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Outline deo'e

The CERN Accelerator School

In this introductory part, we will provide a qualitative descriptionof collective effects and their impact on

particle beams

We will introduce multiparticle systemsand investigate multiparticle effects. Thiswill be the first step
towardsa more involvedunderstandingpf collectiveeffectsandtheir effect (nextlectures)

A Part 1: Introductionc multiparticle systems and dynamics

A Introduction to beam instabilities

AAAAAAAAAAAAAA



What arecotlectivefeffects? deo'e

The CERN Accelerator School

A We will study the dynamicsof chargedparticle beamsin a particle acceleratorenvironment, takinginto accountthe
beam self-inducedelectromagneticfields, i.e. not only the impact of the machineonto the beambut alsothe impact
of the beamonto the machine
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What areccoHective féftects? e @)

The CERN Accelerator School

A We will studythe dynamicsof chargedparticle beamsin a particle acceleratorenvironment, takinginto accountthe
beam self-inducedelectromagneticfields, i.e. not only the impact of the machineonto the beam but alsothe

A FirststepA Coordinatessystemwe will usethroughoutthis setof lectures

A Theorigin Ois movingalongwith the @ & & y O K INIR NJ2 gz feferériceparticlethat hasthe designmomentumand follows
the designorbit

A Transversecoordinatesx (Horizontal)and y (Vertical)relative to referenceparticle (x,y << R), typicallyx is in the plane of the
bending

A Longitudinakoordinatez relativeto referenceparticle

A Positionalongacceleratoris describedby independentvariables = vt
y
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What areccoHective féftects? de @)
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A A chargedparticle beam is generallydescribedas a multiparticle system via the coordinates and the canonically
conjugatemomenta of all of its particlesc this makesup a distribution in the 6-dimensionalphasespacewhich canbe
describedby a particle distribution function.

A Hence,we will study the evolution of the phase spaceoccupiedby this particle distribution (and describedby its
particledistribution function).

S
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Whait areccollediive féftects? D

The CERN Accelerator School

A A chargedparticle beam is generallydescribedas a multiparticle system via the coordinates and the canonically
conjugatemomenta of all of its particlesc this makesup a distribution in the 6-dimensionalphasespacewhich canbe
describedby a particle distribution function.

A Hence,we will study the evolution of the phase spaceoccupiedby this particle distribution (and describedby its
particledistribution function).

o Opticsdefinedby the machinelattice providesthe externalforce fields (magnets electrostaticfields, RFfields),e.g. for guidance
andfocusing

o Collectiveeffectsaddto this (spacecharge wakefields)

% ( (ZL’, 58,7 Y, yla z, 0, S) < f (Fextern + Feon (1/)))
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What areccoHective féftects? de. @)

The CERN Accelerator School

A A chargedparticle beam is generallydescribedas a multiparticle system via the coordinates and the canonically
conjugatemomenta of all of its particlesc this makesup a distribution in the 6-dimensionalphasespacewhich canbe
describedby a particle distribution function.

A Hence,we will
particledistribu

0 Opticsdefin
andfocusin

o0 Collectivee

tion (and describedby its

A We will seelater how multiparticle dynamicscanbe modeledandsolved ds,RFfields),e.g. for guidance
A Canbe just the descriptionof the evolution of a set of particleswithout
mutual interactions(lineardynamics& matching,nonlineardynamicsand
incoherenteffects)
A Can include mutual interactions among particles (coherent and
incoherenteffects) =

0

% Tib (CE, mla Y, yla 2 5) S) X f (Fextern + Feoll (1/0))
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What iisaaobeamcehenentsinstability? Jdo @

The CERN Accelerator School

A A beambecomesunstablewhen a moment of its distribution exhibitsan exponential growth (e.g. mean
positions,standarddeviations.etc.), resultinginto beamlossor emittancegrowth!

N = f@b(&?,ﬂ:’,g,g',Z,(S) dzxdx’ dydy’ dzdo

(x) = %/a} Y (z, 2’y y, vy, 2,0) dedr’ dydy’ dzdd

02 = %/(w - (:1:))2 ) (x, 2", y,y, 2,0) dedx'dydy’ dzdo
and similar definitions for (y),o,,(2),0.
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Multi-bunch beam
S =vt

%

Equations of motion
of the beam patrticle

\

L D
(£ B)

Interaction with the

external
environment

Additional electromagnetic field
acting on the beam, besides RF an

external magnetic fields

/
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Theimstabititydopp 00
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Multi-bunch beam

>
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: : Interaction with the
Equations of motion
- external
of the beam patrticle :
environment

- L D
(£ B)

Additional electromagnetic field
acting on the beam, besides RF an

external magnetic fields
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{ Equations of motio
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, Multi-bunch beam
S =vt
/
Interaction with the
external
environment
4 N N
(E. B)
Additional electromagnetic field <
X

acting on the beam, besides RF ai
external magnetic fields
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Theimstabititydopp 00
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ulti-bunch beam

>

Interactlon with the
Equations of motlon
external
of the beam partlcle :
environment

(5)

Additional electromagnetic field <
S

acting on the beam, besides RF ai
external magnetic fields
. /

X 2NJFtaz Iy AyaildloAtAade FFFSOUAYI RAFFSNBY (I ¢
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Multi-bunch beam
S =vt

%

Act on the right side of the loop

|

Equations of motio
of the beam patrticle

" potentially detrimental to the beam external

4 A Minimisethe creation of EM field [ Interaction with the}
environment

reducing/controllingbptimisingthe impedance
of the single components of an accelerator ri

14.11.24

Beam Instabilities4Giovanni Rumolo and Kevin-Li

Spa 14

gL

The CERN Accelerator School



The CERN Accelerator School

Theiinstabititydopp 00

>

\

Multi-bunch beam
S =vt

%

Equations of motion
of the beam particle

Act on the left side of the loop

equations of motion external

A Introducestabilisingterms in the { Interaction with the}
environment
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cooling/damping terms or nonlinear driving
terms that can providetabilisationof the
system through Landau damping
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Theimstabititydopp
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Multi-bunch beam
S =vt

Equations of motion

of the beam patrticle
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X or we actively create another loop in
which we first detect a selected moment ¢ ‘/
the beam distribution and we then kick thig

N

Interaction with the
external
environment

particles accordingly to cancel deviation
from the desired steady state

Additional electromagnetic field
acting on the beam, besides RF an

external magnetic fields

[

) é
Kick beam Detect
particles moments
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Fommalddeschption fofctellectve heanymotion Jeo'e,

The CERN Accelerator School

A Formallyjinsteadof investigatingthe full setof equationsfor a multiparticle system,we typicallyinsteaddescribe
the latter by a particle distribution function:

Y =Yz, 2"y, Y, 2,0,5)

where
AN (s) =P (x, 2", y,y, 2,0, s) dedx'dydy'dzdo

A Theacceleratorenvironmenttogether with the multiparticle systemforms a Hamiltonian systemfor which the
Hamilton equationsof motion hold: or  OH 9/ IFH

ds  0x'’  9s  Ox

CE?W 1954-2024
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Fommaldescpptionfofctelectve heanviaotion Je'e,

The CERN Accelerator School

a N
A Formally,ns We can now derive the Vlasov eq.uatipn which.forms the foundation of the heteaddescribe
the latter byq theoretical treatment of beamdynamicswith collectiveeffects

A Consideran infinitesimal volume element dm containinga finite number of particlesdN in
phasespacewhichevolvein time
A dNisconservedasno particlescanenter or leavethe area(PicardLindelof)
A dmisconservedby meansof the Hamiltonequationsof motion

where

P, ——

A It followsthat: d 3¢ or 81,b or' o /,-af;('rz),p@\\
ds :8513‘88—{_8.’17’88—’_% (
B oYyoH OoOYyoH 0 B
B Ox 02’ ~ Ox! 8xj+8s¢ =0
[, H]: Poi;;on bracket 4
\_ y

A Theacceleratorenvironmenttogether with the multiparticle systemforms a Hamiltonian systemfor which the
Hamilton equationsof motion hold: or  OH 9/ IFH

ds  0x'’  9s  Ox
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Fommalddeschption fofctellectve heanymotion Jeo'e,

The CERN Accelerator School

A Theevolutionof amultiparticle systemis givenby the evolutionof its particle distribution function

0

% :[H7¢]

A With the Hamiltoniancomposedof an external and a collective part, and the particle distribution function
decomposednto an unperturbed part anda smallperturbation one canwrite

9,
%%b = [Ho + H1,%0 + 1]
A Thisbecomedo first order
9,
%wl =|Ho, ¥1] + [H1 (%o + 1), o]
Linearization in %»1: ... K?,bl

Spatial componentTemporal component

12, We are lookingfor the EVof the evolution
= 1= ) |ak Vkfexp ( ) A becomesan EVproblem!

—S
Bc
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Fommalddeschption fofctellectve heanymotion Jeo'e,

The CERN Accelerator School

A Theevolutionof amultiparticle systemis givenby the evolutionof its particle distribution function

9,
S = [H. ]

A With the Ha ibution function
decomposed

We call these distinct eigenvalueg the coherent kmode.

The mode and thus for example also an instability is fully characterized by
a single number:

the complex tune shiftw,

|

Spatial componentTempoMmponent

A Thisbecome

i$24 We are lookingfor the EVof the evolution
= 1= ) |ak Vkfexp ( 6) A becomesan EVproblem!

Bc
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Fommaldescpptionfofctelective heanviaotion OO
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A Theevolutionof amultiparticle systemis givenby the evolutionof its particle distribution function

0

% :[H7¢]

A With the Hanl Remark: ibution function
decomposed

e T he stationary distribution )¢ is the distribution where

0
A Thisbecome 550 = [Ho, o] =0
e In particular, a distribution is always stationary if

Yo = Po(Hp), as [Hg,o(Hp) =0

Solvindor or findingthe stationarysolutionfor a givenH, will be later
referredto asmatching tion
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Fommalddeschption fofctellectve heanymotion D
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A Theevolutionof amultiparticle systemcanalsobe studiedviadirect macro-particle simulation

A Numberof macroparticlesneedsto be chosento haveresultsstatisticallysignificantbut in reasonableexecutiontimes within
the availablecomputingpower

A Herewe needto solvenumericallya set of equationsof motion correspondingo macro-particlesrepresenting
the beam

A Thedrivingterms of theseequationsare the EMfieldsexternallyappliedaswell asthe EMfieldsgeneratedby the macro-particle
distributionitself

A Therefore,we typicallyneedto couplewith an EMsolver

10° — 10! particles — 10* — 10° macroparticles

— — Solutions of
{ bE = ext-|— al E6StfQa Sldd dazya
ext
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T ,  Signpoest 00

The CERN Accelerator School

We have seen the difference between external forces and self-induced forces and how these lead to
collectiveeffects.

We have seenschematicallyhow these collective effects caninduce coherent beam instabilities and some
knobsto avoidthem.

We havebriefly sketchedthe theoretical framework within which the beamdynamicsof collectiveeffectsis
usuallytreated ¢ we haveencounteredthe Vlasovequation,bunch/ beameigenmodesandthe complextune

shift.

A Part 1: Introductionc multiparticle systems and dynamics

A Instabilities examples

CE?W 1954-2024
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Why wofrfy=alboubbeam instdhilities? 0D

The CERN Accelerator School

A Why study beam instabilities?

A The onset of a beam instability usually determines the maximum beam intensity that a machine can
store/accelerate (performance limitation)

A Understanding the type of instability limiting the performance, and its underlying mechanism, is essential beca
It:
A Allows identifying the source and possible measures to mitigate/suppress the effect
A Allows dimensioning an active feedback system to prevent the instability
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The CERM-ageeleratoncgmplex do'e
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T ——
LHe For the examples in the next
slides we will refer to the SPS
ALICE ™o A, N orthArea LHCb
e TT40 TT41
SPS 4 TT42
™" TI8 AWAKE
AY ATLAS
HiRadMat
[ 2011 | TT66
TT60
AD ELENA
J@l 1999 (182 m) | 2020 (31 m) | ISOLDE
BOOSTER
$ ~ / REX/HIE
) - 5 - 7: ll“lmlli. :------------------------------:
n_TOF ; > — East Area |
LINAC 4 A ; CLEAR
" LI 2017 |
LINAC 3 I-EIR
lons
P H™ (hydrogen anions) b 1 (protons p ions P RIBs (Radioactive lon Beams) P n (neutrons) P p (antiprotons) P e (electrons)
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Couptetbbunemmstalbity thdlie SPS

72 bunches per injection

............

Total intensity [p ]
o H N W U1 O

| |
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.................................

o
9

Time [s]

10 15

A Injectionof 4 batchesof 72 bunchtrainsinto the SPS

A Later trains feature strong losses(intensity) and large blow-up
(emittance)c this leadsto a stronglossof beambrightness
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Intensity
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J
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Couptetbbunemmstalbity thdlie SPS

Bunch # 60

o N B~ O

pos. [mm]
N

|
B

Horizontal bunch

| |
0 o

into the SPS

coherentcoupledbunchoscillations

A Injection of 4 batchesof 72 bunch trains

A A closerlook into one train exhibitsstrong
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Couptetbbunemmstalbity thdlie SPS do @
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|
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Singtethunecmmstabnity thalte SPS

CERN
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A Lossof more than 30%of the bunchintensitydueto a slow transversemode couplinginstability (TMCI)
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Simgtebbunecmmstalbnity thdlteSPS do @
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BOX data - SnapShot_07-01-2016-0226
Closed loop
16
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A Lossof more than 30%of the bunchintensitydueto a slow transversemode couplinginstability (TMCI)A canbe
b mitigated by a wideband feedbacksystem
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~ Signpost 900,
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We now understandthat collectiveeffectscanhavea huge detrimental impact on the machineperformance
andwhy, therefore, the studyandthe understandingpf instabilitiesis important.

We have encounteredsomereal world examplesof instabilitiesobservedthroughout the CERNaccelerator
chain

Before moving on to a more detail view of collective effects, we will have a quick look at some distinct
characteristicof multi-particle beamdynamics

A Part 1: Introductionc dynamics of multiparticle systems

A Basic concepts
A Beam matching

CE?W 1954-2024
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Beammaatchipg Je'e

The CERN Accelerator School

A As seen earlier, given a particle distribution function and a machine (described by a Hamiltonian H) the
stationary solution is given by: 5

~

YR OlFYy 6S O2yaiNIzZOGSR GOAl Yl GOKAYy3IX
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Beammaatchipg 00

The CERN Accelerator School

A As seen earlier, given a particle distribution function and a machine (described by a Hamiltonian H) the
stationary solution is given by: 5

~

YR OlFly 6S O2yaiNHzZOGSR OAl Yl GOKAYy3IX

A In real life, an injected beam ought to beatched to the machindor best performance.

A Given gparticle distribution functionand amachine opticdocally described by a
Hamiltonian we ensure matching by targeting for:

Matching

Beam /) | | (\Machine

Y — Y =(H) — H

CE?W 1954-2024
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Matchingeexamples 00

The CERN Accelerator School

We take the example of Gaussian distribution functions
H
Y(H) = exp (E)

A Betatronmotion
1 12 (Qm ) ’ 2
H = 5 e+ | —= €T

2

A Synchrotron motion linear eVh

47TR2p0 ?

. o eVh o, 2rB?Ey  Rn

0—?’]6CO'5— 2 g, _—R"? — 05_Bz
2w R=*pg s eVnh Qs

CERN 1954-2024
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Matchingeexamples 00
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We take the example of Gaussian distribution functions

$(H) = exp (5)

Hy
A Be
In reality the synchrotron motion is described by the Hamiltonian:
gy 1 9 eV hz hz. AFE (hz  hz,
H(z,6) = 2776(:5 +27rhp0 (COS(R) COS(R)+ T (R R))
RS This leads tmonlinear equationsand the matching procedure becomes more involved.
y

2
9 eVh o 2rB°Ey  Rn
2w R=*pg s eVnh Qs
CERN 1954-2024
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Matchingilllustratore matchetHreams do @
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Tun# 0
. 0.0040 4.0
A Betatronmotion ¢ ez Ny
linear 00035 "
0.0001
Oz 3 _0.0030 =
0-56" o T & 0.0000 ‘% 2.0‘%
\ o 0.0025 15 >
-0.0001
1.0
0.0020 .
~0.0002 0.5
MatChed beamS -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0'00150 50 100 150 200 250 30(? #
c c . X [m] Turns
maintain their beam
momentsand their
shape in phase space
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Matchingilllustratore matchetHreams do @

T~ 7TRN Accelerator School

Tun# 0
. 0.0040 4.0
A Betatronmotion ¢ ez Ny
linear 00035 "
0.0001
Oz 3 _0.0030 =
0-56" o T & 0.0000 ‘% 2.0‘%
\ o 0.0025 15 >
-0.0001
1.0
0.0020 .
~0.0002 0.5
MatChed beamS -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0'00150 50 100 150 200 250 30(? #
c c . X [m] Turns
maintain their beam
momentsand their
shape in phase space
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Matchingiillystsatiore mismatchedbeamns Jeo'e,
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Tunm# O
. 0.0040 4.0
A Betatronmotion ¢ \ o5
linear \ 9 | 30
O ,3 __0.0030 - | - - : = -
— xX by §. 20..8_.
Oz = 3 Wi
xT / © 0.0025 [ ] ! ] | ! 15
/ 1.0
§ 0.0020
05
Mismatched beams ~ b= —— I I N -
showoscillations in -0.015 -0.010 —-0.005 0.000 0.005 0.010 0.015 ' 0 50 100 150 200 250 300
. X [m] Turns
their beam moments
and maychange their
shape due to
filamentation
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Matchingiillustratiore linear wsnnahhaear do @
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Tun# 0
. 0.0040 4.0
A Betatronmotion ¢ aooc2 n
linear | 00035 .
0.0001 /
Oz ;B / __ 00030 ol
Oyt - % 00000 % 20&
\ 0.0025 i T T 15 S
-0.0001 | \
\ 1.0
. . 0.0020 »
Nonllr)earltl_es lead to e 05
detuning with > 00015 E— L | 00
. o g -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0 50 100 150 200 250 300
amplitude. This is s Tums
visible as the
characteristic spiraling
of larger amplitude
particles.
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292
We havelearnedaboutthe meaningof matchinga beamto the machineoptics

We haveseenhow to formally match a beamto a givendescriptionof a machine

We have seenexamplesof matched and mismatchedbeamsand have seenthe difference between linear
and non-linear motion.

A Part 1: Introductionc dynamics of multiparticle systems

A Basic concepts

A Multiparticle effectsc filamentation and decoherence

N
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A We have learned or we may know from operational experience that there are a seiafl machine
parameters to influence beam stabilitg among themchromaticity and amplitude detuning

A Chromaticity
o Controlled withsextupoles; provideschromatic shiftof bunch spectrunwrt. impedance
o Changes interaction of beam with impedance
o Damping or excitation dieadtailmodes

A Amplitude detuning
o Controlled withoctupolesg provides (incoherentjune spread
0 Leads to absorption of coherent power into the incoherent spectdyrhandau damping
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0.0003
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0.0002 —
4
0.0001
i g
“%  0.0000 = 0.000 3.3
= =
= § &
-0.0001
2
-0.0002 0005
1
-0.0003
-0.010
-0.0004 0
-0.02 -0.01 0.00 0.01 0.02 0 20 40 60 80 100 120
x[m] Turn
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0160 A Takingan FFTof the centroid motion (blackcurve)

b revealsthe tune ¢ interestinglythere is a spread

— A Inthe simulationwe haveaccesgo the trajectory of
eachindividual particle ¢ we canequallyperforman
1 FFTof every particle and plot the horizontal vs

0.170

0.120 0.125 0.130 0535 B —— Ruls verticaltune to obtainthe tune footprint
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A Chromaticdetuning

L 5 = 4 sin(yp)

A Considera particle in 6d phasespaceperformingboth betatron and
synchrotronoscillations

A The accumulatedbetatron detuning after one half, resp one full
synchrotronperiodreads

A

AQy. acc — 5/ sin(p) dp = 20
0

Ts/2

~

2
AQz. acc 5/ sin(¢) dy = 0
0

8

A After one full synchrotron period all tune shifts have vanished(i.e.,
alsothe tune spreadhasvanishedc the beamhasre-cohered
D)

XL
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0.0003 0.0075- e
0.0002 ' 0.0050-
-4
0.0001 0.0025 -
\ T €
x 0.0000 — 0.0000+ e =
3 W
—0.0001 —0.0025+
=2
- il pol
—0.0003 0.0075
—0.0100+
—-0.0004 0
—-0.02 —-0.01 0.00 0.01 0.02 0 25 50 15 100 125
x[m] Turn
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Sourcedor transversenonlinearitiesare, e.g., chromaticity and detuningwith amplitude from octupoles
Transversaonlinearitiescanleadto decoherenceand emittance blow-up.

Theeffectsseensofar are chacteristicor multiparticle systemsbut are not collectiveeffects.

A Part 1: Introductionc dynamics of multiparticle systems

A Introduction to beam instabilities
A Instabilities examples

A Basic concepts
A Beam matching
A Multiparticle effectsc filamentation and decoherence
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We havelearnedabout someof the peculiaritiesof collective effects. We havealsointroducedmulti-particle
systemsandhaveseenhow thesecanbe describedandtreated theoretically

We have seen some realworld example of collective effects manifestingthemselvesas coherent beam
Instabilities

We havelooked at somespecificfeatures of multi-particle beam dynamicssuchas matching,decoherence
andemittanceblow-up dueto filamentation Theseare not to be confusedwith collectiveeffects

A Part 1: Introductionc dynamics of multiparticle systems

A Introduction to beam instabilities
A Instabilities examples

A Basic concepts
A Beam matching
A Multiparticle effectsc filamentation and decoherence
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AWe havelearnedaboutthe particle descriptionof abeam
AWe haveseenmacroparticlesand macroparticlemodels

AWe have seen how macroparticle models are mapped and represented in a
computationalenvironment

APart 1: Introductiort multiparticle systemsmacroparticle
models and wake functions

ABasic concepts

ABeam matching
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A Asseenearlier, and especiallyfor the analyticaltreatment, we canrepresenta chargedparticle beamvia a particle
distribution function.

A In computer simulations, a charged particle beam is still representedas a multiparticle system However,to be
compatiblewith computationalresourceswe needto rely on macroparticlemodels

A Amacroparticleis a numericalrepresentationof a clusterof neighbouringphysicalparticles

A Thus,instead of solvingthe systemfor the N (~10'1) physicalparticles one can significantlyreduce the number of
degreesof freedomto N,,- (~10°). At the sametime one must be awarethat this increasesof the granularity of the
systemwhich givesriseto numericalnoise

/ / .! @
v (z,z',y,y; 2,0) @
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A Macroparticle models permit a seamless mapping of realistic systemsinto a
computationalenvironmentc they are fairly easyto implement

Bea m: In [6]: ji = pd.DataFrame (bunch.get_coords_n_momenta_dict())
xi qz ' Out[6]: dp X xp y Yp z
/ 3 1 = ]., e N 0 0.001590 [0.000566 |-2.285393e-05(-0.001980 (4.283152e-06 |0.353427
L mg Macroparticlenumber 1 0.001978 |0.000370 |1.954404e-05 |-0.000359 |5.543904¢-05 |0.159670
y’l, 2 0.003492 [-0.000829 |-2.773707e-05|0.000291 (6.627340e-05 |-0.251489
/ ) . 3 0.002195 [-0.001668 |-2.317633e-05|0.001878 (-1.870926e-05|-0.038597
y@ Can0n|ca”y Conjugate 4 0.000572 [0.000990 |5.493907e-05 |0.000152 [-1.951051e-05|0.492968
Z’L Coordlnates and momenta 5 -0.000418(0.001088 |4.778027e-05 |0.003320 (-7.716856e-06|0.415582
57, 6 -0.000114(-0.000194 | 1.065400e-05 |0.001798 (-4.984276e-07 | -0.349064
7 0.001100 [-0.001257 |-6.873217e-05|-0.002374 [ 5.657645¢e-06 |-0.023157
8 0.002706 [0.005351 |-1.867898e-07|-0.000765 [ 3.012523e-05 |-0.291095
9 0.003508 [0.000499 |1.865768e-05 |-0.001032 (-5.363820e-05|0.211726
10 -0.001711(-0.003168 | 4.372560e-05 |-0.001933 [-2.151020e-05 | -0.145358
11 -0.002150 [ -0.000565 | -1.853825e-05 | -0.003895 [ -6.192450e-06 | 0.072499
12 0.002059 [0.003453 |-3.808703e-05|0.000118 [3.179588e-05 |-0.001816
13 0.002709 (0.000241 |-3.457535e-05|0.000474 |5.057865e-05 |-0.0054€
14 -0.001593(0.000711 |-1.667091e-05|-0.00252
\Il (m, wl’ Yy, yI, z, 5) 15 |-0.000830] -0.00029:
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Macropariicterepresentationoot fthe beam

0,=1.99e-03

0.0003

-0.0003

Ex=2.00um

-0.005

X [m]

0,=3.63e—-05

In [6]: df = pd.DataFrame(bunch.get_coords_n_momenta_dict())

df

Out[6]:

CERN 1954-2024
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dp X xp y yp
0 0.001590 |0.000566 |-2.285393€-05-0.001980 | 4.2831°
1 0.001978 |0.000370 | 1.954404e-05 |-0.000359 | 5.5
2 0.003492 |-0.000829 | -2.773707€-05 | 0.000291
3 0.002195 |-0.001668 |-2.317633€-05 | 0.0018

Alnitial conditions of the beam/particles

Profile Size Matching
Gaussian Emittance Optics
Parabolic

Flat

X

AWe userandom number generatorso
obtainrandom distributions of
coordinates and momenta

AExample transverse Gaussian beam in
the SPS with normalized emittance of
2 um (0.35 eVs longitudinal)

1 = B/~ )
= Y00y

Po
el = dro, 05—
e
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A Resonator waker = 200 MHz, Q = 20Gaussian bunch charge profile

A The plots show how the bunch moments and the wake funotimmvolve into an integrated deflecting kickt the
different positions along the bunch

Gaussian bunch profile with 0= 1 ns
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