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Goal of High Luminosity LHC (HL-LHC) as
fixed in November 2010

From FP7 HiLumi LHC Design Study application

The main objective of HiLumi LHC Design Study is to determine a hardware
configuration and a set of beam parameters that will allow the LHC to reach
the following targets:

A peak luminosity of L .., = 5x103% cm2s? with levelling, allowing:

peak
An integrated luminosity of 250 fb! per year, enabling the goal of
L. . = 3000 fb! twelve years after the upgrade.

This luminosity is more than ten times the luminosity reach of the
first 10 years of the LHC lifetime.

e performance established 2015-2016: with same ha
d same beam parameters: use of engineering margin
=7.510* cm2s! and Ultimate Integrated L, , ,; ~ 4
C should not be the limit, would Physics require mor
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HiLumi LHC landmarks: a project for
Physics and Technology jump

“CRAB” CAVITIES
8 superconducting “crab”
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

CIVIL ENGINEERING
2 new cavemns and two new 300-metre
service galleries, two new large shafts;
10 new technical buildings on surface in P1 and P5
(ATLAS and CMS)

BENDING MAGNETS

2 pairs of shorter and more
powerful dipole bending magnets
to free up space for the new

collimators.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS

peri i toi the
congcentration of the beams before
collisions.

CRYOGENICS

2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

COLLIMATORS

15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection.

SUPERCONDUCTING LINKS

iL i ’ _Electn'cal transmission lines based on a
| citeno e mas rom menawsemice . Papaphilippou - Corfu, 02/09/2018

galleries to the LHC tunnel.




HiLumi collaboration: pushing
the boundaries of the LHC
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A global effort

o HL-LHC

® Negotiation in process

Under discussion with
Canada, Georgia, Japan,
Russia, USA

Total
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LHC upgrade goals: Performance

optimisation
Luminosity recipe (round beams):

X N. X N, xQx .
L:nb N]_ NigﬁerF(f;b’e’Ss)
dpxb xe
=>» 1) maximize bunch intensities => Injector complex
=>2) minimize the beam emittance Upgrade LIU

=>»3) minimize beam size (constant beam power); =>» triplet aperture

=>4) maximize number of bunches (beam power); =»25ns

=>5) compensate for ‘F’; =>» Crab Cavities
=>»6) Improve machine ‘Efficiency’ =>» minimize number o
unscheduled beam
i i CERN t
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Goal of High-Luminosity LHC

/# implying an integrated luminosity of 250 fb-* per year,

)

y
\# design oper. for p & 140 (9 peak luminosity 5 103 cm2 5L

=>» Operation with levelled luminosity!

=>» 10 times the luminosity reach of first 10 years of LHC operati

d i H CERN
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LHC 2017 : separation levelling

- Introduced separation levelling for all 22 ~
experiments (Separation levelling is used since many years ~20
for ALICE and LHCb) o

- Dynamic orbit bump changes overlap of ;;E 18 |
colliding bunches §16 |

- Initial spike before leveling reaching |
2.2x10%* cm~?s? 1.4 :

"7'! | 00:00 | 00;15 00:30 o 00;45 o 01:00
Max. lumi  With separation time (h)

— fill 6061 (BCMS, 40 cm, 2556 b)
2.0 —— fill 6306 (8b+4e, 30 cm, 1868 b, levelling)
. — fill 6358 (8b+4e, 30 cm, 1868 b)
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B3* levelling
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B* levelling steps

durmg LHC Luminosity evolution during g* levelling, moving back and
operati on forth between 30 cm and 40 cm. The beams remained

head-on within ~ 2 um |




LHC Limitations and HL-LHC
Challenges

Technical bottle necks (e.g. cryogenics) 5 New addit. Equipment

Insertion magnet lifetime and aperture:
= New insertion magnets and low-f3 with increased aperture

Geometric Reduction Factor: = SC Crab Cavities
= New technology and a first for a hadron storage ring!

Performance Optimization: Pileup density =» Lumi levelling
=» devise parameters for virtual luminosity >> target luminosity

= Beam power & losses = additional collimators in DS region

= Machine effciency and availability:
# R2E = removal of all electronics from tunnel region
# e-cloud = beam scrubbing (conditioning of surface)
# UFOs = beam scrubbing (conditioning of surface)

Hilumi ’ T o
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HL-LHC Upgrade Ingredients:

Triplet Magnets
= Nominal LHC triplet: 210 T/m, 70 mm coil aperture

=2 ca.8T @ caoll
=» 1.8 K cooling with superfluid He (thermal conductivity)
=» current density of 2.75 kA / mm?
= At the limit of NbTi technology (HERA & Tevatron ca. 5 T @ 2kA/mm?2)!!!

LHC Production in collaboration with USA and KEK Critical Surface for NbTi




HL-LHC technical bottleneck

Radiation damage to triplet magnets at 300 fb-1

peak dose longitudinal profile Cold bore
' ' ' ' ' g insulation

747 TeV proton interactions = 35 MGy
IT quadrupoles 1
25| I MCBX-1 —+—
[ % MCBX-2

s MCTX nested in MCBX-3 —+—
i MCSOX —+

peak dose [MGy / 300 fb™]
> on

O ! ! L I A i
20 35 40 45 50 55

distance from IP [m]
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Radiation damage to triplet

magnets Tungsten blocks

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

> Shielding! &
US-LARP MQXF
magnet design o
Based on Nb,Sn Capillaries
technology

> Requires larger aperture!

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

Y. Papaphilippou - Corfu, 02/09/2018
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Optics Challenges & the ATS

scheme
Lowering PB" needs magnets of larger aperture, but

' also new hardware or sophistication (crab-cavity, flat
~ optics,...) to mitigate the luminosity loss due to the
Piwinsky angle.

- How to produce this " ???

This is the aim of the ATS scheme which solves many
optics limitations coming from the overall LHC ring.

1. Optics matchability to the arcs:
— Some IR quads going to O T/m, others to max. field
(200T /m).
— Simply the matching section becomes too short at
some point.

2. Correctability of the chromatic aberrations
induced, not only Q’, but also Q”, Q””,..., and ofif-
momentum b-beating:

— limitations from the arc sextupole strength (<600

D AD) S. Fartoukh, PRSTAB 16, 111002, 2013



The ATS scheme

S. Fartoukh, PRSTAB 16, 111002, 2013
. A Nnew ln]eCthn OptICS (~n/2 FODO lattice = new integer tunes)

" A squeeze in 2 steps

1) An “almost” standard squeeze, the Pre-squeeze:
- acting on the matching quads of IR1 and IRS,

- with new matching constraints on the left/right IR phase

-~ till reaching some limits (sextupoles, matching quadrupoles)

2) A further reduction of §°, the Squeeze:
- acting on IR2/8 for squeezing IR1 and IR4 /6 for IRS,

- inducing 3-beating bumps in sectors 81/12/45/56 to boost the sextupole
efficiency at constant strength.

) (IBA\I'C )FODO
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HL-LHC optics using the ATS

Round Squeezed optics =10 cm at IP1 and IP5 (150 T/m IT gradient)

beaml
0. —m@M@m—m————————r———1——1——1—1— 3.

ANRRANR

= LHC operating smoothly with ATS optics since 2017

=> Several HL-LHC options tested in MDs (flat optics,
beam-beam long range compensation with DC wires
and octupoles)
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HL-LHC Challenges: Crossing
Angle

I tion L t:
nsertion Layou H) ca.130m = 150m
D2 D1 A D1
4\ Triplet Triplet
.' | ca.50m

- :
PACIAN burc FACIAM Bunch

Parasitic bunch encounters:

Operation with ca. 2800 bunches @ 25ns ‘ hed-on
spacing = approximately 30 unwanted Slicions
collision per Interaction Region (IR).

=>» Operation requires crossing angle

Non-linear fields from long-range beam-beam interaction

efficient operation requires large beam separation at unwanted collision
points =» Separation of 10 -12 0 = large triplet apertures for HL-LHC!!
@)
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HL-LHC Upgrade Ingredients:
Crab Cavities

Geometric Luminosity F(b)
Reduction Factor N ]
Crab Cavities o j
* Reduce the effect of geometrical s}
: 05t Luminous rggion -
reduction factor o | _
 Independent for each IP ol
N
F = 1 - Q o qcsz ’ 0 cul.z cll.4 cll.ﬁ qs 1
V1+Q° 2S. - —
* Noise from cavities to beam??? e m—'wm

Challenging space constraints:

= requires novel compact S
cavity design I B

Hilumi T o
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HL-LHC Crab Cavities designs

A

2 Designs with
Different Coupler concepts and
Deflection planes

RF Dipole: Waveguide or
waveguide-coax couplers

HOM
Double ¥-wave:
Coaxial couplers with
hook-type antenna

HILUMI -
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First proton crabbing ever!

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

VCC=O MV VCC=1MV

o =
co o

Study and %‘
R&D E -0.6 <
has been very s I=
usefgl to. - 0.4 E
obtain this S

result
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N
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LHC Challenges: Beam Power

Unprecedented beam power:

Wo T 1

Fail =» New collimators and absorbers for the HL-LHC

= Remove all active components from the
Life LHC tunnel [requiring new space underground]

= R2E and SEU

@)

= Machine efficiency




LHC Collimation

Project

Baseline upgrades

: RN
Completely new layouts \ 56 new collimators to @eaning:DScon.ﬂn %

Novel materials. i
IR1+IR5, per beam: be produced by LS3 in

4 tertiary collimators the present baseline!

3 physics debris collimators
fixed mask

TCRDeLT
_FERCALT
AR,

L_TCLA TR

4

on pair production: [ Low-impedance, high
DS collimation % Momentam Betaron 0 | o0 | rObustness secondary
\ cleaning deaning 20T ] collimators
roscoiny| | Toeoo |

TCSG ESAT )
TCSG.6RT
TCLA ABRT
_J Tciamsrr
- TCLA.CERT
TCLADGRT
TCLAATRT
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DS collimators — 11 T Dipole

The LHC
collimator

LHC PROJECT wa ‘ =
halo Q7 g asrr Q8 g &
= Q9 missing dipole
MBAIORT g gorr Q10 -
MBBURT \ Qi
i MBAYRT \ig g1rr
MB.B11R/L
L, Eemaas EEEE AN =
i r‘_!. _mat -
- — 6,18 m (Lgyy) 6,18 m (Lqy)
< > 13 >
ALICE  myt = _ 93m [Iw'%\%%]\ 2,27 m (collimator) ) 3,3 m (L) R
’ b o — = el < =3 = -
=
T o | M LHC B
ATLAS
HL-LHC PF
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IR1 & IRS Civil Engineering

Vibrations of Civil Engineering Work affects operation!!!

= CE work needs to be done when LHC is not operating

V = main work needs to be carried out during LS2 in order
to finish work in time for LS3




Underground Constructions

=» HL-LHC CE work started in June

roint o) Awarded and signed in varcn 2ZU13!

Hitum Y (@) .
HL-LHC PROJECT /) Y. Papaphilippou - Corfu, 02/09/2018



15 June 2018 :
Groundbreaking Ceremony
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Work is progressing fast...

-----

Temporary building above the shatft

DA
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3. For collimation we also 2. We also need to
need to change the DS in  modify a large part of

the continuous cryostat: the matching section

11T Nb,;Sn dipole e.g. Crab Cavities &
D1, D2, Q4 &
corrector

=» More than 1.2 km of the LHC
will be upgraded!!
=» Plus technical infrastructure

(e.g. Cryo and Powering)!!

1. New triplet Nb;Sn
required due to:

-Radiation damage

-Need for more aperture

Changing the triplet
region is not enough for
reaching the HL-LHC

goal!




Schedule

Shutdown/Technical stop
Protons physics
Commissioning

Ions

2024 2025 2026 2027 2028 2029 2030 2031 2032
I[FMAM3 3 [A]S[ONP A [F MAIM [ [AS[o N[ S [FM[ATME P TA[SO N[l [FTM[AIM [ A[S[O[N o] 3 [FIM[AME [PTA[SIOIN |3 [FIMAM] [P TA[S[eIN B3 [F MAMD [ [AIS O B [F MAIME 3 [AlS[oNB 3 [F MAME 3 [A[S[o[N]D

LS3 LS4

2033 2034 2035 2036 2037




'Performance Projections up to HL-LHC

® Peak luminosity ==Integrated luminosity

6.0E+34 | — . , . i :
st [ - 1000fb | 30007
PR Run | | Runll ‘ ,_.J_bl._‘, .., 3000
I - Lo . : : Cra : Y ¢ o
- | Splices | | | Injectors | | Low-B* | Cavity B
o 4.0E+34 | fixed |i-—-| upgrade || quads [ Phacen i >
E RS~ N N B 200 2
S 30E434 | U 1) ] W) e N | D) £
2 I = e ./ ~ 1500 =
S L o i °
£ 20E+34 - - . Y R 1. .t 5
5 o . . [ 300 fb- Technical limits - 1000 @o
3 Energy |1 | | Intensity | | ——— [ g
1.0E434 1 65TeV | t00) like : ’ o0
0.0E+00 " TS

0 31 32 33 34 35 36 37
> 34 34 2c-1 ; iati
1.5 10% em2st | 1:5-2:2 10 SE e imit, Radiation &

0.75 1034 cm2s°1 cm2s°1 levelled triplet magnets
50 ns bunch fns :s ti);;n:h 25 ns bunch 25 ns bunch
high pile up ~40 gnp P very high pile

~40
up ~140
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R2E SEU Failure Analysis - Actions

70 1400 h f = 2008-2011
Downtime = Analyze and mitigate all safety
mﬁu ~250 h ‘ relevant cases and limit global
o _ Downtime / i oact
a ~  @/Relocation = 2011-2012
g‘“ ‘El | Qro\ - & Shielding | = Focus on equipment with long
5 Edui :
o i bas ] ::| :Irr'r:::l | downtimes; provide shielding
o 30 N 2 L rades | |
ER b o /LL = LS1(2013/2014)
E*“ i mivar) Nﬂ“\“? - | = Relocation of power converters
[ | = ¥ s ,’GZL‘ - .
7] B \,/“ g U = LS1-1L1S2:
104 V> ' ' = Equipment Upgrades
>~ A quip P8
- : dumps / b
| é | HLAHC: <01 Ei—— | & |63 -> HL-LHC
0
0.0 10.0 20.0 30.0 40.0 500 =  Remove all sensitive equipme
Annual Cumulated Luminosity from underground installatio




Prototyping of cryogenics
bypass @CERN

Prototyping of the by-pass crystostat (QTC) for the
Installation of a warm collimator in the cold dispersion

Magnet: prototypes reached 11 T field in March 2013!
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