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Monumental success of advanced Gravitational Waves 
Detectors (GWDs)

A. Cho, Science 371, 1089 (2021)

2015 The first detection of the GW emitted by

the coalescence of a binary system of black holes

2017 The first detection of the GW emitted by

the coalescence of a binary system of Neutron stars

New era, new way to observe the Universe

→ gravitational wave astronomy
→multi-messenger astronomy
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Monumental success of advanced Gravitational Waves 
Detectors (GWDs) →What next

Einstein Telescope

The Dark Age

First Astronomical 
Objects Form

1000 100 10 1

1 + Redshift (Z)

One of the primary science targets
of ET is to access the 1-10Hz
frequency range

low frequency → high red-shift 
Image adapted from https://www.einstein-telescope.it/en/the-science-of-et/#frontiers-universe
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ET design principia ET Steering Committee Editorial Team, Design Report Update (2020)

Extended and increased detection sensitivity

Primary science target → low frequency

• Longer arms to improve wide band sensitivity

@ ~ -200 m

The final possible configurations of ET are a triangle of

10km of side and a 2L-45° 15km arm
(«The Science of the Einstein Telescope», Adrian Abac
et al, arXiv:2503.12263 [gr-qc])

• Underground to minimize the impact of
seismic, Newtonian and environmental noises

• 2 interferometers for the detector
• ET-LF for the low frequencies (2 - 50 Hz)
• ET-HF for high frequencies

→ Cryogenic optics (10 K) to
minimize thermal noise in ET-LF

Non-trivial technological 
challenges
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The largest vacuum system in the World The largest vacuum system in the World 

Stringent vacuum requirements:
5×10-11 mbar for H2, 5×10-12 mbar for N2, 10-11 mbar for H2O and less than 10-14 mbar for Hydrocarbons

128/129 vacuum/in air
towers to be realized,
transported, mounted

More than 120 km of vacuum pipes (about 10.000 modules
12m long ~1 m diameter, total volume 9.4×104 m3)
Modules to be realized, thermally treated, cleaned, transported,
mounted and evacuated
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Vacuum is one of the most advanced 
technologies developed for the accelerators

Clear synergies in vacuum, cryogenics 
plants and installation between ultimate 

accelerators and GW Observatories
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Static and dynamic vacuum in accelerators

Base vacuum level:

- System layout
- choice of materials, manufacturing, cleaning
procedures and/or treatment
- pumping systems and related diagnostics
(gauges, mass spectrometers,...)

Vacuum level during operation:

Accelerators’ walls interact with photons,
electrons and ions, perturbing vacuum base level
due to pressure rise, outgassing and heat load



• Installations and running of huge vacuum and cryogenic systems

• Joints, flanges, valves etc. R&D

• Pumps and diagnostic (gauges, mass spectrometers and related 
R&D)

• Vacuum calculations

• R&D on new materials, material’s coatings and/or surface 
treatments to reduce surface degassing to limit vacuum pumps 
and contain vacuum costs! 

Common standard vacuum issues
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CERN contract to chose the ET vacuum pipe system

ET-0005A-25 – Vacuum pipe design - https://apps.et-gw.eu/tds/ql/?c=17732 
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 Kapton® insulated 
       coaxial cable
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10 m long → total surface ~ 430 m2

RGA

H2O
CO/N2

CO2

Outgassing and RGA data for a commercial Kapton 

insulated coaxial cable, suitable for cryogenic applications. 
(data to be published)

LATINO
Outgassing Facility @LNF
(based on Throughput Method)
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Test on materials and assemblies to qualify
and quantify outgassing properties.
→ assess their use/compatibility to the
towers and beampipes’ vacuum.
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Static and dynamic vacuum in accelerators

Base vacuum level:

- System layout
- choice of materials, manufacturing, cleaning
procedures and/or treatment
- pumping systems and related diagnostics
(gauges, mass spectrometers,...)

Vacuum level during operation:

Accelerators’ walls interact with photons,
electrons and ions, perturbing vacuum base level
due to pressure rise, outgassing and heat load



Unconventional accelerators 
issues: dynamic vacuum in 
cryogenic environment
o Particles beam interactions with residual gases in the

vacuum chamber → reduced beam lifetime and/or
emittance growth

o Inner wall surface properties of the vacuum chamber, in
particular electron induced desorption and electron yields,
are critical:

High desorption yields → pressure runaway

High electron yields → electron cloud formation
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e- cloud formation
Generation of electrons 

inside the vacuum chamber 
(primary, or seed, electrons)Photoelectrons from 

synchrotron radiation 
Desorption from the wall

Residual gas ionization

Electrons from ion pumps and gauges Electrons from 
cosmic rays  etc... 

• Acceleration of primary 
electrons in the beam field

• Secondary electron production 
when hitting the wall

The presence of an e-cloud inside an accelerator has consequences on the machine (pressure
rise, outgassing, heat load, etc.) and on the beam→ Needs to be mitigated!
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Secondary Electron Yield

Electron mean free path up to ~10 nm 

Incident electrons 
current (Ip) Emitted electrons 

current (Iout)

SEY is an intrinsic surface 
property of materials 

𝑆𝐸𝑌 = 𝛿 =
𝐼𝑜𝑢𝑡
𝐼𝑖𝑛

=
𝐼𝑝 −𝐼𝑠

𝐼𝑝
= 1 -

𝐼𝑠
𝐼𝑝

SEY depends on the electron impinging energy and on surface conditions 
R.Cimino et al PRL 2004
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Can the competences developed 
to tackle unconventional 

“dynamic” vacuum be of some 
use for the running of existing 

and future GW interferometers?
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Mandatory: to reduce as much as possible the base 
pressure to limit frost formation on surfaces

→ By optimizing material 
choice, manufacturing 

processes, post-processing 
treatments

→ The choice of materials (and their treatments) is
critical to limit the traces of low-volatile organics,

potentially cryosorbing onto optical surfaces
and directly degrading ET performances.

For all the components installed inside 
the towers and the warm areas

Saturated vapour pressure from Honig and Hook (1960) 

ET-LF towers: cryogenic vacuum system



Issues in cryogenic Gravitational GWDs

o Cryosorption on cold optics (frost)

o Electrostatic charge of mirrors
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Frost on optics

27/03/2026 V Giornata Acceleratori L. Spallino (LNF-INFN) 18

From KAGRA experience
H. Abe et al., Galaxies (2022) 

Dramatic effects on thermal and 
optical properties due to 

molecules’ cryosorption on cold 
optics 

Frost formation

S. Tanioka and Y. Aso, Optic Express (2021) 

RT LT

Optical loss due to 
scattering and absorption

Water Layer Thickness [m]

• reflectivity gets affected,
already after ~100 nm of H2O
ice

K. Hasegawa et al., Phys Rev. D (2019) S. Tanioka et al., Phys Rev. D (2020)Heat load due to optical 
absorption

• ET maximum thermal budget
(~1 W) is expected to be
exceeded already after ~10
nm of H2O ice!!!

Simulations on ET indicate:



Charging on optics

27/03/2026 V Giornata Acceleratori L. Spallino (LNF-INFN) 19

• Charging:

o Interferers with optical position control

o Causes accumulation and motion of charges, generating fluctuating electric fields that 

could move the test mass at frequencies in the interferometer's sensitive band

o Attracts dust, reducing reflectance, increasing scattering and absorption

Electric field noise coupling to 
test mass motion

From LIGO and Virgo experience

Particles escaping Ion pumps 
(and/or UV and/or 
soft x-ray emission)

Residual charged particles 
from First Contact removal

Unknown? 
Still quite mysterious

Possible sources: Agilent Technologies Inc.

D. Ugolini and C. Walker. Internal LIGO 
Technical Note G0900132-v1, 2009. 

https://www.agilent.com/cs/library/technicaloverviews/public/5991-9269EN_IGP_TechnicalOverview.pdf


Charging mitigation at a-LIGO 
(Room Temperature)

D. Ugolini et al., Rev. Sci. Instrum., 82, 046108 (2011)Mirror exposure to some tenth of mbar of a N2 plasma for a long time (~1 h)

If the LIGO neutralization method will be applied at 
cryogenic temperature, a significant layer (~m) of the 

injected N2 will be cryosorbed on the mirror surface
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Can we use electrons to 
mitigate charging and remove 

frost?
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L. Spallino et al., Phys. Rev. D, (2021) 

L. Spallino et al., Phys. Rev. D, (2022)
L. Spallino et al., Vacuum, (2025)

Electron Stimulated Desorption (ESD) 

yields of different ices deposited on a 
cold (T=14 K) substrate.

Low energy electrons irradiation is compatible 
with cryogenics and efficiently cure frost 

formation!!!e-

Using low energy electrons to remove frost

Low energy electron irradiation: a lesson from 
accelerators’ vacuum! R. Dupuy et al., Nature (2018)

R. Dupuy  et al.  J. Appl. Phys (2020)



Using low energy electrons to neutralize 
electrostatic charging: a proof of principle

Secondary Electron Yield
SEY=Iout/Ip

Incident electrons 
current (Ip)

Emitted electrons 
current (Iout)

The energy of the incident electrons can be opportunely 
tuned to neutralize positive and negative charges on the 

mirror’s dielectric surface
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LNF-INFN MaSSlab “Material and Surface 
Science laboratory”



Electrons of variable but low energy (up to few hundreds eV) can neutralize
unwanted electrostatic charge on test mass mirrors. Low energy selected
electrons can indeed compensate charges of both polarity on mirror optics.

Energy resolved electrons can be used to cure 
frost and charging on cryogenics optics!

LNF-INFN MaSSlab “Material and Surface 
Science laboratory”
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SEY=Iout/Ip

L. Spallino et al., Phys. Rev. D, (2021) 

L. Spallino et al., Phys. Rev. D, (2022)
L. Spallino et al., Vacuum, (2025)

Comparison of SEY and charging/discharging 

measurements on samples representative for mirror 
coatings, at RT and 10 K.

Experimental 
validation

Activity in progress
Proof of concept

LNF-INFN MaSSlab “Material and Surface 
Science laboratory”

Electron Stimulated Desorption (ESD) 

yields of different ices deposited on a 
cold (T=14 K) substrate.

e-



Summary

• There are many conventional vacuum issues in common between GWO and
Accelerators

• There are also some “unconventional” vacuum studies where both communities
can learn from each other

• A lot of R&D is ahead and have to be tackled to implement the final design of
new GWDs

• A synergic R&D will be mutually beneficial to both communities, and a wider and
closer collaboration should be fostered.



Thanks to the team at LNF
M. Angelucci, A. Liedl , R. Cimino

and to P. Chimenti, M. Pietropaoli, V. Sciarra and G. Viviani

Thank you for your attention!
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