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SUMMARY (@)=

* Virgo Vacuum System
— Overview
— ‘Tubes’ and ‘“Towers’
— Materials compatibility
— ‘Cryotraps’
— Selected Experiences
* Prospettiva per ET

— Key figures: layout, size, vacuum levels
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Ultra-Alto-Vuoto

* Gas rarefatto con pressione residua dell'ordine di 1072 mbar o inferiore. Sono
presenti limiti differenti per le diverse specie molecolari, perché ciascuna puo
avere effetti specifici nelle varie applicazioni.
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Pressione <=> densita e cammino libero medio

1 cm”3 contiene ~ 10719 molecole @ 20°C, 1 atm

~ 1077 @ 20°C, 1E-9 mbar
Virgo, di volume 7000 m3, contiene circa 7 cm? di gas equivalente a
condizioni di 20°C e 1 atm.

A/d >> 1 nelle applicazioni di interesse (A cammino libero medio; d
dimensione caratteristica della camera da vuoto: A > 1 km per N2 a
1E-9 mbar ).

Nel regime UHV non avvengono urti tra molecole ma solo tra le
molecole e le superfici del recipiente, il che puo sembrare
controintuitivo considerando il numero di molecole ancora presente.
Se una molecola (< 1 nm) fosse grande come una pallina da tennis, il
volumetto avrebbe un lato superiore a 1000 km!



Principi e relazioni fondamentali

Equazione di stato dei gas ideali

Processi isotermi: V-P utilizzato per descrivere la quantita di materia e la
portata nei calcoli di flusso, come pratica alternativa alla massa kg ad es.

L'equazione di base S-P=Q: in condizioni stazionarie o quasi-stazionarie, la
pressione residua € in equilibrio tra il flusso di gas in ingresso (Q) e quello
evacuato dalle pompe (S)

Q = g-A + leaks + permeazioni

con g [mbar.l.cmm-2.s-1] gas desorbito da superfici =il fenomeno determinante
del processo, piu eventuali perdite [mbar.l.s-1], es. @ capello = E-5 mbar.l/s

- gi @ il flusso molecolare dalla superficie dAi

Il flusso di molecole dalla superficie dAi verso la - cosdi e cosdj sono i cosen degli angoli tra le normali

alle superfici dAi e dAj e la linea che li collega

SuperfICIe dAj Segue /G I/egge de/ COSEHO' - d & la distanza tra i due elementi superficiali dAi e dAj

= g dAi dAj cos9i cosj / it d? (in analogia allo
scambio di calore per irraggiamento).

Flusso attraverso canalizzazioni: Q = C(P2 -P1)
(C = probabilita di trasmissione geometrica x
‘conduttanza’ apertura uaveA/4 ) .

Fonte: Ferrario, Calcatelli. Tecnologia del Vuoto, 1999.



Interferometro laser Rivelatore GW

WI, NI: West, North Input Mirror
WE, NE: West, North End Mirror
PR: Power Recycling Mirror

Laser [—*

PR

WE

Wi

NE
NI 3 km

\ 4

Detection Fonte: Virgo WEB

Le parti sensibili dell'interferometro, inclusi gli specchi principali, i sistemi
meccanici e il fascio laser, sono mantenute sotto vuoto per ridurre vari disturbi

a livelli accettabili.
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VACUUM LAYOUT (@)=

e 2x3kmUHVarms
* Large chambers and cryogenics at extremities



http://www.uv.es/

Partial Pressure limits

Raising the pressure in the 3 km tubes

3 km UHV tubes: low E-9 mbar (H, dominant)
to lower the statistical fluctuation of the optical
path (fluctuaction of residual gas density) a0
: §
Towers: shall operate down to low E-8 mbar ~ ° I b e
(TMs ones) unbaked . Molecules hitting the VSR, 2E-6mbar, 8€-6mbar, 48-Smbar, 1€-4mbar (Ny) ‘
. . _23 |
mirrors produce the so-called ‘gas damping’ ol " o
Frequency [Hz]
effect [Cavalleri et al. (2009). Gas damping force noise on a macroscopic
test body in an infinite gas reservoir]
In principle all present gas species are to be
accounted [1]. Noise level « ~ [P, = {/m; * q,
error Contamlnatlon: LOW-VOIatlle Example, common species wrt N, at same pressure:
molecules < 1E-13 mbar (‘one-monolayer’ CO<x11, CHx12, COp=x 18, ~(Ymra)f(my a,)
i ; ination ofh ics (‘Hydrocarbons’
conventional approach). The build-up of s ooy
deposits on optical surfaces can increase
‘absorption and scattering’. s. ranioka et al. Optical loss e e e ot

Fluctuations due to Residual Gas in the LIGO 40 Meter

study of molecular layer for a cryogenic interferometric gravitational-wave ual
Interferometer LIGO Project internal document

detector, Phys. Rev. D 102 (2020)]
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VACUUM SNAPSHOT
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VACUUM SCHEMATIC (@)=
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F(()2e  VACUUM CHAMBERS (e

OBSERVATORY

10 Towers
one per core optics

Large Vacuum valves up to g= 1 m

MC pipe
+ 5 minitowers

B

77K cryostats to
pump water vapor

3 km long
UHV tubes
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e UHV Tubes
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3 km UHV TUBES (@)=

« 24000 m? walls!
« They contain “only” optical baffles and the laser beam

m wide ‘tunnel’.
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TUBE DESIGN: THE MODULE

(@

Prefabricated modules 15 m long, joined by welding ;
Raw material 304L, plain walls 4 mm thick + stiffeners every 1.2 m;
Bellows to allow heating up to 160°C (80 kgf/mm);

Flanges: only a few on 3 km for pumps and gauges;

INFN LASA - 14 Giugno 2024

16



AIR-BAKE OUT (@)=

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

heating at ~ 400°C in air involved a “simple’” oven and reduced the hydrogen
outgassing by a factor ~ 100; our result: q(H,) < 3E-14 mbar.l.slcm2 @ 20°C

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

FOUR

 Applied to finished modules

 Electrical oven, ‘sealed’” modules
 410°C +20/-10, plateau 72h

* Hot air purge 8 m3h!

 5days long cycle

* Hcontent raw mat. <2 ppm wt -
CONTRACTUAL -

INFN LASA - 14 Giugno 2024 17



Past results about ‘air b
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F(j()ee TUBE PUMPING STATIONS (@

OBSERVATORY

Every 600 m, taking advantage of the 'enormous' conductance compared

to typical ducts in other applications
- Turbomolecular pump 1000 Is*! for the intermediate phase

- TSP/IP pumps 2000 Is'* H, for the permanent phase

irgo — active stations O3

INFN LASA - 14 Giugno 2024 19



3 km ROUGHING DOWN
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TUBES: BAKE-OUT in situ

(@

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: ~ 1075 litres of fuel to bake one tube

Normally to be performed just one time.
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SOME DATA of BAKED TUBES

partial pressure N2eq, mbar

o0

X H, outgassing , our findings

ModuleO test: = 3E-14
Tube sections (check) ~ 1E-14
Pisa/LAL prototypes < 1E-14

[mbar.l.slcm? @20°C]

Typical RGA on ‘tube’ after bake-out
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Monitoraggio del vuoto con RGA

Several RGAs (old) normally OFF, used for maintenances (1 per tower + 1
per tube station)

Some RGAs, ‘in pairs’, online 24/7 . Mostly in ‘Faraday mode’, 50 uma or
200 uma range. Installed close to pumps or ‘in the middle’.

Long term stability? Aging ? Spurius peaks build-up ?

Partial pressures at 1500N
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ACTUAL TUBE GEOMETRY

Due to GROUND SUBSIDENCE, tube foundations are sinking at a
speed of the order of Imm/month. Tubes are surveyed and
periodically realigned to avoid mechanical stress.

subsidence (mm)
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* Towers

INFN LASA - 14 Giugno 2024
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TOWERS: two (three) vacuum levels ((@&%

irgo

i TR
e i tae Upper Part

1076 mbar

S|pas buli-o

Differential

pumping
| chamber
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Warning: IVC thin structure
support a few mbar only.

Conductance of IV C with the distance
betw een the two pipes (forAr).

i S ey

10 12 14 16 18 20 22
Lzy{cm)
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=12 mm
A @
@ =24 mm
N
\ 4
A
pump
ol —_—
\4
A
— (diffuse reflections)
\/
L1+ L2 +L3 = fixed

Allows the suspension
wire passing through in a
small pipe with a few mm
of clearance.

Possible pumping with
external ion pump (not
used).

Equivalent ‘conductance’
evaluated from 1.5 |/s to
0.1 1/s N2 if pumping.
Field tests: bypass effects
in some towers increase
Ceq up to 4-5 I/s.
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TOWERS: mechanical features

« @=2m,upto1lm
high, > 20 ton;

* House complex
mechanics
(chambers
frequencies > 15 Hz,
within seismic-
attenuator range);

* When in air, they
works as a
cleanroom: allow
clean and ‘easy’
access of personnel
to work close to
inner optics;

Credits F.Bianchi
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Flanges and seals

Helicoflex® for not-accessed flanges, 20+
years ‘welded-like’ lifetime.

Double o-ring (any experience? e.q. wrt
residual water permeation)

Single o-ring (upper parts)

INFN LASA - 14 Giugno 2024 29



PUMPING SYSTEM (@)=

Main requirements: oil free pumps against contamination risk, low acoustic /
seismic / magnetic emissions , long maintenance intervals to preserve duty cycle.

______ R Statistic (not updated)
22  Roughing/backing dry pumps
21  Turbo-molecular pumps

— | i 25

North Inputlll'ower Vblq . @ I v2

Valve Legend

Ciose

|
Move : 2°°E 02 mB‘Jpper pump’ng!)OE OOI\B

|

|

lon pumps
Residual gas analyzers

V31 va | —
3 =
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Remote backing pumps (@1%

(orzsmes) A more recent upgrade:
R — Turbo-molecular pumps
| permanently running on
each tower upper
i) (6] o) | Gt [ compartment (typical size
B T98 = B89 — 1000 I/s) are backed
(i) €) remotely to limit
% acoustic/seismic
o- “ 1 0B disturbances (or
(oamer) P | LR discontinuously , this not
optimal for hydrogen)

| 0.001563 mbar |

r Gpr

[ 0.0005009 mbar |
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* Local or remote operation
* Logic of operation is managed by a PLC
* Interlocks by Supervisor SW

 Data fully integrated in Virgo DAQ
(5000 channels @ 1 Hz, < 0.1 % of the
total)

by LAL team
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Res. Press [mbar]

LIVELLO DI VUOTO DELLE TORRI

The gas load is largely due to the
added inner materials!

Increasing along detector upgrades
(from V -> V+ -> AdV -> AdV+) while
aiming to improve the vacuum in the
tubes...

Beyond the ‘steady state’ level, the
recovery time is also important for
the duty cycle.

1x10"*

1107 T

1x107°

1107

10 100 200 300 400 500
time [h]

0.0001

(@

—— NE 2016 first with metallic PAY

—i— PR 2017, fast intervention

icPA
In
PAY
AY

n 20

——fr— MNE 2017 first monalithic PAY
\ —=— NE 2017 3rd monolithic PAY
= *‘:-\-“‘“\ —s#— NE 2017 no PAY
_g ~ \\ - )
— ~ — & -5R 2017, fastintervention 204
E 1E-05 \‘ I/s extrapol
2 ! NI Oct 2016
£
g NIJan 2017 _ MonPAY1st
2
A1
0.5
residual gos compaosition: water| 2 90%
5 4 req.ts
1stweek 2nd week
1E-06 - | SN SN ™ B N
10 100 1000
pumping time (roughing excluded) [hr]
4.00E-05
3.50E-05
3.00E-05 -
For 1 base tower -->
Material Surface (cm2) Hyp(q100h  |q1000h [qH2 qN2100h (Q100H  [Q1000H |QH2 N2 and al. 100H
Walls (fiSIp@LY ) © S TA e 400000| 4.00E-11| 2.00€-12| 1.00E-12 1.60E-05) 8.00E-07| 4.00E-07,
Alu - AW_6082 100000 3.00E-11| 3.00E-12| 4.00E-14 3.00E-06| 3.00E-07| 4.00E-09]
Glass 15000] 2.00£-09 | 2.00E-10 [TBC TBC 3.00E-05|  3.00E-06|
Kapton (cables...) - METER 500 9.00£-09| 2.00E-10| 1.00E-09 | 2.00£-09| 4.50E-06] 1.00E-07| 5.00E-07 1.00E-0f
Other materials (StSt, Titanium, Rame, PTFE, etc.) 50000 1.00£-09| 2.00E-10| 2.006-12| 5.006-11| 5.00E-05| 1.00E-05| 1.00E-07| 2.50E-0

Macor (thick polymer material)

Estimate 2022

Ideal Case

Allowable leak (double Oring) - AREA M2

"Extra" materials - Margin

PEEK (thick)

Total - non Ideal only

All - Total

Taking into account the unknown "TBC" - TOT)

INFN LASA - 14 Giugno 2024




Main optics and critical systems concentrated in this area. The challenge is to limit
environmental emissions such as mechanical, acoustic, and magnetic vibrations. Turbo-
molecular pumps: bellows and separate base, shielding of the cable. Not ideal choice.
Alternatives? lon pumps? Dispersed charges... Cryogenics? Noise ... NEG? High load... All of

them are present, in different positions.

INFN LASA - 14 Giugno 2024




F(() 7 IN-VACUUM COMPONENTS  (@h::

OBSERVATORY

In-tower components are checked for vacuum compatibility to obtain a
sufficiently low overall outgassing (i.e. of water vapor, air species, hydrogen).
Partial pressure of potentially contaminating species are to be kept under

control as well.

XXV AlV — Naples, May 2022 35



Deposition of low-volatile species =
crucial risk for Virgo optics.

we qualify materials checking the:
1. residual gas analysis

2. optical losses on dedicated
samples

_________

‘Absorption [ppm], schantilon :C11027-14retaur (talie-171019

ced

IN-VACUUM CONTAMINATION CONTROL (@

rgo

INFN LASA - 14 Giugno 2024
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IN-VACUUM CONTAMINATION CONTROL (@

OPTICAL LOSSES
MEASUREMENTS
(LMA) -~

- ii No clear correlation between
[_' i the detected contaminant level

in the gas and the measured
optical losses

RESIDUAL GAS ANALYSIS

MISSING

Identification of
deposited species

SEM for GROSS
contamination
identifi(_:ation

2. Quantification of
deposited film

Surface analysis ‘deposition’
hamb hamber (HV
regime )

Trials with XPS thanks to E.Placidi [J. Vac. Sci. N S
Technol. B 42, 034003 (2024)]
(f‘v‘) S Bt

temp. controlled
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Cleanroom service

(@%md
irgo
 Towers lower

compartments are a

‘classified’ environment

for dust particles

concentration (airborne)

* Flushed with HEPA filtered
air and kept monitored

Det tower contamination (measured by particle counter)
iate of intervention: 14-17 Jan 2019
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* Cryogenics

INFN LASA - 14 Giugno 2024
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CRYOGENIC PUMPS & EQUIPMENT (@)

Installed between ‘unbaked towers’ and ‘baked tubes’ (added in a second stage)
LN2 consumption 2000 I/day from 3 ‘horizontal tanks, 50 m3 total capacity. Refill
operations affect the scientific duty cycle.

i

HV tower

\\_i/

Laser beam

LN2 bath Cryostat
ConsumptionLN2 5 It/hr

Function is to pump water vapor coming from towers

INFN LASA - 14 Giugno 20285



CRYOGENIC PUMPS & EQUIPMENT (@)

a 2m long cylindrical section cooled at 77K
pumping the water vapor coming from
‘towers’ chambers (originally used by LIGO).

Baffle apert e
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e Special topics
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OBSERVATORY irgo

*¢* 4 DN1000 Valves to isolate
the ‘tubes’ from the ‘towers’

o Stainless steel body, air-baked

o Metal sealed(the only large
flanged joint)

o Viton o-ring on the gate (single)

o Bakeable at 150°C

o Expensive

Outgassing data (old, meas. in factory):
< 5E-8 mbar.l.s? - stainless steel body, H,
< 5E-7 mbar.l.s! - Viton® seal on the gate , baked;

+* 7 DN650/400 Valves to isolate
the ‘towers’ from each other

INFN LASA - 14 Giugno 2024 44




TSPs pumps

1 sublimation every 2 months or similar.

Those near the towers saturate after a few
days (all gas species) and are not used.

The ones in the middle of the tube appear
saturated with other species but still pump
H2 (different sites?!).

Unable to replicate this in the lab.

Effects of gas release ?

dataDisplay v10c9p2 : started by supervis on May 30 2022 10:47:28 UTC

VEVAC_CRYOWI_MGI_CH2

VL:VAC_CRYOWI_MGI_CH3 O‘ o ;

VI:VAC_CRYOWI_MGL_CH{

A H—
= T L ]
|
/

L

: 22,"05 29;"05
1336772899.0000 : May 16 2022 21:48:01 UTC
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Viewports

* Large number of viewports, e.g. 1000, large dimensions, of different base
materials and possibly exposed to high power beams .

* Policy and solutions against breakage risks must be foreseen already during
the design phase.

* In addition, they are a possible source of disturbance for the ITF




‘WINDOW’ SEPARATIONS (P

irgo

« Vacuum tight glass separation are in use to allow beam passage
between chambers at different vacuum levels. May become limiting
for the experiment (or for vacuum when removed). Not a valid
solution for critical areas.
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VIEWPORT RISKS (@)

irgo

Order of 90 viewports needed, mostly standard ones. Dedicated

policy against breaking risks in force. Further mitigation actions
shall be implemented (external screen).

‘comect’ sealing on the
frontsurface
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Breaking event of a viewport, 2008
Risk = defect + stress x time
Glass/KOVAR joint design was the origin of the stress (SSV)
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LN2 BUBBLING (@)=

LN2 boiling inside cryostats is a possible source of noise (mechanical
vibrations): accurate design to avoid ‘heat concentration spots’,
seismic isolation of the cryostat, large walls opening.
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Increase of the seismic vibrations of cryostat walls due to LN2 bubbling
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DUST PARTICLES vs QUARTZ FIBERS (@

The last stage of seismic attenuator \ 4 B &) ¥
IS realized with fibers made of fused ' ] (

silica (0.4 mm diameter).
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may play a role...



o Static charge can build-up on TMs after months of service under
vacuum (in Virgo estimated at level of E-9 C) = neutralization device
needed.
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ET PROJECT VACUUM SYSTEM E'N‘fTF-”__“_

Six independent (nested) systems of 10 -
kilometer-scale

Draft scheme of the
ET observatory

Huge Pipes (volume, length,
surface) for the circulation of the
laser beam: world-largest UHV !

Towers chambers, hosting the
scientific equipment.

Combined together by very large 0
cryogenic pumps.

. . & Yoy
Cryostats housing 10K mirrors Ay

and CryOgeniC payloads . M LR L e Ll [|” ()

To be realized underground
(bake-out, installation,
operation).

Size (Costs): a primary challenge.
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ET LAYOUT

Two different layouts:

|

ET Conceptual Design Virgo
3 x (HF+LF) 10 km arms 3 km arms
(+ filter cavities) (+ 300m FC)

120+ km long UHV tubes 6 km long UHV tubes

INFN LASA - 14 Giugno 2024

E T ‘ FINSTEIN
TELESCOPE

ET L_case
1 x (HF+LF) 15 km arms
(+ filter cavities)

60+ km long UHV tubes
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ET PROJECT VACUUM SYSTEM ¥ T\?EEEL@
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VACUUM CHALLENGES

Chambers realization costs
Chambers realization schedule
Vacuum Systems installation schedule

Vacuum Systems performances

INFN LASA - 14 Giugno 2024
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VACUUM CHALLENGES ETanr

Not to mention cryogenics:

Cryopumps up to =30 m x @ 1m at 4K or below

INFN LASA - 14 Giugno 2024 57



VACUUM CHALLENGES -1 ET g

Outgassing database

Buildup & maintenance requires a wide effort
Possibly useful for the whole vacuum community

0 companent 0 Optical 1 Vacuum measuremants
measuRmants
History | Optical | Optical mbar/s Q_HC | Praparation Pre-baking Installation Reforence
chetk | logses (peaks | (highlight) ———————————— ceenarie
(ppm) 0 HID 1] (] QHl | Q_MI+OTHERS | Q_N2tOTHERS | QHC | pagd) Dane? | Temperature | Hours
224h H 000H M4h BI00h | (levels44) | g (c)
¢ Eaffle IFAE Pyralux Abeolube 050 | theawghtpus | L0328 Ba4ded L2 ddlell | B00e-13 [PAcleaning  Yez n 168 Aferpra-bafong, on2 day in 2 clean raom Mimar IMC Insumented
PCBe10-21 AP Jozsas mathod 1505, tompartment | Baffle, Ref, [FAE-
BLMA PLE4L0-21
A M4, 4B te troughtput | 43610 147210 L0711 550e14 Ffory Mo (H20 § Qeotalghe, vith Lo HIGT: Da;
BW-6051 AW-FNAL methad Cleaning Qo=t2=-3Ps Lyl em-?) and alphe=!  comparbment | 10,141R/5.0000657
A1 36L M4, A8l u te Wroughtput | B S4e 11 2431 3M=1] SiDel4 Ffory Mo Vacuwurn fire process: 3500 for 4R QLHI0 G Lover HIGT: Da;
Vacuum Fired BIEL mathid Cleaning =00t +alpha, uith Qo=2.30c-&Pa L s compartment | 10.1116/8.0000857

om-F) and alpha=0.31

u PHELE LA, Pl ha throughtput | 120810 3.09-10 | 34813 100e12 Fatory Mo M2 ¢ convertions | autyaseing rats  HID Lower HIST, Da:
BIEL mathid Cleaning + Q=0o*t"aloha, uith Go=7.25-4{Pa L+l compartment | 10.1116/8.0000857
om-2) and alpha=0.53
u AlEL 304L [N ISt u Mg throughtpuz | 18810 Al%-11 El0e-13 | L0e-12 Fattory lia Q H2 1+ convartions | outgazsing rate §_HI0 Lavgr HIST! DL
304l mathod Cleaning 1 Q=Qu*t"aloha, wth Go=7.00e-2(Fa Ll compartmant | 10.1116/5.0000857

m-2) and aloha=13

ET Outgassing database: https://apps.et-gw.eu/et_outgassing_db/
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Chambers realization T 2w

A new specification for GW vacuum chambers:

* limits for particle concentration on walls to be included for
chambers realization

e A standard to refer -> ISO 14644-9:2022
* Need to define wanted limits and measurement tools <&

Solutions are to be
found both to
control the
surfaces during the
fabrication process
and to monitor the
tower chambers
when in service

59



60



E T‘EINSTE_IN
TELESCOPE

ET — Arm tubes: pumping stations

Concentrated pumping stations is the 2G solution.

Enough?

Distributed pumping: is an option to be explored:
— normally needed to push the vacuum limits.
— implementation in a ‘big’ GW pipe is to be

studied.

10_:\ d=09m

g = 1+2 E-14 mbar.l/s.cm?

Design linked to civil infrastructure

Option 1: dedicated ‘enlargements’ @ 500
m (spares every 250 m)

average pressure [E-10 mbar]

| Effect of stations speed vs interspacing .
(Optical baffles not accounted) Option 2: a larger tunnel (or a better

0 1 2 3 4 5 6 7 8 9 10 arranged space and good environment).

0.01

Speed [m3/s]

ET_monthly, May 2019 61
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