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Long-scale collective effects on the
beam longitudinal phase space
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Refresher on general concept of wakefields:
1.  “time-domain " description
2. “frequency domain” description, impedance.

Short-range rf wakefields in the accelerating structures
1. Models for short-range rf wakefields

Impact of short-range longitudinal rf wakefields on beam
dynamics

1. Energy loss

2. Energy chirp

3. Bunch profile shaping

Coherent Synchrotron Radiation (CSR)



RF Wakefields: the pictorial view.

Electric fields induced by passage of bunch through rf structure:
four snapshots in time
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Wakefields: a brief intro

« Two aspects of the problem
1.  Wakefields (i.e. E&M fields) generation?
2. Effects of fields on beam dynamics.

* How do wakefields affect the beam dynamics?
— kicking a particle transversely Ey, E,, (%, x B) , (%, x E)y

— Changing a particle energy E,

*  Woakefield are complicated functions of time and space ( remember picture in
previous slide)

— Usually what counts is the integrated field, as seen by a test particle at fixed
distance from the source particle (ultrarelativisitc approx.) -> concept of
wakefield potential

— Integration (over length of the structure inducing the fields ) washes out some of
the complicated behavior

— Here we are interested in short-range fields (generated by and acting on particles
in the same bunch).

— Bunch-to-bunch interactions (long-range wakefields) can also be important



Concept of rf wake potential (or point-charge wakefield)

E-field experienced by

Longitudinal wake potential test particle (along direction
(space-integrated e-field over charge) / of motion)

1 [t s + |Az|
w,(|Az]) = ——f ds E, (s, t = 1271
ds Jo

/1 c
Long. separation Source-particle
between source charge
and test particles “” sign: Source particle enters rf structure
a matter at time t=0
of convention

, . |Az]
Test particle trails —

behind at O—0O >

distance |Az| S

s=0 s=1L
Similarly: Transverse wake potential
(more on this later today)

— 1 L — g
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"Bunch” wakefield potential

1 (%2 s+ |Az| L1 v v
w,(|Az|) = — _j ds E,(s,t = ———— MKS units: =X m X — =~ (voltage over charge)
qJs, ¢
Note : dependence on transverse coordinates Energy change by test particle with charge qr = qs = q
is usually weak and negligible. — - — 2
AU = qr [ dsE, = —qrqsw, = —q°w,
Note on sign convention: w, > 0 means energy loss i.e. AU<0

/ . Az > 0 when test particle is behind source \
: Z
We are adopting @E Because of causality:
the convention

that the head Az=z-127 w,(Az) = 0ifAz < 0
of the bunchisz < 0 / '\
Coordinate of  Coordinate of (a test particle ahead of source
\ test particle source particle is not affected)

“Bunch” wakefield potential is the voltage drop experienced by a test particle in the bunch

VA
V(z) = QJ dz'w,(z — z)A(2") MKS units: of C X m X % x% = I/ (voltage)

/ \ Longitudinal bunch density
Bunch charge = Nq (no. part/m) normalized to unity [ dz' A(z") = 1 6



Loss factor and wakefield (diffraction) model for
array of cavities

Energy loss (gain) by particle along
bunch as beam travels through structure:

U(z) = —qV,(z) = —Nq* fz dz' w,(z — z") A(2")

(" The loss factor is characteristic of )
Total energy loss by bunch: the rf structure:
Uror = J U(2) A(2)dz k, = Utot

g J

« Example of wakefield potential: /nfinitely long array of rf cavities with
cylindrical symmetry (very relevant for FEL linacs)

Zy = 1207 Q C)
(vacuum impedance)

Zyc
w,(Az) =~ —ngz e VAz/d

2.4
Giving good approx. p
over wide range of parameters




Numerical modeling of longitudinal wake potentials:

E.g. the TESLA structures

Wakefield through 8-cavity TESLA cryomodule

Accurate determination of wakefield potential for actual structure design
can be done with specialized E&M numerical codes (e.g MAFIA by

T. Weiland et al.)

Fit numerical result with analytical model

Wake Potential/(V/pC)
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Short-range numerical wake is fitted
against analytical model:
_ —Jz/d
w,(z) = Ae V%
%4
A=415——- d=1.74mm
pCm
8-cavity cryomodl. active length L=8.29m
Weiland at al., TESLA Report 2003-19




Energy loss induced by wakefields along ¢, = 1mm bunches
(through 1m active length of 1.36Hz TESLA rf structures)

0 0
Q= InC Q=1nC
TESLA 1.3 GHz rf —wake TESLA 1.3 GHz rf—wake
-5 -5
El
= Uniform bunch Gaussian bunch
= —10 -10
= head head p
-3 =2 -1 0 1 2 3 -3 -2 -1 0 1 2
z (m) z (mm)
0 Wakefield potential model w,(z) = Ae V#/4
Q= Int UGZ)=Uy+ U, z+ U, 22+ U, 23
TESLA 1.3 GHz rf—wake (2)=Up+ Uy z+U; 2°+U; 2°+
5 X = lb/d
- A 4 3 0
= Up=—eQ=[1—=x+—ux%+-- Q>
= . 2 7 16
> Parabolic bunch 3A 4 1
2 — —p() — _ _ a2 ...
&‘/—10 A(Z):i<l—z—2> U1 eQ4lb<1 5X+3x =P )
D head 41{1’ l’b A 3
\ J — 2l _22 4.
Y U, eQ 4113 <x 4x S5 )
b Us = eQ@e-ﬂ(z +x) (exact)
b
-3 -2 = | 0 1 2
z (m) Utot =—3Q§(1—128\/2x+%x2+---)
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Other example: Longitudinal wakefield potential for
SLAC (LCSL) Linac

SLAC S-Band (2.856 GHz) Tesla L-Band (1.3 GHz)
0 0
Q= InC Q= InC
-20 SLAC (S—Band) rf—wake TESLA 1.3 GHz rf—wake
-5
£ _ E}
< < 10}
o —60 )
w,(z) = Ae V?/d
801 4= 270L \/ —15!
pCm
d=1.5mm
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2
z (m) z (m)

* Notice difference in magnitude
* SLAC S-band structure iris radius a~11.mm; TESLA 1.36Hz a~35mm

2
— Ratios of energy drop not quite the same as in the ratio (Z“’ﬂ) as predicted by diffraction
model . TESLA structures deviate more from model. LaeHe
* Note: steady state regime (expression above) is reached after a transient length on

a
the order L ~ —
20,4
10



The frequency-domain view: rf wakefield potential
expressed in terms of an impedance

The wake-field impedance is the Fourier transform for the wakefield potential.

I ; 1 vV v
Z(k) — Zf dz WZ(Z)Q_lkZ MKS: unltsm—/sxme=Z= 0O
0

N

starting from 0 because of causality

FT Inversion: w,(z) = éf_oooo dk Z(k)eikz

By the wa}y, why is it called impedance? It can be easily seen that it is the ratio of
the FT of voltage drop and FT of instantaneous current I(z) = NqA(z)

V, (k)

T




Effect of rf wake-fields on longitudinal dynamics

Wakefield-induced energy change , Ul z2 Uy’ 73
along bunch: U(z) =Uy+Ujz + > + A T oo

O-order: Total energy loss by bunch

— Usually not an important issue. Can be compensated by adjusting RF
structure voltage; can add significantly to heat load in SC structures ®

1st-order

— Affects the linear energy chirp of bunch. Can be compensated by
adjusting the RF structure phases. Typically not a problem.

2d order
— Affects the quadratic energy chirp.

3rd order and higher

— Usually much stronger than cubic (and higher order) nonlinearities from
RF structure waveform, it cannot be compensated. Contributes to
shaping current profile; will cause current spikes when pushing for
large compression factors.



Effect of RF wakefields: Inspect beam at exit of Linac Section + BC

Wakefields OFF

AE/(E) /%%
=

0.6
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Highlighting the 34 -order effect of RF
wakefields: appearance of current spikes

(FY=0.25005 GeV, N =0.125x10'° Moderate S-shaped (E)=0.25005 GeV, Ne=0.125><1010
3 : — o :

phase-space is 3
2/ associated with 2
1} ] an almost flat-top © 1

current profile

AEIE) %
L]
AEIE) %
o]

-0.04 -0.02 0 0.02 0.04

-002-001 0 001 002
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z /mm
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I =2.029 kA
vk

Strongly S-shaped
phase-space is
associated with

current spikes at the
edges
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Simple analytical model showing the condition for
appearance current spikes (details left as an exercise)

1. Start with beam model having

— parabolic charge

density

— vanishing slice energy spread and cubic chirp

before entering

3 z2
f(Z, 5) = _<1 - T) 51)(5 - h1Z + h323)
Entrance of BC Exit of BC
10§ Phase space 105 =
05: 05
% 00 < 00
-05- -05-
10 <. Cubic nonlinearity 10
due|to rf wakes —_—>
-10 =05 0.0 0.5 1.0 -10 =05 0.0 0.5 1.0
2/l 2flyy
15- Current pro#ile L5
Q10 2lpo . L0
< ' 2
0.0 0.0
-10 =05 0.0 035 1.0 -10 =03 0.0 0.5 1.0
2/l 2/l

2. Propagate beam phase-space
density through compressor

— Neglect 2" order effects
(assume linearizer has been set
so as to compensate them)

z' = 2"+ R566

5 =6
3. Find charge density of compressed
beam

4. Find condition for flat charge density

1

Ccrit =

If C > the beam density

3 h3Rselh,

in phase-space folds over and current
spikes will appear.
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The bright side of RF wakefields: they help with removing
the energy chirp after we are done with compression
LCLS Example

G MeWV 135 MeWV 250 MeWV 4. .54 GeVV : 141 GeV
o~083 mm o=~083mm o =~083 mm o~ 0.129 mam i o=~ 0.0Z mm
Limac-1 Linac-2 Linac-3 ;
Linac-0O I =~ 9 m . =~ 330 m I .~ 550m |
Z =G m Prp~—25° P~ —A1° P~ —10°
—|. -. existing linac | l-@/—\-l zlﬁu%%t?rl;
Laser 5 “mm
Heater

L3 Wakefield OFF

{E}=1.30006 GeV, N =0.125x10"" (Ey—13.75526 GeV, N€:0.125><1010 (Ey=13.74173 GeV, NE:0.125><1010
0.6 7
. (2)=0.01 0 min | . —0.011 i1 . zy=0.011 miil
oul Exit of BC2 - 2,15 Exit of L3 @ Exit of L3 @
: 0.1 :
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% [0} é\: 0 § 0
e 2 05l &
-0.1 4 [ .
o 0.05
‘ . ‘ , , , 0.15 ‘ . . ‘ ‘ . ‘
-5 0 5 10 15 20 -5 0 5 10 15 20 25 -5 0 5 10 15 20 25
z /mm x 107 z /mm %107 z fmm =
52:7.986 pm (Fwhm=24.404) 52:3_ 142 pm (fwhm=24.919) 5228.009 pm (fwhm=24.600)
I =1.632k T =4.296 kA I =1.562k
& 4t vk - Bk
al at
3r 3r 3
-t - <4
= =4 24
~ 2 ~ 2r ~ 2}
1r 1+ 1t
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Radiation effects (CSR) on longitudinal dynamics

 Radiation in the bunch-compressor dipoles is responsible for the
largest longitudinal collective effects besides the rf wakes

dipole
S P Closed-form analytical expression for
/@ electric field (along direction of motion)
head — Two particles on same trajectory path
tail @ Radiation — Uniform circular motion (steady-state)
Can catche up — Use expressions for retarded-fields
with electron ahead
v
E,lrad.] = — = — X f(x)
E, = E,[Coulomb] + E,[radiation] v 3 4mey R?
® 0.06
% 0
N 0 1.0 3 1
s 0-04 f®) = = 3img am
@ o 0
ot 14 /87 2 0.02
flx) =1 ‘?xz ~ 0.6 0.00
%
“~ 04 ~0.02
e 5 10 15
Important properties: 0.2 3R
f(x)=0forx <0 0.0 comoee N '

joof(x)dx —0 0 2 4 6 g8 10
0
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Example of CSR-induced energy loss along gaussian
bunch

Ne? 2 ® dz  dAZ
U(z) = - - 1 Rl/sij ' - 1/3 (Z')
Particles in the head 4me 33 ; (Z'—2) dz
gain energy
0.1 "4
2 \ Q = 300pC
= | Lg =1m
3 O head tail B
0 = 10
Particles in the head R=57m
-0.2 are not affected o
Ly, =715A
~0.15 -0.10 —0.05 000 005 010 0.15
Z (mm)
Total energy loss by Proportional to 1/3 power of bend radius
gaussian bunch f .
through dipole of length Ly Proportional to bend angle
R'/30
Upor = —0.028 x Ne2Zyc x —— = —0.16MeV
ag AN

Inversely proportional to 4/3 power
bunch length



Limitations to the steady-state CSR model and
other remarks

« Steady-state model doesn't account for transient
effects (in and out of dipoles)

” 0

Particle 2 is dipole Particle 2

not affected
while 1 is still
outside

continues to

be affected
after leaving
bend

Length scale for transient effects is L, =~ (24 R? ¢,)/3

* There are analytical 1D models accounting for transient effects, and implemented e.g.
in the code Elegant. Usually these are important and cannot be neglected.

« Effects of CSR on longitudinal dynamics are generally non-negligible but not as large
as those from the RF wakefields

« Inpractice, the rf se‘r‘rir(njgs will have to be adjusted to compensate for linear and
nonlinear effects induced by CSR

«  The most notable effect of the longitudinal CSR wake is on the transverse dynamics

- see tomorrow's lecture i,



Summary highlights

* Longitudinal wakefield potential

1 L
w,(|Az|) = —aj ds E,(s,t =
0

* Energy change induced by wakefields along bunch

U(z) = —qV,(2) = —quj dz' w,(z — z') A(Z)

— 00

s + |Az|

 Diffraction model for periodic array of cavities

ZOC . AZ/21 B 0.41&1'8g1'6
Z1 = p2'4

« CSR-induced energy change along bunch (steady state

model)
S~ Ne? 2 Lg(® dZ dA(Z)
(2) == 4mey 1 2 jz (z —2)1/3 dz

R'30,

state model)
Usor = —0.028 X Ne?Zyc X —
(v)

— Energy loss by gaussian bunch passing through bend (steady

N Wl



