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1D limit, 91, 101, 142

action, transverse, 148–150

adjoint eigenvalue equation, 165

Alfvén current, xiii, 61, 87, 96, 140

alternating gradient focusing lattice, see FODO

lattice

angular representation, 13–15, 17, 156

APPLE undulator, 55

azimuthal mode number, 171

bandwidth

high-gain FEL, 87, 100, 114, 116, 143, 168

low-gain FEL, 88, 162

SASE, 117

undulator, 46, 50

beamlet, 189, 252

bending magnet radiation, 33–35, 40–43, 52

critical frequency, 40

power and power density, 42, 53

source size and divergence, 42

betatron motion, 143, 144

due to FODO lattice, 148–151

smooth focusing approximation of, 149, 151,

153, 155

due to undulator focusing, 144–147, 151

in a TGU, 270–272, 274, 276

Bragg crystal, 205–208

Bragg diffraction, 208

Bragg’s law, 205

brightness, radiation, x, 18–22, 33, 203

3D low-gain formula for FEL, 161

average, 18, 197

convolution theorem, 58–60

Gaussian field, 20, 26

peak, 18, 63, 64

phase space interpretation, 19

transformation properties, 20

transverse coherence, 24

undulator field, 57

Gaussian approximation, 61–62

Wigner function definition, 19

bunching, 60, 131, 136, 154, 166, 187, see also

bunching factor

force, 82

harmonic, EEHG, 192

harmonic, HGHG, 188

harmonic, nonlinear, 183, 184, 251

high-gain FEL, 96, 98, 120, 128, 174

intensity enhancement, relation to, 29–31

low-gain FEL, 83, 89

bunching factor, 94, 98, 100, 257, 259

chaotic light, 27–29, 50, 115, 117–120

charge density, 48

coherence

longitudinal

number of modes, 121, 186

transverse, 22–26, 139

number of modes, 26, 50, 62, 122, 139

Young’s two-slit experiment, 23, 226

coherence length, SASE, 63

coherence time, 26, 28, 29, 93, 246

SASE, 101, 117, 121

collective variables for FEL, 97–99, 183, 184,

257–259

bunching factor, 98, 100, 135, 184, 257, 259

collective momentum, 98, 117, 257, 259

compound refractive lens (CRL), 205

conservative dynamics, see Hamiltonian dynamics

continuity equation, 105, 154

Courant–Snyder (Twiss) functions, 6, 148–149

βx for high-gain FEL, 143

βx for low-gain FEL, 162

crossed undulator, 56

cubic equation, 98, 112

D-scaling, 142

deflection parameter, 45

degeneracy parameter, 29

Delta undulator, 55

detuning

high-gain FEL, 114, 168

low-gain FEL, 109, 161

detuning length, 202

diffraction, 13–15, 41, 249

in a high-gain FEL, 139–142, 167

diffraction, Bragg, 208
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discrete slippage model, 250

dispersion function, 111

dispersion relation, 98, 111–113, 125, 165, 167–168

3D parabolic beam, 169

flattop energy spread, 114

zero energy spread, 115

distribution function, electron, see electron

distribution function

echo-enabled harmonic generation (EEHG),

189–194

harmonic bunching, 192

efficiency of an FEL oscillator, 89

electron distribution function, 5, 9

Klimontovich, 10

1D FEL, 105

3D FEL, 154

transport through a FODO lattice, 8, 148–151

transport through free space, 7, 12

elliptically polarized radiation, 54

emittance, 4–6, 9, 57, 62, 149, 253, 273

affect on FEL gain, 161–162, 178–179, 228–230

compensation, 223

condition for FEL, 102, 142–143, 168

geometric, 5

normalized, 6

radiation, see radiation

storage ring, 64–66

emitter time, 35–36, 38

energy conservation, 83, 94–95, 131, 266

energy recovery linac (ERL), 66, 197

energy spread, 60, 61

FEL induced, 86

energy, transverse, 146–150

errors

magnetic, 216–217

trajectory, 217–220

European XFEL, 224

experiments, FEL

ANL LEUTL, 175, 224, 225

BNL SDL, 231

BNL VISA, 225, 226

DESY TTF, 225

TTF, 225

UCLA/LANL, 224

exponential gain regime, see high-gain FEL

facilities, X-ray FEL

European XFEL, 75, 224

FERMI, 75, 194, 225, 231

FLASH, 226

LCLS, see LCLS

SACLA, 75, 225, 229

FAST code, 253

FEL amplifier, 77, 78, 189, 223, 259, see also

high-gain FEL and self-amplified spontaneous

emission (SASE)

FEL oscillator, 75, 77, 89, 106, see also low-gain

FEL and X-ray FEL oscillator

efficiency, 89

limiting bandwidth, 200

FEL slice, 93, 221, 246, 248

FERMI, 225

FERMI FEL, 75, 194, 231

fine structure constant, xii, 41, 51

FLASH, 225, 226

focal length

quadrupole, 8, 9, 219

thin lens, 20, 204, 206

focusing lattice, see FODO lattice

focusing parameter, 7, 161

FODO lattice, 8, 9, 148–151, 153, 246

four scaled parameters, 167–168, 179

four-bounce monochromator, 205

Fourier transform, xii, 255

longitudinal/temporal, 16, 31, 37, 92, 93, see also

frequency domain

transverse, 13

frequency comb, 210–211

frequency domain, 37, 92

1D FEL solution, 111

FEL equations, 106–107, 123

fundamental frequency, 46, 183

fundamental mode, 139, 173–176, 185

Gaussian approximation, 177, 178

fundamental wavelength, 46, 76

Gsat, 198

gain length, 96, 115, 175, 185, 229, 277

3D FEL, 178

D-scaling, 142

Gaussian energy spread, 116

ideal, 1D, 100–101

Gamma distribution, 121

Gauss–Laguerre eigenmodes, 170

GENESIS code, 253

results from, 140, 175, 217, 220, 228, 229

GINGER code, 253

results from, 175

group velocity, 120, 159

growing solution, 99, 113, 118, 125, 163, 175, 184

growth rate, 114–116, 124–125, 142, 165, 167, 170,

172, 185, 202

Halbach formula, 43

Hamiltonian, 82, 130, 242, 244, 256

Hamiltonian dynamics, 6, 10, 45, 145, 240–244

canonical transformations, 242–244

quantum FEL, 256–258

synchrotron oscillation, 130

Hammersley or Halton sequence, 252

Hankel transform, 172, 173

harmonic coupling, 106

harmonic wavelength, 49, 182–183
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Heisenberg equation, 257

helical undulator, see undulator, helical

high-gain FEL

1D solution, 113–116, 118

coherence length, 101

detuning, 114, 168

four scaled parameters, 167–168, 179

frequency bandwidth, 100, 114, 116, 117, 143,

168, 175, 221

fundamental mode, see fundamental mode

gain guiding, 140

gain length, see gain length

growth rate, 114–116, 165, 167

Ming Xie’s fitting formula, 179

power spectral density, 113, 115

quasilinear theory, 123–127

SASE, see self-amplified-spontaneous emission

(SASE)

saturation, 96–97, 100, 117, 118, 120, 122–128

saturation length, 97, 101, 126

saturation power, 97, 101, 124

tolerance to trajectory errors, 217–220

tolerances to undulator errors, 217

high-gain harmonic generation (HGHG), 186–189,

194, 231

BNL SDL, see experiments, FEL

bunching, 188

cascade, 189

FERMI, see facilities, X-ray FEL

initial shot noise, 100

initial value problem, 111, 165, 175, 258

interference, 21–26, 33, 52–53

interference pattern, 22–24, 226

intracavity radiation power, 198, 199

Jacobi–Anger identity, 49, 92

Laplace transform, 111

laser heater, 223, 228

LCLS, 75, 224, 225, 227–228

predictions of, 119, 141, 170, 173, 177, 217–220,

222

lethargy, 199–200, 202

limiting bandwidth, 200

linear accelerator/linac, ix, 67, 102, 223

Liouville equation, 10, 11, 19, 155, see also

continuity equation

longitudinal supermodes, 200

low-gain FEL

detuning, 109, 161

frequency bandwidth, 87, 88, 109–110, 162

jC,h, 108, 109, 161

saturation, 88–90

macroparticles, 250–253

Madey’s theorem, 86

quantum mechanical derivation, 265–267

three-dimensional generalization, 160

matched beam, 147, 148, 151, 166

matrix solution, 172, 173

Maxwell–Klimontovich equations (1D), 107, 110,

124

Maxwell–Klimontovich equations (3D), 155

MEDUSA code, 253

microbunching, see bunching

Ming Xie’s fitting formula, 179

natural focusing, 59, 142, 144–147, 160, 246

in a TGU, 274

noise degradation, 194

nonlinear harmonics, 182–185, 254

optical guiding, 136, 140, 143

paraxial beam, 1, 2, 13, 203

paraxial Hamiltonian, 241

paraxial wave equation, 16, 38, 48, 91, 152

particle trapping, 88, 128–132

pendulum equations, 80, 82, 130, 272

phase space methods for optics, 18–22

FELs, 63–64, 161, 203

transverse coherence, treatment of, 23–26

undulator radiation, 58–62

photocathode gun, 67, 102, 223

Pierce parameter, 95–97, 140, see also ρ-scaling

relation to low-gain jC,h, 108

planar undulator, 43, 53, 145

ponderomotive bucket, 82, 88–90, 97, 129–131, 134

ponderomotive phase, 78, 96, 153, 244

power gain length, see gain length

power spectral density, 112

angular, 17

high-gain FEL, 113, 115

spatial, 17

Poynting flux, 17

quantum commutator, 256

quantum FEL parameter, 256

quantum noise, 28, 259–265

1/2 photon per mode, 260, 261

quantum recoil, 114, 262

quasilinear theory, 123–127

ρ-scaling, 95–97, 101–102, 123, 162–163

3D discussion of, 140–142

radiation

angular representation, see angular representation

brightness, see brightness, radiation

coherence, see coherence

emittance, 15, 27, 62, 101, 142, 143, 203

slowly varying envelope, 16, 37, 91, 93, 243

spontaneous, see spontaneous emission

Rayleigh length ZR, 15, 140, 203
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high-gain FEL, 141–143, 168

low-gain FEL, 87, 162, 206, 275

Rayleigh–Ritz–Galerkin method, 176

RON code, 253

SACLA, 75, 225, 229

saturation, see high-gain FEL, saturation and

low-gain FEL, saturation

seeded FEL, 131

seeded FELs, 230, see also high-gain harmonic

generation and echo-enabled harmonic

generation and self-seeding

self-amplified spontaneous emission

shot noise seeding of, 100

self-amplified spontaneous emission (SASE), 78,

100–102, 115, 126, 132

bandwidth, 117, 221

coherence length, 63, 100, 118, 119, 121, 122,

126, 132, 186, 250

coherence time, 117

ensemble average, 112, 115, 127, 175

experiments, see experiments, FEL

number of modes, 121–122

power, 118, 179, 221

power spectral density, 175

shot noise seeding of, 116, 117, 126, 174–176

solution for zero energy spread, 118

transverse coherence, 139

X-ray facilities, see facilities, X-ray FEL

self-seeding, 230, 231

self-similar solution, 134–135

separatrix, 82–83, 89, 129

shot noise, 28, 99, 104, 120, 154, 194, see also

self-amplified spontaneous emission (SASE),

shot noise seeding of

simulation of, 251

sideband instability, 128, 203

slice average, 93, 246, 248

slice energy, 220

slice energy spread, 228

slippage, radiation, 105, 120, 134, 199, 200,

248–250

discrete slippage model, 250

smooth background distribution, 105, 106, 124, 154,

167

3D parabolic beam, 169

space charge, 223, 247

spectral brightness, 18, 64

spectral photon flux, 18, 51, 51

spontaneous emission, 50, 65, 76, 86, 265, 267

start-up noise, 100, 175, 176

steady state

FEL oscillator, 198, 200, 203

SASE FEL, 133–134

stimulated emission, 76, 86, 265

storage ring, ix, x, 50, 55, 64, 66

FEL, 75, 223

multi-bend achromat (MBA), 64–66

third generation, 63, 64, 75

superconducting undulator (SCU), 67–68

superradiance, 133–136

synchrotron oscillation, 128, 130

synchrotron period/wavenumber, 82, 84, 89, 90, 97,

134

tapering of the undulator strength K, see undulator,

taper

TDA, 253

time-squeezing effect, 35–38, 40, 46

transport matrix, 4, 8, 203

transverse gradient undulator (TGU), 268–278

gain formula for low gain, 274, 275

gain length formula for high gain, 277

HGHG application, 194

undulator, 31, 33, 43–44

deflection parameter K, xiii, 45

Halbach formula, 43

helical, 54, 81

magnetic tolerances for FEL, 216–217

natural focusing, see natural focusing

parabolic pole faced, 146

superconducting (SCU), 67–68

taper, 129–132, 221–223

linear, 221

quadratic, 131

undulator radiation

bandwidth, 46, 50

energy spread, effect of, 60, 61

fundamental wavelength, 46

harmonic emission, 49

power and power density, 53

source size and divergence, 47, 50, 61

spectral photon flux, 51, 51

Van Kampen modes, 163–167, 175

Van Kampen orthogonality, 166

variational solution, 176–177

wiggle averaging, 80, 242–244

Wigner function, 19, 161, see also brightness,

radiation, 263

X-ray FEL oscillator (XFELO), 197

nuclear resonance stabilized, 211–212

X-ray frequency comb, 209–211

Young’s two-slit experiment, 23, 226

www.cambridge.org/9781107162617
www.cambridge.org

