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Index

a
Abbe 14, 17–20, 22–24, 28, 31, 33–35,

37, 51–54, 56, 57, 74, 152, 218,
248, 395, 400, 510, 526–528

invariant 104
invariant generalized 104–105
number 16, 29, 36
sine condition 121

Abbe invariant 248
ABCD matrix 108

cardinal points 109
definition 108
double plane symmetric systems

116
elementary components 111
4 × 4 116
Gaussian brackets 132
general 5 × 5 form 119
Iwasawa decomposition 112–113
non-centered systems 115
properties 109–111
reconstruction by rays 444

absorption 14, 44
achromatic prism pair 218–219
afocal 282
aiming 279
air 51
Airy distribution 339, 340
aliasing 595
Alvarez lens 201–202
ambiguity function 413–415
anamorphic prism pair 219–220
anamorphic systems 292

Delrama 297
factor 292
orthogonal 294
ratio 292

angle characteristic 237–238
angle magnification 282
anomalous dispersion 22, 25
aperture 247, 257

effective 259
F-number 259
numerical 258

aplanatic 167

apodization 343–345
optical transfer function 418
pupil aberrations 345

array 203
lenslet 202–206
mirror 208

asphere 158–171
conic 159–161
cylindrical 187
ellipse 160
Forbes 169
hyperbolic 160
parabolic 160
polynom 168
raytrace 82
superconical 171

aspherical surface 159
astigmatic beam 437
auto-correlation 604
axial index gradient 211
axial magnification 263
axicon 194–195, 513

b
back focal length 256
basic shape 174
beam splitting 139
bending 147, 151

generalized 151–152
lens 147

Bessel beam 195
biconic 174
Blackman window 610
blaze 223–225
boundary diffraction integral 336
boundary function 174
Brewster angle 66
Buchdahl model 31, 32

c
camera lenses 7
canonical coordinates 305
Cartesian ovaloid 164–171
cascaded diffraction 365–372
cascaded systems 361–364

diffraction 365–366
optical transfer function 420
PSF 360

Cassegrain 288
caustic 515

phase space 515
cement 57
central obscuration 287
Chebychev polynomials 174, 177
chief ray 89, 247, 257
chirp-z transform 599–602
chromatical correction 28, 33, 35
classification of systems 3
coherent transfer function 322,

406–407
collinear transform 106–108, 302
Collins chart 428
Collins integral 326
colour imaging 557
colour sensitivity 558
coma ray 90
complex 65, 97, 101, 124, 225, 247, 252,

255, 286, 315, 316, 318, 327, 329,
332, 334, 336–338, 352, 354, 384,
398–400, 406, 420, 427, 436, 440,
444, 446, 449–451, 456, 459, 473,
474, 486, 487, 502, 506, 520, 529,
541, 565, 579, 581, 587, 593, 594,
600–603, 612, 613

Gaussian beam parameter 428, 437
refractive index 14, 42, 71, 73

complex rays 98–100
complex source point 98
compound systems 360
confocal imaging 538–543

modalities 542
pinhole 542
resolution 539, 540
sectioning 539

confocal mirrors 288
conic 3, 78, 79, 82, 158, 165, 166, 168,

171–174, 187, 195, 243, 288, 475
ellipse 160
hyperbolic 160
parabolic 160
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conic (contd.)
section 159–161
surface 159–164

conjugation parameter 151
contrast 400–404, 529

reversal 402
sensitivity curve 400

convolution 603
Cornu spiral 612
cos4 law 271, 480
cosine invariant 123–124
coupling Gaussian beams 436
covariance 605
critical points 613
cross correlation 604
crystals 49
CTF 531
cubic phase mask 586
curved object 308
cut off frequency 400, 401
cylindrical lens 185–191

aspherical 187

d
Debye integral 325
Debye series expansion 99
deconvolution 565

algebraic 567
deformable mirror 200
Delano diagram 124–129

definition 124–125
properties 125–127
vignetting 127

Delrama 297
depth of focus 339, 352

criteria 585
detector irradiance 474
diapoints 305
differential rays 84
diffraction 311

Airy distribution 339, 340
angular spectrum 322
apodization 343, 350
cascaded systems 361, 365–372
Collins integral 326
compound systems 360
convolution form 322
Debye integral 325
edge 311, 380–381
extended Zernike approach 376–378
far field 313, 324
flattening transform 330
focal shift 350
Fraunhofer 313, 324
Fresnel 313, 323
Fresnel number 311, 330, 347, 368,

371, 382
high NA 350
Huygens principle 315, 338
hybrid approximation 338
integral boundary 336

integral sampling 328
Kirchhoff integral 319, 320
line spread function 381–382
low Fresnel number 347
plane wave expansion 319
point spread function 338
Rayleigh–Sommerfeld integral 321
rectangle 311
Richards–Wolf integral 356
sine condition 354
slit 311, 382–383
spectrum of plane waves 322
tilted plane 383–389
vectorial 350

diffractive element 36, 222–225
binary 229
blaze 223–225
discretization 229
Fresnel zone plate 231
interference function 222
lens 231
modelling 234

diffuser 235
angle characteristic 237–238

digital mirror device 206–209
direct vision prism 219
dispersion 14

anomalous 14
anomalous partial dispersion 25
Buchdahl model 31, 32
Cauchy model 20
chromatical coordinates 31
curve 15
derivative model 31
diffractive element 36
dispersion curve 17, 20, 49, 54
dispersion number 17
Drude model 14
formulas 18
gradient medium 37
group velocity 38
GVD 38
Hartmann 20
heavy flints 25
Herzberger diagram 24
Herzberger formula 20
Hoogland diagram 26
interpolation 18
long crowns 25
modeling 29
Münz* model 27
normal glasses 22
normal line 24
plastics 54
pulse shape 38
relative partial 20
Sasian’s model 33
Schott formula 20
Sellmeier 20
short flints 25
short pulses 37

temperature dependence 49
TOD 38

dispersion prism 217–220
distortion 552

keystone 299
DMD 207
DOE 222
Dove prism 141, 215
Drude equation 73
Drude model 14
Duffieux integral 400

e
edge diffraction 311, 380–381, 612
edge spread function 418
electrophoresis 199
electrowetting 196–198
ellipsoid mirror 162–163
encircled energy 341, 378–380
entocentric 269
entrance pupil 257, 264
error-reduction algorithm 581
etendue 3, 122–123, 486, 510
evanescent wave 71
exit pupil 257, 264
extended depth of focus 583–588

cubic phase mask 586
Toraldo mask 586

extended polynomials 172
extended Zernike approach 376–378
eyepieces 7

f
far field approximation 324
fast Fourier transform 595
Fery prism 220
fiber coupling 454
field aperture diagram 3
field lenses 266
field of view 257
field point 247
flattening transform 330
flux transfer 468
fly eye condenser 205, 513
F-number 258, 479
focal length 137, 144–147
focal line 185, 188, 194
focal power 146, 256
focal shift 350
Forbes 170, 171, 173–176

asphere 169
polynomials 172, 178

Fourier image formation 397
Fourier series 593
Fourier slice theorem 605
Fourier transform 593–594

aliasing 595
fast 595
FFT 595
fractional 518–520
leakage 596
non-uniform 601
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Index 619

Parseval theorem 594
sampling theorem 595
semi-analytical 600
zero padding 598

fractional Fourier transform 518–520
Fraunhofer diffraction 313, 324
freeform surface 172

basic shape 174
boundary function 174
Chebychev polynomials 174, 178
constraints 184
extended polynomials 172
Forbes polynomials 172, 178
Legendre polynomials 173, 178
local support 178
Monomials 176–177
projection factor 175
Q-polynomials 174
radial basis functions 172, 174, 179
splines 182–184
Zernike polynomials 172, 177

Fresnel 45, 83, 172, 184, 226
coefficients 65
diffraction 313, 323
edge diffraction 380–381
equations 65
formulae 65
integral 380, 446, 452, 519, 610
lens 191–194
loss 68
low number 347
number 311, 330, 347, 368, 371, 382,

435, 612
reflection losses 44
zone plate 231
zones 586

front stop 484
frustrated total internal reflection 72

g
Gaussian beam 99, 425, 503

ABCD propagation 432
astigmatic 437
Collins chart 428, 432
complex rays 99
complex representation 428
coupling 436
curvature 426
fiber coupling 454
general astigmatism 438
Guoy phase 427
mode matching 433
non-paraxial 449
partial coherent 456
ray equivalent 440
Schell 456
spherical aberration 452
transform 429
truncated 445
Wigner function 503

Gaussian brackets 131

ABCD relation 132
definition 129
tolerancing 132–133
zoom systems 133

Gaussian optics 102
Gaussian pupil 345
Gauss Schell beam 456

propagation 458
Wigner function 503

generalized paraxiality 106
generalized radiance 487

propagation 487
geometrical imaging 247
geometrical transfer function 407–409
Gerchberg–Saxton 580
glass 17

crown 17
diagram 18
dispersion 17
flint 17
GVD 41
map 18
pulse dispersion 39
thermal properties 46
transmission 45

gradient index 209
axial 211
GRADIUM 211
Ilinsky 212
lens 209–214
Luneburg 213
Maxwell 213
pitch length 211
raytrace 83
Tarhanov 212
Wood lens 211

gradient medium 37
GRADIUM 211
grazing incidence 163–164

Wolter telescope 163
Green’s function 318
Gregory 289
GRIN 211
group velocity 38
Guoy phase 427
GVD 38

glasses 41

h
Halton numbers 608
Hamilton function 493
Hartmann–Shack sensor 206
heavy flints 25
Helmholtz–Lagrange invariant

120–124
Helmholtz wave equation 318
Herzberger diagram 24
high-NA 57, 70, 140, 147, 156, 157,

270, 318, 321, 351–353, 357, 359,
378, 449

apodization 350

diffraction 350
mapping 354
vectorial diffraction 355

high-NA mapping 354
Hoogland diagram 26
Huygens principle 315, 338
hybrid approximation 338
hyperbolic 163

mirror 163
surface 160

hypercentric 269

i
ideal lens 154–157
Ilinsky lens 212
illuminance 464
image 91, 154, 243, 248, 257, 270, 292,

395
location 248
orientation 214
plane tilt 288, 302
quality 559
quality MSE 560
quality SSIM 561
restoration 564

image computation 523
physical model 526
quasi realistic 523
ray based 524

image formation 397, 527
Abbe 527
anisoplanatic 543
coherent 531
colour 557
confocal 538
contrast 529
CTF 531
detector 556
digital processing 556–559
distortion 552
4-f-system 528
Fourier 527
illumination 530
incoherent 532
isoplanatism 532
low pass filtering 529
microscopy 538
motion blur 554
multi-focal 534
noise 568
OTF 532
partial coherent 531, 538
phase 579
plenoptic 570
point spread function 528
quality metric 559
resolution 527, 539, 556
spatial variant 543
spectral weighting 558
spectrum 528
transfer function 531, 532
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image restoration 564
algebraic deconvolution 567
deconvolution 565
denoising 568
Landweber 567
Lucy–Richardson 567
Wiener filtering 565

imaging 243
afocal 282
anamorphic 292
curved object 308
geometrical 247
lens makers formula 248
magnification 248
mirrors 287
paraxial 251
prism 305
Scheimpflug 298
skew 301
stigmatic 160, 248
telecentric 282, 284
3-mirror systems 291
2-mirror systems 288
virtual 249

immersion 56
indexing of surfaces 243
infrared 36, 50
interference function 222
invariant 4, 5, 65, 79, 82, 91, 104–105,

110, 126, 144, 152–154, 164, 214,
238, 248, 253, 259, 262, 263, 267,
281, 283, 285, 286, 292, 293, 295,
296, 303, 319, 327, 409, 422, 449,
478, 479, 485, 486, 491, 501, 510,
511, 523, 524, 532–534, 544, 564,
565, 567, 584, 587

cosine 124
Helmholtz–Lagrange 120–124

IR materials 51
irradiance 464
isoplanatism 532
Iwasawa decomposition 112–113

j
Jacobian matrix 477, 486, 510

phase space 510

k
Karhunen–Loeve transform 607
Keplerian telescope 283
keyhole effect 266
keystone distortion 299
kinoform 226, 227
Kirchhoff integral 319, 320
Köhler illumination 530
Köster prism 139

l
Lagrange 97, 110, 126, 164, 238, 259,

262, 263, 281, 283, 292, 293, 295,
303, 355, 478, 491, 493, 494, 495,
501, 502, 510, 567

function 493
invariant 4, 120–124

Lambert–Beer law 44
Lambertian source 466, 470, 474, 487

generalized 467
law of refraction 61, 101
layout optical system 244
LCT 520
Legendre 175, 176

polynomials 173, 177–178
transform 492–494

lens 143–157
Alvarez 201–202
array 203
bending 148–151
conjugation parameter 151
diffractive 231
focal length 144–147
ideal 154–157
Ilinsky 212
layout 244
liquid 198
Luneburg 213
Maxwell 213
Mikaelian 212
principal plane 143, 146
principal surface 147, 148
ring lens 188
shape 148–151
Tarhanov 212
thick 153–154
toroidal 188
Wood 211

lenslet array 202–206
lens makers formula 248
lightfield camera 204
linear canonical transform 520
line of sight 375–376
line spread function 381–382, 418
liquid crystal 200
liquid lens 198

LCD 200
membrane 200

liquids 54
Lister’s ray construction 249
lithographic projection lenses 9
local magnification 260
local plane interface approach 336
local support 179
long crowns 25
longitudinal magnification 263
low Fresnel number 347
Luneburg lens 213

m
magnification 248, 259

angle 263, 282
axial 263
compound system 257
depth 263
keystone 299

local 260
longitudinal 263
prism 218
pupil 261, 282
sagittal 260
telescopic 263

marginal ray 89, 247, 257
Maxwell lens 213
membrane 199–200

lens 200
mirror 200

meridional raytrace 77
method of stationary phase 612
microscope objective lenses 8
microscopic imaging 536
Mikaelian lens 212
mild asphere 170
mirror 157–158

array 208
ellipsoid 162–163
hyperbolic 163
parabolic 161–162
raytrace 81
tunnel diagram 157

mirror systems 287
astigmatism 304
confocal 288
conical 288
obscuration free 290
3-mirror systems 291
2-mirror systems 288

mode matching 433
modulation transfer function 400
moment theorem 594
monocentric system 482
Monomials 176–177
Monte Carlo raytrace 472
MSE criterion 560
multi-focal imaging 534
multi-lens system 255
Münz* model 27

n
NA-FoV diagram 3
natural vignetting 271, 480
Newton equation 107
noise 568
non-sequential raytrace 88–89
non-uniform Fourier transform 601
normal glasses 22
notations optical systems 244
NUFT 601
numerical aperture 121, 258

o
obscuration free 290
optical density 44
optical transfer function 397–410

ambiguity function 413–415
apodization 416–417
autocorrelation 400
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azimuthal angle 410
cascaded systems 420
coherent 406
defocussing 412, 414
Duffieux integral 400
geometrical 407–409
phase 406
polychromatic 411
ring pupil 416
signal chain 423
slope 409
Strehl ratio 408
3-dimensional 409–410

ovaloid 164–168

p
parabasal rays 84
parabolic 102, 111, 164, 187, 288, 308,

325, 329–333, 355, 377, 426, 427,
447, 474, 499, 515, 519, 603, 612

mirror 158, 161–162
surface 160, 161

paraxial 100–108
imaging 251
raytrace 76
vignetting 277

paraxiality generalized 106
Parseval theorem 594
partial coherence 456, 485, 538
PCA 549, 607
perfect lens 155
performance evaluation 246
perspective 269

entocentric 269
hypercentric 269

phase imaging 419, 579
Gerchberg–Saxton 580
ptychography 582–583
retrival 580
TIE 582

phase mask 336
phase retrival 580

algorithms 581
Gerchberg–Saxton 580
TIE 582

phase space 491
caustic 515
energy conservation 510
Hamilton function 493
Jacobian matrix 510
Lagrange function 493
Legendre transform 492
photometry 508
plenoptical imaging 573
power coupling 512
ray aberrations 499
ray bundle 495
ray propagation 496
sampling 515–516
uncertainty relation 494
vignetting 279, 511

Wigner function 492, 501
Wigner propagation 505

phase space analyzer 516–518
phase transfer function 399, 406
photometric units 463
photometry 463

cos4 law 480
detector irradiance 474
flux transfer 468
F-number 479
front stop 484
generalized radiance 487
illuminance 464
irradiance 464
Jacobian matrix 477, 486
Lambertian source 466, 470, 474
monocentric system 482
Monte Carlo raytrace 472
optical systems 477
partial coherent light 485
phase space 508
radiance 463
radiant excitance 464
radiant intensity 463
raytrace calculation 471
ray tubes 476
rear stop 482
sine condition 478
solid angle 466
spectral quantities 464
telecentric system 482
transfer law 468
transmission factor 475
vignetting 480

physical image formation 526
pitch length 211
plane plate 138–143

displacement 139, 140
spherical aberration 140
tilted 140–141

plane wave expansion 319, 322
plastics 53
plenoptical imaging 204, 570

digital focusing 575
phase space 573

point spread function 338
Airy distribution 339
hybrid approximation 338
ideal 339
polychromatic 372–375

polychromatic 412, 559
point spread function 372–375
transfer function 411

power coupling 512
power spectral density 185
power transmission 512
principal component analysis 549, 607
principal plane 143, 146, 252

lens 143, 146
location 146

principal surface 147, 148

prism 214
achromatic pair 218–219
anamorphic pair 219–220
direct vision 219
dispersion 217–220
Dove 141, 215
Fery 220
image plane tilt 305
Köster 139
magnification 218
reflective 214–215
Risley 220–222

projection factor 175
ptychography 582–583
pulse shape 38
pupil 264

aberrations 91, 345
apodization 345
entrance 264
exit 264
magnification 282
matching 266
reduction factors 274

q
Q-polynomials 174
quality of images 559
quasi-realistic images 523

r
radial basis functions 174, 178–182
radiance 463

generalized 487
radiant 67, 405, 465–468, 475, 486, 487,

508, 510, 557
excitance 464
exposure 464
power 463

radiant intensity 463
radiometric 465, 467–477, 485, 510

radiation equivalent 464
transfer law 468
units 463

Radon transform 605
random number generation 608
ray 84–86, 98–101, 105–106

aiming 91
bending 62
deflection 62
fan 91
tubes 86, 476

ray equivalent Gaussian beam 440
Rayleigh–Sommerfeld integral 321
Rayleigh unit 314, 339
raytrace 74

aiming 91
asphere 82
calculation 75
complex rays 98–100
differential 84
diffractive elements 86
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raytrace (contd.)
gradient index media 83
grating 86
initial data 78
meridional 77
non-sequential 88–89
paraxial 76
pitfalls 80
Q-U-method 77
sequential 88–89
vectorial 78

rear stop 482
reflection coefficient 68
reflectivity 67
refraction law 61
refractive index 14, 42

complex 42, 71, 73
metals 73
thermal properties 47

relative partial dispersion 20
retrace error 363
ring 89, 189, 191, 192, 195, 369, 466,

470
lens 188
pupil 344, 416

Risley prism 220–222
roof prism 215–217
Rubens–Hagen law 73
RXI collimator 475

s
sampling 328, 527, 556, 595

phase space 515–516
theorem 595

Sasian’s model 33
Scheimpflug 298, 303

condition 298, 303
Schott 18

dispersion formula 20
glass diagram 19

Schwarzschild 289
Sellmeier 20
semi-analytical Fourier transform

600
Shannon sampling theorem 595
shear transform 385–386
short flints 25
short pulses 37

delay 38
dispersion 37, 38
group velocity 38

Siemens star 402
signal chain 423
sign definitions 243
Silvester’s theorem 110
sinc 209, 224, 327, 330, 334, 335, 340,

341, 414, 506, 595–598, 601
expansion 333
interpolation 597

sine condition 123
photometry 478

singular value decomposition 606
skew imaging 301
skin depth 73
slit diffraction 311, 382–383

Fresnel number 382
Wigner function 506

slowly varying envelope 318
Smith invariant 124
Snell’s law 61
solid angle 466
spatial frequency 322, 395, 502, 528
spherical aberration, plane plate

140
splines 182–184
SSIM 561
stationary phase 612
step index fiber 454
stigmatic 160, 248
Strehl ratio 353, 408
strong asphere 168
superconical surface 171
super-Gaussian profile 346
surface 17, 44, 45

aspheric 159
axicon 194
conic 159–164
cylindrical 185
deformable 200
diffractive 225–234
freeform 172
Fresnel 191
ovaloid 165
superconic 171
toroidal 188

SVD decomposition 606
Sweatt model 234

t
Tarhanov lens 212
telecentricity 282, 284
telecentric system 482
telescope 106, 107, 111, 112, 127, 129,

163, 164, 206, 220, 251, 258, 267,
282, 284, 287, 291, 296, 430–432

Cassegrain 288
Gregory 289
Kepler 283
Schwarzschild 289

telescopic magnification 263
thermal properties 46

dispersion 49
glass 46
index change 46, 47
thermal expansion 46
thermo-optical coefficient 48

thick lens 153–154
thin-element approximation 336

TIE 582
tilted plane diffraction 383–389
tilted plane plate 140–141
Toraldo mask 586
toroidal lens 188
total internal reflection 62, 70

frustrated 72
transfer function 397

CTF 531
transfer length 251
transmission 15, 42, 44, 68

coefficients 68
factor 475
glasses 45
systems 68

transmittivity 67
transport of intensity equation 582
truncated Gaussian beam 445
tunnel diagram 157

u
ultraviolet 36, 50
uncertainty relation 494
UV materials 51

v
variable component 195–202
variable refractive index 211
vectorial raytrace 78
vergence 263
vignetting 269

aiming 279
coefficients 276
cos4 law 271, 480
Delano diagram 127
gradient index lens 279
natural 271, 480
paraxial 277
phase space 279, 511

virtual image 249

w
water 54
wave equation 318
Wigner function 492, 501

beam decomposition 503
Gaussian beam 503
Gauss Schell beam 503
propagation 505
slit diffraction 506

window function 609
Wolter telescope 163
Wood lens 211
working F-number 259

z
Zernike polynomials 177

extended 376–378
zero padding 598


