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We havediscussedongitudinal wake fields and impedancesand their impacton both the machineaswell asthe
beam

We havelearnedaboutbeaminducedheatingandhow it is relatedto the beampower spectrumandthe machine
impedance

We have discussedthe effects of potential well distortion (stable phase and synchrotrontune shifts, bunch
lengtheningand shortening.

We haveseenone exampleof longitudinal instabilities (Microwave.

Part 3: Multiparticle dynamics with wake fields their different types and impact on transverse beam
dynamics

A Transverse wake function and impedance
A Effecton abunchandtransversen LJ2 { Svllidiatdrtiond
A Someexamplef beaminstabilities
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We will moveto the descriptionandthe impactof transversewake fields.

We will discussthe different types of transversewake fields, outline how they can be implemented
numericallyandthen investigatetheir impacton beamdynamics

We will seesomeexamplesof transverseinstabilities suchasthe transversemode couplinginstability (TMCI)
or headtailinstabilities

Part 3: Multiparticle dynamics with wake fields their different types and impact on transverse beam
dynamics

A Transverse wake function and impedance
A Effecton abunchandtransversen LJ2 { Svllidiatdrtiond
A Someexamplef beaminstabilities
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We will seesomeexamplesof transverseinstabilities suchasthe transversemode couplinginstability (TMCI)
or headtailinstabilities

Part 3: Multiparticle dynamics with wake fields their different types and impact on transverse beam
dynamics
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L

@ Source g
@ Witness, g
______________________________________ >
Definition as theéntegrated forceF St G o0& | gAGySaa OKIFINBS F2ftf26AYy

A In general, for two pointike particles, we have

AEQ = /F(I1,$2,Z,S) ds = —{q142 w(a:l,scz,z)

w is typically expanded in the transverse offsets of source and witness particles. This yields the different types of w
fields (dipole, quadrupole, coupling wakes)
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Transversevwake functions
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@ Source g

@ Witness, g

Dx, (or Dy,)
(N

¥ bx, (orDy,)

A Transverse wake fields

/Fw(xl,xg,z,s) ds
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Transversevnake funections
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@ Source g

@ Witness, g

Dx, (or Dy,)
(N

¥ bx, (orDy,)

A Transverse wake fields

BeApyo = / Fo(r1,29,2,8)ds = —q1q2 W, (2) + Wpa(z) Axy + We (2) Axs)
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@ Source g

@ Witness, g

Dx, (or Dy,)
(N

¥ Dx, (or Dy,)

A Transverse wake fields

BeApyo = / Fo(r1,29,2,8)ds = —q1q2 W, (2) + Wpa(z) Axy + We (2) Axs)

. Ap:):2 — Ag! Transverse deflecting kick of the
" Do 2 witnessparticle from transversewakes

CERN 1954-2024
\ ‘ b 13.11.2024 Beam Instabilities IHGiovanni Rumolo and Kevin-ISpa 9



Transverseviake furictions deo'e,

The CERN Accelerator School

™~ 7

L

@ Source g
@ Witness, g
Q® TDxl(Onyl)
————————————————————————————————— >t
@ Dx, (0r Dy,)

A Transverse wake fields
BeApy, = / Fo(z1,29,2,8)ds = —q1q2 (We, (2) HWpa(2)|Axy + (W, (2)|Axs)

| ; I

Zeroth order for Dipole wakeg, Quadrupolewakesc
asymmetric structures depends orsource particle depends orwitness particle
A Orbit offset
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< " >

: Source, ¢
We have truncated to the first order, thus
neglecting Witness, g
t  First order coupling terms between x and y
planes 1)

t All higher order terms in the wake expansio )
(including mixed higher order terms with
products of the dipolauadrupolaroffsets)

A Transverse wake fields

BeApyo = / Fo(z1,29,2,8)ds = —q1q2 (We, (2) HWpa(2)|Axy + (W, (2)|Axs)
|

) ; 17

Zeroth order for Dipole wakeg; Quadrupolewakesc
asymmetric structures depends orsource particle depends orwitness particle
A Orbit offset
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Transvesselidpotaravakerftinetiani(orping) (L\’)
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FEy Ax .

Wp,(s) = -2 0202 220w, _o0) =0
G192 Az

A Thevalue of the transversedipolar wake function in z=0 vanishesbecausesourceand witnessparticles
are travelingparalleland they canonly ¢ mutually ¢ interact through spacecharge,whichis not included
In this framework

A W,,(0¢)<0 sincetrailing particlesare deflected toward the sourceparticle (nx, and pE.avethe same
sign)

Azl A
0
A$1 -
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Transverselidipolaravakerfttnetiani(driving) oo
I/VDQ3 (Z) - —ﬁqlio ii% ﬂ WDm:O(O) =0

A Thevalue of the transversedipolar wake function in z=0 vanishesbecausesourceand witnessparticles
are travelingparalleland they canonly ¢ mutually ¢ interact through spacecharge,whichis not included

In this framework
A W,,(0¢)<0 sincetrailing particlesare deflected toward the source particle (nx, and pEthavethe same

sign)
A W, (2) has a discontinuousderivative in z=0 and it vanishesfor all z>0 becauseof the ultra-relativistic

approximation
TW, (2

\/ 2
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Transverse quadrndpol arawaken tuinetioin t(detgning) (A’)
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Wo, (s) = - L0 28T2 - o0,
q1q2 Awo

A The value of the transversequadrupolar wake function in z=0 vanishesbecausesource and witness
particlesare travelingparalleland they canonly ¢ mutually ¢ interact through spacecharge,whichis not
includedin this framework

AW o406)<0 canbe of either signsincetrailing particlescanbe either attracted or deflectedyet further off
aX|s(depend|ngon geometryandboundaryconditiong
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Transverse quadrgpolarawaken tuinetiort(detdning) (m

2 , The CERN Acceler:
Fo Ax -

W, (z) = A B

q1q2 Az

A The value of the transversequadrupolar wake function in z=0 vanishesbecausesource and witness
particlesare travelingparalleland they canonly ¢ mutually ¢ interact through spacecharge,whichis not
Includedin this framework

Aw ox{0¢)<0 canbe of either signsincetrailing particlescanbe either attracted or deflectedyet further off
aX|s(depend|ngon geometryandboundaryconditiong

A Wi(2) has a discontinuousderivative in z=0 and it vanishesfor all z>0 becauseof the ultra-relativistic
approximation
TWox (2

v

CE?W 1954-2024
\ ‘ ;t 13.11.2024 Beam Instabilities IHGiovanni Rumolo and Kevin-ISpa 15



Transversentimpecance (de'e,
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Ey Az En Az
Wb, (2) = B0 A Wq,(2) = _P" B Az

A Thewake function of an acceleratorcomponentis basicallyits Greenfunction in time domain (i.e., its
responseo apulseexcitation)

b Veryusefulfor macroparticlemodelsand simulations,becauseit canbe usedto describethe drivingterms in
the singleparticle equationsof motion!

A We canalsodescribeit asa transfer function in frequencydomain
b Thisisthe definition of transversebeamcouplingimpedanceof the elementunderstudy

Dipolar (or driving) Zp. (W)= 7,/ Wp._ (2) exp (_sz) dz

C C

[ wz '\ dz
Quadrupolar (or detuning) ZQx(w):z/ Wa, (2) exp <_ c ) c

€2/m]
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A Analyticalor semianalyticalapproachwhengeometryis simple(or simplified)
A Sameasin the longitudinalplanein terms of approach

' An example axisymmetric beam chamber with several
layerswith different EMproperties

CERN 1954-2024
\ ;C 13.11.2024

V x E = —iwB V-E= @
€n€1l w)
— . M1\W)eEr(W) =
V x B :uoul(w@ﬂw ( 0)2 ( )E
V-B=0
+ Boundary conditions
. Q1 ws
r,0,s,w) = —0o(r —r1)op(f)exp | ———
i 0.5,6) = 2230~ r)dm ) exp (-7 )
j(r, 0,s,w)=p(r,0,s,w)v
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A Analyticalor semianalyticalapproachwhengeometryis simple(or simplified)
A Sameasin the longitudinalplanein terms of approach
A Butwe haveto calculatethe transverseforce from an (offset) sourceto an (offset) witness

b We are interested in the transverse force on a
test charge gfollowing the source gat a
distance z (wake per unit length of chamber)

A

F| =q |(E, —cBg)T+ (Eg + cB,)0 —

N
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Exanmite s Ofrtiannsver se wakesikapedances

A Analyticalor semianalyticalapproachwhengeometryis simple(or simplified)
A Sameasin the longitudinalplanein terms of approach
A Butwe haveto calculatethe transverseforce from an (offset) sourceto an (offset) witness

b We are interested in the transverse force on a
test charge gfollowing the source gat a
distance z (wake per unit length of chamber)

Fi =q [(Er — cBy)# + (Ep + ¢B,.)0

oV OF oV OF
FT»:@ o = 27 Sameasfo
w Oor wr 06 "the Iopy;
S'tuding, Plan
e
10 0 1 07 0% W
[;E (TE) " 2 062 i 0s? i c? El(w)ul(w)] Fe =
1 9dp . .
= e (@) 0s + dwpo i1 (w)pv
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Exanmite s Ofr tiagnsver se wakesikapedances Je'e,
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A Analyticalor semianalyticalapproachwhengeometryis simple(or simplified)
A Sameasin the longitudinalplanein terms of approach
A Butwe haveto calculatethe transverseforce from an (offset) sourceto an (offset) witness
A Wejust needE, alsoto characterizehe transversewakefunction

I An example a 1 m long Cu pipe with radius b=2 cm and
thicknesst =4 mm in vacuum

— Re(Z)
10?_ -_ Im(Z)

—————
—
-~

A Highlighted region shows the
typical. "¥2 scaling

A Scalingith respectto b: 102,
A TransversémpedanceDb3 104

100,

101

10° 102 10* 108 108 10 1022 10M

Frequency [Hz]
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A Analyticalor semianalyticalapproachwhengeometryis simple(or simplified)
A Sameasin the longitudinalplanein terms of approach
A Butwe haveto calculatethe transverseforce from an (offset) sourceto an (offset) witness
A Wejust needE, alsoto characterizehe transversewakefunction

I An example a 1 m long Cu pipe with radius b=2 cm and
thicknesst =4 mm in vacuum

Z, , (/m")
Y
108 1
— Re(2) 10
107 == Im(Z)
106 ]
1001
10°4 =
£
4] -
10 Lg)_
= 10714
10% 2.
(]
%
1074 =
- 107 —3/2
x (—2)
10°]
107 0 N2 4 6 ng 10 ST 14 1073 ‘ . : ‘ ‘ ‘ ‘
10 10 10 10 10 10 10 10 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

N

Frequency [Hz] z [ns]
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A Analyticalor semianalyticalapproachwhengeometryis simple(or simplified)
A Sameasin the longitudinalplanein terms of approach
A Butwe haveto calculatethe transverseforce from an (offset) sourceto an (offset) witness
A Wejust needE, alsoto characterizehe transversewakefunction

I An example a 1 m long Cu pipe with radius b=2 cm and
thicknesst =4 mm in vacuum

Z, , (/m")
Y
108 1
— Re(2) 10
107, _—— Im(z)
106,
15
10°1
1044 gm
S
1034 Zos
=
1024
0.0 /
104 /
o -06 -05 -04 -03 -02 -01 0.0 0.1
10%4 z[ps]
107 0 n2 NG 6 n8 110 TR 114 10734 : " r ; ; } i :
10 10 10 10 10 10 10 10 -35 -30 -25 -20 -15 -10 -05 0.0 0.5

N

Frequency [Hz] z [ns]
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A Numericalapproach
A Sameasin the longitudinalplane
A Usenumericalcodesto solvea I E ¢ &duati@@numerically
A Eg. CSTParticleStudioc providesdrivinganddetuningwakesin the two planesby offsetting sourceandwitness,respectively

b Anexample A (simplified)kickermadeof two ferrite plates

1500 5 : :
- |—Horizontal driving wake
1000} - ——Vertical driving wake
. |=——Horizontal detuning wake
g 500 - -|=—=Vertical detuning wake
2 : é
=
lﬁ D
cond.  1e-086 [S/m] E
*g'. -000
A Wake is generated for a finite £ ool
lengthexcitation = \
A Note than Wo(2) = -Wo2z) A e |
general property from alF Eg St t Qa . | | a
: 0 0.2 0.4 086 0.8 1
equations z[m]

N
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A Numericalapproach
A Sameasin the longitudinalplane
A Usenumericalcodesto solvea I E ¢ &duati@@numerically

A Eg. CSTParticleStudioc providesdrivinganddetuningwakesin the two planesby offsetting sourceandwitness,respectively

b Anexample A (simplified)kickermadeof two ferrite plates

r Horizontal impedance
%
: ! ! < T 1 . . §
¢ | —Horizontal driving wake -
-l ——Vertical driving wake ;
¢ |—Horizontal detuning wake 2
g - | ==Vertical detuning wake
a | | B
= S o R v
© @ ”
£ : .
2 S N S S E S = —Re(z,™)
=1 gl-ﬂ driv,
@ E ===Im{Z.™)
T - = et
= alf —RelZ, ™)
~ ===Im(Z2*)
_ i | i | -F L i I i |
20000 02 0.4 06 08 1 a 2 4 5] 4 10
z[m] Frequency [GHz]

N
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Exanie s Of tiansverse Wwakesikmpedances 0
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A Numericalapproach
A Sameasin the longitudinalplane
A Usenumericalcodesto solvea I E ¢ &duati@@numerically
A Eg. CSTParticleStudioc providesdrivinganddetuningwakesin the two planesby offsetting sourceandwitness,respectively

b Anexample A (simplified)kickermadeof two ferrite plates

; Vertical impedance
. ! 2107 O | | |
—— Horizontal driving wake diriv
: —RelZ
©—Vertical driving wake e ¥ )
- ¢ |—Horizontal detuning wake o Im[z:nu]
- | ==Vertical detuning wake _ det
?E : : E R"E(Zy )
el e
® @ rm:z\f' )
g :
,g S N SO SN S = -
a a [
g E Lo _“_E:"‘-""—ﬁ:
= .
S s e
_1 | = "‘-u-...."_‘_-“'
. | B | -2 L i 1 i 1
2000, 0.2 0.4 0.6 0.8 1 0 2 4 6 E 10

z[m] Frequency [GHz]
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Exanmite s Ofr tiagnsver se wakesikapedances Je'e,
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A Numericalapproach
A Sameasin the longitudinalplane

A Asin the longitudinal case,sometimesit is usefulto approximatethe impedancewith one or more resonators(e.g. one broad
bandresonatorin the caseof the kicker)

b Anexample A (simplified)kickermadeof two ferrite plates

: Horizontal impedance 7 Res (w) = Wy By (a,y)
dxm . . _ . _ T,y W) =
w , w Wy
v F ™ I1+iQ( — — —
R, | Wy W
E
N S P e R e R 2 =
& N w o2 . wz ]
E ; —Re(z2™)| | Res S(x—?i)r exp (—) sin (—) if z<0
-3 —--Im(z™) W0 (z) = Qw ¢ C
al —ReZS | | 0if 2>0
~ ===Im(Z2*)
% 2 4 5 8 0 _ Wr - 2 2
Frequency [GHz] oy — @ W = Wy — Oy

N
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We haveseenthe definition of transversewake fields and how they canbe classifiedinto constant,dipolar
andquadrupolarwakefields.

We havediscussedhow to calculatethe transversewakesandimpedances

We will now look into how the impact of wake fields onto charged particle beams can be modeled
numericallyto preparefor investigatinghe different typesof coherentinstabilitiesfurther along

Part 3: Multiparticle dynamics with wake fields their different types and impact on transverse beam
dynamics

A Effecton abunchandtransversen LJ2 { Svllidiatdrtiond
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A Single traversal of a bunch through an impedance source

Particle i Particle | ) Wea(zi — 25)
receives kick excites / €
/,\ L {,CiWQx (Zz — Zj)
™~

v Wee(zi — ])

Ny Ny

<A${3unch> — Nb52EO Z Z x] WD.T( T )
ImHE L iWoa(2i — 2j)
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Transversenimpedance-kick oo

A Single traversal of a bunch through an impedance source
Al SGQa yS3ftSOG GKS | dz R NdirlIcksloNpadidie} iBslidtey FANBRG Ayadl

| lice |
TN
\\ /// N 7
L~
(N
Ay = =g NI Woel(i = )A2] 4+ (@) [IWpal(i — /)]
Az = — g D NU Weal(i = )A2) + () IWDal(i — /)4

N
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Transversenimpecance kick do'e

The CERN Accelerator School

A Single traversal of a bunch through an impedance source
Al SGQa yS3ftSOG GKS | dz R NdirlIcksloNpadidie} iBslidtey FANBRG Ayadl

A)
B)
C) B
\\‘\ /‘///_k \.\ /
e
e SO P
ol ~ ¥
\.__—o/
D)

Ax = —

1
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A Single traversal of a bunch through an impedance source
Al St Qa yS3f SOl GKS I dz R NdlmlIcksioNpartidie} iBslidey FANBR G Ayadl

o %0 L ¥ @ o p
e S o i
O%Jo o &
lice |
exciltes
TN
™~ // i
\ // / 1 Nsllces
~+*] \ / <ACB bunch — ﬁ Z Amz
\../ i=1
NTi] = \(2)d=z 2

(AT ) buneh = Nb62EO / dz/ Y [Wee(z —2") + (2) (2 YWpe(z — 2)] d2’

J \ J
Y

£/ 2yail ,yfmole tydeA O Kick dependent on <x>guadrupole
associated to a closed orbit distortion type, associated to a detuning

CERN
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A Single traversal of a bunch through an impedance source
Al St Qa yS3f SOl GKS I dz R NdlmlIcksioNpartidie} iBslidey FANBR G Ayadl

(A2 Younen =~z [ Moz [ M) WX» ¥ <x><zmx /)]

Az’ _ e %S (0)2m (2 d
(B2 Yumer = =3 [ 1A@) P [ Za ()] do
Az’ __€C%0 [ 5 N2m iz d
( ﬂ?)bunch——NbEO [A(w)|*Im [Z pg (w)] dw
) e’c’zg [ <, |
(AZ ) punch = — N, B, A(w)]? [Im[Z pg(w)] + Im[Zg, (w)]] dw
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Transversevwakes e healyndynamics Je'e,
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A Same approach as in the longitudinal plane to build the impedance model of a machine

A For simulations, the impedance is lumped in one place and kicks to beam particles are applied once per turn, with
linear matrix transport between turns
A One word of caution: The effect of the transverse impedance results in a combination of atgijpekend quadrupoldype kick,

therefore the beta functions at the real locations of the impedance source has to be taken into account when combining
wakes/impedances

Az’ = —

/ /
X
B2 Eq
CE?W 1954-2024
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featof a transwetsdmpedaneeon abundh Jo'e
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SPS ring Single Gaussian bunch
C =6900 m s,=0.2m (0.67 ns)

Constant horizontal wake from a kicker
(non-axisymmettric)

Two examples:
Frozen synchrotron motion

or

Single RF system

w = 200 MHz
v, max= 3 MV
2
Az’ = _ﬁsEo /)\(z’)Wg;Cker(z —2"d7
AFE = eVi(2)
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Ax'[i] = iz
—

7=0

53 DNl Weli - )

_/

V
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Dipolar termA orbit kick
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Exame s constantwakes

0.0010

0.0005

~3  0.0000

—0.0005

—0.0010

~004 -002 000 002 004
x|m]
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0.02 o .
Closed orbit distortion

£ 0.00 O~

-0.02

—-0.04

—1.0 —-0.5 0.0 0.5

(& o
\ 13.11.2024

XL

YEARS /ANS CERN

0.004

0.002

0.000

—0.002

—0.004

0.10

0.05

gL

The CERN Accelerator School
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Exanmpie s constantweake svwtithysyneftrotronometion
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We haveseenhow the impactof wake fields on chargedparticle beamscanbe implemented numericallyin
an efficientmannerviathe longitudinal discretizationof bunches

We haveusedthe simulationmodelsto showorbit effectsfrom transversewakefields.
We will now look at sometransverseinstabilities.

Part 3: Multiparticle dynamics with wake fields their different types and impact on transverse beam
dynamics

A Someexamplef beaminstabilities
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9 )
. e , . .
Aw,[z]:—mqﬂzczC ZN[J] <£B>[J]WD:U[Z_J]
“ =0 —
N A 4
Offset dependent orbit kick
Dipolar termA orbit kick A kicks can accumulate

A Without synchrotron motion:
kicks accumulate turn after turgthe beam is unstabléd, beam breakup inlinacs instabilities much faster than
synchrotron motion, e.g. close to transition crossing
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Effect ofditpdienwakes anpa palticlenbbnch (de'e,
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Aa'll] = = 3N (@) Wi = j

— - 2 o

A\ 4

Offset dependent orbit kick
Dipolar termA orbit kick A kicks can accumulate

With synchrotron motion
we can get into a loop

A Without synchrotron motion:
kicks accumulate turn after turgthe beam is unstabléd, beam breakup inlinacs instabilities much faster than
synchrotron motion, e.g. close to transition crossing

A With synchrotron motion:

A Chromaticity = 0
A Modes related to longitudinal motion appear in transverse motion
A Existence of an instability threshold

Al KNRYFGAOAGE  n
A HeadtailmodesA beam is unstable (can be very weak and often damped bylinearities)
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Effect ofdlipolenwakesnanma matticlenhbinch oo

Ax'li) = ————— S IN[j] @) ] - Wpali — J]

myB32c? C =
——=7 ~
Offset dependent orbit kick

Dipolar termA orbit kick A kicks can accumulate

With synchrotron motion
we can get into a loop

A Without synchrotron motion:
kicks accumulate turn after turgthe beam is unstabléd, beam breakup inlinacs instabilities much faster than
synchrotron motion, e.g. close to transition crossing
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=

SPS ring Single Gaussian bunch
C =6900 m s,=0.2m (0.67 ns)

E,=25 GeV

Dipole horizontal wake in the form of broad
band resonator

Frozen longitudinal motion or crossing
transition hF n 0

N
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Dipole wake g beam threalup
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Measurementbat CERN PS de @)

The CERN Accelerator School

A Beambreakup type instabilitieshavebeenseenin the CERNPSwhen crossingransitionwith highintensity
beams
0.4 -

1.% 1077 1.5%10°7 2% 1077

-04lL
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Measurementat OBERN PS 0D
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A Beambreakup type instabilitieshavebeenseenin the CERNPSwhen crossingransitionwith highintensity

beams
A To increasethe intensity reach, it is necessaryto crosstransition more quickly, gammajump scheme
implemented
7.5 TC.)F
7.0}

6.5}

6.0+

55¢

5.0

4.5¢

4050 =40 —30 =20 =10 0 10 20 30
t (ms)
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Effect ofdlipolenwakesnanma matticlenhbinch oo

Ax'li) = ————— S IN[j] @) ] - Wpali — J]

myB32c? C =
——=7 ~
Offset dependent orbit kick

Dipolar termA orbit kick A kicks can accumulate

With synchrotron motion
we can get into a loop

A With synchrotron motion:

A Chromaticity = 0
A Modes related to longitudinal motion appear in transverse motion
A Existence of an instability threshold
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ffectof a transvetsampedianeson abunch deo'e
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SPS ring Single Gaussian bunch
C =6900 m s,=0.2m (0.67 ns)

Dipole horizontal wake in the form of broad
band resonator

Single RF system
w = 200 MHz
Vmax=3 MV

AFE = eVi(2)

N
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Dipole wake g below imnstaibiy: tiheeisthiald

A Bunch is stable up to a certain intensity, € N,,)
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Cahetentrmadesfafthedauhch deo'e,
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A Bunch is stable up to a certain intensily, & N,,,)
A Fourier analysis of bunch centroid reveals the existence of many modes

Spectral power
[normalised]
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o
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Caherentmaodes fahtheusynch

A Bunch is stable up to a certain intensity, € N,,)

A Fourier analysis of bunch centroid reveals the existence of many modes
A Separated byv, at very low intensity
A Shifting closer to each other for increasing intensity and eventually merging

Mode number
5

0 1 2 3 4 5
Intensity [1ell ppb] lell

N
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Dipole wake g aboveimsiabitity thresiiold Je'e,
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When the two modes merge afast | 38
. .y . o Y B
coherent instability ariseg the transverse| g's
mode coupling instability (TMCI) which| § 5 *°
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Dipole wake g aboveimsiabitity thresiiold
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A Modes exhibit a complicated shift pattern depending on the bunch parameters

A The shift of the modes can be calculated Wiasovequation, analytical expression available for low intensity

1 S 2w~ we)
T+ L) N2,y po
(5) _ _ ~ [ 2 x,y P
2 wp = lws & Ar 21 myyCo, oo
Z h,g (w' — wf)
p=—00
W' = pwoy + Wiaz,y + lws
I, W &€
we = S,y Wpa,y
U
2
7 .
hi(w) = [ ”1'/2{77/0)} parabolic
wz/c
21 252
hi(w) = (waz) exp <_w 20z> Gaussian
c c

Spectra of [fw- w,) and real + imaginary part of a bread

band impedance
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A Modes exhibit a complicated shift pattern depending on the bunch parameters
A The shift of the modes can be calculated Viasovequation

1 P L
2 1-2 .
Simplified calculation
Q for a short bunch
=1

-2 i=-2 =
1 | I
0 0.1 0.2 0.3 0.4
Rough criterion for instability threshold is when Full calculation for a long SPS bunch (red lines) +
D W |=o=WJ2 macroparticle simulation (white traces)
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