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1 Calculation Methods

1.1 Direct Time Domain Calculation

a) calculation window
b) dispersion

e.g. FDTD - method with particle tracking
PIC codes (Particle In Cell)
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a) calculation window

linear motion
( v = c0)

curved path

ZSw −∝

S = path length
Z = chicane length

σ∝w
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b) dispersion

numerical integration:
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L Ro = 24 0
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e.g. σ = 100µm, R0 = 1 m,� ∆ ∝ 3µm

algorithms with low numerical dispersion needed:

α) compensation for one direction of propagation

β) higher order algorithms error N+1

N∆∝
σ
oL

∆ = step width
N = order of integration (e.g. FDTD N=2)

error
N+1
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σ
oL e.g. FDTD: 1~3

2
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σ
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typical interaction length:
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1.2 Retarded Sources

a) point charge (Liénerd-Wiechert fields)

exact solution known;
problems: very fast time structure of 1-particle field

singularity at source point
0

3
0 cR γτ ∝ very many

particles needed;

b) distributed sources
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problems: J and ρ have to be known for all points (x,y,z,t);
3d integration for every observation point

�
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c) simplified distributed sources

source distribution

ensemble of simplified source distributions
“sub-bunches”

tracking of test particles
initial conditions

fields paths of
sub-bunches

(self consistent
simulation)

computer codes: N.N. (R.Li, Jefferson Lab)
TraFiC4 (M.Dohlus, T.Limberg DESY, A.Kabel SLAC)
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( )Φ−Φ++∆=∆ � 0000 CSR KqdtKqKK ��

1.3 Tracking

a) partial cancellation of transverse forces

Transverse Effects of Microbunch Radiative Interaction
Y.S.Derbenev, V.D.Shieltsev

�

� xFK
xnKx

+∆=−+′′ )( 2

K(s) = 1/R0(s) = curvature

Fx(s,x,t) = transverse force

∆� = energy offset

AvKqFx

�

�

⋅+= ... 0

Φ = scalar potential

A
�

= vector potential

singular for 1D beams (~ln(r))
singularities cancel !



Martin Dohlus Deutsches Elektronen Synchrotron ICFA Workshop Jan. 2002

�

� xFK
xnKx

ˆˆ
)( 2 +∆=−+′′

approach 1 (TRAFIC4): calculate forces, solve EOM

�

� xFK
xnKx

+∆=−+′′ )( 2

avoid singularities:
real transverse beam dimensions have to be taken into account

“cancellation”:
Fx calculated by field solver
∆E calculated by EOM solver

approach 2 (R.Li): modified LHS, EOM

�+Φ+∆=∆ dtKqKqKK CSRˆ
0000��

Φ−⋅+= 00...ˆ KqAvKqFx
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“cancellation” calculated by field solver
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b) self consistent tracking

1tt =

source distributions
track particles

calculated path
for t ≤ t0

extrapolated path
for t > t0

(only magnets)

� extrapolated fields for t > t0 ; tracking step

calculated path
for t0 < t ≤ t1

t = t0

t = t1
calculated path

for t ≤ t1
new extrapolated path

for t > t1

�<∆ εr
� new step

ε≥∆r
�
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principle:

problem: EM fields generated by the bunch

e.g. energy loss of the bunch due to CSR

∆E=f(particle position), bump is not closed → emittance growth

example: bunch compressor
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1 m

without self-interaction

with self-interaction

1 mm
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1 m
80 particles, self consistent
1000 particles, tracked in field of 80 particles

1 mm

80 particles, self consistent
1000 particles, self consistent
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80 particles, self consistent
1000 particles, self consistent

longitudinal phase space

1 mm

1 %

s

0�

�∆

80 particles, self consistent
1000 particles, tracked in field of 80 particles
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1.4 1D-Approach

neglect transverse forces
neglect transverse beam dimesions

neglect Φ:
neglect deformation of retarded distribution: λ(s,t’) ≈ λ(s-c0t)

(local rigid bunch approximation)
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e.g. Elegant
M. Borland
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� −−≈ ))((),( 0)sub( tctzsqts ννλλ

1)()sub( =� dssλ

� +≈ ),(CSR),(CSR 0)sub( cztsqts νν

or: sub-bunch approach

pseudo Green’s function

sdssKtcsts ˆ)ˆ,()ˆ(),(CSR 0)sub((sub) � ′−′= λ
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e.g. benchmark example
gaussian bunch
q = 1 nC, � = 500 MeV, σ1 = 200µm

benchmark example
gaussian bunch
q = 1 nC, � = 5 GeV, σ1 = 200µm

1σs
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modulated gaussian bunch
q = 1 nC, � = 500 MeV, σ1 = 200µm
initial modulation = 10 %
initial wavelength = 200µm

� = 5 GeV
same initial distribution

1σs
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µmmodλ

G

� = 5 GeV

� = 500 MeV

wavelength after compression
σsub = 0.2µm

small signal gain

benchmark example
q = 1 nC, σ1 = 200µm, σ

�
=0

maximal gain limited by: uncorrelated energy spread
�

�
σπλ 56max 2 R≈

e.g.: µm3102,cm5.2 max
5

56 ≈→⋅== − λσ
�

�R

sub bunch length of numerical simulation
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small signal gain,
no compression,
� = 5 GeV
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2 Effects

2.1 Compression Work

2.2 Surface Impedance

2.3 Longitudinal Field

2.4 Transverse Effects
2.5 Transients

2.6 Shielding
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2.1 Compression Work

)()(
2

),(
2 rz

rz

rgzg
q

zr σσ
σσπ

ρ =

( ))(21)(
2

),(
0

rz
z

r rgzg
r

q
zrE σπσ

σπε
−=

),(),( 0 zrEczrB r=ϕ

∞→γ

zR σγ />>

��
�

�
��
�

�
=+=

rz
metot

Rq
WWW

σσεπ 5.1
ln

4 0
23

2



Martin Dohlus Deutsches Elektronen Synchrotron ICFA Workshop Jan. 2002

�

R = 1 cm
σz = 200µm
σr = 100µm
q = 1 nC

σz = 20µm

Wtot = 0.107 mJ Wtot = 1.065 mJ

∆Wtot = 0.958 mJ

CSR: R0 = 10 m, σz = 20µm, L = 0.5 m

P = 375 kW P L/c0 = 0.625 mJ

compression work change of potential energy
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2.2 Surface Impedance
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Longitudinal CSR Field of a Thin Beam
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Longitudinal Field of a Thin Beam on a
Circular Path
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CSR Field of a Tilted Thin Beam
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… CSR Field of a Tilted Thin Beam
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2.5 Transients

retarded particles, seen from the head particle:
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Example:

arc radius R0 = 10 m

arc length L = 1 m

γ = 104

bunch length σ = 100µm

bunch radius 10µm

for Lo << s − sexit << Lγ

( )exit0
|| 4 ss

E
−

−≈
πε

λ

ms

cER0

Φ

potential in center of bunch

ms

centrifugal

longitudinal

field in center of bunch

cE

BvE
�

�

�

×+

m621.0243 2
0o ≈= σRL
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Transient Longitudinal Field: Injection
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Transient Longitudinal Field: Ejection
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2.6 Shielding

h

path

mirror charges:
...

...

-q
q

a) shielding by horizontal conducting planes:

general path
transient effects
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1.2ˆcm1µm,100m,100 =→=== hhR σ:e.g.

Shielding: Longitudinal Field
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1σs
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λ sc) benchmark example

(1D approach):

gaussian bunch
q = 1 nC, � = 500 MeV, σ1 = 200µm

→ σ2 = 20µm

shielding by horizontal
conducting planes, h = 1cm
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gaussian bunch
q = 1 nC, � = 500 MeV, σ1 = 200µm

→σ2 = 20µm

s/σ2

2σ
x

no shielding

h = 1cm

-c0t/σ
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no shielding

h = 1cm
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no shielding

h = 1cm

σ = 100µm


