LHC Physics Centre at CERN - Student lectures
April 7th and 9th, 2010
CERN, Geneva, Switzerland

The operation of the

LHC accelerator complex
Part 1

Stefano Redaelli

CERN Beams Department
Operations Group
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30-Mar-2010 20:14:20 Fill #: 1005 Energy: 297.4 GeV I(B1): 1.55e+08 I(B2): 7.06e+07

ATLAS ALICE CMS LHCb
Experiment Status STANDBY STANDBY STANDBY STANDBY

Instantaneous Luminosity 0.000e+00 0.000e+00 0.000e+00 0.000e+00
BRAN Count Rate 1.559e-01 2.818e-05 2.969e+00 2.732e-07

BKGD 1 0.002 0.013 0.002 0.122
BKGD 2 0.000 0.000 0.002 0.002
BKGD 3 0.000 0.005 0.003 0.040

LHCF Count(Hz): 0.000 |LHCb VELO Position Gap: 58.0mm | TOTEM: STANDBY

Performance over the last 12 Hrs
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X

B = bending field
p = bending radius
p = momentum

e = charge

What do experiments want?

High energy High luminosity

) N = bunch population
N nb frev Np = number of bunches

£ — F frev = revolution frequency

Bp:}—?
e

Ox,y = colliding beam sizes
47T 0-33 O-y F ;/ geometric factor
Determined by the Depends on machine parameters: charge
maximum field of per bunch (N), num. of bunches (ny) and
bending dipoles, B transverse beam sizes (o)

“Thus, to achieve high luminosity, all one has to do is
make (lots of) high population bunches of low emittance
to collide at high frequency at locations where the beam
optics provides as low values of the amplitude functions
as possible.” PDG 2005, chapter 25
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<) LHC design parameters

Nominal LHC parameters
Beam injection energy (TeV) 0.45
Beam energy (TeV)
Number of particles per bunch 1.15 x 1011

Number of bunches per beam

Max stored beam energy (MJ)

Norm transverse emittance (pm rad) 3.75
Colliding beam size (um)

Bunch length at 7 TeV (cm) 7.55

- How do we produce ~3000 proton bunches of 450 GeV?
- How do we accelerate them to higher energies?
- How do we make small beams?
- What are the implication of these parameters on OP/layout?
- How do we operate the whole LHC complex? With which tools?
- How do we talk to the experiments?
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@m Outline - 1st lecture

* Introduction

* Recap. of accelerator physics

- Basic equations
- Measurements — tools

 LHC injector complex
- Source and Linac2
- PS Booster
- Proton synchrotron
- Super Proton Synchrotron

 LHC parameters and layout

- Arc and straight sections
- Machine protection system
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@AV Outline - 2st lecture

e Parameters for 2010-11

 LHC operational phases

- The LHC cycle
- Commissioning: baseline / status

* Operational tools
- Page 1’s / Fixed displays
- More applications

* One shift of LHC operation
- How do we operate the LHC

S. Redaelli, LPCC lectures, 07/09-04-2010 6



Outline

* |ntroduction

* Recap. of accelerator physics

- Basic equations
- Measurements — tools

* LHC injector complex

- Source and Linac2

- PS Booster

- Proton synchrotron

- Super Proton Synchrotron

* LHC parameters and layout

- Arc and straight sections
- Machine protection system
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Basic concepts

THE PRINCIPAL MACHINE COMPONENTS . .
OF THE LEP ACCELERATOR . Charged particles are accelerated, guided and

confined by electromagnetic fields.

- Bending: Dipole magnets
- Focusing: Quadrupole magnets
- Acceleration: RF cavities

In synchrotrons, they are ramped together
synchronously to match beam energy.

- Chromatic aberration:Sextupole magnets

- — —
Lorentz force F=eWwxB+FE)

Centripetal
Force

Magnetic rigidity |Bp = —— =

C A= - |
LHC: P 2.8 km given by LEP tunnel! Fixes the relation between

S. Redaelli, LPCC lectures, 07/09-04-2010 magnetic field and particle’s energy



Bending

[wo rings anti-particles

collision
regions

Two-In-one

LHC:B=8.33T = E=7TeV magnet design
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D) Bending

two rings

anti-particles

' collision
point

collision
regions

I
I
I
|
I
I
I

Two-in-one
magnet design

LHC: B=8.33T =E=
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Focusing

Transverse focusing is achieved with quadrupole
magnets, which act on the beam like an optical lens.

Linear increase of the magnetic field along the axes
(no effect on particles on axis).

Focusing in one plane, de-focusing in the other!
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@ﬂ Alternating gradient lattice LG

An illustrative scheme

LHC: 2x3 dipoles per cell i
( g P ) One can find an arrangement

of quadrupole magnets that
provides net focusing in both
planes (“strong focusing”).

Dipole magnets keep the
particles on the circular orbit.

Quadrupole magnets focus
alternatively in both planes.

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

Coordinate system

X
S. Redaelli, LPCC lectures, 07/09-04-2010 12



- 0B
Magnetic field [T] : B, = 6; X T
. . 0B,
Field gradient [T m-] : g=—=
Ox .
Normalized grad. [m2?]: K = I =
poje [
CE//—|—K(S)£E=O HI||.S
N equation

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

Alternating Gradient focusing — pseudo-harmonic
oscillator with s-dependent spring constant K(s).

The general linear magnet lattice can be
parameterized by a ‘varying spring constant’, K=K(s)

Note that dipoles give a “weak focusing” term in the
horizontal plane, K(s) = K(s)+1/p?
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Betatron motion

9,

The solution of Hill’s equation:
(s is the longitudinal coordinate)

s-dependent Oscillatory
amplitude term

It is analogous to the general

- 9.%
solution for simple harmonic motion:
- 2.5 1
E maximum potential energy,
: zero kinetic energy
mass L
)
R
Lee zero potential energy,
maximum Kinetic energy
% ) B — 4.0¢

potential energy = ——

Betatron functions in a simple FODO cell kinetic energy = ----
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@J Betatron tune

Betatron phase advance _ | ds Betatron tune: |() = 1 ds
over 1 turn: H B(S> '

AADANPNAN

0.45 1=

A

Y, L

The tune is the number of betatron T AT
oscillations per turn. o4k i T o

NSRS

A

0.35 >

We normally only care about the fractional - e N
part of the tune! 64.31 is 0.31! o3 i e g

The Operating tune values (WOI"king po|nt) Qy 0.25 '@% m ,,,,,,,,, ,,,,,,,,

/= RN 4 ST 2

must be chosen to avoid resonance. 02/

IR
e,
01500~

The tune values must be controlled to T ﬁk’% v I
within better than 10-3, during all machine o1 i bi
phases (ramp, squeeze, ...)

V/ \ Il
0.2 0.25 0.3 0.35 0.4 0.45 0.5
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@ Dispersion

Dipole .
& Closed orbit for p < p,
spectrometer l Lattice
property
\
- K-
\ ' \ n s
— —_ ~ ’ —_ = —ACB S) =
Ny - A ( )
- 7’

Central design orbit =
closed orbit for p=p,

1A
" + K(s)x = o
P Po

Non-homogeneous
Hill's equation
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Particle’s
momentum
error

\

Closed orbit for p > p,

D(s) = dispersion function. Periodic in s.

16



Emittance and beam size (i)

$ X Motion of a single particle:

/7e = z(s) = Av/Bu(s) cos[p(s) + ¢o] + D(s) x 3
N B(s), d(s), D(s) — determined by lattice

Ai, di, Ap/pi = define individual trajectories

For an ensemble of particles:

The transverse emittance, €, is the
area of the phase-space ellipse.

100% -~ CRERgEA
99% - o/ TR

95% -1 . .
L Usually, 95% confidence level given.

Beam size = projection on X (Y) axis

Beam size o'm(s) = \/eﬁx(s) + [Dw(8)5]2

A
Bunch energy spread 0 = (_p)
p rms

S. Redaelli, LPCC lectures, 07/09-04-2010 17



<) Emittance and beam size (ii)

[ BX
B2
k(s) S
b X X ) X
T > — . <=
V2 \ Z , Z
. A .z *CD’Z 1 4:.
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Example for the LHC arc (450 GeV)

L L

ol I[-[-[-[I.[-[-[i .
- Bx E 2 -
% 150 - . % 1.8/
c i () -
.§ _ __gf 1.6_
2 100 | £ 14
5 | ] S
Y p— Beta || g\

: B, By functions | '] Dispersion
O_ T ol ogL—— T T
7.5 7.6 7.7 7.8 7.9 8
1.4 ' Longituinal coordinate [ km ]
Ox

1.2}
E | /Bx’y — 30 Te 180m
8 A
N
% 08 (—p> — 3.06 x 10~
8 p rms
M —

0.6 o, Beam |-

0, sizes D" ~ 2m
O'%.s 7I.6 7:9 8

Long|tumal coordlnate [ km ]

... will see later what happens in

) ) ) |
S. Redaelli, LPCC lectures, 07/09-04-2010 the interaction pomts.
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Chromaticity

__AQ
Ap/p

Particles with different energies
T~ have different betatron tunes.

Ql

P =D, M for the beam:
- Adds a tune spread
- Instabilities (“head-tail”)

Focusing error from momentum errors ~ -K Ap/p

Chromaticity corrections is done with sextupole S
magnets. The field changes as x2.

LHC:
2 sextupole families per plane per beam for N

chromaticity correction.

S. Redaelli, LPCC lectures, 07/09-04-2010
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@J Acceleration o0

Acceleration is performed with electric fields fed into Radio-Frequency (RF) cavities.
RF cavities are basically resonators tuned to a selected frequency.

In circular accelerators, the acceleration is done with small steps at each turn.
LHC: 8 RF cavities per beam (400 MHz), located in point 4

At the LHC, the acceleration from 450 GeV to 7 TeV lasts ~ 20 minutes (nominal!), with an
average energy gain of ~ 0.5 MeV on each turn.

[Today, we ramp at a factor 4 less energy gain per turn than nominal']

S. Redaelli, LPCC lectures, 07/09-04-2010 21



@N Buckets and bunches

The particles The particles are trapped in the RF voltage:

oscillate back ..
! RF Voltage and forth in this gives the bunch structure

time/energy

- ~ - T~ - T~ - -~
/’ : \\ -~ \\ -~ \\ P 1 \\
. ~ - ~ - ~ ” | ~
7’ | ~ 7’ ~ -’ ~ 7’ | ~
-7 | ~<__.“" RF buck RN -7 S 7 | RN
7 g >/ uc et > 7 >/ ] _>_
ol R R e e i S o e e -———>
N 7 N 7 N 7 N 7
~ j b ~ P d ~ bd ~ bd
~ - ~ ” ~ ” ~ ”
~ - ~ - ~ - ~ -
~ - ~ - ~ - ~ - "
T=-T i Rl Te-T time

2.5 NS
450 GeV 7 TeV
RMS bunch length 11.2 cm 7.6 cm
RMS energy spread  0.031% 0.011%
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Outline

* |ntroduction

* Recap. of accelerator physics

- Basic equations
- Measurements — tools

* LHC injector complex

- Source and Linac2

- PS Booster

- Proton synchrotron

- Super Proton Synchrotron

* LHC parameters and layout

- Arcs and straight sections
- Machine protection system
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l@:m LHC beam position monitors (BPMs) (6%

S. Redaelli, LPCC lectures, 07/09-04-2010

4 buttons pick-up the e.m.
signal induced by the beam.
One can infer the transverse

position in both planes.
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LHC beam position monitors (BPMs)

3/30/20010
< &

- . (PN O
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@m Closed-orbit measurements

o YASP DV LHCRING / NOM_1.18TeV_2010 / beam 2 <
@Viewsv\ o 888 | ] More _|
CO - P450.24 GeY¥/c - Fill # 935 INJPROB - 03/03/10 13-48-52 5 B
10 : : ' : :
Mean = -0.081 / RMS = 0.935 / Dp = -0.05 g g
T § }
£ 0 ] ) Wt
3 H L] ] L
a. . . : :
T : : :
-3 : 3 z z z z ;
o [ATLAS ALIC M-CLEAN RF-B2 CMS DUMP-B2 B-CLEAN INJ-B2
= I 1 1 I I
0 100 200 300 400 500
Monitor H
CO - P450.24 GeV/c - Fill # 935 INJPROB - 03/03/10 13-48-52 AN
10 . : :
Mean = -0.367 / RMS = 0.723 / Dp = -0.05
S | . H

V Pos [mm]
L]

-5+ | | | | | | |
10 IATLAS I.Alj(a M—(LEAN RF;BZ m DUM‘I’—BZ B—(LFAN\ INl:—B2
- I I I 1 I
0 100 200 300 400 500
Monitor V
B2 0.56 8.7 1P248H 9 0.48 0.36 0.6 T — . < 3 \
CLORC: mae = 0,030 RS = 0,565 opu = 485 CIP zones o/ 510> > 500 measurements

per beam per plane!
More than 1 per quad!

1 Hz data + turn-by-turn
are possible

An orbit measurement at LEP
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Dispersion measurements (i)

9

A .
Az(s) = D(s) x 2p Measure the orbit offset for
D different beam energies.

YASP DV LHCRING / 3.5TeV_2Aps / beam 2 « [

(& views | | [m] =]Ee] | More _|
vl | Ml bl vl

@
a s

CO - P 3500.4 GeV/c - Fill # 975 FLATTOP - 21/03/10 22:23:27:680 - 21/03/10 22-23-27 ==

3 . .
. Mean = -q.907 / RMS = 0.634 §
g 14 5
= ] i i w
$ H i i
ES -1 . H H . . H
-2 : : : ; ; é ;
2 ATLAS ALICH M-CLEAN [RF-B2 ?!EI DUMP-B2 [B-CLEAN] IN)-B2]
= 1 1 1
0 100 200 300 400 500
Monitor H
CO - P 3500.4 GeV/c - Fill # 975 FLATTOP - 21/03/10 22:23:27:680 - 21,/ 03/ 10 22- 23— 27 s o g9 '
3 : : : : : :
. Mean = q.003 / RMS = 0.021 [ Dp = -0.79 g g
g 1-
£ B H ) ~ B S R SN i A
s i [ [ LT
= | | | | | | | |
-2 ; ; ; ; : ; ; ;
2 ATLAS ALCH [M-CLEAN [RF-B2 CMS DUMP-B2 B-CLEAN INJ-B2|
—; 1 1 1 I
0 100 200 300 400 500
Monitor V
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) Dispersion measurements (il

: i:&\W\‘ MUMWMW\ JWMWN I WMMWWUJ WMMWL }WMMWM‘W\\ J&WVM‘MMMM )}MWWMMM }WWM
2’ ¥ e % ? " " 7 W v

N !

0 1l0 / 2I0 3'0 e il 4I0 5'0 6|0
S

. V4 " " 7

Mean = 1.119 / RMS =
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Multi-turn acquisitions

—| LHC MultiTurn

File Acquisition Configuration Optics Sinulation Tools Expert

v RBA Ihcop

Optics for Beamprocess: RAMP_1180GeV_V1@0_[START]
Acquisition | Viewer | Setting | Analysis | Exciters @Vicwsv R w883 B More ol 48
B Horizontal Position [03 Dec 2009 18:25:28] Bunch 0 EPMYA4L1.E2 & &3
° per Monitor per Bunch
Q per Turn Raw Data v
B
E
s
Monitors ~ '||| ’ ‘ '
Bean 1 [ Beam 2 | E {
BPMSW. 1L.1.B2 3 \ m ‘
BPMS.2L1.B2 =
BPMSY.4L1.B2 3
BPMWR.41.1.B2
BPMYA.4L.1.B2
BPM.5L1.B2

PDOAAD 11 20

L] T T L
200 400 600 800 1000
4[ )J Bunch 0 Turn No.

Vertical Position [03 Dec 2009 18:25:28] Bunch 0 EPMYA4L1.B2

«
Q

ToolBox

[ Fix ¥ f Turns | Tune I Orbit | Phase Space | Phase |
Tune limit +/=: [0,001 [ Evaluate & Remove |

| Remove | Reset || Resetall | E
= ’. |‘||’|
)
Sent event: HX.BPHCAPZ2-CT -~ =
Sent event: HX,QK2-CT b ‘ H ‘ | |
RN R R R R R R RN R R R R R R R R R RRERRRRRRRRARAE E‘ I| |
RN R R R R R R R RN RN R R R RN RN RRERRRRRRRRRREE [/
RN NN R R RN R R R RN RN NEERRRRRRARRRE =
RN RN R R RN R R R R RN RN REERRRRRRRRRERE ‘>’
RN R R R RN RN R R R RN RN RRRRRRRRARRRE 3 1
RN R R R R R R R RN R R R R R R R RN RRERRRRRRRRARAR
RN R R R R R R R RN R R R R R R RN R RRRRRRRRRRRARAE
R RN R R R R RN R RN R R R RN R RRERRRRRRRRRRAR
(RN R R R R R R RN R RN R R RN RN RRERRRRRRRRRREE
AR RN NN R R RN RN R RN NN NEERRRRRRRRRRRE
AERRRRRRRRRRRRRRRRNARRRRRRAE : : ! 2 b
Resetting all HARHONIC and FFT analysis data for beam 2. F 200 400 600 800 1000
v Turn No.

18:26:18- 1D FFT finished...
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Tune measurements

- Kick the beam with a fast kicker

- Measure beam position at every turn
- Make an FFT

S. Redaelli, LPCC lectures, 07/09-04-2010

Q. SPS QMeter - SPS.USER.CNGS2 =L
File Tools
v P @ 4 [ @ Mar30 09:40:25 SPS - CNGS2, 11 LHCFAST1- o |% 5 R, & P; o
Horizontal Setting BQFETH/Acquisition
MKQH o 1w (1 of 1 acquisitions) Cycle: SPS.USER.CNGS2 SC Nb: 27047 Date: |J
State: ON 7 J
: e Tune = 0.6133 Start Turn = 99617 |_Legend |
Mode:|  REMOTE Time = 2301 [ms]
6-
-40+ >
5 -
Frrd [ -60
=4 =
AAAA 3 | 5 J 1 \
Time: 2300 ns = [{Tune = 0.6133 o H]W
3 - { o
YYVYYyY E 3 | i = _g0- |
Turns: 512 |w» |
AR 24 "
Strength: 3.0 kv [ 11 |
\ fh, | A -100
14 A1
. NSV V.Y A Y.V, G
B e -120
T T T v T v T T
0.5 0.55 0.6 0.65 0 100 200 300 400 500
Tune Turns
Vertical Setting BQFETV/Acquisition
MKQV [ 1 v (1 of 1 acquisitions) Cycle: SPS.USER.CNGS2 SC Nb: 27047 Date: |1
State: ON )
— Tune = 0.5859 f Start Turn = 95280
Mode: REMOTE Time = 2201 [ms] | |— Denta |
6 20
\
5 ‘ 0
. Ll 20-
= 41 il = -
AAAA E °
Time: 2200 ns = | [fune = 0.5859 =
yYYYv s 34 H 2 -40-
Turns: 512 |« \ ”WWM’W"
AA A 24 t -60
Strength: 2.0 kv A
s J ) "\
14 Ty ™~ -80
Y M\,
0- : I -100 - , - T T
0.5 0.55 0.6 0 100 200 300 400 500
Tune Turns
@ swop = Save Continuous Saving
Ios 40.22 - Walting for Acquisition.

30



) Tune measurements at the LEP

15:06/88 03:13:17

Single Pickup
Single pickup x

X ({micron

07/06/00 17:48:09

Tune spectra

11:14_07 03

10,0054689

(lin)

o s -,‘. .

‘r,’ “'“ héﬂ:.é“’" yf.?e,,

Da 0.43527 0.00118 dy 0.00158 Cu 0.43517 0.00276 FFT_hortunelin

micron

“‘.};.“14,

vertical spectrum of amplitudes(lin) versus tune (p1a

0.0 Tune
- %
>
- ~
- LA L - E
100 200 300 S
Da 198.000 -54.07 dy 283.371 =~
g
~:4 " ol
= =
s .

el
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@ Tune measurements at the LHC

— Tune Viewer - LHC - On-demand Bl (FFT2.Bl)

|1

File Edit Run Timing Configure

o] ¥ RBA: Ihcop User|LHC | v |FFT | »

Help

Q-FPGA

(Info | FFT | PLL | DataSets | Q@ | FB/Trim | Orbit | Graph|  [Mag |+ H T

ACQ# 05 Misc.

LHC - B1 - fill #935 - Q'-Result: +3.4/+1.2 - LHC.BQBBQ.UA47.FFT2 Bl - 2010-03-03 ...

&)

L 2

I I 1 1

0.3 0.35 0.4 0.45
frequency [frev]

ACQ# OB Misc

LHC - B1 - fill #935 - Q'-Result: +3.4/+1.2 - LHC.BQBBQ.UA47.FFT2_B1 - 2010-03-03 ...

L 2

2 _6o-
g. -70-
LHC - B1 - Fill#935.0 %
2010-03-03 02:04:08 g
RAWGEFFT: 8192 turns@1.0Hz R
no excitation
Q1= .282821 Qx = .283164 ~100-
Q2= .308842 Qy= .308498 |‘
|C_| = 005940 E = 450 0 GeV 0 005 01 015 02 0.25
Q'x= +34 Graph Mag | v vV I i
Qy= +1.2
g -401
g -30
_g -60 -
Spawn TuneViewer Display '% =707
Comments: >
no comment -804
-90
Q Q -100 -
@ @ @ =4 -110—0 0.05 01 015 02 025

0.3 0.35 0.4 0.45
frequency [frev]

|
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@ﬂ Chromaticity measurements

AQ — We need to repeat tune measurements at
Q' = different beam momenta

AP/P A

Ky = Qy0 + Q;?p — Linear fit

0.3108 ll]]'l |||!||||l||]|||||[||]|||||||l||| |||||| 0.33 . | | . . . . . ' . I I | - . I I I I I . . .
0.3106 - Q, ' 2 19 O 07 ‘ I— [ ‘ ‘ ‘ , | ]
03104k y i L —— i - ///_‘ " | 0_325__ e, . o .:. __
[ : | I I . | A ]
03102 T - : UG LIRRRRMIES — i . : r/ i
B : : e : ] 0.32F A e e e // R
m | o , : // , ] i . . 4 . 7
o 03 S } gl 0 1
c - - . S5 /
2 : : A : : = - /3 -
= 0.3098— RS SR : R - — S 0315+ o PIRPI —
.0 B : : g : : € i . I _ 1
® 03096 - TP, R | | . 2 T
> Rl | e | ] I | i
. 0.31| ; » w t o -
03094} - T AT : e _ B - |
i : e : : : : ‘ ] _x
03092 T i } ] [ | :/1
- I : : | | » : ‘ n 0.305:‘ /:// : : o —_
0309 . e : . . ] : I,-z . " ]
—| Lo b v b v b v b v b v b b b |- i TR N T T S | IR ST S
0.3088 0.3
-2 -15 -1 -05 0 05 1 1.5 2 25 -3 -2 -1 0 ' 1 2 3
Momentum trim <10~ Momentum trim < 10°
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Beam size measurements

Flying wire moved across the circulating beam
Measure secondary particles
Calibrate wire position to get size in mm

Wire Scanner Application

e & [E v reathcop O F| D & @ Jok Jox 4 2 [ 90| | et

LI IC Wi re A : Profiles & Fits Key Param Line Graphs | Key Param Histograms | Measurement Results Time Plots | Expert Options

H2 [+] Rviews | [ m| 882 3[=] B More | 4B » |[Fits [Chi-Sq
Scan n e r WS SRAELH? LHC.BWS.5R4.B1H2 #1:1 AXI ... e 08:22:11 [30/03/10 08:22... § §5 | LHC.BWS.5R4.B1H2 #1:1 AXI ... e 08:22:11 [30/03/10 08:22... §5 63
Profile Data for LHCHWSSRABIA e
. . el S A LA DUE et s e ile for LHCBWSSRABIH |
—— LHCBWS.SRASIH2 #1:1 AXI - ¢ 08:22:11 0.47 [~ LHCEWSSRABIH2 #1:1 AXI _p 08:22:11
0.4- — ﬁt“p"’ﬁ'e ‘ — ﬁtufpwﬁle
HOME A Center=-0.959 Center=-0.904
Sigm:=0.601 47073 q Sigma=0.585
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@ﬂ Synchrotron light monitor LGS

BSRT - B1

BSRT
5 8rC = WS
£ 75_ SPS WS
£ —
Provides continuous N . .
. s °F Synchrotron light Wire scans
beam size 5=
measurements, e.g. 45_
during ramp. E
— =
2+ M M
b L.
Ql:ll M 1 ﬂ’M N R B “III /H il “nm
8 18.2 18.4 18.6 18.8 19 19.2
Time [h]
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lonization chambers detect secondary
electromagnetic showers generated by
particle loss.

4000 of these guys in the machine!!

S. Redaelli, LPCC lectures, 07/09-04-2010 37



i

Beam loss monitoring

|

LHC BLM Fixed Display

File Tools

Unit Gray [ s v

 Sectors Filter | Octant Filter | Dump Filter | ListFilter |

Regex Filter |

Scale:

Integration Time: 5.2 s\vl

Display: |Acquisition [~] E

Filter (3545 / 3879)
Location Type

] d
oMo i

[v] Other
[v] 2 Elements

SEM
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1E-7

[CJShow Labels
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Monitors
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y
;

!
i
i

.
.
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lv| Use DCUM
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Beam loss monitoring

E I Unit |Gray [ s v Scale: Log v Integration Time: 40us| v | Stan| 0 End 2047 Losses: Max |w| Display: SREF
rs Filter | Octant Filter | Dump Filter = List Filter | Regex Filter |
(3545 / 3879
lion Type Section Sector Beam Transverse Position Position on Element  Observed Element
pad “Vj]1-2 [¥]5-6 v| External
wIC LSS o] Beam 1 v| Entrance
ther wvl2-3 Wwl6-7 Internal
v| DS , v| Center %
Elements CsEm v/3-4 v]7-8 28 2 v Top
v Beam )
obile ARC 4-5 wg-1 Bottom v] Exit
28.03.2010 17:41:10
4
Sector 1-2 Sector 2-3 Sector 3-4 Sector 4-5 Sector 5-6 Sector 6-7 Sector 7-8 Sector 8-1
l - v = -— - - . - — - u -
) J=_ _—s.:-_ _— — - — :—_ —
-t Tarw mm i ——— - L Tiew == it o e -_— L T—
| 3 - - - - o - ae -

40 us Max losses
BLMQL29L7.B1E10_MQ
9.050E-05 [Gray / s

Monitors
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Beam loss monitoring

e LHC BLM Fixed Display
| File  Tools
E I1z2 8] | I Unit: [Normalizedlv] Scale: Integration Time: [ 5.2 slv‘ Display: |
| Sectors Filter | Octant Filter | Dump Filter | List Filter = Regex Filter |
rsFlte) | er gs4s 7 3879)
(3545 Location Type Section Sector Beam Transverse Position  Position on Element  Observed Element
nad er DS - - ol Center %
ther Tl Csem @3-4 @7-8 | _ | Top _
v] Mobile w] ARC vi4a-5 #8-1 Bottom v Exit
Elemen
obile Total Losses: 5.440E-03 [Gray / s] 28.03.2010 17:28:37
11:10
i1 — il |
-—
=
3
-

Acquisition Beam Losses
BLMELOG6R7.B2110_MBW.B6R7
DCUM = 20170.09 [m]
1.176E-03 [aw.)
Monitor Masked

[]Show Labels Display Optics Elements Use DCUM

P stant | Stop | wd Save [ | Continuous Saving

17:28:28 - Monitoring Stopped.
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N Outline

* |ntroduction

* Recap. of accelerator physics
- Basic equations
- Measurements — tools

* LHC injector complex
- Source and Linac2
- PS Booster
- Proton synchrotron
- Super Proton Synchrotron

» LHC parameters and layout
- Arcs and straight sections
- Machine protection system
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The LHC accelerator complex

CMS
ST e
LHC
North Area
auce 4/ Beam 1 : Beam 2 Avxco
TI2 18
1 TTI
CNGS
West Area
d
AD Vk. G::r:v ;rassso
‘ [ : 112
p
BOOSTER _isouoe - Year  lopenergy Ge”\fr Length
i e S | : [GeV] [m]
N i g Linac 1979 0.05 30
i LINAC 2771 o PSB 1972 1.4 157
P LHC |Ps  19589° 260 628
LINAC 3 y-:"_\' SPS 1976 450.0 6’911
ons & 3y 4 LEIR proton | ve 2008 7000.0 26'657
w path
) protons P antiprotons AD Antiproton Decelerator LHC Large Hadron Collider
) ions D electrons PS Proton Synchrotron n-ToF Neutron Time of Flight
D neutrons p neutrinos SPS Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3
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Bottle of Hydrogen, to start with!

PREINJECTEUR

LINAC 2 ( N The real bottle Is inside the cage

S. Redaelli, LPCC lectures, 07/09-04-2010
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@ Beam Stopper

i

LP LI LA

Radio-frequency
quadrupole (RFQ) _—#*

Delivered beam current:
Beam energy:
Repetition rate:
Radio-frequency system:
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Linac2 - layout and parameters (4%

Linac 2 Tunnel

50MeV LTE
DUMP
LTL LT°
Alvarez’s drift-tube
support

=
|

s fofa e e [

posts
~150mA

90 keV (source) = 750 keV (RFQ) — 50 MeV
1 Hz

202 MHz
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Downstream of Linac2, the proton

beams will only encounter circular
accelerators (and transfer lines)

S. Redaelli, LPCC lectures, 07/09-04-2010
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Magnetic cycle

El
0,
7p)
Qo
@
g
-O
=
®
&
=
e
C
O
) -
| -
-
O

Irgljection | Smaller
' ' ' =1 machines have
shorter cycle
lengths

| | i | | | | i | | | | ; | | | | ; | | | | i |
Time [ a.u. ]
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u u [ (& v_ Vi ‘.‘ t'_.\.i". "‘
= 1 =0
b S o/ &
1\‘:\.‘ IR ,"“b"z /,/
w(E\Sa7/ N
AR A/
T\ /<

B field SPS top energy, 4

1 SPS prepare for Beam transfer
transfer ... :

ramp
SPS waits at
Injection to be
filled by PS SPS
A A

A A A

\4

B field time

Bfield : i i i i time

v

PS Booster

>
v

Jut JU JUl Juuvubbuudk Ju JUuubuuy

PSB determines the basic period time
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PS Booster

Sketch of the PS Booster wath:
- Dastnbution of Linac beam into 4 nings
- Recombination prior to transfer

* Constructed in the 70ies to increase the intensity into the PS
* Made of four stacked rings
- Acceleration to E; =1.4 GeV

* Intensities > 1013 protons per ring obtained (i.e., four times design!!)
« Several types of beams with different characteristics
— Physics beams for ISOLDE

— Beams for AD/PS/SPS physics
— LHC beams
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Filling the PS with LHC beams

Next bunch
ejected

Short gap for
@/ Ejection kicker %& -~ C_}O—j
/-. "~ Distance larger

Py — than CPSB/2
(hps =7)

* In the single batch transfer, only rings 2,3 & 4 are filled on h=2 (i.e. 2 bunches per ring)
* The 6 bunches (1 or 2 extractions) can be transferred in one batch to the PS (on h=7)

e I =)
| — — m
Tamasinpe RGOS Bee 1B 1NN TGS i R W 33 1103043 61C - — e il LR AR R
Claey W | i e TR e 0 e
Nohs e ® - -
Sham W - ’ .
- Y - - a ﬂ
: phap fod
- :Q .. L .0 .
» 2! . z " ' ‘e [
- .. 13 1 i ;
: i !
- b ,
— et L L ) W
:~ - - - ’--‘ - - -
e 1 ‘ .
2 . Extract 6 bunches from 3 rings
o e e aliade Y IR TF T ] with 324ns spacing
I T L T T T e e R A5 Jrare. v 0007 ¥e FF e DaTe g -
et tvemse] | e R LY BRPE L
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RING PS

llllll

From the Proton Synchroton to the Large Hadron Colllder 50 Years of Nobel
Memories in High-Energy Physics

from Thursday 03 December 2009 at 14:00 to Friday 04 December 2009 at 17:00 (Europe/Zurich)
at CERN ( 500-1-001 - Main Auditorium )
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PS - bunch splitting

L2t Eject 72 bunches -2
10 d [ b IO
Inject 4+2 bunches

0.8¢ 10.8
= h=7 <

= 0.6 00 0.6
I

0.4 = 0.4

0.2 10.2

0.0k ,_—/. \ ) r—_30.0
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Time [s]
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77 S
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A —

-
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Q
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Time [us] Time [us)
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Intensity [ 10" ppp]

51



H. Damerau
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Super-Proton Synchrotron

9

Circumference : 6.9 km
2.5 km of secondary beam lines.

protons for fixed target physics at 400 GeV/c

protons for CNGS experiment at 400GeV/c IRS
protons for LHC at 450GeV/c Targets T2, T4, T6

lead ions for fixed target physics at 400 GeV/c > P

proton equivalent

¢ machine studies for SPS

e Injector for the LHC

TT20 TT40

Q /

- TI8
g Mobile dump

block (TED) L5552
{ ) SPS

LHC

IR2 LSS LSS6

D e
TT10

Tl 2
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LHC beams in the SPS

— SPS Fast BCT Measurement V2.0-2006
lAcq. Time: 2007/07/04 23:23:28 User: LHC25NS SC: 10133 |
1200

| | | One PS batch of 72

__— bunches in the SPS
260 280 300 3w0 360 380 400
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X

Nominal LHC beams at the SPS

4000 500
450 GeV/c
4 — 450
3500 Beam current o —
| / N -+ 400
3000
E: 3 —+ 350 )
= , / ~3.3x1013p >
= 2500 OQ/ " 300 3
E—" 2000 2 g 20 %
% . Bl $ This is a stored energy
> 1 N of about 2.4 MJ:
1000 ' ' il
" / - collective instabilities
500 Siat botiom % - machine protection!
0 . ' - 0
0 5000 10000 15000 20000 25000

Nominal LHC beams basically
achieved in the SPS in 2004!
Injectors have been since long
ready for the nominal LHC...
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TIME IN THE CYCLE [ms]

Current bwsv51995.rot EV:0x21a70301 SC:3020 HV:980 Mode:LHC 3ba_3ga

| IN profile;
-17080.0

Ctime 18502 ms
M

ean -6.652 mm
igma 0.416 mm
orm 25166

=0

18/10/07 02:54:20

Beam emittance
<3.5 ym

Da -1.70e+04 0.00 dy 2132.53

Cu -1.70e+04 2132.53 pl_ft_IN

57



@m If anything goes wrong...

Failure in SPS during setting-up
of LHC beam (25/10/04)

Extraction septum supply tripped
due to EMC from the beam

In 11ms the field dropped 5%

3.4x1013 p+ @ 450GeV were
wrongly extracted onto aperture

Chamber and magnet were
damaged and had to be replaced

~25cm long hole in chamber

I QTMD4001 l I

MBHC1-3 || QTRF4002 |
|

[ QTRD4003 | |

MBHA14

1

!

'

Reconstructed H trajectory (3 ¢ envelope)

v

Inside, damage visible over ~1m (melted"

- ~w
= By S
T T e Ly

B b
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B. Goddard
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How do we get 2808 bunches ??

LHC (1-RING) = 88.924 ps

Y

A

SPS = 7/27 LHC

3-batch

/

4-batch

/

\ t/ / \‘t Bunch Train Pattern

»
Ll

A

.....

i

So far:

Only done single-
bunch extractions!!
No more than 720
1 bunches for 2010.

234 334 334 334

Filling Scheme

3564 =
2x (72b + 8e) + 30e + 3x(72b + 8e) + 30e + 4x (72b + 8e) + 3le +
3x {2x [ 3x (72b + 8e) + 30e] + 4x (72b + 8e) + 31e } + 80e

Beam Gaps
T, = 12 bunch gap in the PS (72 bunches on h=84)
T, = 8 missing bunches (SPS Injection Kicker Rise time = 225ns).
T, = 38 missing bunches (LHC Injection Kicker Rise Time = 0.975us)
T, = 39 missing bunches ( " 1.0ps)
Ts = 119 missing bunches (LHC Beam Dump Kicker Rise Time = 3us)
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R. Bailey, P. Collier, LHC Proj. Note 323
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X

Combined length 5.6 km,
over 700 magnets = ca. 2/3 of SPS

28.10.2007, 12:03
- first beam at end of Tl 2

U | &
Length of beom We: 2943'7\‘

IR2

P2

Length of new lufibel: 2639m
Horizontal deflectig:  50.4°
Verticol deflection )

SPS-to-LHC transfer lines

23.10.2004, 13:39 = first beam atend of T| 8

T1 8 beam tests

23./124.10.04 |
, SPS 6./7.11.04 /7740 + T 8
y [ [Length of beom line: 2684m
7‘]‘ J Length of new tunnel: 2436m
Z LSS 3 40 f Horizonlel deflection: 106.5°
LSS 4 / Verlical ceflection: 4.5
¥
[
N 118

/\\/- r T8
LSS 2 SPS { N LHC

LSS 5

f T/ >
Temporary dump

Tl 2 beam test
28./129.10.07

Courtesy of J. Uythoven
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HC ,
. | Ps
| Y, N L

J——

Tl 2 upstream part installed and
HW commissioned by 2005.
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lon beam path to the LHC

9

| CMS
LHC
North Area
auce{d Beam 1 : Beam 2 AvLHco
m ™m o‘ V
West Area - CNGS e
AD i \ | ” Gran Sasso
4 DL
@H\ ™2
BOOSTER ‘ISOLDE Eest/Area
A n-ToF PN
¢ LINAC 27"
~ _ ¢ CTF3
LINAC 3 .~ LHC ion e
|0ns ' ﬁ LE'R
e path
) protons P antiprotons AD Antiproton Decelerator LHC Large Hadron Collider
) ions D electrons PS Proton Synchrotron n-ToF Neutron Time of Flight
D neutrons p neutrinos SPS Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3
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cq. Time: 2007/10/29 22:31:51 User: LHCION SC: 57872 #Acquisitions: 1372 sampling time: 10ms
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CCC can be packed in these days... (##®

3.5 TeV collisions on March 30th

EE ey ] (%] i
=3 *""!g;r——

' .. "‘ qst. X -

- i
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... and even more in the past

a.

S. Redaelli, LPCC lectures, 07/09-04-2010

ep. 10th, 2008:
first commissioning of cirCsjating beams
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Our secret to attract people

T

L TT—————

ofessional Italian coffee machine
Pressure-regulated-hot water
Delivers many MJ of coffee...

S. Redaelli, LPCC lectures, 07/09-04-2010
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N Outline

e |Introduction

* Recap. of accelerator physics

- Basic equations
- Measurements — tools

* LHC injector complex

- Source and Linac2

- PS Booster

- Proton synchrotron

- Super Proton Synchrotron

 LHC parameters and layout

- Arcs and straight sections
- Machine protection system

S. Redaelli, LPCC lectures, 07/09-04-2010
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LHC: view from top

R wn 11«.\'{‘-‘"3????'.‘-"#"-{?’"-@' e it
- & XA ST e e hato . atht aa

T ST g IS ARSI R R
TP - s
.

Mont Blanc
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<) LHC layout - from bottom

Circumference = 26.7 km
Depth =70-140 m
Slope =1.4%

; A W §
" A
PSSO
LHC - B CERN
Foinc 8 == ATLAS ALICE

1 Point 1
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LHC Layout
= 8 arcs (~3 km)
= 8 straight sections (~700 m).
= Two-in-one magnet design
= The beams cross in 4 points:
IP1: ATLAS, LHCf
IP2: ALICE
IP5: CMS, TOTEM
IP8: LHCDb
= |P2/IP8: beam injection
= |[P6: beam dump region
= |P4: RF (acceleration)
= [P3/IP7: beam cleaning

S. Redaelli, LPCC lectures, 07/09-04-2010

@) Layoutand accelerator systems

IR5:CMS

IR4: RF + Beam
instrumentation

dumping system

IR6: Beam

Injection ring 1

/

In the following:

No details on experiments!

Main aspects of
IR3: Momentum —__ |niaction / dump on 1

collimation (normal rmal
conducting magnets) - RF -> energy gnets)

- Arcs

- Cleaning system

- IR layout

AN
IR8: LHC-B
IR2:ALICE
IR1: ATLAS

/ Injection ring 2
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@ Interaction point 1: ATLAS
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4
Heavy lon Physics ﬂ[‘ice
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“IMagnet Yoke
u chambers
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<) Interaction point 8: LHCb

.....
N—"

l . e\

Longueur 18m \.
Largeur: | 12m
Hauteur: \12m

Poids: 4270t 7
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Détt\acteur
~ RICH \

f_'Détecteur PR i 4

Vertex

de l'aimant -~

Détecteur

LHC-B

|
N
N Y

a a

-
“~

Cal etre

Det cteur electro y ue

Bobines.
Noyau \.\\\’ {

~L- \L Chambres 7
Caloﬂ ; S a muons —
™ g % = ’ ) : :

74



How do we inject?

Circulating
beam Septum B-field

~ | Injected beam

. Injected
~ N — beam
S o Septum magnet
N

\ Cdd

= =g X ory
S~ ~ x B Fast kicker magnet
~~~~~~ -
~~~~~~~ ‘ B
—————————————— S >
Circulating beam B=0

Fast kicker magnet

1. A septum dipole magnet (with thin coil) is used to bring the injected beam close to the
circulating beam.

2. Afast pulsing dipole magnet (‘kicker’) is fired synchronously with the arrival of the
Injected beam: deflects the injected beam onto the circulating beam path.

3. ‘Stack’ the injected beams one behind the other.

S. Redaelli, LPCC lectures, 07/09-04-2010
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How do we inject?

w N Injected beam
S
S
S
SO Septum magnet
S
O\ —>
S~ ~ x B Fast kicker magnet
~~~~~~ -
—————— ‘ B
6 _____________ S____———————-*I—I-I—I-I—I-I—I-I—I-l—l—————
Circulating beam B=0

Fast kicker magnet

2./1./A septum dipole magnet (with thin coil) is used to bring the extracted beam (far 1o the
circulating beam.

1. /2/ A fast pulsing dipole magnet (‘kicker’) is fired synchronously with the arrival of the
| abort gap :deflectsthe beam to be dumped onto the dump line

3. All the following bunches are extracted.
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@] Injection into the LHC - layout

Similar layout for Beam 1 =
Injection in P2

SPS
N
T8

TI 8
Injection

S. Redaelli, LPCC lectures, 07/09-04-2010
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—

0.8 mrad

Kicker

From the LHC Pagel |
TED TI2 position: TDI P2 gaps/mm : down: 9.04

TED TI8 position: TDI P8 gaps/mm : down: 8.36
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The TDI is one of the key injection protection collimators:
Protects the machine in case of (1) missing kicks on injected beam and (2)
asynchronous kicker firing on the circulating beam.
It must be closed around the circulating beam trajectory when the kicker is ON.

S. Redaelli, LPCC lectures, 07/09-04-2010

79



@m Beam dump (IP6)

Dump block
TDE

N §\

eam 1 \/,
[ (R
Q5L
Q4L
TCDQ S

| MSD| -
Extraction septum (3x5) \ |

MSDA MSDC / TCDS & Q4R

cORK©)] ’
Extraction 4(0
kicker (15x)
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iw ey ol

150

10C S E000

0 - <4000

5

-10C

-15l

beam absorber
(graphite)

This is the ONLY element in the LHC that can
withstand the impact of the full 7 TeV beam !
Nevertheless, the dumped beam must be

painted to keep the peak energy densities at a
tolerable level !

concrete
shielding
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@ Radio frequency (IP4)

. - . Cavity Equator Magnetic Field
8 RF superconducting cavities per ring at 9
400.790 MHz: 2 modules per beam, 4 cavities 5“:}%
per module -
16 MV/beam at 7 TeV e ———— -5
. L =
1 MV/ CaYlty at IaneCtlon. Cavity s =~ S ® @ ElestricField
2 MV/cavity during physics 50 6
®

\ \
\ oo were \TUMNG BARS

SUPERCONDUCTING CAVITY WITH ITS CRYOSTAT
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The LHC arcs

1232 main dipoles + 3700
multipole corrector magnets

392 main quadrupoles +
2500 corrector magnets

MCS: Sextupole corrector (b3)

MCDO: Assembly of spool correctors consists of an octupole insert MCO (b4) and a decapole magnet MCD (b5)
MQT: Trim quarupole corrector

MS: arc sextupole corrector

MQS: skew quad lattice corrector

MCBH: Horizontal dipole corrector

MCBYV: Vertical dipole corrector

MO: Lattice octupole

Q= ]
OO
(0

QoO=

l

C
S

w

oo0O0O=

00X
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<) Colllmatlon multi-stage cleaning

(illustrative scheme) .
Primary Secondary Shower i Tertiary SC

Cold aperture i collimator collimators absorbers . collimators  Triplet
Protection | 5
' P a a
devices / % |
Primary | -é_Ter_tiar-)!/- beam halo + _____

—

. L
Secondary beam halo hadrcimlc showers

+ hadronic showers

___________________________________________________________________________

1
» ,
\ / "5’
\ §
\ : 1

’/’ = »’\\\is\\\
/] 4
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@ Layout of the collimation system

Two warm cleaning insertions

IR3: Momentum cleaning
1 primary (H)
4 secondary (H,S)
4 shower abs. (H,V)

IR7: Betatron cleaning
3 primary (H,V,S)
11 secondary (H,V,S)
5 shower abs. (H,V)

Local cleaning at triplets
8 tertiary (2 per IP)

Passive absorbers for warm
magnets

Physics debris absorbers

Transfer lines (13 collimators)
Injection and dump protection (10)

108 collimators and

absorbers

About 500 degrees of

freedom. Most advance

system for accelerators!
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resessy  JTeseasks Details on how we operate this  teseesur] | 15582
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|Timeseries Chart between 2010-03-26 04:00:00 and 2010-03-26 22:00:00 (LOCAL_TIME)
—— LHC.BCTFR.ABR4.B1:BEAM_INTENSITY —— TCSG.5L3.B1:MEAS_LVDT_GU

NbOfCharges

SEQ

Beam current [1e9 p]

Collimator gap [mm]

i

T T T T T T T
26-Mar7h 26-Mar2h 26-Mar3h 26-Mar 10h 26-Mar 11h 26-Mar 12h 26-Mar 13h

LOCAL_TIME
Timeseries Chart between 2010-03-26 04:00:00 and 2010-03-26 22:00:00 (LOCAL_TIME)

—— TCSG.5L3.B1:MEAS_LVDT_GU

Collimator gap

3.5 TeV beam circulating ~1 mm
In a gap as wide as the 5

20 11:22 11:29 11:26 11:28 11:30 11:32 11:34 11:36 11:38 11:40 1142 : 46 1148 1150 11:52 11:54 1156 11:58 12:00 12:02 12:04 12:06
LOCAL_TIME
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@N Interaction region layout o®)

[P
D2 DI . R DI D2
Triplet Triplet

——M H— -
N _

AL =116 meter

- With more than 154 bunches, we
need a crossing angle to avoid
parasitic collisions outside the IP.

- Beams are separated in the other
plane during injection and ramp

N2 rev
= Nofrev
dro,0,

F= 1/\/ i+ (G—G\_
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9

(m)

Beta functions for IP1 and IP5

LA AT I

LHC V6.1
/afs../eng.../V6.2/V6.2.5eq, K4501s64-59nV6.2.0pt, rematch 16 Ap. OK

| —

X versi .51/05 27/03 .19.5
5000. nnthrsT:on S 1/0T ) i ; ‘ i i i ) i : 770 /OIT 16 1 S 25
4500. -1 I\ ‘| 1 .
/ | ' . 5
1 4 ' : — 2.0
4000. - 1, : ) ! . '
1 | ‘ : 1.8
\ \ ' | — JX.
3500. - | /
\ \ P ! L
: / \ f I
[ ! ' 1.5
/ \ I !
3000.4 ;, \ 1 \D - | !
{/ \ / : ! : t L 7.3
/ ! \ I !
2500. - | \j \ b 1 s L
¥ \ ) . 4} — 1.0
: ! I I :
2000. - | d b 1
[ )
| 1 [ — 0.8
1500. — - .- I
— 0.5
] 3 f} -
1000. — { a3
300. — - — 0.0
0.0 — I T U ] Y T T T =~ 1 0.3
0.0 100. 200. 300. 400. S00. 600. 700. 800. Q00. 1000. 1100. 1200.
s{m)
e poc = 0.

B=55cm > 0=16 pym; D =0m
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Beam envelope

NN TN

X

N
&)

N
o

" 7 TeV, squeezed

15_ ________ E||:>5____§ ________ SR -

-

3 o V beam envelope [ mm ]
n o
I
|

' Beém 1 . | <{Beam D

4
-
|

IP5:

Vertical crossing: 280 prad p1———-1—+——— 1 1.
0.5 mm separationinH [13.2 133 134 135

Longituinal coordinate [ km |

13.6
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X

Machine protection

Why do we have to care??
Energy stored in the superconducting magnet  10.4 GJ

Energy stored in the 7 TeV beams \

Why do we need so much?

Magnet energy is driven by the high field requirement.
Beam stored energy is driven by luminosity increase!

tunnel length beam-beam " = IP beta function (=)
constant limits g, = horm. transv. emittance
N, = protons per bunch

S

= revolution frequency

= geometrical correction
o = restmass, e.g. of proton

= velocity of light

ev

O 3™

kB

stored

<

LHC luminosity is increased
via stored energy!

IR optics Injectors limits
limits Robustness limits

S. Redaelli, LPCC lectures, 07/09-04-2010

We've seen
what 2 MJ can
do to a magnet!
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X

The stored energy challenge

Increase with respect to existing accelerators :

000lo0 -A factor 2 in magnetic field e
"~ || <A factor 7 in beam energy izl :

I magnets

| <A factor 200 in stored energy
= 1000.00
= LHC top energy ==
—— T
% LHC injection
o 100.00
Q +
P 1
- SPS fixed
.E 1 000 ISR — target HERA
U e
o O n
-8 SPS batch to T [ =,, J| TEVATRON
“ 1.00 LHC
= O0
=X
g RHIC
LU 0.10 LEP proton

SNS = ———Hf SPS
— = O ppbar
N REF
0.01
1 10 100 1000 10000

Momentum [GeV/c]
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@J Machine protection philosophy

Stored
magnetic
energy

Stored
beam
energy

— Authorises power on — Authorises beam
— Knocks power off in — Requests a beam dump
case of fault in case of problems

Power permit

@r Converters
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@ In practice....

LHC
Devices Movable Devices BCM Experimental Collimator Environmental BTV
2 - Beam Loss Magnets Positions parameters screens Mirrors
£
F \ \ | |
Safe Software CCC Transverse Beam
Mach. Interlocks SEQ Operator Experiments Feedback Aperture Collimation FBCM BTV
Param. Buttons Kickers System Lifetime
| l J | | J l , Beam
« Dumping
Safe Beam Flag Beam Interlock System -—)l System
l l ‘ Injection BIS
PIC essential ' ' RF ' BPM in Access Vacuum \
+ auxiliary WIC FMCM System BLM IR6 System System Timing System
circuits (Post Mortem)
Magnets Power Monitors Monitors in Doors EIS Vacuum Access RF
Converters aperture arcs valves Safety Stoppers
limits (several Blocks
’j (some 100) 1000)
QPS Power AUG || UPS Cryo
(several 1000)| | Converters OK , . .
~1500 Isn’t that a miracle that it works?

We will see on Friday how...
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@J Conclusions X

™ We have reviewed the basic accelerator physics concepts

@ We have seen how the LHC beam requirements are met
by the injector chain

& We have introduced the main LHC accelerator systems

We are now ready to see how the LHC is operated!

Agenda for the second part of the lecture:

- LHC commissioning and 2010-11 running scenarios
- Operational phases

- How do we operate the LHC
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Effect of sextupole magnets

P < Py
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Closed orbit o6

Closed orbit = closed, periodic
solution of the equation of motion.

Ideal machine: orbit centred in the
magnets.

Real world: imperfections of

magnetic field cause perturbations
of the

o) = 5 U [ VB cosliole) — o(s)| - nQl

S. Redaelli, LPCC lectures, 07/09-04-2010
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Linac2: source

HT SUPPLY 90kV

ARC SUPPLY

- +

1 ANODE

HOT CATHODE —
Heated by AC supply - CW

\||
|

/

B
INTERMEDIATE ELECTRODE
magnetic

|
L

This Is a “duoplasmatron”
proton source!

p*. Cathode Tube withH

Hite ~H+2e
Hite -~H+H+e

H = e H++ 2 e http://psdoc.web.cern.ch/PSDoc/acc/ad/VisiteGuidePS/
Animations/Duoplasmatron/Duoplasmatron.html
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http://psdoc.web.cern.ch/PSDoc/acc/ad/VisiteGuidePS/Animations/Duoplasmatron/Duoplasmatron.html
http://psdoc.web.cern.ch/PSDoc/acc/ad/VisiteGuidePS/Animations/Duoplasmatron/Duoplasmatron.html
http://psdoc.web.cern.ch/PSDoc/acc/ad/VisiteGuidePS/Animations/Duoplasmatron/Duoplasmatron.html

Linac2 source - details

9

— — - e— — - W —— T —— — — — jp— - e - p—

Magnets

http://psdoc.web.cern.ch/PSDoc/acc/ad/VisiteGuidePS/Animations/Duoplasmatron/Duoplasmatron.html
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length within specs!
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<) For completeness...

Variety of LHC beams at the booster

LHC Intensity/ Number of - S— €lons.
Beam Type bunch bunches [m] [eVs]
11 . :

[x107] (PSB rings) Values needed to have triple
25 ns 1.62-162\ (6 (4+2) . 13 splitting at injection in the PS
physics without additional longitudinal
50 ns 8 1 6 (4+2) 25 13 emittance blow up
physics

75 ns 0.92-529 | |6 (4+2) 25 0.9
physics / \ \
Indiv- 0.24-1.35 @ 0.3 Including margin for blow

up (need to be 3.5 um at
the SPS extraction)

physics

0.05

Pilot beam

Probe beam [ 0.05-0.23 1 =1.0 =02
Intensity ranges covered from Assumed double batch transfer to the PS (h=1
10% of the nominal values up in the PSB, 4 rings + 2 rings) -now replaced by
to the nominal (and even a single batch transfer for LHC50 and LHC75
above nominal for MDs) beams (h=2 in the PSB, 3 rings)
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X

5 extraction kicker magnets (MKE) operated at 50 kV.

6 septum magnets (MSE), installed on a movable girder.
4 horizontal and 4 vertical bumper magnets:

- Horizontal extraction bump of 31.1 mm @ monitor BPCE.418

TPSG protection element for the MSE.

Fast extractions from the SPS

180
MPSH4 1402 1402 [KI( DO0(
MPLH41672 1672 [KI( 500
APLH41554 1994 [KI( 139
R AMPSH421598 . 42198 [KI( 143¢
160 Hwwps. 5 (x1cx) @ 0.1
MKEZ2.F |KICK] @ ©
MSE418.F | XICK]
g 140 -Ehn.nr amplitude: 31.05 mm at BPCE.41801
= HBump amplitude: mm at QFA.41810
- 1
i Vol
120 43
1 ] g at T
Girder pos
QUpstream 48.7E mm (TFSG entry)
100 Hpownstream 110.00 mm (MSE 6 axit)

20 E

50 £ ’

-] L |~

..Z,A 30.3 mm ]
o 1.0mm

BTV2
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4017
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4025 4033 F041 4040

4057

- 160

- 140

- 100

- 50

- o0

xXimm)
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70
[
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5:—18
b
\>\

——'—
|
1~

SPS beams
cut at flat-top

Ve

SPS.EWS.414H0DV # AN

S000

4000

3000

2000

1000

LHC beam scraping at the SPS

1 LHC injection batch in the SPS > 2 MJ
A few % of particles in the bunch tails could quench the LHC cold magnets!

Slow precise

/

Sharp tail cut
(more than
needed)
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First B1/B2 interleaved extractions (9%

10 CERN SL 26-09-07 /22:14: Cycle for interleaved
: LHC2B5NS oV J ¢ 5666 extractions of Beam1 and
2385 S00ms ength: 3

3

RATE ¥ E 3 | Beam2 successfully set-
686 1283

TT2 (IN]1 EN up in 2007
2____) “Page 1” could announce

/ that we were ready for
/ “Filling the LHC....”

Shorter cycles also
available for lower beam
intensities: faster and
_____ > Phone: 77500 o more flexible operation for
SPS 2007 run. Courtesy of J. Wenninger CommiSSiOning SCenariOS

Beam intensity lower than nominal (no dedicated
studies for beam optimization)

Comments 25f09—0

_#

illing the LHC ...
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lon beam path to the LHC

9

| CMS
LHC
North Area
auce 4 Beam 1 : Beam 2 AvLHchb
TI2 = 18
m ™m o‘ V
West Area - CNGS e
AD — \ — ~ Gran Sasso
4 DL
@H\ ™2
BOOSTER ‘ISOLDE Eest/Area
A n-ToF VY
( LINAC 27"
~ _ q CTF3
LINAC 3 .~ LHC ion e
|ons ' ﬁ LE'R
e path
) protons P antiprotons AD Antiproton Decelerator LHC Large Hadron Collider
) ions D electrons PS Proton Synchrotron n-ToF Neutron Time of Flight
D neutrons p neutrinos SPS Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3
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lon beams for the LHC

It also all start with a small bottle...
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@J Schematic LEIR layout
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Cq. Time: 2007/10/29 22:31:51 User: LHCION SC: 57872 #Acquisitions: 1372 sampling time: 10ms

300

250

WTTHE

200

150

intensity / 10e8

.

Beam current 4

3

6.5 x

(78% transmission)

gang current

4 YASP DV LHCB1Transfer / LHC_ION_1inj_FT2000_450_2009_V1 / SPS.USER.LHCION1

(i3 views |

| | | More

P 450.5 GeVic - SC # 53038 - Fill # 0 UNKNOWN - SPS.USER.LHCION1 - 23/10/09 20-30-06

10 '
Mean: = =-0.178 / RMS = 4.939 / Dp = -0. 23
e .. |I||| " Al
g ofimera-aalen. --'-----:------" ' m || | || | || '| | | I’ II ---------
o
=
-5 i .
- [rreo-TeD] [r12- TEDl
o I
0 20 40
Monitor H
P 450.5 GeVic - SC # 53038 - Fill # 0 UNKNOWN - SPS.USER.LHCION1 - 23/10/09 20-30-06
10 g :
Mean = -0.447 / RMS = 1.902 / Dp = -0.23
—_ 5 ' ﬁ
: -
o ll_-ll I_-IIII mml _. I_ Il - -- -l -— - -I I _________
n U' il Bl | - - .- [ B J ] - .- EEg=="nmg - .. -
¢ | n i | I I |l|| |I|| ||||I|
> :
-5-
|TT60-TED| TI2-TED
'10 1 I T T T
0 20 40 60 80 100
Monitor V
S. Redaelli, LPCC lectures, 07/09-04-2010 110



[Acq. Time: 2007710729 22:31:51 User: LHCION SC: 57872 #Acquisitions: 1372 sampling time: 10ms

@ The “early” LHC ion beam in the SPS (2007)

Beam current 4 6.5 x
. (78% transmission)
] 3 o expected obtained
450 GeV Bunch
a0 2 equiv. 1 2 3 4
; [ transmission 75% 78%
= No 7.4 x 10° 6.5 x 10°
L00- €/A (eVs) 0.28 0.068 | 0.076 | 0.083 | 0.12
7 (ns) 1.8 0.90 0.94 1.0 1.2
2 _ Ap/p (107%) 6.3 2.7 2.9 3.1 3.6
Magnetic cycle
y Courtesy of T. Bohl
~TT60.BETV.610317/Image
li_‘ 1l w _*J (1 of 1 acquisitions) Cycle: LHCION SC Nb: 1370
~lmage ~Horizontal projection ~Vertical projection
Mean = -0.34 [mm] Legend Mean = 0.96 [m end EXtraCted Lead
Sigma = 1.01 [mm)] — Profile 250 sigma = 1.64 [ — Profile ] )
— 400 { Amplitude = 452.19 [au.] — Ffit_ Amplitude = 234.14 [au.] — Fit Ion beam IN TT60|

@ || E

- 1| E
s >
A

-20 -10 O 10
X [mm)]

D_I

1 T T
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BTVs for Injection of beam 1

LHC.BTVSS.6L2.81

Screens in the IP2
Injection region

Updated: 20:21:05 @ 1256322057735000000 LHC.BTVSL.C5L2.B1

s YASP DV LHCB1Transfer / LHC_ION_1inj_FT2000_450_2009_V1 / SPS.USER.LHCION1

Updated: 20:21:05 @ 1256322057735000000

lon beams
stopped at the
collimators in the
LHC-P3

o [=] Y
[ views | | [m] =]ze] | | More _|
‘P 450.5 GeVIc - SC # 53038 - Fill # 0 UNKNOWN - SPS.USER.LHCION1 - 23/10/09 20-30-06 °
10 '
Mean = -0.178 / RMS = 4.939 / Dp = -0. 23
— 57 é
| |I||| |I Al
oottty Hl e S gt | o
8 .
T ;
-57 : .
10 |TT80-TE Dl |TI'7 TE Dl
o T 1
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Monitor H arC

P 450.5 GeVlc - SC # 53038 - Fill # 0 UNKNOWN - SPS.USER.LHCION1 - 23/10/09 20-30-06

10 g :
Mean = -0.447 / RMS = 1.902 / Dp = -0.23
—_ 5 '
: | |
= Eu_ann I_-IIII N | l il __ S ST— - _ s -I i
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LHC injection: Technical layout
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@ﬂ Corrector magnet count

Name Quantity 5 Purpose
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
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Inside one cell
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LHC Cell - Length about 110 m (schematic layout)
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