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Introduction

m Large Electron Positron (LEP) collider:
» [t was essentially a Z, factory.
= It allowed accurate measurements of standard model features.
= Unfortunately, it did not find the Higgs!

= The characteristics of the next collider (in the same LEP tunnel):

= Higher energy then LEP.

= This imposes to switch to hadrons due to synchrotron radiation. B

= This imposes to use superconducting magnets due to the fixed tunnel radius. ¥
= High luminosity B

= This imposes to have p-p collisions. The generation of p-bar is very inefficient and it
is difficult to produce enough intensity.

= This, in turn, imposes to have two separate rings.
= Insummary:

LHC Is a two-ring, high-energy, high-luminosity, p-p
collider. =

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN 2




Synchrotron radiation - |

= Power radiated by an accelerating particle (in our case
on a curved trajectory)
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i Synchrotron radiation - |

= Comparison between the energy radiated per turn in

LEP and LHC.
LEP LHC
o [m] 3096.175 2803.95
Py [GeVic] 104 7000
U, [GeV] 3.3 6.7 10°

= In LEP the RF system compensated for an energy loss
of ~3% of the total beam energy per turn!

= In LHC the RF should compensate for an energy loss of
10-7% of the total beam energy per turn!

= The total average power radiation (per beam) is 3.9 kW. =
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i Magnetic field

= The magnetic field required to keep a particle of
momentum p, on a trajectory of radius pis given by

Bp|Tm|=3.3356 p, [GeV/c]

LEP LHC
o [m] 3096.175 2803.95
Py [GeVic] 104 7000
B [T] 0.11 8.33
= The magnetic field chosen is the current technological

limit.
= The slightly different p for LEP and LHC is due to some
slight changes in the ring geometry. =
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Luminosity -
Interacton

N region
|_ — events/second Bunch 1 Bunch 2

— oy
o L ps

event W
-l — Effective area A —

®" The Luminosity depends only on beam parameters

L_N MfrevyrF
dre B

= Unfortunately, head-on collisions are not always
possible. In this case a geometrical reduction

factor F has to be taken into account

2
_1/\/ caz
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i Luminosity - |l

= Unfortunately, the beam size is changing along the
bunch (hourglass effect). This introduces an
additional factor of luminosity reduction. This effect
IS not relevant for the LHC.

= Peak luminosity for ATLAS
and CMS in the LHC is
1x1034cm-~2s.

s Expected LHC integrated luminosity per year (~107 s)
Is 80-120 fb2. T
L = [ L(t)dt
0 <
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‘L Key parameters

Injection | Collision
Beam Data
Proton energy [GeV] 450 7000
Relativistic gamma 479.6 7461
Number of particles per bunch 1.15 x 10+
Number of bunches | 2808 |
Longitudinal emittance (40) [eVs] 1.0 2.5
Transverse normalized emittance [um rad] 3.5° 3.75
Circulating beam current [A] 0.582
Stored energy per beam [MJ] 23.3 362
Peak Luminosity Related Data
RMS bunch length” cm 11.24 7.55
RMS beam size at the IP1 and IP5¢ fm 375.2 16.7
RMS beam size at the [P2 and IP8" fm 279.6 70.9
Geometric luminosity reduction factor F/ - 0.836
Peak luminosity in IP1 and IP5 [em2sec™!] - |1.U X 1034|
Peak luminosity per bunch crossing in IP1 and IP5 | [cm “sec™ "] - 3.56 x 1079
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‘L Some features: PS-Booster

separation of linac beam slices done by 5 modules (levels 0,1,...4)
the length of the linac pulse and of the distributor levels is determined by
the number of turns to be injected (operator’s choice!)
head and tail of linac pulse are cut off .
to tail dump
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linac - . NO
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to head dump-

no deflection
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sequence of bendings, septa and kickers
order of extraction dictated by kicker time
constant!

from R4

end up at level of ring 3 again

from R3

from R2

from R1

Edipolesé septa Ekickersé dipole septum  kicker
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At high-energy space
charge effects vanish!
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Space charge - |l
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Space charge - Il

0 C =i
No synchrotron motion included Synchrotron motion included
I S | O
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Space charge: summary

= Space charge introduces:
= Tune shift
= tune spread

= Interaction with resonances might induce:
= Emittance growth -> loss of brightness
= Losses
= LHC beam exceeds brightness limits in injectors. A
number of improvements/beam manipulations are needed:
= Double-batch injection in PS -> alleviates PSB space charge
= Increase of PSB extraction energy -> alleviates PS space charge
= Longitudinal bunch splitting in PS-> reduces longitudinal emittance
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The stable fixed
point bifurcates and
two stable ones are
generated.
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Nominal LHC filling scheme &

LHC (1-RING) = 88.924 ps

Y

A

SPS = 7/27 LHC

3-batch

/

4-batch

LHC filling time is about 10 min.
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Bunch Train Pattern
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3564 =
2x (72b + Be) + 30e + 3x(72b + 8e) + 30e + 4x (72b + 8e) + 3le +
3x { 2x [ 3x (72b + 8e) + 30e] + 4x (72b + 8e) + 31e } + 80e

Bea a

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 = 0.975ps)
T, = 39 missing bunches ( 1.0us)
Ty = 119 missing bunches (LHC Beam Dump Kicker Rise Time = 3pus)

“"w
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LHC beam
commissioning - |

PHYsIcs| |BEAMDuMP 14000 - - 9
1 1
: : a A i 8
SQUEEZE
PREPARE 7
PHYSICS
RAMP DOWN 6
- START RAMP PHYSICS
.
§ PREINJECTION =
- PLATEAU L, @
=
3
-2
To
, Tinj Ramp down ~ 18 Mins
1
! Pre-Injection Plateau 15 Mins
-3000 -2000 1000 0 Injection ~ 15 Mins
Time [s] Ramp ~ 28 Mins
" 11U SUUEEZE -~ TEUUCLE ITSK ITUTIT Squeeze <3 Mins
Prepare Physics ~ 10 Mins
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LHC beam

:L commissioning - I

= Gradually increase performance in steps to allow
for periods of stable beams where machine
performance, reproducibility, and stability is
monitored.

= Use bunch trains in the process of increasing
performance: once you mastered the physics of
one train, the addition of more trains does not
bring new physics!
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Milestones - |

= 2008

= Accelerator complete

= Ring cold and under
vacuum

= September 10" 2008
= First beams around

= September 19t 2008
= The incident

TI2 T18
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Beam threading on 10/09/0

Initial threading: alignment might not be perfect -> aperture
Issues, magnetic feed down effects, etc. In the end

everything went very fast!
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Closing the first turn

Eile Tools
1‘@ b @ o [ @ Sep 10 10:26:13 5PS - LHCFASTZ2 CMGS5 - 03 CO U rtesy R. B al I ey
rSelection rLHC.BTVSL.CSL2.E1
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RF still OFF

File | Edit | Wertical | Horizifcq | Trig | Display | Cursors | Measure | Mask | Math | MyScope | &nalyze | Utilties | Help 'n
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The accident:
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i Milestones - I

= 2008 - 2009

= 14 months of major repairs and
consolidation

= New Quench Protection System for online
monitoring and protection of all joints.

= However: uncertainties about the splice
guality suggested to limit beam energy to
3.5 TeV

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN
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:L Milestones - |l

= November 20" 2009
= First beams around again

= November 29t 2009
= Both beams accelerated to 1.18 TeV simultaneously

= December 8t 2009
s 2X2 accelerated to0 1.18 TeV
= First collisions seen before beam lost!

= December 14th 2009
= Stable 2x2 at 1.18 TeV
= Collisions in all four experiments with = 101° ppb
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:L Milestones - |V

= February 27t 2010
= First injection

= February 29" 2010
= Both beams circulating

= March 5% 2010
= Two-beam operation at L 102/ cm=? s

= March 15t — 18t
= Technical stop to prepare main dipoles for 3.5 TeV operation

= March 30t
= Collisions in all four experiments at 3.5 TeV
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Up to 3.5 TeV on 30/03/10

ATLAS IP Separation
H=4.173mm : V =0.035 mm

CMS IP Separation

H=0.130mm : V=3.925 mm

V(;l_lm) V(mm)
2} 2
1; 1t
3 92 1z 3w S T, Hmm)
-1 _ql
_2: _ .
—3l
ATLAS Coll Rate Evol CMS Coll Rate Evol
50 50.
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30} 30!
20} 20}
10; 10
- . . Y . .
Les Houches - Ecole d’été ¢ 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 35 2.0




First collisions at 3.5 TeV
on 30/03/10

Collision Event at
7 TeV

CATLAS
] L EXPERIMENT

2010-03-30, 12:58 CEST
Run 152166, Event 316199

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html "

[T e b s chmaTCAPICIEC OWIIE OMN_GLOEAL v o o T Sr e EVO151 LGS0 ot
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:| Goals for 2010

= Main goal for 2010: commissioning of peak
luminosity of 102 cm= st
= Not achievable with 2x101° bunch intensity
= Requires several hundred bunches.

= Implies operation with stored beam energies
above 30 MJ

= NB: Tevatron operated at 2 MJ and previous
LHC operation was at 170 kJ!

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN 37




Event TeV OEF A" ND b ffot MJ NE Peak
: : luminosity

) LOOEHI0  2.0F+10 i 0.0113: 1 B.9F+26
2 2.00E+10  4.0E+10 i 0.0226: 1 3.6E+27
35 02 2 2 200410 40E+10 i 0.0226% 1 1.8E+28
4 2
; 4

1 3.5 0.2 10

Z

3

4 3.5 0.2 2 2.00E+10  B.0E+10 : 0.0452: 2 3.6E+28
5

0

3.5 0.2 10

35 02 2 200E+10  12E+H11: 0.0678F 4 7.1E+28

Date

30 March 2010
02 April 2010
10 April 2010
19 April 2010
15 May 2010

3.5 02 2 13 260E+10  34EHI1E 0.1910: 8 2.4EX29 22 May 2010

7 35 0235 3 LI0BAIl  33E+11: 0.1865: 2 6.1E+29 26 June 2010
8 35 0235 6  LOOEH1l  G.0E+11F 03391F 4 L.0E+30 02 July 2010
9 35 0235 8  9O00E+I0  7.B+11: 04069: 6 12E¥30 12 July 2010
0 35 0235 13 Q0010 12EH2 P 06612: & L6E+30 15 July 2010
11 35 0235 25 LO0E+11  2.5E+12 ¢ 1.4129: 16 4.1E+30 30 July 2010
12 35 0235 48  1.00E+1 4.3E+12§ z.?lz?gaﬁ 9.1E+30 19 August 201(
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Les Houcl

Total Integrated Luminosity [pb™]

Flrst two periods - ||

~ Low intensity perlod
~ (exciting for
1~ accelerator
physicists, only...)

N

0 TR R
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ATLAS Online Luminosity \s=7Tev
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5 LHC Delivered Al
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4L [E ] ATLAS Ready Recorded . _._._._
3
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2 L

Bunch Trains Set Up
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Day in 2010 39




i Bunch trains - |

= Parameters and Conditions
= Nominal bunch intensity 1.1 101!
= Smaller than nominal emittances: 2.5-3 um
= Stick to 3* = 3.5 m in all IPs with crossing angle
= Go to 150 ns bunch spacing

= Commission faster ramp (thus reducing ramp
time from 46 min to 16 min).
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:L Bunch trains - ||

NC Peak luminosity

b

50
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312

b W
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Bunch trains - |l

4'—_' 250 I e e e e e
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i Intermezzo

= INjectors:

= Outstanding performance: delivered lower-
than-nominal (about 2.5 um) emittance and
larger than nominal bunch intensity!

s LHC

= Mechanical aperture: better than anticipated
= Optics: in good control

= Beam-beam: operated with a factor of two
larger beam-beam parameter!

= Collimation performance: up to spec.
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Superconducting magnets’ ¢

model

o Systematic field errors in dipoles (EIEReItz\el[otz1e][S
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Setting generation

= A good magnetic model is needed

= The large set of magnetic measurements made during
production is analysed and fits are computed

= Example: FIDel decay component, three parameters .

current (kA)

{ =1
o
[ '§ O b3 measured
! g b3 model
i s I i
— current
6 | 6 | 9
rgeometric EE00c0S —l- i
| & i
c T Q
3 0
o | g = 9
9 ™
o 2 o 29 Q 4 3
; N 0}
2 o)
0 0 | 0] 40
deca 10) 1
0}
I (KA) J9;
-2 AR q snapback .
2 Pt 1 3

0 2 4 6 § 10 12 0 1000 2000 3000 4000
time (s)

_t ot
Ab,(t;c,7,d) = c[d(l_e r}r (1—d)[1—e 9J]
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databases

LHC configuration

applications

A 7 N
| High level LHC
Q 5 optics co ntroi ; Xftware
LHC layout | definition (LSA)
e
\‘/J B | field
= - model
= Le| mMmagnet g
8 sequence
($) o J
: 0 Bl
magnetic -
databases ()] Le-| magnetic
£ field data e
el c magnetic | | operating conditions
geometry -‘.g field trims powering history
database © uncertainties and
S ¢ = statistics
P 8) geometry
data
N A5 - N\ D
survey N
database geometry | | field
N A trims | model
\—
surve generation of - virtual LHC
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< ) - geometry
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trims
b >/ A\ J
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Beam-beam — |

In case the collisions would
occur head-on, plenty of
parasitic collisions would
take place in the common
vacuum pipe.

Arc upstrea Arc downstream

A crossing angle is used to
separate bunches after the

120 m

Courtesy W. Herr first wanted collision.
Ty 7 Even in this case, the various
G bunches are coupled
oy, Headon together  via  Coulomb
Long-range - 285 prad interaction. The  crossing
angle should provide enough
- =S separation for making the
= S parasitic collisions harmless.

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN 48




Beam-beam - |l

= Unfortunately, the crossing angle cannot cope with additional
effects, the so-called PACMAN bunches.

= The LHC filling pattern is not continuous, but gaps have to be
Included.

= Hence three types of collisions can occur:
" Bunch-bunch \ _—
= Bunch-hole
= Hole-hole

| ~“1Head-on z
Alternating the Long-range =
crossing plane

mitigates  the = S ‘
PACMAN effect! & N
Courtesy W. Herr H
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Beam-beam - |l

0.325 .

"head-lon and long-range, 4 intelraction points" 2D tune footprlnt
Long-range Low-intensity for nominal LHC
tune shift _ working point arameters in
032 | \\\M\ | . P .
. collision.
v, | Particles with
\ amplitudes up to 6
y 0315 :\\\ 1 o are included
Head-on f\
tune shift 1\
|
031 F : N I Linear beam-beam tune shift.
I Eoc b | No 1/y,2 term as for space charge, as
! o1 the two| beams are moving in
le > opposite direction.
0.305 . L .
0.295 0.3 0.305 0.31 0.315
QX Courtesy W. Herr
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Meas. & Sim. Cleaning at 3.5 Te /&
(beaml, vertical beam loss, intermediate settings) o
R. Assmann, R. Bruce, A. Rossi, D. Wollmann

collimator ]
warm —— 3

Confirms expected
limiting losses in SC
dispersion suppressor

Find factor 8 higher, as

explained from
imperfections!

bl i

Excellent PERGrMance el collimation syster_h_:
Cleaning erficiency 199:968%0=99:99%:

@
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0
@
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Current situation - | &

= Goal for 2011: 1 fb-! (conservative). It requires:
= moving to 50 ns bunch spacing
= reducing pB*
= further reducing emittance to about 2 um

= Increasing intensity  gnergy [TeV] 35
= fighting against: beta* [m] 1.5,10.0,1.5,3.0 m
= Electron-cloud Emittance [um] ~2.5-2.38
= UFO Bunch intensity 1.2e11
= Single Event Upset Number of bunches . gjﬁ;onsllp
Stored energy [MJ] up to 90
Peak luminosity [cm2s] up to 2x1033

Les Houches - Ecole d’été de Physique Thé Beam-beam tune shift 0.015 -0.02 52




Current situation - I &

2 fblin view! 2011 Luminosity Production

] ATLAS: 1724 pb™”

- :| ALICE:2.8 pb™ :
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Current situation - |l

2011 LHC Efficiency: 348 Fills

[ | Machine - Setup
[ Beam In

[ | Ramp + Squeeze
[ ] Stable Beams

B Access - No Beam | Statistics for fills 1613 [13.03.11] to 1996 [31.07.11]
Total Time Duration [hh:mm:ss]: 3356:57:54
Time in Stable Beams [hh:mm:ss]: 738:55:24

Duration of Fills with Stabl«

8

10

12

14

16

18 20 22 24

The number of
short fills tend to
Increase!
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Electron-cloud - |

= Schematic of electron-cloud build up in the LHC beam
pipe during multiple bunch passages, via photo-emission
(due to synchrotron radiation) and secondary emission.

| FFl st o) T Vi
N = ] "
o ey

LOST or REFLECTED v

20 ns

Courtesy F. Ruggiero
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Electron-cloud - Il

Electron density due to two batch of 72 bunches (25 ns spacing)
2.5 I I | | I I

[7) | "JNI':'JH" l | 1\‘|lmlmﬂm}lhi|lhnm”|”h||l ““' ]
& i |.||1
c 15+ .|1-|1 I _
- .hl} .IP,‘i
_e- ..I|I|' r-JlI
5 17 _
a .f 1

05 | _

0 L L I I , | | |
0 05 1 15 2 25 3 35 4 45

Les b t [us] Courtesy D. Schulte ®




Schematic of the single- % «.% %
bunch (coherent)
Instability induced by an
electron cloud.

How can we cure such

phenomenon?

The phenomenon AR AR
depends strongly on the 's:‘." *e o o
bunch spacing.  _____ (... 2T . ':-%'_.":';"-_::'._';__‘__
25 ns is the worst case, AR IO

50 ns is much better! Aﬁlarafew passages through the .'.':':. * % o

electron cloud ® o °*
ee g o o o
(X °
e @ * o
L JP
° .
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Electron-cloud - IV

s Four approaches are used to suppress/alleviate electron-cloud
build-up:
= A saw tooth chamber in the arcs (a series of 30-um high steps spaced

at a distance of 500 um in the longitudinal direction) to reduce the
photon reflectivity.

= Shielding the pumping holes inside the arc beam screen so as to
prevent multipacting electrons from reaching the cold bore of the
dipole magnet.

= Coating the warm regions by a special Non Evaporable Getter (NEG)
material, TiZrV, with low secondary emission yield.

= Conditioning of the arc chamber surface by the cloud itself (beam
scrubbing), which will ultimately provide a low secondary emission
yield.

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN 58




| { A flft'h method to

i .
- | alleviate electron-cloud:

w INStall solenoids in the

transition reglons

Les Houch



Electron-cloud - VI

Beam cleaning 9&10-4-2011
- Fill 1683 - 1686-1689 - 1691 - 50ns

Vacuum - | — —— 5|V|=1E—05;3'0~1‘4:x| |
improvement o

during
scrubbing - v=3E07e0%]
run o — -:

mn
éL [} VGPB.2.5R3.R
® ! ! |
.

24 |
‘. “S (3
L} d-

A

VGPB.220.1L5X

(1) z¥gzul L ey Pp Sy
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Time (h)
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Electron-cloud - VII

—— Heat load improvement in arcs during scrubbing run |

Qe-clouds 2113

8
=~ (Qe-clouds 31R3

6
Qe-clouds 2514
4 —Qe-clouds 3316
—QQe-clouds 13R7

~(Qbs (IC+SR calculated
with beam parameter)

—Beam energy
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\ objects |

18 beam dumps due to
UFOs in 2010.

UFOs are fast beam losses (I0SS| "« ummsas

1.5ms =17 turns

duration some 10 turns) < —

UFOs occur often at .
unconventional loss locations \

——integrated intensity at 3.5TeV

(e.g. in the arc)

o 3.0E+15

11 beam dumps due to
UFOs in 2011 (on 14/06/11)

8 in injection region

2.5E+15

2.0E+15

1.5E+15

# fast loss events

1.0E+15

integrated |ntenS|ty [# charges h]

1 dump at 450 GeV.

0.0E+00

o - N w N w (o)) ~ o] 0

18.03. 07.05. 26.06.

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN
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objects - |

UFO: unidentified falling  ¢&&

R

Number of UFOs/hour during stable beams

Vgl
LM
=
H

fi

Vg
ey}
[
H

b

1904 candidate UFOs
during stable beams. Signal
RS05 > 2-10* Gyls. Data
scaled with 1.76 (detection
efficiency from reference
data)

UFO rate in 2011: on average 10 UFOs/h!

Massimo Giovannozzi - CERN Courtesy T. Baer
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UFO: unidentified falling
objects - llI

L ] L1
35Tev | [ |I* | | 450Ge

1096 candidate UFOs. 591 candidate UFOs.
Signal RS05 > 5:10* Gyl/s. Signal RS05 > 5:10* Gyls.

Number of UFOs
Number of UFQs

5000 10000 15000 20000 25000 50'00 10000 15600 >0000 25600
s [m] 5 [m]

The UFOs are distributed all Mainly UFOs around injection
around the machine. kickers
Candidates: Dust particles falling onto the beam could explain the

observations.
The particle would charge up when falling.
Depending on the mass it could move through the beam or be repelled.

Simulations are in progress...
Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN Courtesy T. Baer




UFO: unidentified falling

objects - IV

particles heavier than

A=10'® proton masses 0.10/
dinat ; .
i naelml . continue to fall down;

lighter particles are

trajectories

3

y coordinate vs. time

Y co ordinate m

: 2x coordinate [m]

resulting loss rates

loss rate [protons/s]

Quench th old

0.10*

N, =2.3x10%2

longer and higher
losses for present
beam current!
total loss duration
~a few ms 1> M A=10

12 16
101310141015 10

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi

repelled after charging up T
. : : : ' Time s

0.05 0.10 15 0.20

lighter particles may fall na
second time; the time interval
between the 15t and 2" beam
crossing is ~70 ms

Courtesy E Zimmermann



LHC lon Injector Chain

- ECR ion source (2005)
= Provide highest intensity of Pb2%*
- RFQ + Linac 3
= Adapt to LEIR injection energy
= Strip to Pb>%*
. LEIR (2005)
= Accumulate and cool Linac3 beam
= Prepare bunch structure for PS
- PS (2006)
= Define LHC bunch structure
= Strip to Pb8%*
- SPS (2007)
= Define filling scheme of LHC

Les Houches - Ecole d'été de Physique Théorique Massimo Giovann(EZI Nﬁt 3



LEIR (Low-Energy lon Ring)#

= Prepares beams for LHC using
electron cooling
= circumference 25 tm (1/8 PS)
= Multiturn injection into
horizontal+vertical+longitudinal
phase planes
Expected Cycle for Lead lons
3500 _ 72 MeV/u = EXtraction —
3 E
3000 1 —— Main dipole Current[A] o
2500 | ® injection
= Main dipole field[T]
2000 A
1900 Electron cooling Acceleration
o—Lo— L9 @'/ 42 MeViu
500 4
t[ms]
0 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

1 1.2 6
+1.0
1038
106
104

T 0.2

Ejection

nnnnn
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sector 4 -

nnnnn
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Ll
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0w
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|
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LHC PDb Injector Chain

Design Parameters for luminosity 102/ cm= st

ECR Source—>Linac3 _4___. LEIR » PST3128  .SPS 12 LHC
Output energy 2.5 KeV/n 4.2 MeV/n 72.2 MeV/n 5.9 GeV/n 177 GeV/n | 2.76 TeV/n
208Ph charge state 27+ 27+5> 54+ 54+ 54+ > 82+ 82+ 82+
Output Bp [Tm] 2.28?9 1.14 4.80 86.7 5957.1 1500 23350
bunches/ring ' 2 (1/8 of PS) 4 (or 4x2)* 52,48,32 592
ions/pulse 910° 1.1510° 1) 9108 4.8 108 <4.710° 4.1 1010
ions/LHC bunch 910° 1.15 10° 2.25 108 1.2 108 9 107 7107
bunch spacing [ns] 100 (or 95/5)* 100 100
g*(nor. rms) [pm]? ~0.10 0.25 0.7 1.0 1.2 1.5
Repetition time [s] 0.2-0.4 0.2-0.4 3.6 3.6 ~50 ~10°fill/ring
€|ong PEr LHC bunch?® 0.025 eVs/n 0.05 0.4 1 eVs/n
total bunch length [ns] 200 3.9 1.65 1

150 epA, X 200 ps Linac3 output after stripping

2 Same physical emittance as protons. The normalised emittance is a relativistic invariant

Les Houches - Ecole d’été de Physique Théorique

Massimo Giovannozzi - CERN
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Filling schemes for Pb-Pb

inal Ton B Pattern in the LHC

LHC (1-RING) = BB.924 us

'

8-batch 12-batch 13-batch

7

)

) SPS = 7/27 LHC Bunch Train Pattern
“ | >
nooen 81313 121313 121313 121313
T anbation of
THT 17 76eV/ctu - .
H1HH illi 1 |
Y\‘\Tl 891 = (B x [4b + 1.25e] + 7.75e) + {2 x (13 x [4b + 1.25e] + 7.75¢)}
+ 3 x[(12 x[4b + 1.25e] « 7.75e) + {2 x (13 x [4b + 1_25e} + 7.75e)}]
+ 21e
PS = 1/11 SPS
4xBns bunchlet
*m';::::::‘“ T, = 1.25 missing bunches (SPS Injection Kicker Rise Time = 225ns).
T, = 9 missing bunches (LHC Injection Kicker Rise time = 1.0Ops).
Le T, = 30 missing bunches (LHC Beam Dump Kicker Rise Time = 3.1ps). 70




Design
Pb-Pb

Parameters for

Parameter Units Early Beam Nominal
Energy per nucleon TeV 2.76 2.76
Initial ion-ion Luminosity L, cm2 sl ~ 5 %1025 1 x1027
No. bunches, & 62 592
Minimum bunch spacing ns 1350 99.8
B* m 1.0 0.5/0.55
Number of Pb ions/bunch 7 x107 7 <107
Transv. norm. RMS emittance um 1.5 1.5
Longitudinal emittance eV s/charge 2.5 2.5
Luminosity half-life (1,2,3 expts.) h 14, 7.5, 5.5 8, 4.5, 3
Do something Probably
At full energy, luminosity lifetime like this at unattainable
is determined mainly by collisions reduced without “cryo-

(“burn-off” from ultraperipheral
electromagnetic interactions) o =~ 520 barn

Les Houches - Ecole d’été de Physique Théorique

energy in 2010

collimators” at
least

Massimo Giovannozzi - CERN
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Pair Production in Heavy
lon Collisions

Les Houches -



P2

100

s/m 200

Beam
creen

Luminosity Limit from

bound-free palir production

208
208Pb82+ _|_208 Pb82+ Y ; Pb82+ +208 Pb81+ _I_e+

0

—O.Oly/m
—0.02

—0.03

Secondary Pb81+
beam (25 W at
design luminosity)
emerging from IP
and impinging on
beam screen.
Hadronic shower
into
superconducting
coils can quench
magnet.

Main Pb82+ beam || ° | Pb81+ beam I
X/m
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Distinct EMD process (similar rates) does not form spot on beam pipe

208 Pb82+ +208 Pb82+ s

208
GDR Pb82+ | 207 Pb82+ e
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: : . iz S
| Collimation of heavy ions &

= LHC proton collimation principle:

= Halo protons encounter primary collimator and are
diffractively scattered to larger betatron oscillation
amplitude, cleaned by secondary collimators

= Collimation of heavy ions is very different!

= Nuclear interactions (hadronic fragmentation, EM
dissociation) in primary collimator material.

= Staged collimation principle does not work.
= Single stage system, reduced collimation efficiency

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN 74




| Other limits on performance mj;

= Total bunch charge is near lower limits of
visibility on beam instrumentation, particularly
the beam position monitors

= Intra-beam scattering (IBS)
= Multiple Coulomb scattering within bunches is
significant
= Vacuum effects (losses, emittance growth,
electron cloud ...) should not be significant

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN 75




Commissioning strategy

:L for Pb

= Use the working p-p configuration

= Magnetically identical : Transfer, injection, ramp,
orbits, optics, tunes, chromaticity...

= Same beam sizes : aperture, collimators, ...

= Collimation and machine protection to be checked
= Reduce crossing angle to zero in CMS and ATLAS.
= Real zero crossing angle in ALICE

= Differences in basic setup
= RF frequency (Pb mass), energy matching to SPS

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN 76




| lon Commissioning e

05-Nov-2010 21:48:18 Fill #: 1473 Energy: 3500 Z2 GeV I{Bl): 9.86e+09 I(B2): 1.02e+10
ATLAS ALICE CMS LHCb

Experiment Status STANDEBY STANDBY STANDEBY STANDBY

Instantaneous Lumi (ub.s)™-1 0.000 0.000 0.000 0.000

BRAN Luminosity (ub.s)~-1 0.000 0.000 0.000 0.000
Inst Lumi/CollRate Parameter 1.00e+00 0.00e+00

BKGD 1 0.002 0.244 0.000 0.122

BKGD 2 0.000 0.000 0.000 0.407

BKGD 3 0.000 1.628 0.098 0.044

1.4E10 '1\ Lﬂk I
1.2E10 3000
Z  1E10- S ] \lﬁ | I: §
S BE9T i -2000 I
E 6E9 \ ﬁ ! E‘

4E9 ~1000 W
. I ) O I N VW | .
22:00 01:00 04:00 07:00 10:00 13:00 16:00 19:00
— I{B1}) — I{B?} — Energy
Beam 1 Inj., Beam?2 Optics Checks First Ramp
Circ. Inj., Circ. Bl Checks Collimation Checks
& Capture & Capture Collimation Checks Squeeze
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Beam envelopes around
ALICE experiment

ﬁﬂ'x,?ﬂ'}. Sy ] erreelope for €, =1 00529 x lEI'grn, E}.:l 00529 lﬂ'gm, Ty =1.000306

Collision conditions | "
for p-p in 2010. Crossing angle: +110 prad oo

How sizes of beam bunches
are squeezed by focusing
magnets.

rin
in

Courtesy J. Jowett

-0.01

-50 hn
Beam pipe is about Yellow planes indicate where
- twice transverse size bunches have long-range beam-
of box. beam interactions on their way in

and out of the collision point (75
Les Houches - Ecole d’été de Physique Theorique Massimo Giqeapifieh SpRYing). 78




Beam envelopes around
ALICE experiment

Collision

Condltlons for Pb- If?-:rx,?-:r:_.,jcr,]em’e]npefbrele.ﬂﬂﬂgxID'gmf}.:l.DDSEQxlﬂ'gm-:rF:D.DEIDIIET
Pb in 2010. N

How sizes of beam bunches
are squeezed by focusing
magnets.

yin 100y

L = ' Courtesy J. Jowett

Zero crossing angle at IP (external crossing
angle compensates ALICE spectrometer
“100 magnet bump).

Beam pipe is about twice transverse size of
Les Houches - Ecole d’été de Physique Théorique Mggsimo Giovannozzi - CERN 79




BLMEI.11R5

B
g

nnnnnnn

nuous Saving ‘

Les Houches - Ecole d’été de Physique T| L.« rr—iviassibie

uuuuuuuuu

1E-5
1E-6
Aledirrild "III ﬁllll“ “ 1 |||||III||J‘ ATRERN
Show Label O oisg L
ctan @ swp iusw: Continuous
Chart between 2010-11-15 11:16:20.255 and 2010-11-15 22:16:20.255 (LOCAL TIME)

Perfect correlation
of Beam Loss
Monitor at Q11 with
luminosity

=




Integrated nucleon-nucleon

| IumanSIty f0r2010 | CourteSYJ.JfL\i/r‘\_/%.t;:

Pb-Pb (ATLAS)

Pb-Pb (ALICE)
Pb—Pb (CMS)

100
Days in 2010 run




@ w\\ CMS.Experiment at LHC, CERN
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After jUSt three Weeks of the LHC run with heavy ions,
we are witnessing a very exciting start of this new era.

Edward Shuryak

s American hyicu] Society : Volume 105, Number 25
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Next steps for Pb-Pb

i physics run

= 2011: continue at beam energy 1.38 A TeV
= Increase number of bunches

= Reduce [* (the commissioning of the squeeze
will be done at the beginning of the Pb run)

= Perform tests in view of p-Pb collisions in 2012.

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN 83




Spare slides

Les Houches - Ecole d’été de Physique Théorique

Massimo Giovannozzi - CERN
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The LHC machine has an
height-fold symmetry.

Eight arcs (arc is the
curved periodic part of the
machine).

Sixteen dispersion
suppressors to match the
arc with the straight
sections (geometry and
optics).

Eight long straight sections
(also called Insertion
regions).

Massimo Giovannozzi - CERN 85
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LHC layout - I

IPS

IP7

Les Houches - Ecole d’été de Physique Théorique

ATLAS: High luminosity experiment.
Search for the Higgs boson(s).

A Large Ilon Collider Experiment
(ALICE): lons. New phase of
matter expected (Quark-Gluon
Plasma).

Compact Muon Solenoid (CMS): High
luminosity experiment. Search for the
Higgs boson(s). In this insertion is
also located TOTEM for the
measurement of the total proton-
proton cross-section and study elastic
scattering and diffractive physics.

LHCb: Beauty guark
physics [J for precise measurements
of CP violation and rare decays.

Massimo Giovannozzi - CERN 86




LHC layout - [II
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= Sextupoles
= Octupoles and decapoles

= Beam Position Monitor
= Dipole corrector (for closed orbit)
= Sextupoles (for chromaticity)

Massimo Giovannozzi - CERN

Six dipoles are located in each cell. Each
.. - dipole comprises correctors:

. Two quadrupoles are located in each cell.
-+ Each quadrupole is equipped with:

87




LHC layout - IV

Towards dispersion '9

Separation/ricombination dipole suppressor and arc
Absorber (neutral particles)
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\‘ Separation/ricombination dipole
Low-beta quadrupoles

Interaction point High luminosity insertions
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LHC layout - V
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s (m) [*10%( 3)]

Injection
Beta

optics.
at

interaction point
equals 11 m.
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LHC layout - VII

In case the collisions would
occur head-on, plenty of
parasitic collisions would
take place in the common
vacuum pipe.

Arc upstrea Arc downstream

A crossing angle is used to
separate bunches after the

120 m

Courtesy W. Herr - CERN first wanted collision.
Ty 7 Even in this case, the various
G bunches are coupled
oy, Headon together  via  Coulomb
Long-range - 285 prad interaction. The  crossing
angle should provide enough
- =S separation for making the
= S parasitic collisions harmless.
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LHC layout - VIII

= Unfortunately, the crossing angle cannot cope with additional
effects, the so-called PACMAN bunches.

= The LHC filling pattern is not continuous, but gaps have to be

Included.

= Hence three types of collisions can occur:

= Bunch-bunch
=" Bunch-hole
" Hole-hole

Alternating the
crossing plane
mitigates the
PACMAN effect!

Long-range P
&

Les Houches - Ecole d’été de Physique Théorique Massimo Giovannozzi - CERN

Courtesy W. Herr - CERN
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Interaction s
Poirit

3D view of the crossing in IP1.
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LHC layout: the other

Insertions

IP3

Mamentum

Cleaning
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P4
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IPS
CMs
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% Dump
] l\' W
“ IP7
Betatron

. Cleaning
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IR4: RF and instrumentation™

1) :w b~ et
f: 400 MHz |

Harmonic number: 35640
\oltage: 8/16 MV

Energy gain/turn: 485 keV. e
Synchrotron freq.: 63.7/23 Hz ' wss | i i
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» The beam dumping system will fast-extract the
beam in a loss-free way from each ring of the
collider and transport it to an external absorber.
= Given the destructive power of the LHC beam, the
dumping system must meet extremely high
reliability criteria, which condition the overall and
detailed design.
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IR3/7: Collimation system
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IR3/7: Collimation system

s The transverse energy density of the nominal beam is 1000
times higher than previously achieved in proton storage rings
(1 GJ/mm?).

= Tiny fractions of the stored beam suffice to quench a super-
conducting LHC magnet or even to destroy parts of the
accelerator.

= Note that a 10> fraction of the nominal LHC beam will
damage copper.

= The energy in the two LHC beams is sufficient to melt almost
1 ton of copper!

s The tolerable inefficiencies of the collimation system are
about 102 at collision.
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IR3/7: Collimatio

In the Insertion
regions IR3/7 the
magnets are
normal conducting!

This is imposed by
the high beam
losses due to the
collimation system.

Les Houches - Ecole d’été de Pt

Phase

Momentum

Cleaning

Q

1 . -

IP4

TCSG.ASR3
TCSG.4R3

TCSG.EL3
TCP.6L3

TCP.O6LY \
. pTCP.cBLY
n TCP.B6LY
TCSG.ABLT
" TCSG.B5LTY
: TCSG.ABLT
; TCSG.DALY
: TCSG.B4LTY
. TCSG.AALT
; IP7

* A, TCLA.ESR7

TCSG.A4RT
TCSG.BSR7
TCSG.DSR7
TCSG.ESR7
TCSG6RT
TCLA.ABRT
TCLA CBRY

TCLA.FSR7
TCLA ATRT

99




Courtesy R. Assmann - CERN

IR3/7: Collimation system - %

6.

100 o

M IIIII N .
IIIII HE ==

Primary Absorber Tertiary ~ Physics absorbers
(robust) (W metal) (W metal) (Cu metal)
Relevant aperture limit is the arc!

Protected by 3 stages of cleaning and absorption!
First and second aperture limits by robust collimators!

Then metallic collimators with good absorption but very sensitive!
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Courtesy R. Assmann - CERN 2=

IR3/7: Collimation system

6.0+ o 7.0+0 10.0+ o 8.5+ ¢ 10.0+ o

IIIII II & II

Primary Absorber Tertiary Physics absorbers

(robust) (W metal) (W metal) (Cu metal)
Relevant aperture limit are the triplets at the IP’s!

Protected by 4 stages of cleaning and absorption!
First and second aperture limits by robust collimators!

Then metallic collimators with good absorption but very sensitive!
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Injection Jaw opening

~ 12 mm

Top energy

. nozzi - CERN
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IR3/7: Collimation system - ‘!;:s

= There is tradeoff between robustness and impedance (interaction
with the electromagnetic fields generated by the bunches) of the
collimators, namely:

= Low Z materials: high robustness, but low conductivity. Hence they
feature high impedance. They will limit the value of the beam size at
the interaction region.

= High Z materials: low impedance, but low robustness. They will limit
the total current in the ring.

= In both cases the luminosity will be limited to a smaller value than
nominal.

s Staged approach is applied.
= Stage 1 collimation system will be implemented with low Z materials.

= Stage 2 aim at removing the limitations. It requires heavy R&D
programme.
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