The LHC machine - present and

* Overview of the current machine, performance and
limitations

* Upgrades towards ultimate luminosity

* Possibilities and challenges for higher energy

Mike Lamont
with acknowledgementsto the people whose material I've used
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1720 Power converters

> 9000 magnetic elements

7568 Quench detection systems
1088 Beam position monitors
~4000 Beam loss monitors
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150 tonnes Helium, ~90 tonnesat 1.9 K
140 MJ stored beam energy in 2012
450 MJ magnetic energy per sector at 4 TeV
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* Highenergy

* High bunch intensity
 Many bunches

* Small beam size

LHC - PRINCIPLES & REALITY

* LEP tunnel defines the bending radius

* Superconducting magnet technology

* 1.9Kcryogenics

* Bending radius & achievable field strength -> 7 TeV/c
e Two beam pipes - 2 in 1 magnet design

» Separated function - strong focusing

* Luminosity insertions




Superconductivity

To produce the high magnetic fields we need very high
currents...

Make use of the remarkable properties of He Il
Superfluid helium:

— Very high thermal conductivity (3000 time high grade copper)

— Very low coefficient of viscosity... can penetrate tiny cracks,
deep inside the magnet coils to absorb any generated heat.

— Very high heat capacity...stablizes small transient temperature
fluctuations

How many Bose-Einstein condensates are there in the LHC?
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Cooling magnets with superfluid
helium

saturated He I, flowing heat exchanger tube

) ressurized He |1, static /
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magnet sc bus bar connection

helium vessel




The superconductor

Niobium-titanium Rutherford cable

Used 1200 tonnes/7600 km of cable

Filament



Critical surface of niobium-titanium

* Niobium-titanium NbTiis the standard
‘work horse’ of the superconducting
magnet business

* Picture shows the critical surface, which is
the boundary between superconductivity

T and normal resistivity

«’g * Superconductivity prevails everywhere

S below the surface, resistance everywhere

é above it
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Main components - dipole
magnets
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Number of dipoles
Dipole field at 450 GeV
Dipole field at 7 TeV
Bending radius

Main Dipole Length

1232
0.535T
833 T

2803.95 m

14.3 m

Horizontal force
component per
quadrant (nominalfield)
1.7 MN/m

Force tends to “open”
the magnet, hence the
Austenitic steel collars



June 1994
first full scale prototype rt_:lie

June 2007 Firstsector cold
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Energy stored in the magnets: quench

If not fast and safe ...

Quench in a magnet

During magnet test campaign, the 7 MJ stored in
one magnet were released into one spot o{ the
coil (inter-turn short) F

14



Quench - discharge of the energy

Power Converter _-_

Discharge resistor

(YYYYR

Magnet 154

Protection of the magnet after a quench:

The quench is detected by measuring the voltage increase over coil.

The energy is distributed in the magnet by force-quenching using quench heaters.
The current in the quenched magnet decays in < 200 ms.

The current flows through the bypass diode (triggered by the voltage increase over the
magnet).

The current of all other magnets is discharged into the dump resistors.
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e Recall: a quadrupole magnet will focus in plane and de-focus in the other.
e Convention: a “focusing” quadrupole focuses in the horizontal plane



Alternate gradient focusing

|

The general linear magnet lattice can be parameterized by a ‘varying

spring constant’, K=K(s)

2
Q +K(S) x=0 (and similarly for the vertical plane y)
2

ds

K(s) describes the distribution of focusing strength along the lattice.

This is Hill’s equation. The solution: Oscillatory

Amplitude /ﬂgF{A\/ﬂx (S)KOS(¢(S) + ¢0\)

term




Betatron function

X(s) = A\ B.(s) cosp(s) + ¢, )

* Aand [, are constants, which depend on the initial conditions.
e [I(s) = the amplitude modulation due to the changing focusing strength.
e [(s) = the phase advance, which also depends on focusing strength.

Stick the assumed solution into Hill’s equation and turn the handle...

_dp_1 1
ds ,B b(S)

¢ Df(s1—>S2):T

$1

* beta(s) maybeinterpreted as the local wavelength of the oscillation (divided by 2 pi)

1 \ 1 - - -
Q O —@7 Number of oscillations per turn is called
’ the tune of the accelerat
2,0 bx (S) e tune of the accelerator




Betatron oscillations

Tellanhesnbannen wnd ErresicR e
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Amplitude modulation
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Betatron oscillations

e Typical beam position monitor does not
resolve individual particles.

e However, if the beam is deviated from the

ideal trajectory it will oscillate due to the (de)-
focusing fields of the accelerator.
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Injection test - 5 years ago
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LHC lattice in the arc
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For real




TRANSVERSE ACCELERATOR COORDINATES

We are discussing the paraxial (small deflection angles => linear), uncoupled
(x & y independent) transverse motion of on-momentum particles around
the design trajectory/orbit for a magnet lattice:

*1

(and similarly for y view)

dx . dy

4’ y= ds s = coordinate along design orbit




Emittance

Linear motion - beam ellipse in 2-d-space

Ellipse area in (x,x’) plane:

A=pxe

Define emittance by a contour confining some fraction of particles
depending on distribution (typically Gaussian)

Units: mm.mrad (but you will see microns)

* Imagine sitting at one location and plotting x,x” of all particles
* Ortracking one particle over many turns



Emittance

Area of phase space ellipse =m¢

o =\&p

O
E = ——

p

Practical view: 0, = y/Betafunction 3 x V Emittance €

el . e
magnet structure particle ensemble
2 2 ~
. . k . c.t. ! T
Theoretical view: H — pTI + (SQ)T — H = ﬁi‘;), e — (J)



Normalized emittance

Geometric emittance {x,x’} shrinks naturally as we go up in energy

Dp, >0, Dp_ =0, e~i
P

e = boe

n

Important — it’s energy independent and can be used across the accelerator
complexand will show up later in a useful formulation of luminosity

Beta Sigma 450 GeV | Sigma 7 TeV
[m] micron

Normalized emittance 2.5 mm.mrad 180 967 246
Emittance 450 GeV 5.2 nm.rad 30 395 100
Emittance 7000 GeV 0.34 nm.rad 4000 4566 1158

0.6 56 14
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Phase space
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Simulation showing the chaotic effect
of the beam—beam interaction

Phase space trajectories near the septum of a
compact synchrotron during low extraction
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Vacuum

Beam vacuum ~10-19mbar (~3 million molecules/cm?3)

— Pumping is insured by cold surfaces for all gases except helium. To avoid
subsequent desorption, low initial pressures are required before cool-down,
and this is ensured by turbo molecular pumps etc.

 Warm

— NEG provides most of the pumping capacity, with additional ion pumps for the
noble gases which are not pumped by the NEG



Phase Electric Fisld  Positive Surface Charge
Magnetic Field Negative Surface Charge

*

Surface Current

Cavity Equator Magnetic Field

RADIO
FREQUENCY

Briefly!




4xfour-cavity cryo module

400 MHz
16 MV/beam

Nb on Cu cavities @4.5 K

Beam pipe diam.=300 mm

32



RF basics

 We will use a RF cavities operating on resonance to produce
an oscillating electric fields (400 MHz in the LHC)

* |n the time a bunch takes to travel around the ring the RF
performs 35640 cycles — the harmonic number (or f ;= hf

I"EV)

- b - - - - -~ phase
2 k4




NOWIII

* A particle with lower momentum than p, will go round faster
and will arrive at the RF cavity earlier. It will get a higher energy
kick and arrive relatively later the next turn.

* A particle with higher momentum than p, will go round slower
and will arrive at the RF cavity later. It will get a lower energy
kick and arrive relatively earlier the next turn.

volt
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(In the LHC when dp/dt=0, the stable phase is 180 degrees. During the ramp it reaches 176.5 degrees)

phasg




2
my

3 =qvB — p=qRB - p(t) = qRB(¢)

Momentum follows magnet field variation due to RF phase
focussing:

* inject beam into ring at By with momentum p, = qRB,

* increase B-field > B + AB

* bending radius shrinks

 path becomes shorter by 2mAR

e particles arrive earlier by At = (2nAR)/Bc
* RF cavity: U(At) = Uy sin(wAt + ¢) >0

e Acceleration by Ap = BqU(At)

* = self-synchronization of p(t) with B(t)
* Constraints: @ = mand 2nR = nBA;

Andreas Streun, PSI



SPS: 26 to 450 GeV
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LHC Injector Cycling

= Field in main magnets

= Proton beam intensity (current)

T = Beam transfer

To LHC clock-wise or
counter clock-wise

SPS

PS J J

""“ .4-4 ,‘1,‘{ '4. 1.4 GeV

1.2 seconds

—/

—

¢
450 GeV
A
j 26 GeV
Time —-
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The LHC 25 ns cycle in the PS
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LHC bunch structure - 2012

* 50 ns bunch spacing
e Maximum bunch intensity 1.7 x 10*! protons per bunch

o
1 PS batch 1 SPS batch b
(36 bunches) (144 bunches) T
Q0
<

i H

26.7 km 1380 bunches

w 4
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= 4
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From the control room
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Operational cycle

Beam dump

Energy [Gev]

-

Ramp down/precycle

5
[+
[
s3]

3000 A

2000 A

Ramp

Injection

Wil

Squeeze Stable beams
Collide
Ramp down 35 mins
Injection ~30 mins
Ramp 12 mins
Squeeze 15 mins
Collide 5 mins

Stable beams 0 —-30 hours

-3000

-2000

-1000

ur

0

Time [s]

1000 2000

3000

Turn around from stable beams to stable beams - 2 to 3 hours on a good day
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Excellent single beam lifetime — good vacuum
conditions

Excellent field quality, good correction of non-
Inearities

L.ow tune modulation, low power converter ripple,
ow RF noise

I(total) B1: 2.1%e+14 I(total) B2: 2.16e+14

Average lifetime B1: 26.26 h Average lifetime B2:

LHC-FBCT Average Lifetime

1] |3 P

54

e/ h

Average Lifetim

1 Start ramp Squeeze Collide

T T T T T T T T
04:15 04:30 04:45 05:00 05:15 05:30 05:45 06:00
Time

LHC-FBCT History Lifetime



In the Iong stralght sectlon
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Crossing angle

work with a crossing angle to avoid parasitic collisions.

25 ns: 30 long range encounters per IP

Head on
collision

Parasitic
encounters

25 ns

7.5m

* generates additional tune shift

* requires larger triplet magnet aperture

* breaks symmetry between x,y planes

* odd order resonances are exited

* couples longitudinal and transverse motion
* breaks the bunch symmetry

* l[owers available luminosity
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In practice
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Crossmg and Separation Bumps
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Squeeze in ATLAS

Beta® 60 cm

Beta ~4.5 km

NB: round beams
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Beam - Squeeze

Small beam in the IP — big beams in the inner triplets — reduced aperture

Therefore inject & ramp with bigger beam sizes at IP.
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Squeeze in practice

Time in
Matched optics seconds
Qptic Marme

A1100C11004100001000_IMJ_2012
£1100C110041000L1000_2012 19
A300C800A300_0.00915L750_0.00932_2012 169
A7O0CTO0ATS0_0.00897L600_0.00909_2012 262
£400C400AG00_0.00883L500_0.00900_2012 348
4300C300A500_0.00883L375_0.00888_2012 396
A250C250A450_0.00883L350_0.00882_2012 425
A200C200A400_0.00883L325_0.00878_2012 455
A160C160A350_0.008839L300_0.00875_2012 491
A150C150A4300_0.00883L300_0.00875_2012 529
£120C120A300_0.00883L300_0.00875_2012 563
A100C100A300_0.00883L300_0.00875_2012 B02
A30C904300_0.00889L300_0.00875_2012 634
A30CE0A300_0.00889L300_0.00875_2012 Y6
A7OCTO0A300_0.00889L300_0.00875_2012 540
AGOCEODA300_0.00889L300_0.00875_2012

U 4mm Beta* - 11 m ATLAS, CMS; 10 m in ALICE, LHCb

55| 4mm Beta™ - 0.6 m ATLAS, CMS; 3 min ALICE, LHCb

2500 & -

2000 T

1500 #

1000 1
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Current during the squeeze
in a few quads at point 1



Luminosity

. — <\
L=F NbleZ 1:revkb exps — (Xl - X2) _ (yl B yz)
2 ( 2 Zx 2 2)' 2((72 +02) 2(02 +02)
TTA[\Oy T O, Gy1+ay2 x1 X2 yl y2
N,, N, number of particles per bunch
F = 1 k —number bunches per beam
C.)2 f — revolution frequency
1+%7csz; o* —beam size at IP
825* g 6. — crossing angle
o, —bunch length

Make some simplifying assumptions:
e beam 1=beam 2
* round beams at interaction point




Luminosity

2 2
Nkbf F— k gF
4,055 419e b

L=

Number of particles per bunch
Number of bunches * *

_ s =\be
Revolution frequency

Beam size at interaction point

Reduction factor due to crossing angle

e,=2.5"10° m.rad

Emittance

_ , -10
Normalized emittance e=3.35" 10" m.rad
Beta function at IP 5* =11.6" 10-6 m

(p =7TeV, b" =04 m)
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Beam-beam

Head-on beam-beam is not an operational limitation

Linear head-on parameter in operation ~0.02 (up to 0.034 in MD)
Long range taken seriously

Interesting interplay with the instabilities seen in 2012...
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A well-deserved toast to all who have built such a marvelous |

machine, and to all who operate it so superbly
(first 7 TeV collisions on 30" March 2010)




First 7 TeV collisions - another V|ew

You lucky, lucky buggers!!!
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MACHINE PROTECTION



Energy

4 TeV with 1380 bunches — 2012

0~3.6 GJ of energy stored in the main dipoles
0140 MJ stored in each beam ~21 kg of TNT.

During an SPS extraction test in 2005...
The beam was a 450 GeV full LHC injection batch of 3.4 103 p+in 288 bunches [2.5 MJ]




Beam Interlock System

Over 10’ 000 signals enter the interlock system of the LHC

Safe Beam that will send the beam into the dump block if any input Jaw Position
P_ara_me_ter signals a fault. Temperature
Distribution
v Special
Safe Software ||Operator || Vacuum Screens and RF Access | | Collimation BLMs
LHC Interlock Buttons System Mirrors System System System
Parameter System CCcC beam (f RF +
observation P)
}
v v
— Beam
»| Beam Beam Interlock System »| Dumping
1 B System
T I Injection
Powering Powering Fast Magnet| | BPMs LHC Beam loss | Interlock
Interlocks Interlocks Current Experiments monitors
superconducting normal conducting change BLM
magnets magnets Monitor Z
7'y Timing System
’—T_l | (Post Mortem
Trigger)
Magnets Power
Converters Beam Loss Monitors | | Monitors
Monitors aperture in arcs
’_Cr | | | | BCM limits (several
: (some 100) 1000)
Magnet protection Power AUG ||UPS Cryogenics
system Converters some 10000
(20000 channels) ~1600 channels




Layout of LHC beam dumping
system
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MKD kick [mrad]

0.3

0.2

0.15

0.1

0.05

Abort Gap

dump trigger Extraction kicker MKD deflection

| LHC
Beam
T 3.0 s
particle-free
_ abort gap
-10 -8 -6 -4 -2 0 2 4 6 10
time [us]



Asynchronous Beam Dump

361.6

To cleaning

After 1 turn
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LHC Collimation
v Project

rrrrr

)Y LHC Collimation Layout

® Two warm cleaning insertions: -
» IR3: momentum cleaning < T o,
= | Primary (H) L 4},_:?5:
- 4 Secondaries (H/S) ' R
- 4 Shower Abs. (H/V) s S R\
» IR7:betatron cleaning 2% M% P . TR j‘ﬂ’ T
- 3 Primaries (H/V/S) ewire 2T | ressaer | T IP7_ cleaning
- 11 Secondaries (H/V/S) T\ |\ ] |
- 5 Shower Abs. (H/V) 0 S Bl e
® Local cleaning at triplets R 3 Y e
» 8 tertiaries: 2 per IP per Beam
® Physics debris absorption
» 2TCL (I per beam IPI/IP5)
Courtesy of C.Bracco

8 passive absorbers for warm magnets in IP3/IP7

Transfer lines (13 collimators)
Injection and dump protection (10 collimators) Total of 108 collimators

(100 movable)

Evian 2012 - Belen Salvachua






Collimator hierarchy
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Collimator hierarchy

* Normalized Triplet aperture decreases when reducing B *

* Tripletaperture MUST be protected by the tertiary collimators (TCTs)

* At the same time, TCTs must be shadowed by the dump protection

* Dump protection must be outside the primary and secondary collimators
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Collimator hierarchy

The hierarchy must be respected at all times.

The collimators and protection devices are
positioned with respect to the closed orbit

Therefore the closed orbit must be in
tolerance at all times.

This includes the ramp and squeeze.

— Orbit feedback becomes mandatory

— Interlocks on orbit position become mandatory
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Generate
higher loss
rates: excite
beam with
transverse
dampers

|_egend:
Collimators
Cold losses
Warm losses

Relative beam loss rate

Collimation
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