The Large Hadron Collider : the LHC

The largest machine and scientific instrument ever built by mankind

.... For the Am—-oment.... Quantity N e
LHC: big, cold, high energy Circumference 26 659 m
=== Collimation "Injéction”éé'f = ik Dipole operating temperature 1.9 K (-271.3°C)
Number of magnets 9593
, = — ’ ; Number of main dipoles 1232
gt —-— g ' B e <= s Number of main quadrupoles 392
T Nominal energy, protons 6.5 TeV (6.8 TeV)
NS e Nominal energy, protons collisions 13 TeV (13.6 TeV)
Collimation
= l N No. of protons Some 10%4
Number of turns per second 11245
Number of collisions per second 1 billion
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LHC geometry: it is not flat... and It Is not round
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LHC: 8 independent sectors
Tunnel build almost entirely on a geological layer

called “Molasse”, easy to tunnel, but reach of water. 8 straight sections

Slopeis 1.4%
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ISR: first proton-p
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LumanS|ty Of al COI“der Given by Nature: what we want to study

event — Lgevent

/ l \ Cross section

What we can measure —> probability that something occurs in p-p collisions

Accelerator Technology
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The events we want to study are rare

Wevent — Lgeventl
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Selection of 1 event in 10,000,000,000,000
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We want to have the maximum Luminosity

Revolution frequency

Proton Intensity per bunch This is fixed by the LHC circumference

This comes from the injectors Number of bunches
10 years of development This is more or less fixed

Being done now \ /
* ° nb How the bunches collides

- . F «—  This can be changed

[ >I< ° *
A |0 o,

Beam Spot size at collision point
This can be minimised by building new magnets—> LS3 2 post 2029
Technology development 10-15 years long
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LHC Pagel Fill: 5282 E: 6499 GeV t(SB): 16:12:02 07-09-16 09:25:44

PROTON PHYSICS: STABLE BEAMS

6499 GeV 1.63e+14 (B2): 1.68e+14

Inst. Lumi [{ub.s)A-1] IP1: 5097.01 IP2: 5.17 IPS: 5290.36 IP8: 369.43

FBCT Intensity and Beam Energy Updated: 09:23:43 Instantaneous Luminosity Updated: 09:23:44

\

Intensity
Luminosity f 1e30 cm-2s-1
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11:00 14:00 17:00 20:00 23:00 0200 05:00 08:00 — ATLAS — AUCE — CM5 — LHCb

BIS status and SMP flags
Comments (07-Sep-2016 08:56:28) Link Status of Beam Permits
Global Beam Permit
fill for physics 2220 bunches
Programmed dump at 9:30am

Access: CMS and ALFA Beam Presence
Moveable Devices Allowed In

Setup Beam

Stable Beams

AF5: 25ns5_2220b_2208_1940_2036_96bpi_24inj PM Status Bl SV ERSeERRPM Status B2 ENABLED
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Magnets for the LHC, every magnet has a role in the optics design

Name Quantity Purpose
MB 1232 Main dipoles
MQ 400 Main lattice quadrupoles
MSCB 376 Combined chromaticity/ closed orbit correctors
MCS 2464 Dipole spool sextupole for persistent currents at injection
MCDO 1232 Dipole spool octupole/decapole for persistent currents
MO 336 Landau octupole for instability control
MQT 256 Trim quad for lattice correction
MCB 266 Orbit correction dipoles
MQM 100 Dispersion suppressor quadrupoles
MQY 20 Enlarged aperture quadrupoles

In total 6628 cold magnets ...
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Inner triplet: final focusing

Interaction point
= how to make the beam small at the IP \ d ) ,
50 ns bunch spacing ~ =~
ATIAS s ; :
empty buckets distance about 100 m
19K 45K 45 45K 45K k
Q1 Q72 Q4 D1 D7 Q4 Q5 [0
TAS  MOXA MOXB  MQXADFBX  MBXW TAN  |MBRC MQY| MWL -
] 3:}' = 1 o
;m ;|; 11_45_31 L:J
3067 5.607 24.23 69.703 I 9.45 522&]34 22837 48 271 48 29.214 ‘TIjl_ L
268.904
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Triplets before lowering in the tunnel
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..... what we wanted...

oh surprise...

Learned:
a) definition of Twiss parameters comes from the equation of motion and beta function

b) The dynamics is really on/within an ellipse

Twiss parameters:
p'(s)

2
1+a’(s)

B(s)

a(s)=—

y(s) =

A

£(s)

N
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. Optics at collision IP5- CMS

x(m)

(UL
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Interaction point

At collision the beams are “squeezed” down
to few microns at the interaction point
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Injection optics and during acceleration IP5- CMS

il_x" O o

Y B Y

LHC V6.4 Beam1 IR5 450GeV Injection

350, -Crossing Bumps(IP1=I1P5=100% IP2=100% IP8=100% o

.

B (m), By (m)

35. 1

0.0 100. 200. 300. 400. 509

i 700. 800. 900. 1000. 1100.8 (n112)_
2
(R
.
: : %
During acceleration the "
beams are separated Y
and their dimensions is

few mm
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We want to have the maximum Luminosity

Revolution frequency

Proton Intensity per bunch This is fixed by the LHC circumference

This comes from the injectors Number of bunches
10 yvears of development Thls IS more or less fixed

N2 f n How the bunches collides

F «—  This can be changed

>k %
T An 0y -0,
Beam Spot size at collision point

This can be minimised by building new magnets—> LS3 - post 2029
Technoloqgy development 10-15 years long
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LEAGE HADACH COLIDEF

LHC / HL-LHC Plan iy

LHC HL-LHC

[ s | Ls2 petev Bae M 67y
13 TaV _ nan
8 TeV eplics coranidatizn Tml I-?'Il-lﬁl"l I:::TI::Tr:Im HL-LHC
7 ToV o ollmalors ifbractos e - FakaIon e irstallaticn

4 T M
: mmmmmmmmllw
ATLAS - CMS By 7.5 1 nomingl Lgmi
p———— pare pees 1 ATLAS - CMS ,_--’-""_'_'_'_r|
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N 2 % namingl |___-|,‘| ALICE - LHCE | 2w rdamanal L . HL upgrass
-P.'-‘.-'u;-. normin L.mI F_'_,_,_;-'-"'_'__ it
| il .
intograted e
HL-LHC TECHHNICAL EQUIPMENT:
DESIGH STUDY - PROTOTYPES __,.--"'--- COMETRUCTION IMNETALLATION & COMM. PHYSICS

HL-LHC CI¥IL ENGINEERING

CEFIHIMON EXCNVATION BIALDINGS

Technical limitation on the istantaneous luminosity:
Technical limitation on integrated luminosity:

1. Collider (cryolimit in the triplet region) at 2x1034 cm2st twice the
1. Collider (radiation damage to the IT magnets — correctors nominal design luminosity)

and quadrupoles)

2. Experiments (pile up in the detectors). Designed for PU 40 they are
2. Experiments (radiation damage in the Inner Tracker) actually dealing with 60 (average)
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HL-LHC: High Luminosity LHC in a nutshell

Technology landmarks

CERN May 2016

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

CIVIL ENGINEERING
2 new caverns 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
experiments, designed to increase the
concentration of the beams before

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
Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service

galleries to the LHC tunnel.
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LHC Operational cycle as synchrotron

AOO0
FUUU

Beam dum
"u P Squeeze Stable beams
I >
3000 1 Collide
3
y Ramp
2 20003 Ramp d 35 min
2 Ramp down/precycle dmp down S
Injection ~30 mins
Ramp 12 mins
Injection
Squeeze 15 mins
Wil Collide E—
Stable beams 0-30 hours

-3000 -2000 -1000 0 1000 2000 3000

Time [s]
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Beam extraction, emergency or not...

At the end of every “fill”’, when too low luminosity, or
when BLM system triggers, both

beams extracted on an external beam dump, in one turn.
Beam dump built to absorbe full power at full eneray.

IBeam here is few mm?2 I

LHC-B
é;\\
(B physics)

Septum magnet
deflecting the
extracted beam H-V kicker

IBeam here is few cm2|

for painting

Beam Dum
the beam P

Block

Fast kicker " — about 700 m
magnet

—_

about 500 m
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beam absorber
graphite)

concrete
shielding

Scheme of one of the beam absorbers
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Spot size on the beam dump

To reduce energy deposition peak, proton
swept by fast kickers to for a spiral on the
transverse face of the dump.

TDE - Front Window - R3 - 6V4H
Time = 2.9862e-007

Contours of Effective Stress (v-m)

max IP. value

max=5.5808e+07, at elem# 46521

Effective Stress (v-m)
1.4227346e+08
1.3753101e+08
1.3278856e+08
1.2804611e+08
1.2330366e+08
1.1856121e+08
1.1381876e+08
1.0907632e+08
1.0433387e+08

Beam impact in less than 0.1 ms

Even like this, maximum temperature rise
about 1500 C — 2000 C in the future.

9.9591419e+07
9.4848971e+07
9.0106522e+07 HL-STD (¢ = 2.08 umrad), 2748b, Nominal Sweep
8.5364074e+07 !
8.0621625e+07 2000
7.5879177e+07 7.5TeV
7.1136728e+07 1800 - 7 Tev
6.6394279e+07
6.1651831e+07 /
5.6909382e+07 1600 [ 4
5.2166934e+07 _ I'd
4.7424485e+07 _ 1400 | d
4.2682037e+07 _
3.7939588e+07 _ (5}
3.3197140e+07 ; 1200 | 1
2.8454691e+07 ‘5_' 177 gl’cma
2.3712243e+07 € 000 |
1.8969794+07 2
1.4227346e+07 E
9.4848971e+06 800
g 4.7424485¢+06 /
L 0.0000000e+00 _|

600 1.2 glem® 1.77 glem®

400

200

0 L L L
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FE simulations during LS2 Acceleration up to 600 g

25 ms

Time = 0 Z-displacement

Contours of Z-displacement 9.239e-03

min=0, at node# 873647

max=0, at node# 873647 8.229e-03

max displacement factor=50 7.220e-03
6.210e-03 _!
5.200e-03 _
4.190e-03 _
3.180e-03 _
2.170e-03 _
1.161e-03

1.507e-04

-5.908e-03
-6.918e-03
-7.928e-03
-8.938e-03
-9.948e-03
-1.096e-02

t = Max. displacement at the center of the windows = 9 mm
= Displacement at the upstream flange = 3 mm
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Dump removal for replacement
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03.02.2022
10:37:52

AUtOpSy Cuts < | Max dose rate :

3.5 mSv/h at contact

Radial cut

Entrance \5‘unlger POV,
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What happens if | put a hand in front of the beam?
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Anatoli Bugorski

\
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Few years ago something went wrong during a test ...

LHC extraction from the SPS

450 GeV/c, 288 bunches

Transverse beam size 0.7 mm (1 o)

1.15 x 10 p+ per bunch, for total intensity of 3.3 x 103 p+

Total beam energy is 2.4 MJ, lost in extraction test (LHC 334 MJ

\
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Tevatron accident in 2003 (courtesy of N. Mokhov)

Accident caused by uncontrolled movement of beam detectors
(Roman Pots) which caused a secondary particle shower
magnet quench — no beam dump — damage on approximatively 550 turns

Tungsten collimator. Tmelting = 3400 °C 1.5 m long stainless steel collimator
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How to protect the LHC against the beam

Injection Jaw opening

~ 12 mm

Collimator animation 2013

~ 3 mm

RF contacts for guiding
image currents

Beam spot

Momentum Betatron

cleaning cleaning

csass

Intermediate settings (2011): Tight settings:
—-3:1 mm gap of ~2.2 mm gap of
primary collimator primary collimator

Precision required for collimator movements about 25 pm
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Update on HRMTO09 and HRMT14
Experiments

HRMT14 3 - , Groove height
Dismounted sample holder (May 2015) A “
z,-

~1cm

o Test1 ~ 025MJ i

Test2 ~ 0075 MJ

.‘
w
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First Results Overview — CuCD

Impacts on CuCD jaw.
48 b. 0 0.35 mm. Impact depth 0.5 ¢

Introduction to accelerators A. Bertarelli (EN/MME) LMC — 19 August 2015
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LHC beam screen with cooling pipes

>

- Beam screen to protect Superconducting
magnets from Synchrotron radiation.

Atmosphere pressure = 750 Torr
Moon atmospheric pressure =5 1012 Torr

Vacuum required to avoid unwanted collision far from the IPs and decrease the Luminosity

Typical vacuum: 1013 Torr
There is ~6500 m3 of total pumped volume in the LHC, like pumping down a cathedral.
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UFO’s in the LHC : Unidentified Falling Objects

UFOs = Unidentified Falling Objects
Likely negatively charged dust particles which are attracted by the beam

Maximum radius of a few tens of um
Give rise to loss events all around the LHC

1 Electromagnetic interactions: ionising energy loss 2 Hadronic interactions: inelastic nuclear collisions
of protons traversing the UFO between protons and nuclei
y [mm]
9 n
o
Dust particle falls into the beam Beam proton il T Secondary particles impact on aperture
“““ To — gets ionized because of —_— Y and induce particle showers:
- 20 traversmg pl’OtOhS N
1 30 - gets repelled from the beam T~ © o - gﬁ&ngal?lginCh
: L One of the nuclei .
3 2 1 —= - 1 \2‘\3x [mm] of the UFO P
nnnnnnnnnnnn 1t
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What can influence an accelerator?

The physics case:

the Z mass at LEP has been measured with an error of 2 MeV.
Energy of the accelerator has to be know better than 20 ppm.

Energy measurements obtained
by during last years of LEP
operation

Nominal Ecy (LEP)
(GeV) (GeV)
181 180.826 £+ 0.050
182 181.708 £ 0.050
183 182.691 £ 0.050
184 183.801 £+ 0.050

| Combined | 182.652 £ 0.050 |

What can influence the energy of a collider?

36 —
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“Rappel”of strong focusing synchrotron optics

Stable orbit is bent by the main dipoles, centered in the quadrupoles, no field

Energy fixed by bending strength and cavity frequency A \Ll...

fRF =h- frev
v v 1 ¢gBy

f'r'e’v —

Cc:%:2ﬂ' Mo’y

—— Central Orbit
----- Actual Orbit

A variation of the Circumference C induces changes in the
energy proportional to o, the momentum compaction factor.

AE()  1AC (@)

EO N (87 OC

In LEP o= 1.86 10~* a small variation the circumference
induces a large variation in energy

B = Bending Dipole
QF = Focusing Quadrupole
QD = Defocusing Quadrupole

=g 0L
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Moon tides can change earth geometry

LEP TidExperiment
11 Nov. 1992
200 L DL L B L L L L

m Relative energy change

Total deformation of the LEP about 4 mm | measured by resonant depolarization
o B ppm
Energy variation of 100 ppm

Moon induces a earth deformation similar to water tide.

L — Tide prediction : —strain/a,
(from G.E. Fischer)

100 |
The 12 h cycle is due to the earth deformation i

AE

E(Tide:ﬁ)

-100

200
4 8 12 16 20 24

0
Continuous line is not a fit of data ]
but a prediction of the earth movement Time (hours)

The effect is modulated by the different tide intensities and by the SUN tides
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100

Ap/p [ppm]

' V

11-Nov 12-Nov 13-Nov 14-Nov 15-Nov 16-Nov 17-Nov

—III|III|III|III|III|III|I

-100

Predicted (blue line) and observed (red point) tidal energy variations of the LHC ring in November 2016 during long consecutive fills at 4 TeV/c
spanning almost an entire week.

The outliers that can be observed around midday November 13 are radial oscillations of the ring induced by the surface waves from a magnitude
7.8 Earthquake in New-Zealand.

_ From: Large Hadron Collider momentum calibration and accuracy, E. Todesco and J.Wenninger
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The problem: an accelerator is not in the middle of nothing

<) I ;! ]
L - = 509.066 fo o
Observed variation of the bending e - | L
-
I I o — i T
strength of the LEP dipoles during the day 2 [ g .
S 509.0221 ! ! 3
— I |
2 - i Ly
. i Level Change &_3 :
CROSS SECTION QF THE DIPOLE MAGNET WITH THE VACUUM CH, ER L ' ! S
i e et ) Sigpore 508.978| ; L, )
/] bars
} 508.934 | i | _
y 7z Getter pump F3 B : :
) __,g[ha%nber positioning : :
¢ — 1 I
| - i i
| 508.890 : :
[ / — Y S : i : |
[ L : ' Behaviour ; Behaviour
/ - 508.846/ ' : L
Exc:'fatiopjvv 4 | E Q.DSS G
bars (ke KT e oAt - . Il R . |
¢ L. 508.802— Noisy Period ' Quiet Period !
r ] v N "'-‘{’7-"/ § Ion. - : : —
prosct ZZ;;ZZC%;/ magnetic pisfes i c b b b b b b b b Y v b b b bbby b 1o A

(laminations )

16:00 18:00 20:00 22:00 0000 02:00 04:00 06:00
time of day [h]
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Influence of t
S S J.-Tfﬁg?ii» "'triﬁf_' f' g

Top line
RNE]ﬂﬂ' st
[
= Ral =— o[ o[e ground level
Ny Lirh ban
wnnY LEP tunnel -5
> - D underground
- [PeIe7 38 LEP ®l e
unh\ Aps:ps earth ssa
| * | |
1 ~—S5BLEP
-

LEP beam pipe as ground for leakage current.
Variation of the dipole field due to the current .
Change in energy following the SNCF train table
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6 La Versoix
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and

rails DC railway 1500V

AC railway 15000V
River
Earth current
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M. Gritz
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The evidence, TGV to Paris at 16:50 ...

Correlation between trains and LEP energy

17.11.1995 LEFP Polarization Tear
:'_‘:- T | T T | T T
2 g TGV
L
s 1 L 8 =5 n
o
= g2
= %E
= N

—10
%
= BGBH1=0
=
=z
)
c
L
£
@
m  B8145

| |

| |
1650 1655
Time
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The future (personal view, pretty long term...)

Laser plasma acceleration : few GeVs per meter ....

GPU: 1 GPU: 5 GPU: 9

http://www.youtube.com/watch?v=MINxgmPVF6U
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Experiment on proton-driven
plasma wake acceleration - AWAKE

Electron source system
ATVAIEE—

Laser beam -

Accelerated electrons on the scintillator screen

RF gun
20 MeV
RF structure

EI b UV laser
ectron beam beam

TU T R0 Fastiid

- 1-10x10"cm?3 . .
..... ’ - Imaging station 1

OTR, CTR screens

. ’ "Rb flask
Laser reference line

Quadrupoles
Dipole

Scintillator
screen

Streak camera

Electron
spectrometer

Electron bunch

Laser
dump

Imaging
station 2
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AWAKE at CERN

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN Access shaft
PGCN

SPS

Excavated : S
B Concreted ! .

= Decay tube

= (2nd contract) —
SPS tunnel IPTUUJ”\
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Thanks for your attention!!!




