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U From 2 to 3 generation of GW detectors

U Einstein Telescope sensitivity: how to improve the LIGO/Virgo performances
U Thermal Noise and Cryogenics in GW experiment

U Payload, Cryostat and Cryopumps

U0 Hunting extra noise sources

U Conclusions
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Actual performances of the GW detectors:
the case of the first GW signal

TELESCOPE

GW150914h = /L ~ 102t with L=4 km
(Atomi éﬁehsion ~1® m Nuclear dimension ~1®&m)

Test mass (mirror) displacement ~H0%8 %@"
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A Y = T




EINSTEIN
TELESCOPE

Finstein Telescope (ET)

= - 2 = ET pioneered the idea,of‘é%rd
_ o — e~ _generation-GW obsefvatory: - -
e * A new infrastructure capable to host future
) upgrades for decades without limiting the
, observation capabilities
Corner halls ' £ * A sensitivity at least 10 times better than the
depth about ' ' ominal) advanced detectors on a large
200m fraction of the (detection) frequency band
A dramatic improvement in sensitivity in the
low frequency (few Hz — 10Hz) range
High reliability and improved observation
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e - 1 (XIIOPhONe concept) and the noise sources
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Thermal Noise is the fluctuation process affecting a physic observable (e.g. the posmc
macroscopic system that is in thermal equilibrium with the surrounding environment.

& Fluctuation Dissipation Theorem

@ The relevance of this fluctuations is strictly correlated to
--the dissipation process acting on the systgtm)

--the system temperaturd

Power Spectral Density
of
the Noise Thermal Force

S =4kT g




TELESCOPE

IR o Beating Thermal Noise @ T=300 K:

2° generation of GW detectors LIGO and Virgo

Strategy : Reduction of the mechanical dissipation by an appropraite material choice

Monolithic system:
SiQ Mirror
suspended with fiber
made of the same
material

Thin Silica fiber

Slica Bonding
procedure to build
a monolithic syste

40 kg Mirror suspended by means of 4
circular glass fibers, each 40th thick

The suspended mirror is

a pendulum
with at > 1 year !l!




ET must do bette€ From 300 K to Cryogenic Temperat
i .2 CKS CFEANDIF VY] Qa8 KS2NBY

4 ) |
- - n k The Use of Low-Temperature Technology in Gravitational
ill Fairbank theorem - e
[ 2 :
W. M. FAIRBANK
Stanford University - ‘al.

These measurements require techniques of extreme sensitivity, low noise and g]gjlt
mechanical and electrical stability.
Two types of advantages emerge from cooling at very low temperature, one based on
macroscopic quantum effect, namely superconductivity and superfluidity, and thI

|

T, \

<< Any experiment is better, if it is done at low temperature>>
|

other based on the general reduction of thel'thermal noise, thermal expansion, /2yUNROdziA2zy G2 GKS t|
- LYGSNYyFdAzylf {OK22f
thermal electromotive force, creep, etc... {KeaAOl [20A8G8 2y 49|

in Varenna(1972). Bruno Bertotti editor

Bill Hamilton addendum:
<< Any experiment will be harder, if it is done at low temperatur




TECESCOPE Low Temperature is back!

6 F2ff26Ay3 CILANDIY]1Qa GKS2NBY
Low dissipation materials for suspension angbgenics should reduce the Suspension Thermal Noise

contribution lower or equal to that of the Newtonian Noise
On ETLF we should move fromCs to Silicon or Sapphire

O @ Cryogenic ET-LF
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EFLF Requirements
The mirror is part of a so calledyload( last stage of the mirror suspensiorthat will be
K2aG0SR Ay | aLISOAFf ONEB2al0l O 02y y SOl
U Itis suspeded to the susperattenuat@ing chain of pendula dumping the seimic vibrations)
U Its position and orientation is controlled to keépe interferometer properly lockec
U Its temperature must be stable and in a range of ~20K
U No contamination (and frost!)

ib2 SEGN}Y y2A4S o0 YIFIIySGiAOZ bSsgizy

I Heat transfer via Thermal Radiation helps jus
during the cooling down . Then it does help tt
much — 6 "y DI Solution:

Heat extracted via the 4

wire suspensions

1 In the stationary status @120 K wamustrely
on heat extration via solid conduction

1 butX Xve can not add extra mechanical

Al
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Baseline design of the Cryo Payload

to seismic attenuator

A
PF 3 CA suspension
N (medium Q meta

1 MA suspension
(high Q crystal)

Thermal link
~ (low Q)

High performance thermal link with small
spring constant for cryogenic applications

Tomohiro Yamada ™, Takayuki Tomaru ", Toshikazu Suzuki °, Takafumi Ushiba“,
Nobuhiro Kimura ““, Suguru Takada', Yuki Inoue “*", Takaaki Kajita " 4 Ml SuEpEIlE.iﬂ]:LS
T | — =
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The role of the crystals in E£F payload

MR RN
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Excellent thermal conductivity Thermal Corductivity
High Strength, s el
[

Heat extracted via the 4 wire suspensions: High Quality factor,

Cristalamnade ofSiliconor Sapphire
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Consumers at 2 K
U Cryopayloads (0.5 W each)

0 k"Yshield,globak 100
mK

0 Hell-channels:
k" Yglobal< 50mK

(K]

Diameted 3.0 m
Heightd 3.8 m

Wip= .

U Innermost shields (2 W eacfpjotal weightl 300 kg

Material Al (1xxx series)
Panel thickness 0.5 mm

Innermost shield of the cryostat @ 2 K

Rel. vibrational

R / | deformation /-

1

He Il path:

A Circular at the top and bottom
A Vertical on the lateral surface
A He Il to fluids model (Landau]

— — _

Vnor+ Vsuper_O

He Il Vertical channels He Il to
minimize

N. coupling along the optical axis
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TEE&(S:EI;E ET CryOStat

Mirror temperature = 10 - 20 K will extend the detector sensitivity band down to 2 Hz .

Cryostat Temperatures Cryostat & UV Chamber

Cryostat Dimension
Y in the Underground lab
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B e Beat the MLI pollution: the 80 K shield

TELESCOPE

«
A

Emissivity
measurements
to optimise thermal
shield performance

A Multiple low emissivity
aluminumfoils supported
by insulatingrodsat each
corner

(nlayers>:|-5 )

A Distance between each
foill 4 mm
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reescore  ET-LF Tower design

U Lower part: the cryostat housing payload with the test mass ( main mirror)

U Upper compartment: room temperature vacuum chamber hosting suspensiol
mechanics and control devices for seismic attenuation

U Separation by a differential pumping system: it allows compromises on

suspension materials and reduces gas loads in UHV areas.

=35m?3
= 20 tons

Indicative
Temperature
Distribution

height up to 15 m - being reduced

Conical shape to get stiffness + volume



EINSTEIN

wescore Key Feature of ET VAC&Cryo system

U Beampipes' 1 m, 6@120 km long, hosting the laser beam, E+5WiHV chambers of unprecedented size !
Towers 45to0 120chambers up to tens of fiplus auxiliarieshosting worldclass optics, 100+ km of cablird,00
tons of precision mechaniecall unbaked.

U Cryopumpsverylargescale pumps combining Towers and Beam@jpgostats housing ET most sensitive payloads,
operating belowl0 K :

U Lifetime and flexibility: 5§ear ready to host upgr

e = LR

I <E-10 mbar E-8 mbar
B =E-10 mbar I E-7 mbar
B E-9mbar | Cryogenics

.....
canets i

Credits: A. PasqualetEGO
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reescore BT Cryopumps - |

U Concentric cryopumps in the 1 m diameter beam pipes,

needed bot for EFEHF and ELF.

U In ETLF the 1 m inner diameter cryopumps must extend
up to 20 m in the beam pipes to reduce the solid angle
room-temperature thermal radiationThe main parts
must be operated at 80 K with baffles at 10 K.

U Cryopumps will protect the UH vacuum of the km long
pipes after the intervention on the test mass towes(
commissioning phage

U Cryopumps in ETLF will prevent frost formation on Rendering of the

mirror.
V Requirement driven by optical and thermal reason{ _ cryopu_mps
(T must be stable as the cavity finesse of Installed in Wfgo

interferometer arms. )

V H, pumping needed ( cryopump section at 3.8 K).
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ET Cryopumps - Il

CompleteLFmodelestablished

U Cryostatwith 10-20 Kmirror r 2"‘.:‘”‘52
U First outgassing source: 10 km L \ Cryostat
beam p|pe (onthe rightinthe mode) ) .
U Second outgassing souragper am | ossm |
tower Sourcewith developedpre-concept o 015m ! [Marionette)-
for semiclosuredrasticallyreducedto 2:10° - : - 0.5m x | *“"“I
Pam?3/s for H, and HO each) S 0.08m :
. . . . s3 3 I
U Third outgassing source: adjacer— tm 05 m L5 ELEEE |
tower Source1o” and 106 Pams/s for H, v | !
and HO) : ' ' 02m :

Firstoutcomeof the study. beampipevacuumstronglydecoupledrom the mirror tower
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ET Cryopumpsl|

U Montecarlo Simulatiorarried on using the software

Monolayer time

o e
0000
°

code ProVac3D developed @ &dde was experimentally - w@w{g o e mm i ioree
validated and extensively in the domain energy fusion R&R. Luo, C. % |
Day, Fusion Engineering and Design 85 (2010)li44®). gm-m_ g;ga, * e
U All gassourcesmanaged non-stickyand sticky g o
molecules P
Simulation Outcome fulfilling the pressure requirements S mmimor icnoes)
HY o¥Psn bhY wMWPaun o :
Hydrogenpumpingneededonly on the left side co
for the adjacenttower flow 5107 :

Cryopumps
H,O: 20 m orthe left + 10 mright 1077

m  left cryopump 10 m with H, pumping (c=0.5)

® left cryopump 5 m with H, pumping (c=0.5)
left cryopump 2 m with H, pumping (c=0.5)

v left cryopump 1 m with H, pumping (c=0.5)

H,: 1 mleft

-1 0 1
Axial position from mirror centre (m)
(0.5 m mirror thickness)

€
3333
o

3
o a a



=l 5 =S Frost Formation and Cryopumps

U Maximumallowabledeposition 1-2 H,0
MonoLayergML) ML of HOC 0.27 nm tick)

U Requirementadrivenmainly by laserpower
absorptionissuefor tight thermalbudgetof
mirror at constantT

Result

U Frostformationrate dependson design
for 80 K

U ICE Formatioof 1 ML (HO) in atime
scaleof 2years

~
~_

10K

2K




_=sen - Cryopumps as thermal radiation traps
Tubularcryopumpswith innerbaffles

Thermalloadon: | Uof Uof mirror | Uof Uof
20m mirror mirror | mirror
10m
0.01 0.1 0.3 0.5
020 K Mirror 1.3mwW 13 mwW 37mW 59 mW
) |
\ 35° Cryostat 262 mW 253 mw 232 213 mwW
O.SmI. O.BQmI 1m 1.5m ok /BOK\ mwW
2K ‘ . 37K 1.65W 1.65W 1.65W 1.65W
goK > \
\ 300 K
\ 10K 43 W 43 W 43W  43W

80 K 7.1 KW 7.1 KW 7.1 kW 7.1 kW
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Cryopumps for EHF

U HFwith invertedaim: protecting10 km beanpipe from thegasflow from the tower
(ventedduringthe commissioningphase).

V It followsthat just one cryopumpis neededon the sideof the kmlong
vacuumpipe
U  Sourceof outgassing
Adjacenttower: 2107 Pam?/s for H, and 410° Pam?/s for HO

Upper tower hosting thsuperattenuator 410° Pam?/s for H, and 2108 Pam?/s for H,O

Lower tower compartment hosting the mirror-107 Pam?/s for H, and 110° Pam?/s for H,O
Target pressure-10® Pafor H,, better below

< <<

Simulation Outcome fulfilling the pressure requirements

a) Shift the cryopumps 5 m far from the tower,
b) 80 K pump 9 nong, with central3 Ksection




The ET cryoplant

Disclamairamore accurateheatload studyis ongoing

A first evaluation including needs for-EF and EHF, ends up with the follwing numbers:

100 kW at 80 K and 100 W at 3.7 K

U The overall cryogenic cooling budget requires a helnased cryogenic infrastructure at
each vertex of the detector, with compressor stations located on the surface far away fr
the instrument.

U This avoids a direct noise impact from the compressors and an indirect noise finopact
underground cooling water systems, which are necessary in case of other cooling
technologies.



sar - The ET cryoplant|

EINSTEIN
TELESCOPE Lennard Busch, S-tE&038A-21Gr ohmann
HETD b [ Block diagram for helium distribution be
Fs : — omtaycumeen an undergrounelocatedcoldboxand a te:
______________________________ = mass cryostat.
Cryogenic supply box @

U No underground LN2 (safety)

U One He refrigerator at each vertex
V (Remote) surface compressors
V Undergroundcoldbox

V46
V40
39

V Interconnection box to several cryogenic
= supply boxes (1 for each tower/cryostat)
et | e (S up to c. 500 m long transfer lines
é;w V 1-phase cooling H20 cryopumps/outer sh
Qe V 1-phase cooling H2 cryopumps/inner shie
%m V Optional Hell payload cooling/inner shield
S
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Einstein Telescope
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Cryoplantnoise: preliminary study

infrastructure
Preliminarymeasurements

o o A BATIAET ow) Tim‘; from62025»083-18T11;)‘00‘0;75T [hours]

The frequency signature
- of the Kaeser
rapidly decays with
distance . Beyond
.. 30 m, we do not find any
clear signature
of this compressor.

~1q



Newtonian noise evaluation due to the cryogenic sy
credits:RishabBajpai (ishabh.bajpai@nao.ac.jp)

. Shield vibration is 2-3 prdprs larger i Finite Element evaluation assuming
s N | than seismic m°t'°"’fl, Iuw it 1 the same vibrational specta of
'l | b RN |
5 w\”&l | W'J“\ it \*”J T | . .
L1071 LD Mr | JA NI ‘ ‘J k U Materiaiand geometry
« 7 R—l ST e e . . .
5 y . 4( Ll ¢ Aluminumshield 10 mm thick
>10-uf —Shigd Tempersture= 2K AN Ty If \r"} i ¢ Silicon mirrors nmmm t=570 mm
-Shi = LR &I NILISIRULY 8GR ERATIL B BT Ay ]
KRG S e | PO S ¢ Holes ofs ™M ymmJon all 3 shields
1 10 100
Frequency (Hz) K AG R A ET
— — ‘ — 1.0E-21
— Current Design
--- LF- Upgrade et e
'S --- Plus- Upgrade ' .
! — Cooling System NN 1
?.. J '§‘ 1.0E-24
— = 1.0e-25
s £ 10626 : ! " MEREEI
c";': —NN (lower limit) | | ’. : i
LOEZ === NN (upper limit) L TR :
1.0€-28 —ET Sensitivity : !
. : e — : ] 1.0E-29
1 10 100 1 10 100
Frequency [Hz] Frequency [Hz]
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il LT 2575 R&D: Large Scale Prototypes

Some of the labs involved in ET cryo-R & D éand many others are missing in this list
U Amaldi Research Center at Sapienza University of Rome,
U ET-Pathfinder, Maastricht University
U University of Glasgow
U University of Liege, Centre Spatial de Liege




Conclusions

U Cryogenics is essential for thiggneration (3G) gravitationatave (GW) detectors to achie
the sensitivity required to explore the Universe's dark epoch.

U The Einstein Telescope Ldwequency (ELF) design represents a significant experiment
challenge with the potential for outstanding scientific outcomes.

U Despite a relatively high mirror operating temperature (20 K), the demanding detection
technigue necessitates the development of novel solutions.

U We must develop and thoroughly test new techniques that leverage specialized materi
U Acryoplants must be designed to ensure an exceptionally low level of mechanical nois

U Strong need for significant interaction and collaboration between academia and indust
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Resonant Bars @ Low
Temperature

The reason\

0 These measurements require techniques of extreme sensitivity, low noise and gfeat
mechanical and electrical stability.
Two types of advantages emerge from cooling at very low temperature, one basgd on
ON€{ macroscopic quantum effect, namely superconductivity and superfluidity, and the

h other based on the general reduction of tkdthermal noise, thermal expansion,
The thermal electromotive force, creep, eftc...




