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The Einstein Telescope (ET)

Einstein Telescope (ET)
Underground (200 7 300 m)

x10 better sensitivity than current GWDs

Each vertex comprises:

ET1 Low Frequency (LF) [3 - 40 Hz]
ET 1 High Frequency (HF) [30 - ~10kHz]

go configuration 2L configuration

or

15 km

Credit: Marco Kraan (NIKHEF)

GWD: Gravitational Wave Detector




Noise due to residual gas in GWD arms

Ultrahigh vacuumi s required to minimise the noi se
(scattering and photon phase shift).

due to ga

For a gas species, Q!
ET beam tube vacuum residual gas noise:

T D a :
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ET partial pressure requirements
Where:
H,a 2@nbar

" @ =gas density & pressure distribution

H,O a “ibar

| = gas optical polarizability
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The ET beam tube vacuum system

Example from goconfiguration

Sketch inspired from ET The ET Baseline Detector Layout (2025).
EDMS document n°® 3373921
Dimensions in mm.




A wise friend once said..

NThe 1 ssue I s not c¢can formext-gemaGAV®] t h e
but rather can one make them at si (

Rainer Weiss,
Beampipes for Gravitational Wave Telescopes 2023, CERN, 27-29 March 2023




ET beam tube vacuum: VIRGO scaling

If VIRGO vacuum system costs are scaled to ET dimensions!3!:

% _

J.M’; o | .. p—

B Civil engineering & services (54%)
@ Vacuum system* (33%)

B Optics and lasers (7%)

ET total

B Suspension system (3%)
b u d g Et B Cryogenics (3%)

B Installation (1%)

Credit: VIRGO

VIRGO approach!?!

@ 1mx3mmi 20 m stiffened straight tubes
*including towers
(~<10% of the vacuum system budget?) 304'. air'baked (410°C, 5 da.yS)

. . [2,3] (limited by the air-bakeout: 0.8 module/day)
Estimated ET beam pipe cost

~ 440 M U ET : ~ 6000 modules
16 years only for production

[2] ET Science Team, Einstein gravitational wave Telescope conceptual design study, 2011; [3] ET collaboration, Einstein Telescope preliminary cost book, 2020




CERN technical involvement

The work packages / Areas of studies

WP1 WP35
Design & Tunnel installation &
Engineering Interfaces

WP2 WPG6
Materials & Vacuum system &
Manufacturing ET vacuum sectorization

WP3 team at CERN

WP/

Post manufacturing Pilot sector

treatments

WP4

Transport, storage &
Handling

WP8
Coordination

Collaboration with INEN, Nikhef, IFAE, LAPP, PSI,
RWTH Aachen, UGhent, UAntwerp, UMinhoé

The methodology

Studies

Pilot sector

ET beam tube

Technical Design Report
(TDR)




WP1: Beam tube profile design

Straight beam tube
(LIGO/VIRGO:-like)

('3-4 mm thick tube )

Easy industrialisation
and parallelisation

( Requires bellows & stiffeners )
) Discontinuous
manufacturing flow

Annular corrugated beam tube
(CERN proposal)

(1-2 mm thick tube)

(' 30% less current joule bakeout* ) (__Cleaning challenging

: Requi
( No bellows & stiffeners ) ( continueoquus!r:jpport
( ~60% lighter modules [kg/m] )

Industrialisation of
( Continuous manufacturing flow ) S

long (15-20 m) product

*DC bakeout with the same insulation material

Credit; LIGO

Credit: CERN



WP1: Joining methods & supporting system

Development of welded joints to minimise
tunnel activity (including dust contamination),
optimize costs and reparability

—

N

Sleeve

Flange 7 lip
hybrid

Inverted lip

N

(-

Development of light and affordable
upports with transfer functions studie
and their integration in the tunnel

)

o
2
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WP2: Structural materlals for ET beam pipes

Cubic structure

Mechanical
properties

Formability
Weldability
Corrosion resistance

H2
outgassing rate

Cost
[/ t on]

Beam pipes
production rate

Austenitic
stainless steel

Face Centred Cubic

Excellent

Excellent
Excellent

Good

High
(requires heat treatments
in air or in vacuum)

Limited by hight temperature
degassing treatment

Mild
steels

Body Centred Cubic

Good

Good
Good

Low
(see next slide)

~1000

Ferritic
stainless steel

Body Centred Cubic

Good

Good
Challenging
Good

Low
(see next slide)

~2100
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WP2: Outgassing rates after bakeout

H, specific outgassing rate (Accumulation-throughput method)

=== 304L air baked - upper limit from VIRGO experience*
B 80°C,48h

150°C,48h
Detection limit

Detection limit

_{: AISI 441 47
AISI 444

/"

Ferritic
stainless steel

Two bakeout temperature sets: S315MC

R 80°C: fAEconomical o al t&h

A 150°C: Reference used in the ULC-IF
current generation of GWD ARMCO

S350J2+N
S355J24+AR
P355N
S350J2H

—

{ 304L

Mild steel
A

Austenitic

LU u U U U uTUTL | u u UmuUm U uTLTLU u U U U UTUTL | u U U uUuTLTLU
104 10° 106 107 108
1

stainless steel

am, [molecules s™! cm™2]

Background removed. Measurement error: +40%; Measurement temperature: 21+2°C; Detection limit: 50% of background. *Air bakeout at ~410°C, 72h followed by a 150°C, 1 week.
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WP2: Welding & corrosion resistance assessment

( AlSI 441 sleeve welding metallographic study )

Qualitative (salt spray, 50-day exposure)
corrosion resistance assessment

AIS| 304L TIG AISI 441 TIG

With filler material (AISI 317)

Autogenous weld

Credit: CERN

C Grain growth / HAZ study )
T Al S R B O T S R
e a m iy ot

>4 \/&

Credit: UGhent

Quantitative corrosion resistance studies
are ongoing with CETIM (FR)
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WP3: Cleanliness assessment & plant design

( In-situ cleaning plant design >

< Cleaning by robot >

] I

I ET pipe

I Sas

| ISO 9 area

| ISO 6 area

Ralil tracks

76 m

Process tanks

5 e e | ISO 8 area

ROOOOOOONNNALNS Laminar flow wall

| ISO 6 processing

I Services room(s)
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WP5-WPG6: Sectorisation and bakeout insulation

DN1000 gate valve
1565 x 2891 x 356 mm

Horizontally
mounted UHV
compatible flap valve

Courtesy of VAT

-

\_

Ongoing development of an alternative valve
solution by a Swiss consortium, piloted by PSI
(Swiss Confederation funds)

~N

J

Development of Al graded thermal insulation shells
made with furanic foam and cork (recycled product)
Thickness 10cmi a(@20°C) a 0.8 W

Partnerships with PIEP and UMinho
g J

m
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WPG6: Vacuum

Water partial pressure prediction after bakeout via
adsorption isotherm studies

Models on pressure distribution along the arm length

Pressure distribution along a 10 km arm

1079 -
20 g —
: — CH4
| Sector valve — H:0
15 10—10_E contrjvutlon* — O
] —— Oy

~~ N N~

Pressure [mbar]
—_
T
=

Bakeout duration [days]
=

—12
5 10
S0 90 100 110 190 130 140 150 10719 ' ' ' '
0 2000 4000 6000 8000 10000
Bakeout temperature [°C] Position [m]
Main pumping group : 700 I/s turbomolecular pump every 2000 m. Sputter ion pump (300 I/s) + NEG (2000 I/s) every 1000 m [
Example from AlSI 441 steel. * Quz: 107 mbar I/s. Values extracted from VIRGO measurements.

Outgassing rates from AlSI 441 steel23]

[2] Scarcia C. et al., J. Vac. Sci. Technol. B 43, 044203 (2025)
[3] Scarcia C., The Einstein Telescope beam pipe vacuum system: Exploring novel techniques and materials for a cost-effective design solution, Doctoral thesis, 2025
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WP7: Pilot sector

The pilot sector aims to test the design, fabrication, installation, and commissioning of the proposed beam tubes and
support system and to compare the feasibility of a selected number of technical choices.

s <o R == L A
o1l
o O
k , First pilot sector
| ¥ (under construction, 2025)
AlISI 441 VIRGO-like pipe
F1.08 mx4mmx 36 m

16



WP7: Pilot sector

Double gasket
with differential pumping

Beam pipe packaged in ISO 6 conditions after degreasing.
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WP7: Pilot sector

Pressure contributions from

ATST 441 parts DN1000 x 36 m beamline*

AISI 316L/LN parts
Gate valve DN100
Gate valve DN150 {
All metal angle valve DN40 —
All metal angle valve DN63 _
Residual gas analyser _
Bayard-Alpert gauge (CERN sVT) -

M d /7777777777777 Z2ZaA#tt 1  ;xA { ?/?{4,Ax4%/¢
easured Dressure —g777777zzz7z72777777777777727777727277277

1012 10~ 10-10 10-°
two Pilot Sector e@tremities (fibackgroundo) FPressure contribution [mbar Ny eq]
joined together with a sleeve T.mb: 2312 C. Ancillaries contribution measured separately

*expected contribution.
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The ET beam tube vacuum system TDR(S)

o ET beam tube
vacuum system
Extended TDR

ALY SN
|z

EINSTEIN
TELESCOPE

Q1 2025 Q1 2026
Pre-TDR Extended TDR
Description of the system, Detailed chapters, in-depth reports.
materials, assembly, Logistics and sustainability further investigated.
commissioning and risks Preliminary cost estimation.
identification Integration with civil engineering.

ET beam tube
vacuum system
Final TDR

AN

EINSTEIN
TELESCOPE

Q4 2027
Final TDR

Final version with optimal solutions.
Full integration with civil engineering
considering all the other services

( HVAC, fire

safety,

e)
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https://drive.google.com/file/d/1ypvv6e6dRM4Y6LfZCDzgWYLPdw668Y6N/view

Conclusions

CERN collaborates with Einstein Telescope Organisation (ETO) for a cost-effective design of the beam tube
vacuum system with the ultimate goal of producing a Technical Design Report (TDR).

For an efficient cost-reduction, we see ET from a global perspective, and how the ET beam tube vacuum
system is integrated in the infrastructure.

Alternative structural materials to the currently used AISI 304L have been investigated.
The successful UHV validation of the ferritic stainless steel, represents a turning point for the production of the
ET beam tubes, as one can avoid time consuming and expensive heat treatments.

The ET Pilot Sector at CERN will be fundamental to probe the applicability to the ET scale of many technical
solutions, installation and commissioning sequences for a refined definition of the technical specifications.

In the future, the ET Pilot Sector might become a training bench for ET technicians, engineers and scientists.

We are open to discuss with industries for the optimisation of the ET beam tube production.

20



Thanks for your attention

Save the date!

Einstein Telescope vacuum and cryogenics industrial workshop:

opportunities and challenges

21-22 April 2026, CERN (Geneva)

\\\\ AR —
il ()

EINSTEIN NL S
TELESCOPE



https://indico.cern.ch/event/1604489/

Gravitational wave and straln noise curve
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ET-HF and ET-LF sensitivity curves (2024)

104 o

1022 <

Strain [1/+/Hz]

10~24 5
125

10—26 E

10~23

Total
Quantum Vacuum
Seismic

Newtonian Gravity
Back Scattering
Thermal
Residual Gas

10°

10!

10°
Frequency [Hz]

ET-HF

10° 10*

1072

10725 4

10726 4

mmmm Total
m (Quantum Vacuum
m— Seismic

=== Newtonian Gravity
Back Scattering
Thermal

Residual Gas

10[]

10!

10?
Frequency [Hz]

ET-LF

10° 10*

23



Total ET sensitivity curve

10721 5
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Sensitivity curves: 2G vs 3G GWDs

10—18
aLIGO
10~ —— Cosmic Explorer
Q —— AdVirgo

1072 — Einstein Telescope
N 10-21
L 10 E
= 10224
k= f
cU -
H —-23
; 10

10-24 J

107%

1026 A ——— T ——— —— ——

109 101 102 103 104

Frequency [Hz]

Compact binary inspirals Core collapse Supernovae Pulsars




ET vs AdVirgo parameters table

RoC: radius of curvature

Parameter ET-LF ET-HF AdVirgo
Arm length [km] 10 10 3
Beam pipe diameter [m] 1 1 1.2
Arm power [kW] 18 3000 650
Temperature [K] 10-20 290 290
Mirror material Silicon Fused silica Fused silica
Mirror diameter [cm] 45 62 35
Mirror masses [kg] 211 200 42
ITM RoC [m] 5580 5070 1420
ETM RoC [m] 5580 5070 1683
Laser wavelength [nm] 1550 1064 1064
Beam shape TEMy TEMy TEMy
Beam radius at ITM [cm] 9 12 4.87
Beam radius at ETM [cm] 9 12 5.8
Beam waist [cm] 2.9 1.42 9.69
Beam waist position from ITM [m] 5000 5000 1363
Beam pipe total pressure [mbar] 10~19 10~19 1077
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H, solubility(K,) In iron

Liquid
B
o
A
£ 101
8 ]
=
E
Py, =1 atm =

20
2
e
)
-

1 I I I | I

600 800 1000 1200 1400 1600 1800

Coq.t Py, T) = Ky(T) \/ P, = Ko exp (—z?fT) N Temperature [°C]




Residual gas noise model (phase shift)

)
Applying the Fourier transform to the pulse u(t,v;): S.(f,vr) —/ u(t,vy) exp(—iot)dt = \/f a:}(z) exp ( wgcogz))
T VT

—00

Assuming Boltzmann distribution (cyl. coord.) through infinitesimal db x dz with a normal along G:

dN(b,vr,T) v% 1 ( vg) ( v%)
= ——= ——= )dvyr dbd¢ dz dv,
gp P —= e \/_exp exp 2 vr ¢ dz dv;

Power spectral density given by a pulse rate having an amplitude A(b):

N(b, vT T) 2dN(b,vr. T) 16K 2{m )p 27 oo 4 b?
=y =2 [ |A(b 4
{w j\ ) Sulfvr)| o [ [ do [ X0 ~ gy ) @b y
a - —
pulses pulses (Z) \/E VT ) -(p\ " 7/’/,
4 —
i v (z) e Vi 00 (2) 2p (2akm)? [LEXP (_M) [
[ e [y (2 gy 20 i (O
e v 0 v 4 vy ) Vo 0 o(z)
VT v VT Vo exp ( W (D(z))
Vo
Considering the position sensitivity and the two independent paths in the interferometer: g J \ ;
/ \\‘\ 44///

) X _2nfol2) S
su(f) = 27 /pr( ) 0 h) = VST

Vo o(z) .
Schematic of the impact between the molecule and an
infinitesimal surface db x dz of the Gaussian beam.
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Residual gas noise vs pressure distribution

Strain noise as a function of the frequency for ET-HF
according to pumping scheme

(5000 | s' 1gas independent every 500 m) and optical 10725 5

scheme/properties from 2020 ET CDR. ]

The gas load assumed for the calculation are:
H,: 2x10" ! fmbar | s’ lcm' 2

CH,: 1x10" 1 fmbar | s' icm' ? = 10726 4
H,O: 5x10" * mbar | s’ cm' 2 :
CO: 5x10" I fnbar | s' lcm' 2
CO,: 2x10" L fnbar s’ tcm' 2

Strain sensitivity [1/v Hz

10_27 -
Optical polarizability and most probable thermal speed for the —— H3 (Pyee= 1E-10 mbar)
main gases of interest for the beam pipe vacuum. CHy (Pa:= 9E-13 mbar)
The optical polarizabilities are taken from the NIST CCCBDB. -] — H,0 (Pmag:= EE-11 mbar)
Gas a[x1073% m=3] vy [ms™ 1] a/\/Vo [x10731] — CO (Pmcm:: 6E-12 mbar)
H, 0.787 1561 0.2 —— CO2 (Pmar= 3E-12 mbar)
CH, 2.45 570 1 —— Total noise
H,0 1.5 520 0.7 1029 —————1 ———r
co 1.95 417 0.9 10! 107 10°
Co, 2.51 333 1.4 Frequency [Hz]

AMU 100 11.4 221 1.7




Residual gas noise vs pressure

1072 1
_ * H
® CHy
" ¢a® * | m HO
A CO
\4 ¢a B * ¢ CO;
E v AMU 100 Hydrocarbon
= 10726 - v ‘@ o *
= ] v ¢a B *
&z v ‘a = %
v ¢a n *
10_27 LR | ! LR | ! L ! LR | ! L | ! LR | ! L |
107" 10+ 107 107" 10~ 10710 1077

Pressure [mbar]

Strain noise as a function of the maximum partial pressure of the different gas species for ET-HF with optical scheme/properties from 2020 ET CDR.
As expected, the noise generjated scales up with the rati

30



2G vacuum systems

Parameter aLIGO AdVirgo KAGRA GEO600
Beam pipe length [km] 2x4 2x%3 2x0.8 2x0.6
Beam pipe diameter [m] 1.2 1.2 0.8 0.6
Smallest module length [m] 20 15 12.5 4.5
Module profile Straight  Straight Straight  Corrugated
Welding Spiral Longit. Longit. -
Module material [AISI] 304L 304L 304L 316L
Module thickness [mm)] 3 4 8 0.8
Module treatment AB AB VB AB
Treatment T [°C] 455 400 200 200
Treatment t [h] 36 120 20 48
Bakeout T [°C] 160 150 - 250
Bakeout t [weeks] 3 1 - 0.7
Vacuum sectors/arm 2 | 1 1
UHYV pumps SIP SIP+TSP TMP+SIP TMP
UHYV distribution [m] 600 100 600
Ultimate pressure [mbar] 10~° 107 10-8 10~°
Main residual gas H, H, H,0 H,

AB: Air-Baked, VB: Vacuum Baked. SIP: Sputter lon Pump, TSP: Titanium Sublimation Pump, TMP: Turbo Molecular Pump
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Materials and methods

Mild steel and ferritic stainless steel have a higher diffusivity and lower solubility of H,

compared to austenitic stainless steel.
Then, less expensive, available in large quantities, easy to form and weld.
Reason behind grades selection:
Explore the portfolios of commercially available mild steels and stainless steels
(in shapes, forming process, etc.) as much as possible.

Mild steel

Blocks Tubes SHEES

S355J2+AR S355J2H ULC-IF FB580
S355J2+N P355N ARMCO

Ferritic stainless steel Austenitic
stainless steel

Sheets Tubes Sheets

AlIS| 444 g AISI 441 AISI 441 AIS| 304L

Measurement methods

Throughput

. TPD
H,O outgassing rate

H,O binding energy
Coupled throughput i accumulation

H,, CH,, CO & CO, outgassing rates

Literature review: only four articles reporting on UHV
studies on mild steels and ferritic stainless steels.

C. D. Park et al., J. Vac. Sci. Technol. A 26, 1166 (2008).
C. D. Park et al., J. Vac. Sci. Technol. A 34, 021601 (2015).
S. Kato et al., J. Vac. Soc. J. 55, 160i 163 (2012).

J. Kamiya et al., Vacuum 98, 12i 17 (2013).

Results limited to water outgassing at room temperature
and total outgassing rate after bakeout
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Throughput method

PG2 PG1

AV .
Pumping ! Measurement Chamber/Samples
chamber chamber
TMP
SV

Schematic of the throughput system. TMP: turbomolecular pump; SV: electromagnetic
safety valve; PP: primary pump; AV: right angle valve; C: orifice conductance; PG1 and
PG2: pressure gauge 1 and 2.




