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Colliders and The Large Hadron Collider

. LHC layout

ll. LHC Operational cycle
lll. Beam measurements




Why colliders?
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Why colliders?

CASE1: | 2 = (m? 4 m3 + 2moF1 1ap)

To get a Ecm = 630 GeV to do a SppS collider (SPS in the 80’s discovered the weak
neutral currents with this collider), what should be the value of E1,lab?

E1,lab ~ 212 TeV

To get a Ecm = 14 TeV to do an LHC collider (LHC discovered the Higgs in 2012)
what should be the value of E1,lab?

E1,Jab ~ 100 PeV

First collider
If colliders would not have ' '
been invented we would not
have discovered yet many
particles

reference to their possibility stems
from a Russian publication of the
1920s; it would not be surprising if
the same idea occurred indepen-
dently to many people. The first col-
lider actually used for particle-
physies—experbments——built—at

Stanford in the late 1950s, produced
| electron-electron collisions (see pho-
tograph on the left). Other early ma-
8 chines, generating electron-positron
collisions, were built in Italy, Siberia
and France Since then there has been




Why colliders?

From the point of view of the energy, a collider is very very interesting
However it has some disadvantages:

1. The beam is several orders of magnitude less dense than a fixed
target =» less number of interactions per second
« How do we overcome this issue?

We collide for many hours = e.g. LHC collisions ~ 12 — 15 hours

2. The collision products go out in all directions =» experiment has to cover

all the space around the beam pipe
« Experiments located around the beam pipe are difficult to take in/out

to install a new experiment.
» Fixed target experiments are more flexible, e.g. SPS north area: tens

of experiments per year.







. Basic layout of the machine:

the arc
LHC arc cells = FoDo lattice* with

5 90° phase ad_nce._ap__er cell in the V & H plane
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# MB: main dipole

MQ: main quadrupole

MQT: Trim quadrupole

MQS: Skew trim quadrupole

MO: Lattice octupole (Landau damping)
MSCB: Skew sextupole +

Orbit corrector (lattice chroma+orbit)

The FoDo-Lattice MCS: Spool piece sextupole

A magnet structure consisting of focusing and defocusing quadrupole lenses in MCDO: S pool piece octu pole +
alternating order with nothing in between. Decapole

(Nothing = elements that can be neglected on first sight: drift, bending magnets, 9% \
RF structures ... and especially experiments...) ) BPM: Beam position monitor




. Basic layout of the machine
Golden formula (you should know by heart) Circumference = FIXED!!! by LEP
p o
Bp == (,\*?’0‘

Ze

26658.9m

-66% = 2780m
2T

p = nucleon momentum =>» defined by
the physics case = TeV range = 7 TeV

We need SUPERCONDUCTING technology

0 |
Field limit for normal conducting

magnets due to saturation




. Basic layout of the machine:
Superconducting magnets

He gas = liquid @ 4.2 K = superfluid
@ 217K
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| ‘ e Pressurized He II 4 /
LHC ~ 27 km circumf. with 20 km of s
superconducting magnets operating 10
@38.3 T. An equivalent machine with Saturated He II /é/k point
normal conducting magnets would have 1 /’/
a circumference of 100 km and would 1
consume 1000 MW of power = we TIK
would need a dedicated nuclear power
station for such a machine. LHC Total amount of He used @LHC

consumes ~ 10% nuclear power station ~500-700 T
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. Basic layout of the machine:
main cryodipoles (two dipoles in one)
@

Heat
exchanger

Beam pipe (Ultrahigh beam
vacuum 10719 Torr like at
1000 km over see level)

He Vessel

Thermal
Iron shield
yoke
Vacuum
vessel (106
mbar)

L~15m
8.3 T, 11.87 kA
T=19K, ~27.5 ton




. Basic layout of the machine:
main quadrupoles

LHC quadrupole cross section
95 per sector

Aigrament Fixture
Beam Screen Heat axchangar Fipe
Cold Bore Cold Mass Assambly
Superconductng Coils Radiation Screen
Stanjess steed Collars Superinsulation
Iron Yoke Laminatons Tharmal Shiekd
nertature He 1l Vessed Vaocoum Vessel
gk semnren INtEQrated gradient =690 T
Nominal gradient = 223 T/m
Inominal = 11.87 kA
L=3.1m
gradient of a 2unI

quadrupole magnet: 8 = @ CEANAC: Q1 12097



. Basic layout of the machine:
main dipoles =>Field quality

The magnetic field of the main dipoles:
The stability of the geometry of the superconducting

coils is essential to the field quality.

Mechanical stress during coil assembly

| = sources of defdrmations
of the coil geometry

Thermal stresses during cool-down

Electromagnetic stresses during operation

Additional sources of field errors are the dimensional tolerances of the
magnet components and of the manufacturing and assembling tooling.

The relative variations of the integgggkﬁ:ld and of the field shape
imperfections must not exceed/~ 10 -4 and e




. Basic layout of the machine:

main dipoles =»Field quality 9

Why the tolerances are so tight!?

=» Because the field quality determines how long the
particles can circulate in the accelerator

1L . \ n—1
_ ! X + Ly
By + By = By Z(bn+1an)( > )
i ref

= .
—=|E c

n=| 2 dipole g = = 2 17 mm
n = 2 =» quadrupole % < A

n = 3 =» sextupole
n =4 =» octupole
n =5 =¥ decapole

Up to which order do we care?

l
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Q

N

=>» Up to n =7 at least




. Basic layout of the machine:
main dipoles =» Field quality

Error | Side effects if error is > few 104 Corrected with
al Closed orbit perturbations and thus feed-down Dipole correctors (MCB)
bl contributions from higher order multiple errors
Linear coupling and vertical dispersion Skew quadrupoles (MQYS)
Tune change, 3 and dispersion beating

Chromatic coupling and Q” Skew sextupoles (MSS)

b2 feed-down at injection (persistent current Sextupole (MCYS)
effect) and off-momentum [-beat

a4 Dynamic aperture (DA) at injection

b4 DA and Q” at injection Octupole (MCO)
a5 DA for off-momentum particles at injection

b5 DA and Q’” at injection Decapole (MCD)

a6 to DA at injection _jjj'seXtuPole_:.@; |

le-tb |

5e-07
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. Basic layout of the machine:
dipole corrector magnets

106.90 m
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MCD: MCO:

Nominal main field Nominal main field Nominal main field
strength = 1630 T/m?2 strength ~ 120 T/m* strength = 8200 T/m3
Inominal = 550 A. 1.9 K Inominal = 550 A, 1.9 K, Inominal = 100 A, 1.9 K,

L=15.5 cm. ~10 kg L=11 cm, ~6 kg L=11 cm, ~6 kg




. Basic layout of the machine:
quadrupole corrector magnets

106.90 m
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MQT/MQS
Landau damping MQT: Trim
quadrupole
MQS: Skew trim
quadrupole
MQT/MQS:

376 twinaperture assemblies B & 00 ~ " Nominal main field
supplied by Tesla Eng. e - strength =123 T/m

MSM (sextupole): MCBM (dipole): Inominal = 550 A, 1.9 K

Nominal main fi‘e'Id |

Nominal main field Nominal main field L=38 cm, ~250 kg
strength = 4430 T/m?2 strength=2.93 T strength = 63100 T/m3
Inominal = 550 A, 1.9 K, Inominal = 55 A, 1.9 K, Inominal = 550 A, 1.9K

L=45.5 cm, ~83 kg L=78.5 cm, ~143 kg L=38 cm, ~8 kg




. Basic layout of the machine:
quadrupole corrector magnets

20.) Chromaticity:
A Quadrupole Error for Ap/p z O

Jocusing lens - m === | S

cell Ien;m . .
Figare 29: FODO cell particle having ...
to high energy
to low energy
(Courtesy of B. Holzer) ideal energy
E F ? \ Q‘, P ‘g Why the orbit and sextupole correctors
hl!{mm[m'*E-jng A T are placed close to a quadrupole?
g3 g g8 Es § g8 g
N —

LHC TDR




. Basic layout of the machine:
quadrupole corrector magnets
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. Basic layout of the machine:
Dispersion suppression

ARC 17 DS 75 LSS
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The schema applies to all DS except the ones in IR3 and IR/

Cancels the horizontal dispersion generated on one side by the arc dipoles and on
the other by the separation/recombination dipoles and the crossing angle bumps

Helps in matching the insertion optics to the periodic solution of the arc

If only dipoles are used they cannot fully cancel the dispersion, just by a factor 2.5.
Therefore individual powered quadrupoles are required (Q8-QI | with | ~ 6000 A)

1Ap
x"+ K(s)x =——

@pp

Ap
x(s) = xﬁ(s) - D(s)7

dipole magnet a=

(Courtesy of B. Holzer)




. Basic layout of the machine:
Dispersion suppression
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8 5 ARC DISPERSION.SUPPRESION. || diPole magnets an
2 |m ) om ‘ afterwards focused
[ | | | | | | | I | | | |
12850 12900 50— 13000 13050 by the quadrupoles
geam SIZ€ net=’ s (m)
Direction IP5
The inhomogeneous solution changes the beam size ... _ _ _ &»
ﬁre!yrel
At 7 TeV in LHC: gn=3.5 pmrad, p=180 m.D=2 m, Ap/p ~ 103
_ | 2, o o= 35-10-6+4-10-°
o o°g T0p
What is the beam size at 450 GeV?
e Ap 2 o= \%B + D% (“p"’) @7 TeV)~T463 (@450 GeV/)~430 =1
D D o= VI3-10-6 + 4- 10-6 = 0, +30%ay

When you design your beam pipe you have to
take into account the contribution of D(s)

Why do we suppress dispersion before reaching the IP?







. Basic layout of the machine:
Luminosity insertions

Inner Triplet Separation/ Recombination
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Two figures of merit in a collider:
Luminosity energy and luminosity

f

—t —
Number of particles of the first beam in the cube:  Tp¢ orange beam is crossed by n2
Il particles per unit of time:
"17gs 1,
|/s=intensity per cm? n,=gs

with / = g/t t



Luminosity

and for beams of a general area s = wh
I,

L =

qzc . wh

If we replace q = 1.6e-19 coulomb and ¢ = 3e10 cm/s:

l 2 .
L z- 11, "R [em™. s



Luminosity for bunched beams

400
Lok [[[ s, —s0)pale,y,5,50)dodydsdse

N, R xy.s.s,)

N particles / bunch

P density #*const.

For two bunches colliding HEAD ON with Gaussian beam density distribution
and equal beam sizes:

N1Nof Ny

L[ =
2m\/0%, + 03,1/ 03, + 03,

Ni: number of particles in one bunch
f: revolution frequency
Nb: number of bunches in one beam

sigma: beam size

Reference:
Concept of luminosity

Werner Herr and Bruno Muratori*
CERN. Geneva. Switzerland




Luminosity for bunched beams

Energy L rate | oz/oy Particles

(GeV) cm2s~! | s7! | um/um | per bunch
SPS (pp) 315x315 6100 [ 410° | 60/30 ~ 10 10"
Tevatron (pp) | 1000x1000 | 50103° | 4106 | 30/30 | ~ 30/8 1010
HERA (et p) 30x920 40 10%0 40 | 250/50 | =~ 3/7 1010
LHC (pp) 7000x7000 | 10000 10%° | 10° | 17/17 11 10%°
LEP (ete™) 105x105 100 10%° | <1 | 20072 ~ 5 1011
PEP (ete™) 9x3 3000 10%°0 | NA | 150/5 ~ 2/6 1010
KEKB (ete™) 8x3.5 10000 10%° | NA | 772 | ~1.3/1.6 10%°




Delivered integ. luminosity [fb-1]

LHC Integrated performance

Delivered Luminosity 2018
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. Basic layout of the machine:
Luminosity insertions

Q3Q2Q1 Q1Q2Q3

IP5




. Basic layout of the machine:
Luminosity insertions

With nominal LHC parameters:
2808 bunches separated 25 ns

We can have up to 30 parasitic interactions around the IP




. Basic layout of the machine:
Luminosity insertions

Crossing angle reduces the lumigosity




. Basic layout of the machine:
Luminosity insertions

Aperture limitation

/

Crossing angleég. 285 prad)

Beam-beam separation \
Beam-beam separation = f(0) o= |B En
Aperture limitation = f(0, beam pipe size) (BY)ret
>

: : : S
B is very small at the IP, but very big at the Inner triplets =» B(s) =B* + F

Therefore, the quadrupoles around the IP have such a big apertures



. Basic layout of the machine:

High luminosity insertions
ATLAS

CMS

five-storey building
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ll. LHC Operational cycle:
Squeeze =» reduce B*

Squeeze the beam size down
as much as possible at the
collision point to increase
the chances of a collision

L ~ NINZﬁeva B &n
4rg)—> "_,JB B1)re

* So even tough we squeeze our Ni2=100,000 million protons per bunch
down to |6 microns (1/5 the width of a human hair) at the interaction
point. We get only around 20 collisions per crossing with nominal
beam currents.

Relative beam sizes around IP1 (Atlas) in collision

* The bunches cross (every 25 ns) so often we end up with around 600
million collisions per second - at the start of a fill with nominal current.

* Most protons miss each other and carry on around the ring. The beams
are kept circulating for hours =» 10 hours




ll. LHC Operational cycle:
Squeeze = reduce B* (B @IP)

Beta funct|on at InJect|on Beta functlon at top energy and after squeeze
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1000. -
500. 1 $ ‘
0.0 "8.01 16.02 24.03
*: ES skl
Why we cannot have p*= 0 5m at |nject|on’? @IP *=0.5 m s (m)_[MO% 3)]
L] Ug el | | Rbeampipe~29/24 mm
gn B 4500 m o s LHCErrorAnal)sts AD 53000? t)}//é/os 10. ?5t)0 we could onIy
g= |f——1w(@450 GeV)~480 : .1 accommodate ~ 4
(BY el en=3.5 um rad £ ;’ZZZ times the beam size
- o0, ] and we need at least
Remember: 2500, ] 7o clearance
there is no o~6mm!! 2000.
D(s) here . @7 TeV
500, ] omr~1.2 mm
0.0

7 o< Y EY YL I EY Y




ll. Beam measurements:  gscittion®
1 e
Beam trajectory e oum a0yt

un
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[ Rvens | 53 ] 8]88) B 0[85] more | (.38 whi
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10
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I'. = Jo.s00 /RYs = 437 s Op = -0.f1
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ll. Beam measurements:
Beam trajectory correction
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ll. Beam profile measurements:
Beam | on TDI screen — 5t and 2" turns

—-| BTV - SPS.USER.LHCFAST2
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ll. Beam profile measurements:
Emittance measurement - Wire scanner

Where would you install a wire scanner in LHC to get the Particles generated by the interaction
beam size and then the emittance? wire - beam
Beam . - — —p
Vacuum pipe 4 ~——
"

"""""

Vertical movement,
Horizontal with another scanner . 8

Control and IPM current
| position acquisition J‘
= [ ] .

Lo \\.
<S80 1108 A

| * * * Which we measured before
Example of a beam transversal profile Courtesy of A. Guerrero

Scintillator

Optical filters

Photomultiplier

Preamplifier




ll. Beam measurements: .
Aperture scan
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ll. Beam measurements:
Dispersion measurement

Rviews | [ ) (m[ &z G5l 1 B8] wore
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ll. Beam measurements:
Beta measurement

a quadrupol error leads to a shift of the tune: 1st Change quadrupole strength in steps

s 0+ ,
I AkB(s) Akl /3
AO — - ds — L
- :Jo 4r 4

2nd Measure Tune

3 Plot Tune vs Quadrupole strength

Example: measurement of 3 in a storage ring: GIOENR
tune spectrum - €7263x+0.388

>, 02000 T
O 0.2s50 '\_\.‘
>< 0.2%00

0.2€850

Lo o oo S o oo o o o o A o ok o Cn oo o
02800 r T -
0.0125C 001200 001320 c.o14c0 0.0145C

Courtesy of B. Holzer (lectures)




ll. Beam measurements:
FaSt BCT (Beam Current Transformer)

cor 3

Torus to guide the magnetic field

] beam

—p

® U UACFPastBCT- August20i2 . ElN

¥ RBA: Ihcop | §i@ Snapshot

@Viewsv\ m'\ IS =] B More v\ = Acquisition | Configuration
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High Light of the LHC
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production rate of events is determined by the cross section Z__,,
and a parameter L that is given by the design of the accelerator:
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Official number: 1400 clearly identified Higgs particles “on-tape”
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High Light of the HEP year

ATLAS event display: Higgs => two electrons & two muons




. Basic layout of the machine: ﬁ
Superconducting magnets

4 4

 Superfluid helium =» Why is it so great?!! —_)

* very high thermal conductivity=> is able to
conduct away heat a thousand times better than a
metallic conductor like copper

* very low viscosity coefficient =» can penetrate
tiny cracks, deep inside the magnet coils to absorb
any generated heat

* very high heat capacity =» prevents small
transient temperature fluctuations
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Beam parameters (nominal)

Proton energy

Particles/bunch

Num. bunches

Longitudinal emittance (4c)
Transverse normalized emittance
Beam current

Stored energy/beam

B*=0.95m
RMS bunch length ¢ =0.5nmrad

RMS beam size @IP1 & IP5 = oxy = Vep

RMS beam size @IP2 & IP8 = oxy = VeP

Geometric luminosity reduction factor (F)
Instantaneous lumi @IP| & IP5 (IP2pb-pb, IP8)

GeV 450 7000 4000
.15 x 10" 1.6 x 10!
2808 1380
eVs 1.0 2.5
umrad 3.5 3.75
A 0.582
M| 23.3 362
Peak luminosity related data
cm | 1.24 7.55
um 375.2 16.7 En Z g'_g ij
um 279.6 70.9 rad
0.836
cm2s! 1034(10%7, 7 1033

1032)




pPb physics during 201 3

Timesenes Chart between 2012-09-12 21:41:26.494 and 2012-09-13 00:52:21.044 (LOCAL_TIME)

BSR4 B1 FGC_FREQ

- ALBSR4.B2FGC_FREQ

400,790,000 —

p-beam frequency

5 kHz
difference

at injection

Pb-beam frequency

YASP DV LHCRING / Beam 1/ PHYSICS-pPb-test-2012_V1@90_[END]

YASP DV LHCRING / Beam 2 / PHYSICS-pPb-test-2012_V1@90_[END)
Bvess | 5 mzm ore | £ 58
Average Pos H [13/09/12 0@:47:11]




Wire Scanner Application
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Wire Scanner Application
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. Basic layout of the machine:
main cryodipoles (two dipoles in one)

* The geometry of the main dipoles (Total of 1232 cryodipoles)
VERTICAL HORIZONTAL

LHC DIPOLE : STANDARD CROSS-SECTION

PLANE — _. PLANE

Length of the bend
part =14.3 m

The theoretical
shape of the
beam channels is
a straight line,
while the natural
shape has ~ 0.3
mm deflection
between two
supports at 5.4 m
distance

mrad with p = 2.8 km. The shape of
the two beam channels is identical.




ll. The experiments:

Low luminosity inSﬁrtions: LHCb

Centre of the exp cavern
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IV. Momentum and betatron
cleaning insertions (IR3, IR7)

Protection
devices

'
.
.
'
.
'
LR
[
-~
'

S. Redaelli, OP WG on Checkout, 08-11-2007

Multl -stage collimation at the LHC

é

(An illustrative scheme)
Primary Secondary Shower | Tertiary SC
i collimator collimators absorbers | i collimators ~ Triplet

'
—
Ll

A— — — *. —
Tertiary beany halo
+h ulron/c sh@wers

Secofdary beam halo
+ halironic showers

— | WIS —eb] i50cb' o | T140
| +6(9)o| £70 | £8.50
Circulating beam : ;
| A4
Cold aperture? <« Warm cleaning insertion —Arc(s)— — P —
TCDI TCP TCSG TCLA TCTH/
TCLI/TDI TCTV
TCS.TCDQ

Settings @7 TeV and *=0.55 m
Beam size (o) = 300 um (@arc)
Beam size (c) =17 ym (@IR1, IRS)



. Basic layout of the machine:

quadrupole corrector magnets
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ll. LHC Operational cycle:
Squeeze =» reduce B*

IT MS DS
~a1a3

B (m), B (m)

4500, ﬁ B AN«TLAS=CMS
Rememberwﬁ

= The mecha]
inner triplets lif

at | said in slide 23
nical aperture of the
nits the maximum

B* @IPs and the maximum
Xangle =» limif

peak luminosity

0.0 -
12.850 13.135 13.420 13.705
Momentum offset = 0.00 %

s (m) [*10%%( 3)]




ll. Beam measurements:
Integer tunes

@viewsl Eﬂ| @@@| | \j More |
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. Basic layout of the machine:
Dispersion suppression

Nominal gradient = 200/160 T/m
Inominal = 5.4/4.3 kA
Lmag=2.4/3.4/4.8 m

T=1.9/4.5 K

Cold bore ¢J =53/50 mm
Individual powered apertures
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. Basic layout of the machine:
Low luminosity insertions

LHCINJ.B1 ALICE -

% II ‘15 4 e 43 ~ I 45196 triplet
QS v &Ql W Q6 ST Qs| MEI| o4 DZ‘ D1//Q3Q2 QI Q1
~ g5z b
OM

L Sorad V

]
WLOWBA WBB |7 o | I MOY  MBRo| x27nC TDI TCODMBXDIBX(MOXA WOXB  WO¥A MBAMD MQYA
= : — ” w2 Doz B e T e T e B e IP‘»

. N mmee | ? vaot (5= e

| 1 a1 — : —— =4

[Tl i J L AL wuurqu : m.L_L ]
an L . 14 1 ) a8 M i

| 246 2167, 2 3 245 M8 5

| iBAL

" Q1 Q2 Q3 D1 a
i . O TDI
g O

— — — —

i

Extra challenge = the lattice has to accommodate the injection region
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. Basic layout of the machine

106.90 m ber?
% | is a good num
' advance per ©° * \
- 90° phase auve B e R —— e —
______ R T Loms_ gl s | e |
4 23 %%, B 38 4 LHC TDR
= == Smsg @ 20 =

Which parameter determines the beam size (ignoring D(s))?

2 _
re = &Bx +&y By
(In general in proton machines ex=ey =» beams are round)

In order to get the maximum aperture possible the B(s) in both
planes have to be minimized:

d ¢ (Com, (omnh) o )

— (IBmax +|Bmin) = du sinu siny " du \sinu

L
—cosu =0 = p=90°

SR 27/42




ll. Beam measurements:
Beta measurement

0.6 no correction — LHCB1 3.5 Te
local correction -
0.4 -global correction ~-

& 02 B2
=
< 0%
-0.2 y
06 F ' ' e . — IBS s 2° ““(Q\Z\(\\\J \(,: )
. s B* =(1.5,10,1.5,3)m \N“(\(J\a\\u“oew\o,{\o(\.

0 5000 10000 15000 20000 25000

Longitudinal location [m]

Reference: Record low beta beating in the LHC
Tomas, R. et al. Phy. Rev. Special Topics - Accelerators and Beams15(9). 38/42




ll. Beam measurements:

Non-integer tunes
FODO: W=180°

Every 2xT we measure the
same position:

1_ _ 1_
ﬁ—fQ—Q'T—Q'frev
y N - Q=05

—>
F/ /2

BPM

With a frequency of ~3 kHz
we measure the same
beam position

e

Qx-frev = 3 kHz

eam

TB

Qx =.279 guc
Qy =.310
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