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In a recent note! it was shown that the Gold-
stone theorem,” that Lorentz-covariant field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if

purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson® has drawn attention:

that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.

The simplest theory which exhibits this be-
havior is a gauge-invariant version of a model
used by Goldstone® himself: Two real’ scalar
fields ,, ¢, and a real vector field 4 , interact
through the Lagrangian density
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e is a dimensionless coupling constant, and the
metric is taken as —+++. L is invariant under
simultaneous gauge transformations of the first
kind on @, ¢ ig; and of the second kind on 4 .
Let us suppose that V(@) =0, V"/(9,%)>0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating Ag,, Ag;, and 4, as small quantities]
mall i

about the “vacuum” solution ¢,(x) =0, ¢,(x) = ¢q:
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Equation (2b) describes waves whose quanta have
(bare) mass 205{V""(¢c)}'"% Eqs. (2a) and (2¢)
may be transformed, by the introduction of new
variables
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Equation (4) describes vector waves whose quanta
have (bare) mass ¢¢,. In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2c) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2¢) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term.®

When one considers theoretical models in
which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa~
tion.* The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two ¥ =0,
1,=0 members of the octet.” There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding

governing the of s
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of the gauge-field octet to describe
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1964 - 2012: The Higgs Boson Adventure

2400 —————7—
2200
2000
1800
1600
1400
1200
1000

Events / GeV

600
400
200

—
_.

Selected diphoton sample
L Data 2011 and 2012
Sig + Bkg inclusive fit {mH = 126.5 GeV)

=====-=--: 4ih order polynomial

\s=7TeV,| Ldt=4.8f"

\s=8TeV,| Ldt=5.91"

II|IIllllIIlIl[I[I|Illll|]l|ll|ll||ll]

800~

Data - Bkg
(=]

ATLAS Preliminary =
. 1l | P M | M =
T T I L) '| T L] L] 'I L) T T I L] L] L] T '| Ll L] L] :

+
111

P S N T S

Particle Accelerator Physics I | P. Hermes

M L
150 160
m,, [GeV]

P
130 140




Introd uction 48 years of search between prediction and

discovery of the Higgs Boson

Why was it so challenging?

Credit: A. Mahmout / Nobel Media

‘{E/RW 15.07.2024 Particle Accelerator Physics I | P. Hermes

N



& Hadron Collider (LHC)




LHC Physics Goals

* What is the origin of mass? (Higgs Boson) — ATLAS and CMS

* Will we discover evidence for supersymmetry? - ATLAS and CMS
 What are dark matter and dark energy? — ATLAS, CMS

* Why is there far more matter than antimatter in the universe? - LHCb

* How does the quark-gluon plasma give rise to the particles that constitute the
matter of our Universe? - ALICE

 Smaller experiments FASER, ATLAS-ALFA, TOTEM, LHCH...
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208Pb82+

LHC Design Protons Lead Ions

Parameters Unit Injection Collision Injection Collision
Energy [GeV] 450 7000 36900 574000
Relativistic v 479.6 7461 190.5 2963.5
Max. Luminosity® [cm 2?s7!] 1.0-10% 1.0 - 1027
Num. of bunches 2808 592
Bunch spacing [ns] 24.95 118.58
Part. per bunch 1.15-10M1 6.7-107
Beam current [A] 0.582 0.00612
Norm. emittance  [pumrad] 3.50 3.75 1.40 1.50
Bunch length o; [cm] 11.24 7.55 9.97 7.94
Momentum spread [1073] 1.90 0.45 0.39 0.11
B* at IP2 )] 10 10 10 0.55
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This Lecture Series: Accelerator Physics

 What do we need to generate LHC beams needed for Higgs search et al.?
* Magnets for focusing and steering
* Particle beam acceleration
* Beam Instrumentation
* Pre-accelerators (“Injectors”)
 What are the biggest challenges in operation of the LHC?
* Performance reach

* Machine safety and operational efficiency
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Main takeaways

Concept of beam steering, focusing and acceleration

Basics of linear accelerators and synchrotrons (like the LHC)

Betatron motion and phase advance

Concept of emittance s aeton 1

HH=

Concept of *, crossing angle and luminosity

PRATICLE
ACCELATOR
X

=

Most important beam instrumentation devices

'3

TP

We will illustrate all with LHC examples!

P'ATICLE
ACCELATOR
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Magnets: Dipoles
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Dipole Magnets

Spacially homogeneous \
magnetic field exploiting Lorentz

F=qE+q(vxB)

Must be _ ymuv?
feenr;:li:‘:lily;?force! p
1 B |T
~ [m™'] = 0.2995 au
P cp [GV]

Bending radius p for

perpendicular B-field _ _
Figure courtesy of J. Dilly
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Coordinate system

Actual particle y(s)
position at s

Reference
particle trajectory
- function of s
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Dipole Magnets

Can we steer the beam
also with an E-field?

At the LHC:

F=qgE+q(v|xB) v~ ¢ =2.998 x 10°m/s

7

Equivalent force from N g
electric and magnetic field 1T =3x10°V/m

Only magnets are used for
beam steering!
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8 Straight sections

Long Straight Section (LSS) or

Insertion Region (IR) " IR4

Acceleration

Chevry

Momentum
Collimation
Arc regions /
Between straight sections IR2

Beam transport . ALICE

IR5 CMS

Ségny

IR6
Beam Dump

IR7
Betatron “-

Collimation;

Ferney-Voltalre

Bellevue

Genthod



The LHC Magnets - /;\

209 GeV
* Design of LHC was constraint by | %

dimensions of existing LEP tunnel
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LHC Dipoles

. Bending of beam

trajectory in arcs




LHC Dipole Magnets

Target Proton Energy = 7 TeV

cp[GeV] p = 2800m
(Existing Tunnel!)

1
— = 0.2995

s

- Required Magnetic Field of 8.3T
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LHC DIPOLE : STANDARD CROSS-SECTION

CERN AC/DI/MM - HE107 - 30 04 1999

ALIGNMENT TARGET

 Double bore magnet
g MAIN QUADRIPOLE BUS-BARS

° g?m;galf 8 3T HEAT EXCHANGER PIPE
-field of o.
SUPERINSULATION
* Nominal operating SUPERCONDUCTING COILS
T=1.9K
BEAM PIPE
e /|=11850 A VACUUM VESSEL
e 1232 x in the LHC BEAM SCREEN
e [ =15m AUXILIARY BUS-BARS

SHRINKING CYLINDER / HE I-VESSEL

THERMAL SHIELD (55 to 75K)

NON-MAGNETIC COLLARS

IRON YOKE (COLD MASS, 1.9K)

DIPOLE BUS-BARS

SUPPORT POST

Further Reading:
L. Rossi, PAC 2003, TOAB00O1
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LHC Dipoles: Thermal expansion

Thermal Contraction of an LHC dipole?

15m long

Thermal expansion coefficient (steel) 11 x 10_61K
m

AT ~ 291K
— Al ~b5cm

D. Ramos, Proceedings of EPAC08, Genoa, TUPD035
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Magnets: Quadrupoles
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The need for beam focusing yL,

Beam particles will not move straight

We need focusing!
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Quadrupoles

(@)
=
0
>
&
i) Xy
() I
D
}} {6 Focusing
SN "
Figure: Courtesy of J. Dilly
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Gradint Quadrupoles
= Bx=—-gy
>>;;i:;<% B, = —gx Focal

length f

Focusing plane

After some derivation:

A E——
*  ggl kL

. .
o —r

AN

Quadrupole
Length L

We define k as the normalized
quadrupole gradient

* Energy independent
* Charge independent

RE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes
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Quadrupoles
Xy

y/X

“How can we use quadrupoles for focusing if they
are also defocusing in the orthogonal plane?”

ﬁw 15.07.2024 Particle Accelerator Physics I | P. Hermes
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Optical quadrupole lattice

Figure: Courtesy of J. Dilly

envelope

Quadrupoles must be used in combination
Fully analogous to an optical system for photons
Beam optics

RE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes
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106.90 m

Dipoles
e
MIE 1 | ——— I LR o, T E—— } - [
y l.----@f‘:----;_____M'!]_*____;| | MBB_ lpgpl MBA gl MBB __ |y
o o %) 8 Q 1)

Quadrupoles

 LHC arc regions with FODO lattice:

Alternating lattice of focusing + defocusing
Quads

» Used for “beam transport” between straight IRs
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Matrix Formalism
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Matrix formalism

Drift space length L

v

n=y+y-L (Jﬁ) _ (1 L) | (yo)
Y1 =Y Y 01/ \¥
Transfer Matrix Mp
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Matrix Formalism - Quadrupole

Focal length f

Y1 =y

/ /
.h:mi?m
Transfer Matrix Mo

EE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes
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Matrix Formalism - Transfer Matrix

Can combine matrices — calculate

M for combination of elements

quadrupole

dipole
f pr— Md.MQ.Md.MD.Md.MQ.Md.MD.Md.MQ.MaL.‘i:’O
— Transfer Matrix M

15.07.2024 Particle Accelerator PhysicsI | P. Hermes
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Figure: Wiedemann

Matrix Formalism

FODO Period

A N s
i A :

72 QF QD 15 QF
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Figure: Wiedemann

Matrix Formalism

FODO Period

A N s
i A :

72 QF QD Y2 QF

Exercise: Calculate transfer
matrix for FODO caell
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Figure: Wiedemann

Matrix Formalism

FODO Period

;

]

12 QF QD

yil _ (1 0} (¥ g _ l_szZZL(H)
(-(4 () om0
iy _ (1 L\ [y .

(y{) B (o 1) (ya Drift 1/f* =2 = LIf)L/f?
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Equation of Motion
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Equation of motion

Simplest linear equation of
motion for particles in
magnetic lattice

X" —kx=0

y// 4 ky —0 Simplifications:
* “Weak focusing” from
Hill’'s Equation dipoles ignored

* Particle momentum offsets
ignored (see tomorrow)

RE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes

N



Equation of motion: Quadrupole

Solution for
guadrupole

M B CcoS (\/EL) \/—% sin (\/EL)
X” _ k X — O OF = VK sin (\/EL) cos (\/EL) 7
v +ky=0 Mo cosh (/K]L) = sinh (vVIKTL) |
’ VK] sinh( |K|L) cosh( |K|L>

L —0 with K L = const.

Thin lens approximation

EE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes
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bbb bt
LHC P.A. 5 CMS

L 8

LHCP.A. 4

Magnetic fields periodic By
with revolution length . A 2 ,,
\felsifix
|
-~
@
% N2 /

Tyl o]
PREVE“’SS_I[}l Prévessin-Mogns,

R

Saint-Genis-Pouilly *,

SPS BA2

LHC P.A. 2 ALICE
SPS.BA4

Pregny-Chambésy



Equation of motion: Periodic Lattice

_ ipz/
ui(z) = w(z)e . ", Two independent solutions
1y (z) = w*(z) e e/t

X" —kx=0
Select real solutions

y//_|_ky:O W*(Z):W(Z)

Periodic in Lp
Generalized u w(z+ Lp) = w(z)
u=x/y

RE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes
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Equation of motion: Periodic Lattice

1 (z) = w(z) e/l
X' —kx=0 uy(z) = w*(z) e 1 He/

y'+ky=0

Transformation over one period:

w(z + Lp) = w(z) N
u(z+ Lp) = u(z)e™" = u(z) (cosp £ 1 sin p)

RE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes
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Equation of motion: Periodic Lattice

Solution for one period

u(z + Lp) = u(z) eT = u(z) (cos . £ 1 sin )

xX"—kx=0

y'+ky=0

Some derivation

General Solution

Incl. stability criterion

Zdé’

u(z) = a+/B(z)erV Ve = | g

CERN 15.07.2024 Particle Accelerator Physics I | P. Hermes
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Betatron function (FODO)

Particle Accelerator Physics I | P. Hermes

_ —kx=0
(m) ; betatron functions y;; tky =0
Yy
u(z) =a+/p2) etV
8. V) = / o
| | z(m)
0 10 20 30
| || | |_|I | | I ﬂ | | | | H
| | UI | [ ] I_II | | IUI ]
D F D F D F




Betatron function

Maximum amplitude at z

u(z) = a v/B(z) eV Umax(2) = a 5(<)

Property of the Property of the machine
particle considered lattice: “optics”

Betatron phase

L
2 BO)

Defines the number of betatron oscillations
across a given length

V(z—20) =

EE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes
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Betatron function

C S Individual Particles
M+ Ly|z) = ( )

Transfer matrix for u, u’
Cc's

Beam lattice

Transfer matrix for betatron parameters a, (3, y

B c2 -2cs 82 Bo Po B3(z)

a|l=|-cccs+CS-S8S||a | =Mz | a 1 dB(z)

y c? —acs st ) \y, Yo o2) =—5—
~ 1+a%(2)

’)/(Z) o ,8(2)

RE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes
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Courant-Snyder Invariant

u(z) = \/2 J B(z) cos(v(z) + o)

/(2) =\ 555 sn(0(2) + o) + a(2) cos(u(2) + Vo)

2 / /  Jis called the
yu-+2auu +Bu =2J particle action

e Linear magnetic
fields: constant for
each patrticle!
(Liouville theorem)

Courant-Snyder Invariant

EE?W 15.07.2024 Particle Accelerator Physics I | P. Hermes
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Phase space Y
ellipse

* At position z: given
particle will always
be on this ellipse

* Liouville: surface of
the ellipse stays
constant
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m . - || L_| - - L

' Particle trajectory (turn = 1) ==
1 P o

Particle Trajectory [mm]
o

-1
1000 1500
LHC Arc12 [m from ATLAS]
0.0 - 0.0 -
¥ 00 % 00 e
Y ]
0.0 - 00 ¢
-1 0 1 1 0 1
x [mm] x  [mm]

Courtesy of J. Dilly
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' Particle trajectory (turn = 1) ==
1 - o

Particle Trajectory [mm]
o

-1
1000 1500
LHC Arc12 [m from ATLAS]
0.0 - 0.0 -
@
. : o
¥ 00 % 00 e
Y ]
0.0 - 00 ¢
-1 0 1 1 0 1
x [mm] x  [mm]

Courtesy of J. Dilly
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' Particle trajectory (turn = 1) ==
1 o

Particle Trajectory [mm]
o

_1 L
1000 1500
LHC Arc12 [m from ATLAS]
0.0 - 0.0 -
: : °
@
: ° : @
¥ 00 % 00 e
Y ]
0.0 - 00 - ©
-1 0 1 1 0 1
x [mm] x [mm]

Courtesy of J. Dilly
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" Particle trajectory (turn = 1)
1

Particle Trajectory [mm]
o

-1
1000 1500
LHC Arc12 [m from ATLAS]
0.0 - 0.0 -
: : °
@
: ° : @
¥ 00 % 00 e
° L ¢
0.0 - ° 00 - ©
-1 0 1 1 0 1
x [mm] x [mm]

Courtesy of J. Dilly
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- Particle trajectory (turn = 1) ==

Particle Trajectory [mm]
o

-1
1000 1500
LHC Arc12 [m from ATLAS]
0.0 - 0.0 -
: : °
@
: ° : @
o ° . °
0.0 - o 00 °
-1 0 1 1 0 1
x  [mm] x [mm]

Courtesy of J. Dilly
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' Particle trajectory (turn = 1) ==
1 o

Particle Trajectory [mm]
o

-1
1000 1500
LHC Arc12 [m from ATLAS]
0.0 - 0.0 -
: ° : o o
@
: ° : @
o ° e °
0.0 - ° 00 - ©
-1 0 1 1 0 1
x [mm] x [mm]

Courtesy of J. Dilly
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' Particle trajectory (turn = 1) ==
1 N

Particle Trajectory [mm]
o

-1
1000 1500
LHC Arc12 [m from ATLAS]
0.0 - 0.0 -
i ° : o o
@
- ® o Q
®
o ° . °
0.0 - o 0.0 °
-1 0 1 1 0 1
x [mm] x [mm]

Courtesy of J. Dilly
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' Particle trajectory (turn = 1) ==
1 o

Particle Trajectory [mm]
o

-1 N
1000 1500
LHC Arc12 [m from ATLAS]
0.0 - 0.0 -
- o : o o
@
- ® o Q
®
o ° ® °
°
0.0 - ° 0.0 - “°
-1 0 1 1 0 1
x [mm] x  [mm]

Courtesy of J. Dilly
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V24 5(z)

' Particle trajectory (turn = 1) ==
1 o

Particle Trajectory [mm]
o

-1
1000 1500
LHC Arc12 [m from ATLAS]
0.0 - 0.0 -
i ° : o o
@
o
° o ®
x 0.0 - ° x 0.0 - [ ) [
°
o ° e °
°
0.0 - o 0.0 - “°
-1 0 1 1 0 1
x [mm] x [mm]

Courtesy of J. Dilly
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Figure: J. Dilly

Betatron function

* “Tune” (v): Number of betatron oscillations for

iy one turn
reference
orbit "“::;;1;;;;_.:_.......
........... particle ) _dé' : &
trajectory W(Z N ZO) - P = |
o ,B(C) Y 21 ,Bxy(é‘)

.........  Fractional part of tune important to avoid
resonances (can you imagine why?)

e LHC: vx=62.31 and v, = 60.32
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Phase space ellipse v 1

* Apparently J determines the size
of the ellipse for one particle

 Doesn’t it make sense to look at
the J of the entire beam?

cEen) 15.07.2024
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Emittance

12 | | | | | | | | Beam
u’ | | | 3 emittance
T e
| | | z z | : 5 € — <J>
b

Definition:
Beam size o

og=+/€p(z)

LHC top energy
(6.8 TeV):

_10 =L ............ ............ ............ ............ ............ ............ CrUCIaI
e =5x10""m rad I indicator for
TAL beam quality!
S5 =2 =2 0 2 4 6 & 10
u

By Nicoguaro - Own work, CC BY 4.0, https://commons.wikimedia.org/w/index.php?curid=46871195
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Emittance
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Emittance

viwe e |

o B
1
1

0.4 | lo bearﬁ envelope
E)
E
=
0.4 individual trajectories
1600 1650 1700 1750 1800 1850 1900
s [m]
Acceleration: Definition
« Increase of relativistic y leads to Normalized emittance
beam shrinking!
" ey = [Bve Constant!
* Observed u’in lab frame decreases
 Emittance decreases with
I - ey = 3.5 umrad
relativistic By LHC: ey = 3.5 p
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Bringing the beams
Into collision
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Collision Point Optics

og=+\/€p5(z)

1) (2 3) (4 (5)(©)(T)
2500 , lll:?, .H. &
]

2000}

15001

B, By m]

1000}

500

| 10.5

Position [m]
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Collision Point Optics

o =+/€B(z2)
Ql Q2a Q2b Q3 CP D1 H 1 [ |
0.1 TAXS I [
P II "' l | 1 | I =
— { ' g TCLX Crab TCLMB
§. 0.0 - TAXN I TCT D2 Cavities Q4
>
[ ] | ] ] 1
N
| | I I - []
-0.1 =
[ | 1 I [ | |
0 25 50 75 100 125 150 175

s [m]

Collision Points:

* How can we achieve this?

Figure taken from HL-LHC Technical DR
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Collision Point Optics: Triplet

Quadrupole triplet B (1 =2L2/f? 2L (1 + L/f)
for 2D focusing My = M M = —1/f* 1 —212/f2
L L
f>>L
F D F
Lens with focal r_1 n 1 L
; 12 ; length in x/y A £ Al
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Collision Point Optics

Blm] o
\ 100. .« P*=0.55m 1

* — |
B* =90 m sl g% =2m

.......

High-Beta Optics and Running Prospects by Helmut Burkhardt, Instruments 2019, 3(1), 22
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Collision Point Optics

Ql Q2a | Q2b Q3 CP D1 [ ] I (— I [ | |
0.1 TAXS I ]
| J s P | il =)
y— | - TCLX Crab TCLMB
.§. 0.0 = TAXN I TCT D2 Cavities Q4
x . L ‘ ' |
| —— | 1 =
—0.1 1 = ‘=
[ | 1 i [ | |
0 25 50 75 100 125 150 175
s [m] .
Pacman bunch Pacman bunch

12.5 ns
3.75m
~—  Head-on

Crossing angle
needed to avoid
parasitic collisions!

long-range
collisions

Figure taken from HL-LHC Technical DR
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Collision Point Optics

Ql Q2a | Q2b Q3 CP D1 [ ] I (— I [ | |

0.1 TAXS i —
| = = | | =

y— | - ' TCLX Crab TCLMB

.§. 0.0 TAXN ITCT D2 Cavities Q4
s .l HI ! I I
o1 = | - =
m! | a | =)

0 25 50 75 100 125 150 175
s [m]

(107y,107y,10) envelope for €,=5.02646 x 10 *'m, €,=5.02646 X 10 '’m, 0", =0.000111

0.000

-0.002
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Luminosity

dnN; r Interaction rate for physics
dr o process with cross-section o
Particles
per bunch \
1.6 x 101
Lo=fk N1 Ny
0 — by _ s
4ﬂeﬁ*
Revolution / 0.3m to 10m
Frequency Bunch N = 3.5 umrad
11245 Hz
Number
~2800

Quiz: What is the luminosity with
these parameters? What is the unit?
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Luminosity

N
z/,\ ’ \\ K’ — EO FC
/ N ~ " N
/4 ': R ’: : :\
_—:i_-: ...... I l. ..ij ....... i--t:-:.,_ 1
‘h"\ : PR E " FC ~ o 0 2
NS ()
A L
\\[

&

!

Luminosity is reduced to to
crossing angle!

25 ns: 30 long range encounters per IP

Head on
collision

Parasitic
encounters

_I Separation: ~10 O

[ 125 ns
' 3.75m °

25 ns

N

7.5m

Figure taken from https://cds.cern.ch/journal/CERNBulletin/2016/38/News%20Articles/2216373
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The LHC Parameters

Parameter LHC HL-LHC

(nominal) (standard)
Beam energy in collision [TeV] 7
Particles per bunch [1011] 1.15 2.2
Bunches per beam 2808 2760
Collisions in IP1 and IP5 2808 2748
Half-crossing angle in IP1 and IP5 [urad] 142.5 250
Minimum g* [m] 0.55 0.15
Normalized emittance e, [pm] 3.75 2.5
Peak luminosity w/o crab cavities [E{IEalel IcEI 1.00 8.11
Peak luminosity w/ crab cavities  [Faie Il - 17.0
Events / Crossing 27 131

Courtesy of J. Dilly
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Luminosity

..'I__' [ I | I | T | I | I | I | I |
~ 30| ATLAS Online Luminosity /s = 13.6 TeV ]
£ - e LHC Stable Beams -
8 25 Peaklumi:23.3x10®cm?s" .
o - L] i
= 20 R i i & cataney
LL i . _
. [ < , e .
m B —
S N R
; 15 i ]
‘0 - * ]
2 10 e = . b
E : 1a
3 B . ] E
<  Sr 1%
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Day in 2024
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Collision Point Optics

1) (2

Quiz: Can we apply the “squeezed”
optics from the beginning?

2500

— b

20001

15007

|

Bes By [m]

1000

o001

3 @ 6)E)) o
l) | IIII ! .IEE—IIII. ||I| |I ul mg_g)

ﬂ

D, D, [m]

Position [m]
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Energy Top energy Small B* is introduced Collisions

Injection of P \ reached N\ _—
i D ! '

bunches at -
450 GeV Beam 1 ! P 1 N g
6 - Beam 2 i g ol - 25 ©
s SINEEE g
5 - : el | 3 e
~ | Ef 5 - 20 47
> ' 'S! i | QQ:I | =
© 44 ; FIE =
~ | =l N - 15 X
>, | i 5 -
o0 3 o | - G ! =z
5 | Flat B - 10 3
B, i Top N -
i o i | iStable =
: -y ' | +Beamsf e
1 - Injection i Ramp | :i queeze; : i 0> §
! Lo ’ ' Q
: N Adjust M
0 - | i | N 0.0 The
20:24 20:45 21:07 LHC
UTC time (hh:mm) Cycle

S. Kostoglou et al., Origin of the 50 Hz harmonics in the transverse beam spectrum of the Large Hadron Collider
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Outlook for tomorrow
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CERN Accelerator Complex

2010 (27 km)

SPS TT42
» AWAKE Beam energy alqng the
ATLAS LHC injector chain
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