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Fundamental FEL Equation

with s = bunch coordinate
S = beamline coordinate

f.i. S  2200 m (start of SASE1)

s s

bunch current / A
Energy / GeV    λFEL / λFEL

5 MeV

but     =   (s,S)

0.06 % 



SASE and Seeding
single shot averaged

self seeding scheme:

 0.1 %
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Before the Undulator
accelerator and bunch compression system

beamline coordinate



after 1st module after BC0

s s

s s

bunch coordinate

energy ~ 150 MeV energy ~ 130 MeV

bunch current ~ 42 A bunch current ~ 155 A
Q = 1 nC



s s

s s

bunch coordinate

after BC1 after BC2
energy ~ 700 MeV energy ~ 2.4 GeV

bunch current ~ 1.2 kA bunch current ~ 5 kA
Q = 1 nC

30 MeV



s s

s s

bunch coordinate

energy ~ 17.5 GeV energy ~ 17.5 GeV

before collimator after collimator

more wakes

before undulatorbunch current ~ 5 kA is frozen
Q = 1 nC

λFEL / λFEL

5 MeV 0.06 % 



Before the Undulator: Impedance Budged
accelerator wakes for Q = 1nC

19%

42%
4%

2%
1%

1%
1%

10%

14% 2%
4%

COL CAV TDS
BPMA OTRA BPMR
TORAO KICK PIP20
PUMCL FLANG

cavities

loss
collimators“warm” pipe

about 2000 components
824 cavities (including TDS)
500 flanges
220 BPMs (5 types)
78 pumps
20 OTR screens
7 collimators
5 BAMs
3 kickers
warm pipe
…

total energy loss  35.3 MeV
total energy spread  15.4 MeV

TDS

KICK



fast kicker (in beam distribution system)

ceramic pipe with thin metallic layer
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In the Undulator
SASE1

beamline coordinate



example: LCLS

beamline coordinate
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taper undulator parameter 
to compensate energy loss



Undulator chamber

intersection

SASE1:
Ltot = 225 m
Lact = 35 × 4.96 m = 174 m



Intersection

absorber bellow

pump

BPM

quadrupole

undulator chamber



European XFEL, Undulator chamber & Intersection
SASE1:
Ltot = 225 m
Lact = 35 × 4.96 m = 174 m



energy spread

80.5/412

274 /412

SASE1 undulator (one of 35 sections) for Q = 1nC, Ipeak = 5 kA

elliptical pipe

surface effects

total energy spread (per section)  412 keV
elliptical pipe  274 keV (pure surface effects)
surface effects  331 keV
geometric effects   80.5 keV

geometric effects

Abs

Round P.

BPM



surface effects

15

8.8elliptical pipe

undulator chamber

• shape: large cross‐section (mirror currents & pumping) +  small gap (undulator)
 elliptical pipe

• material: frequency dependent conductivity + anomalous skin effect
 aluminum profile

• more surface effects: roughness + oxide layer
 very tight tolerances 300 nm + 5 nm in undulators

1000 nm + 5 nm in BC chambers

3.5 nm, oxide layerroughness

 75 %

 25 %
of surface impedance



roughness
AFM treatment on a 5 m long test chamber
measurement preparation and equipment 

sample of half undulator chamber

sketch of sample preparation

Mitutoyo (Surftest SJ‐210)



entrance of the chambercenter of the chamberexit of the chamber

target: Ra = 80 nm  rms  100 nm

result  of the AFM treatment on a 5 m long test chamber polished with unidirectional flow

results show that it is essential to polish in both directions



absorber pump flange connections
(pinned)

bellows (pipe with gaps) beam position monitor

geometric effects

a good survey and alignment concept is essential due to the small aperture of the beam pipe!

cu



optimize geometric effects
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round pipe, R = ?

L = 4.6 m



Summary

my special thank to Igor Zagorodnov
Guangjao Feng
Sven Lederer
Torsten Wohlenberg for their support and material

challenging beam dynamics before and in the undulator

high peak current
low transverse emittance
low correlated energy spread

before the undulator: about 2000 components, ●, major sources are

cavities
collimators
warm pipes (L3 to undulator)
fast kickers (beam distribution system)

undulator and intersections: geometric wakes  optimized geometry, ●
surface effects material, roughness, oxide layers

● carful design of all geometric details:  flanges, pumps, steps, diagnostics, …
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SASE1

collimator
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Bunch Compression

longitudinal
phase space

42 A, 150 MeV 155 A, 130 MeV 1.2 kA, 700 MeV

5 kA, 2.4 GeV 17.5 GeV

sbunch coordinate

30 MeV

30 MeV
λFEL / λFEL



Before the Undulator: Impedance Budged
accelerator wakes for Q = 1nC
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 8.2 MeV

accelerator wakes for Q = 250 pC

33%

22%4%1%
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COL CAV TDS

BPMA KICK PIP20

PUMCL FLANG

collimators

cavities

“warm” pipe
loss

Before the Undulator: Impedance Budged



N element geom loss geom spread loss spread

kV kV kV kV

1 elliptical pipe 0 0 239 274

2 pump 4,4 4,5 9 10

3 absorber  round transition 69 27 70 28

4 round pipe 0 0 22 32

5 below 24 9 25 10

6 BPM 42 17 70 34

7 below 24 9 25 10

8 round  elliptical transition 36 14 36 14

199,4 80,5 496 412

energy spread

80.5/412

274 /412

SASE1 undulator (one of 35 sections) for Q = 1nC, Ipeak = 5 kA

elliptical pipe

surface effects


