Contents

1. Chargesand Fields ................ ... iiiiiiiiiiiiinn. 1
1.1 Radiation from Moving Charges .................. ... ..., 1
1.1.1 Why do Charged Particles Radiate? ................ 2

1.1.2 Spontaneous Synchrotron Radiation ................ 2
1.1.3 Stimulated Radiation ................. .. ... .. ... 4
114 ElectronBeam ............. ..., 5

1.2 Maxwell’s Equations ............cooiviiiiiini i, 6
1.2.1 Conversion from cgs to MKS Units ................. 6

1.2.2 LorentzForce ............cociviiiiiiiiiiiininnn.. 8

1.3 The Lorentz Transformations ...............cccooiiinn.. 10
1.3.1 Lorentz Transformation of Coordinates.............. 11
1.3.2 Energy and Momentum ............... ... iiu... 13

L - e 14
2. Fundamental Processes ................. .o, 17
2.1 Conservation Laws and Radiation ........................ 17
2.1.1 Cherenkov Radiation ............ ... ... ... ool 18
2.1.2 Compton Radiation................. ... ot 20

2.2 The Poynting Vector . ........ ..., 20
2.3 Electromagnetic Radiation.............. .. .. ... oLt 22
2.3.1 Coulomb Regime ...........cooiiiiiiiini.. 22
2.3.2 Radiation Regime .............. ..o oot 23

2.4 Spatial and Spectral Properties of Radiation ............... 26
EXerCiSES . . o ot i e e e 28
3. Overview of Synchrotron Radiation....................... 31
3.1 Radiation Power ............ .. ... il 32
3.2 Spectrum.......... i e e e 36
3.3 Spatial Photon Distribution.................... ... ...... 41
3.4 Fraunhofer Diffraction .............. ... ..o i 42
3.5 Spatial Coherence ............c.cviriiiennnenneennennann. 45
3.6 Temporal Coherence ...........covviiiniiiinenninnnn. 47
3.7 Spectral Brightness ............ ..o 50
371 Matching........... .. 51
EXerciSes. . .. ooi et e 52

Bibliografische Informationen E H
) digitalisiert durch 1
http://d-nb.info/964044552 BLI '|'


http://d-nb.info/964044552

X

Contents
Radiation Sources ......... .. ... .. i i e, 55
4.1 Bending Magnet Radiation ......................... . ..., 55
4.2 Superbends . ...... .. 56
4.3 Wavelength Shifter ....... .. ... ... . ... ... i 57
4.4 Wiggler Magnet Radiation............................... 58
4.5 Undulator Radiation . ........... ... ... . ..o L. 62
4.6 Back Scattered Photons .............. ... .. ... i ... 68
46.1 Photon Flux......... ... ... 68
BXerCISES . - o ettt e e e 70
Accelerator Physics............ ... ... ittt 73
EXErcise . ...i it i e e e e e 76
Particle Beam Optics ............ ...l 77
6.1 Deflection in Bending Magnets ........................... 77
6.2 Beam FocuSing . .........cuiriiiieininiiniininnnnnn. 79
6.2.1 Principle of Focusing ................. ... ... ... 80
6.2.2 Quadrupol Magnet ............. ... .. ... 80
6.3 Equationof Motion ............. it iiinnnen, 82
6.3.1 Solutions of the Equations of Motion................ 84
6.3.2 Matrix Formalism ................ ... .. oL, 84
6.3.3 FODO Lattice ...........cviiiiiiiiiiiii... 85
6.4 Betatron Function ............ .. .. ... o L, 86
6.4.1 Betatron Phase and Tune ......................... 87
6.42 Beam Envelope ........... ... i, 88
6.5 Phase EIlipSe .......coiiiiiniiiiii it ittt 88
6.6 Beam Emittance ........... .. ... o i, 89
6.6.1 Variation of the Phase Ellipse...................... 90
6.6.2 Transformation of Phase Ellipse .................... 91
6.7 Dispersion Function .......... .. ... .. .. L, 92
6.8 Periodic Lattice Functions . .......... ... ... .. ... ..... 93
6.8.1 Periodic Betatron Function in a FODO Lattice. ... ... 93
6.8.2 Periodic Dispersion or p-Function .................. 95
6.83 Beam Size.......... i e 95
EXercises. . ..ot e 96
Radiation Effects ............... ... .. . i, 99
7.1 Synchrotron Oscillations. . ......... ... ... it 99
7.1.1 Longitudinal Phase Space Motion .................. 103
7.2 Damping ......covuniiiiii i e e 104
7.3 Quantum Effects ....... ... . ... i 105
7.4 Equilibrium Beam Parameters ........................... 106
7.4.1 Equilibrium Energy Spread ........................ 106
742 BunchLength......... ... . ... ... i, 107
7.4.3 Horizontal Beam Emittance ....................... 108

7.4.4 Vertical Beam Emittance .......................... 109



10.

Contents XI

7.5 'Transverse Beam Parameters............................. 110
7.5.1 Beam SiZeS ... ...t 111
7.5.2 Beam Divergence...............ccoiiiiiiiiiiin... 112

7.6 Beam Emittance and Wiggler Magnets .................... 112
7.6.1 Damping Wigglers.............. ... ... ... ... 115
7.6.2 Variation of the Damping Distribution .............. 117
7.6.3 Can we Eliminate the Beam Energy Spread?......... 119

7.7 Photon Source Parameters............ ... ... ... 121

EXercises. . .. vv e e 122

Storage Ring Design as a Synchrotron Light Source ...... 125

8.1 Storage Ring Lattices ........covuiiiiiiniininennnnnann 126
8.1.1 FODO Lattice .......oveuii i eininennns 126

8.2 Optimization of a Storage Ring Lattice.................... 127
8.2.1 Minimum Beam Emittance ........................ 128
8.2.2 The Double Bend Achromat (dba) Lattice ........... 131
8.2.3 The Triple Bend Achromat (tba) Lattice ............ 134
8.2.4 Limiting Effects ......... ... ... ... L. 134

Theory of Synchrotron Radiation ......................... 137

9.1 Radiation Field ........... .. o i 137

9.2 Total Radiation Power and Energy Loss ................... 144
9.2.1 Transition Radiation............ ... ... ... .. ..... 144
9.2.2 Synchrotron Radiation Power ...................... 147

9.3 Radiation Lobes........... ... o i, 150

9.4 Synchrotron Radiation Spectrum ......................... 155

9.5 Radiation Field in the Frequency Domain ................. 155
9.5.1 Spectral Distribution in Space and Polarization . ..... 160
9.5.2 Spectral and Spatial Photon Flux .................. 163
9.5.3 Harmonic Representation.......................... 165

9.6 Spatial Radiation Power Distribution ..................... 165
9.6.1 Asymptotic Solutions ............ ... oo 167

9.7 Angle-Integrated Spectrum ............ ...t 168
9.7.1 Statistical Radiation Parameters ................... 174

EXerCISeS. . oot e e 176

Insertion Device Radiation ............................... 177

10.1 Periodic Magnetic Field ........... ... ... . oo, 178
10.1.1 Periodic Field Configuration ....................... 179
10.1.2 Particle Dynamics in a Periodic Field Magnet ........ 182
10.1.3 Focusing in a Wiggler Magnet ..................... 183

10.1.4 Hard Edge Wiggler Model ......................... 186



X1

11.

Contents

10.2 Undulator Radiation ............ ... .. ..o i ... 187
10.2.1 Fundamental Wavelength.................. ... ... .. 188
10.2.2 Radiation Power ........... ... . il 189
10.2.3 Spatial and Spectral Distribution................... 190
10.2.4 Line Spectrum ............0tiiiienerneninnnnnn.. 203
10.2.5 Spectral Undulator Brightness ..................... 207
10.3 Elliptical Polarization .. ......... .. . oo ... 208

10.3.1 Elliptical Polarization
from Bending Magnet Radiation ................... 208
10.3.2 Elliptical Polarization from Periodic Insertion Devices. 211
S (T <1< A 214
Free Electron Lasers . ............. ..ot .. 217
111 Small Gain FEL . . ... ... .. i i 220
11.1.1 Energy Transfer . ...... ... ... ... 220
11.1.2 Equationof Motion. ............. ..., 222
1113 FEL-Gain . ... ..ot i e i e e iiae s 225
EXOrCISES . « o oottt it e e e e 230
Solutions to Exercises ................ . . i, 231
Mathematical Constants and Formulas ................... 243
B.l Constants ..........iiiiiiiiiir ettt 243
B.2 Series EXpansions ..............c.iiiiiiiiiiiii i 243
B.3 Multiple Vector Products ............. oL, 244
B.4 Differential Vector Expressions ..................ccovu... 244
B Theorems . ........iiiiiiiiii i it etineneneenns 245
B.6 Coordinate Systems. ..........ovirietinnnennannna.. 245
B.7 Gaussian Distribution............. ... ... . i L. 247
B.8 Miscelaneous Mathematical Formulas ..................... 248
Physical Formulas and Parameters........................ 251
C.1 Comstants .........iiiitii i et it 251
C.2 Unit Conversion ..............oiieemennenennunennnnnnns 252
C.3 Relations of Fundamental Parameters ..................... 253
C.4 Energy COnversion ............ccuueememeunennenenennennns 253
C.5 Maxwell’'s Equations ...............ccoviviiiniinnennnn.. 253
C.5.1 Lorentz Force ........... ..., 253
C.6 Wave and Field Equations . ..............ciiviiien.... 254
C.7 Relativistic Relations ......... ... ... oo i, 254

C.8 FoUT-VeCtOIS . . o oot ittt ettt e et e et e 255



Contents  XIII

D. Electromagnetic Radiation................................ 257
D.1 Radiation Constants ............c.ccoiiriien e onn. 257

D.2 Bending Magnet Radiation ................ ... .. ... . ... 258

D.3 Periodic Insertion Devices . ..., 261
D.3.1 Insertion Device Parameter ........................ 261

D.3.2 Field Scaling for Hybrid Wiggler Magnets ........... 262

D.3.3 Particle Beam Parameter.......................... 262

D.4 Undulator Radiation . ............... i innnn.. 263
D.5 Photon Beam Brightness .................. ... . ... .. 265
D.5.1 Effective Source Parameter ........................ 265
References. ............ooiiiiiiiiii ittt 267



