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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

Mirror ——s.

—> gravitational wave astronomy I e
- multi-messenger astronomy
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Image adapted from https://www.einstein-telescope.it/en/the-science-of-et/#frontiers-universe
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ET Steering Committee Editorial Team, Design Report Update (2020)

Extended and increased detection sensitivity
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Primary science target = low frequency

Einstein GW *. _
Telesgope

* Longer arms to improve wide band sensitivity
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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])

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

M - 2 interferometers for the detector

* ET-LFfor the low frequencies (2 - 50 Hz)
e ET-HF for high frequencies

Non-trivial technological
challenges
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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 9.4x10* m?3)

Modules to be realized, thermally treated, cleaned, transported,
mounted and evacuated

| ——

Stringent vacuum requirements:
5x10*! mbar for H,, 5x101? mbar for N,, 101! mbar for H,O and less than 10 mbar for Hydrocarbons
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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

27/03/2026 V Giornata Acceleratori L. Spallino (LNF-INFN) 6



Static and dynamic vacuum in accelerators

Base vacuum level: Vacuum level during operation:

- System layout Accelerators’” walls interact with photons,
- choice of materials, manufacturing, cleaning electrons and ions, perturbing vacuum base level
procedures and/or treatment due to pressure rise, outgassing and heat load

- pumping systems and related diagnostics
(gauges, mass spectrometers,...)
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Common standard vacuum issues

* |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!
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ERN contract to chose the ET vacuum pipe system

ET-0005A-25 — Vacuum

pipe design - https:

Pre-prototyping
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Study of selected mild steels for application in
vacuum systems of future gravitational wave
detectors @

Cite as: J. Vac. Sci. Technol. B 42, 054202 (2024); doi: 10.1116/6.0003820
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Published Online: 2 August 2024

Study of the UHV compatibility of selected ferritic
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LATINO «OUTGASSING RATE SYSTEM» AT LNF-INFN

Separation Valves Residual Gas Analyzer

Mass Range: 200 amu
__resolution: 2x1 04 mbar

«High Outgassing Chamber»

L=300 mm Max P, =10 mbar
$=200 mm \
Control System
Measure
Chamber

«Low Outgassing Chamber>
h=500 mm
¢=250 mm

Size: ~2x1.5 m?[

LATINO (Laboratory in Advanced Technologies for INnOvation) is a cofunded project (INFN-Regione Lazio) - Call “Open Research Infrastructure”

Features
= Highatrength Kapeon®

type-F fim
* Shvar-plated copper conductons
* Single, multi-strand and conxal
» Cryogenk instrumentation wire
» Type-K thermocouple wire
* UHV-compatible construction

* High-temperscure rated
w0 260°C

10 m long = total surface ~ 430 m?
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Connectors and cables
In-vacuum wiring — Kapton® insulated

-4:

Specifications

10

e Kapton® insulated
5 coaxial cable
— Fitting curve
—+— Background
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269°C

Total outgassing rate (mbar - | - s
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LATINO

Outgassing Facility @LNF
(based on Throughput Method)

Istituto Nazionale di Fisica Nucleare

Test on materials and assemblies to qualify
and quantify outgassing properties.

- assess their use/compatibility to the
towers and beampipes’ vacuum.

Outgassing and RGA data for a commercial Kapton
insulated coaxial cable, suitable for cryogenic applications.
(data to be published)
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Static and dynamic vacuum in accelerators

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

Electrons from ion pumps and gauges —~— Generation of electrons Electrons from

-> inside the vacuum chamber " cosmic rays etc...

Photoelectrons from (primary, or seed, electrons) \
synchrotron radiation /

Residual gas ionization

Beam chamber

* Acceleration of primary
electrons in the beam field

e Secondary electron production

when hitting the wall

Bunch spacing (e.g. 25 ns) Time

The presence of an ecloud 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

"Universal" Curve:
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SEY is an intrinsic surface

property of materials
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Incident electrons

current (Ip) Emitted electrons

current (l,,)

Electron mean free path up to ~10 nm

SEY depends on the electron impinging energy and on surface conditions
R.Cimino et al PRL 2004

R. Cimino et al., Phys. Rev. Lett., (2012) 20 ettt e Cu as
R. Cimino and T. Demma, Int. J. of Modern Physics A, [ “"w\I;eceived
(2014) | "'vv Y¥ T Y Yvyyy v, ‘\"‘_,‘

15 y M ha S

"Cu partially
scrubbed

R. Cimino et al., Phys. Rev. Lett., (2015)

R. Cimino et al., Phys. Rev. Special Topics - Accelerators

and Beams, (2015) o
M. Angelucci, et al., AIP Advances (2017)

L. Spallino et al., Appl. Phys. Letters, (2019)

I Cu fully scrubbed
1.0 ¢

Contribution

. . I of secondaries
M. Angelucci, et al., Phys. Rev. Res. Rapid Comm. (2020) 05 L to &
L. Spallino et al., Phys. Rev. Accelerators and Beams (2020) Contribution of reflected

R. Cimino et al., J. of Electron Spectroscopy and Related

I electrons to &
Phenomena, (2020) 0.0 L

L. Spallino, J. of Vacuum Science & Technology B, (2020) 0 50 100 150 200 250 300
Primary Energy (eV)
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I

Can the competences developed &=
to tackle unconventional — ~ M-
“dynamic” vacuum be of some @&
use for the running of existing 23
and future GW interferometers?

-
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ET-LF towers: cryogenic vacuum system

Mandatory: to reduce as much as possible the base = By optimizing material

.. . choice, manufacturin
pressure to limit frost formation on surfaces ’ &
processes, post-processing

treatments
= The choice of materials (and their treatments) is
critical to limit the traces of low-volatile organics, ~Q .I"’ ‘:‘
. ° - Surface Tassssss “ ‘ %
potentially cryosorbing onto optical surfaces :\0 ¢ 6@
and directly degrading ET performances. - :‘z: ....... il Srboi

For all the components installed inside

3
104 10°+ the towers and the warm areas
- - Before bake 101 T
] -8 — =
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® 0.8 “ PT ) g 10 . : g
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Fig. 2. - Residual gas analysis, as measured with a QMS, in case of a UHV chamber prior (red Saturated vapour pressure from Honlg and HOOk (1 960)

line) and after (blue line) a bake-out at 150°C for ~48h. Both curves are normalized to their
respective maximum.
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o Cryosorption on cold optics (frost)

o Electrostatic charge of mirrors
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Frost on optics

H. Abe et al., Galaxies (2022)

From KAGRA experience

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

Dramatic effects on thermal and
optical properties due to
molecules’ cryosorption on cold
optics
Frost formation

Figure 9. Images of the mirror illuminated with a green laser. (Left) Image at room temperature. The
mirror surface is clean, and the green beam scattering is smaller than that at cryogenic temperature.

(Right) Image at cryogenic temperature. The mirror surface is covered with thick frost, and the green
beam is scattered on the surface.

K. Hasegawa et al., Phys Rev. D (2019) OptiC3| loss due to

Cryogenic temperature

Room temperature Beam Duct |
[ ]
° ° . ® ® o * -
Molecular * . o
Flow ¢ = .
l
- - Cryostat
High AP Low

S. Tanioka et al., Phys Rev. D (2020)

Einstein Telescope

— | TM
- ETM
== |[TM substrate

scattering and absorption Heat load due to optical
00 *\d”'VWV'MLM absorption
'B_Q‘ 99.8 .
., Simulations on ET indicate: =05
I T T g
2 09 S MHE * reflectivity gets affected, * ET maximum thermal budget 5o
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— R=99.95[%] SRR AR _ 01
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Charging on optics

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

Residual charged particles
from First Contact removal

Unknown?
Still quite mysterious

* Charging: Electric field noise coupling to
test mass motion

| | == Total aLIGO Noise |[{
: Charging Noise After |
11| m— Contact with Silica 3
Earthquake Stop H

BRI Charging Noise After (]
]| w—Contact with Viton  [§
Earthquake Stop

Strain Noise (1 / @)

10’ 10° 10*
Frequency (Hz)

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

Metal masses
(15t & 2" pendulums)

>

“Reaction Chain”

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

Charging mitigation at a-LIGO ‘ ‘; ' .
(Room Temperature) M AA \

ey

D. Ugolini et al., Rev. Sci. Instrum., 82, 046108 (2011)

\

25 25
Electron source <— Nitrogen supply
(ion gauge) il ||
_ -
] p—— «— Gasfeedthrough ;| u|
I Test mass X : Q
I—i H :[ / Kelvin probe @
5 5
T / XY stages — 25 : m i T >
ﬂ / FIG. 4. Contour plots of charge density before (left) and after (right) discharging. Each contour corresponds to 2 x 10~13 C/ecm?.
j"“__u._c To turbopump T
To turbopump %; N > If the LIGO neutralization method will be applied at
L | . cryogenic temperature, a significant layer (~um) of the

injected N, will be cryosorbed on the mirror surface

i?atori L. Spalli -NF—IW &



Can we use electrons to
mitigate charging and remove

frost?

-




Using low energy electrons to remove frost

INFN

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

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 electron irradiation: a lesson from

27/03/2026

accelerators’ vacuum!

V Giornata Acceleratori L. Spallino (LNF-INFN)

formation!!!
0.18 4
] (a) 100 ML H,O
0.15 Compact amorphous (100K)
012 J % % o Porous amorphous (15K)
= 0.09-_ l
S ]
£ 0.06 %
8 ] %
$ 0.034 %
o ]
=3 .
8 0.00 I I I T T T
g 107 ,*z (b) 300 ML
5 8- F: 8 o Ny
] 3 A CO
[m] |
a :
44 A
5. = o
E
i = = = 2
0 AL L A BB
500 1000 1500 2000

Electron energy (eV)

R. Dupuy et al., Nature (2018)
R. Dupuy etal. J. Appl. Phys (2020)

22



Using low energy electrons to neutralize

electrostatic charging: a proof of principle

(@) i ) SSiiO2 LNF-INFN MaSSlab “Material and Surface
o Science laboratory”
W,s OOOOOOOOOOO Secondary Electron Yield
89" °e -
1 L-f SEY=loy/l,
0'50 30 60
0 250 500 750 1000

Electron energy (eV)

Emitted electrons
current (I,

Incident electrons
current (1)

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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Energy resolved electrons can be used to cure LNF-INFN MaSSlab “Material and Surface
frost and charging on cryogenics optics!

Science laboratory”

INFN

Istituto Nazionale di Fisica Nucleare

PHYSICAL REVIEW D 105, 042003 (2022)

Can electrons neutralize the electrostatic charge on test mass mirrors

in gravitational wave detectors?
out ‘in

L. Spallino®,"” M. Angelucci®,' G. Mazzitelli®,' R. Musenich®,” S. Farinon®,” A. Chincarini
F. Sorrentino®,” A. Pasqua]e:ui3 G. Gemme®,” and R. Cimino®""
'LNF-INFN, Via E. Fermi 54, 00044 Frascati (Rome) Italy
2INFN, Sezione di Genova, ¢ Dipartimento di Fisica, Universitd di Genova, 16146 Genova, Italy
3.E'uropean Gravitational Observatory (EGQ), 56021 Cascina {Pisa), Italy

® (Received 12 January 2021; accepted 20 January 2022; published 17 February 2022)

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.
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Activity In progress

I, at E (5>1)

I, at E (5<1)
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LNF-INFN MaSSlab “Material and Surface

Science laboratory”

L. Spallino et al.,
L. Spallino et al.,

Phys. Rev. D, (2021)
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.
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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

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




Thank you for your attention!

Thanks to the team at LNF
M. Angelucci, A. Liedl, R. Cimino
and to P. Chimenti, M. Pietropaoli, V. Sciarra and G. Viviani
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