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Pilot Sector at CERN

A Installed in tunnel TT4 at CERN

A 40 m total length (36 m pipes + end modules )
A 2 independent beam pipes with supports

A Decoupling via hydroformed bellows

Pumping module

8 2x independent
support set

Pumping module

End cap + bellows

. . .
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at CERN

Preliminary tests:

Mock -up @850mm
to validate assembly strategy

Background system to assess total gas
load without prior to tubes installation

.
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Pilot Sector at CERN

Preliminary tests:
Beamtubes :

Design

Materials
Manufacturing & QA
Installation

Supports

Mock -up @850mm
Insulation to validate assembly strategy

Lessons learned

&P t : S
erspectives Backgroundt 6 yasctegis t

| oad wdirtihoorutt o tubes

.
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Beamtubes : Design

c&.ﬁ* Z§D§3123Z Based on VIRGO -like vacuum pipes

i Pipe Material Thickness  Dimensions
L — VIRGO AISI 304L 4 mm @1.2mx 15 m
) PN PILOT SECTOR | Alternative | 4 mm @1.0mx6m

b20SYIi$AKIAOIE RSaA3Iy Ay SEGNI at ARSA
Exploring alternative materials to optimize total cost & performance
@1.0m = ET requirement and 6-m length = maximum length accessible in TT4 tunnel

. . .
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Beamtubes : Alternative Materials

Why Consider Ferritic

A Austenitic (FCC): Standard for UHV A Needs high-T
treatments (firing) for H, degassing

A Current approach : ex-situ heating in vacuum or air furnace +
In-situ bakeout. (i. e. VIRGO cycle 5 days/410°C on coils + in-
situ bakeout of pipes) A Production Bottleneck!

Austenite - FCC

Ferrite - BCC

A Ferritic (BCC): lower residual H, + higher diffusivity A faster
degassing at lower temperatures ( @50°C)

.
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Beamtubes : Alternative Materials

Why Consider Ferritic Steels?

A Austenitic (FCC): Standard for UHV A Needs high-T
treatments (firing) for H, degassing

A Current approach : ex-situ heating in vacuum or air furnace +
In-situ bakeout. (i. e. VIRGO cycle 5 days/410°C on coils + in-
situ bakeout of pipes) A Production Bottleneck!

Austenite - FCC

Ferrite - BCC A Ferritic (BCC): lower residual H, + higher diffusivity A faster

Courtesy of I. Wevers and C. Scarcia degassing at lower temperatures ( @50°C)

Measurement methods _ _ o _ _
A CERN evaluation : tested multiple ferritic steels with various

—— methods A Ferritic stainless steels selected A best balance
of vacuum performance & corrosion resistance

Throughput

H,O outgassing rate

H, content

H,O binding energy

Mild steel

' A Austenitic
Blocks Tubes Sheets Ferritic stainless steel stainless steel

Coupled throughput — accumulation

H,, CH4, CO & CO, outgassing rates

S355J2+AR S355J2H ULC-IF FB580 Sheets Tubes Sheets
S355J2+N P355N ARMCO [| s315MC AISI 430 B AISI 444 | AISI 441 AlSI 441 AISI 304L

.
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Ferritic StSt for Pilot Sector

AISI 441 Selected Grade for Pilot Sector A Low C, Stabilized with Ti & Nb + Better Weldability

H2 specific outgassing rate

: — = Typical upper limit for GWD Mechanical testing summary on welds
AISI 441 A ] i BN 80°C,48h
AISI 444 @ : 150°C,48h , , .
| Detection limit Welding Tensile Tensile
AlSl4 A : Detection limit methods trans. long.
S315MC i
=80 -
FB580 i AIS TIG A=8%
LC-IF .
A[éMC o E The native H, content on AlISI 441 430 Laser A=26% -
355124 N i and AlSI 444 is outperforming o o
)2+ | vacuum-fired AISI 304L AISI e HE 2B =22
S355]2+AR ! i
P355N s €NSile testing with DIC Laser A=29%  A=30%
S355]2H |
304L-VF (t ~ mm) i AlSI TIG A=24%  A=26%
I
304L-VF (t > 1 cm) ! S Laser A=30% A= 29%
304L (untreated) i
I
1

1076 1055 104 1083 102 jo% 100 109
qH, [mbar 1 s em™2]

Measurement error: +40%; Detection limit: 50% of background

. .
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Beamtubes : Manufacturing & QA

Frohbmwi dseh e ett@sm| ompg e ct i ons

Thickness Dimensions

Component/s Plates # (mm) (mm) Finishing
Pi peds sections, 67 4 1500 x 3200 B
pumping ports and end caps 8 1500 x 3700
Sleeve connections 8 2 1500 x 3200 2B
: 4 1.5 1400 x 900
Baffles manufacturing test 4 3 1000 x 2000 2B/2D

.
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Beamtubes : Manufacturing & QA

From 1.5 m wide sheets to 6-m long pipe sections

Thickness Dimensions

(mm) (mm) Finishing

Component/s Plates #

Pi pebs sections, 67 4 1500 x 3200 B
pumping ports and end caps 8 1500 x 3700
Sleeve connections 8 2 1500 x 3200 2B
: 4 1.5 1400 x 900
Baffles manufacturing test 4 3 1000 x 2000 2B/2D
From design to fabrication of UHV components
A Practical approach adopted A fipi pe manuf actu o - DS
prioritized over AUHV componer oo
A Order placed Feb. 2025 with French supplier (Ravanat) A Price Enquiry
components delivered May 2025 Technical Specification

A Close supplier follow-up A while there is room for

improvement ’ the pipeS are ready for installation Supply of welded stainless-steel pipes for Ultra-High Vacuum

(UHV) applications for ET Pilot Sector at CERN

.
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Beamtubes : Manufacturing & QA

Factory acceptance test

Welding procedure and welders' qualification
validated by CERN before production
Quialification plates (NDTs + metallurgy +
mechanical testing)

VT of all external & accessible internal welds
RT of 100% of longitudinali circular crossings

(CERN%% — EINSTEIN

Ana Pérez | Pilot Sector of the ET vacuum pipe
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Beamtubes : Manufacturing & QA

Factory acceptance test
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Factory acceptance test

4Wel ding procedure and we
vali dated by CERN before
A Qualification plates (ND
mechanical testing)
LAVT of all external & acceé
A RT G®W of | odgitadliamal cr o

QC after reception
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Cleaning for UHV

A Large size & handling challenges

A CERN UHV procedure A detergent cleaning
by ultrasound agitation + rinsing

A Cleanliness verified via withess samples

Dust control

A Critical to meet ET requirements
A 1SO 6 standard (ISO 14644-1) expected
A Laminar flow at extremities during drying

SN -

s o Hori zo :
Portable Cleanroom (ISO 6 | ami nar f Il 8w wa

O

.
<C\ERNE? E.. TEII_EIIErg(S_‘:g:I’E 010ct od0 25 Ana Pérez | Pilot Sector of the ET vacuum pipe 16



Beamtubes : Installation

Cleaning for UHV

A Large size & handling challenges

A CERN UHV procedure A detergent cleaning
by ultrasound agitation + rinsing

A Cleanliness verified via withess samples

Dusdcontr ol

A Critical to meet ET requirements
A 1SO 6 standard (ISO 14644-1) expected
A Laminar flow at extremities during drying

A Packaging with doubl e
AClean wor ki ndg uamarned on

ObjecAMveai mize dust acc
pil ot sector with minim

.
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Mock -up: Dust monitoring

Section 1 Sectign2 Section 3
- Assessment bef ore anc

A

Measured ISO -8 (very high 0.3i 1 ¢ mparticles)
Monitoring helped to identify critical steps

Table 1: Dust assessment at different locations during different operations

Activities Balda, Mock-up surface Inside mock-up Between sections
QL.
A Bl B2 B2 c D1 D1 E1 E2
Only 1506 | ISO6 | ISO6 | ISO6 | ISO6 150 6 150 6 I50 & IS0 6

Operator + welders | IS06 | ISO6 ISO6 | ISO6 | ISO6 1506 1506 IS0 6 IS0 6
(3 people]
Operator + welders | 1506 | IS06 | 1S06 | 1506 | 106 | 1SO06 | IS06 | I1SO6 | ISO6

Sections connected via 2 mm thick sleeves et | | [ | RO RO e e e

Sleeve positioning 1506 | ISO06 | ISO7 | ISOF | ISO 7 150 6 150 6 1507 150 6
L

51

Tack weld 51 1506 | ISO6 | ISO7 | ISO7 | ISO7 | IS07 1506 IS0 7 1506

Sleeve dosure + IS06 | ISO6 IS0 6 IS0 6
rack weld 51
Plastic caps 1506 | ISO7 | ISO7 | ISO7 | ISO7 | IS06 1507 IS0 7 1507

removal 52 (day 2)

Sleeve positioning 1506 | ISO7 | ISO7 | ISO7 | ISO7 IS07 IS07 Is07 Is07
52

Tack weld 52 150 6

Sleeve dosure + 1506
tack weld 52

Assembly 150 6
completad +
settling
dowm(~2hrs)
Final welding
outside baldaguing
1 day sfterwelding | 150 6

2 days after 150 6

welding
5 days after 150 6
: . _ welding
Monitoring during s |moo| | | - | - | w07 | =07

.
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Mock -up: Sleeve validation

Fillet weld
Section 1 Section 2 Section 3 External sleeve: / o

Vacuum chamber wall

ASl ecwenne &tcioenf f ecti ve and allows future repairs

.
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A Sleeve connection A cost-effective and allows future repairs
A Assembly on the mock-up was successful A No virtual leaks
A Sleeve positioning and tack welding A identified as the most critical for dust generation

. . .
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A Sleeve connection A cost-effective and allows future repairs

A Assembly on the mock-up was successful A No virtual leaks

A Sleeve positioning and tack welding A identified as the most critical for dust generation

A Positioning tedious & time consuming A Requires optimization A Alternatives for 2" beamline under study!

Double collar Could be a bellow 1 Flange
Inclined lip \ ////
J N /
A = =0 ! §
\ llllllllllll N \\\\\\\\\\\\\\\\ I I
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A Sleeve connection A cost-effective and allows future repairs

A Assembly on the mock-up was successful A No virtual leaks

A Sleeve positioning and tack welding A identified as the most critical for dust generation

A Positioning tedious & time consuming A Requires optimization A Alternatives for 2" beamline under study!

¢ Double collar Could be a bellow ) N\ ‘ Flange 4 ’] [] N\
: . Inclined lip \ ,/////////
o == E\

-

. .
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Background system: Sleeve testing

\

: 3«2\\\\ ‘l

.
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Background system: Insulation testing

ﬂ‘l { x o, l»d[.LL\j»l "3

LU'JTL
j000

A Cork composites offer a promising alternative
for bakeout thermal insulation

A Work on-going in partnership with PIEP
(University of Minho, Brage, Portugal)
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Background system: Vacuum testing

4 days after the end of bakeout an ultimate pressure of 3.0 10 - mbar N, eq. was achieved

Measured Pressure

BA gauge

RGA

DNE63 AV

DN40AY

DN100 GV

DN150 GV

AlSI 316L/LN parts

AIS| 441 parts

1E-12 1E-11 1E-10 1E-09
Pressure contribution [mbar N, eq.]

The pressure contribution from AISI 441 is less than 0.4% while
the AISI 441 surface area is 31% of the total

[
Measured Pressure |

BA gauge

RGA

DNE63 AV

DN40 AV

DN100 GV

DN150 GV

AISI 316L/LN parts

AlS| 441 parts

1E-12 1E-11 1E-10 1E-09
Pressure contribution [mbar N, eq.]

Adding 6 pipes G, 1 m x 4 mm x 6 m of AIS| 441 will
increase the pressure contribution to only 5.4%

01 Octobre 2025
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15t beamline: Installation plan

Too J>o T To Do

Section-to-section connection of the 15t beamline A sleeves
Start with cleaned & stored 6 -m pipes

Welding in portable cleanroom A 12-m pipe 2
Second weld in cleanroom A 18-m pipe A Ty

s

QC: leak test A thermal insulation A positioning in structural support pe_a”gnment teg{ Sépt_ ‘2y(525‘

EINSTEIN

.
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15t beamline: Installation plan

Procedure to assemble the full 36 -m line

Section-to-end-modules connection A sleeves

Witness samples for dust studies:

i | N\ N A Pconglitioned in ISO 4 cleanroom

O S T T | R R T 15 D T T e A Follow all steps, inclu

= == = . A An a | RadovasUnigetsity (lItaly)

36-m pipe ready for global leak detection

¥

Commissioning!!

.
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Support:

Compati bEe€ weghbhirements

A In ET, the space required for the supporting structure shall be minimized allowing welding and future inspections

A Different options are being studied

Light supports based on standard beams with additional leg
Vacuum chambers suspended by cables (high strength
synthetic ropes)

Gallows
frame

Lateral and vertical
adjustments

Steel cable

The insulated vacuum chambers lies on the cradle
Conceptual design of dampers

‘CERN%% — EINSTEIN
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Lessons learned & perspectives

1. Materials
ongoing A AISI 304L vs. ferritic StSt grades (electro chemical & immersion test)
on welds A as-welded and after thermal cycles (150C)
A 1st pbeamline bellows in 304L vacuum fired A

. . .
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Lessons | earned & perspect

1. Materials
ongoing A AISI 304L vs. ferritic StSt grades (electro chemical & immersion test)
on welds A as-welded and after thermal cycles (150C)
A 1st pbeamline bellows in 304L vacuum fired A

2. Fabrication
A 2nd peamline similar to 18t line with and during welding protocol
A 2nd peamline will test the integration of baffles and
A Other solutions (e.g. 3 mm, corrugatedé ) will be investigated at demonstrator scale

. .
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Lessons learned & perspectives

1. Materials
ongoing A AISI 304L vs. ferritic StSt grades (electro chemical & immersion test)
on welds A as-welded and after thermal cycles (150C)
A 1st pbeamline bellows in 304L vacuum fired A

2. Fabrication
A 2nd peamline similar to 18t line with and during welding protocol
A 2nd peamline will test the integration of baffles and
A Other solutions (e.g. 3 mm, corrugatedé ) will be investigated at demonstrator scale

3. Connection
A Sleeve positioning of sleeve & tack welding A identified as main dust source
A Sleeve concept is technically viable but requires optimization (tooling, time consuming)
A under study A compatible with automatic welding

. .
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Lessons learned & perspectives

4. Dust Control
A Remains challenging, especially during positioning, caps removal, baffle integrationé
A Laminar flow & portable cleanroom improved conditions but did during assembly
A reduce metal friction, minimise the clearance during weldinge
A Witness samples & P a d o wall@bsration

. .
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Lessons | earned & perspect

4. Dust Control
A Remains challenging, especially during positioning, caps removal, baffle integrationé
A Laminar flow & portable cleanroom improved conditions but did during assembly
A reduce metal friction, minimise the clearance during weldinge
A Witness samples & P a d o wall@bsration

. . CERN-NSF
Letter of Intent for
TI mel I ne Presentation to CERN collaboration in CE
management for heamtube experiment
approval of technical (CEBEX)
collaboration
Framework collaboration Addendum on IFAE joins the Amendment signed Extelr;_lc_iedeTDR o En: of .
agreement CERN contribution  collaboration by CERN, INFN, : adaen “;“ &lt

CERN-INFN-NIKHEF CERN-NSF to ET beampipes ~ agreement NIKHEF and IFAE its amendment

Letter of Intent 3 workshop at 4t workshop at
Ll LIGO Hanford CERN

ET-PP INFRA-DEV Review of the pilot Prelimir.larvTI.DR
[ET-PP] including

Kick-off Meeting

15*workshop at sector design Final TDR, including

LIGO Livingston Effective start of the peer review integration and
ET-ISB kick-off technical activities Start construction of fabrication drawings
; : Pilot sector
n the ET beampipe pilot
27d workshop at cector operational
CERN Test of different
technical solutions
with the pilot sector
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Workflow of the vacuum chambers

Reception 6m long units

Metrology

A 4

Cleaning

A 4

Leak detection

A 4

| nt er face |I

nt e

Cleaning

A 4

Trans-pomotr ad

e

Welding of 18 m chambers ?

grijat i beakdetection ?

Courtesy of P. Chiggiato

Baf fl e i?tegrat'

A

Thermal insulation

A

o nlnstallation in place ?

Welding

A

Gl obal | e ak

Commissioning

Standard procedure Specific procedure to maintain dust cleanliness (soft wall cleanroom) ?

CERN —— EINSTEIN
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Lessons learned & perspectives

1. Materials

A Corrosion resistance study ongoing A AISI 304L vs. ferritic StSt grades (electro chemical test &
Immersion test in water)

A Impact test on welds A as welded and after thermal cycle (150C)

A 1st beamline bellows in 304L vacuum fired . Qualification on-going to use AlISI 441 on 2" beamline

Corrosion test
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Objective for ET beampipe

Maximum particles/m* 2

Class FED STD 208E equivalent

20.1 ym 20.2 pm 20.3 ym 20.5 pm 21 uym 25 pm
Isc 1 -H]h d d d d e
IS0 2 100 24P 100 L . E
IS0 3 1,000 237 102 350 . E Class 1
1S0 4 10,000 2.370 1.020 352 g3b & Class 10
1SO 5 100,000 23,700 10,200 3,920 832 def Class 100
1ISO 8 1,000,000 237,000 102,000 35,200 8.320 293 Class 1,000
1SO 7 £ c c 352,000 83,200 2,930 Class 10,000
1SO 8 £ c c 3,520,000 832,000 29,300 Class 100,000
1SO 9 £ c c 35,200,000 8,320,000 293,000 Room air

3 All concentrations in the table are cumulative, e.g. for IS0 Class 5, the 10 200 paricles shown at 0,3 um include all particles equal to and greater than this size.

® These concentrations will lead to large air sample volumes for classification. Sequential sampling procedure may be applied; see Annex D.
E Concenfration limits are not applicable in this region of the table due to very high particle concentration.
d Sampling and statistical limitations for particles in low concenirations make classification inappropriate.

& Sample collection limitations for both particles in low concentrations and sizes greater than 1 um make classification at this particle size inappropriate, due to potential particle

losses in the sampling system.

FIn order to specify this particle size in association with 1SO Class 5, the macroparticle descriptor M may be adapted and used in conjunction with at least one other particle size.

(See C.T)

Source: https://en.wikipedia.org/
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M O ‘ k l I p d l I St ‘ O n t ro I Table 1: Dust assessment at different locations during different operations

) ) L. Activities Balda Mock-up surface Inside mock-up Between sections
The mockup was used to measure dust size and content during critical i
& B1 B2 B3 C D1 D1 E1 E2

phases of the assembly

Only operators ISO6 | ISO6 | ISO6 | ISO6 | ISO6 IS0 6 IS0 6 IS0 6 IS0 6

Operator + welders | IS06 | ISOG6G | ISOG | ISO6G | ISO6 IS0 6 IS0 6 IS0 6 IS0 6
(2 people)
Operator + welders | IS06 | ISOG6G | ISOG | ISO6G | ISO6 IS0 6 IS0 6 IS0 6 IS0 6

U  The two halves of the moeakp were conditioned in goftwall

portable cleanroom. ISO 6 conditions were measured inside and *Equipment’s
. Flastic caps IS06 ( ISO6 | ISOTF | ISO7 | ISO7 IS0 6 IS0 6 ISO 7 IS0 6

outside the mockup. removal S1 (day1)
Sleeve positioning IS06 ( ISO6 | ISOTF | ISO7 | ISO7 IS0 6 IS0 6 ISO 7 IS0 6

51

U Sleeve assemb& ISO 6 (In the moekp) Tackweldsl | 1506 | 1506 | 1507 | 1S07 | S07 | 1IS07 | 06 | IS07 | 1SO6
Sleeve desure + | 1506 | 1506 _ 150 6 - 1506

tack weld 51
u Tack weldingy ISO 7 (high in 0.3 to 1 um particles) Pasticcaps | 1506 | 1507 | 1507 | 1507 | 1507 | 1s06 | 1507 | 1507 | 1S07

remavzl 52 (day 2)

Sleeve positioning Iso6 | ISOF | ISO7 | ISO7 | ISO7 1507 1507 ISO 7 1507

U  Final assembly 1SO 7 (highin 0.3 to 1 um particles) 52
Tack weld 52 IS0 6
.. . . . . OutS|de Sleeve dosure + IS0 6
u  Final weldingd ISO 8 (very high 0.3 to 1 um particles}—— tack weld 52
cleanroom fosembly | 1506
complated +
Remarks sl
Final welding
z . i i outside baldaauing
A now we have a reference for improvement, and elements for discussion 1 day ofer welding | 150 6
about the requirements 2dayscher | 1506
4 . . . . . . 5 days after IS0 6
A The collaboration with the university of Padua was intensified to address the__ wins
toplc Before leak IS0 6 - - - - 507 150 7
detection
Q) E- EINSTEIN .
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Importance of dust control
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Our present approach

Objective : Our proposal is to minimize dust accumulation in the pilot sector as much as possible within our current capabilities.
This will be achieved using portable soft-wall cleanrooms and unidirectional airflow components (horizontal and/or vertical),
aiming to protect the pipes from worker-related contamination and environmental dust from the TT4 tunnel.

Preliminary Test: During the mock-up (8850 mm) cleaning in Building 107 and the assembly in TT4, dust levels will be monitored
using standardized instruments (dust counters ) and evaluated through witness samples (carbon stickers). The goal is to
assess the dust level and its composition in the different steps of the fabrication using existing means and a pragmatic procedure.

Are we meeting the ISO 6 environmental conditions?

Vertical | aminar f IH@rigontal laminar flow wall Dust counter

Portabl e CSloefam®naddm, ns, Wheel s,

.
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Cleaning facilities

Procedure

Cleaning: The final cleaning step is considered as the 6t i mer r0 dust
accumulation in the beampipes. After the standard cleaning procedure for UHV StSt
components at CERN (detergent cleaning by ultrasound agitation and rinsing) the
components will be placed in less than 5 minutes on the drying position within the
horizontal laminar flow. Assessment to be performed in b. 107 for the mock-up

Packing and transport : When dry, the extremities are closed by cleanroom
packaging sheets, UHV compatible adhesive tape, and plastic pallets protecting also »
the welding area on the external part of the wall. ¢
Flushing the outer film with N2 to clean the dust settled during the transport might be T S L
useful before accessing the clean area in TT4

Installation in TT4: The floor has been cleaned, and a portable cleanroom is being
installed in the working area. The final cleaning is foreseen Dec. 27

All components (valves, gauges, gasketsé ) will be cleaned with particle free ionized
nitrogen. After 5 minutes using a gas throughput of abut ten I/min, less than about 10
particles/minute larger than 0.3 nm should be detected.

Wor ki ng

.
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Joining technigues: Alternative  proposals

Could be a bellow l [\ \/ \/ \ AVAVAVA I

_
]

7N Xy
;I

A

VT IETITTES, [ =

e )

Cut and welding out of tube direct

A No machining for tube ends

A Tolerant toveaxti zamit®ines

A Coll ars could be made by spinning
A Possibility to weld only one side
A

A
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