
⊲

⊲

⊲



K K ′ βc z






x′

y′

z′

ct′




 = ML ·






x
y
z
ct











p′x
p′y
p′z

E′/c




 = ML ·






px
py
pz
E/c






ML =






1 0 0 0
0 1 0 0
0 0 γ −βγ
0 0 −βγ γ




 M−1

L =






1 0 0 0
0 1 0 0
0 0 γ +βγ
0 0 +βγ γ






z′ = 0 → z = βγct′ ct = γct′ → z = βct

S̃ = (x, y, z, ict) P̃ = (px, py, pz, iE/c)

|P̃ | =
√
P̃ · P̃ = imoc



P =

(
e

moc2

)2
c

6πεo

(
d~p

dt

)2

(aA)

d2P
dφ dθ

∼ bBM2 θ
⊥

P̃ = [~p, iE/c]

P̃a · P̃b = ~pa · ~pb − EaEb/c
2 −→ P̃ 2 = −moc

(

d~p

dt

)2

−→
(

dP̃

dt′

)2

=

(

d~p

dt′

)2

− 1

c2

(

dE

dt′

)2

t
′
=

1

γ
t

d~p/dt′ ‖ ~p →
d~p/dt′ ⊥ ~p →



E2 = (moc
2)2 + (pc)2 → dE

dt′ = βc
dp

dt′ (1 − β2) = 1/γ2

(
dP̃
dt′

)2

=
(
d~p
dt

)2

= (e ~E)2

| ~E| = 25 JofK −→ P = 10−16 q
1 K 25 J2o 2 µ2o →

dE/dt′ = 0 −→ d~p

dt′ = γ
d~p
dt

dp
dt

= mv2

R
= pv

R
= βpc

R
= β2E

R(
dP̃
dt′

)2

=
(
β2γE
R

)2

−→ P = e2c
6πεo

(
E

moc2

)4
β4

R2 (aA)
Uo = P 2πR

c

β ≈ 1 −→ Uo (F2o) = 1033
e

3εo

(
e

moc2

)4

︸ ︷︷ ︸
88.5

(E (:2o))4
R (K)

2.4 :2o R = 5.7 K −→ Uo = 512 F2o
I = 400 K� → P = Uo · I = 205 Fq →



x −→ y z

β = 1 y p′y = E′
c

pz = 0

py = p′y pz = γE′
c
= γp′y

i�MΘ =
py
pz

= 1
γ

6 :2o −→ Θ = 85µ`�/
1 +K 60 K

−→



→

−

∆t =
2RΘ

cβ
− 2R bBMΘ

c

−→ Θ ≈ Θ − Θ
3

6 ,
1
β
= 1√

1−1/γ2
≈ 1

1−1/(2γ2)
≈ 1 + 1

2γ2 −→ ∆t =
4R

3cγ3

=⇒ ν = 1
∆t

Ẽ = hν = 3hc
4R γ3

1a_6 6 :2o R = 23 K −→ Ẽ = 65 F2o



dP
dω

= P
ωc
S
(

ω
ωc

)

(Ẽ = ฀hω)

Ẽc ωc

∫ ωc

0

dP

dω
dω

!
=

∫ ∞

ωc

dP

dω
dω

Ẽc = ฀hωc =
1
π
Ẽ

−→ BR = p/e −→ Ẽc (F2o) = 1015
3hc2

4πe

(
e

moc2

)3

︸ ︷︷ ︸
0.665

B (h) (E (:2o))2



1.4 h, 2.4 :2o
→ Ẽc = 5.4 F2o



B = =

[B] = T?QiQMb
.

"q = ∆Ẽ

Ẽ

B ∼ 1
ǫx ǫy

−→

ǫx = 5 · 10−9 `�/ K ǫy ≈ 5 . . . 10 · 10−12 `�/ K
−→ σx = 45 . . . 160 µK σy = 2 . . . 8 µK

→
→
→
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The radiation equilibrium 
  Horizontal emittance in electron storage ring:  

      ¯radiation damping¯  Þ  equilibrium   Ü ­quantum excitation­ 

independent from initial conditions ! 

double violation of Liouville’s theorem 

      friction (damping)    stochastic single particle effect 

 

ò 
how to 

ñ maximize this  -- and --  minimize this ñ 

6. Synchrotron Radiation Storage Ring based Light Sources 
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How to minimize storage ring emittance 
u Maximum radiation damping (ü) 

n increase radiated power ð pay with RF-power 

w High field bending magnets? ð quantum excitation higher too û 

w Damping wiggler:    S |deflection angles| > 360° (ü) 

u Minimum quantum excitation  ü 

n keep off-momentum orbit close to nominal orbit 

 

 

ð minimize dispersion at locations of radiation (bends)  

w Horizontal focusing into bends to suppress dispersion. ü 

w Multi-Bend Achromat (MBA)  
many short (= low angle) bends to limit dispersion growth. ü 

w Longitudinal Gradient Bend (LGB)   
highest radiation at region of lowest dispersion and v.v. ü 

 

pp

X

D
==

momentum

orbit
Dispersion d =Dp/p 

6. Synchrotron Radiation Storage Ring based Light Sources 
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Swiss Light Source SLS 

Andreas Streun, PSI

4 days 

1 mA 

90 keV  

pulsed (3 Hz)  
thermionic  
electron gun 

Synchrotron (“booster”) 
100 MeV ® 2.4 [2.7] GeV 

within 146 ms (~160’000 turns) 

100 MeV  

pulsed linac 

2.4 GeV storage ring 
ex = 5.0..6.8 nm, ey = 1..10 pm 

400±1 mA beam current 
          top-up operation 

shielding  
walls 

transfer lines 

Current vs. time 

Electron beam cross 

section in comparison to 

human hair 

6. Synchrotron Radiation Storage Ring based Light Sources 
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SLS history 

   1990  First ideas for a  
  Swiss Light Source 

   1993 Conceptual Design Report 

June  1997  Approval by Swiss Government 

June 1999  Finalization of Building 

Dec.  2000  First Stored Beam 

June 2001  Design current 400 mA reached 
  Top up operation started 

July  2001  First experiments 

Jan.  2005  Laser beam slicing “FEMTO” 

May  2006  3 Tesla super bends 

  2010 Completion: 18 beamlines  

Swiss Light Source 6. Synchrotron Radiation Storage Ring based Light Sources 
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The SLS-2 upgrade project 
SLS upgrade 

SLS-2 

u Reduction of emittance to 100 pm×rad 
  (factor 50 lower compared to SLS-1) 

u Miniaturization of vacuum chamber and 
magnets: 65 mm ´ 32 mm   ®  Æ  20 mm  

u 7-bend achromat arc using longitudinal  
gradient bends up to 6 Tesla peak field 

u Conceptual design report 2017 
prototype phase 2018-2020 
new storage ring installation 2021-24  

 

6. Synchrotron Radiation Storage Ring based Light Sources 
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Free Electron Laser 
Undulator radiation travels with beam, 

acts like accelerating RF-field. 

ð microbunching 

bucket formation at radiation wavelength 

ð coherent radiation 

bunch < wavelength ® radiates like 

one super-particle. Radiated power: 

incoherent    P ~ Ne2 

coherent  P ~ (Ne)2  

ð self-amplification 

exponential increase of power with 

path length P ~ es/Lg 

Lg
 = gain length 

Power saturation at » 22 Lg
  

Peak brightness of FELs 

compared to storage rings 

6. Synchrotron Radiation Free Electron Lasers 
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FEL schemes 

Oscillator  
not for X-rays  

(no mirrors available) 

 

SASE  
Self Amplified Spontaneous Emission 

start-up from noise ® unstable 

 

Seeded FEL 

microbunching initialization  

by external laser 

S. Werin, Tutorial on FEL,  
http://cas.web.cern.ch/cas/BRUNNEN/Presentations/PDF/tutorial-on-fel-011005.pdf 
 

6. Synchrotron Radiation Free Electron Lasers 
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(X-ray) FEL layout 
6. Synchrotron Radiation Free Electron Lasers 
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SwissFEL at 
6. Synchrotron Radiation 

Phase 2, 2017-19 
Phase 1, 2012-17 

715 m 

Aramis: 1-7 Å hard X-ray SASE FEL. 
Pilot experiments since mid 2017. User operation from end 2018.  

Athos : 
(2nd phase) 

7-70 Å soft X-ray FEL for  SASE & seeded operation .  
User operation 2020. 

Beam parameters:  
 Emax= 5.8 GeV  en = 0.35 mm       DE = 350 keV  

 Q = 10..200 pC  Ipeak = 3 kA      100 Hz rep.rate 

Free Electron Lasers 
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SwissFEL 

PSI-West 

PSI-East 

http://www.psi.ch/swissfel/ 

SLS 

6. Synchrotron Radiation 

Status Oct. 2017 

Construction and 
commissioning going on 

Delivery of linac 
modulators in progress: 

à energy 1.9 GeV 

(final energy 5.8 GeV) 

Pilot experiments at 1 keV 
(1.2 nm wavelength) 

 

Würenlingen 

forest 

Free Electron Lasers 


