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Total Flux F
number of photons
per time and energy interval

Spectral Flux
number of photons
per time, energy, and solid angle

Brilliance B

number of photons

per time, energy, solid angle
and source area

Peak brilliance Break

brilliance scaled to total pulse duration

[ F ]: Number of photons
S
[F]— Number of photons
s-0.1%BW

5]

Number of photons

semm? -mrad®-01%BW

peak
B = f

B T - pulse duration

- pulse frequency
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Undulators for PETRA Il
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Equation of motion in a wigglerlund
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Equation of motion:

- = v, 0
F=evxB= d_p_m07 dv with v =| 0 and B=|B,
dt dt v, B.
) << C
dv g

Y

— fceB 2
—yB Z x = fc = const y= pee Ocos[ ﬂxj
moy ' X z=0 &
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erence between wigglers and und f

B
o) :K with K = ;t”e

w

/”é‘\ . /4 27m ¢
w >
\_/ (K-parameter)

K=1-> 0,=radiation cone opening

K>1 - Wiggler

K <1 - Undulator

Wigglers
Incoherent superposition of bending magnet radiation.
Total intensity increases proportional to number of poles ( Flux «c N)



dulator Interference Condition f_‘

Period n Period n+1
N N
Ve
S S
N N
VWWWVWANARMVY
S S

Undulators

For special wavelength: Coherent superposition of amplitudes

A :=NA>I_ =Nl

Total intensity increases with number of poles squared ( Flux o« N?)



le velocity along Undulator/Wigg

y'(x)= %sin(z%ux]
: : 27
y=ypc and x=pfct and o, = P e leads to
5(0)= pesin(o,1)
/4
- (0)ail)
‘yj I A)'c(t)z C’i}f cos(2a)ut)
X 1 ,Bsz

w2 = (,Bc)z B )./2 Mean velocity <x> — C(l —
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27f ¢
Frequency in the Laboratory frame: w, = )
u
Frequency in the electron-frame: . y
(moving with B"c) w, =Yya, ( /Iu —> — )
Photon in the Laboratory frame: Transformation to electron-frame:
electron laboratory
pz 1 0 0 0 0
P, |01 0 0 || psin®,
p. 00 y —By||pcosO,
> E'/c 0 0 -8y ¥ E/c
P, z :
E*

(l—ﬂ*-w-cos(aoj

o A 1




yherence relation for undulator radia f_'

2 -2
Insert Expression for mean velocity B*c <x> = c[l — : {1 + PR D

2
with f=1 and cosO, zl—% (because O, = 1 << lj
/4

2
A= /1”2 1+K—+72®§
2y 2

Note: y = =1957- E[GeV]

7 =




Spectral width of an undulator ﬁ

Number of undulator periods =N, -

. : . o . N A
Wavetrain |u(f) = a-exp(iw,t)| with N, oscillations, duration: |7 = —**
C
Fourier Decomposition of this finite wavetrain:
7
Alw) = FT lexp( iot)-exp(io t)-dt = A
/2 A N,
H(0)=A%0)
. w—a ,
sin| zZN, u |
a @, |
_J w— @ |
27 N, » O :
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g of central radiation cone (angula

A K* AL 1
A=—"|1+—+y"0@] =
27/2 > y Y, and 1 Nu
K,N, 7
®central

v

—

Caused by the fact that energy spread cannot exceed the natural bandwith

2
1+K—

9 _ 2

central ~— y m
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Higher Harmonics f;
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Observed E-field Corresponding spectrum

I | I | I ‘
/\ /\ _ I f(t) = a?u + i (ay cos(kt) + by, sin(kt))
| k=1

ap = %f f(t) - cos(kt)dt for k>0

by = % f £(t) - sin(kt)dt for k> 1

electric field
spectral intensity

odd-numbered only

electric field
1
i
|
i
|
i
spectral intensity
I
]

Pinhole OFNOPF

Undulator f—=—"— > 0 Observer



Undulator Spectrum Summary
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For zero emittance

First Harmonic

‘/ ----- Rest System

3. ——— Laboratory System

N

Deviation from sinoidal path = higher harmonics

Line Broadening due to relativistic Doppler Effect for
Photons emitted with off-axis direction

Total photon flux in harmonic peak « N2
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Undulator Spectrum Through Pinhol

1.0E+15

Intensity (ph/s/mm?2/0.1%BW)

1.0x1.0 mm?2 pinhole @ 50 m

0.1x0.1 mm?2 pinhole @ 50 m

5.0E+14
0 5 10 15 20 25 30 35 40

Photon Energy (keV)

Machine: E =6.0 GeV, | =100 mA

e-Beam: 0O, =0.141mm, G, = 0.005 mm, o', =0.0071 mrad, o', =0.0018 mrad
Undulator: A, = 2.9 cm, N = 100,

K=22
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Undulator Tuning

0.95-n-E*[GeV] q

A lcm]- E [keV]

K-parameter

5 1.E+19
—«— 1. Harmonic
—m— 3. Harmonic
T . | —*— 5. Harmonic
9= = =1. Harmonic| | 1.E+18
- = = 3. Harmonic
. Harmonic
| | 1.E+17
05 ! . i :
13.368 keV  10.105 keV  }16.842 keV
0 ! ; : ‘ ‘ ‘ 1.E+16
0 10000 20000 30000 40000 50000

Zero Emittance Energy [eV]

On-AXxis Brilliance
[ph/s/imrad?*2/mm#2/0.1%Bw]
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y [mm]

y=11741.708 (E = 6 GeV)

[=0.1A

K=2.236

n=3
N=17
9

030 = 15.7 prad
93’1 =02.0 Mrad

- 50 m distance
Az =0.8 mm
Az =4.6 mm

Undulator Central Cone
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Dependence of Central Cone on' N
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v =11741.708

Spatial flux density (ph/s/mm?2/0.1%Bw) of radiation from structure tuned to K = 2.236
at the corresponding third harmonic zero emittance energy E;,=10105.263 eV 50 m behind source

A, =2.9cm



Summary: Insertion Devices |

. Characterized by K-parameter

. Coherence relation

. Bandwidth

. Central cone opening

AeB
K = S e << 1>Undulator
2
e
Y
AL 1
AN,
2
1+K—
2

central ~—

72N,
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Polarization

Storage Ring

Observer

Linear Polarization

Helical Undulator

Circular Polarization

e
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nced Polarized Photon Light Emitter (

I. mode: lingar horizontal polarization 2. mode: circular polarization

Linear: §,=1 Shift=0 Circular: S;=1 Shift=1/4

SO

.-_-W—-‘"\‘M

e

3. mode: vertical lincar Pﬂlﬂﬂfﬂliﬂﬂ 4. mode: lincar polarization under various angle
Linear: S,= - Shifi=1/2 shift of magnetic rows antiparallel

Aincar polarization
|.1||d:r various angle
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ongitudinal (temporal) coherence | f.-

Screen with first order diffraction maxima

a,(A+AA)
a,(4)

22
d

a,(4)=

a,(A+Ad)—a,(A) <1
a,(4)

Rough criterion for visibility of pattern

> AA
—<1

A
Good longitudinal coherence needs
monochromatisation



Lateral coherence f_’

A
P, d
®--____
AyI ._______::::::==-I QsssIZIToom--------- ao(})l):()
| S~ a(P)="
P, D
D 22
a,(R)= 7
Rough criterion for visibility of pattern ¢, (£) < ,(F)
> d >
Ay D<21 Ay-AO, <24
\ Pinhole illumination angle
L 21 21 47
Definition of ,Coherent Power* . =
(Fraction of coherent light) A)’Agy AzAG. (AyAgy NAzAB,)

Denominator: Brilliance !!



Diffraction Limit

24
Diffraction at a pinhole leads to ~ Af ~ A6, ~ —

=» Minimum possible brilliance is given by

Ay-AO =24

Note: With this brilliance the lateral coherence becomes 100%
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High-Gain SASE Free-Electron Lase
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1000—§ T T * T x T L T & I—g
] Saturation m - o
1003 1 Self Amplified Spontaneous Emission (SASE)
2 10 Microbunching
3 27
s 1 RETTTEES J P(z) =A- P, -exp T
© f g
2 014 Spontaneous
= 1 Emission '
01 A=1/9 Input coupling factor
1o
0.001 T 1 % 1 1 T 1
¢ < ° 8 noe R P; Effective input power
z [m] n
105 T T T T T )\u
Lg ~ ——  Field gain length
10* // p
10°
= / p: FEL parameter (typical 104 — 10-°)
= 100
N
o /
10 =
.-",' red curve: analytic solution
1 T
,x" : blue line: approximation
g5 T4 & & 0 12 P,
? : P(z) = == exp(z/Lgo)

lethargy reg'ime



Wiggler:

Peak brilliance

Wiggler:

Undulator: Coherent addition of amplitudes from each period

FEL:

1 034

1030

102

1022

0%

10"

10"

108

)

Synchrotron radiation
sources of the:

3rd generation l: ESRF 1st improvement

2nd

1900

1T 1T 1T 1 1T 1T 1T T1
Free Electron Laser

ESRF 2nd improvement

ESRF design values

(0L T T O T

1950 2000

Years

Peak Brilliance [Phot./(sec - mrad? - mm?- 0.1% bandw.)]

Incoherent addition of ,bending magnet” radiation

1 035

i

i

11 g

1

Sities at the various generations of SR=

Intensity proportional to the beam current >

Coherent addition of amplitudes from each microbunch > |~ N? x n 2

I~n
> I~Nxn,

> I~N2xn,

TESLA o O
SASE FELs D

(V
LCLS |

Spontaneous Spectrum
SASEFEL1

TTF-FEL a
spontan

ESRF-Undulator
1D23)

BESSY-II \
I U-49 Undulatc
BESSY-Il
U-125

Energy [eV]

0' 111 10° G 10° 10°
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Soft X-ray

RF Stations Accelerating Structures Photon
sFLASH Undulators
THz Diagnostics
A === sy

RF Gun Bunch Compressors
Laser

5MeV 150 MeV 450 MeV 1250 MeV

Seeding

Beam Dump
FEL Experiments

315 m >

<
<

Undulators
(6 x 4.5 m, Period 27mm, Gap 12mm)

Bunch Compressors (Magnetic Chicane, Current increase 50A 2> 1000 A)



1200

1000 }

600

400

Electron Beam Energy (MeV)

200 |

800

FLASH Parameters

Lasing at 6.5 nm 10/2007

Lasing at 13 nm 4/2006

| FLASH undulator

Lasing at 25 nm 12/2005

Lasing at 32 nm 1/2005

FEL at TTF 1 {(upgraded into FLASH in 2003)
Proof-of-Principle for SASE in the VUV
First Lasing 2/2000, Saturation 9/2001

20 40 60

80 100 120 140 160 180 400 800

FEL Wavelength (nm)
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FLASH | Parameters

Electron Beam
Energy

Number of Bunches
per second

Pulse Repetition

0.38 -1.25 GeV

1 -8000 (delivered up
to 5000 to users)

40, 50, 100, 200, 250,

Rates (within pulse 500, 1000 kHz
train)
Photon Beam
Wavelength 42-45 nm
Photon Energy 28-295 ev
Pulse Duration 30 - 300 fs
(FWHM)
Average Ffulse 1-500 "
Energy (single
bunch)
Average Pulse 1-200 uJ
Energy (pulse trains)
3rd Harmonic down to 1.7 nm
Wavelength
H 0,
3rd Harmonic Pulse typically 0.5 % of
fundamental
Energy
200 ms 200 ms
800 ps
= il 199.2 ms
-
I i
i [/
—.\\ B Soft X-ray photons
A i] Hs _“_\‘;I_ — - ‘E-Eﬂ fs
o ___.--/c:l""

FEL
process



Free Electron Laser (European
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Lengh: 3.4 km
Electron Energy: 20 GeV
8 Radiation Wavelength: 6 nm — 0.05 nm
" Brilliance: average 102°, peak 1033 (photons /s/mm2/mrad2/0.1% bandwidth)
gt Pulses: 27000 per second, each one less than 100 fs
g Full Coherence




P [GW]

100

80

60

40

20

Wavelength
Peak power
Average power

XFEL — SASE 1 Characteris

Photon beam size (FWHM)
Photon beam divergence (FWHM)
Bandwidth (FWHM)

Coherence time

Pulse duration (FWHM)
Min. pulse separation
Max. number of pulses per train

Repetition rate

Number of photons per pulse
Average flux of photons

Peak brilliance
Average brilliance

| Temporal

‘ cEiaoc?
0.1-0.5 nm
37 GW
210 W
100 pm Parameters
oo e XFEL-SASE 1
0.3 fs
100 fs
93 ns
11500
5 Hz
1.8 - 1012
1.0-10"7 /s
8.7 - 1033 1/(s mrad? - mm? - 0.1% BW)
4.9-10% 1/(s mrad? - mm? - 0.1% BW)
150 — o

| Spectral

‘a? 100 - .

;
1 E

3
4 =]

w50 - .

=}
i M

I|'I|H |!l||
0 L i N L L

250 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10

A/® [%]



Direct Seeding at FLASH

rf, laboratories, workshops

100

|
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—

experimental

<
S/ hall
=

o
)
.’i‘

— ORS —
undulators

—sSsFLASH —
undulators

experiment

FLASH tunnel ——SASE
undulators




Self-Seeding at LCLS

Spectrometer

|
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Gas
14 GeV 1GW 5 MW 46W  oractor
L A-ray . ----
Diamond .
\ = b v d ke v A - J
U1-u1s Chicane, U16 U17-Uz29 U30-U33 e” dump
(60 m) (3.2m) (52m) (6 m)
300 -|
% 250
lon pump =
E 200
Rotational % 150
stage .g 1004
: 50
O,
Beam -10

Diamond a5

-5

—— Seeded 240 pJ

—— SASE 300 pJ

2,

0 5
Relative photon energy (eV)

10

35-

30

25
y-stage 204

Yaw-stage

Spectrometer intensity (a.u.)

Vacuum

Control cable
valve

— Seeded average
— SASE average

feed-through \

10-inch flange -20

T T T
-10 o] 10
Relative photon energy (eV)




Literature ﬁ

Albert Hofmann

The Physics of Synchrotron Radiation

Cambridge Monographs on Particle Physics, Nuclear Physics and Cosmology (No. 20)
Cambridge University Press (Cambridge 2004)

J. Schwinger
Classical Electrodynamics
Westview Press (1998)

P.J. Duke
Synchrotron Radiation — Production and Properties
Oxford Series on Synchrotron Radiation 3 (Oxford 2000)

J.A. Clarke
The Science and Technology of Undulators and Wigglers
Oxford Series on Synchrotron Radiation 3 (Oxford 2004)

P. Schmiuser, M. Dohlus, J. Rossbach, C. Behrens
Free-Electron Lasers in the Ultraviolet and X-Ray Regime
Springer Tracts in Modern Physics, vol. 258 (2014)

Software XOP 2.3
Program package to model SR-sources and more (optics, raytracing...)
http://www.esrf.eu/Instrumentation/software/data-analysis/xop2.3



