In this model, for both silicon
and sapphire suspensions, a value of αsurf ¼ 5 × 10−13 m is
applied.
In the He-II concept, only losses in the titanium

suspension tube are being considered so far. An additional
contribution may originate from the static superfluid.
Though the He-II dissipation is expected to be minor, this
may change when the relative velocity between the two
fluid components exceeds a critical value [95,96]. Above
this critical velocity, a tangle of quantized vortices arises.
Then an extra term, due to the interaction of the quantum
vortices with the normal fluid should appear in addition to
that of the viscous normal component. Since the ratio
between the superfluid and the normal component is a
function of temperature, the whole He-II contribution to the
dissipation has to be investigated in future experiments,
both in terms of frequency and temperature [97].
In metals,ϕtherm represents the dominant loss contribution

to ϕsusp, cf. Fig. 15. Here, especially the parameters α and β
are decisive. Compared to the other metals, titanium induces
the lowest suspension losses, hence it is the proposed
material for the suspension tube design. In this model,
βTi is conservatively set equal to βTi6Al4V ¼ −4.6 × 10−4,
instead of −1.9 × 10−5 as reported in [98]. For the bulk

losses, the conservative value of ϕbulk ¼ 1 × 10−6 at 2 K is
used for the titanium suspension tube. A contribution from
ϕsurf is neglected, because the surface treatment and finishing
technologies inmetals are usually expected to provide a high-
quality surface and hence a minor ϕsurf. The cross-sectional
area of the marionette suspension tube,

SST ¼ π

�
do
2
þ so

�
2

− π

�
do
2

�
2

; ð38Þ

is implemented in the evaluation of the tension in Eq. (8),

σ ¼ MMAþMIg
SST

; ð39Þ

and converted to an equivalent diameter,

dST ¼
ffiffiffiffiffiffiffiffiffiffi
4SST
π

r
; ð40Þ

to be applied in Eq. (9). The suspension tube area moment of
inertia used in Eq. (14) is

IST ¼ π

4

��
do
2
þ so

�
4

−
�
do
2

�
4
�
: ð41Þ

VII. PARAMETER STUDY

A. General

This section presents a study of various payload design
parameters that influence the STN in the ET-LF frequency
range. We use the He-II–filled marionette suspension con-
ceptwith a siliconmirror as a reference, becausevariations of
other design parameters do not affect the temperature Tma ¼
TMA ¼ 2 K in this case. Therefore, effects of differentmirror
suspension designs can be better discriminated. The applied
physical property data are summarized in Table III. For a
consistent comparison, the analysis considers the resulting
mirror temperatures Tmi ¼ TMI due to the parameter varia-
tions—i.e., a mechanical dimensioning and a thermal mod-
eling is applied prior to each STN modeling. The results of
the parameter study are visualized in Figs. 16 and 17 in the
frequency range of 0.3 Hz to 100 Hz in order to include the
impact on the pendulum modes below 1 Hz.

B. Influence of the mirror suspension design

The mirror suspension design determines the STN in the
frequency range above 10Hz, especially due to theviolin and
the vertical modes, but it also impacts the sensitivity at lower
frequencies. Variations of the mirror suspension temper-
ature, length, diameter, and bulk losses are investigated.
With Tma ¼ TMA ¼ 2 K, the temperature Tmi ¼ TMI is a

function of the heat load. Around the design target from
Eq. (1), heat loads of 0.1 W, 0.5 W, and 1.0 Wyield silicon
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mirror temperatures of 9 K, 15 K, and 20 K, respectively.
The corresponding STN curves in Fig. 16(a) indicate a
minor effect of the heat load on the STN. It must be noted,
however, that the achievable mirror temperature strongly
depends on the marionette temperature.
The length of the mirror suspensions is an essential

design parameter, influencing both the STN and the
cryostat design. Figure 16(b) shows the STN for mirror
suspensions of 2.0 m, 1.2 m, and 0.8 m length, yielding
mirror temperatures of 18 K, 15 K, and 13 K, respectively,
at 0.5 W heat load. A decreasing length Lmi yields a shift of
all the modes to higher frequencies. This is beneficial for
the sensitivity regrading the violin and vertical modes, but it
also implies a shift of the pendulum modes below 1 Hz to
higher frequencies. The latter results in an STN increase
from 1 Hz to 20 Hz. Therefore, Lmi is a design parameter to

be optimized, considering constraints imposed by the
ET-LF sensitivity, ongoing R&D on high-quality fiber
manufacturing [50], and the ET-LF cryostat and tower
dimensions.
The impact of the mirror suspension diameter dmi is

presented in Fig. 16(c), considering different ultimate
strength values and mechanical safety factors. Measured
ultimate strength values of silicon at cryogenic temperatures
lie between 230 MPa [28] and 120 MPa [99]. In order to
consider mechanical strength uncertainties related to silicon
jointingmethods, the application of a safety factor of 3 or 6 is
foreseen in the parameter study. This yields dmi ¼ 3 mm for
σmax ¼ 230 MPa with SF ¼ 3, dmi ¼ 4 mm for σmax ¼
120 MPa with SF ¼ 3, and dmi ¼ 5.6 mm for σmax ¼
120 MPa with SF ¼ 6. Increasing suspension diameters
dmi result in higher STN values, despite a better heat

FIG. 16. Sensitivity analyses of the mirror suspension parameters Tmi, Lmi, dmi, and ϕbulk;mi on the STN.
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extraction with lower temperatures Tmi. This is mainly
caused by the shifting of the vertical and first violin modes
toward each other. Furthermore, dmi determines the position
of the mirror suspension bending points via λbp ¼

ffiffiffiffiffiffiffiffiffiffiffi
EI=σ

p
,

which due to payload-control-related constraints must be
aligned with the center of mass of the suspended mirror and
marionette.As a consequence, theoverall lengthof themirror
suspensions must include these additional lengths in the
upper and lower parts. For the baseline design parameters in
Table II, both sapphire and silicon yield a total additional
length of 6 cm. This additional length has a negligible impact
on the STN modeling, but it is an important aspect to be
considered in the suspension manufacturing and payload
design, such as the calculation of the suspension system
frequencies and temperature gradients.
The mirror suspension bulk loss angle ϕbulk;mi has a

strong impact on the STN, given that it directly affects the
overall mechanical dissipation of the suspensions,
cf. Eq. (7). Figure 16(d) shows the STN for silicon mirror
suspensions with ϕbulk;mi values of 1 × 10−9, 3 × 10−9, and
5 × 10−9. The surface losses are calculated under the
assumption of a constant dissipation depth of hs ¼ 5 ×
10−4 m according to Eq. (10), yielding total suspension
losses ϕsusp;mi of 2.3 × 10−9, 7 × 10−9, and 1.2 × 10−8,
respectively. Increasing ϕbulk;mi induces a higher STN over
the complete frequency range.

C. Influence of the marionette suspension design

The marionette suspension has a dominant impact on the
STN at frequencies below 10 Hz. Again, we use the He-II–
filled marionette suspension concept for reference, where
Tma ¼ TMA ¼ 2 K is fixed on principle, and we investigate
the influence of the suspension length, the marionette mass,
and the suspension material. The resulting trends may
apply to monolithic marionette suspensions as well, but
more detailed design studies including the cooling interface
will be necessary in order to determine appropriate temper-
ature values.
Figure 17(a) presents the STN modeled with marionette

suspension lengths of Lma ¼ 0.8 m, 1.0 m, and 2.0 m. A
decrease in Lma yields a shift of the pendulum modes to
higher frequencies. Increasing STN values, however, are
only observed at f < 3 Hz. The violin and the vertical
modes remain unchanged, as they are defined solely by the
mirror suspensions.
The variation of STN with marionettes of 100 kg,

200 kg, and 400 kg is analyzed in Fig. 17(b). A reduction
of the marionette mass results in a shift of the pendulum
and the vertical modes to higher frequencies, resulting in
slightly higher STN values in the frequency range of 3 Hz
to 5 Hz. The benefit of a lighter marionette, however, is a
reduced cooldown time. Additional restrictions may come

FIG. 17. Parameter analysis of the marionette design param-
eters: Lma, MMA, ϕsusp;ma on the STN.
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from the payload control system, whereby the marionette
should not weigh less than the mirror.
The marionette suspension tube material influences the

STN via the suspension losses ϕsusp (cf. Fig. 15) and the
wall thickness resulting from the mechanical dimensioning.
Figure 17(c) depicts the impact of different materials on the
STN, showing that the ET-D sensitivity curve can only be
reached with a titanium suspension tube.

VIII. CONCLUSIONS AND OUTLOOK

We presented a baseline design for the ET-LF cryogenic
payload, which is thermally and mechanically consistent
and fulfils the STN requirements given by the ET-D
sensitivity curve. Analytic and FEA simulations indicate
that soft thermal links cannot be connected to the mario-
nette. Therefore, two possible heat extraction concepts are
proposed, including a high-Q and high-conductivity mono-
crystalline marionette suspension made of silicon or sap-
phire, and a He-II–filled marionette suspension tube made
of titanium. In the latter case, the lower operating temper-
ature of 2 K compensates for the lower Q of titanium. The
theoretical fundamentals of STN modeling applied to
cryogenic payloads are described in detail, and available
sources for material data are compiled. A parameter study
is performed in order to identify the impact of various
design parameters on the ET-LF sensitivity, illustrating the
parameter space for future payload design optimizations.
The suspension losses are shown to have a decisive impact,
highlighting the need for dedicated R&D on bulk and
surface losses under ET-LF operating conditions. A reduc-
tion of the mirror suspension length is shown to deteriorate
the STN in the ET-LF frequency range, whereas the
marionette suspension length has a less important impact.
Hence, a combined variation of these two parameters may
be beneficial in future design studies. The actual value of
the heat load on the mirror is shown to have a marginal
impact on the STN, assuming that the necessary cooling
capacity is available.
Future R&D on cryogenic payloads will be embedded in

a wide context of activities outlined, e.g., in [100]. For the
monocrystalline concept foreseeing a silicon or sapphire
marionette suspension, the cooldown behavior and vibra-
tion transmission will be investigated in upcoming R&D in

the ET-Cryo facility of the Amaldi Research Center (ARC),
devoted to testing and developing the main features of an
ET-LF payload using a solid conductive cooling cryostat.
Thermal shielding and soft thermal links, as well as high-Q
and high-conductivity monocrystalline suspensions for the
marionette and mirror will be tested. Also, key relevant
features concerning the cryostat design versus payload will
be tested in order to envisage the actual impact of
connecting the payload to the cryogenic system. The
ARC ET-Cryo Lab is ready, and the design of the test
cryostat is underway. The alternative He-II concept is
shown to fulfill the STN requirements as well, cooling
the marionette to 2 K and conducting the heat load through
a static He-II column inside the marionette suspension tube.
This concept enables convective cooldown of the ET-LF
payload by controlled He-I flow in about two weeks. Open
questions related to the integration of a quantum fluid in a
gravitational wave detector suspension—in particular, the
effect of He-II on mechanical dissipation and vibration
transmission—will be addressed in future experiments by
the authors at KIT. A new facility for Q measurements
down to 2 K is presently being planned, allowing inves-
tigations of both solid and He-II–filled suspensions. The
scope of this facility includes R&D on the mechanical
integration of the cooling interface on the platform, the
supply capillaries, and their vibration attenuation system in
order to investigate the noise propagation from the cooling
system into the payload.
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SYMBOL LIST

ABBREVIATION LIST

Symbol Definition

α Linear expansion coefficient
α Heat transfer coefficient
αsurf Surface loss parameter
β Thermal elastic coefficient
ϵ Effective emissivity
λ Thermal conductivity
λbp Bending point position
μ Geometry factor
ρ Density
η Dynamic viscosity
ω Angular frequency
σ Tension
σmax Ultimate tensile strength
σy Yield strength
τ Thermal diffusion time
ϕ Loss angle
A Area
Asurf Surface area
C Constant
cp Specific heat capacity
d Diameter
D Dilution factor
E Young’s modulus
f Frequency
F Force
g Standard gravitational acceleration
h Height
hs Dissipation depth
I Area moment of inertia
k Spring constant
kB Boltzmann constant
ke Elastic fiber wave number
ks Flexural stiffness wave number
L Length
Ṁ Mass flow
M Mass
n Number of fibers
p Pressure
q̇ Heat flux
Q̇ Cooling power
Q Quality factor
s Specific entropy
s Wall thickness
S Cross-sectional area
Sxx Displacement spectral density
t Time
T Temperature
V Volume
x Displacement in the time domain

(Table continued)

Abbreviation Definition

Al Aluminium alloy 1200
CA Cage
CFD Computational fluid dynamics
DoF Degree of freedom
el Elastic
cx Complex
ET Einstein Telescope
FDT Fluctuation dissipation theorem
g Gravitational
GW Gravitational wave
HCB Hydroxide catalysis bonding
h Hydraulic
horz Horizontal
HF High frequency
HT Heat transfer
i Inner
in Inlet
join Jointing
LF Low frequency
MA Marionette
ma Marionette suspension
MI Mirror
mi Mirror suspension
PF Platform
pend Pendulum
o Outer
out Outlet
RRR Residual resistivity ratio
Sa Sapphire
Si Silicon
SF Safety factor
surf Surface
susp Suspension
ST Suspension tube
STN Suspension thermal noise
therm Thermoelastic
Ti Titanium
TL Thermal link
vert Vertical

(Continued)

Symbol Definition

X Displacement in the frequency domain
y Longitudinal coordinate
Y Mechanical admittance
Z Mechanical impedance
† Complex conjugate and transposed matrix
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