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&) Introduction to LHC

The largest machine in the world:
The Large Hadron Collider (LHC)

CMS

Momentum Betatron
cleaning I] I]Pt3 P [I I] cleaning
ALICE 3 3 LHCb

27 km circumference
100m underground

Accelerates protons and heavy-ions
toE=6.5ZTeV (2018).

Collides 2 counter-rotating beams
in 4 physics experiments.
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) Collision Modes in LHC

O m)em o
p-p

- = @
p-Pb

®.

The LHC spends most of its time colliding
proton-proton (p-p) in its 4 main experiments.

All are also highly capable heavy-ion
experiments:

ALICE (IP2) and ATLAS (IP1) / CMS (IP5)
ALICE 3% S LHCb LHCb (IP8) since 2012

also LHCf (cosmic ray physics)

Momentum
cleaning

Betatron
cleaning

1 month/year colliding fully stripped lead
(“°%Ph82+) or Pb ions with protons.
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)] A short History and Future ...

12 one-month heavy-ion runs between 2010 and 2030. 6/12 done.

1',5t . LS2 Hardware Upgrades:
Upgrade: new high luminosity run * ALICE detector upgrade to 7 x design luminosity
collision mode @: 427Tev » Dispersion Suppressor collimators for BFPP losses.
16h @4ZTeV SPS RF (smaller bunch spacing)

@ 6.5ZTeV

IRunZ

pilot run ¢

Run 4

exaxeﬁ

Run1

A

Pb-Pb @ 6.37 Z TeV
6.1 x design luminosity

Pb-Pb @ 6.37 Z TeV
3.5 x design luminosity

é Pb-Pb @_3‘5 z Tgv . ”Upgrade”: new species Currently no
0.5 x design luminosity | 12h Pb81+ operation heavy-ion runs
® 1st Pb-Pb collisions ” ”, . foreseenin Run 5
@3.52TeV Upgrade”: new species & 6, but a revised

16h Xe-Xe operation schedule is under

discussion.
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=) Energy of ions/nuclei and nucleons

The ideal circular orbit

LorentzForce F; = Qv B
2
m.v
Centrifugal F, = rmv.
Force P
F; = F
U L centr Y,
Y

Magn. field B

p
— = B igidit
Bending radius p Q B P e

Energy and momentum are related

via the square of the 4-momentum

vector,P=(E/c, p): 2
(E/c,p) , E

Operate at same beam rigidity for different
species > equivalent beam energy:

At high energy
E >> mc?

Eion =E, Z

Keep similar magnetic cycles for proton and
heavy-ion operation.

E~pc=702TeV =2.76 ATeV = 574TeV

—~ /
Energy per charge,
relation to proton energy

J

Energy per nucleon

Y Y
Energy of the particle
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) Centre-of-Mass Energy

Centre-of-Mass (CMS) energy is available
for the production of new particles.

(T
I

E, . +E,

eaml eam?

From the sum of the 4-momentum vectors the centre-
of-mass energy in collision of two different species
can be calculated:

\/(Pl -+ P2)2 = \/E ~ 2pp\/ YAVA

AVZ,

Centre-of-mass energy S ~ 9
VoONN ~
per colliding nucleon pair: ],?f Aq1As

\
proton momentum

LHC Pb-Pb run in 2015/18:
Vs =2 x6.37 x 82TeV > 1PeV

82
AV/SNN = 2 X 6.37 X % TeV = 5.02 TeV
New energy frontier in nucleus-nucleus collisions.

Continues beyond RHIC (/syy = 0.2 TeV) and
previous fixed target experiments.
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)] Choice of Beam Energy
r_particle charge

Max. beam energy achieved in p-p collisions: E, = 6.5 Z TeV.
For Pb-Pb, beam energy reduction to E, = 6.37 Z TeV.
—> Allows comparison of 3 collision modes at the same center-of-mass energy /Sy

=

—
® =)= @ _— e @ —) ¢
P-p p-Pb Pb-Pb
E, =2.51 TeV E,=4ZTeV E,=6.37ZTeV
(2013, 2015) (2013, part 2016) (2015, 2018)

(» p-p reference data
Special p-p runs at this energy;
different to general p-p programme

M. Schaumann - Heavy-lons in the LHC, JAS'2019, Dubna, Russia



“) Beam Parameters

A particle bunch is characterised by its number of particles, N, (t), and the normalised
emittances, €, ;(t), in the three planes (i = x,y, s).

The transverse emittances relate to the beam sizes gy, 0'2 — emyﬁmy

LY

The beam size shrinks during acceleration by adiabatic damping. Therefore we define the so-called
normalised emittance €,,, which is constant with energy:

€n,zy — €y \/72 — 1~ Cxy”Y

Normalized emittance in LHC The rel. Lorentz factor is reIated2to the energy as
(y@7 Z TeV, same beam size) E = ymec
€np = 3.75 pm v, = 7461 Thus, for particles in the same magnetic field
m
€n,pp = 1O pm  ~ypp = 2963.5 Yion = 7 % Vo
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)] Heavy-lon vs. Proton Operation

 Some similarities with protons: aperture, optics, orbits

- Bending « Charge (g = Ze): Bp = p/q

Charge per ion bunch ~10% of proton bunch:
—> collective effects driven by impedance or beam-beam are weak

Higher charge and mass: Beam dynamics and performance limits of heavy ions are
quite different from those of protons.

Many beam dynamic effects are proportional to high powers of Z. In same accelerator:
— Strong Intra-beam scattering (IBS) o Z3/A2.
— Radiation damping o Z°/A%.
— Large event cross-sections for electromagnetic processes.

= Fast intensity decay and short luminosity lifetimes.
= Secondary beams emerging from the interaction point (IP).
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CERN
\

Dominant Effects on Emittance
Intra-Beam Scattering (IBS)

Multiple small-angle Coulomb scattering among
charged particles inside their bunch.

Emittance Growth and Particle Losses

Growth rate dynamically changing with

1 Ny
Xps X —
/7 En,:z:en,yes

Dominating effect in the LHC.
Tends to reduce luminosity.

See lecture by V. Kain

Radiation Damping

Energy loss due to synchrotron radiation emitted
by charged particles bent on a circular orbit.

Emittance Shrinkage

Damping rate is constant for a given beam energy:

3
Kypad X 7Y

Starts to become noticeable at
LHC energies (and above).
Tends to increase luminosity

IBS and radiation damping both depend on particle type.
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“) Luminosity

Luminosity is a measure of the ability of a particle accelerator to produce the required
number of interactions:

P Luminosity

N dR dN
Event/Collision rate: @~ — — — @
dt dt

v

Reduction of beam particles with time.

Event cross-section
ot = Sum of all processes removing particles from the beam

Oror (p — p)~0.1b
0ot (Pb — Pb)~500Db, out of which ay,,410nic (Pb — Pb)~8b
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See lecture by I. Meshkov

“) Luminosity

For k, colliding bunches, which are equal and round: 0.0, 2 ~
F(0.) =1/4/1+
2 €n*

Constant during collisions Change during fill

Depends on
£ L kb fI'erY {V?\W (crossing-angle 8., B-function at IP)
T * and
47-(-/6 @ (emittance €,,, bunch length o)

Beam parameters Machine parameters
i 0., 0* Number of colliding bunches k,

» N, -
€n Vb, Og per IP depends on filling pattern.

are individually set for the

vary bunch-by-bunch.

requirements of each experiments.

LHC Heavy-lon runs are complicated!
4 experiments with sometimes very different requests and conditions, luminosity sharing, ...
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) Nucleon-Nucleon Luminosity See lecture by I. Meshkov

The nucleus-nucleus luminosities for collisions of different species or asymmetric collisions (e.g. p-Pb)
are very different and may seem low compared to p-p.

In order to make a meaningful comparison one has to look at the nucleon-nucleon luminosity:

o

Lynny = A1A2L

@ =) m §
Example LHC Pb-Pb design luminosity: P-P

L = 1.0x10°cm %! (Pb — Pb)
o °--&
= 4.3 x 10°°cm™ “s™ " (nucleon — nucleon) A A
1A
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) Interaction Cross-sections dR  dN

Event rate; —— — — —— _‘:
@~ ar "
Bound-free pair production (BFPP) Electromagnetic dissociation (EMD)
208Pb82+ _|_208 Pb82-|— _>208 Pb82+ _|_208 Pb81+ i e-l— 208Pb82—|— _|_208 Pb82+ _>208 Pb82+ _|_207 Pb82+ +n
- ...and higher orders

These ultraperipheral interactions have large Octot — OBFPP + OEMD + Ohadron
interaction cross-sections in Pb-Pb collisions and are 281b +226b +8b

the main contribution to fast luminosity burn-off and

short beam lifetime: = 915b @7ZTeV

Q
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Performance Limitation
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) Secondary Beams Created in the Collision
These reactions change the charge-to-mass ratio of the ions
i . Bp=p/q

which changes bending in (main) dipoles

Secondary Beam Paths rlght of IP5 _
_ 0.03 - — = - - ——— Secondary beams with
Main: 208-Pb-82+ |U*| Figidity change
0.02+
BFPP: 208-Pb-81+ ol N Bp(1 +9)
EMD: 207-Pb-82+ _ /\\ where
= 0.00
) T 5 5 ”ii 2 ) 1+Am/me 1
oofd - Pof 2 RS : = -

. ITI “2“ = *EIE;;:-Eiﬁ -EIE £ 2;[@{2'2 zlz"z 1 + A /

Intense secondary _0-02?'5 SRS ILNT NS REINE RRRERE 1‘ Q/Q
beams are produced “HJ o J D
. . -0.03L - - - - :

0 100 200 300 400 500 . . . .
that |mp3ct 't" a e e Luminosity limit,
superconductin . :

ma Eet downstregm P < " deposited power
g main beam exceeds quench limit.
EMD1

from the IP.




) Loss Pattern around the Ring

Beam loss spikes around all IPs where ions collide ...
Deposit power >140W - exceeds quench limit of the superconducting magnets.
Luminosity limit found at L=2.3 x 10?’cm2 s (250W into magnet)

Direct limit of luminosity

1E2
] octant 1 Oaant 2 Octant 3 Octant 4 odant 5 oaant 6 Octant 7 Octant 8
! BFPP  BFPP BFPP BFPP
1E0 5
1E-173 = = ==
- ] if% - — - = i = " e
Z 1E-2+ — = - Y ¥ —
C A . 4 ¥ — - - - — -
— e - . — - T = = ﬁ
a = = = B A -
2 16-3 - o - ol I:-
— - -— = - -
1E-44 1I
1E-53 - N
3 Fa .
1 = Ix
1E-6+ . S
z | ‘ ollir || ” on

1E-7

Monitors CMS

ATLAS ALICE

Heavy-lon collimation discussed in detail in lecture by R.Bruce Beam Loss Monitors all around [
LHC circumference
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) Quench Risk Mitigation with Orbit Bumps

Orbit bumps are used to move the secondary beam losses to a
less vulnerable location in order to reduce risk of quench.

Main and BFPP1 Beam with/without Bump in IR5 0.05

0.03F -5 _ | | |
| U ] A : “missing =
: B vf :dipole divole” quadrupole
" ! 0.04} ipole
w/o Bump | -

cryostat

2
>
@)
i T
0.01} with bump L
> 0.03} =
£ 0.00 % E
) s ¢ ; smsizz 3 i{iodi: ii:: 0.02 2
- SRR W il ERITEIR 1) | I @
d i | 0.01} 2
~0.02| _ Z
H J | I I N | | —
_0.03k. .| | | B 0.0
0 100 200 300 400 500 ‘?10 430

s [m from IP5] s [m from IP5]

Particle losses

Careful setup of bumps in beginning of the run to achieve desired loss displacement.

Technique operationally used in ATLAS/CMS since 2015.
Allowed record luminosity of L > 6 x 102’ cm2 s! in 2018.
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)] BFPP Mitigation around ALICE & LHCb

Due to different optics around ALICE and LHCb, bump technique does not work.

ALICE LHCb
* Peak luminosity limited by detector * No mitigation implemented.
saturation to 1 x 10??cm2s™, * 75ns bunch scheme provides many more
* Bump to distribute losses over two cells. collisions in LHCb.

* Peak luminosity levelled 1 x 10?cm2s™t

LT e ::ﬂml..
ALICE (IPZ)/\/ LHCb (IP8) J %

-0.01

o Br 4 Ammias Ey Ses San L‘gl i :0:02 _ P __ﬂm_r _H_Elcglch J:m:f::mﬁ
L1 ooy | i

T ﬂmﬂ Jl N |

200 300 400 500 003 0 100 200 300 400 500

s/m

>
>

x/m

<

pty cryostat
Em ty cryosta

—0.03
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)/ BFPP Mitigation around ALICE & LHCb — LS2 Upgrade

Due to different optics around ALICE and LHCb, bump technique does not work.

ALICE

» Will allow to go to ~7 x 10*’cms?

cryostat location + orbit bump.

LHCb

* Currently implementing upgrade * No mitigation foreseen.
* 75ns bunch scheme provides many more

* Installation of collimator in the empty collisions in LHCb.
* Peak luminosity levelled 1 x 10?cm2s™t

T | e Ty v
ALICE (IP2) a/ . LHCb (IP8) J E/

U (VW WHT WIS THITY f‘), ik " __GLF_%_lj_:lm,:djzﬂmfmg
= = )

s/m

More about secondary beams & their treatment discussed in lecture by F. Cerutti
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Importance of the Injector Chain

GETTING IONS INTO THE LHC

M. Schaumann - Heavy-lons in the LHC, JAS'2019, Dubna, Russia

/b LEIR

22



)] How lons get into the LHC

The CERN accelerator complex
Complexe des accélérateurs du CERN

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research / AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n-ToF - Neutrons Time Of Flight //
HiRadMat - High-Radiation to Materials // CHARM - Cern High energy AcceleRator Mixed field facility // IRRAD - proton IRRADiation facility //

D. Kiichler holding the
source of Pb

LHC

Ring (L

~, 3

Low Energy lon

ALICE
Beam 1

HiRadMat

AD ELENA SELDE LEIR | | 1 b I
[ 2016 (31 m) |
BOOSTER e ectron COO er UI t
H 0
@ Rl e __ In Russia, at BINP
p s L
n-ToF [ IRRAD/CHARM
Em 73 |
/ e
\/f\ LINAC 2  CLEAR
LAC LEIR
l(.m\
) ions ) RIBs (Radioactive lon Beams) ) n (neutrons) D p (antiprotons) ) e (electrons)

Super Proton
Synchrotron (SPS)

GIF++ - Gamma Irradiation Facility // CENF - CErn Neutrino platForm
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=) Accelerator Cycle (Fill)

4

— ‘M—l

z |

£ 3l _
> o
S ok = -
o £ [E ¥ S48 « g

o y— — i P 72}
C Eof S of 8 8 B E
< > SEE = B G =
c =z (& ° of = “ = 2
o - = a "‘_z
QO =
qm =L — Energy

=y — Intensity B1

| , — Intensity B2

0 1 2 3 4 \
Y Time [
Top (max) Energy:

] iaction ol : :
ow energy injection plateau Acceleration Store & Collide (LHC)

Accumulation of beam

Injector cycles (e.g. PS or SPS) are analogous except: collisions = extraction
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2 Filling Pattern: Production of Beam in the Injectors
100ns train structure (2015) +— Train

Bunch

S Plsoms A flsoe LML

i

450ns

LHC

accumulates m SPS-trains

Filling scheme: How bunches are placed in the LHC
defines which bunches collide where.

Beam 2

Due to symmetry and detector position not all
bunches collide in each experiment.

accumulate n PS-batches Play with:

- Number of PS-batches per SPS-train
- Position of SPS-trains in LHC

2 bunches /b LEIR to get fair luminosity sharing.

M. Schaumann - Heavy-lons in the LHC, JAS'2019, Dubna, Russia
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) Filling Pattern: design = 100ns > 75ns

Design train structure

Bunch Batch 100ns 100ns

\:n ) I\_zzz»n_s_f\ LA s AN

A {

525ns
100ns train structure (2015)

PS- Batch 100ns 100ns
Bunch i g

___?*J\ )\ /us_onsJ\ A o AN

A 4
450ns

75ns train structure (2018)

Bunch

AN J\_/\_/L A fLzsons AN Lzsoms A

300ns
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Reduction of PS-batch
spacing by 30% (!)

Thanks to improvement
of SPS injection kicker

e

Bunch intensity >3x design

Improvement of
performance throughout

New 3-bunch scheme
with reduced bunch
spacing out of LEIR

and no splitting in PS.

- L

- more bunches
- Higher bunch intensity

26



)] LHC Pb-Pb Bunch Intensities

min. 1.8E8 Pb-lons

N

mean 2.2E8 Pb-lons

max. 3E8 Pb-lons

/

Acquisition time: Sun Nov 25 11:43:02 2018 Beam\ode ADJUST Ibunch(@vg): 1.83e+10

2.5E10
-
é\\ : : # ?‘ -
S 0 r -
: Yf f A ' f
2 1.5E10- & l' f } "
: ]
=
£ 1E10- .
Design (7E7 Pb-lons)
= —
= SE9
=2
OEO
0 500 1000 1500 2000 2500 3000 3500
bunch number Bl bucket = RF*10)
B2 Bunch intensitiies [25/11/18 11:43:08] 55 63
Acquisition time: Sun Nov 25 11:43:08 2018 Beam Mode: ADJUST Ibunch(avg): 1.82e+10
2.5E10 2 -
) vE Pl I
£ 2E104 ?. f ‘rr F
=
5 ; ,i\'- ; ; 4 § F‘i LAY
£ 1.5E10 L F s LY |
P)
2 1E10-
w .
g Design
=
Z  5E94 =
=
=
2
0OEO
0 500 1000 1500 2000 2500 3000 3500

bunch number Bl bucket = RF*10)

Screenshot from 2018 operation: bunch
intensities at top energy just before collisions
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Injectors provided intensities far
above the design.

Typical structure:

Along bunch train, due to losses
at the SPS injection plateau.
Along the beam, similar losses in
the LHC.

Max. total number of bunches per
beam: 733



Performance Details

BEAM AND LUMINOSITY EVOLUTION



‘)] Intensity and Emittance Evolution

Fill 7472

1.751 ! = Beam 1
| —— Beam 2

Beam intensity decay dominated by burn-off

Beam Intensity (losses from production of collisions)

i
E Start of collisions
i

Hours from start of collisions

_i Horizontal . — . :
= Srtaydtmawed. e IBS counteracts radiation damping in horizontal plane

N
=)

EStart of collisions Ve rtica |

Emittance [um]
[}
w

In vertical, IBS is negligible

1.0 .
05 L semive  Emittance - rad. damping leads to shrinkage
00l e | > Beamzver .
-2 0 3 7 P s
Hours from start of collisions
0.121 e Beaml
0.101 i Beam 2 . . . . -
Eo.os’b k.,..... v e em o=oq g BuUNchlength similar behavior to horizontal emittance
§0.06 ' Bunch Length
20.04-
® 0.02 1 EStart of collisions
0.00{ e | . | | .
-2 0 2 4 6 8

Hours from start of collislons M. Schaumann - Heavy-lons in the LHC, JAS'2019, Dubna, Russia



)] Typical Luminosity Evolution in 2018

Each experiment has individual requirements: max. Luminosity, B, crossing-angle, ...
—> Separated machine setup per IP, luminosity levelling, luminosity sharing

ATLAS & CMS: I
« [("=0.5m, 08, = 170urad 6. : B Lo
* Short levelling period EStaMf collisions — ALICE

* Record: 6.1 x 102cm™?s! peak luminosity

ALICE:

« [B*=0.5m, 68, = 60urad

* Levelled to design saturation level most
of the time in physics.

 Upgrade to ~7 x 10>?cm2s! in LS2.

Luminosity [1027cm~2s71]

LHCb: Hours from start of collisions
e [B*=1.5m, 6, = 250urad

«  Also levelled to design value LHC Pb-Pb design luminosity was chosen to be the

detector saturation value of the ALICE experiment.
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) A (typical) LHC lon Run

51% Stable Beams

35% Operation

592b

Overview of the 2018 Pb-Pb run Availability
87% b 13% Fault
30 days ‘
) 100ns Bunch Spacing 75ns Bunch Spacing ]
st ' ' 733b |
Ion source ult Stable Beams 648b 460b oz

Luminosity

[10%Tcm 257

OHNw-bmm\l@D:bb\bObi\):bb\

Intensity
[10'3 charges]

OO OO——rH——

and commsioning

with protons

il
| 4

Pb beam available

1

484b

v L

Intensity ramp-up 100ns

04/11 07/11

lon source fault
no ions available

10/11 i 13/11 16/11 19

Intensity ramp-up 100ns beams

15t Pb-Pb

Stable Beams 15t source refill

I

Peak ‘luminosity

ALICE ATLAS/CMS
on sotrce !polarity switc
Fefill |
11 22/11 25/11
fill up to

ALICE polarity switch
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ram[;-up

28/11

in every

01/12

2nd source refill
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©)] Status LHC = HL-LHC

Most of HL-LHC performance demonstrated!

Energy [TeV]

B* at P (1/2/5,8) [m]
Emittance [um]

Bunch Intensity [108 ions]

No. Bunches

Bunch Spacing

Peak Luminosity at
IP1/2/5/8 [10%’cm2s71]

Pb-Pb
(Design)

77
(0.5, -)
1.5
0.7
592

100ns
-/1/1/-

Pb-Pb
(2018 achieved)

6.37 Z
(0.5, 1.5)
~)

2.2

733

100ns = 75ns
6.1/1/6.1/1

Green values reached & exceeded LHC design

"HL-LHC” Pb-Pb
(after LS2)

77

(0.5, 1.5)
1.65

1.8

1232

50ns
7/7/7/°7

Upgrade
Status

O N NOROXCX

Magnet training

SPS RF
Upgrade
(slip-stacking)

Lumi levelling

Some collisions in LHCb (not considered in detail yet)

M. Schaumann - Heavy-lons in the LHC, JAS'2019, Dubna, Russia

32



) Delivered Luminosity: Pb-Pb

LHC design goal of 1nb1in Pb-Pb J.M. Jowett
luminosity already exceeded.

2018 Pb-RPb ATLAS
2018 PbfPb CMS

1500}
JLdtiub™

3000+ HL-LHC Goal/month

2500}

2000 @ 2018

W 2015

1000¢
1500}

Goal(all runs)

1 000-: 15 PA-Pb ATLAS

500}

2015 Pb-Pb CMS

Integrated luminosity [ub™"]

i 500t
0 015 Pb-Pb ALICE

ATLAS ALICE CMS LHCDb

Future performance estimate from 2021
3 nb*/run = 12 nb1in 4 more Pb-Pb runs 0

1E Db DRl LI~k DD Rp-Fb ATDS/CMS

0 1 2 3 4
Weeks of luminosity production
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CE’RW
\

NS

LHC has operated in 5 different modes, but was designed only for 2:
e Design: p-p, Pb-Pb
* Upgrade: p-Pb, Xe-Xe (pilot run), Pb81+ (MD in July)

Few hours runs with new particle types showed that the LHC is highly
flexible and well under control.

Demonstrating Flexibility

COLLISION MODE UPGRADES

M. Schaumann - Heavy-lons in the LHC, JAS'2019, Dubna, Russia
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PROTON-LEAD
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) Storing and Colliding Different Species

Revolution time and RF frequency depend on particle’s mass m, charge Q=Ze:

C me \ 2 hRF where harmonic number
T(py,m,Z) = —4|1+ [ — RF = 3 |
(Pp,m, Z) : \/ + (pr) / T (pp, m, Z) hgr = 35640 in LHC

Relation between momenta is fixed by two-in-one magnet design: PPb = Zpp > Tp #+1Tpy > fRF,p #* IRE.PY
But in order for bunches to meet repeatedly and create collisions we need: 1, =Tpy, 2 [frEp = fRF.Pb

- Use length of closed orbit C to compensate for speed difference.

Done by adjusting RF frequency = moving to (slightly) off-momentum orbit
momentum of offset orbit
C me 2 / 7 Fractional
T(pp,m,Z) = —4/1+ (—> (1+nd) 5 — D — ZDPp momentum
c Zpp Zp,  difference
Phase-slip factor,
- Pb is slower, need smaller orbit length 2 move inward, § < 0 n= 1 1 Y+ = 55.8 for
— Protons are faster, need longer orbit length 2 move outward, § > 0 Yr Y  LHC optics

Horizontal offset given by dispersion: Ax = Dg; (8)5'
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) Momentum Offset required through Ramp

Minimize needed aperture = take average frr of both beams and share required momentum offset:

2.2 2
5 __5Pb_CVT Mpy _ 2
P 4p2 \ Z* P
00 2% - would move beam
Horizontal offset _ _15 by 35 mm in QF!!
given by dispersion: . \\\\ D,, (Quadrupole) =~ 2m
Ax = D, (s)d
ac( ) 3 0.0 LN _C Limit with pilot beams
_g 0.001 \"\,\
7 0.0005 \tk Limit in normal operation
o < (1 mm in arc QD)
0.0002 \
0.0001 \ ~
| LTIl | I I — 500um offset from
! Ly 2 3 5 7 central orbit at 6.5 Z TeV

Proton momentum / (TeV/c)

Revolution frequencies must be equal for collisions at top energy.
Lower limit on beam energy for p-Pb collisions, E=2.7 Z TeV.
RF frequencies must be unequal for injection, ramp!
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) Un-equal Frequency Injection and Ramp

Both beams circulate on the central orbit, but with un-equal frequencies.
- Arrive at different times in the IP — missing synchronization for collisions in every turn.

— At injection and during energy ramp beams are always kept separated to avoid collisions anyway.

When being accelerated, the speeds of the two species approach each other.

RF frequency program during p-Pb energy ramp

RFBEAM1/FREQUENCY_PROGRAM RFBEAM2/FREQUENCY_PROGRAM
790000
| protons__ . g \
A / / - 35 Hz
oot | 4655 Hz -~
E— At injection the proton beam makes 8 more
revolutions per minute than the Pb beam
786000
Pb
785000
= Legend

) 4 —— RFBEAM2/FREQUENCY_PROGRAM
784000 - —— RFBEAM1/FREQUENCY_PROGRAM

II] 2[I]l] 4II]l] GII][] 8lI]l] 1l]Il]l] lglﬂﬂ

0.45 TeV 6.5 TeV

M. Schaumann - Heavy-lons in the LHC, JAS'2019, Dubna, Russia

38



)] Top Energy: Cogging and Collisions

At top energy (min. 2.7 Z TeV):
» Equalize revolution frequencies for collisions = move beams to off-momentum orbit.

e Cogging: RF re-phasing to re-establish synchronization of bunch arrival times in IP (see video).
e Squeeze and Collide

31/10/2011 21h30:01.2

Real-time clock

-10

Time [us]

L1 1 l L1 1 I L1 1 I L1 1 I L1
02 04 06 08
Time [us]

RF cogging by Philippe Baudrenghien

Video shows the difference in arrival time
of the bunches at IP1, taking Beam 1 (blue)
as reference.

Timing data from BPTX beam position
monitor during first cogging exercise in LHC
(now its done faster), video by Thilo Pauly
(ATLAS)
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)] History and Performance of p-Pb Collisions at LHC

Long considered desirable by experiments but never 200 -
. . . . J.M. Jowett
included in LHC baseline design. 2016 p-Pb ATLAS/CMS

2005: First estimates

2011: Preparation of LHC + feasibility test

2012: Physics case document + Pilot-run (one night)
2013: 15t full physics runs

2016: 2" run with multiple collision conditions

- ATLAS/CMS | ALICE | LHCb

2016 190 nb't 40nb? 30nbt

—
(&)
(=)

100}

(&)
(=)

Total 222 nbt 72nb1 35nbl

Integrated proton-nucleus luminosity [nb'1]

Future performance estimate:

~700 nb1/run (ATLAS/CMS) 0
~350 nb1/run (ALICE levelled)

Weeks of luminosity production
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UNFORESEEN OPERATIONAL MODES
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2)] Xe-Xe Collisions

140} 208ppy
* Lighter ions are not part of the present HL-LHC baseline. 120}
. . . . 100f 129 ' i'l,g.l'
» Potential for higher nucleon-nucleon luminosities 80} i:,.;?;(e
60| A
(smaller el.mag. cross-sections) o '
. . . . . 2q i l.'..:!li.l-l-!
e 17h of low-intensity running with Xe beams in 2017. | o
» Demonstrated the feasibility to operate with other species.
» Great physics outcome fed the interest in lighter ions for HL-LHC era
Beam Intensity Magnetic Cycle
slell , — : \ —S 8000
- : Ezzzé Fill 6294 \Flll 6295 / l7000
g 1| stable ! \ 6000
< i | Beams ) —
5 , and dump | Stable 5000 >
‘E ch:bcam set-up EBeams 4000 %
Xe-Xe Event in ALICE detector . ey — 0
2 Ec1rcu ating
0.5 1000
Total period of LHC %8.50 12:00 14:00 16:00 18:00 ;0;0(): 22:00 00:00 02:00 94:00
Xe-Xe Operations « UTC Day Time R
18 hours
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) Partially Stripped lons .

* The Gamma Factory initiative proposes to use partially
stripped ion (PSI) beams as drivers of a new type, high
intensity photon source.

* |nitial beam tests with PSI beams have been executed in
the SPSin 2017/18.

* In 2018 the LHC injected, accelerated and stored lead ions
with one remaining electron (208Pb81+) for the first time.

208Pb81+

i ; Ph. ics
- *Beyond
‘Colliders
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‘) Partially Stripped lons

A few Pb81+ bunches circulated at 6.5 Z TeV
with beam lifetimes of ~40 hours.

0.05

Synchrotron Light Monitor

Losses at FT

0.04

o
o
w

0.02 }

Losses from FT

001}

Worst collimation cleaning efficiency ever

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

X [mm] - Energy : 6499 - bunch: 1781

0.6 0.8 1

a

4%

observed. Introduces dominant limit of the
beam intensity.

Betatron B1H FT 2018-07-25 20:24:36

UTC time

102
N. Fuster Martinez .

= ; 8 R L R = Electrons are stripped off at
5 oo T first interaction with
= 1072 mmm cola collimators leading to a
8 10—3| = Collimator o e qe .
S s —EP il change of rigidity outside
E o5 o acceptance:

1o ‘ | ’ - Pb82+ lost in cell 11R7.

1 9400 19600 19800 20[00]0 20200 20400 20600

S |m
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=) Take home message ...

The LHC is highly flexible: has

operated in 5 modes but was designed for 2
Design: p-p, Pb-Pb
Upgrade: p-Pb, Xe-Xe, Pb3*

extraordinary
injector
performance

optimizations
between &
during runs

Rapid switching
between modes The LHC Heavy-lon performance is

much higher than originally foreseen.

Control of heavy-ion beam

“first 10-year” Pb-Pb losses, like collimation &

luminosity goal of 1nb-? demonstrated BFPP, is critical, complicated
has been exceeded  “HL-LHC” peak luminosity and may surprise.
performance

Heavy ions will come back to the LHC end of 2021 after the injector and LHC
hardware upgrades with the “HL-LHC” configuration.
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CE/RW
\

Everything clear! Hmm ....

46
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)] Mass of ions/nuclei

In general an ion is described by charge Qe

(Lorenz-Invariant or rest) mass m
nucleon number ("mass number") A.

Mainly collide fully-stripped ions, bare nuclei 2 Q = Z (charge or proton number)

in LHC we use 298Pb3%2* with
Z=82
A =208

M. Schaumann - Hea

m208_Pb_82+ - 207.976652071U = 82me
= (193.729 - 82 x 0.000511) GeV / 2
=193.687 GeV / c?

N.B. 208m, = 195.161 GeV / c? is a poor approximation!
For this species the binding energy of the 82 electrons < 1 MeV.

1lu = 931.49410242(28) MeV

vy-lons in the LHC, JAS'2019, Dubna, Russia
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) Critical difference between RHIC and LHC

Center, Fixed Cradle olbo1d bexii ,1etned
/acuum Tank Cold Moss 220M blod AnoT muuso\
. Shield blsid2 :
© ©)
0° *NE) ® ° e
° &, e ® e
RO A&7 L N FR@4 -0
\ C i
9 \ Ler el ‘j ]I ;
i 1 ] ﬁ" | S
.\ nE
\ /
\ /
\ /
\ /

RHIC: Independent bending field for the
two beams — they abandoned equal-
rigidity and switched to equal-frequency
d-Au.

LHC: Identical bending field in both
apertures of
two-in-one dipole — no choice
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) The Idea of a Gamma Factory

LASER photon 1.) Resonant absorption of the laser

q photons by the Partially Stripped lon (PSI)
beam.

2.) Followed by a spontaneous atomic-
Secondary photon transition emissions of secondary photons.

LASER photon strongly boosted by (2y,.;)> = For LHC energy, photon energy
exceeds those reachable for FEL at high light intensity.
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=) Slip-Stacking

* Technique to obtain effective 50/50ns bunch spacing within Pb trains. Builds together with LEIR
intensity upgrade the new LIU baseline option.

 The SPS is filled with 2 "super-batches” of 6 x 4-bunch-PS-batches with a bunch spacing of 100ns.

 The 2 super-batches are captured by two independently controlled 200MHz cavity systems.

a) |94 '{7 v 50000 a) Decelerate first super-batch,

accelerate second super-batch.
v vV vV e
b : :
) b) Batches are allowed to slip until

they interleave.

C) v v vV vV V¥V -

c) Bring back to same energy.
SRRANRN AN a) Recapture at an average RF
d) WIS ' frequency.
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=) Collisions in LHCb
LHCb interaction point is displaced by 15 buckets (=37.5ns) with respect to symmetry point.

In order to have a collision in LHCb a long-range (LR) beam-beam encounter is required at a distance
of 37.5ns or 11.25m away from the symmetry point.

Long-range beam-beam encounters occur at s = n x % bunch spacing:

25ns bunch spacing 2 LR @ 12.5ns, 25ns, 37.5ns ... = collisions in LHCb

50ns bunch spacing =2 LR @ 25ns, 50ns ... 2 need to displace a train of bunches to create collisions
75ns bunch spacing 2 LR @ 37.5ns, 75ns ... =2 collisions in LHCb

100ns bunch spacing=> LR @ 50ns, 100ns ... =2 need to displace a train of bunches to create collisions

IF|8 Symmetry
point

I - I

~ 1

37.5ns |




@ BLM-System

The Beam Loss Monitor (BLM) System measures secondary particles
from beam losses all around LHC circumference.

lonisation
chamber
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)] Particle Losses around the Ring

normalised BLM signal

IP1

P2

No IP colliding
Before collisions

P4 IP5 IP6 1P7 1P8 IP1

normalised BLM signal

1P3

All IPs colliding

IP1, IP2, IP5
colliding

1P4 1P5

5000

10000 15000 20000 25000
s [m from IP1]
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)/ Notations — Energy of ions/nuclei and nucleons .

h
h

Energy and momentum are related via the square of the 4-momentum vector, Nucleus of <
P=(E/c, p), 9 * charge Ze
2 E 2 2 2
P = — — p° =m-c * (rest) mass m
C * nucleon number A

where m is the Lorentz-invariant mass (rest mass) of the nucleus.
Traditionally, in low-energy ion accelerators, the kinetic energy per nucleon is quoted in parameter
lists:

\/p202 + m2ct — mc?

but this quantity does not appear in any equation of motion!

at high energy

|

At LHC (highly relativistic case) we use:

E~pc=70LTeV =2.76ATeV = 574TeV
w J [ ~ J “ ~ J
Energy per charge, Energy per nucleon Energy of the particle
relation to proton energy
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cﬁw
\

N A

Derive Center-of-Mass Equations for Collisions of two Species

(P14 P)° = (Br + E)?/c® — (P1 + Pa)’
= FE?/c2+ E%/c? +2E1Fy/c* — §5 — p5 — 2p1p2 cos
= 4p1p2
o | = Ap2 7, Z;

\/(Pl + P2)2 — \/E — 2p12,\/ leg Center-of-Mass Energy

Center-of-Mass Energy per nucleon
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) Luminosity Bunch-by-Bunch

The total luminosity in 1 experiment
is the sum over all colliding individual bunches of the 2 beames:

Ep

r— Z Nl,iNQ,jfreV\/72 — 1
2B \€x1i T €x 2\ €y1i T €42,

(,7)Ecoll.pairs
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)| Integrated Luminosity Prediction per Pb-Pb run

For a 24-day run, with 3 experiments at B*=0.5 m, assuming (pessimistically) an
operational efficiency of 50% and average luminosity of 3E27 cm2 s, the total
luminosity is

Lint annual = (50%)(3.0 x 1027 cm2s1 )(24 day) = 3.1 nb™
(c.f. target of 2.85 nb)

> 12 nb1in the 4 Pb-Pb runs
foreseen after LS2
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)| Integrated Luminosity Prediction per p-Pb run

« Assuming
 aturnaround time of 2.5 h (optimistic!)
« operational efficiency of 50%,
« and optimal fill length of 6.1 h,

- The total luminosity in 1 month of p-Pb
running is estimated to

. 714 nb! for ATLAS/CMS
e 346 nb!for ALICE
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(") Getting protons into the LHC

The CERN accelerator complex
Complexe des accélérateurs du CERN

CMs Protons on the way to LHC

LHC
....... “CIF+4,

ALICE

Beam 1

HiRadMat

AD ELENA
2016 1 m) | ISOLDE
BOOSTER [ 1992 |
| REX/HIE East Area
[ 2001/2015 |
n-ToF e {IRRAD/CHARM
[ 2001 |
5
\//H LINAC 2 l i _ CLEAR
O =
LINAC 3
Year Top energy Length o
GeV
[ ] ior [ rp ]{IBS (Radioactive lon Beams) D n (neutrons) ) p (antiprotons) ) e (electrons)
Linac 1979 0.05 30
PSB 1972 LHf Alarge Hadron Collider // 157 'on Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
PS 1959 ég(@on Accelerator for Research // Agég - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
SPS 1976 456)6imenl/l'ligh Intensity and Ener%f,g(')*DE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n-ToF - Neutrons Time Of Flight //
LHC 2008 70 d—BRaiMat - High-Radiation to Matgglé/é?HARM - Cern High energy AcceleRator Mixed field facility // IRRAD - proton IRRADiation facility //

ClF++ - Camma Irradiation Facility // CENF - CErn Neutrino platForm
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)/ Luminosity Production

.00008

.00007

.00006

.00005

ill luminosity, [pbl,

[=]
=1
=]
=]
&

0.00003

0.00002

0.00001

0

Increasing

Steady increase of luminosity/fill

Luminosity per Fill 2018

Preliminary ¢ °
e ATLAS
+ CMS s 83
° .
. °
o %0 P
°? s
0
L .
ALICE Polarity
° L
¢ switch
°
. o o
Ce ° L .
10. Nov 12. Nov 14. Nov 16. Nov 18. Nov 20. Nov 22. Nov 24. Nov 26. Nov

Date

Fill luminosity [pb]

0.005

0.004

0.003

0.002

0.001

Luminosity per Fill 2018

Preliminary

e LHCb
+ ALICE x 100

ALICE Polarity

switch

&
10. Nov 12. Nov 14. Nov 16. Nov 18. Nov

20. Nov

No. of bunches & bunch intensities

Levelling targets (ATLAS/CMS/LHCb)

22.Nov  24.Nov

Levelling time (after solving ALICE beam size problem)

Source: http://lpc.web.cern.ch/
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2 Levelling “a la carte”

Under certain conditions and depending on
the experiments request, it is desirable to
adapt the luminosity dynamically with beams
in collision — luminosity levelling

Levelling by beam offset

Levelling by crossing angle

\ 4

. . [ _
Complexity Levelling by p* (= beam size at IP)
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LHC Pagel Fill: 7473 E: 6369 Z GeV t(SB): 02:58:43 25-11-18 1447:49

ION PHYSICS: STABLE BEAMS
6369 Z GeV 8.56e+12 8.52e+12
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\
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T T T T T T T T
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BIS status and SMP flags
Link Status of Beam Permits
Global Beam Permit

Comments (25-Nov-2018 09:41:52)

Re—fill for physics with 733Pb. Setup Beam

Beam Presence
Moveable Devices Allowed In
Stable Beams

AFS: 75_150ns_733Pb_733_702_468_42bpi_20inj PM Status Bl SNPGRS P Status B2 ENABLED




) Intra-Beam Scattering See lecture by V. Kain

Intra-Beam Scattering Growth Rates

9 A. Piwinski’s formalism
AIBS.s — Ap_Q (CL, b7 Q)>

| D?o?
XIBS,x — Ap f( y 9 )+ ;2 ,Lf(CL?b? q>:|>

dIBS,y — Ap f (

Complicated Integral,

to be evaluated \ | L i1 L 32
numerically at each fla,b,q) = 8= / {2111 [§ <ﬁ + a)] — 0.577 } 5O du
element of lattice '
2’7°8€Nb Dynamic change with
p = — beam parameters

647232 e €,050,

1 1 D? D?
Dependency on lattice and/) P ) P2 = a4 (1—a)d
beam parameters - ”/(: b ”'0” P ‘i_:)’ Q> = b+ (1-b)>
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“) Radiation Damping See lecture by V. Kain

The average energy loss into synchrotron radiation in a circular accelerator leads to damping of the

transverse and longitudinal emittances like _ , .
A; = Ag e it where i = x,y,s.

Emittance radiation damping rates
For an isomagnetic ring with 3 47
Qo ~ 2B,C,——
Qrads = 2E3 Co g, (2 + %) separate function magnets rad,s 7 00Ching
ring 2 and D =0: o I
C I4 Y ZQ ~ — ~ 2E3C
— 9op3 ¢ a2 Qrad,e  ~ b
Qlrad 2F; ringZz (1 7, ) POD rad,x O‘pOOring
Ca 7T I4,m ~ 2T— <L 1, 27-(-
Orad,y — 2Eb3 I iy p(2) rad ~ 2E3Ca ‘
C. T Y b C )
ring 2 I4,y ~ 0. 100 ring
Co = 1oc/(3(Mionc?)?)
Note: 1.) Independ of beam parameters. 3.) In this approximation, longitudinal damping is twice as fast as
2.) Depend on Energy3, machine size and transverse: Orad;s = 20rad,e = 20bad,y-
particle type. 4.) Rad. damping for Pb 2x faster than for protons: @44 xy = 12h
5.) Fast enough to overcome IBS at full energy and intensity
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()] Xe-Xe Collisions

N=A-Z
. . i 208 pt
Data used to estimate future running. 140 Number of "Pb
120f neutrons it
L
. . . - : ol 120 gtt"
Lighter ions have potential for significantly higher nucleon-nucleon =t be
inosity: 80 L
luminosity: | | o . a0} Number of
* Expect higher bunch charge in the injector chain 2k e protons
* Lower cross sections for ultraperipheral collisions T T
2 Ogepp ~ 27, Ogmp ~ Z°
- Slower burn-off and longer fills, more ions left for usable luminosity
Beam Intensity Magnetic Cycle
3.51ell \ : / 8000

_ Fill 6294 ! i Fill 6295
Beam 1 | 5 \ / 17000

— 301 — Beam 2 :
O ’ :‘ Stable : \ ‘ 16000
57 E o' | Beams : —
2, 20l ' and dump ' Stable 5000 %
27 Xesbeam set-up : Beams =
= ! . 4000 -,
S15] ' 5
= | Ist Xe ) ) 3000 2
£ 10! ;bunch physics data taking =
é | . circulating < > 2000
0.5 } 6 hours 1000
09 : ‘ ‘ - : : Ll 9
Total period Of LH 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00 02:00 04:00
UTC Day Time

< »

Xe-Xe Operations <

18 hours
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“) Beam Evolution

A particle bunch is characterised by its number of particles, N, (t), and the
emittances, €, ;(t), in the three planes (i = x,y, s).

[ Intra-beam scattering (IBS) Radiation Damping Scattering during

1 de, \ N / the collision

= (IBS, :l’(Nb7 €z, €y, € ) rad,x + Oécolla:(Nba €z, €y, 6.‘) + ...

The bunch’s g%
evolution with 1 de,
time is defined 6_% — @IBS,y(Nba €xy Cys 68) — lpad,y + acoll,y(Nba €z, €y, 65) + . \
by a system of Y
y4 cglupled 1 de, Many other, less
. . - — aIBS,S(Nb7 €x, €y, 63) — Qlhad,s + ... D important. effect
differential €s dt portant, errects.
equations: 1 dN, Octot £ /
—_— = — 1/7iBs N (Np, €2, €y, €5) — 1/ Tedean — - - -
Nb dt Nb \ \
K Luminosity burn-off Losses from IBS Collimation

(incl. secondary beams)

« are growth rates or inverse lifetimes, describing how fast the corresponding process changes a quantity.

The bunch’s evolution is usually obtained by (numerically) solving those
differential equations, or by tracking simulations.
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