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LHC (Large Hadron Collider): Magnet Technology

14 TeV proton-proton accelerator- = 200000 times the s
collider built in the LEP tunnel =» earth magnetic field!! R
requires ca. 9T magnets!!!

=>» Not feasible with
Normal conducting magnets

1983 . First studies for the LHC project
1988 . First magnet model (feasibility)
1994 . Approval by the CERN Council
1996-1999: Series production industrialisation
1998 . Declaration of Public Utility &

Start of civil engineering
1998-2000: Placement of main production contracts
2004 . Start of the LHC installation
2005-2007: Magnets Installation in the tunnel
2006-2008: Hardware commissioning
2008-2009: Beam commissioning and repair

As of 2010: Physics exploitation

"‘—j =>» Significant Time scale extending well beyond that of a physicist career!!!
m
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LHC (Large Hadron Collider): Magnet Technology

P

LHC,

4.5T 5.3T 3.5T 8.3T 15m. 56 mm
1276 dipoles
HERA, RHIC,
9m, 75 mm 9 m, 80 mm
416 dipoles 264 dipoles

Tevatron,

6 m, 76 mm
774 dipoles

1983 1991 2000 2010

=» The LHC dipole magnets mark the
culmination of 30 years of superconducting
magnet technology development!

=>» Requiring 1.9K [-271 degrees Celsius] operating temperature

‘H'Lumi ,
HL-LHC FPAROJECT . -
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The LHC is NOT a Standalone Machine

The LHC performance fully relies on the performance of its injector complex

- By itself one of the largest accelerator facility in the world with its own
diverse and, for many aspects, unique physics program

CMS

LHC : 2x(0.45 = 7) TeV

auce | HC Injector Upgrade Project > SPS ' 26 — 450 GeV

TI2

Installation finished in LS2

HiRad
[ 201]

. - PS: 2426268¢V
=>» Now being commissioned!
o PSB . 0.06 -2.66¢V

LINAC 2

LINAC 3
lons

Linac 4: 0-500Wa¥\V/




CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-24 04:00 UTC

Doubling the statistical accuracy for the experiments implies 4
times the data volume!!!

N

=>» over 20 Years of operation with current peak performance
after Run 3 end (after 2025)!
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D, Date (UTC)

100 . | 100
- = 2010, 7 TeV, 45.0 pb !
| m— 2011, 7 TeV, 6.1 b
g
3« 80| 180
'g ' remain and the search continues!!!
E =>» Higgs properties [coupling]
& 60 = More than one Higgs? 160
3 = BSM Physics? Dark Matter & Dark Energy?
g =»Need for more Data and Statistics!!
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LHC Lifetime Limitation:

Debris from the IP & Radiation damage to magnets!

k d longitudinal profil (
. peak dose longitudinal profile > End of the LHC
:> %[ 7+7 Tf%/' proc'ion inlteractions trlplet I|fet|me by End
qua rupo es —+— 0
2 ] MCBX-1 —— Run3 In 2025
o MCBX-2
220! : MQSX
KV % % MCTX nested in MCBX-3
N i ;e MCSOX 7
% 15¢
g [
<10 - D]
=4 I
s I
a 5 B Q: 200 T/m
[ MCBX:33T 15Tm
L &, : DI: 18T  26Tm
Q0 25 30 35 40 45 T o P
distance from IP [m] distance to IP (m)

= HL-LHC goal: 10 times the LHC data Volume

within 10 years of operation
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Goal of High Luminosity LHC (HL-LHC):

¥

| Iy
,,,,,,,,,,,,,,,,,,

Need to overcome several limitations in the existing LHC machine!!!

Ca. 1BCHF CtC Project
# englise . e e R design!

£ oA ante

The HL-LHC Project is currently transitioning from :
X the nominal value

Prototype Validation to series production!!!

mode!
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HiLumi

LARGE HADRON COLLIDER

EU funded HiLumi
Design Study

Approval of

HL-LHC Project
LHC

13.6 TeV 13.6 - 14 TeV

13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation .
7 TeV 8 TeV button collimators interaction o ) inner triplet . hL hHC
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
R} X R\
2011 2012 2013 2014 2015 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII
5 to 7.5 x nominal Lumi
ATLAS - CMS -y
experiment upgrade phase 1 ATLAS - CMS /
beam pipes z F : ’ HL upgrade
nominal Lur [N 2% nominal Lumi, ALICE - LHCb o EXTeina Luri |

75%Inominal Lumi [ upgrade ! '
- Start of Run3
30"

_ integrated JELIUURI R
190 " | operation EIH S el
HL-LH@G TECHNICAL EQUIPMENT:

DESIGN STUDY £C PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. ||H PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab”
tunnels and 2 shafts near to cavities for the ATLAS and

ATLAS and CMS. CMS experiments to tilt the

beams before collisions.

No accelerator |
project has so P LAl oms
many challenging "
novelties covering
such a broad
technology
spectrum

Technology landmarks

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing

of the beams before collisions.

Technology
Intensive project!

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.
tunnels near ATLAS and CMS.

RN February 2022
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HIL-LHC technical bottleneck:
Radiation damage to triplet magnets

Tungsten blocks

A

Need to replace existing triplet
magnets with radiation hard system
such that the new magnet coils
receive a similar radiation dose @ 10

times higher integrated luminosity!!!!!
9 i i US-LARP MQXF

magnet design
Based on Nb,Sn
technology

> |Requires larger aperture!
> INew magnet technology!

> 70mm at 210 T/m =>»150mm diameter 140 T/m =>» Longer magnets
8T peak field at coils =» 12T field at coils (Nb;Sn)!!! =» New Superconductor

gc
=)
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High Field SC Magnets

Magnet development requires substantial R&D effort!!!

. . . Ca. 30 years of NbDTi
Dipole Field for Hadron Collider magnet R&D leading up to
the LHC dipole magnets!
20
18 Transition from NbTi to
16 Nbs;Sn:  requires  similar
E 14 length of R&D!
2 12
= 10 HL-LHC led the R&D for 11-
S s 15T magnets based on
3 6 Nb,;Sn technology:
4
5 => Started in early 2000
0 Y
= 15-20 years R&D
1975 1985 1995 2005 2015 2025 2035
program
Year
¥ Nb-Ti operating dipoles; ® Nb35n cos9 test dipoles  m Nb3Sn block test dipoles dk Nb35n cosd LARP QUADs - Ready by 2025
Q"‘ courtesy: L. Rossi (CERN)
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JYy.
| fillaments well
wires

la extrusion

HC PROJECT
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The Nb§Sn SC Challenge:

Nb,Sn is brittle and cannot be drawn in final form —
contrary to NbTi

Strand is drawn before cable is formed before the wire is
heat-treated to form the Nb;Sn superconductor!

suB-cable

Cu matrix with Nb;Sn filaments

Cu stabilizer

Bronze process

Diflusion barticr




Nb;Sn quadrupole: Transition from Prototype to Series
production

_s===magnet under preparation
__ fortestat CERN
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Nb,Sn quadrupole: Transition from Prototype to Series
production

CERN -— (% k
l Q1IQ3 FIRST IT
- ClI

Now entering the phase of hardware production for most
equipment!!!

4 US [AUP] magnets passed successfully tests in 2020 and 2021

First CERN prototypes tested in 2020 and 2021. Third prototype
being tested in second half of 2022

- i - " — _; \ \\
Q2 IT QUAD prototype built
and tested at CERN!!!
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Underground Civil Engineering Excavation work completed!
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Visit of Council Delegates in September 2021

Underground Civil Engineering

work finished in 2021!
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IR1 status April 2022

| Surface Civil
Engineering
lwork to be
finished 1n 2022!




HL-LHC is a truly International Collaboration

Connection to LHC (UL)
Service gallery (UR)

SC Links

Nz
7S

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

The MS region with in-kind contributions

| e

UA gallery

Service cavern

= T (
(BBLR) ~'

Q4

Crabcavities =

i Collimators
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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

HL-LHC PROJECT OFFICE

_ _ ATS Director }
Project Support Project Leader & Deputy

Cecile Noels - Michela Lancellotti Oliver Briining — Markus Zerlauth B DH & GL )

Communications & Outreach Safety Office
Cecile Noels - Irene Garcia Obrero Thomas Otto — Christelle Gaignant
Safety Coordinator: contractual support
Planning Technical Coordination

WP17
New Infrastructures

Budget & Collaborations
Schedule Office Office

Procurement, Baseline Integration &
Documentation, QA & Risk Office Installation Office

®
HL-LHC SCE Steering
Committee HL-LHC Introduction to hilumi newcomers




Project Work Package Structure remains unchanged:

WP1

Project Management

WP2 WP10
Accelerator Physics & Performance Energy Deposition & R2E
WP3 WP11
IR Magnets 11 T Dipole
WP4 WP12
Crab Cavities & RF Vacuum & Beam Screen
WP5 WP13
Collimation Beam Instrumentation

WP6A \ /j / WP14
Cold Powering Hl U i Beam Transfer & Kickers
:~ ‘ HL-L PROJECT

WP6B WP15
Warm Powering Integration & (De-)Installation
WP7 WP16
Machine Protection & Availability IT String & Commissioning

3

WP8 WP17
Collider-Experiment Interface Infrastructure, Logistics & Civil Engineering
WP9 WP18
Cryogenics Controls Technologies
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R — .

IT String Installation in SM18: Q1 up to D1 inclusive!

Installation started and foreseen until 2023

=>» Operation planned in 2024 and 2025



Main achievements since 10" Collaboration Meeting

As of 2021

regards to the machine references: IP5.

The zone was VACATED, CLEANED, PAINTED

AND SURVEYED for the major elements with
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Cryogenics reference point C Beam line from IP5 to point C (perpendicular) Reference Point: IPS
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. metallic structure 36 supports Racks: 5 axe lines and starting points (ZN RACKS)
! Marta Baiko @ 2021 C&SR




Questions?
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IN-KIND CONTRIBUTIONS HiLum Y

EU in-kind collaboration
I I‘+‘ — O -I I 2000
AN — H

— DOE
Collaboration with personnel
L Nb3Sn ‘
S
e = N e &
0 2R LARP FP6 @)
- generic CARE )
= Nb3Sn o
KCET(RI!: 8:D LARP, HiField quads sLHC PP
2010 FP7 (INJ)
EuCARD LHC INJ
o LARP e HiF_ieId Sim Ho
m I+l N e
HiLumi: a BINP+... 2015 } l J
Absorbers KEK D1 ; JJ
glObaI CC ampli. . 3 .
. C. Leads deSIgn & HiLumI LHC Injectors Upgrade
project o-lons TRIUMF IHEP construction HL-LHC implementation
) LBDS (o - CCT AUP Prototyping &
since the cryostat || correctors 2020 Q1/Q3 Construction
start BLM
Crystal
Coll.
2025
Schedule is complex since in-kinds are interleaved with -
- i ini i Hi-Lumi LHC 2
- our works: we do not receive finished equipment ) Inetall. & Comm.
LU i HL-LHC Construction




SC Magnet
Current Density Across Entire Cross-Section TeC h NO I 0O q v

10,000 | | | |
r | YBCOBI T?"e P':"‘: == ==YBCO: Parallel to tape plane, 4.2 K
L SuperPower "Turbo"
— b e | == YBCO: Perpendicular to tape plane, 4.2 K
[ Recos| Ta Plan;\\ L == 22712: Round Wire, 4.2 K
m\ ® " emom=Nb3Sn: High Energy Physics
& N . .
1000 & % = Nb-Ti (LHC) 1.9 K (~+3 T shift over 4.2 K)
I° 00
— [ " -f | source: L. Rossi
£ L : : [
£ “ =
3 . Nb;Sn
— 1
<’ [ m HL-LHC with 11-12T
\ [ ] 16 T for HEP
2 A\ = Almost a commodity!
100 — _ o 15-20t per year for MRI
E N | o ITER needs 500 t
[ Maximal ), ffentire LHC NbTi High-J, Nb;Sn 2212 =  caxb cost LHC Nb-Ti
L strand pro CtIOI.] -,(\.ERN— @ - Brlttle material
T. Bollboul '07) §%®.
: e
Compiled from ASC'02 595 filament strand @ (needed 9 20 T)
r and ICMC'03 papers {J. with Ag alloy outer = 0on going R&D!
Parrell OI-ST} sheath tested at
NHMFL =  Bi-2212: cost today 2-5x Nb;Sn
10 | T | L1 L | L | L1 L ! [ = YBCO: Cost today 1OX Nb3Sn
0 5 10 15 20 25 30 35 40 45

Applied Field (T)
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LHC Challenges: Interaction Region

B Insertion Layout:

[P ca.130m =» 150m

D2 DI ‘ D1 D2
\ Triplet Triplet
I ca.50m

PACI AN burch PA CMAM buinch

B Parasitic bunch encounters:

head-on
colligon

Operation with ca. 2800 bunches @ 25ns spacing
=> approximately 30 unwanted collisions per | i
Interaction Region (IR).

long-range
el 1| ans

=>» Operation requires crossing angle

Bl non-linear fields from long-range beam-beam interaction:

efficient operation requires large beam separation at unwanted collision points

=» Separation of 10-12 ¢ =>» large magnet apertures next to the experiments!!
=>» at the limit of magnet technology!!!
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HL-LHC Upgrade Ingredients: Crab Cavities

Bl GCeln@avitiesminosity F(b)
. BEAHEHONHAEL et of
geometrical reduction factor o7/
» Independent for each IP s jon
F=—2t_; Qo Eii/
V1+Q° 2s, o/ | ]
 Noise from cavities to beam "o [Toz o2l 06 ¢ 1 b
Beam size and losses?!? ﬂ ;
» Challenging space Coab oy G Caviy
constraints:

=> requires novel compact G vy

cavity design T -
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HL-LHC cavity designs

2 Designs with
Different Coupler concepts and
Deflection planes

RF Dipole: Waveguide or
waveguide-coax couplers

HOM
] Double Ys-wave:
NRIBER R DO\V crab-cavity Coaxial couplers with
e o u,wf Cryomodule for hook-type antenna

-.-.-.‘.-?Jéit ;-,:'_-ﬁ. 2

= “ . W o
<] e S P w - _
P A8 ] / < o
B < S /S
) S W iy ) D7 e i s L. | 2ol
e e sttt s e e s =
y N e it
) . . . P o
A N FE R =
;

Present baseline: 4 cavities / IP / side = 16 total
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Crab cavity crvo-module for installation in the SP

3 -

. l
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First proton crabbing evet!

Crabbing Voltage from Head-Tail Monitor
2018-05-23 17:02:39

6 VCC =0 MV Vcc ~]1 MV 1.0

0.8
2
Study and R&D | 0.6 2
has been very RS £
useful to obtain E =
this result > 0.4 g
=

0.2

t [ns] t [ns]
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By CERN

= Nb3Sn wire for SC Magnets

= Cryomagnets components (coil components,
laminations, structure, shells, end covers,
vacuum vessels, cold supports, IFS Flanges)

= 11T Collared Coil production

= LS2 Collimators production

=  MoGr for LS2 Collimators (TCSPM, TCPPM)
=  DQW Jacketed Cavities

= SC Link (MgB2 wire, MgB2 cable production and
Flexible Cryostats)

=  CLIQ units

= Civil Engineering Construction at P1 & P5
= Tungsten blocks for Beam Screens

= Cold Bores

= Cooling and Ventilation surface contracts

= Cryogenics for IT String (Proximity equipment
and Cryolines) and Upgrade of Cryo-plant at P4

*Contracts already completed are underlined
‘ Hil UM
HL-LHC PROJECT

:

Industrial Contracts

By Collaborations

= HO Correctors Production (by INFN-Lasa)

= D1 Production (by KEK)

= D2 Production (by INFN-Genova)

= Nested Correctors MCBXFA/B (by CIEMAT)
= MCBRD - CCT magnets (by IHEP)

= Cryomagnets components (by AUP)

= RFD Jacketed Cavities (by AUP)

= DFX/DFM (by HL-UK)

= DFHX/DFHM (by Uppsala University)

= Components for DQW/RFD Cryomodules
(by HL-UK and Canada)

For more details related to HL-LHC Procurement,
see presentation by
H. Garcia Gavela
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PMES

RSLRSH RRSD RS UPS3
-/ —/

Point 4 CMS e g
Point 5

Point 7

Point 1.8 Pointl e

hdl: X1 e

|
|
LT5A | LLXIS
ULXIS

ATLAS

HL-LHC LS2 activities in the LHC tunnel

WP5 - Collimation
» 8 Target Secondary Collimators TCSPM in LSS7

— 2 DiesersienSunorecsien Collimators O Don Lo [0 - posiponed
» 2 Dispersion Suppression Collimators TCLD LSS2 (CC)

WP8 - Collider & Experiment Interface

* TANB both sides LSS8

* ATLAS forward shielding modification and JTT installation

» CMS forward shielding modification and VAX support installation

WP9 - Cryogenics
» Cryogenics upgrade of refrigerator & cold Box

WP11 - 11T DS Dipole
11 THR-A9R7Z-&A9LZ-- postponed
+ CCinCll1R2 & C11L2

WP12 — Beam Vacuum
* In-situ aC-coating Q5 at P8

= lp-sit-aC-coatng-96-aR8-and-05-96-a- P2 - postponed

WP13 — Beam Diagnostics
«Wide-Band transverse pick-up-BPW-prototype-at LSS4L - postponed
* Beam Gas Curtain BGC prototype at LSS4L
* BSRT (adding halo cleaning) at LSS4L/R

WP14 — Beam Transfer & Kickers

* Injection Dump TDIS at P2L & P8R
+Cooled-MKl-atP2- postponed

» Displacement of TCLIA in LSS2R (C4R2)

WP17 - Infrastructure Logistics and Civil Engineering

» Completion of the underground installation at P1 & P5

* UPR connections and general services installation at P1 & P5
HL-LHC Introduction to hilumi newcomers




HL-LHC installation equipment in the LHC tunnel FYETS 2016
YETS 2017
WP13: BWS WP5: 2 TCTW wire collimators LS2
WP13: Fluorescence Measurement Test Chamber Installation WP17: UPR cables rerouting YETS 2021
(BGC) WP8: CMS forward shielding modification & VAX support installation
WP9: Cryogenics upgrade of refrigerator & Cold Box WP17: Completion of the underground installation, UPR connections and
WP13: Wide-Band transverse pick-up BPW (postponed), Beam general services installation campaign services installation

Gas Curtain BGC prototype & BSRT (adding halo cleaning) WP13: Remove of BRANA and replace by the new BRAND prototype (left IP)

WP17: New mechanical ventilation in the UA/UPRs and in the tunnel area new
cabling campaign

v 221 | gy

WP13: Installation of a new BSRTMB tank,
new Coronagraph prototype, BGC optical
system of the HEL prototype (left IP) e o

P2}

‘I, . o Point 4
s il oinl
e L Point 3.3 ot
WP5: 2 Dispersion Suppression
Collimators TCLD Point 32 WPS5: 1 TCSPM secondary proto collimator
WP11: CCin C11R2 & C11L2 & 2 TCPC crystal collimators
WP12: In-situ aC-coating Q5-Q6 WP5: Replace 1 TCPC crystal collimator
(postponed) .
WP14: Injection Dump TDIS, | __ - ""i:'L ZICE WP5: 8 Target Secondary Collimators TCSPM & 2 Dispersion
C?oled MKI (postponed) & > Suppression Collimators TCLD (postponed)
Displacement of TCLIA s 3 _ P hen WP11: 11T in C9R7 & C9L7 (postponed)
- e %‘_,_ Pubc \i/ -/ WP5: 2 TCPC crystal collimators
WP5: 2 TCTW wire collimators
WP17: UPR cables rerouting WPS8: TANB both sides LSS8
WPS_: ATLAS forward fhielding Lt SRR A WP12: In-situ aC-coating Q5-Q6 (postponed)
modification and JTT installation WP13: Remove of BRANA and replace by the WP14: Injection Dump TDIS
installation, UPR connections and . ; Hatiam i
o WP17: New mechanical ventilation in the

general services installation campaign UA/UPRs and in the tunnel area new cabling

-
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An extra boost fror1n the injectors

_ N Anew production scheme — the “BCMS” -
The LHC performance fullv relies on the B wac nit in nlaca in tha DS

- By itself c lencies
diversea =3 Higher than nominal beam brightness! :and

|
|
|
|
|
|
|
|
- . ard |
.. Performance limited by LHC cooling power!!! |
2008[27 L :
ALICE . > I
[triplet and arc e-cloud] S|
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TI2 f\i |
. Il 1
o > L<2103%cm?2st L1
|
[ - |
: 200 '
| [
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unac2 @ - : 100 :
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—1000 =500 0 500 1000
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CERN proton accelerator chain:
The LHC is NOT a Standalone machine

CERN Accelerators

(not to scale)

“ LHC:2x(0.45-7)TeV —

= SPS:26-450 GeV

0.999999c by here

= PS:1.4-26 GeV
= PSB:0.05-1.4 GeV

= Linac: 0-50 MeV

LHC Injector Upgrade Project
completed in LS2 =
recommissioning injectors now!

Start the protons out here

L
i
3
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New underground infrastructures:

Cooling and
Ventilation

WP3 Magnets

Underground Civil Engineering Excavation work completed!
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