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Goal of HL-LHC

From EC-FP7 HiLumi LHC Design Study application of 2010

The main objective of HiLumi LHC Design Study is to determine a hardware configuration and a set
o , — .. : -

.- ' imate Integrated Ly, . ~ 2
HC should not be the limit, would Physics require more.



https://hilumilhc.web.cern.ch/
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Cooling and
Ventilation

1 1R and 5R Integration
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HL-LHC technology landmarks

“CRAB” CAVITIES

16 superconducting “crab”
cavities for the ATLAS and
CMS experiments to tilt the
beams before collisions.

CIVIL ENGINEERING
2 new 300-metre service
tunnels and 2 shafts near to
ATLAS and CMS.

No accelerator upgrade
project has so many
challenging novelties covering
such a broad technology
spectrum

Technology intensive project!
Major upgrades in P1 and P5,

large fraction of LHC will
remain unchanged

e Lo

e oy

/-

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing
of the beams before collisions.

CRYSTAL COLLIMATORS
New crystal collimators in the
IR7 cleaning insertion to improve
cleaning efficiency during
operation with ion beams.

COLLIMATORS
15 to 20 additional collimators and
replacement of 60 collimators with
improved performance to reinforce
machine protection.

SUPERCONDUCTING LINKS
Electrical transmission lines based on a high-
temperature superconductor to carry the very

high DC currents to the magnets from the
powering systems installed in the new service
tunnels near ATLAS and CMS.
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HL Project Management and Organsiation
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HL-LHC - A truly international collaboration

Connection to LHC (UL) Service gallery (UR)

Service caver HiLumi collaboration :
el \ l n DEHX a higher luminosity for
-I_ i ies |
n HPRE DQHDS DEHM greater discoveries !
= I - O~ Q.
‘ @;m D = o @ KEK
[ F -<\g . 1 ’ w7 ‘\i /_\T ’# i
4 I - .5
~ ? DZ*" IR CoIIlmators SC L|nks o

I 71 S ——
Crab cavities : : ' e o &
%ﬁ% i— TAXN = DFX Q3 . @2h ('ET @, = !
] P~ i )
4 NLZ : \
G-?\ﬁ 2 n I - oy Q2a - | - v
Y \

f— ~Yw
L&

||||m
E
%

BN s

-« ¥

€000 “w
e

N

)

<<<<<

;;;;;;



http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Italy-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Japan-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-Kingdom-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-Kingdom-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Italy-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-Kingdom-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Japan-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Japan-icon.html

HiLumi

LARGE HADRON COLLIDER

EU funded HiLumi
Design Study

Approval of

HL-LHC Proje(EHc We are here HL-LHC Operation

[tun 4 - 5...

13.6 TeV

energy

Diodes Consolidation

splice consolidation cryolimit LIU Installation =
¥ TeV 8 TeV button collimators interaction ) inner triplet HL-LHC
e R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2013 2014 2015 2017 2020 2022 2023 2025 2026 2027 2028 2029

e
ATLAS - CMS 5% 7.5 x nominal Lumi

experiment upgrade phase 1 ATLAS - CMS
beam pipes HL upgrade

nominal Lunf w ALICE - LHCb : 2 x nominal Lumi g

75% nominal Lumi | / W upgrade v L
= -1
p— t R

L-LHC TECHNICAL EQUIPMENT: Run3loperation

= ~1.5 years until start of Long Shutdown 3 (Jul-26) — New dates announced by CERN management
in September (starting date Jul-26 and beam back to the machine in mid -2030)

= 80% of the project budget of ~1.1 BCHF already committed (10% out of the 20% is workforce)
Y = Optimization of thepresentdks3 ingtallationsehedule on@eing: - H.carcia Gavela
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H L _L H C PrO curement New schedule under preparation
LHC

HL-LHC

13.6 Tev 13.6- 14 TeV

13 TeV energy

ATLAS - CMS 5 1o 7.5 x nominal Lumi
expariment upgrade phase 1 ATLAS - CMS

beam pipes HL upgrade

Diodes Consolidation

spiice consolidation cryolimit LIU Installation . HL-LHC
7 TeV 8 TeV button collimators interaction . inner triplet
— R2E project regions Civil Eng. P1-P5 pilat beam radiation limit installation

nominal Lumi 2 x nominal Lumi ALICE - LHCb . 2 x nominal Lumi

75% nominal Lumi I r//__ upgrade

MOCK-UPS / SHORT MODELS/ LS2/CE/LONG LEAD ITEMS LS3/ELECTROMECHANICS ELECTRONICS
PROTOTYPES RAW MATERIALS / MECHANICS SERVICES// IT STRING TRANSPORT
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j MQXFBO03: ready to be tested in Q2 conf.
MQXFBO05: fully qualified for HL-LHC v

i MQXFBO4: fully qua"ﬁd forrHL_LHC\/ ,, MQXFBOG cold mas flnlshlng MQXFBO7: preparing for welding MQXFBO08: magnet assembly
 — — W e FidusipDay-Prodity k olect HEREE RN




Coil keys — end spacers — saddles

Can be produced from STP files
Item 4: coil key, AISI 316 L

Item 5: Selective Laser Sintering (SLS) end spacer,
AlISI 316 L, with flex. legs

Item 6: Saddle, EP-GC22, base material woven glass
cloth, matrix epoxy resin

5 axes milling machine or multitasking machine




« Loading pole, made of titanium
(Ti6Al4V), 240 mm long

Loading pole — ODS Wedge

= Wedges, made of aluminum oxide
dispersion strengthened copper, cold
drawn in length of 2.6 m

Filler Wedge
Loading plate
Inter-layer
Inner ground
wrap

f. Outer ground
wrap

®oo oW



Mechanlcal structure

* Aluminium shells (material provided by CERN)
* High- PreC|S|on CNC Lathe or Multl Tasklng

mbly in the MQXFB cold mass|
v

Fg 14 Al heIIs sse!
V/

e |nternal and external master structure
made of ARMCO (provided by CERN)
* CNC Milling Machine

 End Plates made of

' WK 7 07 (provided by CERN)

() “ CNC Milling f
E Machine 3




Vacuum vessels

First two units (Q1/3,Q2) produced as prototypes

Design change on the lateral and bottom covers to allow helicoflex
seals

Contract for series production: Build to print supply of 38 vessels,
contract signed August 2019

Cylinders made out of tubes for lower production cost

=  End flange welding procedure developped for low distorsion

= Machining of support post interfaces after welding

=  Epoxy painted outside, sand blasted and degreased inside (no
coating)

= QC at the supplier (all units)
= Full metrology
= Leak testing

QC at CERN
= Metrology of selected features (alignment of post interfaces, flanges, FSI
ports)
Leak testing
= Currently being performed on all units at reception, but the goal is to test

only a sample from each batch delivery
HiLumi ,
L-LHC PROJECT
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‘ HL-LHC PHOJECT:

Crab Cavities

| B a I

rrrrrr o

transition
endcap endcap/FPC

pole

half main body

Novel concept of SRF
cavities to compensate
the geometric loss in
luminosity due to the
non-zero crossing angle
and the extreme
focusing of the bunches

in the HL-LHC
Complex geometry
involving exotic

materials (Nb, NbTI),
very tight tolerances and
high-quality RF surface
(and a non-negligibl
amount of brazed an
E-B welded joints)

PED compliance



Crab Cavities

Warm magnetic shield
- made of Mu-metal

Titanium helium vessel



Multi-technological challenge involving a broad number of
different mechanical components (and different requirements)

‘ HL-THC PROJECT ™




LS3 Collimators — A major procurement effort v2

Plus a lot more: LS3 Collimators Production Claim Champs S en UG
Raw Materials (4 TCTPXH, 5 TCTPXV, 5 TCLPX, Ml DR 9341249 - IT-4811 Rl ik
Manifolds 10 TCTPM & 12 TCSPM)

Flexibles
UAP components B Vacuum conn. toolin

BPM components DR-9931228 — IT-4941
il Hydroformed bellows

>20 Contracts ¢>50 kCHF Absorbing material
= ADSOrning material

Inermet and Graphite

_q Glidcop for back (Single Tenders)

stiffener and

housing blocks
Single Source

BPM Pick-up buttons

DO-33204
Single Source
Edge Welded Bellows [T St . CuCr12r for back
. DO-33714 ¢ ‘ g stiffener and
s Lk o i , o housing blocks
N i 20185 IT-4927
y Roller Screws ‘ - Epa e
Single Beam Collimators: DO-33873 Single Beam X-Type Collimators: —'—W
| TCTPM, TCSPM P01 2 e TCTPXH, TCTPXV, TCLPX

,/" See presentation from A. Perillo & M. Calviani for BID (Beam Intercepting Devices — Targets,
‘ HL_L% PROJECJ Collimators and Dumps) — Some of the remaining needs for HL-LHC also covered here
Thematic Industry Day-Precision Machining - HL-LHC Project - H.Garcia Gavela



UH Vacuum Components

Beam screen fixed point
on the IP side of the

HL-LHC shielded beam screen

Thermal links:

= In copper (multilayer and solid part)

+ Interface plates

» Connected to the absorbers and the cooling tubes

Cold bore (CB) at 1.9
4 mm thick tube in 31

Tungsten alloy blocks:

+ Chemical composition: 95% W, ~3.5% Ni, ~ 1.5% Cu

+ Mechanically connected to the beam screen tube:
positioned with pins and titanium elastic rings

+ 40 cm long

New tungsten absorber
integrated on the IP side

Pumping slot shields
- CuBe foil

Clipped on the
cooling tube

Beam screen octagonal tube (BS) at 60-75 K:
» Perforated tube in High Mn High N stainless

steel (P506) v/ e
= Internal copper layer (75 um) for impedance ‘ - -

» a-C coating for e- cloud mitigation
+ Made of ~3m long segments

P506 cooling tubes:
Outer Diameter: 10 mm Elastic compression rings

» Laser welded on the beam screen tube Elastic supporting system:
» Ceramic ball and titanium spring

‘HiLumi

HL-LHC PROJECT




Beam Instrumentation

BPM Body Manufacturing Process Overview BLM IC Critical Part Endplate
s 3> e 3> (5% ) Pmeert ) O > O™ > i > g > iy O ) ) ooy Endplate Production

Competencies
(LHCBLM__0002):
= High Precision machining  copper tibe dia 810 mm
= UHV cleaning iose Stea! olate
= UHV-compatible assembly ané e <
‘ welding of copper “pinch-off” tube |
| - : i (SS/Cu) and electric feedthroughs
BPMProto,ACC (SS/SS)
= Dimensional and basic electrical
checks

= Leak check

. Material: CERN material spec. 1001 for
1.4429 round, forged blanks
. Strict tolerances

EE-wire cut, Ra3.2

. Machined ConFlat interfaces

. Octagonal shape (electroerosion wire cutting)
. Copper electroplating 0.1 mm (with gold flash
for adhesion)

BLM IC Critical Part Ceramic Insulator

= Ceramic Insulator Production
Competencies (LHCBLM__0005):
= High Precision ceramic Al,O,

= Ultra-high resistance:
<1 pA when 1.5 kV applied

= Resistivity checks in a controlled
environment to guarantee consistent
measurements

* UHV-clean delivery
Peig

ematic Industry Day-Precision Machining - HL-LHC Project - H.Garcia Gavela

Interaction &
Optical System

Dump
Chamber

Nozzle and
Skimmers 1&2
- [

Skimmer 3



HL-LHC Jacks

 Designed to support cryo magnets
up to 30 tonne in weight with the
capability to align, and maintain the
alignment in operating conditions
throughout the whole lifetime

« For standardization &  cost
optimization, the design was also
adopted for Crab Cavities and TAXN

« Smooth control of the
displacements, requiring tight
manufacturing tolerances and low
friction

*  Motorization, instrumentation and
controls are to be integrated as part of
the Full Remote Alignment

« Mechano-welded structures with
tight tolerances on individual
components due to the functional
requirements

114 Radial/Longitudinal Jacks

Thematic Industry Day-Precision Machining - HL-LHC Project - H.Garcia Gavela



TAXN/S Cu Absorbers

TAXN and TAXS Cu absorbers (made of
casted Cu, which is part of the scope of
the Contractor)

Cu block

~1.5 tonne/piece with tight
dimensions/tolerances as they will clamp
the vacuum chambers inside

Forward detectors (BRAN & ZDC) inserted
in the absorber slots

UPPER COPPER

uuuuuuuuu (no OHFC)
Cover / CLAMSHELL
e
THERMOCOUPLES, BEAM TUBE
PIPING / COPPER (OHFC)

60 mm ID

Bakeout
jaa P LOWER COPEER SUPPORT CRADLE
g‘l‘.’/?h‘/:;:l:’LL (only for assembly

Thematic Industry Day-Precision Machining - HL-LHC Project - H.Garcia Gavela
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Return of Experience and tips — High Precision Machining

. High Precision Machining components are a recurrent need for
Projects/Programs/Operations at CERN

1 Orders from a few kCHF to MCHF - However, there are no medium/large
Size projects at all times...

1 Wide broad of materials used at CERN (sometimes provided by CERN but
they can also be in the scope of the Contractor)

1 Wide broad of geometries, sizes, weights and functionalities involving
different machining methodologies — Case-by-case

) However, some components are (will be) recurrently needed in present and
future Projects

1 We all must follow the CERN Procurement Rules (see presentation from
A. Lacinana) — Market Survey to qualify companies (sometimes via
gualification samples) and Price Enquiries/Invitation to Tender for bidding
(only companies qualified and selected)

HilLu |’
HL-LHC PROJECT
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Return of Experience and tips — High Precision Machining

1 Orders/Contracts managed directly by the equipment owners (Work
Packages) or via EN-MME-FS (vast experience in this domain) —
Collaborations manage their own procurement

1 For high precision machining, we look for companies that can
provide references of similar works and level of complexity of the
required work

] Metrology in-house is usually required (efficiency in the production
workflow)

Quality and Planning of utmost importance

Requirements are usually high, but they are specified due to a well
assessed need (we work in a unigue environment and a failures can
bring downtime in operation)

DO

¢ Ly
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HL-LHC is in the last procurement

£

There are still some components to
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HL-LHC Design Parameters

Parameter Nominal LHC HL-LHC 25ns
(design report) (standard)

Beam energy in collision [TeV] 7 7 LHC Magnet system
N, 1,15E+11 2,2E+11 LHC injector complex
n, 2808 2760
Niot 3,2E+14 6,1E+14
Beam current [A] 0,58 1,1
Half Crossing angle [prad] 142,5 250
Minimum B’ [m] 0,55 0,15 HL-LHC triplet magnets
€, [pm] 3,75 2,50
€ [eVs] 2,5 3,03
»Piwinski parameter 0,65 2,66

| Peak Luminosity without crab-cavity [cm™s™] 1,00E+34 8,1E+34

| Virtual Luminosity with crab-cavity: Lpeak*R1/R0 [cm?s™] = 1,70E+35 HL-LHC crab cavities
Events / crossing without levelling and without crab-cavity 27 212
Levelled Luminosity [cm™?s™] - 5,0E+34 "
Events / crossing (with leveling and crab-cavities for HL-LHC) ’ 27 131 Machine operation &
Leveling time [h] (assuming no emittance growth)’ - 7,2 availability
n,/ injection 288 288
€, at SPS extraction [um] 3 3,5 2,1 LHC injector complex




Luminosity performance

3000 6

Z7 2500 o o -5Tm

' |
< =
2 2000 4.
2 S
g N
1500 3 S

° 2

= Z

=

O | =

2 1000 22

&0 =

E 500 1 %

e Basecline A

= Round with ion runs
2030 2032 2034 2036 2038 2040 2042 "
Year
Courtesy N. Mounet (Note that ~460 fb-! should be added for the LHC runs)
Extension of the ALICE run beyond LS4 and the planned LHCb upgrade in LS4, both
i Umi, will have an impact on LHC operation and on the performance reach of HL-LHC
L
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IR1/5 underground civil engineering completed in 2022
Construction Finished End 2022

ork was conducted during LS2 =» vibration impact

atic Industry Day-Precision Machining - HL-LHC Project - H.Garcia Gavela 33



Ceremony for completion of CE on January 20t 2023
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Completion of Surface buildings in 2023

Work Ended Spring 2023

Point 1 Point 5

CE/RW
\

Nl




Technical Services in full swing
for installation:

Sectional doors

Lifts

Overhead Cranes
Fire safety

Cable trays & cabling
Lighting
Switchboards

Racks

Power Transformers
Ventilation system
Cooling system

NN N N N N N N N

URS5 Gallery,
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New HL-LHC Triplet Layout

m
Q2 Qo D1 D2 Q4
Q: 200 T/m
MCBX:33T 15Tm
DI1: 18T 26 Tm
e e T S T e e T —.. S rd
40 60 80 100 120 140 160 180
distance to IP (m)
Q1-3:132.6 T'm
MCBXFAB: 21T 2545Tm
D1:56T 35Tm
D2:45T 35Tm
Q2a Q2b Q3 D1 MCBRD: 265T 5Tm D2 Q4
|
OO e 10 I ]
= = = E 2 = )
2 = = = = = =
20 40 60 80 100 120 140 160 180
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Magnets

Q1-3:1326 T'm

MCBXFAB: 21T 2545Tm
DI:56T 35Tm
D2:45T 35Tm

Ql Q2a Q2b Q3 D1 MCBRD: 265T 5Tm
—p i Il'llllg‘
= L Ty ||

D2

= 5 .
= Ll
1) @ -
=\ Ws) a &
= =\ 5 s =
T ——— T — —— —
100 120 140 160 180
distance to IP (m) E. Todesco

Courtesy E. Todesco
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Crab CaVitieS See R. Calaga’s presentation

. s 4+1 RF Dipole cryomodules
I gL US-AUP, Canada, CERN

cavities emerged In ~2006.
Since then, many years of

R&D, Proof of Principle
Cavities desian

4+1 DQW Cryomodules
UK, CERN

3— -
transition racetrack it ‘
transition
V-HOM
V-HOM end cap/V-HO end cap/H-HOM

waveguide

H-HOM
a . waveguide
— " FPC
be_am ~~~~~ P >, i waveguide
axis / S 4

antenna

corner

transition

end cap/FPC

pole endcap

half main body

— ‘ et
W | Thematic Industry Day-Precision Machining - HL-LHC Project - H.Garcia Gavela



HL-LHC Technical Challenges: Crab Cavities

Full Crossing angle:

285 mrad LHC TDR

fective crpss seci

>329 mradin LHCop o4}

-> 500 mrad HL TDR ol b

Thematic Industry Day-Precision Machi Crab cavities |



LS3

IR collimation: Completely new
layouts and collimator designs:
IR1+IR5: incoming and outgoing.
Full remote alignment system
(FRAS)

LS3

Impedance reduction: low- \
impedance, high robustness

secondary collimators: coated MoGr
Un-coated MoGr primary collimators.

5

Momentum
. cleaning

Betatron
cleaning

Crystal-assisted collimation (Pb ions)
4-8 bent crystals, 50 prad bending
IP7 (betatron cleaning)

Dispersion suppressor
collimation: Secondary

beams from ion physics ——
-
e L
idati i Absorb
Consolidation (not HL): low-impedance sorber S5

primaries (material from WP5), renew
controls, maintain / replace rest of system

7 Crucial upgrades took place in LS2: the LHC is already _ o
Hil i? C\E/RW profiting from! Moving now towards LS3Fproduction_ _ -
é~ HL-LHC PROJECT 7 Thematic Industry Day-Precision Machining - HL-LHC Project - H.G

arcia
Gavela,



Cold powering systems - SC link using MgB, superconductor

s O el
1 3 >

b«

® Vg8,
® cu

O Fillers
~— Protective insulation - 13 kA

Diam ca. 90mm
> 100kA @ 25K

« Successful PoP validation via system demonstrators (DEMO)
« MgB2 wire production complete
« MgB2 cable production at 80%

« DFXcryostats delivered by UK Collaboration; DFM in production

« DFHX cryostats delivered by Swedish Collaboration; DFHM in production

« Allflexible cryostats at CERN

« Rebco Tape in production

« Assembly of the first complete system and successful validation test rcia Gavela
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Other major achieve.r\r]nt

B_PM production

. . 0 -
BGC installed in EYETS’23 -
edin EVET: ; =

CLIQ pre serles

- rm———

TDE material HlRadMat

I —— T~ S\ L ; T e e (E

EYETS Extended Year-End Technical Sto \ : Pazeal s e g | t W= CLIQ Coupllng -Loss-Induced-Quench
MKI Magnet chker at Injectlon \ B . e [ 228 ; = - S BPM — Beam Position Monitors

BGC — Beam Gas Curtain S = s \ ol java ' iai TOF - External Beam Du

TDIS - Target Dump Injection Segmented -




Next Milestone: HL-LHC IT STRING: P5L

arcia Gavela
hl umi hewcomers

Thematic Industry Day-Precision Machining - ﬂt_—LLH%qnﬁggb%%ﬁtIg



-
g

NS

IT Test Area In SM18 NS Magnet Testbenches

HL-LHC testing facilities &SN

SRF Section

Cold-powering Test Area




The IT STRING Scope

LHC String 1 (1994) f the IT STRI A

B ding, the va
BEHAVIOURS

NG will deliver the first complete experience
tinstalling and operating the IT zone

indico.cern.ch/event/741801/ - Oct’18
/indico.cern.ch/event/1183794/ - Sep’22
//indico.cern.ch/event/1298459/ - Sep’23

E HiLumi , C\E/RW IT Stig Day IV - https://indico.cern.ch/event/1408524/ - Sep’24

‘.A z 2 ) ?‘ i & Iy ‘» | 2 Z A 7
Ref. HL-LHC IT STRING Scope https://edms.cern.ch/docume LHC Inner Triple Stl’ing (2005)

b HL.,U‘,'C PHO:JECT 7



https://edms.cern.ch/document/1693312/1
https://indico.cern.ch/event/741801/
https://indico.cern.ch/event/1183794/
https://indico.cern.ch/event/1298459/
https://indico.cern.ch/event/1408524/

IT String Status in pictures

IST (Individual System
Tests) and SCT (Short
Circuit Tests already

carried out this year.

PC-and-Energy Extra@tlon racks
mstalled on the metaJhc structure :

—
Phase V
T Tests before cooling Powering tests before TC TC (1 warm-up Pow. tests 2 warm-up
and 1% cool-down & 2™ cool-down) after TC & dismantling
300 K «-- "&%Ffr ......................................
IT 5tring
‘Operation

Tests before cooling

80K

19K casfessssussfrrsnssnnnnnnnsnsnsnsnnnnnnnnnnrussd SLORdE

v Sl.nng
| Specific

Q4 2024 Q125 Q2-Q42025 Q126 Q226

HWC




