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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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Agreement with CERN
The beam pipe vacuum system is under direct responsibility of the ET Directorate.
In 2022 an agreement among INFN Nikhef and CERN has been signed. Main goals are:

• Coordinate the effort of ET collaborators interested in the same technical objectives.
• Coordinate the contact and sharing of information with Cosmic Explorer in the field of vacuum

technology.
• Re-evaluate the baseline solution (Virgo/LIGO) with minor modifications imposed by the new 

requirements.
• Design and test technical solutions that fulfil the ET requirements and are less expensive than 

the baseline. The required technical infrastructure will be evaluated and optimized as well.
• Manufacturing, assembly and commissioning of a pilot sector.
• Write the technical design report, including cost estimations.

The requirements of the beam pipe vacuum system is under the ISB 
responsibility
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Global planning
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Functional specifications                         
Roles and agreement with Institutes                         
Optimisation of baseline, including cost 
analysis                         
Definition of alternative solutions                         
Cost & performance of alternative 
solutions                         
Optimisation of interfaces with 
services/infrastructures                         
Decision about vacuum design for pilot 
sector at CERN.                         
Prototyping of the selected solutions.                         
Technical design report (ET vacuum 
system).                         
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Functional Requirements
Req.  ID Req. name Responsible Description/note Link to other requirements

4.2.F.1 Scattered light M. Martinez

4.2.F.2 Beam pipe pressures A. Grado

4.2.F.3 …….

4.2.F.4 Surface 
contamination

?

4.2.F.5 Alignment and 
tolerances

?

4.2.F.6 Lifetime

4.2.F.7 Limitation on 
magnetic properties 
of the tube
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Sub. Requirements of 4.2.3 scattered light 
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Req.  ID Req. name Responsible Description/note Link to other requirements

4.2.F.1.1 Tube diameter

4.2.F.1.2 Roughness on the 
inner tube surfaces 

M. Martinez

4.2.F.1.3 allowed tube 
amplitude vibration 
(in particular for 
corrugated tube)

4.2.F.1.4 any threshold for 
light-dust 
interaction
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Sub. Requirements of 4.2.2: beam pipe pressures
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Req.  ID Req. name Responsible Description/note Link to other requirements

4.2.F.2.1 Margin factor LF Depends on the other 
noises of the noise 
budget and margin for 
future upgrade

4.2.F.2.2 Margin factor HF

4.2.F.2.3 Partial pressure H2 Pumps speed, outgassing rate, 
steel thermal treatments

4.2.F.2.4 Partial pressure H2O pumps speed, Bake-out 
temperature, max temp in the 
tunnel

4.2.F.2.5 Partial pressure N2

4.2.F.2.6 Partial pressure CO

4.2.F.2.7 Partial …..

4.2.F.2.8 Pressure uniformity Space between pumps, number 
of recesses A. Grado INAF/INFN



Interface requirements
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Req.  ID Req. name Responsible Description/note Link to other requirements

4.2.I.1 Vacuum chamber limitation
in size and weight

Tunnel diameter

4.2.I.2 Maximum heating power
allowed in the tunnels

ventilation

4.2.I.3 Maximum available
electrical power available in 
the tunnel for bakeout

4.2.I.4 Maximum footprint
available for vacuum pipe 
supports

Tunnel diameter

4.2.I.5 Expected moisture level in 
the tunnel.

ventilation

4.2.I.6 Maximum allocated
pumpdown time.

4.2.I.7 Building size for thermal 
treatment and cleaning

4.2.I.8 Electrical charges on optics
coming from ion pumps



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 9

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

LARGEST UHV VOLUME



ET beampipe vacuum system
Assuming a Virgo approach and ~ 3 years for the production

• 13000 t of raw steel 
• 8000 modules 15 m long (including the bellow for thermal expansion)
• 8 modules/day production (includes leak and extensive  quality control checks)
• 240 pumping stations (5000 l/s effective, ionic, getter, ausiliary turbo molecular)
• 720 gate valves (250 mm)
• add flanges every 250 m?
• 48/72 gate valves (1 m diameter)
• 10 ovens (each 4 modules at times)  operating ~3 years 24/7 for air-firing
• 4 cleaning systems 
• Bakeout  (2G heat dissipation is ≈ 250 W/m @ 150°C )

Just scaling the Virgo vacuum costs to ET it would requires 

> 560 Meuro !!  Needed new materials, process production, treatments to reduce the cost
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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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2 M. Zucker

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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S. E. Whitcomb. Optical pathlength fluctuations in an interferometer due to residual gas. Technical 
report, California Institute of Technology, October 1984. 



Pressure profile along the tube due to tube conductance
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H2O partial pressure variation factor: 
~3 (assuming specific outgassing rate 
5.3e-15 mbar l s-1 cm-2)

500 m

P(z)= Pmin+Q*(z/(C*L)-z2/(2*C*L2)

L

qH2 = 1.9 10-14 mbar*l/(s*cm2)

qH2O = 5.2 10-15 mbar*l/(s*cm2)

1 10-10 mbar

5 10-11 mbar

https://www.sciencedirect.com/journal/vacuum/vol/23/issue/8


A factor 2 improvement 
with a refined calculation 
considering the proper 
pressure profile in the tube  

A. Grado et al. AIV conference on vacuum, 2022.

ET beam pipe vacuum 
requirementsA margin of 10 at low frequency 

can be achieved with pumps 
spacing of 1660 m



Margins due to gas fluctuations
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Pumping 5000 l/s every 500 m

ET-LF (@ 24 Hz) ET-HF (@ 272 Hz)

Ratio ET-D/numerical for H2O 22 11

Ratio ET-D/numerical for H2 35 18

Total margin (H2 +H2O) 19 ~10

ET-LF (@ 24 Hz) ET-HF (@ 272 Hz)

Ratio ET-D/numerical for H2O 22 12

Ratio ET-D/numerical for H2 34 17

Total margin (H2 +H2O) 19 ~10

Pumping 2100 l/s every 200 m (getter ?)

A. Grado INAF/INFN

qH2 = 1.9 10-14 mbar*l/(s*cm2)

qH2O = 5.2 10-15 mbar*l/(s*cm2)



Pumping system and recesses
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We need to minimize the overall cost.

To accommodate pumping stations we need to create 
recesses (alcove) along the tunnels

How much it costs a recess?

Minimizing the number of recesses increase the pumping size and reduce 
the pressure uniformity in the pipe.  

usage of getter pumps with reduced pumps spacing integrated in 
the tube 

pros: no mechanical noise, no electrical power (only during 
activation and regeneration), very small

cons: increase cost, lower reliability, to be evaluated scattering 
issues



Large valves and recesses
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48 large valves to isolate cryotraps

+ ?

24 large valves to section the tube every ~ 3 km
To 
• simplify the bakeout
• Leak detection
• speed up the AIV

These valves (from VAT) on request can work 
horizontally

1564 mm

27
89

 m
m



Corrugated tubes
Pro
• less material
• Easier to handle
• Easier to dehydrogenize
• Less expensive backout
Con
• Corrosion issue
• To be evaluated  the effect of large amplitude tube/baffles 

oscillations on scattering

17

1 mm ↔ 61.5 N 

3600 m
m

1 mm ↔ 425 N 
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Modal analysis
 is 

on th
e “to

 do” li
st
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Thermal effects due to bake-out
What is the increase in temperature we can accept in the tunnels due to 
in-situ bake-out?
What is the cost impact on the ventilation system? 

(by the way where is placed the ventilation system?)

For corrugated tube 

• Heating by Joule effect
• Internal wall resistance (r(150 °C) ~ 8.3E-7 W.m): 

R ~ 0.25 W/km
• Dissipated power: 55 kW/km (20 cm insulation)

• Intensity ~ 470 A
• Voltage drop ~ 120 V/km 

• Return:
• By copper cable, radius ~ 15 mm to get 

factor 10 lower electrical resistance
• Other structural conductive material (rail?)
• By another vacuum line

For tick tube 10 days, 150 deg bakeout, 20 cm tick insulation

Calculation by Cedric Garion CERN 

….In this configuration, delivering 300 W per meter of tunnel, in 
absence of ventilation, a very crude estimate considering a 6 m 
aperture tunnel, drilled in isotropic rocks – assumed ρ = 2500 
kg/m , k = 2.0 watt/(m K), C = 800 joule/(kg K) – gives an increase
of room and wall temperature by about +13◦C after a 10 days
bake-out. 

Design Report Update 2020



20On ET-TDS: ET-0240A-22



21



22



23
M a r c  A n d r é s  C a r c a s o n a 13

E S T I M AT I O N  O F  T H E  S C AT T E R E D  L I G H T  N O I S E

7

S E I S M I C  N O I S E

The median noise curve of the Euregio site at 250 m underground is used. The data is extracted from Class. Quantum Grav. 39 (2022), 
025008 and we compare it to a representative noise from Cascina extracted from Galaxies (2022), 10(1), 20.
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D I F F R A C T I O N  N O I S E S  F O R  D I F F E R E N T  S E R R AT I O N S
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Parallel sections on 
18/10 15.30 to 19.00 and 19/10 09.00 to 12.30 
Main goal of the parallel sections is:
• discuss about beam pipe functional and interface requirements. 
• update the preliminary list of requirements
• Define a responsible for each requirement
Prioritize requirements:

• Beam pipe diameter
• Pressure level
• Tunnel diameter 

During the parallel sections would be very useful to have people from:
- Optic division

- Scattered light
- Optical design ?

- Vacuum&Cryogenics
- Towers

- Infrastructures
- Underground works
- Surface infrastructures

- Sensitivity curve
25



Requirements control
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• For a such big project keep under full control the requirements may 
be not easy. Should we adopt since the beginning some specific tool 
to do that?

Example:



Thank you for the attention
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