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Talk Outline 

ü From 2o  to  3o generation of GW detectors 

ü Einstein Telescope sensitivity: how to improve the LIGO/Virgo performances

ü Thermal Noise and Cryogenics in GW experiment 

ü Payload, Cryostat and Cryopumps

ü Hunting extra noise sources

ü Conclusions



ET Target



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

GW150914  h = DL/L  ~  10 -21  with L= 4 km

Test mass (mirror) displacement ~4 x10-18  m

(Atomic dimension  ~10-10  m  Nuclear dimension  ~10-15 m)

LIGO Hanford

LIGO Livingston

Virgo





ET (xilophone concept) and the noise sources

Seismic, Newtonian, 
Radiation Pressure, 
Suspension Thermal  
Noise 
+ Technical noise sources

Mirror Thermal  Noise 
mainly due to the 
coating dissipation

Shot noise

Optical Noise



Thermal Noise in a Nuthshell
Thermal Noise is the fluctuation process affecting  a physic observable (e.g. the position) of a 
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 system g (w) 

--the system temperature T 

Power Spectral Density 
of 

the Noise Thermal Force 

Sff (w) = 4 kB T  g (w) 



Beating Thermal Noise @ T=300 K:
 2o generation of GW detectors LIGO and Virgo 

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

Monolithic system: 
SiO2 Mirror  
suspended with fiber 
made of the same 
material

Thin Silica fibers
40 kg Mirror suspended by means of 4 
circular glass fibers, each 400 mm thick

Silica Bonding 
procedure to build  
a monolithic system

 

 The suspended mirror is 
a pendulum 
 with a t > 1 year !!!



ET must do better Č From 300 K to Cryogenic Temperature 
¢ƘŜ CŀƛǊōŀƴƪΩǎ ǘƘŜƻǊŜƳ ŀƴŘ IŀƳƛƭǘƻƴ ƭŜƳƳŀ

Bill Fairbank theorem:

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

Bill Hamilton addendum:

<< Any experiment will be harder, if it is done at low temperature>>

These measurements require techniques of extreme sensitivity, low noise and great 
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 the 
other based on the general reduction of the k T thermal noise, thermal expansion, 
thermal electromotive force, creep, etc... 

/ƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƘŜ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ ά[±Lέ 
LƴǘŜǊƴŀǘƛƻƴŀƭ {ŎƘƻƻƭ ά9ƴǊƛŎƻ CŜǊƳƛ άƻŦ ǘƘŜ Lǘŀƭƛŀƴ 
tƘȅǎƛŎŀ {ƻŎƛŜǘȅ ƻƴ ά9ȄǇŜǊƛƳŜƴǘŀƭ DǊŀǾƛǘŀǘƛƻƴέ ƘŜƭŘ 
in Varenna (1972). Bruno Bertotti editor



Low dissipation materials for suspension and cryogenics should reduce the Suspension Thermal Noise 
contribution lower or equal to  that of the Newtonian Noise

Low Temperature is back!
 ό ŦƻƭƭƻǿƛƴƎ CŀƛǊōŀƴƪΩǎ ǘƘŜƻǊŜƳ ŀƴŘΧ IŀƳƛƭǘƻƴΩǎ ƭŜƳƳŀύ

On ET-LF we should move from SiO2 to Silicon or Sapphire



ET-LF  Requirements
The mirror  is part of a so called payload ( last stage of the mirror suspension)  that will be  
ƘƻǎǘŜŘ ƛƴ ŀ ǎǇŜŎƛŀƭ ŎǊȅƻǎǘŀǘ  ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ ¦I± ǇƛǇŜǎ ƪƳΩǎ ƭƻƴƎΦ
ü It is suspeded to the susperattenuator (long chain of pendula dumping the seimic vibrations)

ü Its position and orientation is controlled to keep the interferometer properly locked
ü Its temperature must be stable  and in a range of  ~ 10 - 20 K
üNo contamination (and frost!)
übƻ ŜȄǘǊŀ ƴƻƛǎŜ ό ƳŀƎƴŜǘƛŎΣ bŜǿǘƻƴƛŀƴΣ .ƻƛƭƛƴƎΧΧΧΧΧΧΧΧΧΧΧ ύ  

üHeat transfer via Thermal Radiation helps just 
during the cooling down . Then it does help tto 

much  ᶿὝσ
 

ü In the stationary status @10 -20 K we must rely 
on heat extration via  solid conduction

übutΧΧwe can not add extra mechanical 
dissipation

DT Solution:
Heat extracted via the 4 

wire suspensions



Baseline design of the Cryo Payload

Al 6N  Braids

Smaller spring 

constant  to 

reduce overall 

vibration transfer.

PF Č Platform
MAČ Marionette
TLČ Thermal links
CAČ Cage
MI Č Mirror



The role of the crystals in ET-LF payload

Heat extracted via the 4 wire suspensions: 
Cristals made of Silicon or Sapphire

Excellent thermal conductivity
High Strength, 
High Quality factor, 

Mechanical Tests
 in Rome 

on Sapphire 
T. Uchiyama et al, Phys Lett  A273 (2000) 310 

T= 6 K



Innermost shield of the cryostat  @ 2 K

Consumers at 2 K
üCryo payloads (0.5 W each)
ü Innermost shields (2 W each) 

Diameterḑ3.0 m
Heightḑ3.8 m
Total weightḑ300 kg
Material Al (1xxx series)
Panel thickness 0.5 mm
WἼἷἼἩἴ= . ἥ

He II path:
ÅCircular at the top and bottom 
ÅVertical on the lateral surface
ÅHe II  two fluids model (Landau) 

vnor + vsuper = 0
He II Vertical channels He II to 
minimize
 N. coupling along the optical axis

ỏ ҟὝ shield,global < 100 
mK
ỏ He-II-channels:
ҟὝ global< 50 mK



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

Cryostat

Cryostat

Cryostat Dimension Cryostat Temperatures Cryostat & UV Chamber 
in the Underground lab 



Beat the MLI pollution: the  80 K shield

ÅMultiple low emissivity 
aluminum foils supported 
by insulating rods at each 
corner

       (nlayers >15 ). 

ÅDistance between each 
foil 4 mm

Emissivity 
measurements

to optimise thermal 
shield  performance



ET-LF Tower design

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

ü Upper compartment: room temperature  vacuum chamber hosting  suspension 

mechanics and control devices  for seismic attenuation

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

suspension materials and reduces gas loads in UHV areas. 

Indicative 
Temperature 
Distribution 



Key Feature of ET VAC&Cryo system

ü Beampipes: ɲ  1 m, 60ς120 km long, hosting the laser beam, E+5 m2   UHV chambers of unprecedented size !
Towers: 45 to 120 chambers up to tens of m3 plus auxiliaries, hosting world-class optics, 100+ km of cabling, ~100 
tons of precision mechanics - all unbaked. 

ü Cryopumps: very-large-scale pumps combining Towers and Beampipe Cryostats: housing ET most sensitive payloads, 
operating below 10 K 

ü Lifetime and flexibility: 50 year ready to host upgrades 

Credits: A. Pasqualetti - EGO



ET Cryopumps - I

ü Concentric cryopumps in the 1 m diameter beam pipes, 
needed bot for ET-HF and ET-LF.

ü In ET-LF the 1 m inner diameter cryopumps must extend 
up to 20 m in the beam pipes to reduce the solid angle of 
room-temperature thermal radiation. The main parts 
must be operated at 80 K with baffles at 10 K. 

ü Cryopumps will protect the UH vacuum of the km long 
pipes  after the intervention on the test mass towers (ET 
commissioning phase)

ü Cryopumps in ET- LF will prevent  frost formation on 
mirror.
V Requirement driven by optical and thermal reasons 

(T must be stable as the cavity finesse of 
interferometer arms. )

V H2 pumping needed ( cryopump section at 3.8 K).

Rendering  of the 
cryopumps 

installed in Virgo  



ET Cryopumps - II

üCryostatwith 10-20 K mirror
üFirst outgassing source: 10 km 

beam pipe (on the right in the model)

üSecond outgassing source: upper
tower source (with developedpre-concept

for semi-closuredrasticallyreducedto 2.10-9 
Pa.m3/s for H2 and H2O each)

üThird outgassing source: adjacent 
tower source (10-7 and 10-6 Pa.m3/s for H2

and H2O)

CompleteLF-model established

First outcomeof the study: beam pipevacuumstronglydecoupledfrom the mirror tower



ET Cryopumps -III 

üMontecarlo Simulation carried on using the software 
code ProVac3D developed @ KIT Code was experimentally 
validated and extensively in the domain energy fusion R&D .  (X. Luo, C. 
Day, Fusion Engineering and Design 85 (2010) 1446ς1450).

üAll gas sourcesmanaged(non-stickyand sticky
molecules)

Cryopumps: 
H2O: 20 m on the left + 10 m right
H2: 1 m left

Hydrogen pumpingneededonlyon the left side
for the adjacenttower flow

Simulation Outcome fulfilling the pressure requirements

H2Υ оϊмл
-11 Pa,          H2hΥ мϊмл

-12 Pa



Frost Formation  and Cryopumps 

üMaximum allowabledeposition: 1-2 H2O 
MonoLayers(ML) (1 ML of H2O Č  0.27 nm tick)

üRequirementedrivenmainly by laserpower 
absorptionissuefor tight thermal budgetof
mirror at constantT

Result:

üFrost formationrate dependson  design 
for 80 K

ü ICE Formation of 1 ML  (H2O)   in a time 
scaleof 2 years



Cryopumps as thermal radiation traps
Tubularcryopumpswith innerbaffles

Thermal loadon: Ůof

mirror

Ůof mirror Ůof 

mirror

Ůof

mirror

0.01 0.1 0.3 0.5

Mirror 1.3 mW 13 mW 37 mW 59 mW

Cryostat 262 mW 253 mW 232 
mW

213 mW

3.7 K 1.65 W 1.65 W 1.65 W 1.65 W

10 K 43 W 43 W 43 W 43 W

80 K 7.1 kW 7.1 kW 7.1 kW 7.1 kW



Cryopumps for ET-HF

üHF with invertedaim: protecting10 km beam pipefrom thegasflow from the tower
(ventedduringthe commissioningphase).
V It followsthat just onecryopumpisneededon the sideof the km long

vacuumpipe
ü Source of outgassing 

V Adjacenttower: 2.10-7 Pa.m3/s for H2 and 4.10-6 Pa.m3/s for H2O 
V Upper tower hosting the superattenuator: 4.10-9 Pa.m3/s for H2 and 2.10-8 Pa.m3/s for H2O 
V Lower tower compartment hosting the mirror : 1.10-7 Pa.m3/s for H2 and 1.10-5 Pa.m3/s for H2O 
V Target pressure 1.10-8 Pa for H2, better below

Simulation Outcome fulfilling the pressure requirements

a) Shift the cryopumps 5 m far from the tower, 
b)  80 K pump 9 m long, with central3 K section.  



The ET cryoplant - I

üThe overall cryogenic cooling budget requires a helium-based cryogenic infrastructure at 
each vertex of the detector, with compressor stations located on the surface far away from 
the instrument. 

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

Disclamair: a moreaccurateheat loadstudyisongoing

A first evaluation including needs for ET-LF and ET-HF,  ends up with the follwing numbers:

  100 kW at 80 K and 100 W at 3.7 K



The ET cryoplant - II

Block diagram for helium distribution between 
an underground-located coldbox and a test 
mass cryostat.

Lennard Busch, Ste en Grohmann - ET-0376A-21

üNo underground LN2 (safety)
üOne He refrigerator at each vertex
V (Remote) surface compressors
VUnderground coldbox
V Interconnection box to several cryogenic
 supply boxes (1 for each tower/cryostat)
     up to c. 500 m long transfer lines
V1-phase cooling H2O cryopumps/outer shield
V1-phase cooling H2 cryopumps/inner shields
VOptional He-II payload cooling/inner shield

Reference:
L. Busch, S. Grohmann: Conceptual Layout of a Helium Cooling 
System for the Einstein
Telescope. Procs. CEC/ICMC 2021, doi: 10.1088/1757-899x/124



Cryoplant  noise: preliminary study 

The Goal
üCharacterize environmental noise from cryogenic plants and 

their devices and find characteristic signature
üGather relevant information for the design of ET and its 

infrastructure

Preliminary measurements 

@ 15 m of distance The frequency signature 

of the Kaeser

rapidly decays with 

distance . Beyond

30 m, we do not find any 
clear signature

of this compressor.

CERN ςSRM18 ISSP_UTokyo-Kashiwa



credits:Rishabh Bajpai  (rishabh.bajpai@nao.ac.jp)
Newtonian noise evaluation due to the cryogenic system

KAGRA ET

ü Finite Element evaluation  assuming 
the same vibrational specta  of 
KAGRA

üMateriai and geometry
ς Aluminum shield 10 mm thick
ς Silicon mirror ʊ птл mm, t=570 mm
ς Holes of ʊ мллл mm on all 3 shields



R&D: Large Scale Prototypes 

Some of the labs involved in ET cryo-R&Dé. and many others are missing in this  list

ü Amaldi Research Center at Sapienza University of Rome, 

ü ET-Pathfinder, Maastricht University

ü University of Glasgow

ü University of Liège, Centre Spatial de Liège

Rome Maastritch

Glasgow

LiègeKarlsruhe



Conclusions

üCryogenics is essential for third-generation (3G) gravitational-wave (GW) detectors to achieve 
the sensitivity required to explore the Universe's dark epoch.

üThe Einstein Telescope Low-Frequency (ET-LF) design represents a significant experimental 
challenge with the potential for outstanding scientific outcomes.

üDespite a relatively high mirror operating temperature (10ς20 K), the demanding detection 
technique necessitates the development of novel solutions.

üWe must develop and thoroughly test new techniques that leverage specialized materials.

üA cryoplants  must be designed to ensure an exceptionally low level of mechanical noise.

üStrong need for significant interaction and collaboration between academia and industry



EXTRA Slides



Resonant Bars @ Low 
Temperature 

 

one more

Thermal lensing

The reason

ΦΦΧŀƴŘ ƛƴ ǘƘŜ ŦǳǘǳǊŜΧΦΦThese measurements require techniques of extreme sensitivity, low noise and great 
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 the 
other based on the general reduction of the k T thermal noise, thermal expansion, 
thermal electromotive force, creep, etc... 


