
Einstein Telescope 
the European 3rd generation Gravitational 

Wave Detector
The pipe vacuum system

Aniello Gradoa

Fulvio Riccib

Antonio Pasqualettic

Credits:  Harald Lueck, Yoshi Saito, C. Bradaschia, 
Michael Zucker, ET collaboration

XXIV SIGRAV Conference 7-9 September, Urbino 

a co-chair ET beam pipes
b co-chair ET vacuum and cryogenics
c Virgo vacuum responsible



Einstein Telescope in a nutshell 
• The Einstein Telescope (ET) will be a new 3rd generation (3G) GW observatory

• 3G means a factor ~10 better than advanced (2G) GW detectors, and ~1000 more universe to explore
• A completely new infrastructure is needed 
• 2 possible sites: Sardinia (Italy) and Dutch-German-Belgium border

• ~ 200 m underground
• 30 km ~7 m diameter galleries + caverns (30x30x60 m) 

-> total excavation 5.4 Mm3

• 6 interferometers arranged in triangular shape

• 120 km 1 m beam tubes UHV (10-10 mbar)
• ~200  in-vacuum towers to host the seismic isolation systems
• Mirrors  200 kg 

• Some part under criogenics operation (~ 20 k)
• > 500 W ultra stabilized lasers
• Lifetime: 50 years

• Total cost ~ 1.7 Geuro + R&D
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Very good news !!



ET vacuum
Why under vacuum?

• reduce the noise due to residual gas fluctuations
…..along the beam path to an acceptable level;

• isolate test masses and other optical elements
f from acoustic noise;

• reduce test mass motion excitation due to 
residual gas fluctuations, 

• contribute to thermal isolation of 
test masses and of their support

structures;
• contribute to preserve the 

cleanliness of optical elements. 
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Effect of gas pressure on detector sensitivity
Fluctuations of residual gas density induces a fluctuations of refractive 
index and then of the laser beam optical path
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Design	requirements	
	
The	 design	 targets	 for	 this	 workshop	 are	 driven	 by	 the	 current	 concepts	 for	 the	 next	 generation	
gravitational	wave	observatories:	the	Cosmic	Explorer	(CE)	in	the	U.S.	and	the	Einstein	Telescope	(ET)	in	
the	E.U.	 	An	overview	of	 the	 field	of	 gravitational	wave	detection	based	on	 interferometric	 detectors	
was	given	at	the	beginning	of	the	workshop	by	M.	Zucker	from	LIGO	[6].	Gravitational	wave	detectors	
based	 on	 laser	 interferometry	 observe	 the	metric	 strain	 (h=	ΔL/L)	 induced	 by	 a	 passing	 gravitational	
wave.	 The	 differential	 displacement,	ΔL	 registered	 between	 orthogonal	 interferometer	 arms	 of	mean	
length	L	as	a	result	of	a	passing	wave	with	strain	amplitude	h	is	given	by:	
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where	we've	taken,	as	an	example	source,	a	compact	binary	system	with	two	equal	component	masses	
M	 separated	by	R,	orbiting	each	other	at	 frequency	 forb	 ,at	distance	 r	 from	Earth.	 	When	expressed	 in	
terms	of	apparent	ΔL,	 the	 limiting	noise	 terms	 in	detectors	of	 this	 type	are	either	 independent	of,	or	
vary	only	weakly	with,	overall	instrument	size.	As	a	result,	the	most	direct	way		to	improve	the	distance	r		
at	which	sources	can	be	observed	is	to	increase	the	arm	length	L.	 	 It's	 important	to	note	here	that	the	
number	of	detectable	sources	varies	with	the	volume	observed,	and	thus	the	rate	of	event	detections	
initially	 scales	 as	 L3	 (neglecting	 cosmological	 evolution	 of	 sources).	 Thus,	 the	 distance	 to	 which	 the	
proposed	CE	and	ET	could		see	would	exceed	the	horizon	where	stars	first	formed	in	the	early	universe.	

Residual	Gas	Noise	
	
The	power	spectral	density1	of	gas-induced	fluctuations	in	the	optical	path	length	is	given	by:	

	
	

where	f	is	the	signal	frequency,	L	is	the	physical	length,	ρ(z)	is	the	number	density	of	the	molecules,	α	is	
each	molecule’s	optical	polarizability	(proportional	to	n-1,	where	n	is	the	bulk	refractive	index	of	the	gas	
at	standard	pressure),	v0	=	(2kBT/m)1/2	is	the	most	probable	speed	for	the	molecules	given	their	mass	m	
and	 ambient	 temperature	 T,	 and	 w	 (z)	 is	 the	 laser	 beam’s	 Gaussian	 radius	 parameter	 [6-8].	 The	
calculated	 limits	 for	 residual	 gas	 partial	 pressures	 are	 given	 in	 Table	 1,	 showing	 that	 required	 partial	
pressures	of	H2	are	10-9	Torr,	for	water	10-10		Torr	and	lower	for	heavier	hydrocarbons.			

																																																								
1Defined	as	mean-squared	deviation	per	unit	bandwidth.	
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boundary interacts with light scattered from and returning to the interferometer,
an indirect but inevitable consequence of vacuum operation.

2.1. Refractive index fluctuation

Light scattering by residual gas molecules produces an apparent fluctuation in the
distance between test bodies. Each molecule passing through the interferometer
beam produces a transient phase shift through forward scattering. In aggregate,
these pulses are equivalent to a stochastic fluctuation in the e↵ective “refractive
index” of the medium2.

The magnitude of each impulse is governed by the molecule’s optical polarizabil-
ity (related to the bulk gases’ refractive index). The rate of impulses depends upon
the local density; density variations within the system may also depend on thermal
speed, which is a function of molecular weight. The duration of each impulse is
further governed by the ratio of the beam radius at the interaction point to the
mean thermal speed. These factors determine the noise contributed by molecules of
each gas species, and also govern the frequency dependence of the resulting noise,
since heavy molecules may interact with the beam over durations comparable to
the signal period.3

Integration of phase impulses over Maxwell velocity and Gaussian intensity dis-
tributions yields the predicted power spectral density of fluctuations in the optical
path length

SL (f) =
(4⇡↵)2

v0

LZ

0

⇢ (z) exp [�2⇡f w (z) /v0]

w (z)
dz (1)

where L is the physical length, ⇢ (z) is the number density of the molecules, ↵

is each molecule’s optical polarizability, v0 = (2kBT/m)1/2 is the most probable
speed for molecules of mass m at ambient temperature T, and w (z) is the beam’s
Gaussian radius parameter as a function of axial position z [Weiss (1989)]. Total
noise power will be the sum of such contributions for each species present. The
apparent di↵erence in the lengths of the interferometer’s two arms will then have
spectral density

S�L (f) = 2SL (f) . (2)

This model has been confirmed by introducing controlled gas samples in working
interferometers. Results of such a test [Zucker and Whitcomb (1996)], employing
xenon, nitrogen and carbon dioxide gases, are depicted in Figure 1 along with the
prediction of Equation 1. add new test at LIGO for this?

Table 1 compares the approximate sensitivity for various gases to that for
hydrogen at comparable pressure. Here we have taken the low-frequency limit
2In situations of interest, gas density is low enough that the molecular mean free path exceeds the
beam diameter. We can thus consider molecules independently.
3For many cases of interest this frequency dependence is weak, and it is sometimes ignored.

Power spectral density  
fluctuations of optical 
path 

Gas optical
polarizability

Average molecules 
speed

Interferometer 
arm lenght

Molecules number 
density

Laser beam gaussian 
radius 
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ET beam tubes requirements
• Tube diameter ~ 1m
• Total lenght 120 km
• Total residual pressure: H2 10−10 mbar, H2O 5x10-11

mbar, N2 10-11 mbar (more stringent reqs comes from 
ET-HF)

• Hydrocarbon partial pressure < 10-14 mbar
• Material ?(2G detectors: SS 304L or 316L)
• Life time: 50 years

A. Grado INAF/INFN 6

6.12 Vacuum system 149

Figure 6.16: Phase noise given by the residual gases compared to the expected sensitivity, computed for the
appropriate beam profile for di�erent gas compositions. (Goal gas composition: Hydrogen [1 10�10 mbar],
Water [5 · 10�11 mbar], Nitrogen [1 10�11 mbar])

ET technical report 2020

Surface: 3.8x105  m2

Volume: 9.4x104 m3



To reach UHV 
Two main treatments for austenitic stainless steel

• Air-firing
• High temperature (400 - 450 oC) in oven with dry air flux in order to remove

the H from bulk material. Factor 3 - 4 depletion of H2 content. Permanent

• Bake-out
• Treatment at ~200  oC in-situ under vacuum to remove the tightly bonded H2O 

from the surfaces. If vented to air needs to be repeated

A. Grado INAF/INFN
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• 24000 m2 walls! 
• They contain “only” optical baffles and the laser beam

Virgo 6 km UHV TUBES

Inner view at one extremity
Ø = 1.2 m

view inside the 5 
m wide ‘tunnel’.

A. Grado INAF/INFN
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Technical requirement:
• 404 modules (2 x 3 km)
• Leak rate: 3.10-10 mbar.l.s-1

• Dimensions: L 15 m x Ø 1.2 m
• Thickness: 4 mm
• Tolerances: see dwg
• Material: 1.4307 (SS304L)

Schedule requirement:
• Workshop ready: 10 months
• First-of-a-kind: 2 months
• Serial units: 1 module/day Courtesy CNIM

MODULES MANUFACTURING
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Circumferential + longitudinal plasma welds

-304L cold rolled sheets / solution annealed - surface finish 2B (EN1.4307 by Avesta S.)

‘Conventional’ industrial tools, rate = 1 module / day (it took about 2 years).
- modules realized in 3 consecutive cylinders plus the hydroformed bellows.
- UHV recipes (specific machining oil, dirt free rolling, separated halls and tools, ...)

The Virgo experience
TUBE manufacturing

Courtesy: A. Pasqualetti A. Grado INAF/INFN



Base material conditioning was required to meet vacuum goals (24000 m2 walls). 

heating at ∼	400°C in air involved a ‘’simple’’ oven and reduced the hydrogen 
outgassing by a factor ∼ 100; our result: q(H2) ≤ 3E-14 mbar.l.s-1cm-2 @ 20°C 
Original studies pointed to ‘bulk ordinary sites role’, not conclusive (*)

The industrial specification was: q(H2) = 5E-14 - NOT CONTRACTUAL -

11

Virgo experience: AIR-BAKE OUT 

• Applied to finished modules 
• Electrical oven, ‘sealed’ modules

• 410°C  +20/-10 , plateau 72h

• Hot air purge 8 m3h-1

• 5 days long cycle 

• H content raw mat. ≤ 2 ppm wt  -
CONTRACTUAL  -

Courtesy: A. Pasqualetti
A. Grado INAF/INFN



ET - Hannover Jun '18 12

o Chamber at 150°C uniform and at a controlled rate ( ~1 week for SAT stage)
o 1 Mwatt to heat one tube (15 cm thick thermal insulation)
o Joule effect: 2000 A flowing through tube walls
o diesel generators: ~ 10^5 litres of fuel to bake one tube

Normally to be performed just one time.

Virgo TUBES: BAKE-OUT in situ

Bake-out cost: 3% of the whole vacuum system



• Stainless steel (316LN)
• 60 cm diameter
• 2 * 133 * 4.5m segments
• 0.8 mm wall thickness
• 30 mm wave period
• Weight 2 * 12 t
Advantages:

1. Weight easier assembly, 
little material (costs),

2. No bellows needed
3. easy bake-out

GEO 600 experience

A. Grado INAF/INFN



Despite of the harsh condition one leak after 20 
years due to MIC, a second leak after 25 years at 
an attached valve in trench
(lower quality stainless steel)

Very successful !!!!

Albrecht Rüdiger

Tube suspension test

Chip and clever solutions

GEO 600 experience

First segment of tube being
pushed into the trench

Only 60kg
per segment

A. Grado INAF/INFN
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Beam	Tubes	
Ø  304L	SS	
Ø  3.2	mm	thick	with	external	s=ffeners	
Ø  Raw	stock	air	baked	36h	@	455C		

–  Final	JH2	<	1e-13	Tl/s/cm2	

Ø  coil	spiral-welded	into	1.2m	tube	16m	long	
–  method	adapted	from	sewer	pipe	industry		

Ø  16m	sec=ons	cleaned,	leak	checked	
Ø  FTIR	analysis	to	confirm	HC-free	
Ø  sec=ons	field	buf-welded	together	in	

travelling	clean	room	
Ø  Over	50	linear	km	of	weld	

LIGO-G1900137Zucker 23

LIGO experience

A. Grado INAF/INFN



tube forming; SS304L, 8 mm thick, Rmax 8 µm finished

190129

4. Production Process and Installation
* surface finish of tubes and chambers
* flange and gasket

18

unit tube of 12-m long and 0.8-m in diameter

flange; SS F304, Rotary forging

hydro-formed bellows;
SS316L, 0.6 mm thick, chemical polished

TIG-weld Assy

electrolytic polishing (EP) and rinsing with ultra pure water; 
Rmax 2.5 µm

removing 25 µm of outermost layer

KAGRA

Very harsh conditions: 95-99 % umidity !
Credits: Yoshi Saito

Yoshi Saito et al., JVSJ, 
Vol.54, No.12, pp.621-626 
(2011)



KAGRA
Vacuum System Layout
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MC : Mode Cleaner
BS : Beam Splitter
PR : Power Recycling
SR : Signal Recycling
IXA, EXA, IYA, EYA : Auxiliary optical baffle 
EXT, EYT : Transmitting Telescope
IXC, EXC, IYC, EYC : Cryogenic Mirror
IXV, EXV, IYV, EYV : Vibration Isolation (2nd story)
GV: Gate valve
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blank mark = additively to be installed

TMP (3000L/s) IP (1000 L/s)

solid mark = already installed

gray mark = pending

Add “12” of ion pumps, 

totally “28” ion pumps.

Add “10” of turbo-mole-pumps,

totally “39” TMPs. 

1

For fast pump-down of cryogenic system, 
turbo-molecular pumps are added.

For keeping an UHV during observation, 
ion pumps are added.

For easy vacuum break during commissioning,
separating valves are added 

2021 system upgrade

Add “2” of small gate valves.

Sep. 2021 Y. SAITO



Virgo LIGO KAGRA GEO600

Material  (AISI) 304L 304L 304L 316L

Length (Km) 6 2x8 6 1.2

Diameter (m) 1.2 1.24 .81 0.6

Section length (m) 15 20 12 4.5

Thickness (mm) 4 3.23 8 0.8 

Tube type Sheet welded Spiral weld Sheet welded Sheet weld +cold formed 
deep corrugated 

Pipe cost (euro/m) 2400 2200 4745a 440

Vacuum (H2O) mbar 5.6x10-10 1.3x10-10 1.5x10-8 1.5x10-7 b

Distance among pumps  (m) 600 600

Firing Temp (oC) 400 455 200 200

Firing duration 5 days 36 h 20 h 48 h

Bakeout Temp 150 160 Electro-polishing 250

Bakeout duration 1 week 3 weeks 5 days

pumps Turbo, Ion + Ti Sub. pumps Turbo, Ion +NEGs Turbo, Ion 6xTurbo

Beam tubes comparison

abellowsSS316L, flanges, crow clamp, EP-finished, baked bupgrade vacuum system foreseen this year



ET vacuum
2 main problems:
• Material/processing costs
• Outgassing -> bakeout underground

Just scaling the Virgo vacuum costs to ET it would requires

> 500 Meuro !!

19A. Grado INAF/INFN



Pumping system design
In Virgo 15% of the budget went in pumping

• Reach the target vacuum
• Management of the mechanical vibrations and acoustic noise

• Usage of getter pumps ?
• Development of low profile getter pumps

• A carefull design and pumps distribution optimization 

154 Chapter 6. Detector

Figure 6.22: 3D view of a pumping station: the blue objects represent the pumps and sensors, the yellow ones
the cabinets for pumps control and baking power supply (1 cabinet for all). A separate small room is reserved
for the high voltage electrical transformer.

A. Grado INAF/INFN



Pipe section simulation (Molflow+ 2.8.6)

250 m section pipe with one 
pump in the middle 3000 l/s

Assumed outgassing rate = 
1.3E-15 mbar l s-1 cm-2 (after 
firing) 

H2 pressure profile between 1.2E-10 and 1.46E-10 mbar

250 m



Pipe section simulation (Molflow+ 2.8.6)

1000 m section pipe with one 
pump in the middle 3000 l/s

Assumed H2 outgassing rate = 
1.3E-15 mbar l s-1 cm-2 (after 
firing) 

H2 pressure profile between 4.5E-10 and 8E-10 mbar

1000 m



R&D on vacuum system
• Materials: austenitic, low carbon steel, aluminium, other? 

• cost effective solution, low H2
content, UHV compatible

• comparative outgassing tests
• Cheap surface cleaning scalable to 

large area (~400000 m2)
• Inner surface passive coating

• hydrogen permeation barrier scalable to 
large area

• corrosion

23

1.2) The challenge: outgassing  
 
One of the technological challenges in the realization of UHV infrastructures is certainly the 
reduction of water and hydrogen sticking. The achievement of very low pressure is hindered 
by permanent hydrogen outgassing from all inner surfaces of stainless-steel walls. The 
methods used for the reduction of H2 outgassing from stainless steels are mainly: 

1.   Ex situ heating at high temperature in vacuum furnace (vacuum firing) 
2.  Passive coating also defined as Hydrogen Permeation Barrier (HPB) 
3.  Active coating (getter materials) 

The role of the Hydrogen Permeation Barrier (HPB) is thus different in this case as it should 
suppress the room temperature outgassing of native hydrogen, present in bulk as a 
consequence of previous metallurgical processes. The study of outgas reduction is central in 
this project 

 

Fig. 3 Hydrogen permeability 

1.3) Low temperature / room temperature: surface and materials                                                            

Inner surfaces are relevant in both room temperature and cryogenic environments. High 
emissivity coatings are a must for the inner thermal shields in the cryostats, while very 
different requirements are set to UHV vacuum pipes. Electrochemical buffing or other surface 
treatments can be adopted to effectively reduce effective outgassing, while high absorption 
baffles (e.g. DLC coated) have to be used for straylight absorption. Given the size of ET pipes, 
all the solutions developed must be re-examined taking into account the cost profile. 

A. Grado INAF/INFN



ET beam pipe some tought
• Size scaling is not enough. We must consider the production time

For Virgo the production rate was 1 section/day
Air-firing took 5 days for 4 modules (oven loaded with 4 modules) 
Installation took 2 modules/day
For ET we need 8000 15m sections
If we want to install the pipes in 3 years we need ~10 ovens for the air-firing 
working in parallel (each processing 4 modules) and a production/installation 
rate of 8 modules/day

• Pseudo-valves: start R&D on cheap valves to create pipe sectors. 
Helps installation, bakeout, maintenance

• RAMS needed: careful evaluation of a catastrophic event 
underground          coupling with tunnels design

24A. Grado INAF/INFN



Thank you for your attention


