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Equation Summary

Numerical aperture and f/#:

. f
NA=n' ! [#= ——
n sinu f ZPD

Rayleigh criterion:

0.61A
AX = ——
NA

Image height as a function of field angle:

= ftano0
Transverse ray error:
, 1 oW ,_ 1 oW
€ =—=— €
Y n'ul, dpy Y ul 0px
Strehl ratio:
Strehl = (1—2712(»2) w=RMSopp

Wavefront aberration polynomial:

Wigk = HIp cosk 0

W(H,p,0) = Wogop® + Wi11Hpcos 0 + Wosop* + W31 H p® cos 0
+W222H2 p2 cos20 + W220H2 p2 + W311H3pcose +0(6)

Contrast:

I — 1.
Contrast = —22% —min
Imax + Imin
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Equation Summary

Focal lengths of any two thin lens system:

df dBFL

fo

fa=+"BFL “f-BFL-d

Zero-Petzval solution for two thin lenses:

—BFL)?
fo=-fo=f-BFL  a=Y=EE
Two-mirror solution:
_BFL-f _BFL+d-f
‘T Todr 2= T94BFL

Schwarzchild solution:
d=2f c1=(¢5—3f cz=(¢3+Qf

Aplanatic condition:

Bending and shape factors:

c1+cy _Ugtuy

C=

c1—c9 Ug — U,

Thin lens bending for minimum spherical:

cg 2n%2-n-4

a " n@n+1)
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Equation Summary

Thin lens bending for minimum coma:

co (n2-n-1)
c1 n?

Achromatic doublet:

D=1+ b1=0

Vi-Vo Vi-Ve

Petzval sum:

Thick lens power:

t
¢=¢1+¢2—;(¢1<b2)
Minimum clear aperture for no vignetting:

CAnin = 1yal +lysl
Aspheric sag equation:

Cr2

sag=2z(r)= +dr4+er6+fr8+gr10+...

1+1/1-(k+1)(cr)?

Gradient index profiles:

n(r)=Noo+N1or®+Nogrt +...
n(z)=Noo+No1z+Nogz>+...
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Merit function:
m

o= w? (ci— t;)*

i=1

Athermalization condition:

deens
————==CTE1d1 CTEod
dT 1a1 202

Bireflectance scattering distribution function:

BSDF(8:,0 1:00,6 ) =@sr1

Sellmeier dispersion:

2 2 2
n(A)=A[1+ ik + coh + cah
M-cy AM-c5 A2-cg

Schott dispersion:

n<7»)=\/c1+ e+ %+ ;_i+ %+ %
Snell’s law:
nsin®=n sin®’
Paraxial ray tracing:

n'u =nu-yb

, ,,<d>
y=yt+tnu|—
n

b= cli-n)
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Equation Summary

Lens maker’s equation and linear magnification:

©» | =
=
\"

1
= +
s/

| =

Thin lens power:

®=%=(01—C2)(n—1)

Diffraction gratings:
mA =d[sin(0,,) —sin(0;)] Ablaze = 2d sin o
Sampling ratio:

i)
~ pixel pitch

Lagrange invariant and étendue:

H=nuy-nuy n?AQ=m’H?
Etendue = f dAaQ

surface
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Index

3-point symmetry, 77
4f optical system, 58

Abbe illumination, 121

Abbe number, 105

aberrations, 7

absorption, 94

achromat, 30

achromatic doublet, 30, 55

actively athermalized, 88

adaptive simulated
annealing, 67

adjustment range, 82

afocal relay telescope, 58

afocal system, 42, 110

afocal telescope, 101

airspace, 69

airspace compensator, 82

airspace tolerance, 81

airspaced doublet, 31

Airy disc, 5

alias, 118

all-dielectric mirror, 117

altitude, 6, 87

Amici lens, 103

anamorphism, 45

anastigmat, 32

angle of incidence (AOI),
1, 50

angular magnification,
101

anisotropic surface, 95

anomalous dispersion,
105

anomalous partial
dispersion, 55

anti-reflection (AR)
coating, 91

aperture, 27

aperture specification, 4
aperture stop, 90, 111
aplanatic lens, 50, 103
aplanatic solve, 70
apochromats, 30
area obscuration, 38
arm, 72
aspect ratio, 69
asphere, 61, 100, 115
aspheric coefficient, 69
aspheric collimator, 29
aspheric departure, 62
aspheric sag equation, 61
aspheric testing, 62
assembly drawing, 75
assembly plan, 81
assembly print, 75
assembly tolerance, 81
astigmatism, 21
astronomical telescope,
101
asymmetrical tolerance,
73, 82, 85
athermalization, 108
athermalized, 88
axial color, 23
axial gradient, 63

back focal length (BFL), 6

baffle, 90

balsam, 117

bandwidth, 4

barrel distortion, 22

base radius, 62

beam expander, 101

best-fit sphere (BFS), 62

bidirectional reflectance
distribution function
(BRDF), 95
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Index

bidirectional scattering
distribution function
(BSDF), 95

bidirectional
transmittance
distribution function
(BTDF), 95

binary optic, 64

binoculars, 101

biogon, 33

Biotar, 33

birefringence, 79

blaze wavelength, 116

blazed grating, 116

blue shift, 91

bolt-together assembly, 80

boresight error, 81

boroscope, 104

Bouwers telescope, 41

brick diagram, 109

bright field illumination,
102, 121

brightness, 120

broadband anti-reflection
(BBAR) coating, 91

bubbles, 79

Buchroeder system, 41

cam, 48
camera lens, 96
camera objective, 96
Cassegrain telescope, 39
catadioptric, 37
catadioptric design, 56
catadioptric telescope
objectives, 41
cemented doublet, 30
center thickness (CT), 78
centering, 78
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central obscuration, 38

centroid, 9, 68, 113

centroid distortion, 22

charge-coupled device
(CCD), 96

charge-diffusion
modulation transfer
function (MTF), 119

chief ray, 113

chief ray angle solve, 70

child ray, 94

chromatic aberration, 23

clocking, 77

coefficient of thermal
expansion (CTE), 87

coherence, 121

cold mirror, 117

cold shield, 93

cold shield efficiency, 93

cold stop, 93

collection system, 121

collimator, 101

coma, 18

compensated, 84

compensating eyepiece, 99

compensator, 17, 48, 73,
82

complementary
metal-oxide
semiconductor
(CMOS) detector, 96

compound microscope,
102

compounding, 32, 51

computer-generated
hologram (CGH), 64

concentrator system, 121

condenser, 102

conic, 61
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Index

conic constant, 61

conic section, 115

conjugate factor, 53

conjugate plane, 110

constraint, 65

construction parameter,
73

continuous variable, 69

continuous zoom, 47

contrast transfer function
(CTF), 13

Cooke triplet, 32

corrector lens, 39

cosmetic defect, 79

cost function, 65

cover slip, 103

critical illumination, 121

critical object, 90

cross term, 85

crown glass, 106

crystal, 106

crystalline, 108

cumulative distribution
function (CDF), 86

curved grating, 116

custom distribution, 83

cutoff frequency, 118

cycles/mm, 13

cylinder, 77

damped least squares
(DLS), 66

damping factor, 66

dark field illumination,
102, 121

decenter, 81

default merit function, 68

defect, 65

defocus, 15

depth of field, 16

depth of focus, 16

derivative increments, 66

derivative matrix, 66

derivative tolerancing, 85

design margin, 73, 74

dewar, 93

dialyte, 31

dichroic, 117

diffraction efficiency, 64,
116

diffraction grating, 116

diffraction limited, 12, 14

diffraction-limited lens,
52

diffractive, 100

diffractive optical element
(DOE), 64

digital camera, 96

digs, 79

diopter, 98

directed distance, 1

direction cosine, 109

discrete variable, 69

discrete zoom, 47

dispersion, 23, 55, 79,
105, 116

distance-measuring
interferometer, 76

distortion, 22

double Gauss, 33

doubly telecentric, 58

drop-in assembly, 80

edge spread function
(ESF), 12

edge thickness difference
(ETD), 78

edging, 78
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Index

effective focal length
(EFL), 110

ellipsoid, 115

elliptical coma, 25

empty magnification, 98,
103

encircled energy, 9

endoscope, 104

enhanced dielectric
coating, 117

ensquared energy, 9

entrance pupil, 112

entrance pupil diameter
(EPD), 4

entrance window, 112

envelope, 6

environmental analysis,
3, 87

environmental
requirement, 87

epi-illumination, 102, 121

Erfle eyepiece, 100

étendue, 120

exit pupil, 112

exit window, 112

expansion, 45

eye relief, 99

eyepiece, 98, 99

eyepiece design form, 100

fast-Fourier transform
(FFT), 112

fictitious glass, 69

field clearance, 43

field curvature, 19

field curve, 21

field flattener, 19

field lens, 34, 41, 104

field of view (FOV), 5
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field point, 71

field size, 27

field stop, 90, 111

field tilt, 81

field weight, 71

fifth-order spherical
aberration, 25

finite conjugate system,
110

first-order optics, 7

first-order solution, 3

first-order stray light
path, 90

fish-eye lens, 36, 96

flange-to-focus, 6, 102

flint glass, 106

floating element, 35, 96

floating stop, 57

fly’s eye array, 121

focal length, 110

focal plane, 110

focus, 15, 82

focusing, 48

Fourier filtering, 58

fovea, 98

foveal region, 98

Fraunhofer doublet, 30,
31

free spectral range, 116

freeform surface, 61

Fresnel reflection, 91

fringe Zernike
polynomials, 114

full field of view (FFOV), 5

full-pitch, 63

f-theta lens, 104

f-0 distortion, 97

fl#, 4

f/# solve, 70
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Index

G-sums, 53

Galilean telescope, 101

Gauss doublet, 31

Gaussian bracket, 48

Gaussian distribution, 83

Gaussian quadrature
(GQ) sampling, 72

genetic algorithm, 67

geometrical optics, 7

ghost, 92

ghost analysis, 92

ghost image, 89, 92

ghost reflection, 41

glare stop, 90

glass, 106

glass map, 69, 106

global optimization, 65, 67

global search, 67

gradient index (GRIN), 63

gradient matrix, 66

grating equation, 116

grating spacing, 116

Gregorian telescope, 40

gull wing, 61

Hale Telescope, 40

half field of view (HFOV),
5

hexapolar sampling, 72

high-reflector (HR)
coating, 117

higher-order (HO)
aberration, 25

hologon, 33

holographic grating, 116

holographic optical
element (HOE), 64

homogenization, 121

Hopkins ratio, 14

hot mirror, 117

Houghton system, 41

Hubble Space Telescope
(HST), 40

human eye, 98

humidity, 6

Huygens eyepiece, 100

hyperboloid, 115

hyperfocal distance, 15

hypergon, 33

illuminated object, 90

illumination, 94

illumination design, 121

illuminator, 121

image clearance, 6

image format, 96

image height, 71

image inverter, 98

image jitter, 87

image plane tilt, 82

image-space telecentric,
58

imaging telescope, 101

immersion objective, 103

inclusions, 79

index of refraction, 55, 79,
105

induced aberration, 26

infinite conjugate system,
110

infinity-corrected
objective, 102

infrared (IR), 108

inhomogeneity, 79

injection molding, 107

interface requirement, 6

intrinsic aberration, 26
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Index

inverse sensitivity
analysis, 84

inward-curving field, 20

ISO 10110, 75

isotropic surface, 95

Kellner eyepiece, 100

Keplerian telescope, 101

keystone distortion, 22

kidney-bean effect, 60,
100

kinoforms, 64

knife edge, 90

Kohler illumination, 121

Lagrange invariant, 120

Lagrange multiplier, 68

Lambertian, 95

landscape lens, 29

Large Binocular Telescope
(LBT), 40

lateral color, 24

lead line, 106

legacy design, 49

lens, 2

lens bending, 54

lens bending parameter,
53

lens design, 2

Lens maker’s equation,
110

lens system, 2

lens thickness, 69

light pipe, 121

limiting resolution (LR),
119

line spread function
(LSF), 12

line-of-sight (LOS), 87
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linear grating, 116
linear obscuration, 38
linear system theory, 14
Lister objective, 103
Littrow grating, 116
local optimization, 65, 66
long-focus lens, 96
long-wave infrared

(LWIR), 108
longitudinal chromatic

aberration, 23
longitudinal color, 23
Lyot stop, 90

macro lens, 96
magnification, 110
magnification solve, 70
Maksutov telescope, 41
Maksutov—Cassegrain
telescope, 41
Mangin mirror, 41
manufacturing yield, 86
Maréchal criterion, 12
marginal ray, 113
marginal ray angle solve,
70
marginal ray height solve,
70
mechanically
compensated, 48
melt certification, 106
melt-recompensation
process, 82
meridional fan, 111
merit function, 3, 65, 68
Mersenne configuration,
42
microscope, 102
microscope objective, 103
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Index

microscope slide, 103

mid-wave infrared
(MWIR), 108

model glass, 69

modulation transfer
function (MTF), 13

modulation transfer
function (MTF)
bounce, 13

moisture, 6

monochromatic, 4

monochromatic
aberration, 8

Monte Carlo analysis, 73,
86

Monte Carlo tolerance, 83

Narcissus, 92, 93
Narcissus-induced
temperature
difference (NITD), 89,
93
natural stop position, 57
new achromat, 55
Newton’s rings, 76
Newtonian telescope, 39
non-reimaging
three-mirror
anastigmat (TMA), 45
nonimaging system, 94
nonsequential ray tracing
(NRT), 92, 94
nonuniformity correction
(NUCQ), 93
normal dispersion, 105
normal distribution, 83
normalized field
coordinate, 8, 71

normalized pupil
coordinate, 8

null lens, 39, 64

numerical aperture (NA),
4

numerical optimization,
65

Nyquist frequency, 14,
118, 119

Nyquist limit, 118

object angle, 71

object height, 71

object-space telecentric,
58

objective, 98

oblate, 115

oblique spherical
aberration, 25

obscuration, 38

off-axis parabola (OAP),
42

off-axis rejection (OAR),
89

off-axis Schwarzschild
mirror, 46

Offner Relay, 43

old achromat, 55

operand, 65

operating range, 87

optical axis, 1

optical cement, 117

optical cut-off frequency,
13

optical design, 2

optical design process, 3

optical design software, 2

optical drawing, 75

optical invariant, 120
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Index

optical path difference
(OPD), 11

optical polymer, 107

optical print, 75

optical system, 2

optical transfer function
(OTF), 13

optically compensated, 48

optimization, 3

orthoscopic eyepiece, 100

outside diameter (OD), 78

overcorrected, 24

oversampled, 118

packaging requirements,
6

parabolic distribution, 83

paraboloid, 115

paraxial ray tracing, 109

paraxial refraction, 109

paraxial transfer
equation, 109

parent mirror, 42

parent ray, 94

partial dispersion, 55

passive athermalization,
88

peak-to-valley (P-V), 77

peak-to-valley optical
path difference (P-V
OPD), 11

Pegel diagram, 49

penalty function, 65

performance budget, 73,
74

performance prediction,
85

periscope, 104

Petzval curvature, 20
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Petzval lens, 34

Petzval portrait lens, 34

Petzval projection lenses,
34

Petzval radius, 56

Petzval ratio, 56

Petzval sum, 56

phase reversal, 13

photographic lens, 96

photographic objective,
32, 96

pickup solve, 70

pincushion distortion, 22

pits, 79

pixel pitch, 118

PLAN microscope
objectives, 32

Planar, 33

plano-convex singlet, 110

plastic, 106, 107

Plossl eyepiece, 100

point characteristic, 114

point spread function
(PSF), 12, 112

point-source normalized
irradiance
transmittance
(PSNIT), 89

point-source
transmittance (PST),
89

poker-chip assembly, 80

polar sampling, 72

polarizing beamsplitter,
117

polychromatic, 4

power, 77,110

preferred glass, 106

pressure, 87
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Index

primary color, 23

prime group, 48

principal plane, 110

probability distribution
function (PDF), 83

probability distribution
table, 86

prolate, 115

propagation, 109

pupil aberration, 59, 60,
112

pupil ghost, 92

pupil match, 60

pupil matching, 112

pupil sampling, 72

pupil spherical, 60

pupil-matched, 99

push-around, 18, 82

@ parameter, 118

Q-type (Forbes)
polynomial, 61

quarter-pitch, 63

radial gradient, 63

radiation-hardened, 6

radius of curvature
(ROOC), 1, 69, 76

range of motion, 82

ray aiming, 60, 71

ray failure, 49, 60, 109

ray fan, 111

ray intercept failure, 49

ray intercept plot, 10

ray scattering, 94

ray splitting, 94

ray tracing, 2

Rayleigh criterion, 5

Rayleigh quarter-wave
criterion, 11

receiver, 94

rectangular grid
sampling, 72

reference ray, 71, 113

reflection, 109

reflective, 37

reflective triplet (RT), 45

refraction, 109

refractive, 37

reimaging, 44

relative aperture, 4

relative bandwidth, 4

relative illumination (RI),
58, 59, 97

relay, 98

relay lens, 104

reproduction lens, 104

reproduction ratio, 96

resolution, 5

retina, 98

retrofocus lens, 36

reverse telephoto, 31, 36

reversing, 52

riflescope, 101

rifling, 90

ring, 72

Ritchey—Chrétien
telescope, 39

roll, 81

root mean square (RMS)
spot diameter, 9

root mean square (RMS)
spot size, 9

root mean square optical
path difference (RMS
OPD), 11

root-sum-square (RSS), 85
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Index

sag, 61

sag equation, 115

sagittal, 10, 14

sagittal fan, 111

sampling frequency, 118

sampling modulation
transfer function
(MTF), 118

scatter plot, 9

scattering, 94, 95

scatterometer, 95

Schmidt telescope, 41

Schmidt—Cassegrain
telescope, 41

Schott index equation,
105

Schupmann lens, 31

Schwarzschild objective,
40

scratches, 79

second-order stray light
path, 90

secondary color, 23

secondary spectrum, 23

Seidel aberration, 114

Seidel diagram, 49

Sellmeier index equation,
105

semiconductor, 108

sensitivity analysis, 84

sensitivity matrix, 85

sensitivity table/chart, 84

sequential ray tracing, 94

Shannon sampling
theorem, 118

shape factor, 53

shim-centered assembly,
80

shock requirement, 6
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single-lens reflex (SLR),
97

singlet, 29

skew ray, 72

skewed Gaussian
distributions, 83

slope error, 62

smile, 45

Snell’s law, 109

solve, 70

source, 94

space adjust, 17, 82

spatial frequency, 13

specification document, 2,
3

specular direction, 95

sphere, 115

spherical aberration, 17

spherical aberration of
the pupil, 100

spherochromatism, 24

spherometer, 76

spider, 38

spiked distribution, 83

splitting, 32, 51

spot diagram, 9

spurious resolution, 13

staining, 79

standard Zernike
polynomials, 114

Steinheil doublet, 30

step size, 66

stigmatic, 39

stigmatic imaging, 115

stop, 111

stop shift, 57

stop symmetry, 57

stray light, 89

stray light analysis, 3, 89
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stray light suppression,
44

Strehl ratio, 12

striae, 79

super achromats, 30

superposition, 121

surface contribution, 63

surface irregularity, 77,
114

surface roughness, 95

surveillance spotting
scope, 101

survival range, 87

symmetrical tolerance,
73, 82, 85

tailoring, 121
tangential, 10, 14
tangential fan, 111
telecentric lens, 58
telecentricity, 58
telephoto, 31
telephoto lens, 35, 96
telephoto ratio, 35
temperature, 6, 87
terrestrial (spotting)
telescope, 101
Tessar, 32
test plate, 76
test plate fit, 76
test plate fringes, 76
thermal analysis, 3
thermal expansion, 108
thermo-optic coefficient,
87, 108
thick lens, 3
thickness solve, 70
thin lens, 3, 53, 110

thin lens aberration
expression, 53

third-order aberration, 3

third-order aberration
theory, 8

threading, 90

three mirror long (TML),
46

three-mirror anastigmat
(TMA), 44

three-mirror compact, 46

tilt, 81

tolerance stack-up, 81

tolerancing, 3, 73

topogon, 33

total indicator runout
(TIR), 78

total integrated scatter
(TIS), 95

total internal reflection
(TIR), 49

tow/keystone, 45

trans-illumination, 102,
121

transfer contribution, 63

translation, 109

transverse chromatic
aberration, 24

transverse ray aberration
plot, 10

transverse ray error, 7

trefoil symmetry, 77

trial, 86

truncated Gaussian, 83

tube length, 102

tube lens, 102

two-bounce ghost, 92

ultraviolet (UV), 108
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Index

uncompensated, 84
undercorrected, 24
undersampled, 118
uniform distribution, 83
unity-magnification
relays, 104
unobscured system, 42

V-number, 105
V-coat, 91

vane, 90

variable, 65

variator, 48

varifocal, 47

veiling glare, 89
vertex radius, 62
vibration, 6, 87
viewfinder camera, 97
vignetting, 59
vignetting factor, 59
visual instrument, 98

WALRUS, 46
wave aberration function,
7
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wavefront, 7

wavefront differential, 85
wavefront plot, 11
wavefront tilt, 16

wedge, 78

weighted, 68

wide-angle lens, 36, 96
Wood lens, 63

working f/#, 4

working distance, 6

y-bar diagram, 53
yield, 74

yield curve, 86
YNI product, 93
ynu diagram, 109

Zernike polynomial, 77
Zernike polynomials, 114
zoom group, 47

zoom kernel, 48

zoom lens, 47

zoom ratio, 47
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