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ET: 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

3A. Grado INAF/INFN



ET beampipes 
requirements
• Since January we have regular by-

weekly teleconf
• We are writing a requirement 

document on beampipe
https://www.overleaf.com/read/xxhqmbh
zyqwk

Huge work done by Mario and his 
group on light scattering 
• tube diameter
• Baffles size and distribution in the 

beampipe

https://www.overleaf.com/read/xxhqmbhzyqwk


ET beampipes requirements

• Tube diameter ~ 1m
• Total lenght 120 km
• Material ?(2G detectors: SS 304L or 316L, 3G ?)
• Life time: 50 years
• Cost: ~ 560 Meuro (only the beam pipe vacuum 

system)

5

A.
 G

ra
do

 e
t a

l. 
J. 

Va
c.

 S
ci

. T
ec

h.
 B

 4
1 

02
42

01
 (2

02
3)

Surface: 3.8x105  m2

Volume: 9.4x104 m3

([l/s])19 where T is the temperature in kelvin, M is the molecular
mass, and D and L are expressed in cm. The pressure profile
along the tube can be easily derived as the solution of a second
order differential equation describing the balance of fluxes and
is given in Eq. (2),

P(x) ¼ Pmin þ
2Q
C

x
L
# x2

L2

! "
: (2)

Taking into account this pressure variation in Eq. (1), we have
derived the new values for the partial pressure for both ET-LF and
ET-HF. In the calculations, we have assumed as detector parame-
ters those reported in Table II.

The noise contribution has been calculated in two ways:

• by numerical integration of Eq. (1) assuming a pressure profile
calculated with Eq. (2),

• by a first order expansion of the exponential function in Eq. (1),
assuming a constant pressure equal to maximum partial pressure
values. This is the method adopted in the ET Design Report.

In Fig. 1, we show the residual gas noise contribution in the cases
of hydrogen and water, the two main gas species expected in the
pipe, for both high and low frequency interferometers. The noise
curves have been obtained assuming pumping station set with a
distance periodicity of 500 m, an effective gas independent
pumping speed of 5000 l/s, a hydrogen outgassing rate of
1:9$ 10#14 mbar l/(s cm2), and a water outgassing rate of
2$ 10#15 mbar l/(s cm2). The assumed values of the specific out-
gassing rates are chosen in such a way as to have maximum pres-
sures in the vessel equal to the values reported in Table II.

In Table III, we report the noise contributions at the frequency
of highest detector sensitivity in the low frequency (24 Hz) and
high frequency bands (272 Hz), for hydrogen and water. In the
same table, we report the ratio ET-D to residual gas induced noise
obtained by the numerical calculation, being ET-D the reference
sensitivity curve of ET.

In Fig. 2, we show the total noise due to gas pressure fluctua-
tion assuming that the gas composition is a mixture of hydrogen
and water according to the specific outgassing rates previously
specified. This gives the beam pipe gas contribution to the ET
noise budget. At the frequencies where the high and low frequency

detectors sensitivity are highest, the ratio between the total noise of
ET and the contribution given by the residual gas fluctuations are
10 and 21, respectively, while with the approximated calculation are
7 and 19.

V. DISCUSSION AND CONCLUSION

In the paper, we describe the vacuum system of the third gen-
eration gravitational wave detector Einstein Telescope, which will
be among the largest UHV system in the world. After a short
review of what has been done for the operating second generation
detectors, we give a description of the main components of the ET
beam pipe vacuum system assuming a Virgo construction approach
and we give an idea of the degassing thermal treatments required
if, as Virgo, austenitic stainless steel is used. It comes out that one
of the main challenges for the ET vacuum system is the optimiza-
tion of the design and construction in order to minimize the cost.
Since one of the expensive and time-consuming processes is indeed
the de-hydrogenation of the steel, we are pushed to search for
materials for which the procedure to deplete the hydrogen is less
invasive or even not needed as could be the case of ferritic steel, as
discussed at the LIGO-NSF Workshop on Large Ultrahigh-Vacuum
Systems for Frontier Scientific Research Instrumentation.20

The main requirement for the design of a vacuum system for
GW detectors is related to the contribution to the total noise due
to the residual gas pressure fluctuation. Here, we presented a more

TABLE III. Residual gas pressure noise contributions due to hydrogen and water.
The values are obtained with approximated and numerical calculation and reported
at 24 and 272 Hz, the frequency of highest sensitivity for ET-LF and ET-HF, respec-
tively. The ratio ET-D to gas pressure noise obtained with numerical calculation, for
hydrogen and water, is reported in the last two rows.

ET low freq. ET high freq.

H2 approx. (1=
ffiffi
(

p
Hz)) 2.6 × 10−26 2.7 × 10−26

H2 num. (1=
ffiffi
(

p
Hz)) 2.9 × 10−26 2.4 × 10−26

H2O approx. (1=
ffiffi
(

p
Hz)) 3.7 × 10−26 3.6 × 10−26

H2O num. (1=
ffiffi
(

p
Hz)) 2.9 × 10−26 2.3 × 10−26

ET-D/num. for H2 30 (@24 Hz) 14 (@272 Hz)
ET-D/num. for H2O 19 (@24 Hz) 9 (@272 Hz)

FIG. 2. Noise contribution due to the fluctuations of the residual gas pressure
in the hypothesis of hydrogen and water gas composition. The red lines are the
ET sensitivity curves, the black ones are the noise contribution due to the gas
fluctuation computed by numerical integration of Eq. (1), the dashed lines are
calculated using the linear expansion of the exponential function.

ARTICLE avs.scitation.org/journal/jvb

J. Vac. Sci. Technol. B 41(2) Mar/Apr 2023; doi: 10.1116/6.0002323 41, 024201-5

Published under an exclusive license by the AVS
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Contribution of the 
residual gas to the ET 
noise



ET requirements: beampipe partial pressure for gas species

ET-HF: 5000 l/s pumps
500 m pumps distance

ET-LF: 5000 l/s pumps
2000 m pumps distance
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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:	
	

∆ ! = ℎ! ~  ! ∙ 4!
!!"!!!!"#!
!!!  
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4000!

!
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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 
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Gas optical 
polarizability
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Study on materials: the hydrogen problem

H.J. Bulten – Elba, GWADW May 2023 14

Hydrogen outgassing from steel, different trapping mechanisms

Different mechanisms to trap hydrogen, can be numerically modeled. From F. Berg, Tata steel, and the ETT-WP2 project. 
See also e.g. Robert F. Berg; Journal of Vacuum Science & Technology A 1 May 2014; 32 (3): 031604. 

Material H content H diffusivity Corrosion 
resistence

price

Austenitic High Low high high

Wild steel Low High low low

Ferritic Low High Can be high intermediate

different H trapping mechanisms



On going project on ET beampipe materials 
Outgassing and (cryo) pumping at KIT (Karlsruhe)

x Outgassing test facility: OMA

N. Van Remortel, University of Antwerpen 10CERN BPV workshop, 17/03/2023

K. Battes, Chr. Day, S. Hanke, …

Ongoing activities:
• Comparison out outgassing rates with those measured at CERN
• Exchange of samples between CERN and KIT
• Asessment of pumping speed vs outgassing rate

x Outgassing for mild steel:



Material properties and selections @ NIKHEF

x Financed R&D project between NIKHEF, TATA steel and VDL ETG
x Material inventory and selection:

x Stainless steel
x Low carbon steel
x Aluminium

N. Van Remortel, University of Antwerpen 14CERN BPV workshop, 17/03/2023

On going project on ET beampipe materials 



ETIC-CALATIA – Vanvitelli: R&D on new method to measure hydrocarbon
partial pressure

Selective and sensitive measurements of trace amounts
of hydrocarbons in UHV environments by means of 
comb-assisted Cavity Ring-Down Spectroscopy (CRDS)
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CRDS detection
of H2

18O in 
nitrogen at the 

ppb level

Prof. L. Gianfrani, Prof. A. Castrillo, E. Fasci, E. Tofani, A. Grado



V. Mennella, A. Grado, F. Cozzolino, E. Zona

Cosmic Physics Laboratoy - INAF OAC Naples

● Of relevance in cosmic dust studies is the attribution of the
so called 3.4 µm band due C-H aliphatic bonds, observed in
the ISM, comets and meteorites. A similar band is also
characteristic of hydrocarbon contamination in UHV
systems.

ETIC-CALATIA: Study of hydrocarbon contamination on surfaces in UHV systems

Goals of the project 
• define a method/procedure to asses the 

hydrocarbon contamination of the steel used to 
build the beampipe 

• Measure the sticking factor to study the ice 
formation on cold surface in ET-LF

A. Grado INAF/INFN

Setup where the cryostat will be installed



ETIC-CALATIA - Evaluation of Surface Contamination

A. Grado, L. Limatola, F. Getman, F. Cozzolino

The RMS of the work function of surfaces
depends on their contamination (Patch
effect).
We aim to develop a surface work function
measuring system made of a cleaning device
(using an ion gun) and a work function
measurement device (using a Kelvin Probe) to
determine at which level the patch effect can
assess the surface contamination.

Kelvin probe

Ion gun

sample

MATERIALS SCIENCE AND TECHNOLOGY 1485

Figure 4. An example of SIMS analysis: hydrogenmapping from the Al-based layer-coated surface of a type 304 austenitic stainless
steel. (a) Quantitative relationship between ion intensity and hydrogen content. TDA: thermal desorption analysis [65]. cps: count
per second. IHN: net intensity of hydrogen. (b) Depth profile of ion intensity [49]. Hydrogen segregates at the Al/Al-Fe interface.
‘Reproduced with permission from Int. J. Hydrogen Energy, 38, 10152 (2013) and 40, 10336 (2015). Copyright 2013&2015, Elsevier’.

Figure 5. A schematic illustration of a setup for scanning Kelvin
probe (SKP) mapping [22]. KP: Kelvin probe. Uext: applied exter-
nal bias. Iac: ac-current resulting from harmonic modulation of
the capacitance. !ψKP

sample: difference between Volta poten-

tials of the KP and the sample. ‘Reproduced with permission
from Electrochem.Acta,53, 290 (2007). Copyright 2007, Elsevier’.

at high spatial resolution [24,50,66]. Figure 5 shows
a schematic illustration of a SKP analysis. Under cer-
tain conditions, such as when a palladium detection
layer is used [24,66] (see also Section ‘Multi-scale and
high spatial resolution hydrogenmapping’), the probed
surface potential of a sample can be calibrated to pro-
vide direct correlation with the local hydrogen con-
centration. In such as case SKP mapping is capable
of revealing the hydrogen distribution on sample sur-
faces. More speci!cally, the surface potential decreases
with increasing hydrogen content [66]. Also the poten-
tial mapping directly on the passive !lm of steels or
aluminium provides information about hydrogen dis-
tribution inside thematerial. For instance, the hydrogen

distribution in the vicinity of a pit formed in an MgCl2
droplet in a UNS S46500 precipitation-hardened stain-
less steel could be resolved with high spatial resolution
as shown in Figure 6. Since the potential around the
pit is locally low as shown in Figure 6(b), this result
indicates that the MgCl2 droplet enabled formation of
hydrogen during the pitting.

Multi-scale and high spatial resolution
hydrogenmapping

A wide range of spatial resolution regimes has become
accessible through the use of various types of hydro-
gen mapping techniques as shown in Table 1. To
realise even nm-scale microstructural hydrogen map-
ping, atomic force microscopy-based SKPFM has been
applied instead of SKP [11,23,25,67]. Since SKPFM is
not equipped with a reference electrode and switching
to a suitable reference is di"cult to achieve during scan-
ning a given area of the investigated sample, the values
obtained are not calibrated. This prevents exact hydro-
gen quanti!cation, as it is possible when conducting
SKP on Pd coated samples (see [24,66]). However, the
potential contrast within the scanned area and the rela-
tive changes in that contrast can provide valuable infor-
mation about the locally evading hydrogen. In a recent
study involving SKPFM, a pronounced improvement in
hydrogen detection was accomplished by coating the
specimen surface with a thin 100-nm palladium layer
serving as a bu#er and storage material as schemat-
ically shown in Figure 7(a–c). The two main aspects
that are currently under investigation concerning the
use of the atomic force microscopy-based SKPFM in
conjunction with the use of a palladium coating are as
follows:



• Degassing stations @ EGO  - A. Pasqualetti, J. Gargiulo
• Set up of a degassing station at the Astronomical Observatory in 

Naples (INAF OAC) to study materials for the beampipe  
– A. Grado, V. Mennella, F. Cozzolino,

Investigation of steel with low H2
outgassing rate in order to 
reduce/avoid air-firing that would be
too expensive for ET 

Outgassing station @EGO
Courtesy A. Pasqualetti

ET-Italia/INAF: Study of low outgassing materials suitable for UHV vessel 

Expected first results in the next 6 
months

Outgassing station 
currently under 
construction @ INAF 
Capodimonte



Thank you for the attention
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Scanning Kelvin Probe to map hydrogen content

Recent progress in microstructural hydrogen mapping in steels. Koyama et al. 2017, Materials Science and Technology, 33:13, 1481-1496 

1486 M. KOYAMA ET AL.

Figure 6. Diffusible hydrogendistribution at a pit visualisedby SKP [50]. (a) The schematic shows adroplet pre-exposure on a surface
with the location of the cross-section cut depicted in (b). (b) SKP potential map obtained on a UNS S46500 precipitation-hardened
stainless steel. The SKP measurement was carried out on a cross-sectional area of the specimen containing the pit as shown in (a).
‘Reproduced with permission from Electrochem. Comm., 63, 6-7 (2016). Copyright 2016, Elsevier’.

(i) The chemical potential of hydrogen in palladium is
much lower than that in steel. Therefore, the palla-
dium stores the hydrogen that di!uses out of the
steel microstructure and serves, hence, as a detec-
tion or respectively bu!er layer. This e!ect still
allows visualisation of the location of the hydro-
gen accumulation even after larger time delays, as
lateral di!usion of hydrogen inside the Pd layer is
inhibited as consequence of its nano-crystalline fcc
structure [24].

(ii) Themicrostructure-dependent formation of locally
di!erent oxide "lms on the surface of the sample
under inspection complicates establishing the rela-
tionship between the surface potential detected by
atomic force microscopy SKPFM and the result-
ing hydrogen concentration values. This was up to
now a critical problem for corresponding Kelvin
probe hydrogen probing techniques but the use of
palladium coatings has resolved this problem as
its bu!er e!ect collects the locally evading hydro-
gen independent of the nature of the underlying
oxide, reliably accumulating it over a certain time
constant [24].

As a result, the use of SKPFM enables measure-
ment of hydrogen down to a scale below 0.01 atomic
ppm at a spatial resolution of several tens of nanome-
tres [25]. Figure 8(a) shows an example of a SKPFM
measurement in an austenite/α′-martensite dual-phase
microstructure. Here, low-potential regions appear in
the α′-martensite. Moreover, additional low-potential
regions are observed at themartensite–martensite grain
boundaries as indicated by arrows. Hence, hydrogen
localises on the martensite–martensite grain bound-
aries. Correspondingly, hydrogen-assisted damage was
observed at the martensite–martensite grain bound-
aries [17].

The silver reduction and decoration technique
schematically shown in Figure 9 is helpful as a

more qualitative hydrogen detection method to sup-
plement the quantitative SKPFM results for the fol-
lowing reasons: Silver decoration is a technique that
utilises a hydrogen-driven reduction reaction of sil-
ver ions from a potassium silver cyanide aque-
ous solution on the specimen surface, which easily
enables multi-scale observation of hydrogen distri-
bution from microstructure-interfacial segregation to
sub-mm-scale hydrogen partitioning. This approach
is particularly helpful when aiming at "rst iden-
tifying preferred hydrogen storage positions in the
microstructure which then can be subjected to higher
locally resolving or more quantitative probing meth-
ods. Figure 8(b) shows an optical micrograph of the
same steel microstructure as in Figure 8(a). In the
optical micrograph, silver particles appear as black (in
this case, di!usible hydrogen localises inside the α′-
martensite), visualising hydrogen partitioning. Further
magni"cation of the image using scanning electron
microscopy indicates hydrogen segregation onmarten-
site/martensite grain boundaries as indicated by the yel-
low arrows in Figure 8(c). In such cases the silver dec-
oration technique can be coupled with SKPFM, since
both methods allow to detect hydrogen that evades
from the surface with high microstructural sensitivity.
Regarding kinetic resolution, it should be noted that
the silver decoration technique is capable of detecting
di!usible hydrogen also at high e!usion rates already
at early stages immediately after hydrogen charging.
In contrast, the SKPFM is preferentially suited for
studying lower e!usion rates at later stages, as it takes
some time before the "rst measurement can be started.
Therefore, a combined use of silver decoration and
SKPFM enables ‘multi-time and multi-scale’ hydrogen
mapping with complementary information regarding
e!usion kinetics.

The maximum attainable spatial and chemical res-
olution for resolving the position of hydrogen can be
achieved by APT (Figure 10). This method combines


