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3D imaging, see three-dimensional imaging

3DXRD, see tomography

aberrations, 214

chromatic, 204, 237

coma, 208, 220

spherical, 201, 218, 220

absorption

Beer’s law, 55

differential, 18, 352

edge, 26, 27, 41, 52

EXAFS, 366

jump ratio, 27, 28, 351

Lambert–Beer law, 55

length µ−1, 55, 351

linear absorption coefficient (LAC), 28, 29, 39,

45, 55–57, 61, 321, 322, 353, 515

mass absorption coefficient µ′, 55, 62, 353, 375

near-edge, 355

NEXAFS, 355

optimum specimen thickness, 351

XANES, 355

absorption contrast, 72, 140, 155, 242

Airy function, 109, 110, 119

full width at half maximum (FWHM), 120

obstructed, 120

algebraic reconstruction tomography (ART), see

tomography

amplitude contrast, see absorption contrast

amplitude, magnitude, phase, 71, 72

angle-resolved photoemission spectroscopy

(ARPES), 258

angular frequency ω, 46, 71

angular momentum, 23

ankylography, 404

anomalous dispersion, 43, 62

application-specific integrated circuit (ASIC), 305

atom number density, see density

atomic layer deposition (ALD), 228

atomic resolution imaging, 195

Auger electron, 27, 45, 256

autocorrelation map, 390, 414

automatic differentiation, 334, 423, 443

Babinet’s principle, 153–155, 180

band structure, 36

beamline, 149

beer, 55, 471

Beer’s law, see absorption

BEIR, 471

Bertrand lens, 163

Bessel function, 107

binary hypothesis testing, 172

binomial approximation, 77

biofilms, 501

blackbody radiation, 16, 266

Bohr model, 23, 357

Bohr energy E0, 24, 26, 31, 350

nuclear charge screening, 25, 31, 350

principal quantum number n, 23, 32, 356

quantum defect, 31

Boltzmann constant kB, 36

bond dissociation energies, 37

Born approximation, 42, 57, 321, 448

Bragg’s law, see diffraction

Bremsstrahlung, see continuum radiation

brightness, 135, 262

average, 260

peak, 260

brilliance, 263

capillary optic, see reflective optics

Cauchy equation, see refractive index n

CDI, see coherent diffraction imaging

central stop, 108, 119–121, 214, 218, 224

chemical binding energies, see bond dissociation

energies

circ function, 108, 125

coherence, 21, 129, 407

length, 129

modes, 133

spatial filter, 133, 135, 137, 283

spectral filter, 138, 281

width, 129

coherent diffraction imaging (CDI), 20, 334, 390,

416

Bragg, 410

centrosymmetric, 405

exit wave, 396
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finite support constraint, 332

keyhole, 417

reconstructed image plane, 423

spatial resolution, 425

coherent flux, 135

coherent superposition, see superposition

coherent transfer function (CTF), see transfer

function

complementary metal-oxide semiconductor

(CMOS), 305

compound refractive lens (CRL), see refractive

optics, 126

compressive sensing, 332, 388, 447, 513

computational neural network (CNN), 335

computed axial tomography (CAT), 322

condenser lens

aberrations, 152, 247

capillary, 249

critical illumination, 151

Köhler illumination, 151

zone plate, 248

confocal fluorescence, see fluorescence

contact microscopy, 14, 242

continuum radiation, 30, 188, 263

convolution, 96, 103, 336

cost function, see optimization

Coster–Kronig transitions, 27

critical angle, see refraction

critical illumination, see condenser lens

critical level, 172

cross section σ, 28, 38, 40, 42, 43, 55

Crowther criterion, see tomography

cryo microscopy, 18

cryo-cooled, 480

cryoEM, 479, 480, 497

frozen hydrated, 480

cryptotomography, 512

crystal strain, 431, 506

dark noise, see detectors

dark-field imaging, 154

Darwin width, see diffraction

de Broglie wavelength, 25, 191, 365

dead time, see detectors

deconvolution, 142, 445

degeneracy parameter δc, 197

density

areal mass, 352, 375

atom number na, 37, 59

electron ne, 37, 38, 445

depth of field (DOF), 91, 92, 114, 116, 146, 147,

149, 322, 396, 445

depth of focus, 147

depth resolution, see resolution

compound refractive lens, 204

Fresnel zone plate, 220

detection limit, 172

detective quantum efficiency (DQE), 179, 241, 293,

295

detectors

avalanche photodiode (APD), 302, 305, 362

charge coupled device (CCD), 305

CMOS, 307

dark noise, 293

dead time, 260, 293

droplet analysis, 303

energy-dispersive spectroscopy (EDS), 314, 369

equivalent noise charge (ENC), 297, 299

escape peak, 315

Fano factor F, 294

frame rate, 294, 307, 310

full well capacity, 306

gas-based, 310

MAIA, 314, 368, 369

Markov chain, 294

pile-up, 315, 372

pixel array detector (PAD), 306

scintillator afterglow, 309

scintillators, 309, 338

silicon charge–hole energy W, 295, 304

single-photon avalanche diode (SPAD), 305

spatial resolution, 241

wavelength dispersive spectroscopy (WDS), 313,

370

DFT, see Fourier transform

differential absorption, see absorption

diffract before destruction, 21, 260, 451, 460, 461

diffraction

Bragg’s law, 80, 85, 410

cylindrical optics, 126

Darwin width, 83, 425

Ewald sphere, 86, 90, 396, 404

liftoff, and depth of field, 90, 448

Fraunhofer (far field), 95, 417

Fresnel integral, 95, 103

Fresnel propagator, 103

Miller index, 82, 391, 509

plane grating, 79

reciprocal lattice, 88, 90

single slit, 78, 101

volume grating, 80, 112, 231, 410

diffraction contrast tomography, see tomography

diffraction microscopy, see coherent diffraction

imaging (CDI)

diffraction-limited focus, 120

diffractive optics

Fresnel zone plate, see Fresnel zone plate

multilayer Laue lens, see multilayer Laue lens

(MLL)

digital vignetting, 100

dimethyl sulfoxide (DMSO, 468, 473, 486

Dirac delta function δ, 97, 116, 117, 144, 323

distribution
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Gaussian, 75

normal, 75

dose fractionation, 168, 348

Drude model, 9, 48

drunken sailor, 74

duty cycle, 260

eigenimage, 384

eigenspectrum, 384

electron

classical radius, 42

density, 52

energy loss, 49

energy loss near-edge structure (ELNES), 196,

358

energy loss spectroscopy (EELS), 188, 196, 358,

483

inelastic scattering, 257

inner potential, 192

most probable energy loss 〈∆E〉, 193

valence, 37, 356

electron bunch, 269, 277

electron density, see density

electron energy loss spectroscopy (EELS), see

electron

electron interactions, 191

electron microprobe, 188

electron microscopy, 188

cryo methods, 453

single-particle methods, 389, 392, 451

electron range (CSDA), 44, 45, 256

electron spectroscopy for chemical analysis

(ESCA), 257

electron states, 24, 25, 29, 32, 35, 356

Fermi energy EF , 36, 356

selection rules, 33, 34, 309

electron volts (eV), 37

elliptically polarizing undulator (EPU), 361

EMC algorithm, 512

emittance, 270

coupling, 270

emptiness, see nothingness

enantiomorph, 401, 414, 441

error function, 173

étendue, 136, 149, 260, 283, 410

Ewald sphere, see diffraction

exit wave, see coherent diffraction imaging (CDI),

111

expectation maximization (EM), 336

expectation value, 74

Fermat’s principle, 76

Fermi energy EF , see electron states

Fermi’s Golden Rule, 34, 364

Fermi–Dirac distribution, 35

FFT, see Fourier transform

field of view, 1, 115, 116

Fienup algorithm, see phase retrieval

finite support, see phase retrieval

fluence F, 171, 183, 186, 262, 425, 437, 458

imaging versus diffraction, 181

fluorescence, 27

confocal, 379

self-absorption, 347, 370, 372, 378, 379

yield, 24, 28, 372

fluorescence tomography, see tomography

Fourier decomposition, 88, 138, 394

Fourier ring correlation (FRC), 176, 424, 482

Fourier shell correlation (FSC), 176

Fourier space, 86, 96, 99, 100, 103, 395, 404

and reciprocal space, 86

tomography, 325

Fourier transform, 96, 325

discrete Fourier transform (DFT), 97, 329

fast Fourier transform (FFT), 98, 329

matrix operation, 100, 423

Nyquist sampling, 97, 98, 104, 251, 254, 330, 447

periodicity, 99

shift theorem, 97, 116, 394, 413

zero padding, 99

Fraunhofer approximation, 95, 418

Fraunhofer diffraction, see diffraction

freeze drying, 481

Fresnel approximation, 94

Fresnel diffraction, see diffraction

Fresnel equations, see reflectivity

Fresnel number, 105

Fresnel zone plate, 13

aspect ratio, 222, 230

central stop, see central stop

central stop thickness, 225, 364

composite, 224

efficiency, 223

efficiency versus zone width, 228

jelly roll, 230

mark:space ratio, 221, 364

order-sorting/selecting aperture (OSA), 120, 224,

252, 254

spatial frequency multiplication, 397

Fresnel’s window, see refraction

Friedel’s law, 405

Gaussian distribution, 169

Gerchberg–Saxton algorithm, see phase retrieval

grating interferometry, 159

gray, see radiation dose

group velocity vg, see velocity

Gy, see radiation dose

Hankel transform, 108

harmonic oscillator, 45

heat capacity, 457

heating

hydrodynamics, 460

specimen, 457
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Heisenberg uncertainty principle, see uncertainty

principle

Helmholtz equation, 57

Henke data, 515

hidden organizing factors, see optimization

high harmonic gain sources (HHG), 267

holography, 19, 390, 395

color, 82

Fourier transform, 400

Gabor, 396

holotomography, 160, 399

HSQ, 226

Hund’s rules, 32

Huygens point sources, 71, 82, 93

hyperspectral imaging, see spectromicroscopy

image magnification, 112

longitudinal, 114

immunolabeling, 154

in operando, see operando

in situ, 316

incoherent superposition, see superposition

index of refraction, see refraction

Inigo Montoya, 72

ionization potential, 26–28, 357

jump ratio, see absorption

Kierkegaard’s observation, 33, 449, 450

kinoform lens, 201

Kirkpatrick–Baez mirrors, see reflective optics

Klein–Cook parameter Q, 82, 112, 231

knock-on damage, 188

Köhler illumination, see condenser lens

Kramers–Kronig relationship, 63, 238, 363, 515

Kumakhov lens, 216, 370

Lambert–Beer law, see absorption, 183

laminography, see tomography

lensmaker’s equation, 117

LIGA, 201

limericks, 22, 70, 198, 204, 240, 258, 320, 349, 389,

456, 462, 484, 490, 495, 513

linear absorption coefficient (LAC), see absorption

linear accelerator (linac), 279

Liouville’s theorem, 131, 283

Lorentz factor γ, 191

low energy electron microscopy (LEEM), 256

luminescence, 309

Maréchal approximation, 76

mark:space ratio, see Fresnel zone plate

matrix

pseudoinverse, 330, 383

matrix material, see trace elements

maximum likelihood expectation maximization

(MLEM), 336

mean free path Λ, 38, 191

meridional plane, 207

microdiffraction, 509, 511

microspectroscopy, 350

Miller index, see diffraction

minimum detection limit, see detection limit

mixture rule, 59

mixture unit, 59

modulation transfer function (MTF), see transfer

function, 321

molecular orbitals, see electron states

momentum transfer q, 43, 86, 87, 89

monochromator

double crystal (DCM), 281

double multilayer (DMM), 281

grating, 282

order sorting, 68, 282

spherical grating, 282

zone plate, 248, 282

Montel mirrors, see reflective optics

multilayer Laue lens (MLL), 125, 232

multilayer mirrors, see reflective optics

multiple scattering, see scattering

multislice propagation, see wavefield propagation

near-field scanning microscope, 122

NEXAFS, see absorption

noise

Poisson, see Poisson distribution

white, 292

noise equivalent quanta (NEQ), 295

nothingness, see emptiness

number density, see density

numerical aperture N.A., 91, 119

Nyquist sampling, see Fourier transform

operando, 316, 495, 507, 512

optical density, 57, 321, 351, 382

optical path length, 76

optical phase, 77

optical theorem, 43

optical transfer function (OTF), see transfer function

optimization

cost function, 331

frequency marching, 334

hidden organizing factors, 389

multiscale, 334, 343

numerical, 330, 388, 423, 441, 443

objective function, 331

regularizers, 332, 423, 447, 513

sparsity, 332

order-selecting aperture (OSA), see Fresnel zone

plate

order-sorting aperture (OSA), see Fresnel zone plate

oscillator strength f1 + i f2, see refraction

overdetermination ratio, 419

oversampling ratio, 419

oxidation state, 357

parallel computing

trivially parallelizable, 324

Patterson map, see autocorrelation map
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penumbral blur, 244

phase

geometric, 53

phase contrast, 18, 72, 156, 242, 363

Paganin method, 161

phase problem, 325, 394, 411

phase retrieval, 411

compact support, 328

difference map, 334

error reduction, 334

Fienup algorithm, 412

finite support, 412, 413, 417

Gerchberg–Saxton algorithm, 334, 411

hybrid input–output (HIO), 334

shrink-wrap, 414, 430

transfer function (PRTF), 176, 424

phase space, 131, 136, 149, 270

phase unwrapping, 53, 321, 340, 432, 445, 447, 449

phase velocity vp, see velocity

phosphorescence, 309

phosphors, 309

photoactivated localization microscopy (PALM),

124

photoelectron, 26

photoelectron emission microscope (PEEM), 45,

256

photometry, 261

photon energy, 25

photon momentum p, 25

photon sieve, 224

photon statistics, 169

minimum detection limits, 172

Rose criterion, 171

photoresist, 226

pixel, 1

Planck constant h, 23, 25

plasmon frequency ωp, 37, 38, 49, 196

plasmon resonance, 37

plunge freezing, 478

PMMA, see poly(methylmethacrylate) (PMMA)

point projection x-ray microscope (PPXM), 12, 243

point spread function (PSF), 120, 336

Poisson distribution, 169

polarization, 68, 272, 276, 369, 503

poly(methylmethacrylate) (PMMA), 14, 226, 242,

397, 464–467, 489, 490

polycapillary array, 370

Porod’s law, 187

power spectrum, 98, 100

principal component analysis (PCA), 383, 477

principal quantum number n, see Bohr model

protein composition, 178

protein data bank, 453

proton-induced x-ray emission (PIXE), 188, 466,

483

pseudoinverse, see matrix

ptychography, 21, 390, 434

multislice, 449

resolution gain Gp, 436

pure projection approximation, 90, 92, 148, 322,

404, 430, 447

quantum defect, see Bohr model

quantum efficiency, see detective quantum efficiency

(DQE)

radiation damage, 17

G value, 463

ablation, 459, 460

aqueous electron, 468

bystander effect, 470

Henderson dose, 464

hydroxyl radical, 468

initially living specimens, 12, 472, 474

ramen noodle model, 490, 491

scavengers, 468, 471, 473, 492

radiation dose, 168, 183

dose equivalent, 183

electrons, 194

exposure H, 183

exposure (REM), 183

exposure (sievert), 183

gray, 183, 462

imaging versus diffraction, 181

LD50, 183, 469

rad, 183, 462

radiation weighting factor WR, 183

rate effects, 475

relative biological effectiveness (RBE), 183

scanning x-ray microscope (SXM), 256

skin dose, 183

transmission x-ray microscope (TXM), 252

versus resolution, 180, 186

Radon transform, see tomography

Rayleigh quarter wave criterion, 76–78

Rayleigh resolution, see resolution

real space, 96, 99

reciprocal lattice, see diffraction

reciprocal space, see Fourier space

reciprocity, 153

rect function, 101, 126

reflection

critical angle (grazing) θ′c, 64

Fresnel equations, 66

grazing incidence, 9, 67, 68, 205

normal incidence, 66

surface roughness, 69

total internal, 64, 65

reflective optics

capillary, 10, 211, 249

capillary condenser lens, 211

figure error, 205

graded multilayer, 85, 214

Kirkpatrick–Baez (KB) mirrors, 10, 126, 128, 210
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Montel mirrors, 210

multilayer mirrors, 84

polycapillary array, 216

Schwarzschild optics, 214

slope error, 206

spatial resolution, 210, 213, 239

surface roughness, 205

Wolter mirrors, 10, 212, 368

x-ray spectrum filtering, 68

refraction

Fresnel’s window, 64

Snell’s law, 64

x-ray critical angle (grazing) θ′c, 65

refractive index n, 9, 38, 39, 48, 50

Cauchy equation (visible light), 50

oscillator strength f1 + i f2, 52, 59, 60

sign convention, 42, 51, 52

x-ray n = 1 − δ − iβ, 51, 59, 61

refractive optics

compound refractive lens (CRL), 7, 200

transfocator, 201

resolution

depth, 145, 147

Rayleigh (transverse spatial), 94, 120, 122

Sparrow criterion, 121

spatial, crossed cylindrical optics, 127

Rydberg states, see electron states

Rytov approximation, 58

sagittal plane, 207

sandpaper imaging, 407

SAXS, see small angle x-ray scattering

scanning, 254

fly (continuous) scan, 254

step scan, 254

scanning fluorescence x-ray microscope (SFXM),

253

scanning luminescence x-ray microscope (SLXM),

253

scanning photoelectron emission microscope

(SPEM), 45, 253, 256

scanning transmission x-ray microscope (STXM),

252

scanning x-ray fluorescence microscopy (SFXM),

368

scanning x-ray microscope (SXM), 252

scattering

Compton, 40

inelastic, 40, 41

inelastic (electrons), 45

inelastic mean free path Λ, 45

multiple, 41

no cloudy days, 40

Schwarzschild mirrors, see reflective optics

scintillators, see detectors

secondary electrons, 257

segmentation, see tomography, 337

selection rules, see electron states

self-absorption, see fluorescence

self-amplified spontaneous emission (SASE), 279

serial femtosecond crystallography, 455

Shepp–Logan phantom, see tomography

shift theorem, see Fourier transform

signal to noise ratio (SNR), 171, 295

silicon crystals, 83

sinc function, 75, 102

single-particle imaging, see electron microscopy

singular value decomposition (SVD), 383

sinogram, 324, 325

skyrmion, 361, 510

small-angle approximation, 78

small-angle x-ray scattering (SAXS), 187

Snell’s law, see refraction

solid angle, 293, 369

solvent flattening, 415

Sparrow resolution, see resolution

spatial filtering, 21

spatial frequency u, 79, 88, 96, 98

spatial resolution, see resolution

special relativity, 191

specimen injection, 451–453, 455, 456

speckle pattern, 406

speckle size, 406, 407

spectromicroscopy, 18, 350, 351

spectrum imaging, see spectromicroscopy

speed of light c, 25, 47

spin-resolved low-energy electron microscope

(SPLEEM), 256

stimulated emission depletion (STED) microscopy,

123

stochastic optical reconstruction microscopy

(STORM), 124

storage ring, 269

Strehl ratio, 76, 229

structured illumination, 122

superposition

coherent, 73

incoherent, 73

superresolution light microscopy, 125

synchrotron, 268

synchrotron light source, 269

synchrotron radiation, 13, 14, 268

bunch structure, 261

Talbot fringes, 159

thermal conductivity, 458

thin lens equation, 112

tomography, 321

algebraic reconstruction tomography (ART), 329,

334

beam hardening, 347

Crowther criterion, 326, 329, 344

diffraction contrast (DCT), 341

equal slope, 326
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filtered backprojection, 327

fluorescence, 378

gridrec algorithm, 329

iterative reprojection, 343

laminography, 345

optimum thickness and absorption, 322

pure projection approximation, see pure

projection approximation

Radon transform, 322

ramp filter, 327

ring artifacts, 346

rotation center alignment, 342

Shepp–Logan phantom, 328, 345

simultaneous iterative reconstruction tomography

(SIRT), 334

tensor, 342, 432, 510

tomosynthesis, 345

total internal reflection, see reflectivity

total variation, 332

trace elements

differential absorption sensitivity, 354

fluorescence detection limits, 375

matrix, 352

transfer function, 138

contrast (CTF), 139

modulation (MTF), 139

optical (OTF), 89, 120, 122, 139

transfocator, see refractive optics

transmission x-ray microscope (TXM), 15, 246

illumination phase space, 148, 283

transport of intensity (TOI), 160

transport of intensity equation (TIE), 160

TV minimization, see total variation

ultra high vacuum (UHV), 287

uncertainty principle, 38, 130

undulator, 272

elliptically polarizing (EPU), 276

valence electron, see electron

van Cittert–Zernike theorem, 130

velocity

electron, 461

group vg, 54

phase vp, 9, 47, 48, 54

voxel, 1

water

amorphous ice, 50, 480, 484

crystalline ice, 484

ice bubbling, 492

mass diffusion, 491

vitreous ice, 480

vitrification, 480

water window, 10, 20, 181, 185, 196, 316

wave number k, 42, 71

wavefield propagation, 93

circular coordinates, 106

finite difference method, 106, 111

multislice, 110, 232, 449

Wiener filter, 142, 327

wiggler, 275

Wigner distribution function, 434

Wolter mirrors, see reflective optics

x-ray beam induced current (XBIC), 253, 506

x-ray data tabulations, 515

x-ray excited optical luminescence (XEOL), 253,

506

x-ray free-electron laser (XFEL), 21, 278

x-ray laser, 15

x-ray magnetic circular dichroism (XMCD), 341,

361, 509

x-ray magnetic linear dichroism (XMLD), 361

x-ray photoelectron spectroscopy (XPS), 257

x-ray photon correlation spectroscopy (XPCS), 407

x-ray shells, 32

XANES, see absorption

Zernike phase contrast, 162

zero padding, see Fourier transform

zone plate, see Fresnel zone plate
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