P. Goodwin

Eric

Wyant

James C

.spiedigitallibrary.org/ebooks on 20 Mar 2022

igitallibrary.org/terms-of-use



SPIE Terms of Use: This SPIE eBook is DRM-free for your
convenience. You may install this eBook on any device you own,
but not post it publicly or transmit it to others. SPIE eBooks are
for personal use only. For details, see the SPIE Terms of Use.

To order a print version, visit SPIE.

SPIE.

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Field Guide to

Interferometric
Optical Testing

Eric P. Goodwin
James C.Wyant

SPIE Field Guides
Volume FGI0

John E. Greivenkamp, Series Editor

SPIE

PRESS
Bellingham, Washington USA

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Field Guide to

Interferometric
Optical Testing

Eric P. Goodwin
James C.Wyant

SPIE Field Guides
Volume FGI0

John E. Greivenkamp, Series Editor

SPIE
PRESS

Bellingham, Washington USA

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Library of Congress Cataloging-in-Publication Data

Goodwin, Eric P.
Field guide to interferometric optical testing / Eric P. Goodwin &
James C. Wyant.
p. cm. -- (The field guide series ; 10)
Includes bibliographical references and index.
ISBN 0-8194-6510-0
1. Optical instruments--Testing. 2. Interferometry. I. Wyant,
James C. II. Title.

TS514.G66 2004
535'.470287--dc22
2006024169

Published by

SPIE—The International Society for Optical Engineering
P.O. Box 10

Bellingham, Washington 98227-0010 USA

Phone: +1 360 676 3290

Fax: +1 360 647 1445

Email: spie@spie.org

Web: http://spie.org

Copyright © 2006 The Society of Photo-Optical Instrumentation
Engineers

All rights reserved. No part of this publication may be reproduced or
distributed in any form or by any means without written permission of
the publisher.

The content of this book reflects the work and thought of the author.
Every effort has been made to publish reliable and accurate
information herein, but the publisher is not responsible for the validity
of the information or for any outcomes resulting from reliance thereon.

Printed in the United States of America.

@ The International Society
for Optical Engineering

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Introduction to the Series

Welcome to the SPIE Field Guides—a series of publica-
tions written directly for the practicing engineer or scien-
tist. Many textbooks and professional reference books cover
optical principles and techniques in depth. The aim of the
SPIE Field Guides is to distill this information, providing
readers with a handy desk or briefcase reference that pro-
vides basic, essential information about optical principles,
techniques, or phenomena, including definitions and de-
scriptions, key equations, illustrations, application exam-
ples, design considerations, and additional resources. A sig-
nificant effort will be made to provide a consistent notation
and style between volumes in the series.

Each SPIE Field Guide addresses a major field of optical
science and technology. The concept of these Field Guides is
a format-intensive presentation based on figures and equa-
tions supplemented by concise explanations. In most cases,
this modular approach places a single topic on a page, and
provides full coverage of that topic on that page. Highlights,
insights, and rules of thumb are displayed in sidebars to
the main text. The appendices at the end of each Field
Guide provide additional information such as related mate-
rial outside the main scope of the volume, key mathemati-
cal relationships, and alternative methods. While complete
in their coverage, the concise presentation may not be ap-
propriate for those new to the field.

The SPIE Field Guides are intended to be living docu-
ments. The modular page-based presentation format allows
them to be easily updated and expanded. We are interested
in your suggestions for new Field Guide topics as well as
what material should be added to an individual volume to
make these Field Guides more useful to you. Please contact
us at fieldguides@SPIE.org.

John E. Greivenkamp, Series Editor
Optical Sciences Center
The University of Arizona
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Field Guide to Interferometric Optical Testing

The material covered in the Field Guide to Interferomet-
ric Optical Testing is derived from a course taught by Dr.
Wyant at the College of Optical Sciences at the University
of Arizona. The material has evolved over the years as the
underlying technologies and techniques have changed. This
text is meant as a reference of interferometric principles
and methods for the practicing engineer.

Eric Goodwin dedicates this Field Guide to his wife, Sam,
and their daughter, Ryan.

James Wyant dedicates this Field Guide to the memory of
Louise.

Eric P. Goodwin and James C. Wyant
College of Optical Sciences
University of Arizona
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Glossary

Frequently used variables and symbols:
Average phase shift between frames
Amplitude

Aspheric surface coefficients
Number of bits for quantization error
Obscuration ratio

Speed of light

Moiré fringe spacing

Curvature

Distance, displacement

Diameter

Diameter of Hindle Sphere

Focal length

Spatial frequency

# F-number

Focal point

Coefficient of finesse

Zernike angular component

B > R

N

mENRTTISURQQC W
[95)

,_,
D
<
—

G G-factor

h Height

H Normalized field height

L Step number, frame number

1 Irradiance

L. Coherence length

m Diffraction order or fringe order
m Fresnel zone plate zone number
m Transverse or lateral magnification
n Index of refraction

N Extraordinary index, uniaxial crystal
n, Ordinary index, uniaxial crystal
N Number of algorithm steps

N Integer number of 27

NA Numerical aperture

OPD Optical path difference

OPL Optical path length

p p-polarization state

r Non-normalized radial coordinate
T'm Radius of mth bright fringe

rp Pupil radius
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Glossary (cont’d)

R Radius of curvature

R/T Reflection/transmission ratio

R, Radial shear coefficient

s s-polarization state

s(r) Sag as function of part radius

S Fringe spacing

SNR Signal to noise ratio

t Thickness

te Coherence time

T Lateral translation

v Speed of light in medium or velocity
\%4 Visibility

Ve Visibility factor due to spatial coherence
Wi Wavefront aberration coefficients
W(x,y) Wavefront as function of spatial position
x Spatial coordinate

Xp Pupil coordinate

Xs Pixel spacing

X Pixel width

y Spatial coordinate

Y Pupil coordinate

z Object distance, axial position

z Image distance (lens)

Z Zernike polynomial coefficients

104 Angle between two polarization states
104 Moiré angle, wedge angle

B Tilt

5B Tilt difference

r Fringe contrast

d(x,y) Grating errors, function of position
A Fringe displacement

A Integrated phase change

€ Linear phase shift error

€ Angle error for 90-degree prism

€, Axial distance from paraxial focus

n Diffraction efficiency

0 Angle, shear angle, tilt orientation
0 Angle, Zernike polynomial set
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Glossary (cont’d)

le)

Diffraction angle

Incident angle

Conic constant

Wavelength

Center wavelength

Equivalent wavelength

Diffraction grating or moiré grating period
Frequency

Frequency difference

Cutoff frequency

Cutoff frequency for a sparse array detector
Nyquist frequency

Reflectance (ratio of reflected irradiance)
Normalized pupil radius (0 < p < 1)

RMS wavefront error

Wavefront variance

Standard deviation, irradiance fluctuations
Standard deviation, quantization phase error
Phase

Phase shift as a function of time

Rotation rate

Solid angle
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Fundamentals of Interferometry 1

Two-Beam Interference Equation

Interferometric optical testing is based on the phenom-
ena of interference. Two-beam interference is the super-
position of two waves, such as the disturbance of the sur-
face of a pond by a small rock encountering a similar pat-
tern from a second rock. When two wave crests reach the
same point simultaneously, the wave height is the sum of
the two individual waves. Con-
versely, a wave trough and a wave
crest reaching a point simultane-
ously will cancel each other out. Wa-
ter, sound, and light waves all ex-
hibit interference, but for the pur-
pose of optical testing, the focus will Destructive /'
be the interference of light and its Interference
applications.

A light wave can be described by its frequency, ampli-
tude, and phase, and the resulting interference pattern
between two waves depends on these properties, among
others. The two-beam interference equation for mono-
chromatic waves is:

I(x,y) =11 + Iy + 2/I1I5 cos(p1 — do)

I(x,y) =A% 4+ A2 + 2A1A5cos(d1 — d2)
¢ [ is the irradiance. Detectors respond to irradiance,
which is the electric field amplitude, A, squared:

I=A?
® ¢ is the phase of the wave in radians:
0<¢p=<2n

®* 1 — ¢p2 = Ad is the phase difference between the test
and reference beams

Constructive
Interference
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2 Interferometric Optical Testing

Basic Concepts and Definitions

® A is the wavelength of light. Visible light extends from
400 to 700 nanometers

A
i Velocity = ¢

n=1

Wave Crests / Second = v

® cis the speed of light in a vacuum (n = 1):
¢ =2.99792 x 108?

® v is the optical frequency of the light:

V= %; v =>5.45 x 10'* Hz for A = 550 nm
® 1 is the index of refraction of the medium. »n is a func-
tion of A:

n\) = c_ Speed of Light in Vacuum
~ v Speed of Light in Medium

BK7 Glass

f —» nm
400 700

® OPL is the optical path length and is proportional to
the time light takes to travel from a to b:

ds b
/'_\_/.b OPL =/ n(s)ds; OPL =nt
a n(s) a

® ¢ is the physical thickness of the medium
® OPD is the optical path difference between two
beams:

2
OPD = OPL; — OPLy: (b — dbg) = %OPD
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Fundamentals of Interferometry 3

Conditions for Obtaining Fringes

In order for interference fringes to be observed between
two beams, several conditions must be met. The light in
one beam must be both temporally and spatially coher-
ent with the other beam in the region where interference
fringes are to be observed. In addition, the polarization
properties of the two beams must be compatible. Finally,
the relative irradiances of the two beams must be close in
magnitude.

Temporal coherence is inversely proportional to the
spectral bandwidth of the light source of the two beams.
Temporal coherence goes as the Fourier transform of the
spectral distribution of the source. For example, a laser is
often modeled as a purely monochromatic source; that is,
its spectral bandwidth is zero. The Fourier transform of a
zero bandwidth source is a constant, so the temporal coher-
ence of a purely monochromatic source is infinite. Infinite
temporal coherence means that light in the one beam can
be delayed relative to the second by any amount of OPL
(time) and the two beams will still interfere. The temporal
coherence of a source is usually given by the coherence
length (L.) or the coherence time (¢.):

A2 ; L.

AN ‘T e
Source Ac (nm) AN L.
HeNe Laser 632.8 <0.04 pm >10 m
Hg Lamp 546 ~0.1 nm ~3 mm
SLD 680 12 nm 38 um
LED 660 25 nm 17 pm
Light Bulb 550 ~300 nm ~1 pm

The center wavelength is A. and AA is the spectral band-
width, measured at the FWHM. A source can produce
fringes as long as the OPD between the two beams is less
than the coherence length. If the magnitude of the OPD be-
tween the two beams is greater than the coherence length,
fringes will not be observed. As the OPD goes to zero, fringe
visibility reaches a maximum.
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4 Interferometric Optical Testing

Visibility

Visibility ranges from 0 to 1, where fringes with V > 0.2
are usually discernible. The two-beam interference equa-
tion should be modified by a temporal visibility function,
which depends on the source used and is a function of the
OPD. For a laser, V(OPD) goes to 1 and the original two-

beam interference equation remains:
V= ;‘“a"%; I=I,+1,+2-V(OPD) - /II5cos(Ad)
max min

Fringe visibility variations due to temporal coherence
| V(OPD) =1 | oV(OPD) = Gaussian

I+l L+13

» »
+

0 OPD 0 OPD

Fringe visibility degradation due to temporal coherence can
be improved by decreasing the OPD between the two beams
or by spectrally filtering the source.

Spatial Coherence

A second requirement for the observation of interference
fringes is that the two beams are spatially coherent. If the
source is truly a point source, the two beams are identical
except for the OPD. The model of an ideal monochromatic
point source gives two beams in which any location in the
first beam will interfere with any location in the second
beam. Point sources do not exist and real beams have less
than ideal spatial coherence. The visibility of the interfer-
ence fringes for two beams is inversely proportional to the
spatial extent of the light source.

Fringe visibility variations due to spatial coherence
| V(OPD) =1 14 V(OPD)=0.5

3 l+1;

0 OPD 0 OPD
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Fundamentals of Interferometry 5

Spatial Coherence

Unlike fringe visibility for temporal coherence, fringe vis-
ibility degradation due to spatial coherence effects is not
a function of OPD. This degradation can be represented
in the two-beam interference equation by a constant V
(0 < Vg < 1) multiplied by the cosine term:

I=1I1+1s+2 -V /I1Iscos(Ad)

The spatial coherence of a source can be improved by spa-
tially filtering the light source. One way to spatially filter
a light source is to use a lens to couple the light into a sin-
gle mode fiber. Light emerging from the other end of the
fiber will fill the numerical aperture of the fiber but will
be originating from the central core of the fiber, which is a
good approximation of a point source. The core diameter of
single-mode fiber is around 5 microns.

Hsg O TH 28 )Y
| T SMF _| T °
= = Pinhole

Another approach to spatially filtering a light source is to
focus the light onto a small pinhole using a microscope
objective. As the magnification of the objective increases,
the focused spot size decreases (as does the pinhole size)

according to the following equation: n
Pl e o fd
= — — 1
NA Pinhole

NA is the numerical aperture of the objective, where 0
is the half angle of the converging beam before the pinhole.
The objective creates an ‘image’ of the source, with the un-
desirable spatial extent of the source focused off axis. The
pinhole blocks all but the central region, and the emerging
beam has the spatial coherence properties of a source the
size of the pinhole. The chart is for a 1 mm diameter beam

at A =632.8 nm.
Objective Magnification NA Pinhole Diameter
5X 0.10 50 pm
10X 0.25 25 um
20X 0.40 15 um
40X 0.65 10 pum
60X 0.85 5 um
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6 Interferometric Optical Testing

Polarization

Incoherent light, which does not interfere, adds in irra-
diance, while coherent light, which does interfere, adds in
amplitude. In order for two beams to interfere, the electric
fields cannot be completely orthogonal. For example, if the
first beam is linearly polarized in x and the second is lin-
early polarized in y, they will not interfere, regardless of
the coherence between the two beams. Two beams with or-
thogonal polarizations do not interfere, while two beams in
the same polarization state have maximum fringe visibility.
For polarization states in between, fringe visibility depends
v on the dot product of the electric
10 field vectors of the two beams.
’ Fringe visibility between two lin-
early polarized beams goes as
|cos(x)|, where « is the angle be-
. tween the two states of polariza-

0°  90° 180° * tion.

0.5

Relative Beam Intensities

Maximum visibility fringes occur when the irradiance of
the two beams are equal, which is evident from the two-
beam interference equation. As the ratio of the beam inten-
sities deviates from unity, fringe visibility decreases until
they are no longer easily detected (V < 0.2).

L/, v AilAy v
— 1 10 — 1 10
—--- 2 094 ---- 2080
-—- 10 057 -—- 10 020
............ 100 0.20 —T)) 0.02

f » OPD
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Fundamentals of Interferometry 7

Beamsplitters

Conditions for seeing fringes have been discussed, while
methods for creating and recombining two beams have not.
Light from one source is split into two beams by a beam-
splitter, which either divides the wavefront or the am-
plitude. Division of wavefront beamsplitters create two
beams from different portions of the original wavefront.
A certain degree of spatial coherence is required to see
fringes once the beams are recombined since the beams
originates from different parts of the wavefront. A classic
example of wavefront division is Young’s double-slit.

Division of Wavefront Division of Amplitude

<]

Most laboratory interferometers create two beams using
division of amplitude beamsplitters, where the irradi-
ance is divided across the entire wavefront such that the
diameter of the beam is unchanged. This can be done
using cube beamsplitters, plate beamsplitters, pellicles,
and diffraction gratings. Light is split as a fraction of
PBS incident irradiance in a normal beam-
splitter. A polarization beam split-
> p ® ter, or PBS, splits the light according to
its state of polarization, transmitting p-
S polarized and reflecting s-polarized light.
\ A PBS is one type of cube beamsplitter,
which in general are made from two right-angle prisms
with a coating at the junction of the prisms that gives
the desired amount of reflected light. The coating makes it
either a PBS or a normal beamsplitter. The exter-
nal faces of the cube are typically anti-reflection
(AR) coated to prevent light loss and spurious [
fringes. Since light is usually normally incident
on the cube face, polychromatic light is not dis-
persed in a cube beamsplitter.

Coating
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8 Interferometric Optical Testing

Plate and Pellicle Beamsplitters

Plate beamsplitters are similar to cube beamsplitters in
that they divide the amplitude of the incident light and can
be made to split the light by polarization or by any desired
ratio. One surface is usually AR coated, while the other has
the coating to split the beam. Plate beamsplitters can be
used to split beams at angles other than 90°. If the source
is polychromatic, the index variation in the glass as a func-
tion of wavelength will cause a slight spatial displacement
between beams of different wavelengths. This is not a con-
cern for sources with a narrow spectrum, such as a laser.

1 — sin® ~1
d =tsin(0) |:1— Lz(e)] ~ t9<n—>; 0 in radians
n2 — sin“(0) n

rrrrrrrrr > > >
d
6 Plate v Pellicle

M Beamsplitter

Pellicle beamsplitters are thin (~5 pm) polymers used
like a plate beamsplitter and are most useful for beam sam-
pling. They are not susceptible to wavelength displacement
in the beam because they are so thin, but they are fragile
and very sensitive to vibrations, making them difficult to
use in an interferometer.

Diffraction Grating as a Beamsplitter

A diffraction grating can be used as a beamsplitter for
a source that is nearly monochromatic. When placed in
a beam, part of the beam continues along the original
path, while the diffracted beam leaves the grating at

an angle 0. The grating p¢q4ion Grating—»
period is A and m is the >

N T e—

diffraction order. 0.20° s |:_ —
i g, A e

A d,m=1 ——

sin(6y) — sin(0;) = mT

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Interferometers 9

The Interferometer

An interferometer is an instrument that uses the interfer-
ence of light to make precise measurements of surfaces,
thicknesses, surface roughness, optical power, material ho-
mogeneity, distances; the list goes on. The resolution of an
interferometer is governed by the wavelength of light used
and is on the order of a few nanometers. In order to de-
termine the properties of the sample under test, an inter-
ferogram is captured and analyzed according to the type
of interferometer that created it. Two-beam interferome-
ters return relative information about the OPD between
the two beams. Absolute measurements can be made, but
extra care must be taken in calibration and system charac-
terization.

Classic Fizeau Interferometer

The classic Fizeau interferometer often uses a spectral
emission line to achieve a coherence length of a fraction
of a millimeter. The part to be tested is placed on top of a
reference flat which has been previously characterized. The
Fresnel reflection from the bottom of the test piece is the
test beam. The reflection from the top surface of the ref-
erence flat is the reference beam. The fraction of reflected
light p at normal incidence is given as a function of the re-
fractive index, n.

O O O
Eye Lamps
<Q—

Test Part t(x)

Reference v

Flat\"_:?‘__/n

| I

y >X

2

p= (n2 n1> OPD =2n4,t(x) ~ 2t(x); ngr~1.0
ng +ni

The OPD between the test and reference beams is given

above. The reference beam travels the distance between the

two surfaces twice; hence the factor of two.
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10 Interferometric Optical Testing

Classic Fizeau Interferograms

The resulting interferogram seen by the eye is shown here
for a test part that is tilted in x with respect to the refer-
ence part. Any fringe in an interferogram represents a con-
stant OPD. Fringes can be thought of as contour lines on
a contour map. Fringes cannot cross each other. The OPD
between adjacent bright fringes is one center wavelength
of the light source used.

yA P _¢OPD=1A

Along Fringe = ' Fringes

9
Constant OPD OPD f \
X Low High

If the test surface has a defect, such as a bump or hole, the
fringes will curve around it. To determine if the defect is a
bump or a hole on the surface, the direction of increasing
OPD must be identified. This can be determined by push-
ing on one side of the test piece and watching the number
of fringes. If the number of fringes increases when pressure
is applied, you are pushing on the side with lower OPD. If
fringes on the right are higher OPD, meaning the wedge
between the two surfaces opens to the right, then this in-
terferogram represents a hole on the bottom surface of the
test piece. In the region of the defect, a fringe representing
higher OPD is ‘pulled in’ from the right, indicating that the
reference beam traveled further in the region of the defect.
Therefore, the de-

fect is a hole with Defect sabing
height h, fringe [Test w1 ! i
spacing S, and ——J?_ ‘ | |
fringe displace- | i
ment A: Reference > e
B AA Increasing OPD
28

This interferogram is shown with several waves of tilt.
Tilt is often purposely introduced so the magnitude of a
surface error can be determined. No tilt makes S hard to
determine; too much tilt makes A hard to find.
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Interferometers 11

Newton’s Rings

The classical Fizeau is also useful for testing concave or
convex surfaces with large radii of curvature. If the sur-
face has too much curvature the fringe frequency becomes
too large and/or the OPD becomes larger than the coher-
ence length. A convex test surface on top of a flat reference
will give a Newton’s rings pattern. If the two surfaces are
truly in contact at the center, then the center is always dark
in reflection. This is because there is a 180° phase change
for the reference beam due to the reflection at a boundary
from lower index to higher index. Since the test beam has
no phase change, and the OPD is zero, the two waves de-
structively interfere.

i Convex Interferogram
i TestPart
Z A i /

Referencei

Flat :
; er
0

R—_'m

1
A -
<m + 2)
The radius of curvature R is found by counting the num-

ber of bright fringes to a radial distance r,,, where the first
bright fringe is m = 0.

The classic Fizeau interferometer is use-
ful for checking the curvature of a lens
surface versus a master surface, as in lens
grinding. The surfaces match when only
tilt fringes remain. Test Surface

Master Surface
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12 Interferometric Optical Testing

Twyman-Green Interferometer

The Twyman-Green interferometer was invented and
patented in 1916 and was originally intended for testing
prisms and microscope objectives. The invention of the
laser increased the utility of the Twyman-Green. Its ap-
plicability has grown ever since, and although the laser-
based Fizeau is probably the most commonly used testing
interferometer, the Twyman-Green is useful for introduc-
ing important concepts in interferometers.

Reference surface C___)

Compensating Plate

Collimating Beamsplitter

Lens ¢
Point . Test
source surface
<__> Imaging Lens

Observation Plane Interferogram

The light source for a Twyman-Green is a quasi-mono-
chromatic point source that is collimated by a collimating
lens into a plane wave. This plane wave is split into a ref-
erence beam and a test beam by a beamsplitter. The basic
setup is for the testing of flats, in which case the reference
beam reflects off of a known reference flat and returns to
the beamsplitter. The test beam is incident on the unknown
test part and also returns to the beamsplitter. The beams
are both split a second time, creating two complementary
interferograms. One is projected towards the point source,
while the more useful interferogram is relayed by an imag-
ing lens to the observation plane.

The image plane is conjugate to the test surface (and ref-
erence surface if OPD = 0) in order to minimize fringe
degradation from diffraction effects.
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Interferometers 13

Compensating Plate

The compensating plate is important for light sources
with a short coherence length. If the top surface of the
beamsplitter is the reflective surface, the test beam passes
through the beamsplitter three times before reaching the
imaging lens, while the reference beam only passes through
it once. In order to match the path length for all wave-
lengths in glass for the two beams, a compensating plate
with a thickness equal to the beamsplitter is placed in the
reference arm. The plate is made of the same glass type
to match the dispersion for both beams. No compensating
plate is necessary if a cube beamsplitter is used.

If a laser is used as the source, the reference
mirror can be placed a different distance from
the beamsplitter, creating a Laser Unequal Path
Interferometer, or LUPI.

Reflection/Transmission Ratios

Typical non-polarizing beamsplitters will have a reflection
to transmission ratio (R/T) of 50/50. Since each beam is
reflected and transmitted once before reaching the image
plane, at most only half of the total light reaches the image
plane. Neglecting losses, 50% is the highest possible frac-
tion of light that can reach the image plane. Any other R/T
ratio in a Twyman-Green will return less than 50%.

R 07 I,
k07 —0.7-0.3+0.3-0.7=42%
T-03 I, + v

Since the beamsplitter is tilted, it must be larger than the
beam so it does not block part of the beam.
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14 Interferometric Optical Testing

PBS-based Twyman-Green Interferometer

If a PBS is used to create the test and reference beams, each
arm must include a circular quarter waveplate (QWP)
oriented at 45° to the s or p linearly polarized light. Since
each beam passes through the QWP twice, s-polarized light
is converted into p and vice versa. When the light returns to
the PBS, the s beam which was initially reflected is now p-
polarized and is transmitted to the imaging lens. Similarly,
the p-beam is now s-polarized and is reflected.

Reference
:] “ Surface
y C—_—J< QWP
Yoo at 45°
X
s ¢ ¢
45° Incident p —PH Test
Polarization <«s Surface
Cube PBS p (Ref)
v s (Test)
::] Polarizer at 45°
Imaging Lens @
— Interferogram

In the plane of observation, the two beams will not interfere
because they are in orthogonal polarization states. There-
fore, a polarizer is included with the transmission axis
oriented 45° from either polarization state. This projects
the two orthogonal states into the same state. Only half of
the light in each polarization state is transmitted, making
a PBS-based Twyman-Green just as lossy as the normal
setup.
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Interferometers 15

Laser-based Fizeau

Until the invention of the laser, short coherence length
sources limited the range of interferometer configurations
to those which closely match the path lengths of the two
arms of the interferometer. The laser-based Fizeau can
have large path differences between the two arms due to
the long coherence length of lasers. Instead of using a
beamsplitter as in the Twyman-Green, the reference beam
is typically created from the Fresnel reflection off of a lens
or plate surface as shown here. The OPD is then twice the
separation of the test surface and the reference surface,
which can be as large as a few meters. Single-mode lasers
easily satisfy this coherence length requirement.

The biggest advantage of the laser-based Fizeau is that all
the optics up to the reference surface are common path. Ad-
ditionally, it is straightforward to change the system to test
different types of optics. The components inside the dashed
box remain the same for any test part, while the compo-
nents outside the box can easily be interchanged. Several
commercial interferometers are available that take advan-
tage of this.

! Beam i Reference

i Expander i Surface

: e

 [Laser - ] |
E <>  !Transmission Test

' Imaging Lens ' Flat Surface
i Interferogram i

To test a flat, the diverger lens is replaced with a trans-
mission flat while the heart of the interferometer remains
unchanged. The reference wavefront comes from the Fres-
nel reflection off the last surface of the transmission flat.
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16 Interferometric Optical Testing

Laser-based Fizeau (cont’d)

The next setup shown is used for testing concave surfaces.
The reference wavefront comes from the Fresnel reflection
off the last surface of the diverger lens. The diverger lens is
designed so that the beam is normally incident to the refer-
ence surface. The flexibility of this interferometer becomes

apparent.
: Beam ! Reference
i Expander : Surface
| ! x
| [eser - (0
! <>  iDiverger Test
' Imaging Lens 'lens Surface
i Interferogram i

Since the reference beam is created by a Fresnel reflection,
the reference beam is about 4% of the incident light. Recall
that matching the irradiance in the two interfering beams
yields the highest visibility fringes. If the test flat is also
uncoated glass, the two beams are well matched. If the test
part is a mirror, an attenuator can be inserted in the test
beam (after the reference surface) to help match the inten-
sities of the two beams. Many other configurations are used
and will be discussed later.

For any setup, the incident beam must be
close to normal to the reference surface
across the entire beam so that the refer-
ence beam retraces the same path back
through the interferometer. The same is
true for the test beam.

Since the laser source has such a large coherence length,
any reflections off of lens surfaces or other components will
cause spurious fringes. Much of this is taken care of by the
spatial filter at the focus of the imaging lens and diverger
lens. These unwanted fringes can be reduced further by
adding an anti-reflection coating to the other optical sur-
faces in the system.

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Interferometers 17

Mach-Zehnder Interferometer

Another common interferometer is the Mach-Zehnder,
which is useful for testing optics in transmission in sin-
gle pass. If the optic under test has large deviations, this
less sensitive test could be better for keeping the wavefront
slope within the dynamic range of the interferometer.

Test Arm Interferogram

g
O% f Lo

Collimating
Lens Reference Arm

Transmission tests are useful for measuring index homo-
geneity or thickness variation. In addition, they can be
used to measure the power of a lens with low power. The
Mach-Zehnder can also be used for testing surfaces in re-
flection by replacing one of the fold mirrors with the test
part. The sensitivity is less since the beam is incident at
45° instead of normal incidence.

Test
Surface

0 =45°

A
Twyman-Green: 1 fringe = 3 Surface height error

A A
—— Surface error

Mach-Zehnder: 1 fringe = 2 cos@B) = 72

The imaging lens is chosen such that the test part is conju-
gate to the plane of the interferogram.
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18 Interferometric Optical Testing

Beam Testing

The Mach-Zehnder interferometer is useful for testing for
aberrations in a laser beam. A roughly collimated beam is
created by some “black box” system and this input beam
needs to be tested for aberration content. The black box
system could simply be the collimating optics for a laser.

f Test Arm Interferogra{:
Pinhole

“Black Box” I I'_mag'”g
System I ens

Reference Arm

The beam is sent through a Mach-Zehnder interferometer
that has two identical pairs of lenses in the two arms which
focus and re-collimate the beam. The reference arm has
a pinhole at the common focus of the two lenses to block
out any light in the input beam that is not collimated. The
beam exiting the reference arm is then an aberration-free
plane wave. The aberration content of the test beam is un-
changed. The two beams are recombined to create an in-
terferogram that reveals the aberration content of the test
beam, which is also that of the input beam. The imaging
lens determines the part of the beam that is conjugate to
the detector, which is the location of the wavefront under
test.
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Interferometers 19

Lateral Shear Interferometry

A lateral shear interferometer (LSI) interferes the test
wavefront W(x, y) with a shifted version of itself. If the shift
(shear) is Ax in the x direction, a bright fringe appears for
the following condition (m is an integer):

dW(x,y)

W+ Ax,y) — Wx,y) =mA = [ 1|Ax
ox Avg. over Shear

So a lateral shear interferogram shows the average local
wavefront slope along the direction of the shear. There are
many different lateral shear interferometers. The Murty
plane-plate lateral shear interferometer is useful for
working with collimated light that has a long temporal
coherence length compared with the plate thickness. The
amount of shear is controlled by the tilt and thickness of
the plate. Often, wedge is built into the plate in the direc-
tion orthogonal to the shear (y) to give straight line fringes
when the light is collimated.

Not
Shear Collimated Collimated

A\Plate —
Collimated Wedge A—
Test Beam ) —
Observation N
Plane °

Ax = Shear | Wedge

Another common method for lateral shear is to use a two-
frequency diffraction grating. The grating, placed near the
focus of the lens under test, creates two diffracted beams.
The shear comes from the slightly different diffraction an-
gles, and the resulting interferogram shows the local slope
of the wavefront, not the wavefront shape.

Two Sheared

i % \Images

| Two Frequency
' Grating

Source-
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20 Interferometric Optical Testing

Rotating Grating LSI

Two crossed gratings with the same spatial frequencies can
be put together to form a lateral shear interferometer. As
one grating is rotated an angle «, the first diffraction orders
from the two gratings move across each other, increasing
the shear. This ability to easily vary the shear is useful for
testing wavefronts with much aberration.

,\Gratin]ﬂas @
| [Tedeses QOO)

/T
Graing2 0 order @ o

+1x, grating 1

LN

+1x, grating 2

Lateral shear can also be introduced with a Savart plate.
Two identical uniaxial crystal plates with their optic axis
cut at 45° to the plate normal are combined. This creates
two parallel sheared copies of the input wavefront. If the
two indices of refraction are n, and n,., the shear is:

Refracted 2t ,

into EO
page - | g (0] v 2 .2
Shear  Shear = v2¢ "
o|E [oE® ne+ng
Crystal
Axis P RS

A Wollaston prism combines two pieces of uniaxial crystal
such that an angular shear is achieved via a polarization-
dependent refraction at the in-

®leCrystal terface of the two crystals. If
0 Axis the wedge angle is «, the shear
Incident e is oi .
Light - [ 6-Shear angle, 0, is given here:
¢ Crystal 0=2(n,—n, tanx
Axis
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Interferometers 21

Radial Shear Interferometer

A radial shear interferometer introduces radially symmet-
ric shear by interfering the wavefront with an expanded
copy of itself. A large shear gives similar results to a
Twyman-Green interferometer, while small shear is a low-
sensitivity, high-dynamic-range test.

S1

Sa

The resulting interferogram is the same as a Twyman-

Green if each aberration coefficient is divided by (1 — R?),
where n is the radial power of each particular aberration.

7))
E

Radial Shear =R, =

S

Input
Beam (I ID

S,
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22 Interferometric Optical Testing

Interferograms

In addition to revealing local defects in a surface or part,
interferograms contain information about the aberration
content of the test wavefront, which relates directly to
aberrations in the test part. It is up to the interpreter
to decide the source of any aberrations in the interfero-
gram based on the type and configuration of interferome-
ter used. It is important to remember that interferograms
represent the difference between the two interfering beams.
Therefore, aberrations due to anything that both beams go
through, such as the imaging lens or the beam expander,
do not change the interferogram.

In this context, aberrations refer to the wavefront errors in-
troduced that are inherent to rotationally symmetric opti-
cal systems. These aberrations are variations of the actual
wavefront from an ideal spherical wavefront. In interferom-
eters, the ideal spherical wavefront is often a plane wave;
a spherical wavefront with an infinite radius of curvature.
The wavefront errors derived from the interferogram are
the errors in the measurement plane, which is the plane
conjugate to the detector plane via the imaging lens.

1 1 n 1
2 z f
Measurement Imaging Lens
Plane .. (Focal Length =)
Detector
Plane
: = b
z z

There are two common representations of these aberrations
which will be described here: wavefront aberration co-
efficients and Zernike polynomials. Both are limited in
that they are only capable of accurately representing the
aberrations inherent to rotationally symmetric optical sys-
tems. Local defects, air turbulence, index variations, and
fabrication errors are not likely to be well described by
these representations.
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Interferograms 23

Wavefront Aberration Coefficients

These terms come from a power y
series expansion of the wavefront

aberrations in a rotationally sym- K pry Yp
metric optical system. The pupil is b
normalized to the unit circle with >
points in that circle represented by Xp
p and 0. Note that 0 is measured

clockwise from the yp axis.

xp=psin® yp=opcos® p=+/xp+yp

The wavefront coefficients are Wik, where the subscripts
tell the powers of the three expansion terms: H, the nor-
malized field coordinate; p, normalized distance from the
optical axis in the measurement plane; and cos 0.

W = Z WwxH! p” cos®0; T=2L+K,J=2N+K
L K.N

First-Order Terms
W = Wogop? Defocus

+ Wi11Hpcos© Wavefront Tilt
Third-Order Terms

+ Wosop* Spherical Aberration

+ Wis1Hp3 cos0 Coma

+ WogeH?p?cos?0 Astigmatism

+ WagoH?p? Field Curvature

+ W311H3pcos 0 Distortion

Higher-Order Terms
+ e

Since H and p are normalized, the W coefficients will
change if the size of the test plane is changed. The W co-
efficients can be given in units of length or in a unitless
value of the number of wavelengths of each aberration. An
interferogram measures a single field point, H. Therefore,
field curvature can look like defocus and distortion can look
like tilt. To fully determine the wavefront aberration coef-
ficients, a number of field points must be measured.
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24 Interferometric Optical Testing

Zernike Polynomials

Zernike polynomials were first derived by Fritz Zernike
in 1934. They are useful in expressing wavefront data since
they are of the same form as the types of aberrations of-
ten observed in optical tests. These polynomials are a com-
plete set in two variables, p and 6, that are orthogonal in a
continuous fashion over the unit Ly

circle. It is important to note that P

4

Zernikes are orthogonal only in a Xps Yp
continuous fashion and that in gen- P

eral they will not be orthogonal k) >

Xp

xp=opcos® yp=psin® p=./xp+yp

over a discrete set of data points.
Note that 0’ is the angle counter-
clockwise from the xp axis.

There are several common definitions for the Zernike poly-
nomials, so care should be taken that the same set is used
when comparing Zernike coefficients. Also note the differ-
ence in the definitions of the angle in the measurement
plane, 6 vs. 0.

One of the convenient features of Zernike polynomials is
that their simple rotational symmetry allows the polyno-
mials to be expressed as products of radial terms and func-
tions of angle, r(p)g(0’), where g(0’) is continuous and re-
peats itself every 27 radians. The coordinate system can
be rotated by an angle o without changing the form of the
polynomial. Each Zernike term is referenced by a single
number or by two subscripts, n and m, where both are pos-
itive integers or zero.

g0 + o) =g(0)g(x) g(0)=em?

The radial function, r(p), must be a polynomial in p of de-
gree n and contain no power of p less than m. Also, r(p)
must be even if m is even and odd if m is odd.
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Interferograms 25
Zernike Polynomials (cont’d)
n m Zy Polynomial Aberration
0 0 0 1 Piston
1 1 1 pcos®’ Tilt x
2 psin®’ Tilt y
0 3 202 -1 Defocus, Piston
2 2 4 p2 cos 20/ Astigmatism, Defocus
5 p2 sin 260/ Astigmatism, Defocus
1 6 (8p% — 2)pcos®’ Coma, Tilt x
7 (8p% — 2)psin®’ Coma, Tilt y
0 8 6p* —6p2+1 Spherical, Defocus
3 3 9 p3 cos 30/ Higher-Order Terms . ..
10 3 sin 36’
2 11 (4p% — 3)p2 cos 20/
12 (4p% — 3)p2sin 20’
1 13 (10p* — 12p% + 3)pcos o’
14 (10p* — 1202 4 3)psin @
0 15 200% — 30p% + 1202 — 1
4 4 16 p*cos 46’
17 p*sin46’
3 18 (5p% — 4)p3 cos 3¢
19 (5p% — 4)p3 sin 3¢’
2 20 (15p% — 20p% + 6)p? cos 20’
21 (15p* — 20p% + 6)p2 sin 20’
1 22 (35p% — 60p* +30p2 — 4)pcos &’
23 (35p% — 60p* +30p2 — 4)psin 6’
0 24 7008 — 140p% 4 90p* — 20p%2 + 1
5 5 25 p® cos 50’
26 p®sin 56’
4 27 (6p% — 5)p* cos 46’
28 (6p% — 5)p*sin 46’
3 29 (21p* — 30p2 + 10)p3 cos 36’
30 (21p* — 30p2 + 10)p3 sin 36’
2 31 (5608 — 105p* + 60p% — 10)p2 cos 26’
32 (56p°% — 105p* + 60p2 — 10)p2 sin 20’
1 33 (126p® — 280p° 4 210p* — 60p2 + 5)p cos &’
34 (126p® — 280p° 4 210p* — 60p2 + 5)psin 6’
0 35 252p1% — 630p8 +560p% — 210p* +30p% — 1
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26 Interferometric Optical Testing

RMS Wavefront Error

Each Zernike term contains the appropriate amount of
each lower-order term to make it orthogonal to each lower-
order term. The average value of each term over the unit
circle is zero. Also, each term minimizes the root-mean-
square (RMS) wavefront error to the order of that term,
where RMS wavefront error is o and wavefront variance
is o2

1 2nt pl - I -
o’ == / / [AW(p,0) — AW]?pdpd® = AW? — (AW)?
0 0

AW is the mean wavefront OPD and AW (p, 0) is the point-
by-point error measured relative to the desired wavefront,
which is usually the best fit spherical wave. The RMS is
usually a better representation of the overall wavefront er-
ror than the peak-to-valley (P-V), which is the sum of the
absolute values of the maximum departure in both positive
and negative directions.

Interferograms are measurements of the wavefront aber-
rations at a single field position. It is possible to convert
between the Zernike coefficients at a given field and the
field-independent aberration terms.

Term Magnitude Angle

5 5 (22 —2Z7
Wi \/(Zl —27¢)2 + (Zo — 2Z7) tan

Z1—2Zs

W0)20 275 — 6Zs + /72 1 Z2 N/A
W22 ¥2,/Z3 + 72 3 tan~'(Z5/Z4)*
Wz 3,23 + 22 tan~" (Z7/Z6)
Woy10 6Zs N/A

The field dependence subscript is given in parentheses to
identify each aberration. The sign chosen for W)z is cho-
sen to minimize the absolute value of its magnitude. The
sign for W 999 is opposite to the sign chosen for W q0.

*If the sign chosen for W) is negative, add 7t/2 radians
to the angle for Wg)2.
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Interferograms

Spherical Aberration Interferograms

27

The following figures are example interferograms with
their corresponding wavefront aberration and Zernike co-
efficients in waves.

Paraxial
Focus

({{(C

Mid
Focus

Marginal
Focus

(1
)

(C
lo

No Small Large
Spherical Spherical Spherical
Wogo =1 Wiy =0 Wogo =0
Wogo = Wogo = 1 Wogo = 4
Z,=112 Z,=112 z,=2
Z,=0 Z,=1/6 Z,=23
Wi =0 Wz = —1 W = —4
Wogo =0 Wogo =1 Wogo =4
Z;=0 Z;=0 Z;=0
Z,=0 Z,=1/6 z,=2/3
Wogo =—1 Wogo =—2 Wogo =—8
Wogo = Woyo =1 Wogo =4
Zy=-1/2 Z;=-1/2 3=—2
Z,=0 Z,=1/6 Z,=23

Wi11 = —4 and Z; = —4 for all of these interferograms.
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28 Interferometric Optical Testing

Astigmatism Interferograms

Small Astigmatism Sagittal Focus 6 = Tilt orientation

\ Wavefront Coefficients
\ Wogo =0
W111 =4ato
\ Wass = —1 at 90°

((‘ Zermke Coefficients

1
Zy=-3

N\
Ml

oy

0

Z1=4cosb Zy=

9
(Ul
\\\\\\\

1
2
Z2=4sin9 Z5=0

Large Astigmatism Sagittal Focus

— Wavefront Coefficients
S=a W
—_f —— Wii=1ato

W222 = —4 at 90°

Zernike Coefficients
Zo=-1 Z3=—
Z1=cos0 Zy=2
Z2 =sin® Z5 =0

V)
°3
GO

\\Wlllﬂ\\\
=5
SOA AT

Large Ast|gmat|sm Medial Focus

' )) ’)A(‘ A(~ Wav;::::r;t 2Coefﬁcients

W111 =1lato

’));‘ ’V((‘ Was — —4 at 90°

Zernike Coefficients
Zo=0 Z3=0

AN wo
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Interferograms—Other Aberrations

Large Coma, Varying Tilt

W44 -4 at 90° /\‘:’
-3at112.5° -3 at90° -3 at67.5° @

-2 at 90° \/

N~
Z =5/3 \\_/ \Q/ \/
N —H4 —4

2y, 2, 0,-2/3 =\

1.148,0.562 0,1/3 -1.148, 0.562 /:\

0, 413 V

Aberration Variation by Changing Defocus

Z,=5/6 4/3 11/6
Z,=32 2 572

Z,=-12 0 112
Z,=-1/2 0 1/2

2,=2,= 32 -1 =
Sagittal Medlal

Combined

N
Spherical + @ Aberrations
Coma\@//
o

AN, Coma A/
Astigmatism .))&((‘ Z;ig \r’,
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Moiré

In optics, moiré refers to a beat pattern produced between
two gratings of approximately equal spacing. Examples of
moiré can be seen using household items, such as over-
lapping two window screens or with a striped shirt seen
on television. In 1874, Lord Rayleigh pioneered the use of
moiré for reduced sensitivity testing. Moiré is useful to help
understand basic interferometry.

Grating Period = A\ 2a

Destructive
Interference

Interference
C = A\/(2sina)

The basic idea in using moiré for optical testing is to project
a fringe pattern or grating onto an object and then view it
from a different angle. Surface topography can be recovered
from the resulting moiré pattern. This technique is capa-
ble of contouring surfaces that are too coarse or have too
much deviation for traditional interferometry. Mathemati-
cally, the moiré pattern is the product of the two gratings.
In general, the fringe spacing C in the moiré pattern from
two straight-line gratings of period A; and Ag, oriented 2«
from each other is given by:

AA
C— 142

\/Ag sin? 20 + (Ag cos 20 — Aq)2

In the above figure, A1 = As = A. On the left, « = 0 but
A1 # Ag, so the fringe spacing equals the beat wavelength.
C= Apeat = 2182

= L\peat — |A2—A1|
On the right, the grat-
ings are tilted and Ay #
Aso. If A7 is known and
C is measured, then A,
and o« can be found.

General Case

C= /\beat |H|
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Moiré and Interferograms

The single grating in the figure below can be thought of as
a snapshot of a plane wave traveling in the +x direction
with the grating period A replaced with the wavelength
of light, A. The moiré pattern on the right can be thought
of as two plane waves from an interferometer traveling in
the +x direction with an angle of 2«, frozen in time. Since
A1 = Ag, the regions of destructive and constructive interfer-
ence remain stationary in y. The moiré from two straight
line gratings correctly predicts the centers of the interfer-
ence fringes produced by interfering two plane waves (tilt
fringes) but not the sinusoidal fringe pattern.

L e s
| v
T,

S YN 2
[
i

Wavelength=A 2a

y

Destructive ¥
Fringe Centers

| — Propagation

The moiré pattern resulting from superimposing (multiply-
ing) two interferograms (a and b) shows the difference in
the aberrations between the two (c).

Wi =20 Wi11 =20 Wogo = —2

Wogo = —2 Woao =4
Woso =4 Wago = —2
Wage = -2
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Direct Phase Measurement

Digitization of single interferograms into a computer us-
ing a camera was an important step in increasing the res-
olution of interferometry. The information contained in the
fringe centers of a single interferogram describes the shape
of the surface, but more information is needed to determine
the sign. In addition, determining fringe centers is sen-
sitive to intensity variations, detector nonuniformity and
pixel spacing.

Phase-shifting interferometry, or PSI, is a method that
records a series of interferograms where the phase of one of
the two interfering beams is changed by a known amount
and direction between images. The wavefront phase, in-
cluding its sign, can be found from the variation of intensity
at each pixel between images. The improvements over sta-
tic interferometry include much higher measurement ac-
curacy (better than 1/1000 fringe) and good results from
low-contrast fringes. Intensity variations across the pupil,
either from pixel to pixel nonuniformity or source distribu-
tion, no longer matter since the phase is calculated at each
pixel independently. The result is a phase map at a fixed
grid of points. For example, a Twyman-Green interferome-
ter testing a surface in reflection with height errors ~ us-
ing a light source with wavelength A will have a wavefront
phase ¢:

$(x,y) = 4mth(x,y)/A

I(x,y) =lac(x,y) + Lac(x,y) cos[d(x, y) + d(@)]
The irradiance I is measured at each pixel for each image.
I;. and I,. and ¢(x,y) are all unknowns, so at least three
interferograms are needed to determine ¢ (x,y). The phase
change between images is ¢(¢). The most common phase
shift between images is 7/2, or 90°, shown in these four
images with tilt fringes.

et)=0 /2 ™ 3m/2
A . s
e
P
— T
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Phase-Shifting Interferometry 33

Methods for Phase Shifting

In order to create multiple interferograms, a method is
needed for introducing the proper phase shift. The most
straightforward and by far the most common method for
changing the phase is a movable mirror. A phase shift
of 90° in a Twyman-Green interferometer is equivalent
to moving the reference mirror A\/8. For a HeNe laser at
632.8 nm, this requires moving the mirror about 79.1 nm
for each image. Piezoelectric transducers (PZTs) are

—) quite common in
Test Reference phase shifting

Surface interferometers.
Voltage A DC voltage, typ-

> PZT ically of a few
hundred volts, is
> <— Motion = \/8 used to expand or
/2 phase shift contract the PZT

material and cre-

ate a small posi-
tion change. The same method can be used in a Mach-
Zehnder except the distance the mirror travels is increased
by a factor of 1/ cos(0). This also introduces a small lateral
displacement, which is ignored. In a laser-based Fizeau, ei-
ther the test piece or the entire reference objective is trans-
lated.

Another method for phase shifting by
changing the path length is to rotate a
plane parallel plate in the collimated ref-
erence beam. Snell’s Law T Lt

ni1sin® =ngsin @’

shows that the beam will travel through
more glass as 0 increases, causing an _
increase in OPL and a nonlinear phase OPD _af [t.n,6]
shift. A similar effect is achieved by trans- -
lating a prism orthogonal to the beam.
Since both methods are functions of the
index of refraction, n, they are not achro- ) U
. .. Translation =T
matic. In addition, both methods are only OPD = f[T.n,a]
useful in collimated beams due to aberra- nh
tions induced for a converging or diverging beam.

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
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Continuous Phase Shifting

Continuous phase shifting can be achieved by changing
the frequency of the light in one arm of the interferome-
ter by Av. The phase at each point in the interferogram
will change with time, or ¢ (¢) = 2nAvt. The frequency shift
can come from a translating diffraction grating, an acousto-
optic (AO) Bragg cell, or rotating polarization phase re-
tarders.

Diffraction Grating Bragg AO Modulator
Period = A | +1 Order +1 Order
: :AU =Vv/IA Av =v,q
v i Zero Order |V Zero Order
1 Av=0 Av=0
|
4 Velocity = v 4 Frequency =v,,

Sending a circularly polarized beam through a half-wave
plate rotating at a rate Q changes the frequency of the light
by 2.

Rotating half-wave plate —»,

Av =2Q
Circularly

polarized light Q = Rotation

A Rate

A polarizer can also be used to create phase shifts by chang-
ing the OPD. If the reference beam is left-hand circular
polarized (LHC) and the test beam is right-hand circular
(RHC), they can be interfered using a linear polarizer. The
total phase between the two beams is that from the test
part, ¢(x,y) and the phase shift, which is twice the angle of
the transmission axis of the polarizer (). Changing the ori-
entation of the polarizer changes the phase shift between
the two beams.

Reference Beam —/ARy—» —> Phase Shift = 26

Test Beam —\7» Linear Polarizer
Circularly Polarized Beams, ¢(x,y) ® Orientation = 0

Rotating the polarizer continuously changes the fre-
quency between the two beams.
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Liquid Crystal Retarder

Another continuous phase shifting method using orthogo-
nal polarizations has the input beam linearly polarized at
45° incident on a liquid crystal re-

tarder at 0°. As the retardance is P\oAlarlzer (45°)

changed, the phase of the linearly

polarized beam at 0° is changed rel- Input To >
beam PBS

ative to the beam at 90°. The beams
are split by a PBS. Another polar- Liquid ers'tal
izer is used near the detector to re- Rgtarder (0°)
combine the beams so they inter-

fere.

Frequency Shifting Source

This method utilizes a diode laser, tunable laser or other
source that can tune the frequency of the light emitted.
The phase shift A¢ introduced by changing the optical fre-
quency by Av depends on the OPD between the test and
reference beams. No moving parts are required.

—

27'( 1
G S
Ap = m%@ .OPD) Ao | Lyl

OPD

One drawback is that the frequency shift required for a 90°
phase shift is part dependent because the OPD depends on
the test part location.

Phase shifting methods involving a frequency difference be-
tween the test and reference beams are useful in distance
measuring interferometers, or DMIs. A DMI often uses
a Zeeman laser, which outputs two orthogonally polarized
frequencies. Variations in the beat frequency between the
two beams are translated into a displacement. Nanometer
resolution is common.

In general, continuous phase shifting is useful for measur-
ing something that is changing rapidly. A small Av can re-
sult in the ability to measure phase very rapidly so that
phase evolutions in time can be recorded.

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



36 Interferometric Optical Testing

Phase Shifting Algorithms

Once the ability to introduce a phase shift is achieved, the
gathered set of interferograms must be analyzed to find the
phase at each pixel in the image, ¢ (x,y). The most common
phase shift between images is 7/2 (90°):

I(x,y) =1gc(x,y) + Lae(x,y) cosld(x, y) + b ()]
Ii(x,y) =Igc + Ioc cosld(x, y)] ¢ (t) =0(0°)
Iy(x,y) =Ig. — I sin[d(x, y)] d(8) =7/2(90°)
I3(x,y) =Ig. — Iy cosld(x, y)] &) =m(180°)
Iy(x,y) =1 + Ioe sin[d(x, y)] (¢) = 31/2(270°)

Some common algorithms for calculating the phase:

Three Step: ¢ = tan™! -5
I -1,

I,-1
Four Step: ¢ =tan™! 1-2
I - I3

Schwider-Hariharan (5 step): ¢ = tanl[ 24z —1y) ]

2I3—Is — I

The minimum number of interferograms needed to deter-
mine ¢(x,y) is three, but a fourth image helps reduce the
error due to incorrect phase shifts. Further improvement
occurs when a fifth image is taken, where ¢(¢) = 360°. This
fifth image is nominally identical to the first, but this algo-
rithm, known as the Schwider-Hariharan algorithm, is
much less sensitive to miscalibration of the phase shifter.
If the phase shift is not exactly 90° between images, er-
rors show up in the phase at twice the frequency of the
interference fringes. The fifth image greatly reduces this
type of noise in the calculated phase. More images can be
added for additional improvement in errors due to incor-
rect phase shifts. The calculated phase can be converted to
OPD, which is then converted

A to part error depending on
OPD(x,y) = %d)(x,y ) the interferometer setup. For
a Twyman-Green interferome-
ter testing a mirror, the height h = OPD/2.
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Basic Phase Unwrapping

The inverse tangent operation common to these phase shift
algorithms unwraps the phase to the range 0 < ¢ < 27. Of-
ten the phase across the images will need to be further un-
wrapped after modulo 27 correction. Upon inspection of the
phase data, there will be phase discontinuities of approxi-
mately 27t. To remove these phase ambiguities, the phase
at adjacent pixels must be less than 7t difference, or 1/2 a
wave of OPD. Trace the path of the phase across the image
and when the phase jumps by more than 7, add or subtract
N27 until the phase difference is brought back to be less
than 7t. The other requirement is that the phase is continu-
ous, which is true of most optics. Optics with steps or large
surface deviation will be discussed later.

A
21T T

Phase

Wrapped Phase
i N

x-Profile

Phase
Jumps

)
/
/
v /)i

O » 0 /
Unwrapped Phase

x-Profile

=S

v

Phase unwrapping in the presence of
noisy regions in the images is the subject
of many papers and books.
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Phase-Stepping vs. Phase-Ramping

It is important to distinguish between phase-stepping
and phase-ramping (integrated bucket). Phase-stepping
is when the phase is changed, an interferogram is recorded,
and the phase is changed again. Phase-ramping is when
the phase is changed at a constant rate and the interfero-
grams are taken at the appropriate time interval.

¢(t) A Phase-Stepping ®(t) 4 Phase-Ramping
3m/2

12 3 4 12 3 4
Image Number Image Number

Phase-stepping takes longer since it is necessary to wait
after stepping for the effects of ringing in the phase step-
per to die out. One of the biggest sources of error in phase
shifting interferometry is vibration in the system; there-
fore, the faster a measurement can be made, the better.
Phase-ramping is faster since there is no need to wait for
the system to settle, and the only trade-off is a slight de-
crease in fringe contrast. Since the exposure time (¢,;,) for
each image is finite, there is a phase change A over which
the image integrates. Each image is the result of integrat-
ing over a phase change A, which results in a decrease in
fringe contrast, given below. I is the initial fringe contrast.

sin(x)

I; =IO{1 +T sinc(%) cos[d(x,y) + d;l }; sinc(x) =

For a A of t/2, there is only a 10% reduction in fringe con-
trast. The same algorithms for calculating the phase used
for phase-stepping can also be used for phase-ramping.
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Errors in PSI

For any combination of phase-shifting technique and as-
sociated algorithm for calculating ¢(x,y), errors will be
present in the data. Some of the most common error sources
are stray reflections, quantization errors, detector non-
linearity, frequency and intensity instability in the light
source, and incorrect phase shifts between data frames. Ef-
fects such as pixel-to-pixel nonuniformity and spatial in-
tensity variations do not cause errors in the phase calcu-
lation since each pixel’s phase is found independent of the
neighboring pixels.

Stray Reflections

Lasers are great for interferometers in that their large co-
herence length allows optical separation of the test and ref-
erence arms. Unfortunately, stray reflections off the many
surfaces in an interferometer will also interfere and cre-
ate extraneous fringes. These extra fringes add irradiance
and phase to the test beam and can cause large phase er-
rors. The best way to eliminate these errors is to use a low-
coherence light source or design the system such that stray
reflections are blocked.

Phase
Error

Stray

Measured
Beam

Beam

Test Beam

>
Stray Fringes Correct Phase
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Quantization Errors

Interferograms are of course analog signals, but in order
to process them in the computer, they must be digitized.
Quantizing the signal will cause a phase error which de-
creases as more bits (levels) are used. The number of bits
in this equation, b, is the bit depth used by the fringe mod-
ulation, not of the camera. o4 4 is the RMS phase error and
N is the number of steps in the algorithm.

2
Opg= ———
*17 ob /3N

Quantization error can be reduced by averaging data sets
if the noise in the signal is greater than one bit.

Detector Nonlinearity

Nonlinearity in a detector can cause phase errors in a mea-
surement and care should be taken to adjust exposure time
so as not to operate near saturation or at extremely low sig-
nal levels. Most detectors are extremely linear over most of
their dynamic range, so this is not usually a large source of
error in PSI.

Source Instabilities

Frequency instability in the light source will introduce a
phase shift if the paths are not matched, i.e., d # 0. If Av
is the frequency change in the source, Adg., is the phase
error.

d
APFreq = 27tg AV

Irradiance fluctuations in the light source also introduce
errors in the measured phase. If N is the number of steps
in the algorithm and SNR is the signal to noise ratio, then
the standard deviation of the phase is o .

1

Op]= ————
*1 = SNRVN
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Incorrect Phase Shift

Incorrect phase shifts between data frames come in two
forms. The first is if the phase shifting mechanism is mis-
calibrated, so that the error is a linear error, «.
ig — ig +ie 1= Step Number

A phase shift error between steps results in a phase error
that is sinusoidal with a frequency of twice the frequency
of the interference fringes. In general, adding more steps
reduces the phase error. If the phase shift error is only due
to a 5% miscalibration, going from 5 to 7 steps reduces the
error by 3 orders of magnitude. Checking for this linear
phase step error is done by calculating the average phase
shift between frames. For a set of five inter-
ferograms, the average phase shift between
frames, a, can be calculated for each pixel.

1I5(x.y) —Il(x,y)}
214(3573’) _Iz(xﬂy)

This algorithm often has singularities and w2
tilt fringes can be introduced to help avoid

them. Bad data points can be removed using a threshold
and the values for a can be displayed in a histogram. Not
only is this useful for adjusting the phase shifting inter-
ferometer such that the center of this histogram is at the
correct value, but the width of the histogram indicates if
there are other errors in the system, such as vibration.

Histogram, a
Offset

a(x,y) = cos_l[ | e Width

Vibrations

The second cause of incorrect phase shifts is vibration in
the interferometer. Vibrations are the most serious imped-
iment to wider use of phase-shifting interferometry. Since
PSI takes multiple images over a finite time period, it is
sensitive to the time-dependent phase shifts due to vibra-
tions. These vibrations are difficult to correct since the op-
timum algorithm depends on the frequency and the phase
of the vibration. For a given vibration amplitude, the phase
error is a function of the ratio of the vibration frequency
relative to the frame capture rate. Vibrations at half the
frame capture rate cause the largest phase error.
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Avoiding Vibrations

Several methods have been used to try to get around the
vibration problem in PSI. Speeding up the data collection
process by phase ramping helps, but there are limits in the
electronics for how fast data can be captured. The environ-
ment can be controlled, but this gets expensive. Common
path interferometers are difficult to phase shift. All frames
can be taken simultaneously, but this type of system can be
difficult to align and calibrate. Some of these systems are
described here.

Single-Shot Interferometer

One method for a single-shot phase-shifting interferometer
is to have orthogonal polarization states in the test and ref-
erence beams of a Twyman-Green interferometer. After the
beams are recombined, a holographic optical element
(HOE) is used to create four identical copies of the beam
that fall on a single CCD. Each of the four images passes
through a different birefringent phase mask, which intro-
duces a phase shift between the test and reference beams
of 0°, 90°, 180° and 270°. Finally, a polarizer with its trans-
mission axis at 45° to the two polarization states is placed
after the phase mask so that the beams interfere.

Phase Mask, Four

Polarizer & ] Interferograms
Sensor Array 774 N

o< - =

Surface QWP ——pPBS HOE

This system is compact and easy to align. By simultane-
ously capturing all four interferograms, this system is in-
sensitive to vibration. By capturing several frames, the
phase as a function of time can be measured and displayed
in the form of a “phase movie”.
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Spatial Synchronous and Fourier Methods

Both of the following techniques require a single interfero-
gram with a large amount of tilt. If the tilt between the two
beams is in the x direction, the signal is given as follows:

I(x,y) = Lac(x,y) + Loc(x, y) cos[dp(x, y) + 27fx]
Refl(x,y) =cos(2mfx) Ref2(x,y) = sin(27fx)

$x,y) = tan ! [-Sm « Refl)/Sm (I x Ref2)]
The spatial frequency of the tilt fringes is f. This signal
is multiplied by two reference signals. The high-frequency
part is filtered out of each product using a smoothing func-
tion (Sm[ ]), and the phase can then be calculated.

| 7
)

I(x,y) SmlI*Refl] Sml[l«Ref2] o, y)

Alternatively, the same interferogram I(x, y) can be Fourier
transformed (FT). It is then spatially filtered to select the
portion of the Fourier transform around the spatial fre-
quency f. An inverse FT of this filtered signal gives the
wavefront phase.

[

7 Bandpass P
FT \ ] Filter  FT
N

\ /A
§ « Ll g,
f

Both the spatial synchronous and Fourier method require
a large amount of tilt to separate the orders. These tilt
fringes could be introduced simply by tilting the reference
mirror, but this will introduce retrace errors. A better
method is to have orthogonal polarization states for the two
beams and to introduce tilt using a Wollaston prism fol-
lowed by a polarizer just before the detector. This large tilt
limits the accuracy capabilities of these two methods. The
advantage is that only a single interferogram is needed,
avoiding issues with vibration.
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Spatial Carrier Interferometry

Spatial carrier interferometry is similar to spatial syn-
chronous in that a single interferogram is taken with a
lot of tilt fringes, but now the assumption is made that
the wavefront is nearly flat. For example, if the tilt is
such that there are four detector elements between fringes,
then there is a phase change of 90° between pixels. Nor-
mal phase-shifting algorithms can then be used to find the
phase using the intensities of the four adjacent pixels.

1.2 . 3 4 1.2, 3 4

Pixels —»|

¢= 0° 90° 180° 270° 0° 90° 180° 270°

Micropolarizer Array, Phase-Shifting Interferometer

This method for instantaneous PSI requires the two beams
to be orthogonally circularly polarized so that a linear po-
larizer at an angle « will create a phase shift of 2«. If the
wavefront is relatively flat, ‘phase pixels’ can be made up
of 2 x 2 pixel subsets of the detector. A polarizer mask can
be placed in front of the camera to create the appropriate
phase filter. Each group of four pixels is used to calculate
¢ for that ‘phase pixel’ using normal phase-shifting algo-

rithms.
‘Phase Pixel' Polarizer Mask Interferograms
° o ™S
A OB S0 ATETATBIA[B
“> 1 /" |lcloclplclo
A|B|A[B|A|B
C 270°|D 180°| [cIplclplcip
oW 1 A[BA[B[A[B
C|D[C|D|C

It should be noted that the above techniques are suscepti-
ble to detector nonuniformity errors, although modern cam-
eras are usually quite uniform.
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Ground Glass

Using a ground glass diffuser in an interferometer is
useful for destroying spatial coherence. Ground glass is of-
ten used to limit the spatial coherence of the source. Co-
herence is a requirement to obtain interference fringes,
but spurious fringes due to stray reflections are a domi-
nant noise source. A laser is focused onto a rotating ground
glass diffuser to decrease the spatial coherence and ren-
der stray reflections incoherent with the test and reference
beams. A stationary diffuser creates a stationary speckle
pattern, so the ground glass must be rotated so the speckle
pattern changes much faster than the camera integration
cycle. Each scatter site on the ground glass has a random
phase. Integrated over time, the phase distribution at each
location becomes uniform.

Defocus Rotating Ground ~——&
> Glass Diffuser
cp(t ‘ New Source
------ Diameter

In order to increase the flexibility of commercial laser-
based Fizeau interferometers, a zoom lens can be used to
adjust for varying test part sizes. A multi-element zoom
lens creates many stray re-

flections, which cause spuri- No Ground Zoom Lens
ous fringes in the recorded in- Glass

terferogram. Imaging the in- O X O
terferogram onto ground glass Image

before the zoom lens converts Plane

the two coherent waves into Interferogram
an incoherent irradiance sig- Ground

nal that is imaged to the Olass Image
camera via the zoom lens.

Any stray reflections within

the zoom lens are incoherent;

they add in irradiance and do not cause phase errors.
Ground glass scatters light, causing a large amount of loss
in the system. A second drawback is that the motor that
rotates the ground glass inevitably introduces vibrations,
another major noise source in interferometers.
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Surface Microstructure

Interferometry can also be applied to characterization of
surface quality. Surface quality refers to the finish of an
optical surface, including pits, scratches, incomplete polish
or stain. In many applications, surface quality will not af-
fect the overall performance of an optical system, but there
are exceptions, such as if that surface is near a focal plane,
if the system is especially sensitive to stray radiation, or
if high-energy lasers may cause damage to the part due
to surface features. Optics are usually accompanied by a
scratch-dig specification, ranging from 80-50 to 10-5. The
first number is the apparent width of the largest scratches
on the surface in microns. The second number is the largest
diameter of a permissible dig, pit or bubble in hundredths
of a millimeter (50 is 0.5 mm diameter). The methods dis-
cussed here are those based on interferometry; other meth-
ods are used, such as mechanical probes or atomic force
microscopy.

Nomarski Interference Microscope

The Nomarski microscope measures surface slope
changes and is also referred to as a differential inter-
ference contrast microscope (DIC) or a polarization
interference contrast microscope. A white light source
is used, followed by a polarizer which sets the angle of the
polarized light incident on a Wollaston prism. The Wollas-
ton is made of two uniaxial crystals (different index of re-
fraction for the two polarization states) with optical axes as
shown.

Incide?_t Light
<>

©

[ Ly
Crystal Axis

The change in index causes a polarization-dependent re-
fraction at the crystal interface. The Wollaston prism splits
the light into two beams of orthogonal polarizations propa-
gating at slightly different angles.
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Nomarski Interference Microscope

The two sheared beams are both incident on the test sur-
face but are slightly offset as a result of the shear. The
shear at the test surface is set to be comparable to the op-
tical resolution of the microscope objective, so only one im-
age will be seen in the image plane. The beams reflect back
through the prism and are recombined. In order to have in-
terference, an analyzer (polarizer) at a fixed angle is placed
before the camera. The resulting interferogram is a map
of the slope changes of the surface. The slope information
is only obtained in the direction of the shear and the part
must be rotated to obtain the other direction. Since a white
light source is used, colors in the image indicate varying

slopes.
Image Plane
Rotating
Polarizer
A Analyzer
Wollaston Prism
White Light >
Source ©| < ’

I‘%‘I Translation

Objective

Sample

Rotating the first polarizer changes the relative intensities
of the two beams, which can change the colors. When the
Wollaston is centered and a perfect surface is examined, the
OPD between the two beams is 0. Translating the Wollas-
ton orthogonal to the beam introduces an OPD and changes
the color. The color ultimately depends on the OPD between
the two beams at each point.
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Fringes of Equal Chromatic Order (FECO)

The FECO interferometer is a multiple-beam interferom-
eter using a white-light source. The test surface is placed
next to the reference surface to form a Fabry-Perot cav-
ity, where the separation is d, the index in between is n,
and the beam angle in the cavity is 0. The transmitted ir-
radiance I; depends on the coefficient of finesse, F'. Here,
p is the ratio of reflected irradiance and ¢, is the phase
change on reflection at each surface.

I = Iinc
"7 1+ Fsin2(¢/2)
2
b= 0y ﬂ 2nd cos(0) + 2¢,

4p

F=—"_

(1—-p)?
Reference slit

White Light 1 L
Source Sample Spectrograph

Both the sample and reference need to have high re-
flectance so that the multiple beam interference fringes
have high finesse. The other drawback

FECO Output
is that data is only obtained along the A i

line chosen by the slit entrance to the m+1 |m
spectrograph, where the slit is open

into the page, along the x-axis. Exam- 2 2
ining the fringes gives the separation

variation of the two surfaces along x. 1 T A

If the reference is known to be flat, the
separation variations can be translated into sample surface
variations.

Gl = Am+1 <)\2,m . M,m)

AMm — Mm+1 2
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Phase-Shifting Interference Microscope

Interference microscopes provide a fast, noncontact
method for mapping surface microstructure in 2D or 3D
with excellent vertical resolution. Four or five frames are
captured as in traditional PSI. The light source used is
typically a spectrally filtered white light source, such that
the bandwidth is around 40 to 80 nanometers for a coher-
ence length of a few microns. This gives the advantage of
) eliminating extraneous

Aperture Field fringes from other surfaces

Stop | Stop while giving a long enough

: ...... O""“"’f-'O 444444 O -A.,_:,_,‘:L_.O: L, so that fairly large sur-
= T |/' face topography variations

can be measured. The lat-

eral resolution is limited

by the optical resolution,

Sample =~~~ as with any optical micro-
scope.

Mirau Michelson Linnik

/

TN
L|_|'|q\Matched

Objectives

10X - 50X 1.5X -5X Up to 100X

The Mirau, Michelson, and Linnik interferometer objec-
tives are three of the different objectives used in a PSI
microscope, and each is useful for different magnification
ranges. The Mirau has a central obscuration due to the ref-
erence mirror, while the working distance of the Michelson
is limited by the size of the beamsplitter. The Linnik is good
for large magnifications, but requires two matched objec-
tives, making it expensive. One important disadvantage of
all interferometric microscopes is that any variation in the
phase change on reflection due to different sample compo-
sition (metals vs. dielectrics) will be interpreted as a false
height variation. The largest step height between adjacent
pixels that can be measured unambiguously with a PSI mi-
croscope is A./4, where A, is the center wavelength of the
filter.
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Multiple-Wavelength Interferometer

One method for overcoming the dynamic range limit in PSI
is to use multiple wavelengths. Single-wavelength phase-
shifting interferometry can be extremely accurate, but the
dynamic range is limited to an OPD of A/2, which is a step
height of A\/4 for a reflection test. When measuring surface
microstructure, such as a step, there is a discontinuity in
the fringes. The fractional phase difference is easily found,
but more information is required to know the fringe order,
or how many full waves of OPD difference there are at the

step.
A A,
TestB !
(is¢eam=—- )\1|||||
- ML
— Aeg | |

_— ) q
v’\Step <Beat»

If the same measurement is repeated using a second wave-
length, the dynamic range is increased to the equivalent
wavelength, A.,. As long as the step height is less than
Aeq/4, there will not be any height ambiguities in the step
height measurement. The method can also be thought of
as measuring the step using the beat frequency. As A\; and
A2 get closer together A, increases, but this is only practi-
cal so long as the difference between the two phase changes
across the step for the different wavelengths is greater than
the uncertainty in the measured phase values. A better way
to increase the dynamic range further is to add more wave-
lengths.

AAg
Aeg = ——
U A = Al

Multiple-wavelength interferometry is difficult to use in
transmission since the index varies with wavelength.

Ae
OPD =2hn = L (Adr1 — Adaz)
2mn

)\1 (Hm) 7\2 (LLIII) }\eq (}lm)
0.633 0.532 3.3
0.633 0.612 18.4
0.543 0.488 4.8
0.488 0.483 47.1
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Vertical Scanning Techniques

Another way to increase the dynamic range of interferome-
try is to use vertical scanning white light interferom-
etry (VSWLI). The apparatus for a vertical scanning, or
coherence probe interferometer is similar to the PSI micro-
scope, including the types of objectives. The full spectrum
of the white light source is used to obtain a narrow visibil-
ity function, V(OPD). As the objective scans relative to the
sample, the fringes are modulated by the visibility (coher-
ence) function, which is maximized when the OPD between
the test and reference arms is 0.

A lrradiance i Focus
i+2 v Depth

Demodulating the fringe signal gives the peak of the co-
herence function, which corresponds to the relative surface
height at that spatial location. Since this technique uses
the peak of the coherence envelope to find the surface, er-
rors due to phase changes on reflection across the sample
will be reduced. Unlike PSI, the dynamic range is not lim-
ited to A/4 but is only limited by the travel range of the ob-
jective. This travel range is on the order of millimeters and
depends on the working distance of the objective. This al-
lows vertical scanning interferometry to measure surfaces
from polished optics to print rollers to paper to a quarter,
all with a resolution of a few nanometers.
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Flat Surface Testing

Now that the basic theory of interferometry and the most
common interferometer configurations have been covered,
discussion on testing various optical components can begin.
In all cases, an interferogram is created from the superposi-
tion of a test beam and a reference beam and interpreted to
determine surface characteristics. It is important to keep
in mind that the interferogram is the difference between
the two beams. When measuring a test surface for flatness,
the reference surface must be characterized absolutely so
that the interferogram is known to be the deviation from
flatness of the test part. Establishing an absolute flat will
be covered later.

Mirrors

The easiest interferometric method for testing many flat
surfaces is the classical Fizeau with an established flat as
the reference surface. In the case of a mirror, the reference
must be on top of the test surface and the fringe visibil-
ity will be about 0.4 (prer ~ 0.04, piest ~ 1). Various surface
errors and the resulting interferograms are shown here.

Flat Cylinder Cylinder Sphere
alongx alongy (concave)

(@)

Ref Flat
g —

Yy @ x a = Contact Point

Air Wedge

o —

No Air Wedge Cylinder Sphere Sphere Saddle
along x (convex) (concave)

'lllllo
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Mirrors—Continued

A more accurate method is a phase-shifting laser-based
Fizeau interferometer. The interferograms would be the
same as for the classical Fizeau with the accuracy gain due
to the phase shifting and subsequent computer processing.
Another advantage is that this is a non-contact test, which
eliminates the risk of scratching the test surface. Another
option is the Twyman-Green, which is more versatile, al-
lowing the testing of a flat larger than the reference by
using a beam expander in one arm of the interferometer.
Again, the interferograms are the same. A disadvantage is
that more high-quality optics are needed.

. Reference Flat —»&—— Beam expander

i Laser-based Twyman- — A
' Fizeau Green -> I( O HTGSt
S Test Flat v Flat

All of these techniques can be used for any flat optical sur-
face test, such as the surfaces of a window or prism.

Windows

To complete the characterization of a window, the paral-
lelism and thickness variation between the two surfaces
must be measured. Both can be measured using a laser-
based Fizeau or Twyman-Green without PSI.

Double Pass Transmission OPDiteasured = 2(n — 1)6¢
A/Reference Flat
n OPDvpgge = 27(\n —DoaD
Test/' D Return X= ——m——
Window 't  Flat 2n-1S

This shows the setup for the Fizeau, where both the refer-
ence surface and return flat need to be characterized. Start
by adjusting the return flat such that a single fringe covers
the whole area. Then insert the window to be tested. Any
fringes indicate a change in OPD due to thickness varia-
tions (At), with tilt fringes indicating a wedge («, radians)
between the two surfaces. The fringe spacing, S, gives the
wedge angle. If the window is placed in one arm of a Mach-
Zehnder interferometer, the above equations are the same
except the 2’s become 1’s.

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



54 Interferometric Optical Testing

Windows—Continued

A second technique is to place the window in a collimated
laser beam and look at the interference between the beams
reflected off the two surfaces of the window.

Reflectlon Test
= ——
2nS

Reference Test
Surface Surface

If a phase-shifting interferometer is available, the above
techniques will work. A simpler technique, which does not
require a null fringe prior to sample insertion, is if the win-
dow is inserted in part of the beam of a laser-based Fizeau
or Twyman-Green. Using PSI determines the direction of
tilt in regions 1 and 2. The tilt difference (Af) between the
two regions gives the window wedge.

» Reference Flat

Return
H HFIat

Test a—
Window  seessss—

=

5B A .
S ~ S2

- sin(0) Syz = cos(0)

5B = \/(Bar — Bs2)? + (By1 — By2)?
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Prisms

Several parameters of a prism need to be tested: surface
accuracy of prism faces, accuracy of angles, material ho-
mogeneity and transmitted wavefront accuracy. Surface ac-
curacy can be measured using the methods described for
mirrors. If a 90-degree prism Single Pass & S,
is used to reverse a beam, the oy 7 iy
beam deviation 0 is related to H 7y D

the error in the prism angle ¢ T —
as follows: Reference Flat S,
e_i 6_%_|)\/Syl_)\/8y2|

“2n’ T 4n 4n

The beam deviation 6 can also be measured in a laser-based
Fizeau or Twyman-Green in the single pass test. Any tilt
difference A between the two sides of the interferogram
gives the prism angle error. The sign of the tilt is impor-
tant in determining ¢. Any errors in the collimated beam
do not cancel in this setup. An improved method is the
double pass test, where errors in the beam do cancel. The
reference beam simply reflects off the reference flat while
the test beam goes through the prism, reflects off the bot-
tom of the reference and traverses the prism a second time.
Only one interferogram is captured in this setup, and any
tilt in the direction perpen-
T_y>x dicular to the seam of the
prism indicates an error in

} M ihe prism angle.

AN
Beam Reference Tilt By
Block Flat Direction €= in

Transmitted wavefront accuracy is measured by placing

a return mirror perpendicular to the beam transmitted

through the prism and looking for

Flat N OPD variations in the interfero-

U rrrrrrrrrrr A »»»»» [|Retumn  oyam. These OPD variations are

Flat due to surface errors if indicated in

the surface measurements or material inhomogeneity if not
seen in the surface tests.

OPDMeasured = 2(n - 1)6t

Reference Test Prism
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Corner Cubes

Corner cubes are tested using the same methods for prisms
already discussed. For the single pass test, the interfero-
gram now has 6 sections. Straight fringes are obtained for
a perfect corner cube. The tilt difference AR between two
sections gives an angle error (¢) in the corner cube. For the
double pass test, there will be no fringes from a perfect cor-
ner cube. Tilt fringes indicates that ¢ £ 0.

Single Pass Double Pass
Perfect ~Angle Errors | Perfect  Angle Errors

(No fringes)

o B _ B
3.266n 3.266n

Diffraction Gratings

Reflection diffraction gratings can be tested using a Twy-
man-Green or Fizeau interferometer. Transmission grat-
ings can be tested in a Mach-Zehnder.

Reflection Grating Transmission Grating

— < = H —
Incident Diffracted Incident Upjffracted
Beam Beam Beam Beam

A straight line grating with unknown errors A(x,y) and
line spacing Ax is represented as follows, where m is an in-
teger. This is like an interferogram formed by a plane wave
tilted at © and a wavefront with aberration W(x,y).

x> [ dwy)  ooasin@®) Wy
Ax  Ax A A

Wx,y)  8(x,y)
A Ax
Any aberration measured in the first diffracted order is
directly related to errors in the grating. For the Nth dif-
fracted order, there will be N times the aberration.
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Testing Curved Surfaces—Test Plate

For curved optics with large radii of curvature (ROC), the
classical Fizeau can be used to determine R by placing the
optic under test on top of a flat. The radius R is found by
counting the number of bright fringes to a radial distance
r'm, where the first bright fringes is m = 0.

r2

R:—m1 bR
A(m+2) =

The surface figure given by the shape of the fringes, as de-
scribed earlier. Concave or convex surfaces with smaller
radii can be tested by placing them on a known reference
surface with about the same radius of curvature but op-
posite inflection. Here m is the number of fringe spacing
the fringes depart from straightness, d is the test part

diameter, and R is the radius of the d
Test Part «—5 _—»

reference part.
2 5
AR — 4mAR Known

d? Reference “amw®
Aspheres can be tested this way, as long as the reference

surface is well known so any fringe deviation can be at-
tributed to the test part.

m=2

).

Twyman-Green Interferometer, ROC Test

When testing a spherical surface, there are two positions
that give a null fringe. The first is sometimes called the
cat’s eye position, where the light comes to focus at the
test surface. The second is the normal test setup for mea-
suring surface figure, where the center of curvature of the
test surface is coincident with the focus of the diverger lens.
The axial distance the part is moved between these two po-
sitions is the radius of curvature.

——Reference Flat Radlus
Concave %

"4 O IITest Part O II
“Cat’s Eye” Test Setup

This technique also works with a laser-based Fizeau.
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Curved Surfaces—Twyman-Green

The advantage of either the Fizeau or Twyman-Green
setup for testing concave parts is that any size part can
be tested as long as a fast enough beam (small f/#) can be
created using the diverger lens and the coherence length of
the source is long enough. The f/# of the beam must be less
than or equal to the f/# of the surface under test.

fDiv 1
# eam = T~ N T x
f/ B DDiu 2NA DDiv DSurface

R
R/#Surface =
Ds o ——£

R
f/#Beam =< R/#Surface

The Twyman-Green can also be used to measure convex
surfaces with the additional restriction that the diameter
of the test surface must be less than the diameter of the
test beam.

—— Reference Flat

— R
Convex T
*/O Test Part */OG
\ \ [
“Cat’s Eye” Test Setup fsurtace

To measure the figure of a test surface, the light in the test
beam should be normally incident on the surface. A null
fringe indicates the entire test beam is normally incident.
Incorrect spacing between the diverger lens and the test
surface will introduce defocus fringes in the interferogram.
In a phase-shifting interferometer, the test part should be
adjusted to minimize the number of fringes. Typically, tilt
and defocus are subtracted from the measured wavefront
to give the surface figure.

A
1 Fringe = 1A of OPD = 3 Surface Height Deviation

() @

Incorrect Correct Null
Spacing  Spacing Fringe
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Curved Surfaces—Laser-based Fizeau

With care, the Twyman-Green can provide high accuracy
measurements; however, the test is expensive and subject
to vibration and turbulence. Vibrations can be minimized
by mechanically coupling the interferometer and the test
part, giving a more stable interferogram.

Laser Based Fizeau

Curved surfaces are tested in a laser based Fizeau in the
same manner as in the Twyman-Green. Since the
reference surface is now that last surface of the diverger,
the required quality of the diverger optics is not as high.

Laser Based Fizeau Diverger Lens
—

(>

Beam . W
Expander <> Reference Test
Surface Surface

Interferogram

It is also easier to mechanically couple the reference and
test surfaces to reduce the effects of vibrations. It is not
practical to vary the reflectance of the reference surface to
match the test part or to change the OPD for a given test
part since the reference i1s fixed. Many commercial
interferometers are of the Fizeau configuration since the
diverger optics are less expensive and they are easily
interchangeable to accommodate a variety of test parts.

Diverger Lens
—
ﬂ Test
| | Surface
A t+ At
PZT At =m(MN8), m = Integer

A laser based Fizeau is commonly phase-shifted using a
PZT mounted on the diverger lens assembly. It is shifted
in A/8 steps, changing the distance between the test and
reference surfaces. The steps are small enough such that

the lateral magnification change is negligible.
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Testing Lenses or Lens Systems

Both the Twyman-Green and laser-based Fizeau interfer-
ometers can be used to test lenses in transmission. A posi-
tive lens system with a small enough aperture can be tested
as shown here, where a high-quality convex or concave
sphere with an f/# less than the lens system is used to
retroreflect the test beam.

Positive Lens Testing

LA N .
7 e |

Beam W S CIIIIIIIIC )
expander <— Test EO (J iConvex
i Lens| S .

Return mirror

As shown below, larger diameter positive lenses can be
tested. The f/# of the test lens must be greater then the f/#
of the diverger lens. This setup is more difficult to align. In
either setup, the test lens can be rotated to measure off-axis
lens performance.

Large Postive Lens Testing P
= H |
Beam
Expander — Test Return

- Lens Flat

Negative lenses can be tested using similar methods and
a large enough concave return mirror. The |f/#| of the test
lens must be greater than or equal to the diverger or con-
cave return mirror.

Negative Lens Testing

Input K Concave
Beam Mirror
B4

Teit Lens
Input )1 Flat
Beam Mirror
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Shack Cube Interferometer

The Shack cube interferometer is a modification of the
laser-based Fizeau that can be used to test the surface fig-
ure of concave surfaces. The advantage of this interferome-
ter is that only the curved surface on the Shack cube beam-
splitter needs to be of high quality since every other optic is

Shack Cube
-------------------- < Thin Absorbing Pellicle
<«— Reference Surface

V07« shack cave

Beam
Expander - )

== ™ Interferogram

common path. In order to test lenses or convex surfaces, ad-
ditional high-quality optics are required. This interferome-
ter is lower cost than a Twyman-Green or regular Fizeau,
but not as flexible. A pellicle can be used to help match the
beam intensities.

The scatterplate interferometer is used for testing con-
cave mirrors and gives interferograms that are interpreted
the same way as those from a Twyman-Green or laser-
based Fizeau. The advantage of this setup is that it is a
common path interferometer, so the auxiliary optics’ qual-
ity is unimportant. A laser can be used as the source, but it
is often better to use a spectrally filtered white light source
or arc lamp. The spatially filtered light source is imaged
onto the test part and the scatterplate is placed near the
center of curvature of the test surface so that the scatter-
plate is reimaged on itself (inverted).

Scatterplate o Source

Interferometer Incorrect  Correct

Spacing  Spacing

(@i

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Test
Part

Interferogram  Scatterplate R
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Scatterplate Interferometer

The light transmitted by the scatterplate the second time
falls into four categories: (1) unscattered-unscattered,
which creates a bright spot; (2) unscattered-scattered, the
reference beam; (3) scattered-unscattered, the test beam,;
and (4) scattered-scattered, a background signal that re-
duces fringe contrast.

Longitudinal Shift Lateral Shift
Center of M
Curvature~a v
Image of a y=<kk Offset *-;Z
Defocus causes tilt Image of a

Unscattered-scattered (a’)
------ Scattered-unscattered (a)

Longitudinal translation of the scatterplate changes defo-
cus and lateral displacement introduces tilt.

The critical component of this interferometer is the scatter-
plate, which needs inversion symmetry. This can be done by
exposing a photographic plate to laser speckle from a laser
incident on a piece of ground glass, rotating the plate 180°,
and superimposing a second expo- =

sure of the same speckle. To ensure ~

<@
uniform illumination of the test part & 9
from the scattered light, the solid % %

angle of the ground glass seen from gﬁa
the photographic plate during con- &, P
struction of the scatterplate should Magnified view

be at least as large as the solid angle of Scatterplate

of the test part seen from the scat-

terplate. The plate should scatter 10 to 20% of the incident
light.

QCZQt

Construction Interferometer

Q Q
Ground <« Scatterplate —» Test
Glass || _— P 18,/ | Part
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Phase-Shifting Scatterplate Interferometer

The difficulty in improving measurement accuracy by
phase shifting with this interferometer is that the test and
reference beams traverse nearly the same path, so shifting
the scatterplate will not create a path difference. One way
to phase shift utilizes a birefringent scatterplate. The
scatterplate can be made of calcite, where the side with
the scatter pattern and a flat piece of glass create a cav-
ity containing index-matching oil that matches the index of
the ordinary index of the calcite at the source wavelength.
A spectrally narrow source (laser) is used so the chromatic
variations of the polarization elements have a minimal ef-
fect. The first polarizer passes linearly polarized light at
45° with respect to the optic axis of the birefringent scat-
terplate, so half the beam will see the ordinary index of
the crystal and not scatter because of the index-matching
oil. The other half of the beam will partially scatter due to
the index mismatch between the extraordinary index and
the oil. The quarter-wave plate at 45° exchanges the two
beams so that the unscattered reference beam scatters in
the birefringent scatterplate, while the scattered test beam
is unscattered on the second pass through the scatterplate.
Note that if there is no unwanted scattering of the direct
beams there will be no background irradiance term. If all
the light scatters for the scattered beam, the hotspot is
eliminated.

Rotating Ground

J/Glass Calcite
Liquid Crystal Polarizer (45°) :\;l‘df»;].
Retarder (0°) M4 Plate (45°) atching
«~ Qil
Glass
ek L S .
Analyzer (45°) Birefringent Scatterplate (0°)

An analyzer at 45° is needed to combine the beams so they
interfere. A liquid crystal retarder at 0° before the beam-
splitter introduces a variable phase shift between the two
beams. This setup performs comparably to a commercial
Fizeau interferometer and is limited by the accuracy of the
liquid crystal retarder.

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



64 Interferometric Optical Testing

Long-Wavelength Interferometry

During the fabrication of an optical surface, it is impor-
tant to have a method for monitoring the surface figure
during grinding. In the early fabrication stages, the sur-
face may be too rough for visible wavelength testing. Long-
wavelength interferometry provides a reduced sensitiv-
ity test for monitoring the surface figure of rough surfaces
during fabrication. For a rough surface with a Gaussian
height distribution with standard deviation o, the fringe
visibility reduction (V) is given as:

V. v =099 for

1.0 A, =10.6 ym
V =0.04 for
—8n20? 0.5
V= exp(%) A, = 0.633 um
0 0.1 0.2

Surface Roughness (a/A)

A common source is the COg laser (A = 10.6 um). Due to
the infrared wavelength, germanium or zinc selenide optics
and a bolometer must be used. This technique can be used
in any interferometer configuration, such as a Twyman-
Green or Fizeau.

-
V = 0.04 for V = 0.99 for
A, =0633um A, =10.6 pm

In addition to better contrast, the long-wavelength inter-
ferogram has much lower frequency fringes. The ratio of
the fringe frequencies is simply the ratio of the two wave-
lengths.

Other rough surfaces or surfaces with large departure,
such as aspheres, can be tested using this technique.
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Smartt Point Diffraction Interferometer

The point diffraction interferometer (PDI) is a simple,
two-beam interferometer that gives interferograms simi-
lar to a Twyman-Green. The wavefront is sent through a
pinhole in an attenuating mask. A portion of the incom-
ing beam focuses on the pinhole and is diffracted, cre-
ating the reference beam. The test beam passes through
the mask and is uniformly attenuated. The attenuation
helps to match the irradiance of the reference beam. Tilt
in the reference beam is introduced by laterally translating
the pinhole while defocus is achieved through longitudinal
translation.

Test Tilt Diffracted reference
lens pD||¢ beam

mask
Source |

Aberrated <+ Transmitted test
incident beam Defocus beam (attenuated)

Interferogram

The PDI requires no high-quality optics since every ele-
ment is common to both beams. The major disadvantage
is that the amount of light in the reference beam depends
on the position of the pinhole. As the amount of aberration
and/or the tilt increases, the fringe visibility drops. Typi-
cally, any tilt greater than 5 to 7 fringes makes the visibil-
ity unacceptable.

Ceow

Increasing Tilt, Decreasing Visibility ——

The addition of a pellicle beamsplitter allows the testing of
both concave mirrors and lenses tested in double pass.

Various PDI
Layouts \ \\

\ \PDI! i Lens,
\ : iDouble
Beamsplitter ' 'Pass
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Phase Shifting a PDI

This common path interferometer can be phase shifted
with a few modifications. First, a diffraction grating cre-
ates the reference (on-axis) and test (first diffraction order)
beams, both of which go through the test optic. Second, the
attenuating pinhole PDI mask is replaced with an opaque
mask with two openings in it. The first is large enough to
allow the aberrated off-axis test beam through unaffected.
On-axis is a pinhole that cleans up the reference beam as a

spatial filter would.
Phase Shifting PDI Test Reference

Beam —
o | Ty =
Pinhole | “. ]

A —
Diffraction Phase Test PS/PDI Interferogram
Grating Shifting Optic  Mask

The beam separation in the plane of the phase-shifting PDI
mask is determined by the diffraction grating period. The
two beams propagate to the interference plane, where the
tilt is due to their angular separation. The phase shifting
can be done in one of two ways. The diffraction grating can
be shifted 1/4 of a grating period A laterally to produce a
71/2 phase shift.

27
bship = N Ax

Alternatively, the grating period can be designed to intro-
duce enough tilt in the interferogram that a spatial car-
rier technique can be used on a single image. This is a re-
markably simple common-path simultaneous phase shift-
ing interferometer; insensitive to vibrations and requiring
no high-quality optics. Having the reference beam on-axis
ensures that a wavelength change will not necessitate a
shift of the PS/PDI mask.
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Sommargren Diffraction Interferometer

This interferometer has the advantage of not using a refer-
ence surface and has minimal high-quality auxiliary optics.
A low-coherence source is split into two beams, where one
beam is delayed a distance L depending on the radius of
curvature of the test part. The beams are recombined and
transferred via a single-mode fiber to the test part. The de-
layed beam becomes the reference beam and goes through
the imaging lens to the camera. The other beam reflects
off the test optic and then off the semi-transparent metal-
lic film coating on the end of the fiber to the camera. Both
beams were spatially filtered by transmitting through the
single-mode fiber.

—>

Low coherence|j Optical L ﬂ ot
source | fiber A ree
< — Interferogram
< m > H Test (Camera)
%orner/ E beam Sommargren Diffraction
cube Interferometer

Since the source has low temporal coherence, the portion
of the test beam that goes straight to the imaging lens
and the portion of the delayed reference beam that reflects
off the test part will not interfere with the test and refer-
ence beams and will only add a constant irradiance signal.
Phase shifting is achieved using a PZT on the corner cube
for the test beam.

— Test Beam from
Test Part

--- Reference Beam Coherent
Direct to Camera
Semi-transparent” %/ T Test Beam Direct
B to Camera
Metallic Film Incoherent
Camera --- Reference Beam
location from Test Part
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Curved Surfaces, VSWLI

Curved surfaces can also be measured with a vertical-
scanning white light interferometer (VSWLI), although
the test part size is limited to the field of view of the inter-
ferometric objective. The test surface slope must be small
enough that the reflected light will make it back through
the system. This interferometer is not suited for testing

lenses in transmission.
i+1 i+2
Chromatic Filter i

Aperture Field
Stop | Stop
________ NN
@ 00010 |
i
Interferometer Objective i+2 E i+1

Test Surface

=

Cylindrical Optics

Testing cylindrical optics interferometrically requires a
cylindrical wavefront that somewhat matches the test part.
The first method for obtaining such a wavefront is to use a
cylinder null lens in a laser-based Fizeau interferometer.
This type of null is difficult to make and to characterize.

Cyllnder Diverger Lens Reference
Surface
Reference Test Test Cylmder
Surface  Cylinder Cylinde& Grating

The second approach is to use a cylindrical diffraction grat-
ing, which can be thought of as a one-dimensional Fres-
nel zone plate where the spatial frequency of the grating
changes only in one direction.

m =+ MfN— ym =/ mfA

Here, f is focal length and m is the zone number. The clock-
ing angle of the test part is critical for any method for test-
ing cylindrical surfaces. Both systems can be phase shifted
by moving the reference surface with a PZT.
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Absolute Measurements: Flats

An interferogram always gives the difference in path length
between a reference beam and a test beam. Often the refer-
ence surface is assumed to be a flat surface and any wave-
front deviation observed in the interferogram is assigned
to deviations in the test part. This assumption is only as
accurate as the previous characterization of the reference
flat. By absolutely characterizing a reference flat, the mea-
surement accuracy is improved because the number of un-
known parameters in the interferometer is reduced. By
making four measurements between three flat surfaces (A,
B, C), x and y-profiles for all three are obtained. These mea-
surements should be performed in a phase-shifting inter-
ferometer to improve accuracy.

X | B Inverted X | C Inverted Test configuration
Input
beam
Reflected
X | C Inverted X | C Inverted beams
> P Test
B x | x [B Rotated surfaces

Gap(x,y) =fa(x,y) +B(—x,y)
Gac(x,y) =fa(x,y) +fe(—x,y)
Gpe(x,y) =fpx,y) +fc(—x,y)
Gpo (x,y) =fp(—x, —y) +fc(—x,y)
fa(x,0) =0.5[Gap(x, 0) + Gac(x, 0) — Ggc (x, 0)]
fB(=x,0) = 0.5[Gap(x, 0) — Gac(x, 0) + Gge (x, 0)]
fc(—x,0) = 0.5[—-Gag(x, 0) + Gac(x, 0) + Gper (x, 0)]
fa(0,5) = 0.5[Gag(0,y) + Gac(0,y) — Ggc(0, )]
f8(0,y) = 0.5[Gag(0,y) — Gac(0,y) + Ggc(0,)]
fc(0,y) = 0.5[-Gag(0,y) + Gac(0,y) + Ggc(0,)]

It is not possible to obtain absolute full surface maps of
flats.
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Absolute Measurements: Spheres

A single spherical surface can be absolutely characterized
with three measurements. The addition of the cat’s eye
position characterizes the interferometer without the test
sphere to be measured. The three contributing aberrated
wavefronts are due to the test surface, the reference arm,
and the diverger lens.

W0° = Wsurf + Wref + Wdiv

w ﬂwog W180° = Wsurf + Wref + Wdiv
1 —
m Woger Whocus = Wrer + Q(Wdiv + Waiv)
“Cat’s W = W rotated 180° about optical axis
H Eye" Wchus

1 - _
Waurr = 5 (Wo- + Wiso: — Wocus — Wiocus)

Absolute Measurements: Surface Roughness

An absolute surface roughness test assumes:

® Surface height is random

® Statistics do not vary over the surface

® Test and reference surfaces are uncorrelated

Any surface roughness on the reference surface will cause
errors in the measurement of o of the test surface.

/2 2 = /o2 2
Omeas =/ Oest + Gref Otest = 1/ Omeas — cyref

This error can be removed by taking many measurement
frames N, each time moving the test surface further than
the surface correlation length. The test surface roughness
effect is reduced by 1/+/N until the reference surface rough-
ness dominates; the result is a surface map. Subtracting
the measured o, from any frame gives 0.

1
. ~ . _ 2
Otest, N = «/N Otest;  Omeas,N = Oref N;  Otest = 0—72neas - O—ref, N

An easier alternative is the absolute surface test. The test
part is moved further than the surface correlation length
between two measurements. Only oy is determined:
. 1
diff = meas; — meass; Ot = —=Odiff

/2
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Aspheric Surfaces

Aspheric surfaces are important to optical systems
because they can provide improved performance, fewer
optical components, reduced weight and lower cost. These
improvements are due to the greater flexibility and
aberration compensation possible with non-spherical
surfaces. An asphere is technically any surface that is not
spherical, but there are several common aspheric surfaces
found in optical systems. Conics are one type of
rotationally symmetric aspheric surface defined by a conic
constant x, the sag of which is given by

(7r2 . 1 2

s(r)=  C=—; r?=x2+5?
() 1+,/1—(1+/()C2r2 R

C is the surface curvature, R is a base radius of curvature,
and r 1s the radial coordinate. Familiar surfaces with two
foci (F1 and F2) are obtained for certain values of k.

Circle ’Q Fa - . ,‘/_K=O
=0 (&) |

<+—>.

Ellipse 2T
-1<k<0 w

Parabola_ o eF, Fyt Hyperbola
=—1 ' d K<-1
—V/id,

> < d4§4_’

d12— (1+\/_K) dy =— ,d4,5=%(\/$il)

The general asphere contains the conic term and higher
order rotationally symmetric terms. To the level of third-
order aberrations, all aspherics with power are
indistinguishable from conics; higher order terms only
affect higher order aberrations.

Cr?

_ 4 6 8
s(r)— + AT+ A + Agrt 4+

141 (1+x)C%?

2022
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Aspheric Testing

The difficulty of testing an asphere is determined by the
slope of the aspheric departure from the best fit sphere (the
derivative of the OPD). Steeper slopes can lead to high-
frequency fringes, retrace errors, and even vignetting.
These issues are avoided for null testing.

Wavefront Vignetting

There are two categories of aspheric testing methods; null
tests and non-null tests. Null tests

¢ usually require part specific optical components

® are well suited for testing many of the same part

Conventional Null Optics

Testing aspheres with conventional null optics involves
a part-specific lens system to create a wavefront that
matches the desired surface of the asphere under test.
The lens system usually will consist of spherical surfaces
that can be characterized in a standard interferometer. The
null lens can be combined with a standard phase-shifting
Twyman-Green or Fizeau interferometer.

Diverger  Null
Le s Optics
% It ]| |z

Beam
Expander <——— Reference Aspheric
- Ourface Surface
Interferogram N /

Bad Part

If the test part is correct, the interferogram will contain
only defocus and tilt. As with testing other surfaces, part
errors are evident in the interferogram. Having a new lens
or lenses made for each aspheric test surface is time con-
suming and expensive, but the system can be well charac-
terized and understood.
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Hyperboloid Null Tests

Specific convex hyperboloid surfaces that are transparent
have a plane second surface and an index of refraction n =
/—« can be tested in the Cartesian configuration. Meinel
suggested testing the surface through the glass, from the
back. The spherical back surface is slightly convex, giving
equal conjugates. For a plane back surface, a double-pass
test can be performed by placing a small spherical mirror
near one of the focus points.

Cartesian Meinel
n = -k Slightly Convex| Spherical ~ Fiat
‘ Sphere —»E mirror5 E
ﬂ 1
A Flat | Equal Unequal
Hyperboloid (k<—-1)| Conjugates Conjugates

Hindle tests are more common, where a concave spheri-
cal mirror is used to test a convex hyperboloid. The biggest
problem is that the Hindle sphere can become very large.
If m is the magnification of the hyperboloid’s conjugates
and B is the permissi-

ble obscuration ratio, Hindle — Obscured
the diameter of the Sphere Region
Hindle sphere is Dys. F 3o,
1 .
Dim+1) .
Dpys = Hyperboloid Surface
HS B11

The Simpson-Oland-Meckel test uses a partially
. flective Hindle sphere
Hyperboloid f e p

yperboloid - Center o that also transmits the

\/ Sph
H>ﬂ - P er}e test beam. Since there

E e is no central obscuration,

1 /QAJ”" F2 the sphere can be much
Partially Reflective smaller and the entire sur-
Hindle Sphere Calibration face is tested. Any OPD

Sphere Vvariations in transmission
through the Hindle surface

are measured with a cali-
bration sphere.

RCaI Sph
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Offner Null

A refractive Offner null compensator can be used for con-
cave mirrors, where lens A images a point source at the cen-
ter of curvature of the test surface. The field lens F helps
combat fifth-order spherical aberration. For high-accuracy
tests, slight index variations in lens A can lead to large
OPD variations in the interferogram. The reflective Offner
null compensator uses a spherical mirror at a magnifica-
tion other than —1 to introduce spherical aberration oppo-
site to that of the test part. These setups can be used for
conics with k < 0.

Conic F Conic
PLINR.

Paﬁ | part
Refractlng Offner Reflecting Offner

Parabaloid Surface Tests

Concave paraboloids are tested in double pass with a flat
mirror as large as the test part. The configuration varies
slightly if the test surface has a central obscuration.

Paraboloic :|

:|F1

. Convex parabaloids can be tested using
J;DCO"'mator the Hindle test by placing a collimating
2 m .>z» lens near the plane of the Hindle sphere.
. ‘ The obscuration diameter is that of the
test part.

Flat
Mirror

l Paraboloid

Elliptical Surface Tests

An elliptical surface is tested with a spherical wave
originating at one focus and emerging at E|I|p30|d

the other. In an interferometer, a small
spherical mirror can be placed near the

innermost focus to return the light in a £ Fa ./
double-pass test configuration. el
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Holographic Null Optics

Computer-generated holograms (CGHs) are used in
interferometric optical testing to measure aspheres. The
most common configuration is to use a CGH in place of a
conventional refractive null lens. It is often easier to de-
sign and fabricate a CGH to test an aspheric part than it
is to design and build a refractive null. The advantage of
this configuration is that the CGH can be added to an ex-
isting Fizeau or Twyman-Green interferometer. The disad-
vantage is that any phase variations in the CGH substrate
are unique to the test wavefront. Therefore, the substrate
must be highly accurate or well characterized.

Diverger Lens

s - CCH Aspheric
Laser % O(X I ‘ Surface
"' S~

<> Reference
Surface

— +1 order

—— --- 0O order

Interferogram

Position the test part to normally reflect the +1 order.

Common Path CGH Configuration

In this setup, both the test and reference beams travel
through the CGH, eliminating the sensitivity to substrate
errors. Usually the +1 order is used to correct the test beam
while the unaltered 0 order of the reference beam is al-
lowed through by the spatial filter. The major disadvantage
to this setup is that it requires a custom interferometer; it
is difficult to place a CGH at this location in a commercial
Fizeau interferometer. Reverse raytracing of the test beam
may also be required.

Aspheric

Laser ||

el (] JJacner
W

CGH—» Reference
Surface
Spatial
Filter
Interferogram
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CGH Basics

A CGH looks like a binary representation of an interfero-
gram. Each line in the CGH adds mA of OPD and changes
the wavefront slope by sin(0) = mA/A, where A is the local
line spacing of the CGH. The 0 order is unaltered by the
CGH. Below, the +1 order is allowed to transmit.

=@

Binary CGH

Amplitude vs. Phase CGH

CGHs for optical testing are usually binary. The transmis-
sion of an amplitude grating alternates between 0 and 1,
resulting in about 10% diffraction efficiency (n) in the +1
orders and 25% in the O order. The two phase levels of a
phase CGH differ by A/2 of OPD, or 180° of phase. The ef-
ficiency is 40% for the +1 orders and nominally 0% for the
Oth order.

Amplitude Grating Phase Grating
Chrome

n
d = M[2(n-1)]
+1: 40%

-1:10% +1:10% |-1:40%
25%

o (V)
For diffraction order m > 0, the optimal diffraction effi-
ciency is:
NAmplitude = 0.25. SiI'lC2 (m/2)

NPhase = SiHCZ (m/2)
Phase CGHs are more common. The double-pass nature of
placing the CGH in the test beam requires using a phase
CGH to get enough light.

CGH fabrication uses lithographic techniques that were
developed for the semiconductor industry.
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CGH Design Guidelines

The goal of a CGH is to create a well-known aspheric wave-
front from a spherical wavefront. After choosing a test con-
figuration, the accuracy, size, and cost must be balanced
using the following rules of thumb:

Line spacing:

® 10 um is routine. 0.1 um error, 0.01A wavefront error

® 1 um is harder. More errors, poorer accuracy

Size:

* 50 mm CGH is low risk, low cost

¢ Up to 150 mm possible; expensive to fabricate

The CGH needs to be large enough to fit the details with-
out pushing the line spacing limits. In order to separate
the multiple diffraction orders, a tilt carrier must be in-
corporated into the CGH. There should be enough tilt to
separate the orders, but too much tilt means smaller line
spacing and a higher sensitivity to errors.

© M b @@

All orders -2 -1 +1+2 -2 0+1+2<— 0 +

“— —> ———> ——>
No carrier  Not enough tilt Ideal case = Too much tilt

The phase imparted by the CGH can be modeled as a phase
function in lens design code.

Testing a parabola Non-symmetric asphere

Dihes

CGHs are now commercially available. With care, they can
be quite accurate. They are flexible enough to help test
things that may not be testable otherwise.
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Non-Null Tests

The goal of a non-null interferometer for testing aspheres
is to not have to rely on a part-specific null lens or CGH.
There are 3 general requirements for any interferometric
test; many non-null configurations push these limits:

® must get light back into the interferometer

* must be able to resolve the fringes

* must know precisely the optical test setup

A null interferometer strives to create a wavefront that
matches the test surface and is normally incident every-
where. The reflected light retraces the incident path, and a
null interferogram results.

«-Reference Surface

Null intérférogram

If the test surface and incident wavefront do not match, in-
terference fringes result. The light is no longer normally
incident, and does not follow the same path back through
the interferometer. The wavefront is altered on the return
path, adding part-dependent induced aberrations (re-
trace errors) to the test wavefront. The amount of induced
aberration increases with increasing part deviation. Any
deviation from null will add some induced aberration.

=
lane Induced Test Plane

Detec

In order to obtain the true test surface, the induced aberra-
tions must be removed. This can be done by reverse ray-
tracing. The wavefront at the detector is found from the
interferogram. The rays are traced back through the sys-
tem to the test plane to determine the surface figure.
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Reverse Raytracing

Reverse raytracing requires precise knowledge of the inter-
ferometer setup. Some parameters can be accurately mea-
sured with independent tests, such as the surface figure for
the diverger lens and the refractive index of the lenses and
beamsplitters. Absolute part locations (x,y, z) can be more
difficult. Reverse optimization (RO) is a method for find-
ing the overall system description. Nominal system infor-
mation is used as a starting point, and a series of known
test parts are measured. The system parameters are then
variables in the optimization to find the best description of
the interferometer.

K Ky
Other RO variables:

{R,n} {t} v={xy,z,6,6,0}

High-Density Detector Arrays

Testing aspheres with a non-null interferometer typi-
cally leads to interferograms with high-frequency fringes.
A high-density detector array is capable of digitizing these
rapidly varying interferograms. As long as there are at
least two pixels per fringe, the Nyquist limit () is sat-
isfied and the interferogram is properly captured. Accurate
tests require reverse raytracing to back out the induced

aberrations.
1
ENy = 5—
YT O
Nyquist
*p limit

Pixels —»|

¢= 0° 180° 0° 180°

Downloaded From: https://www.spiedigitallibrary.org/ebooks on 20 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



80 Interferometric Optical Testing

Sub-Nyquist Interferometry

Sub-Nyquist interferometry is a non-null interferomet-
ric technique requiring fewer than two pixels per fringe.
Most CCD detector arrays have a fill factor (G-factor) close
to 1; that is, the pixel width (x,,) is almost as large as the

pixel spacing (x;).
1 ’ 1 MTF Sparse-Array
= —_— = —_— = 2
ENy o, & xs ENy Sensor
1 Standard
G="2 & .= e i \Sensor 6
s s §Ny gc gc,sa

N | A detector array is modified by shrinking
: the pixel width relative to the pixel spac-
B ing, resulting in a sparse array detector.
This allows fringes past the Nyquist limit
ET-bh to alias. PSI is used to find the modulo 27
5 phase at each pixel.

Recall that PSI is usually unwrapped
by adding or subtracting 27t to mini-
mize the phase difference between ad-
jacent pixels. Sub-Nyquist interferome-
try allows phase changes greater than 7
between adjacent pixels, so unwrapping
the phase must take into account the lo-
cal derivative of the wavefront. The as-
sumption is made that the first and second derivatives are
continuous, which is valid for most optical surfaces, includ-
ing aspheres. The unwrapping must begin in a region with
no aliasing.

Aliasing (&)

@(x) PSI, Modulo 21 1o A ?(x)

101 |
Pixel: 1 5 9 81T |
61T -

o Possible solutions
41T -

-o- PSI unwrapping
= SNI unwrapping 21 -
- 1stderivative continuity

Pixel: 1 5 9
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Long-Wavelength Interferometry

This technique changes the wavelength of
the light source for the interferometer. A
common source is a carbon dioxide (COg)
laser with A = 10.6 um, which has good co-

herence properties. The resulting interfer- [
ogram has many fewer fringes than would A =0.633 um
back is reduced sensitivity. Germanium or

be obtained using a visible laser, so the
Nyquist limit is no longer in danger of be-
zinc selenide optics and a bolometer must
be used. A=10.6 ym

ot

ing violated for aspheres. The major draw-

-

Two-wavelength holography (TWH) is another reduced
sensitivity test, but one that does not require exotic glasses
and detectors. A hologram of the test part interfered with
the reference beam is recorded at A;. The same test is per-
formed at Ay with the hologram in place. The resulting in-
terferogram is the same as what would be obtained using
the equivalent wavelength, A.,.

Create hologram Record interferogram |1 fringe = Neg
> with A, with A,

£ ) )]gZO ﬂ_( [D

——<4Hologram—

——<Interferogram

Similarly, two-wavelength interferometry can be used
to test aspheres. Two interferograms are recorded at A
and Ay. A computer calculates the difference between the
two measurements. The wavefront is sufficiently sampled
if there would be at least two pixels per fringe for a

Chromatie. aberrs. (22
o i n e L ﬁfj ﬁfﬁ)

R
o)

¢
S

niques.

45

o
3
>

n

3

A, =7.4pm

)\1?\2 )\1 eq

U7 AL — Agl
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Non-Interferometric Testing

The following techniques are common non-interferometric
optical testing methods that all measure the slope of the
wavefront error rather than the wavefront error itself,
which is what most interferometers measure.

The classic Hartmann test uses a plate with an array of
holes near an illuminated test surface. Photographic plates
or detector arrays are placed in the converging beam. If
one detector is used, the positions of the holes in the screen
and the separation of the screen and detector plane must
be known. If two plates are used, only the distance between
the two detector planes must be known.

Hartmann  Detector Parabolic surface results
screen i planes L
| 1: .
Test : 2
surface

The more common test used today is the Shack-Hartmann
test, where the holes in the screen are filled in with small
lenses, creating a lenslet array. Usually, the transmitted
or reflected test wavefront is incident on the lenslet array.
A detector is placed in the back focal plane of the lenslets. A
plane wave will produce a uniform array of spots, while any
slope deviations in the wavefront will displace the spots.
The spot locations are used to find the wavefront slope in
the plane of the lenslets. This dynamic range and accuracy
of this test varies with the focal length of the individual
lenslets and the number of lenslets in the array. This test
is used for optical testing and in adaptive optics for active
atmospheric correction in telescopes.

Plane /
wave

3y

v
A

wavefront Detector

\
Aberrated >
/
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Foucault (Knife-Edge) Test

Pertect Lons 7 0 mon tests for detormin
1 <> ing longitudinal and transverse
Knife Edge aberrations. A knife edge is
placed near the focus and passed
I ? L J through the image of a point or
Eye slit source. The shadow, observed
by the eye (shown) or on a screen,
o L J gives information about the aber-
ration content. A perfect lens will
have one image point that darkens almost instantaneously
when the knife edge passes though the image. These
shadow patterns are based off of geometrical analysis; dif-
fraction will blur out the edges.

B0 )

Paraxial | Near marginal Mid focus Near paraxial
focus focus focus

| @ |

Af

Spherical aberration can be determined using this test. The
boundary of the geometrical shadow with normalized pupil
coordinates and the knife edge on the optical axis is a verti-
cal line (y = 0) and a circle of radius p, where ¢, is the axial
distance from paraxial focus, R is the radius of curvature
of the wavefront, and r, is the pupil radius. By measuring
p as a function of ¢,, Wy4o can be determined.

—&,r2
= x2 2 = 7P
PV Y = R W

The advantage of the knife-edge test is its simplicity. No ac-
cessory optics are required, the whole surface is measured
at once, and it is a sensitive test. The disadvantage is that
it is sensitive to slopes rather than heights and only mea-
sures in a single direction with a single orientation of the
knife edge.
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Foucault (Knife-Edge) Test (cont’d)

The knife edge is most often used to measure the zonal fo-
cus of different parts of an optical surface so the optician
can determine the high and low surfaces parts.

An improved alternative to the knife edge is to use a phase
delay knife edge, where both sides transmit with a phase
difference between the two halves of 180°. The diffraction
pattern is then symmetric, and the boundary centers are
easier to determine.

The wire test is the same as the Foucault test except the
knife edge is replaced with a wire, or inversely, a slit. The
wire can simply be a strand of hair. The wire test is inferior
for qualitative data but superior for obtaining quantitative
data since the wire produces a symmetric shadow. It is eas-
ier to determine the center of the shadow.

Paraxial
Wo20 =0
focus

Wozo = —-Woao

Mid Woz0 = —Wouo
focus
3
Wozgo = —5W040
Marginal Wog0 = —2Wo4o
focus
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Ronchi Test

A Ronchi test uses a low-frequency grating, called a
Ronchi ruling, in place of the knife edge in a Foucault
test or the wire in the wire test. For a perfect lens, the pat-
tern observed is straight lines, with fewer lines closer to

focus.
Ronchi ruling
4! < | |
A

Plane of Ruling near Ruling away
observation focus from focus

For a wavefront with third-order spherical aberration
(Wo40), the Ronchi patterns are as follows. These examples
neglect diffraction patterns.

araxial focus Mid fo Marginal focus

) @) 90

The Ronchi ruling is usually illuminated by a diffuse source
from behind and acts as a multiple slit source. A white light
source may be used. The Ronchi ruling acts as a diffraction
grating, creating multiple images of the test surface. The
orders from coarse gratings (fewer than 10 lines/mm) will
overlap and cause only a slight perturbation of the shadow
pattern. Orders from high-frequency gratings (more than
100 lines/mm) will likely be separated. The patterns ob-
tained from using middle-frequency gratings are difficult
to analyze.

Diffuse source

Test

surface |« Plane of observation

Ronchi ruling

The advantages of the Ronchi test are its simplicity and the
fact that white light can be used. Unfortunately, the diffrac-
tion effects are very troublesome, limiting the accuracy of
this test.
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Equation Summary

Two-beam interference equation:
I, y) =+ 1z + 2yl cos(b1 — d2)
I(x,y) = A7 + A3 + 2A1A5 cos(d1 — b2)
General equations:

(o

v= nA\) =

Cc
v

b
OPL =/ n(s)ds OPL =nt

OPD =OPL; — OPLy (1 — b2) = 27“0131)

Coherence:
2
LC = A—c tC = li
AA c
Visibility:
V= Imax - Imin
Imax + Imin
Airy disk diameter and numerical aperture:
1.22A\

Snell’s law:

ni1sin® =nysin @’

Beam displacement from a tilted plate:
1—sin*(® -1

d =tsin(0) |:1— Lz()} R t6<n—>; 0 in radians
n? —sin“(0) n

Grating equation:

sin(8y) — sin(6;) = mT

Fresnel reflectance coefficient:
_ (nz —ni )2
P= ng +ny
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Equation Summary (cont’d)

Fringe to height error conversions:
. . A .
Twyman-Green, Fizeau: 1 fringe = 3 Surface height

A
2. cos(45) - ﬁ

Height error of a bump or hole:

Mach-Zehnder: 1 fringe = Surface height

h=3%

Radius of curvature, Newton’s rings:

r2

2

Lateral shearing interferometer:
SW (x,
W+ Ax,y) — W, y) =mA= [ﬂ j|Ax
ox Avg.over Shear
Shear from a Savart plate:

2 2
n,—n,

2 2
ng +no

Shear = /2

Shear angle from a Wollaston prism:
0=2(n,—n,tanx
Radial shear:
S1
R,=—
Sa
Gaussian imaging equation:
1 1 1

2z + f
Wavefront aberration coefficients:
xp=psin® yp=pcos® p=+/xp+yp

W= > WyxH'p"cos*0; I=2L+K, J=2N+K
LK.N
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Equation Summary (cont’d)

Zernike polynomials:
xp=pcos® yp=psin® p=./xp+yp
glo' + ol =gl0'lglal  gl0] =e*m?
RMS wavefront error:

1 2nt pl . __ -
o’ = E/ / [AW(p, 0) — AW 2pdpdd = AW2 — (AW)?
o Jo

Moiré:
A1 A
C— 142
\/Ag sin? 20 + (Ag cos 20 — Aq)2
AiAsg
=0, then:C=A = -
beat |A2 — A1|

Phase-shifting interferometry:
I, y) =Iac(x,y) + Tac(x, ) cosldx, y) + (@)
Continuous phase shifting:
d(t) = 2mAvE

Frequency shifting source:

¢=v277T(2-OPD)

Ad :vzc—ﬂ(2 -OPD)
Phase shifting:
I(x,y) = Ige(x, ) + Lac(x,y) cosld(x, y) + ()]
L, y) =Iac + Lge cosldx, )] ¢ =0 (0°)
Iyx,y) =14 — Ly sin[d(x,y)] &) =m/2 (90°)
I3(x,y) =Lac — Loc cosld(x, )] () =7 (180°)
Iy, y) =Iac + Lo sin[d(x, )] $ () = 37/2 (270°)
Three step algorithm:

I3 -1
_ -1 3 2
b=tan (II_IZ)
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Equation Summary (cont’d)

Four step algorithm:

-y

LI
Schwider-Hariharan (5-step) algorithm:
1 2d2—1y)
_ 1
¢ = tan [213 iy —IJ

Average phase shift between frames:
115(x,y) —I1(x,y)}

2 I,(x,y) — Iz (x,y)

Fringe contrast (visibility) degradation, phase ramp-
ing:

alx,y)= cos_1|:

sin(x)

I; =Io{1 +r sinc(%) cos[d(x,y) + bl }; sinc(x) =

Spatial synchronous methods:
I(x,y) = Lac(x, y) + Lac(x, ) cosld(x, y) + 27fx]
Ref 1(x,y) = cos(27fx) Ref 2(x,y) = sin(27fx)
d(x, y) = tan "1 [-Sm I * Ref2) /Sm I * Ref1)]
Quantization error:
o — 2
*17 96 /3N

Source instability error (frequency and irradiance):
APpreg = 271g Av
c
_ 1
~ SNRVN
Fringe of equal chromatic order (FECO):

Iinc
T 1+ Fsin2(¢/2)

O¢p.1

I
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Equation Summary (cont’d)

b= fﬂ 2nd cos(0) + 2¢,
4p
F=—""—
(1-p)?

dz _ dl _ Al,m+1 (Az,m - Al,m)
ALm — Ami1 2

Window, double pass transmission test:
OPDMeasured = 2(I’L - 1)6t

OPDyegge = 2(n — 1)aD

. A
T2 —-1S
Window wedge, two surface reflection test:
A
*= ons
Window wedge, tilt difference method:
5B A .
=——— Ba=—-—="Tilt
-1 PTE, 0
S Sy
x1

- sin(0) v2 = cos(0)

BB = \/(Bxl - Bx2)2 + (Byl - ByZ)Z
Prism angle error, single pass:

0 g—éﬁz |7\/Sy1_7\/Sy2|

€= on T 4n 4n
Prism angle error, double pass:
_ B
4n

Prism, OPD double pass:
OPDMeasured = 2(I’L - 1)6t

Corner cubes, angle errors:

B _ P
3.266n 3.266n
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Equation Summary (cont’d)

Diffraction grating testing:

x n S(x,y) m xsin(0) n W(x,y) m
Ax Ax A A -

W,y)  8@x,y)
A Ax

Phase shifting with a diffraction grating:

27
bshipy = XAJC

Radius of curvature against flat, curved reference:

2 2
R:rim AR=4m?\R

1 d?
)\(m + 5)

F-number constraints, surface testing:
foiw _ 1

Dpiw  2NA

fs R
f/#Surface = D_S = E

f / #Beam = f / #Surface
Cylindrical optics testing:
Tm=+vVmMfA— vy, =V/mfA

Absolute spherical surface testing:

f / #Beam =

1 _ —
Weurf = 2 Wo- + Wisor — Wrocus — Wocus)

Absolute surface roughness testing:
1

— . ~ . — 2
Otest, N = ﬁo-tests Omeas,N = Oref N: Otest = 0—r2neas - 0-ref,N

Fringe visibility, function of roughness, wavelength:

Q22
V=exp< 8710)

A2
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Equation Summary (cont’d)

Surface sag, conics and aspheres:

Cr? 1 9

s(r)= c C==: rP=x2>+42
1+/1—1+kC2r2 R Y
2
s(r) = cr + At AT A gt
14+/1-1+k0C2%r2

Hindle sphere diameter:

D(m+1)
Dys=——-—""
S mo,+1
Diffraction efficiency:
NAmplitude = 0.25- sinc2 (m/2) NPhase = Sil’lC2 (m/2)

Nyquist, cutoff frequency, G-factor:

1 1
o =gy, feT g T 2w
X 1
6= =G

Two-wavelength interferometry:
)\1}\2 Aeq
=——-—— OPD=2hn=
eq |)\1 — )\2| " 27n

Foucault (knife-edge) test for spherical aberration:

(Adpr1 — Adag)

—e,r2
= /x2 + 2 p
P Y 4R?Wo4o
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Index

aberration, 25

aberration content, 22

absolute measurements:
surface roughness, 70

absolute spherical surface
testing, 91

absolute surface roughness
testing, 91

adaptive optics, 82

Airy disk diameter and
numerical aperture, 86

amplitude, 1

amplitude vs. phase CGH, 76

aspheres, 57

astigmatism, 23

astigmatism, defocus, 25

average phase shift between
frames, 89

beam displacement from a
tilted plate, 86

beamsplitter, 7

birefringent scatterplate (0°),
63

Bragg cell, 34

Cartesian, 73

cat’s eye, 57

classic Fizeau interferometer,
9

coherence, 86

coherence length, 3

coherence time, 3

coma, 23

coma, tilt, 25

common path CGH
configuration, 75

compensating plate, 13

computer-generated
holograms, 75

conic constant, 71

continuous phase shifting, 88

conventional null optics, 72

corner cubes, angle errors, 90

cube beamsplitter, 7

cylindrical optics, 68
cylindrical optics testing, 91

defocus, 23
defocus, piston, 25
detector nonlinearity, 40
differential interference
contrast microscope, 46
diffraction efficiency, 92
diffraction grating as a
beamsplitter, 8
diffraction grating testing, 91
diffraction gratings, 56
distance measuring
interferometers, 35
distortion, 23
division of amplitude, 7
division of wavefront, 7

elliptical surface tests, 74

F-number constraints,
surface testing, 91

Fabry-Perot cavity, 48

field curvature, 23

first-order terms, 23

Foucault (knife-edge) test for
spherical aberration, 92

four step algorithm, 89

Fourier transform, 3, 43

frequency, 1

frequency shifting source, 35,
88

Fresnel reflectance
coefficient, 86

Fresnel reflection, 9

fringe contrast (visibility)
degradation, phase
ramping, 89

fringe of equal chromatic
order (FECO), 48, 89

fringe to height error
conversions, 87

fringe visibility, function of
roughness, wavelength, 91
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Index (cont’d)

G-factor, 80

Gaussian imaging equation,
87

general equations, 86

grating equation, 86

ground glass diffuser, 45

Hartmann test, 82

height error of a bump or
hole, 87

high-density detector arrays,
79

higher-order terms, 23, 25

Hindle sphere, 73

hindle sphere diameter, 92

Hindle tests, 73

holographic optical element,
42

incoherent light, 6

incorrect phase shifts, 41

index of refraction, 2

induced aberrations, 78

interference fringes, 3

interference microscopes, 49

interferometric optical
testing, 1

irradiance, 1

knife edge, 83

laser, 3

laser-based Fizeau, 12, 15, 59

lateral shear interferometer,
19

lateral shearing
interferometer, 87

lenslet array, 82

Linnik, 49

liquid crystal retarder, 35

long-wavelength
interferometry, 64

Mach-Zehnder, 17
Meinel, 73
Michelson, 49

micropolarizer array, 44

Mirau, 49

mirrors, 52

moiré, 30, 88

Murty plane-plate lateral
shear interferometer, 19

Newton’s rings, 11

Nomarski interference
microscope, 46

Nomarski microscope, 46

numerical aperture, 5

Nyquist, cutoff frequency,
G-factor, 92

Nyquist limit, 79

objective magnification, 5
Offner null, 74

optical path difference, 2
optical path length, 2

parabaloid surface tests, 74

paraxial focus, 83

PBS, 7

pellicle beamsplitters, 8

phase, 1

phase shifting, 88

phase shifting
interferometry, 88

phase shifting with a
diffraction grating, 91

phase-ramping, 38

phase-shifting
interferometer, 32, 44

phase-stepping, 38

piezoelectric transducers, 33

pinhole diameter, 5

piston, 25

plate beamsplitters, 8

point diffraction
interferometer, 65

polarization, 3

polarization beam splitter, 7

polarization interference
contrast microscope, 46
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Index (cont’d)

polarizer, 14

polynomial, 25

prism, OPD double pass, 90

prism angle error, double
pass, 90

prism angle error, single
pass, 90

quantization error, 89
quarter waveplate, 14

radial shear, 87

radius of curvature, Newton’s
rings, 87

radius of curvature against
flat, curved reference, 91

reflection/transmission
ratios, 13

relative beam intensities, 6

retrace errors, 43, 78

reverse optimization, 79

reverse raytracing, 78

RMS wavefront error, 26, 88

Ronchi ruling, 85

Ronchi test, 85

sag, 71

Savart plate, 20

scatterplate interferometer,
61

Schwider-Hariharan, 36

Schwider-Hariharan (5-step)
algorithm, 89

scratch-dig, 46

Shack cube interferometer,
61

Shack-Hartmann test, 82

shear angle from a Wollaston
prism, 87

shear from a Savart plate, 87

Simpson-Oland-Meckel test,
73

single-shot interferometer, 42

Snell’s law, 33, 86

source, 3

source instabilities, 40

source instability error
(frequency and
irradiance), 89

sparse array, 80

spatial carrier
interferometry, 44

spatial coherence, 3, 4

spatial synchronous methods,

spectral bandwidth, 3
spherical, defocus, 25
spherical aberration, 23
stray reflections, 39
sub-Nyquist interferometry,

surface quality, 46
surface sag, conics and
aspheres, 92

temporal coherence, 3

third-order terms, 23

three step algorithm, 88

two-beam interference, 1

two-beam interference
equation, 1, 86

two-wavelength holography,
81

two-wavelength
interferometry, 81, 92

Twyman-Green
interferometer, 12

Twyman-Green
interferometer, ROC test,
57

vertical scanning white light
interferometry, 51, 68

vibrations, 41

vignetting, 72

visibility, 3, 4, 86

wavefront aberration
coefficients, 22, 87

wavefront coefficients, 28

wavefront tilt, 23
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Index (cont’d)

window, double pass wire test, 84
transmission test, 90 Wollaston prism, 20
window wedge, tilt difference
method, 90 Zeeman laser, 35
window wedge, two surface Zernike coefficients, 28
reflection test, 90 Zernike polynomials, 22, 24,
windows, 53 88
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