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A brief recap and then we continue
on transverse optics




Magnetic Element & Rigidity

Dipole magnets Quadrupole magnets
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k = Bp [m™“]
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F=qi x B=——  Bp[Tm] = n;v = p[GZV/C] Bp =3.3356p

Increasing the energy requires increasing the magnetic
field with Bp to maintain radius and same focusing

The magnets are arranged in cell, such as a FODO lattice
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Hill's Equation
Hill's equation describes the horizontal and vertical betatron oscillations

d_>2<+ K(s)x=0
ds

Position: Angle:

x(s) = \[eBs cos(p(s) + ¢) x' = —a\/% cos(¢) — \/% sin(@)¢

« ¢gand ¢ are constants determined by the initial conditions
* f(s) is the periodic envelope function given by the lattice configuration

1 21 ds
Qx/y—zn 0 ,Bx/y(s)

Qx and Q, are the horizontal and vertical tunes: the number of oscillations
per turn around the machine
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Betatron Osclillations & Envelope

The B function is the envelope function within which all particles oscillate
The shape of the g function is determined by the lattice

Rende Steerenberg CERN-Fermilab HCP Summer School

CERN - Geneva 2 September 2017



FODO Lattice & Phase Space

106.90 m

Calculating a single FODO Lattice
and repeat it several time

Make adaptations where you have
insertion devices e.g. experiment,

Injection, extraction etc.

» Horizontal and vertical phase space
* Q= 3.5 means 3.5 horizontal
betatron oscillations per turn around

the machine, hence 3.5 turns on the
phase space ellipse

« Each particle, depending on it’s initial
conditions will turn on it's own ellipse
In phase space




Momentum Compaction Factor

The change in orbit with the changing momentum
means that the average length of the orbit will also
depend on the beam momentum.

This Is expressed as the momentum compaction
factor, a,, where:
Ar Ap

_=a
r Pp

o, expresses the change in the radius of the closed
orbit as a a function of the change in momentum




«  Our particle beam has a momentum spread that in a homogenous dipole field will translate in a beam
position spread at the exit of the magnet

- The beam will have a finite horizontal size due to it’ s momentum spread, unless we install and
dispersion suppressor to create dispersion free regions e.g. long straight sections for experiments
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Chromaticity

« The chromaticity relates the tune spread of the transverse motion
with the momentum spread in the beam.

A particle with a higher momentum
as the central momentum will be
deviated less in the quadrupole and
will have a lower betatron tune

A particle with a lower momentum
as the central momentum will be
deviated more in the quadrupole

and will have a higher betatron tune




Chromaticity Correction

- @ ” ‘ = uadr I
Final “corrected” B, B, B, =Kgx | (Q upole)

(Sextupole)

AQ 1 d*B, D(s) Ap
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Chromaticity Control
through sextupoles



Longitudinal Motion




Motion in the Longitudinal Plane

What happens when particle momentum increases in a constant
magnetic field?

Travel faster (initially)
Follow a longer orbit

Hence a momentum change influence on the revolution frequency

df dv dr

f v r
_ Ar Ap
From the momentum compaction factor we have: — = Ay ——
r p

d d d
Therefore: —f — _v — ap—p
v p




Revolution Frequency - Momentum

df dv  dp dv

d
f v Pp C

From the relativity theory: ~ , = 20PY

dv._df 1dp
v B y:p

We can get:

Resulting in: ﬂ = [iz_ ap]d_p
f p
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Transition

el

. 1
Low momentum (f << 1 &y is small) - 7>%

High momentum (f =1 &y >>1) > %

. 1
Transition momentum -2 7:%




RF Cavities

Variable frequency cavity
(CERN - PS)




RF Cavity

- Charged particles are accelerated by a longitudinal electric field
- The electric field needs to alternate with the revolution frequency




L ow Momentum Particle Motion

- Lets see what a low energy particle does with
this oscillating voltage in the cavity

V a

V1
//\‘
), s

Ve
\//

time

1st revolution period

2"d revolution period

- Lets see what a low energy particle does with
this oscillating voltage in the cavity

cw
\

N/




Longitudinal Motion Below Transition

A V]
\/ \B time

1s* revolution period




....after many turns...

Al V1
\r/{\ :
\/ N, time

100s* revolution period '




....after many turns...

A V1

.

\ B Ti;'ne

2005t revolution per'iod'




....after many turns...

A '/ /\
\/\B time

400s" revolution per'iod'




....after many turns...

A vV /\
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500s" revolution per'iod'




....after many turns...

A '/ /\
\/\B time

6005t revolution per'iod'




....after many turns...

A V1
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7003t revolution per'iod'




....after many turns...
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\/ N, time

8005t revolution per'iod'




....after many turns...

AL V]
™
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900s" revolution per'iod'




....after many turns...

AL V]
™
N

900s" revolution per'iod'

« Particle B has made 1 full oscillation around particle A
« The amplitude depends on the initial phase

« This are Synchrotron Oscillations




Stationary Bunch & Bucket

Bunch

Bucket

Bucket area = longitudinal Acceptance [eVs]

Bunch area = longitudinal beam emittance = n.AE.At/4 [eVs]




What About Beyond Transition

- Until now we have seen how things look like
below transition

Higher energy = faster orbit = higher F,,, = next time particle will be earlier.

Lower energy = slower orbit = lower F,,, = next time particle will be later.

- What will happen above transition ?

Higher energy = longer orbit => lower F,,, & next time particle will be later.

Lower energy = shorter orbit = higher F,,, © next time particle will be earlier.




Longitudinal Motion Beyond Transition

V Phase w.r.t. RF
voltage

Synchronous
particle

SO ﬁ RF Bucket
~
~

>
At (or @)




Longitudinal Motion Beyond Transition

N




Longitudinal Motion Beyond Transition

V




Longitudinal Motion Beyond Transition
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Longitudinal Motion Beyond Transition
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Longitudinal Motion Beyond Transition
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Longitudinal Motion Beyond Transition

V




Longitudinal Motion Beyond Transition

N




Longitudinal Motion Beyond Transition

V




Before & Beyond Transition

AKE

» Before transition

/ At (or @)

Stable, synchronous

\E po7tion /\

» After transition

At (or @)




Synchrotron Oscillation

- On each turn the phase, @, of a particle w.r.t. the RF
waveform changes due to the synchrotron
oscillations.

d Change in
_¢ — Z”hAfrev revolution
dt [ Harmonic frequency
number
* We know that i = —nd—E
f E
d —27h
« Combining this with the above .. ¢ ALY dE- f
dt E
« This can be written as: Change of
energy as a
function of time
d’¢p —2zh dE
? - gl °frev .
dt E dt




Synchrotron Oscillation

d2¢_—27rh77.f dE

-—

So, we have: | —2 »
dt E dt

 Where dE is just the energy gain or loss due to the RF system during
each turn

‘ dE = V.sin®
\Y Synchronous
particle
dE = zero
@ ‘ At (or @)




Synchrotron Oscillation

2= g feg | and ¢ —> o = fVsing

\ d_2¢:—27zh77. /

o = f2V.sing

2
If @ is small then sin@=¢ % +(27Z£77-frev2 -\/)¢ =0

This is a SHM where the synchrotron oscillation
frequency is given by: //—\

22hiV
Synchrotron —\< [\/ ﬂEn)frev
‘\v

tune Qs




Acceleration

Increase the magnetic field slightly on each turn.
The particles will follow a shorter orbit. (f,o, <fsyncn)

Beyond transition, early arrival in the cavity causes a gain in energy
each turn.

dE = V.sin®,

»

T At (or @)

* We change the phase of the cavity such that the new synchronous
particle is at @, and therefore always sees an accelerating voltage

* V., =Vsin®, = VI = energy gain/turn = dE
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Accelerating Bucket

V accelerating
synchronous
particle
b, At (or @)
Stationary _
RE bucket \ Stationary
synchronous
t == particle
AE -7 RN
,7 __—"| Accelerating
L7 RF bucket
7




Accelerating Bucket

The modification of the RF bucket reduces the acceptance
The faster we accelerate (increasing sin @, ) the smaller the

acceptance

Faster acceleration also modifies the synchrotron tune.

For a stationary bucket (@s = 0) we had:

For a moving bucket (@s # 0) this becomes:

27hn f
W/—E

27hn
(1/ = jf COS .




Higher Harmonic RF Voltage

Until now we have applied an oscillating voltage with
a frequency equal to the revolution frequency

1:rf =f

rev

277
rev = = -

- What will happen when f; is a multiple of f

fe=hf

rev




B u n C h S p I itti n g Controlled blowAups ' " Eject 24 or
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RF Beam Control

Beam Position Radio frequency
Monitor Cavity

Beam

Radial Position
regulation

Phase _
Beam phase and regulation Cavity voltage and phase

position data (frequency) data




Main Diagnostics Tools




Beam Current & Position

Beam intensity or current measurement:
* Working as classical transformer
 The beam acts as a primary winding

Beam position/orbit measurement:

M YASP DV LHCBI1Transfer / LHC_PILi
R views | [ [u] 862 [CBE] 9 more |
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Correcting orbit using automated beam steering




Transverse Beam Profile Monitor

Transverse beam profile/size measurement:
« Secondary Emission Grids e S —
« Wire scanners [rm .

Date: 31.08.17
FI6X.ANSE 7634 -

Time; 06:45:11

€20): 1.1Z2num Ap/p :1.000 E_g\ Eqp: 85.V
Ep Adle 0.037 Scan number: 35524

F16.MSF257 i i Speed: 15 m/s

: 500%
vrr
Copy PM1 to PM2

Aad
PH2: SO0 %
vvr

E—

Step: 0.500 mm 7% ADC Range
F16.1SF267 Spline fit

0
Wire Nbs

207 pm sat level In: 15%
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o Clms] Ip Lot Center[mm]| Sigmalmm] | enlamm Tail%)
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Meas. 1|[w]|190 |1902.387|-1.472 4.879 45 1132
Meas. 2 |[]| 180 [1918.147-1.479 |4.927 [4.6! 1.089

[}
Vire Nbs  Step: 0.500 xm  5.d% ADC Range

Hest Position| Singte Shot| [Unfreeze| mum v
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http://ab-dep-op.web.cern.ch/ab-dep-op/dokuwiki/lib/exe/fetch.php?cache=cache&media=cps:sftpro:sem-fils-v-tt2-sftpro.gif

Wall Current Monitor

- Acirculating bunch creates an image current
In vacuum chamber. 3
' -----

eﬂ.] l’

_/\_ — G lt?ns ias n@Q
—

Insulator
(ceramic)

vacuum chamber

\/ — —
—
Cesistor

mduced charge

= The induced image current is the same size but has the
opposite sign to the bunch current.
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L .t d . I I S
File View Option Control Help File  Wiew Sound
Tomoscope IHDI ***bct 18 11:33:26 2012 oot 18 11:33:26 2012
1.5¢F FS5B3 :MD1, CBO2
C Timing 802 1.25F
Delta Turns 32 1
[&]
N Traces 100 0.75¢
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[
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- Make use of the synchrotron motion that turns the “patient”
In the Wall Current monitor
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Possible Limitations




Space Charge

- Between two charged particles in a beam we have
different forces: B=1

s force coulomb \
+ . /
! o
‘» total
I=ev 3 . force
\ o
A SR :
o q
3 / B
B S
Coulomb Magnetic £ magnetic
repulsion attraction ©




Space Charge

- At low energies, which means 3<<1, the force is mainly
repulsive = defocusing

« |tis zero at the centre of the beam and maximum at the
edge of the beam

N y Non-uniform
cAfe 7 density
Gt distribution
o+t P+ _
"'%% Ty T "X
A
+ 4 :
T /, / Defocusing force
» X

7 Non-linear




Laslett tune shift

For the non-uniform beam distribution, this non-linear
defocusing means the AQ is a function of x (transverse

position)
- This leads to a spread of tune shift across the beam
. This tune shift is called the ‘LASLETT tune shift’

1 Beam intensity

/
roN

- 2, 3
475(:;h’\/@ 7/ 1>\
~—" | Relativistic parameters

AQh,v ~

Transverse emittance

* This tune spread cannot be corrected and does get very large at high
Intensity and low momentum
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Resonance & Tune Diagram

L jection
o 3av=17 BNE
o P During acceleration we
change the horizontal
LN T and vertical tune
Y. 2 to a place where the
2 14 beam is the least
52 | 4 ~Influenced by
. resonances.
5.1 Z / : %
o w | 1 | N ejection
4.1 4.2 4.3 4.4 4.5




Beam — Beam Effect

- Particle beam are surrounded by magnetic fields

- |f the beams “see” each other in colliders these magnetic
fields can act on the both beams and can cause
defocussing effect and tune shifts

25 ns: 30 long range encounters per IP

Head on
collision

Parasitic
encounters

I Separation: ~10 o




Collective Effects

* Induced currents in the vacuum chamber (impedance) can result in
electric and magnetic fields acting back on the bunch or beam

Wall Current

/\ _— Monitor (WCM)
| |
[

l‘l _

vacuum chamber

\/
—_— —
resistor

mduccd charge

Insulator
(ceramic)

Coupled Bunch Instabilities

T ———
E=IIFVV"II

"' Vi phd
A u A A.-nn.
IIIIIII ~A- ;==AQII




Cures for Collective Effects

Ensure a spread In betratron/synchrotron

frequencies
Increase Chromaticity
Apply Octupole magnets (Landau Damping)

Reduce impedance of your machine
Avoid higher harmonic mode In cavties

Apply transverse and longitudinal feedback
systems




Electron Cloud

20 ns Sns 20 ns Sns

- e-cloud when SEY is beyond 2, hence it depends on the vacuum
chamber surface

- The electron cloud forms an impedance to the beam and can cause
beam instability

- Inthe SPS and the LHC we use the “scrubbing” method to reduce the
SEY

. The SPS vacuum chambers will be Carbon coated to reduce the SEY




LIU & HL-LHC Projects




Luminosity, the Figure of Merit

Number of
Intensity per / bunches
bunch

N event > Geometrical
L UM]N OS] TY — SEC — @ N ﬁe@ @’/_ Correction

factors
S,  4pss,
Beam

dimensions
- More or less fixed:
. i # LHC IntL (fb*-1)  WHL-LHC IntL {fbr-1)
- Revolution period 1500 R
N/
- Number of bunches 3000 O;o&\ o
2500 ‘(\
R N
« P ters to optimise: o »oom
arameters to optimise: o 5 =
) ! \ mm
— Number of particles per bunch 1000 \2\.'”,.*"’”
. . fas
— Beam dimensions OO adiid
— Geometrical correction factors G 0




LIU: What will be changed ?

 LINAC4 - PS Booster:
* New LINAC 4 with H- injection
» Higher injection energy
* New Finemet® RF cavity system
 Increase of extraction energy

- PS:
« Injection energy increase from 1.4 GeV to 2 GeV
« New Finemet® RF Longitudinal feedback system
« New RF beam manipulation scheme to increase

beam brightness
- SPS

* Machine Impedance reduction (instabilities)
« New 200 MHZ RF system

« Vacuum chamber coating against e-cloud

¢
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These are only the main modifications and this list is not exhaustive
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66 mrad Chicanedipoles

LINAC4 —l R
p+
* Produce and accelerate H- at 160 MeV ™ /H
 Inject H into the PSB and strip the cprw
electrons - protons in the PSB i g
* During the following turns interleave Stripping 7
the circulating protons with H- that will + " _« wastevean: .

Main dipole

be stripped

Injecting multiple turns will increase intensity and density

chopper line




HL-LHC: What will be changed ?

* New IR-quads (inner
triplets)

 New 11T short dipoles
« Collimation upgrade

e Cryogenics upgrade

« Crab Cavities

« Cold powering

« Machine protection

Major intervention on more than 1.2 km of the LHC
These are only the main modifications and this list is not exhaustive
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Crab Cauvities

Crab cavity Crab cavity

-

f Collitsri‘on f
t t
v 4 1./ = \.l\

without
Crab cavities

Crab cavities will reduce the effect of the geometrical factor
on the luminosity
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The Schedule

LHC HL-LHC

13 TeV 14 TeV 14 TeV

energy
splice consolidation L il imi gc}?m?nél
8 TeV I:F:uttnn collimators Cryo RF P4 g%f;l;rgfon HL-LHC luminosity
7TeV e R2E project P7 11 T dip. coll. regions installation

Civil Eng. P1-P5

2011 2013 2015 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 II"I"“

ATLAdS 'hCMS1 radiation
experiment el st damage ATLAS - CMS
beam pipes 2 x nom. luminosity 2.5 x nominal luminosity | upgrade phase 2
75% nominal luminosity R — ALICE - LHCb _ !
nominal upgrade

luminosity 1

oo [iso o] 0010 e




For those who want to learn more

Accelerators for Pedestrians

Author: Simon Baird
Reference: CERN-AB-Note-2007-014 (Free from the Web)

CERN Accelerator School

Fifth General Accelerator Physics Course
Editor: S. Turner
Reference: CERN 94-01 (volume | & 1) (Free from the Web)

An Introduction to Particle Accelerators

Author: Edmund Wilson
Reference: ISBN 0-19-850829-8 (CERN Book shop)

Particle Accelerator Physics (3" edition)

Author: Helmut Widemann
Reference: ISBN 978-3-540-49043-2 (CERN Book shop)
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