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ABSTRACT 

Infrared interferometric systems using a CO2 laser operating at 

a wavelength of 10.6 um have been investigated. The purpose of infra

red interferometry is to test (1) optical components required for high 

energy laser systems such as infrared transmitting materials and 

diamond-turned metal mirrors, (2) unpolished rough surface optics during 

the early stages of fabrication, and (3) deep aspherics and other optics 

of nonconventional surface figures. 

The physical principles behind longer wavelength interferometry 

are as follows. First, the specular component of scattered light in

creases with increasing wavelength for randomly rough surfaces. Second, 

the aspheric departure from the best fit reference sphere (in units of 

probing wavelength) is reduced. This reduced sensitivity gives us a 

manageable number of fringes in the interferogram of deep aspherics. 

Specific systems developed in this work are the infrared laser 

unequal path interferometer (IRLUPI), the IRLUPI with infrared computer 

generated hologram (IRCGH), the infrared common path interferometers 

such as the infrared point diffraction interferometer (IRPDI), and the 

infrared scatterplate interferometer (IRSPI). The above interferometers 

produce interferograms of equal optical path difference (OPD). Other 

types of common path interferometers which provide interferograms of 

differential OPD (or slope) are also developed. They are the infrared 

lateral shearing interferometers (IRLSI); a germanium plane parallel 

xii 
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plate, the Ronchi ruling, and the double grating lateral shearing 

interferometer. 

A pyroelectric vidicon (PEV) has been employed as an AC infra

red detector with proper intensity modulation techniques. Chopping, 

panning, and phase variation of the interferogram modulate the inter

ference pattern effectively for various types of interferometers. Ger

manium and zinc selenide optics are used for lenses and beamsplitters. 

A He-Ne gas laser is installed parallel to the CO2 beam for the ease of 

initial alignment. 

Many test interferograms are shown using each interferometer. 

The statistical analysis and experimental verification of the relation

ship between fringe contrast and rms surface roughness enabled us to 

have noncontact measurement of surface roughness interferometrically. 

This result was used for a series of tests for the unpolished large 

diameter off-axis parabolic mirror during the preliminary fabrication 

stage. 

Some interesting topics are included for future investigation 

to fulfill the growing demand for versatility in interferometry. 



CHAPTER 1 

INTRODUCTION 

In the early days of optical fabrication, most opticians and 

others in the field who wanted to test optical systems were greatly 

limited by the unavailability of suitable light sources, testing tools, 

detectors, and analysis techniques. Light sources usually were ob

tained from thermal radiation sources such as a tungsten light bulb, a 

sodium lamp, or a mercury arc lamp. Also, most optical components were 

simple flats, spherical surfaces, or some limited aspherics. Observa

tions were usually done with the human eye and photographic cameras 

using the most simple but semi-quantitative testing methods such as 

Newton's ring or Fizeau test, Foucault's knife-edge test, and Ronchi's 

ruling. 

Today some aspects of earlier optical testing techniques are 

still true and widely accepted. However, the tremendous amount of 

research and development in many areas of science and technology during 

the past few decades has changed the nature of optical testing and has 

revitalized interferometric optical testing as one of the most challeng

ing and unique fields within modern optics. Most of the work in this 

field is well summarized in the notes on optical testing by Wyant 

(1976) and the long-awaited book edited by Malacara (1978). First, the 

invention of the laser has introduced us to a totally new type of light 

source with more power. The enhanced spatial and temporal coherence 

1 
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properties of the laser have freed us from the requirement to match the 

shear or delay in the two arms of the interferometer in order to maintain 

fringe contrast. Laser light sources are available over a wide spectral 

range either in a continuous or pulsed mode. They are highly monochro

matic and have a large coherence length, which is defined by 

where A. is the central wavelength and AA. is the bandwidth. Therefore, 

more versatile and flexible interferometers have become possible such 

as the Laser Unequal Path Interferometer (LUPI) by Houston, Buccini, and 

O'Neill (1967) and the Laser Fizeau Interferometer, which was developed 

by Zygo Corporation in the early 1970's. Second, the increased com

puting capabilities and electronic measurement techniques have allowed 

us to handle enormous amounts of data in less time and with better 

accuracy for the analysis of interferograms. Computer programs for the 

design and analysis of optical systems have been developed recently: 

A.CC0S V by Scientific Calculations, Inc., CODE V by Optical Research 

Associates, and the FRINGE pTOgTam by Loomis at the Optical Sciences 

Center. As more and more sophisticated optical components and systems 

are required, corresponding special techniques are in demand to test and 

evaluate them to meet the design specifications. 

There is currently much interest in high-energy laser systems 

for both laser fusion and laser weapons and consequently a great demand 

for the optical components necessary for these systems. However, the 

optical industry is finding it difficult to supply the quality and 

quantity of optical components necessary. A major, perhaps the major, 

problem involved in the fabrication of these components is testing. 



While problems exist in the testing of both refractive and reflective 

optical components, the testing of diamond-turned metal mirrors 

required by many high-energy laser systems is of particular interest 

at the present time. Moreover, some of these laser systems use severe 

aspheric surfaces that cannot be effectively fabricated nor tested with 

conventional techniques. Also, there are other systems such as modern 

astronomical telescopes or tracking systems that require aspherics, 

infrared optics, optically rough-surface components, and other oddly 

shaped optics. Hence, long-wavelength interferometry, especially at 

the wavelength of 10.6 urn, becomes of interest for several reasons. 

First, it makes it possible to test infrared transmitting materials. 

Second, while testing aspherics, the interferometer using visible light 

gives an interferogram having too many fringes to analyze. Because the 

aspheric departure from the best fit reference sphere (in units of the 

probing wavelength) is reduced at longer wavelengths, long-wavelength 

interferometry is useful in obtaining interferograms of deep aspherics 

in order to have a reasonable number of fringes. Third, it is known 

(Beckman and Spizzichino, 1963) that the specular component of scattered 

light increases with increasing wavelength for random rough surfaces. 

Therefore we can use a long-wavelength interferometer to obtain good 

contrast fringes when testing optically rough surfaces. 

Munnerlyn and Latta (1968) performed infrared interferometry at 

the wavelength of 10.6 um about a decade ago, and good-quality CC^ lasers 

have been available for several years. However, the use of the C0? laser 

for long-wavelength interferometry has not gained much popularity until 

very recently due to some technological delays in (1) material problems 
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for infrared optics and (2) infrared detectors. Of course, the in

ability of the naked human eye to see infrared radiation requires extra 

efforts and special viewing mechanisms. High-quality infrared materials 

such as germanium, zinc selenide, silicon, calcium fluoride, sodium 

chloride, etc. are commercially available in many different sizes and 

forms. Quantum detectors and pyroelectric detectors can also be used 

for infrared detection of the fringes. 

A Twyman-Green interferometer was designed and constructed by 

Kwon, Wyant, and Hayslett (1977) and more work has been done to improve 

the system (Kwon, Wyant, and Hayslett, 1979a,b; 1980) and to develop 

other types or infrared interferometers (Koliopoulos et al., 1978; 

Kwon, 1980; Rubin and Kwon, 1980). Also Morris and Tart (1974) and 

Lamare (1977) have done similar work following the schemes developed by 

Munnerlyn (1969) in order to examine the homogeneity of infrared materi

als and other infrared optical components. Viswanathan, Liberman, 

and Seery (1978) and Viswanathan and Bolen (1979) used a modified 

infrared point diffraction interferometer for the measurement of focal 

spot beam quality and alignment errors of 10.6-)im fusion lasers. Among 

the optical industries, Coherent, Inc., Tropel Division, introduced an 

infrared interferometer in the early 1970's and its revised model very 

recently. Zygo Corporation is developing its own version of infrared 

interferometers for the analysis of surface figures and material homo

geneity at the 10.6-um wavelength range. 

Subsequent chapters will describe the various types of infrared 

interferometers that have been designed and developed at the Optical 
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Sciences Center during the past few years. Efforts have been made to 

extend the capabilities of testing various modern optical components 

and systems by applying similar physical principles of some of the most 

useful conventional interferometers to the longer wavelength spectral 

regions, especially at the wavelength of 10.6 um. Chapter 2 will 

describe the infrared Twyman-Green interferometer with its optical 

components, detector, and other auxiliary components. Many examples 

will be shown of its special applications to modern optical components 

and systems. In particular, this interferometer was used as a vital 

tool for the testing of an unpolished large diameter off-axis parabolic 

mirror during its early fabrication stages. Chapters 3 and 4 will 

describe the infrared common-path type interferometers such as the 

infrared point diffraction interferometer and the infrared scatter-

plate interferometer, which measure the wavefront aberration directly, 

and some infrared lateral shearing interferometers that detect the 

wavefront slope. In the last chapter, some useful conclusions and 

suggestions are added in order to invite more interest and applications 

in the future. 



CHAPTER 2 

INFRARED LASER UNEQUAL PATH INTERFEROMETER (IRLUPI) 

The Twyman-Green interferometer is one of the most versatile 

interferometers. Even more versatility and flexibility have been added 

to this interferometer since the invention of the laser, which has a 

high power output and a long temporal coherence length. The laser is 

an ideal light source for interferometry because some interferometers 

require a long optical path difference (OPD) between the test arm and 

the reference arm. Interferometers with large OPD were first suggested 

by Hopkins (1962), and a few years later Houston et al. (1967) designed 

a laser unequal path interferometer (LUPI). It was a modification of 

a Twyman-Green interferometer using a continuous He-Ne gas laser. In 

the meantime, various lasers of wide spectral ranges became available 

including the CO2 laser operating at a 10.6-um wavelength range in.both 

continuous and pulsed modes. Therefore, it was natural to design and 

construct a LUPI working in the infrared spectral region in order to 

test infrared transmitting materials and other modern optical components 

and systems required for high energy laser systems. Further develop

ments in infrared detectors made it possible to obtain improved images 

of the interference patterns of the test objects. 

Design and Construction 

The primary concerns in designing and constructing an infrared 

laser unequal path interferometer (IRLUPI) are compactness and mechanical 

6 
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stability. In addition, high mobility and simplicity of design are 

desirable for ease of operation while testing and measuring a variety 

of optics in diverse environmental conditions. The major determining 

factor for the size of the interferometer is the physical dimension of 

the CO2 laser head. A three-dimensional multi-story structure was 

adapted for compactness and easy control of the whole interferometer as 

shown in Fig. 2-1. A tripod base with a heavy-duty Klinger XYZ micro-

stage supports the interferometer. The CO2 laser body is located on 

the second level of the stage. The problem of thermal radiation from 

the laser body is neglected owing to the fine cooling system even for 

several hours of continuous operation. A fast germanium lens, Li, of 

25.4-mm diameter and 25.4-mm focal length, which is a part of the beam 

expander, is attached to the front end of the laser, and a small 

aluminum-coated mirror reflects the beam toward the third level. A 

second folding mirror directs the diverging beam to the beam collimator, 

L2, which is a germanium lens of 25.4-mm diameter and 254-mm focal 

length. 

A detailed description of the beam geometry up to this point 

would be desirable due to the specific features of the design for the 

beam expander. The original output beam diameter, dQ = 2iuo, of the CO2 

laser is 4.5 mm. It is defined at the 1/e2 field point of the Gaussian 

intensity distribution of the TEMoo single longitudinal mode of the 

laser beam as shown in Fig. 2-2. Lens Li converges the output beam to 

its focal point. We normally need a spatial filter (pinhole) at that 

point to clean up the distorted beam caused by diffraction. However, 
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Fig. 2-1. Infrared Twyman-Green Interferometer, 

(a) Schematic, (b) photograph. 
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Fig. 2-2. Geometry of Beam Expander for the Gaussian 
TEMqq Mode CO2 Laser. 

because the light source is a 3-W output laser, the energy density at 

the converging point is enormously high. Therefore, it is very diffi

cult to place a thin metal pinhole near the focal point and align it 

properly. The invisibility of the radiation complicates the problem 

even more. One possible way to solve this problem is to place a thin 

metal blank exactly at the focal plane of lens Lj and let the laser 

burn a hole through it comparable to the size of the Airy disk of the 

diffraction pattern. Another easier way is to over expand the beam 
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using a faster diverger and/or slower beam collimator as we have in our 

system. 

A simple geometrical calculation for the beam diameter at the 

beam collimator, Li, is 

d . d f  o fi 

254 mm = 4.5 mm 
2S.4 mm 

= 45 mm, (2-1) 

which is larger than the clear aperture (20 mm) of the collimator. 

Therefore, the collimator collects a uniform central portion of the 

expanded Gaussian beam to produce a collimated beam of reasonably uni

form intensity distribution for interferometric testing purposes. (A 

more rigorous analysis of propagation of the Gaussian beam will be 

presented in the next section when we discuss the properties of the 

CO2 laser.) 

The collimated beam passes through a 50-mm diameter and 5-mm 

thick germanium plane-parallel plate, BS1, at an incident angle of 45°. 

The major role of this plate is to reflect the low power He-Ne laser, 

which is installed for the initial visual alignment, and als.o to trans

mit the ongoing infrared beam to the subsequent optical path. Both 

beams are aligned coaxially thereafter. A series of calcium fluoride 

(CaF2) plates of different thickness (1 mm to 5 mm) is placed as 

attenuators for the infrared beam to control the intensity of the 

incident radiation to the detector. They are transparent for the 
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visible He-Ne laser. A major beamsplitter, BS2, which is made of zinc 

selenide (ZnSe), reflects a portion of both beams toward the test optic 

through a diverger, L3, and transmits some of the beam to the reference 

mirror, M. The recombined beam is then delivered to the pyroelectric 

vidicon (PEV) detector placed on the top level, by way of four folding 

mirrors and a two-component finite conjugate imaging system. The exit 

pupil of the test optic is imaged onto the target plane of the detector 

for a well defined aperture with proper magnification. It is convenient 

to have an imaging and detector unit attached to the whole interferom

eter for the testing and analysis of interferogTams either by hard copy 

or direct real-time digitization schemes. Other auxiliary components, 

such as a water cooling unit and power supplies for the CO2 laser, a 

He-Ne laser, a piezoelectric transducer for one of the cavity mirrors 

in the CO2 laser, and a TV monitor with a video recorder-player are 

carried in a separate mobile unit to support the testing operation. A 

plexiglass cover for the interferometer and safety eyeglasses are handy 

for eye protection. The body structure and the mounts for all optical 

components are black anodized to minimize stray light. The whole 

interferometer weighs about 30 kg. 

Light Source 

Good quality CO2 lasers operating at 10.6-ym wavelength range 

have been available for some time for various output powers. A 

Sylvania Model 941P CO2 laser was chosen as an infrared coherent light 

source. It has the following properties for infrared interferometric 

testing purposes: 



—Highly stable TEMqo single longitudinal mode of 3 w output 

power with excellent coherence properties for use in large 

optical path difference (OPD). 

—The beam is linearly polarized so that a wire grid polarizer 

can be used as a convenient attenuator. 

—The rear cavity mirror is attached to the piezoelectric trans

ducer for cavity length tuning as a method of obtaining 

different wavelengths as shown in Fig. 2-3. This tuning can 

be used as one way of introducing intensity modulation to 

the pyroelectric vidicon target, which will be described 

in a later section. 
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Fig. 2-3. CO2 Laser Gain Curve and Wavelength near 10.6 pm Band. 

The linewidth is on the order of kilohertz. The coherence 
length &L = \2/AX = C/Af - (3xl08 m/sec)/(3xl03/sec) = 
100 km. 
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Let us consider the characteristics of a Gaussian beam. The 

analysis of the propagation of the Gaussian beam (Siegman, 1971) shows 

that the beam waist, coi, at the focal plane of lens. Li is given by 

fltop oi! = 

[f i2 + Ono2/*)2]"2 

25.4 mm x 2.25 mm 

[(25.4 mm)2 + ( ir(2'25 

L \10.6xl0"3 nun/ . 

- 38 ym. (2-4) 

From this value, the approximate power density, 1^, at the focal point 

can be estimated by assuming a uniform intensity distribution 

II - — = 658 W/mm2, (2-5) 
ir(38x10-3 mm)2 

which explains the difficulty associated with placing a spatial filter 

at the focal plane. 

Similarly, as the beam propagates some distance f2, the beam 

waist, oi2, at the beam collimator, L2, is 

,2-h 
0) 2 - (1)1 

zlh 
t • &\ 

= (38x10-3 mm) [1 + /lO^lO"3 mm x 254 rniVl 

L  \  i r ( 3 8 x l 0 - 3  m m ) 2  / J  

- 22.5 mm. (2-6) 
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This is in good agreement with the value obtained previously by pure 

geometrical calculation in Eq. (2-1). 

The intensity distribution at the collimator L2 can be deter

mined by considering the propagation of a Gaussian spherical wave of 

radius R originating from the focal point with a plane-wave of beam 

waist ail as shown in Fig. 2-4. The amplitude distribution at plane z 

is given by 

ACr;z) = Ai Cr! ,o)^~jr|y^ exp(-r2/io(z)2) exp[i(- J ̂-)] 

(a) 

exp[-i(kz+<|>) ], 

(d) 

Cb) (c) 

(2-7) 

where r is the radial distance from the optic axis, k = 2^/X, and <j> is 

a constant phase. Term (a) is the normalizing geometrical factor, 

(b) is the Gaussian distribution with spot size w(z), (c) is the 

spherical wave of radius R, and (d) is the phase due to propagation. 

WAIST 

Fig. 2-4. Propagation of Spherical Gaussian Wavefront. 



Then the intensity distribution is 

I(r,z) = |A(r,z)|2 

" 11 (sw)2 exp[-2(^)2] ' 

The intensity falloff at the edge of the collimator is 

I = (38x10-3 ̂ 2 P.2/ 10 nun VI 
Ij \ 22.5 mm J rl 122.5 mm/ 

= (2.9xl0"5)(0.67) = 2.0xl0-6. (2-9) 

when r = 10 mm, coi = 38xl0-3 mm, and oj(z) = 22.5 mm. In this equation 

the first term to the right of the equal sign is the intensity at the 

center of lens Lz with respect to the focal plane. The second term 

is the intensity at the edge of the lens L2 with respect to its center. 

Therefore, the intensity at the edge of the collimator drops down to 

nearly 67% of that on the optical axis. The homogeneity of the beam 

.intensity is also affected by diffraction caused by any dust in the 

system. The beam expander is particularly sensitive to dust due to 

the good spatial coherence of the light source. However, good quality 

interferograms can usually be obtained and analyzed. 

Optical Components 

There are basically four important optical elements in the 

interferometer: (1) lenses, (2) beamsplitters, (3) reflecting mirrors, 

and (4) an attenuator. In order to have a better understanding of the 

15 

(2-8) 
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system and its performance, it is necessary to analyze each element in 

the system. Most of the important physical quantities which will 

appear later are quoted from The Infrared Handbook edited by Wolfe and 

Zissis (1978). 

Attenuator 

Calcium fluoride (CaF2) absorbs infrared radiation while trans

mitting visible light. A combination of different thicknesses ranging 

from 1 mm to 5 mm gives us good control of the incident power to the 

target in the pyroelectric vidicon infrared detector. Nearly 35% and 

88% of the energy are absorbed by CaF2 plates of 1-mm and 5-mm thickness 

respectively at the 10.6-ym spectral region as shown in Fig. 2-5. 

100 

UJ 
Z 
£ I-

U1 

< 
z sc UJ h-X UJ 

THICKNESS OF CaF. 

Fig. 2-5. Transmittance of Calcium Fluoride (CaF2) at X = 10.6 ym. 



Reflecting Mirrors 

Due to the special structural design of the interferometer, 

we need several folding mirrors for both infrared and He-Ne lasers. 

They are all aluminum-coated optical quality flats. The reference 

mirror, M, can be either an aluminum-coated or an uncoated flat depend

ing upon the reflectivity of the test surface. The reference flat can 

be attached to the piezoelectric transducer to introduce a phase shift 

in the interferogram for heterodyning the interferometer. This phase 

shift can also be another way of modulating the intensity distribution 

for the PEV. 

Beamsplitters 

The system has two'beamsplitting plates one of which is of 

germanium (Ge) and the other of zinc selenide (ZnSe). Both are 5-mm 

thick and 50-mm in diameter oriented at 45° with respect to the optic 

axis of the incoming collimated beam. The Ge plate, BS1, transmits the 

infrared radiation and reflects the He-Ne laser light. It has an anti-

reflection coating on both surfaces for minimum reflection loss of 

infrared radiation. The major beamsplitter is made of ZnSe so that it 

transmits and reflects both infrared and He-Ne laser light to the 

reference flat and to the test optic, respectively. The ghost reflec

tion from the second surface of the beamsplitter causes the unwanted 

interference pattern produced by the interference of light reflected 

off the uncoated front surface of the beamsplitter with either the 

reference beam or the test beam. 
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There are two commonly used techniques for eliminating unwanted 

reflections. First, if the laser is polarized parallel to the plane 

of incidence and then the beamsplitter is oriented at the Brewster 

angle with respect to the collimated beam, there will be no reflection 

off the uncoated surface. However, it is not always easy to align and 

maintain the beamsplitter at the exact Brewster angle. The second 

method is to introduce a small wedge in the beamsplitter so the beam 

reflected off the uncoated surface is at a slightly different angle 

relative to the beam reflected off the coated surface. The undesired 

reflection can be filtered out at the focal plane of the imaging lens. 

The beamsplitter also shifts the transmitted beam laterally 

without deviation from the optical axis as shown in Fig. 2-6. 

Fig. 2-6. Lateral Shift of Optical Axis by Plane-Parallel Plate. 
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The lateral shift, 5, caused by a plate of thickness t is calculated 

from Snell's law 

sin i = n sin i i ' (2-10)  

wheie i and i' aTe the angle of incidence and refraction respectively, 

and n is the index of refraction of the plate. IVe assumed that the 

index of refraction of air is unity. Then 

S = 00' sin(i-i') 

t 
COSl 

YT [sini cosi' - cosi sini'] 

= t sini (l - I cosij) 
\ n cosi'/ 

t sini 
(1-sin^i) 

= t sini 

iiif1 - i 

i„i H ./ 1 - sin2i 

|_ \n2 - sin2i/ . 

(l-sin2i/n2) . 

; \ H 
(2-11) 

For the incident angle i = 45° 

- ( -H* 
\2n2 - 1/ . 

S = 

/2 
(2-12)  

The total shift S is then the sum of each shift by the Ge plate (n(,g = 

4.0013) and the ZnSe plate (n7nge = 2.404) of thickness 5 mm 

S = + S-r 
Ge ZnSe 

3 

~n 

i 

2 (4.0013) 2 - 1, n 

i 

2(2.404)2 - 1 

2.9 mm + 2.4 mm = 5.3 mm. (2-13) 
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Lenses 

All the lenses used in this system are of meniscus type 

singlets that are fabricated for minimum third order spherical aberra

tion. The beam expander consists of two germanium singlets as was 

described previously. For the imaging lenses, it is preferable to use 

zinc selenide lenses for both CO2 and He-Ne laser operation. A similar 

requirement is desired for the diverging lens for the initial visual 

alignment and subsequent testing with infrared light. However, as 

will be shown later, we need either an aspheric lens or a compound 

lens for the fast diverger due to the unacceptable spherical aberration 

introduced by a faster singlet. 

A thin lens analysis for third order spherical aberration gives 

us a quantitative evaluation of the performance of the interferometer. 

This is very important because high quality optics are required for 

those components that deal with either the object or reference beam 

separately, such as the diverger, reference mirror, and the beamsplitter. 

The Seidel aberration coefficient for spherical aberration is 

given by (Shack, 1977) 

_ y 1 T n+2 v2 4(n+l) w . 3n+2 v2 . n2 "1 

1 " 32 FLn(n-l)2 ~^ ~T ^\l 

8 1 T ffT C2"14) 
32 F3 1 

in terms of bending factor X and beam geometry Y, which are defined and 

shown in Table 2-1. F is the aperture ratio and y is the field height. 
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Table 2-1. Bending Factor and Beam Geometry of Thin Lens, and Minimum 
Spherical Aberration for Ge and ZnSe Lenses. 

(a) Bending Factor and Beam Geometry of Thin Lens 

Bending factor X = 
ci + c2 

ci - c2 

where c^ and c2 are the curvatures of each 
surface. 

C1 [| c2 

Magnification 
M -1 

Y = 1 m 
1 - m 

-1 

(b) Minumum Spherical Aberration W0t*o = 1/8 Sj in Units of X 
10.6 |im for Ge and ZnSe Lenses (Y = 1, y = 10 mm). 

WQ<K) 
0) 

Ge ZnSe 
f-number (F) 

1 

1.5 

3 

10 

n = 4.0013 n = 2.404 

4.1 

1 . 2  

1/48 

1/384 

8 . 8  

2.6 

1/30 

1/244 



o is the spherical aberration factor defined as the quantity inside 

the bracket in Eq. (2-14). 

Minimum spherical aberration can be obtained by taking the first 

order derivative of Sj with respect to the bending factor X 

or 

3SX 

Tic" 

X = 

•?-5C3 32F 

n+2 

n(n-l)2 

v 4(n+l) y 

n(n-l) . 

2(n-l) Y 

. n+2 Y-

= 0 

(2-15) 

For a certain beam geometry, for example, Y = 1, 

X = = 2(n2-l) 
n+2 

(2 -16 )  

Therefore 

nun 32F3 
[" n+2 ,x 4(n2-!)2 _ 4(n+l) 2(n2-l) 

L n(n-l)2 (n+2)2 n(n-l) n+2 

3n+2 + n2 "1 

n (n-l)2J 

32F 

n(4n-l) 

L(n-l) (n+2). 
(2-17) 

Some of the values obtained by Eq. (2-17) are also shown in Table 2-1 

for various speeds of lenses made of both germanium and :inc selenid'e. 

Figure 2-7 shows us the spherical aberration factor cr^ for different 

infrared materials for Y = 1 from Eq. (2-14) 
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C a F 9  ( n = l . 2 8 5 )  

20 
NaCl(n=1.^91) 

ZnSe 

S i1i con 

German i um 
(n=4.001) 

Fig. 2-7. Spherical Aberration Factor for Different Infrared Materi
als Showing the Decrease in Minimum Spherical Aberration as 
the Index of Refraction Increases. 
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a = n+2 x2 - 4Cn*1) x + 5n+2 + n2 

* n(n-l)2 n(n-l) n (n-1)2 

n+2 

n(n-l)2 

It is interesting to note that the minimum spherical aberration de

creases as the index of refraction increases. This can be explained 

qualitatively from Snell's law. The larger the index of refraction, 

the smaller the angle of refraction, and we should expect less aberra

tion with a smaller ray angle. Therefore, it is desirable to use 

lenses of higher index of refraction, for example germanium, whenever 

possible, in order to minimize the system aberration. 

Imaging System 

In interferometric testing, it is very important to image the 

exit pupil of the test optic onto the image plane of the camera or 

detector. A sharply defined image of the aperture is desirable for 

accurate analysis of the interferogram. The interferograms taken for 

the poorly imaged aperture produce a Fresnel diffraction pattern that 

smears the edge of the aperture. 

A two-element finite conjugate relay imaging system was designed 

using positive germanium lenses of given focal lengths to have rather 

limited but easy control for proper imaging and magnification of the 

test surface. In most cases, the image of the test optic can be formed 

near the zinc selenide beamsplitter by properiy positioning the diverger 

from the beamsplitter. The layout of the system is shown in Fig. 2-3. 

X -
2(n2-l) 

n+2 

n(4n-l) 

Cn-1)2(n+2) 
(2-18) 
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Fig. 2-8. Layout of Two-Element Finite Conjugate Imaging System. 

The total distance between the beamsplitter and detector can be adjusted 

from 72 cm to 100 cm by moving the detector (PEV). We were given four 

germanium lenses with focal lengths of 25 mm, 62.5 mm, 125 mm, and 

254 mm respectively. The design goal is to obtain a variable magnifi

cation from IX to 2.5X. Among the possible combinations of two-element 

systems, a combination of f^ = 254 mm and ffi = 127 mm was chosen as 

a suitable system. 

If we apply first-order analysis to the system, the magnifica

tion, m, is defined by 

m = = -!L (2-19) . u. 

where y and y' are the chief-ray heights and u and u' are marginal ray 

angles in object and image spaces respectively. 
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The separation between the two lenses can be written as 

d = »{L± [L2 - 4CV«BH-
Cl-m)2 

m 

the object distance is 

fAtL " Cl-nOd] 
(2-21)  a 

(l-m)f^ + md 

and the distance between the second lens and the detector is 

a L - (a+d). (2-22) 

Figure 2-9 shows the configuration of the elements for different 

magnifications. Unfortunately the unit magnification has to be obtained 

by replacing the 127-mm focal length lens with the 254-mm focal length 

one because the dynamic range for both lenses is limited due to the 

multi-story design structure of the interferometer. The total distance, 

L, between the beamsplitter (where the image of the test object is 

usually formed) and the target plate of the PEV is set by 89 cm. 
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Fig. 2-9. Movement of Lenses A and B Measured from Target Plane of PEV. 



Infrared Detector: Pyroelectric Vidicon (PEV) 

As was pointed out earlier, the recent discovery and develop

ment of new materials have produced various infrared detectors having 

wide spectral ranges from the near infrared to the far infrared. In 

addition, the growing requirement for uncooled thermal detectors with 

better performance than conventional thermal detectors has resulted 

in considerable attention to pyroelectric devices (Conklin and Stupp, 

1976; Kazan, 1977; Forman, 1977). The pyroelectric vidicon (PEV) is an 

infrared-sensitive TV camera tube with several advantages for infrared 

imaging applications (Kohler and Weiss, 1978). It has been found very 

useful for infrared interferometry at 10.6 um and can be used with 

special antireflection coatings for the 8 to 14-ym region. 

The advantages are 

—No cooling required for room temperature operation. 

—Large dynamic range of nearly 1000 (2 viJ/cm2 to 2 mJ/cm2). 

—Compatible with all conventional TV formats with 252 x 252 

pixel elements. 

—Low maintenance and easy operation. 

—Sensitive only to time varying changes in the scene. 

The last item can be either an advantage or a disadvantage 

depending upon the type of interferometer used. The PEV manufactured 

by Phillips Lab and Amperex Co. has been used and its characteristics 

and performance are described in this section. Special modulation 

methods required for various types of interferometers are described 

later. 



Pyroelectricity 

The essential feature of pyroelectric materials, such as tri-

glycine sulfate (TGS) used in our PEV, is that they possess a spontaneous 

or permanent polarization, P , in the absence of an applied electric 

field. This spontaneous polarization is a function of the material tem

perature, T. The nature of the spontaneous polarization is governed by 

the crystal symmetry and the bond forming the crystal. A.s all the pyro

electric materials are dielectric, the external field will attract and 

trap the stray charges on the surface until the surface charges asso

ciated with the polarization are neutralized. The charge distribution 

produced in this way near the surface of an insulator is relatively 

stable or unable to respond quickly to the suddent changes of the in

ternal dipole moment. Thus, if the temperature of the material is 

changed, the electric polarization will be changed. The pyroelectric 

coefficient, p, is the measure of the rate of change of Ps with respect 

to the temperature change defined as 

3P 
p h -i. [C cm"2 OK-1] (2-25) 

where C stands for Coulomb. 

The pyroelectric current i is then given by the time rate 

change of polarization 
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where is the detector area, T is the instantaneous temperature, 

and t is the time. Therefore, finding the temperature as a function of 

time is a major task and it can be done using the conservation of 

energy or power of the system. Consider a thin plate of pyroelectric 

material held in position by supports of low thermal conductance 

material in an evacuated tube of constant temperature T °K as shown 

schematically in Fig. 2-10. Then the thermal conductance coupling the 

plate to its surroundings will be mainly determined by radiative 

exchanges. The general discussion for the thin-film thermal detector 

was given by Martens and Kneubtlhl (1974). 

G 

e 

PYROELECTRIC 
ELEMENT 

LEADS 
HEAT 
S INK 

AT 

Fig. 2-10. Schematic o£ a Thin Plate Pyroelectric 
Material Showing the Radiative Exchanges. 
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From Stefan's law, if the plate is heated to a temperature 

+ AT, the heat flow from the plate to its surroundings is GDAT, where 
0 K 

is radiative conductance which, for unit area, is given by 

GR = 4r,oT
0
3* (2-25) 

Here n is emissivity of the plate and a is Stefan's constant. As both 

sides of the plate radiate with the same emissivity 

gR = 8ticT
0
3- C2"26) 

The conservation of energy says 

tPower into the"! _ [" Power lost ~1 j"Power absorbed ~1 
detector J ~ |_by 'the detectorj Lby the detectorj 

$in $d $a (2-27) 

where 

$in = ^V^e 

$d = (GR+GC)AT = GAT 

4a - <"=«d(TSr) • C2-28) 

Here F(t) is a modulation function, <)>e is the incident power density, 

Gc is the thermal conductance from the plate, p is the density of the 

pyroelectric material, c is the specific heat capacity of the material, 

AT is the temperature difference between the background and detector, 

and 5 is the thickness of the plate. From Eqs. (2-27) and (2-28) 
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TVCt)+e = GAT + pc<SAd ("1t) • O29) 

This is a first order partial differential equation and the solution 

for AT can be found for most simple modulation functions F(t). The 

linearity of the detector response to the incident power density <j>e can 

be seen using a typical 50% duty cycle square-wave chopper with 

chopping frequency y. Then the solution for AT is given by 

*  ( e t / T - i ) ] e " t / T  

for 0 5 t 5 | 

AT = 

nT<j> 
e 

6c p e"t/T 

for < t < y (2-30) 

where t is the thermal time constant defined as 

T = pcSA^/G (2-31) 

and the typical value for TGS is a few seconds. 

From Eqs. (2-24) and (2-30), the instantaneous pyroelectric 

current becomes 

for Q 

1 
P 

-5- To e ror u _ 1 
Sep eY/2 +1 2 

npAd*e e"y/2T -t/r 
"Sep 372i- e fbr } S t < T . (2-32) 

© •* X 
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It is important to notice the sign change in the current i 
P 

between each half of a chopper cycle. This corresponds to the phase 

change in the polarity of the material whenever the external field is 

modulated from hot to cold and vice versa. This phase reversal results 

in the similar phase shift in the interference pattern as bright 

fringes become dark and vice versa as shown in Fig. 2-lla. The average 

magnitude of the pyroelectric current from Eq. (2-32) is 

This shows the linear relationship between the average pyroelectric 

current and the incident power before the preamplifier. This is a 

very important characteristic which can be used for the measurement 

of fringe contrast in rough surface interferometry later. The typical 

chopping or modulation frequency for the PEV to obtain fringes of 

reasonable contrast is a few hertz. In other words, the thermal time 

constant t is much larger than the modulation frequency y, which is a 

fraction of a second. This gives us annoying features such as "black 

tail" left by the pyroelectric target cooling with its long thermal 

time constant as shown in Fig. 2-llb. it causes some problems to the 

fringes of certain common-path type interferometers which are discussed 

in the next chapter. Also, the sensitivity of the target varies with 

temperature, and the operation of the tube in a warm environment or 

excessive radiation on the target causes the loss of sensitivity and 

(f) . 
e 26cp 

npAd 
for y << t. (2-33) 
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CO 

Fig. 2-11. Effects of Modulation on PEV. 

(a) 180° phase shift during each half of a chopper cycle. (o) "Black 
tail" left by PEV target cooling, (c) Good contrast fringes obtained by 
dithering the reference mirror for both orientations of fringes using 
piezoelectric transducer. 



depoling of the crystal. The resolution and sensitivity vary over the 

face of the target and generally fall off near the edges. This gives us 

a tradeoff between the size of the image of the test optic on the 

target and the effective number of pixels used for that image, because 

more resolution elements can give us better fringe reading accuracy for 

the electronic fringe analysis scheme (Womack et al., 1979). A 

spatial resolution of 5 lp/mm was reported by the manufacturer and 

Kohler and Weiss (1978) independently. 

Modulation 

As the PEV responds only to changes in temperature, in other 

words an AC detector, we have to somehow ac-couple the target to the 

scene. Once a change has been introduced, the electron beam will 

rapidly neutralize the charges produced on the surface and no further 

signal will be generated until another temperature change occurs. The 

modulation of incoming radiation (of the fringe patterns) may be done 

in a variety of ways such as chopping, panning, and dithering. Martens, 

Jeannet, and Kneubuhl (1975) worked on the'response of the thin film 

infrared detector for some simple types of modulations. 

The chopping mode uses a chopper blade that is synchronized with 

the electron beam to produce the maximum signal. During the open por

tion of the chopper cycle, a positive signal is produced and vice versa 

as shown in Eq. (2-52) and Fig. 2-lla. The negative signal has to be 

electronically inverted so that only positive signals are seen. This 

removes the typical flickering motion of the interference pattern due 

to the phase change. However, the use of a chopping blade was ruled out 



due to the complexities involved in the design of the interferometer. 

Instead, a simple electronic circuit was designed and attached to the 

power supply of the CO2 laser, which modulates the current supply to 

vary the power output at a certain modulation frequency. A small card 

can also be used as a manual chopper for temporary modulation during 

alignment and testing. 

The panning mode may be achieved in several ways. We can either 

pan the PEV head literally or introduce a small amount of tip and tilt 

to the interference fringes continuously, which will shift and move 

around the fringes, thereby causing an effective panning to the target 

of the PEV. Panning is relatively simple to implement and no signal 

processing is needed while the fringes are in continuous motion. But 

as the image of the fringes is moving, the undesired black tailing is 

often created in the cooling region following the panned image of the 

hot region. Also, panning in one direction, say, horizontally, causes 

information loss for horizontal fringes, since these are not modulated 

in that scan. Therefore, the panning is most effective when the direc

tion of the panning is perpendicular to the orientation of the fringes. 

Another method is to utilize the built-in piezoelectric transducer at 

the back of the CO2 laser cavity. As mentioned in an earlier section, 

tuning the cavity length will pick up slightly different longitudinal 

modes in the neighborhood of 10.6 pm. This results in a small amount 

of fringe shift instantaneously whenever a different mode is lasing. 

The last but probably the most effective way of introducing 

modulation is to dither the reference mirror using a long dynamic 
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range piezoelectric transducer that has a 7-ym traveling distance. As 

the reference beam is bounced off the reflecting reference mirror, the 

dithering distance of half the probing wavelength shifts the full 

fringe in the interferogram regardless of the fringe orientation as 

shown in Fig. 2-llc. Visually comfortable fringe motion of a high 

contrast pattern is usually obtained with ramp frequencies ranging 

from fractions of a hertz to a few hertz. This scheme will be adopted 

in order to convert the interferometer to the heterodyne infrared 

interferometer. The small amplitude natural vibration of the 

interferometer/test optic system sometimes gives us the best modulation 

for high contrast fringes for certain layouts. All the problems 

related to the motion of interference fringes due to modulation can be 

frozen using a video recorder-player with a TV monitor. 

Alignment 

Alignment is probably one of the most important and difficult 

tasks for satisfactory performance whether it is for optical interfero-

metric testing of individual components or for assembly and deployment 

of a complete system. It requires special tools and ingenuity while 

working with infrared light sources simply because infrared radiation 

is invisible to the naked eye. Therefore it is necessary to have 

auxiliary sensors in order to follow the beam in the system. 

Liquid crystal paper was tried at the beginning of the assembly 

of the interferometer and testing, but it was discarded due to the lack 

of sensitivity and poor resolution. Waxed paper and thermal image 

plates of different sensitivity have been widely used. The waxed paper 
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is cheap and disposable. Thermal image plates have thermally sensitive 

phosphors that are fluorescent when illuminated by ultraviolet (UV) 

radiation, but the intensity of fluorescence decreases with increasing 

temperature. Thermal image plates have proved to be the most sensi

tive and useful tool throughout the alignment and testing procedures. 

Alignment becomes much easier when a low power He-Ne laser is 

attached to the system and coaxially aligned with the collimated CO2 

beam. The initial visual alignment is achieved using an He-Ne laser 

only. Then the testing is performed with the CO2 laser with minimal 

fine adjustment of the test optic. The system alignment can be done 

by squaring the reference mirror with the collimated reference beam 

by replacing the test optic with a retro-reflective corner cube until 

there is only a single fringe in the field. Then introducing tip and 

tilt or defocus can be done by adjusting the whole interferometer with 

respect to the test optic or vice versa. 

Testing 

In this section, several testing examples are shown and the 

performance of the interferometer and the image-viewing system is 

analyzed. 

System 

As is true for any conventional TV camera-monitor system, the 

intrinsic distortion across the field will limit the accuracy of fringe 

readings in our PEV-camera-monitor system. First, the distortion of 

the system is measured by looking at a thermal target, which is a 
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heated aluminum plate with a mesh of 0.6-cm diameter holes separated 

by 2.5 cm as shown in Fig. 2-12a. The photograph of the position of 

the mesh target is reduced using the FRINGE program assuming horizontal 

and vertical fringes respectively. The distortion in the horizontal 

direction is very significant. This causes an equivalent peak-to-valley 

error of nearly A/2. Most distortion is found to be from the vidicon 

tube of the PEV by independent test of the TV monitor with the CCD solid 

state conventional vidicon. The distortion error can be reduced to an 

acceptable level by utilizing the central zone of the target of the 

PEV. This brings down the peak-to-valley error to A/10 range. The 

accuracy of the fringe reading also depends upon the amount of aberra

tions in the interferometer-PEV-monitor system. First, the system 

aberration is measured by placing another optical quality flat in the 

test arm. Figure 2-12b shows the interferogram of the system with 

peak-to-valley error of nearly A/10. Figures 2-12c and d also show 

the interferogram of a germanium lens of 25-mm diameter and 25-mm focal 

length and a beryllium fluoride (BeF2) lens of 25-mm diameter and 160-mm 

focal length, respectively. A small ball bearing is used as a reference 

sphere. 

Aspherics 

The fabrication and testing of aspheric surfaces generally 

require special techniques. As the modern optical systems require 

more and more sophisticated optical elements, it becomes a challenging 

and exciting task to test those optics. While most moderate aspherics 

can be tested with any conventional interferometers, the testing of 
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(c) 
(d) 

Fig. 2-12. System Test. 

(a) Distortion test of PEV-monitor system, (b) System test using an 
optical quality flat. (c) Interferogram of a germanium lens of 23-nun 
diameter and 25-iam focal length. (d) Beryllium fluoride (3eFa) l~ns 
of 25-mm diameter and 160-mm focal length. 
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steep aspherics becomes very difficult, if not impossible, due to the 

crowded fringes present in the field. 

As the number of fringes are related to the departure of the 

aspheric surface from the reference sphere, let us consider a conic 

which is defined as the revolution of the surface represented by 

s2 - 2rz + (k+l)z2 = 0 (2-34) 

where s2 = x2 + y2, r is the radius of curvature at the vertex, and 

k = -e2 is the conic constant, e being the eccentricity as shown in 

Fig. 2-13. Solving for z yields 

z = r - {[r2 - (k+ljs2]}^ _ r2 - [r2 - (k+l)s2] 

k + 1 (k+1) (r + {[r2 - (k+Ds2]})* 

s2/r 
—rr • (2-35) 

1 + [1 - (k+1)(s/r)2] 

The above equation can be expanded as 

z = £. + (fc+Ds1*, !• 3(k+l)2s6 + 1» 3'5(k+l)3s8 t 

2r 222,'r3 23 3! r5 21+4»r7 

(2-36) 

The important quantity in the testing of conics is the departure from 

the reference sphere. From Eq. (2-35) 

&z = z(k) - z(0) 

ks1* + !• 3[(k+l)2-l]s6 l'3-5f Ck+l)3-! 1̂* + 

22 21r3 233!r5 244!r7 

(2-37) 
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Fig. 2-15. Conic Surfaces. 

(a) Types of conics determined by conic constant K. To) Geometry of 
conic and reference sphere. 
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and the longitudinal aberration of the normal is 

<Sz = -kz. 

There are several ways to solve the problem caused by large departure. 

The null correctors of both refractive (Offner, 1963) and 

reflective (Hindle, 1931; Silvertooth, 1940) types have been used to 

balance the "ideal" aberrations in the element under test. The advan

tage of the null test is that the surface errors can be easily recog

nized, but the test setup is usually difficult to align and calibrate 

and can be expensive. A holographic null corrector (Pastor, Evans, and 

Harris, 1970) was suggested to replace the above null correctors if a 

perfect aspherical element is available. A hologram can be made of the 

"ideal" element, and the wavefront stored by the hologram can later be 

used in the interferometric testing of other supposedly identical 

aspheric elements. However, in many situations, the master optics are 

not available for making a real hologram to serve as a holographic test 

plate. A computer-generated synthetic hologram (CGH) can solve this 

problem as will be discussed in a later section. 

Another method of testing aspnerics is to reduce the sensitivity 

of the test by either increasing the effective probing wavelength using 

a two-wavelength holography (TWH) technique or literally using a longer 

wavelength light source as we have had in our system. Figure 2-14 

shows an example of testing an ellipsoidal mirror using a He-Ne and 

CO2 laser interferometer, respectively. The effects of reduced sensi

tivity at long wavelengths can be seen. 



Ca) 

(b) 

Fig. 2-14. Interferograms of Ellipsoidal Mirror Having 27-pm 
Departure from the Reference Sphere. 

Tested at (a) 0.6328 pm and (b) 10.6 ym. 



45 

Rough Surface Interferometry 

In addition to the capabilities of testing infrared materials 

and aspherics, the infrared interferometer is most useful and effective 

for testing optically rough surface optics, ground glass surfaces, or 

diamond-turned metal mirrors which have fine groove structures left 

after the diamond cutting. This is possible, as was pointed out 

earlier, due to the increasing intensity in the specular component of 

the scattered light from the rough surface as the wavelength increases. 

Thus we can have good contrast fringes when testing optically rough 

surfaces, as will be shown later. A statistical analysis of the scatter

ing of electromagnetic waves from the rough surface (Beckmann and 

Spizzichino, 1963) proves that the amount of specular component depends 

on the rms surface roughness for a given wavelength. This fact can 

be used as a nondestructive (or noncontact) way of determining the sur

face roughness by measuring interferometrically the energy in the specu

lar component in terms of fringe contrast. The fundamental analysis 

was shown by Munnerlyn and Latta (1968). A good review on the various 

techniques of surface roughness measurement was reported by Bennet 

(1976). 

Analysis 

If the surface irregularities are small compared to the probing 

wavelength, the surface introduces only small phase changes in the 

wavefront. Let us consider a random rough surface with surface height 

function h(x,y) with zero mean, as in Fig. 2-15. The assumption of 

zero mean removes no generality from the formulation since a nonzero 
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Fig. 2-15. Rough Surface Interferometry. 

(a) Random surface profile of test object, (b) Schematic of Twyman-
Green interferometer with imaging lens. 
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mean represents an inconsequential constant phase delay of the object 

beam reflected off the rough surface. After the reflection from the 

surface, the amplitude of the object wavefront is 

u
0
+ = PoUo exp{ i[2kh(x,y) + ax]}. (2-38) 

Similarly for a perfectly smooth reference mirror, the amplitude of 

the reference wavefront can be written as 

Ur+ = PrUr, (2-39) 

Here, k = 2tt/X and a is the relative tilt angle between the wavefront 

reflected from the reference flat and the wavefront reflected from the 

surface of the zero mean of the test object. Uq and Ur represent the 

incoming plane wavefront of constant amplitude from the expanded light 

source. Subscripts o and r refer to the object and reference wavefront 

respectively, and superscript + means the wavefronts after the reflec

tions froirfboth surfaces, p is the reflectivities of the materials of 

the reference flat and the test object. 

Use of the Fourier optical analysis (Gaskill, 1978) of a 

coherent image forming system will lead us to the final amplitudes of 

both interferometer arms at the image plane: 

V = Tq^x,y; ̂  exp(ikzo)p0 exp{i[2kh(x,y) + ax]}UQ 

(2-40) 

V = Tq(x,y; exp(ikzr)prUr (2-41) 
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where T is the loss factor due to the reflection or absorption by the 

imaging lens and 

q(x,y; = exp[iir(x2+y2)/XA] (2-42) 

is the quadratic phase related to the propagation of the spherical 

wavefronts in free space. I is the distance from the focal point of 

the imaging lens to the image plane. Zq and are the distances 

between the image plane and the test object and reference flat with 

ilcz 
corresponding phases e , respectively. In the above equations, we 

neglected the geometrical factors, the magnification at the image plane, 

and the size of the aperture stop of the image forming system. Then, 

the image intensity distribution at the detector is given by 

I  =  I v  +  v l 2  =  i u o ' l 2  +  I  u r '  1 2  +  2 | u o ' i y |  

= I x |  2{p0
2  I UQI 2  + P R

2 | U R | 2  + 2p0p rUoU r  

• cos[2kh(x,y) + ax]}. (2-43) 

The average image intensity distribution can be obtained assuming that 

the random intensity distribution at the image plane is ergodic and 

the surface height distribution is Gaussian with a standard deviation 

a (Kurtz, 1972). 

The normal probability distribution function is given by 

P(h) = -zz~ exp(--~r)- (2-44) 
/2tT a \ 2a2 / 
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where J/A p(h)dh = 1. The ensemble average value <I> is then calculated 

as the spatial average over the aperture A of the test surface 

<I> = J/A p (h) I(h)dh 

= hl2|(P02U02+Pr2Ur2) J/A p(h)dh 

+ 2P0prUoUr ̂ A cos[2khCx,y)+ax]dh| 

= |t|2{CP 2U 2+P 2U 2) + 2p p u u —-— 
1 1 \^o o r r wcTt o r ̂  g 

• //A exp^- ̂ -^cos[2kh(x,y)+ax]dh| . 

(2-45) 

The last term in the brackets can be expanded as 

2p P 2_ |//A exp(- \ cos[2kh(x,y)] cos(cix)dh 
0 T /2^ a { A \ 2a2/ 

+ //A exp^- -^-^sin[2kh(x,y)] sin(ctx)dhj 

^— icos(ax) //. exp(- ——) cos[2kh(x,y)]dh 
2tt a \ \ 2a2/ 

° }  

= 2p p 
0 r ̂ T 

= 2P0Pr cos(ax) exp(-2k2a2). (2-46) 

The second term vanishes due to the odd nature of the integrand. From 

Eqs. (2-45) and (2-46) 

<I> = |t|2 [p 2U 2 + p 2U 2 + 2p p U U cos(ax) exp(-2k2a2)] 
oo r r or or 1 ' n Ji 
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= K t1 *CT) 09 *2 £ k cosCax) exp(-2kV:i] 
(2-47) 

where ic = | t| 2pr2U^.2. The contrast of the fringes is defined as 

<I> -  <I> • 2 CP /P )(U /U ) 
„ _ max mxn o r o rJ 

where 

<r>max + <]>min 1 + (po/pr)2 (l^/lK)2 

exp(-8ir2a2/X2) = C C (2-48) 

2 (P /P )  (U /U ) 
_ ^ o' K TJ V o' TJ 

0 

and 

i + (P0/PrD2(uo/ur)2 

cff =. exp(-8i;2a2/X2). (2-49) 

Therefore, the resulting contrast is the product of the contrast of 

perfectly smooth surface CQ and that of degrading factor due to the 

scattering by the random rough surface. If we adjust the incoming 

amplitudes U and U to have unit contrast for C , then the final result 
or o 

becomes 

C = Ca = exp(-8ir2a2A2). (2-50) 

Experiments 

Samples of glasses were ground with aluminum oxide of different 

average particle sizes. The fringe contrasts were measured by reading 

the average intensity distribution on the pyroelectric vidicon (PEV) 

target in terms of voltages registered on the oscilloscope for each 



horizontal scan. PEV is known to have good linear response if measured 

before the amplifier as was verified in Eq. (2-33). However, since 

the pedestal level of the PEV can be set arbitrarily, the absolute 

readings of the average maximum values of the fringes do not produce 

direct values of contrast. Therefore, the values of contrast for the 

rough surface samples were normalized with respect to that of the 

perfect surface. 

In Fig. 2-16 we have (a) the mechanical readings of the profiles 

of suxface irregularities using a Talystep, (b) the electronic readings 

of the interferometric patterns, and (c) the photographs of the fringes 

taken through a TV monitor. The comparisons of the contrasts of the 

fringes and the standard deviations of surface roughness obtained by 

Talystep and interferometric measurements are listed in Table 2-2. As 

shown in Table 2-2 the standard deviations obtained from the inter

ferometric measurements of the fringe contrasts are in good agreement 

with the values obtained by mechanical Talystep measurements of the 

rough surface samples within a few percent. The fringe contrast 

drops significantly for the samples of standard deviation greater than 

approximately X/4 at 10.6 ym. The usefulness or the validity of this 

interferometric measurement of surface roughness is limited to the 

objects of surface roughness irregularities that are small compared to 

the probing wavelength. Figure 2-17 illustrates the theoretical and 

experimental results of the relationship between the contrast and 

scaled roughness CT/X. 
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Fig. 2-16. Rough Surface Measurements. 

Cc) 

(a) Talystep reading of glass samples. (b) Oscilloscope readings of 
interferometric fringes, (c) Photographs of the fringes taken through 
TV monitor. 
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Table 2-2. Results of Fringe Contrasts vs Standard Deviations 

Talystep readings Interferometric readings 

Sample 

Average 
grit size 

Cum) 

Standard 
deviation 

(ym) 

Contrast, Ca 
(from 

Eq. (10)) Contrast, Ca 

Standard 
deviation 
a fum) (from 
Eq. (10)) 

a (polished) 0 1 1 0 

b 3 0.28 0.94 0.93 0.32 

c 12 0.39 0.89 0.87 0.44 

d 25 0.89 0.57 0.54 0.93 

e 40 1.38 0.26 0.23 1.44 

f 63 2.22 0.05 0.07 1.95 
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Fig. 2-17. Comparison of the Scaled rms Roughness and Values of Contrast Obtained from the 
Talystep Readings and Interferometric Measurements. 
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Applications 

The following examples show the usefulness and effectiveness of 

the long-wavelength interferometric system for the testing of special 

optics- demanded in recent years in the areas of high energy laser sys

tems and modern astronomical telescopes or tracking systems. First, in 

Fig. 2-18 we have interferograms of diamond-turned spherical metal 

mirrors plated with aluminum or copper. Both mirrors were tested at 

0.6328 um and 10.6 urn, respectively. The interferograms show us the 

effects of the reduced sensitivity and the increased specular components 

from the rough surfaces at the longer wavelength. 

Second, a large off-axis parabolic collimator mirTor is being 

fabricated at the Optical Sciences Center (Parks and Crawford, 1979). 

A drawing of the mirror is shown in Fig. 2-19. The mirror has a vertex 

radius of 12.8 m and an effective clear aperture of 1.22 m. The depar

ture from the best-fit reference sphere, which is tangent to the parab

ola at its vertex, is 260.6 um, as determined from Eq. (2-37) with the 

conic constant < = -1. Even if we choose a reference sphere of longer 

radius, and then tilt that sphere in the plane of the offset of the 

parabolic segment, the departure is 116.8 ym as depicted in Fig. 2-20. 

First, the origin of the coordinate of the system is translated 

from the vertex of the symmetric parabola, Q, to the center of the 

off-axis parabola, Q1. Then the piston error is removed by shifting 

the center of the coordinate from Q' to Q". Finally, the tilt can be 

removed by rotating the coordinate for a new reference sphere. Con

sider the off-axis segment in Fig. 2-20 whose center is displaced an 



56 

Cc) • Cd) 

Fig. 2-18. Interferograms of Diamond-Turned Spherical Metal Mirrors. 

Plated with (a) aluminum at 0.6323 um. (b) Aluminum at 10.6 um. 
(c) Copper at 0.6328 um. (d) Copper at 10.6 um. 



57 

I 
R 

SAG = -
SPHERE 

PARABOLA 

Fig. 2-19. Off-Axis Parabola. 

(a) Segment from a large on-axis parabola, a = 1.73 m, a' = 0.71 in, 
h = 0, and g = 1 m. (b) Departure from the reference sphere. R = 12.8 m. 
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Fig. 2-20. Best-Fit Reference Spheres. 

(a) At the vertex of the parent parabola, (b) At the 
center of the off-axis segment. 
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amount g in the x direction and h in the y direction from the axis of 

the symmetric parent parabolic mirror. The translation of the origin 

of the coordinate gives us 

x' = x - g 
(2-51) 

y' = y - h 

where 

|x'2+y,2| < a'2. 

Substituting Eq. (2-51) to Eq. (2-37) up to the third order yields the 

sag over the off-axis segment of aperture radius a' as 

A z  =  — s 4 ,  =  — ( x 2 + y 2 ) 2  

8r3 8r3 • 

= [(x'+g)2 + (y'+g)2]2. (2-52) 
8r3 

For convenience, let us normalize Eq. (2-52) over the aperture a', and 

rewrite it as 

x' -*• a'x1 

y' -> a'y'. 

then 

Az = [(a'x'+g*)2 + (a'y'+h)2]2. (2-53) 
8r3 

The expansion of Eq. (2-53) in terms of the Zernike polynomials is shown 

in the Appendix. 

In either case, an impractical amount of time and money are 

required to achieve the final surface figure by optical polishing only. 



Therefore, in order to speed up the fabrication, a sequence of grinding 

steps has to be done starting with fine grades of abrasive (9 or 12 ym 

grit) until any optical polishing is possible. This brings us to the 

most crucial part of the fabrication, i.e., the testing of the large 

nonreflective rough surface mirror. The results given in Table 2-2 

show that a 10.6 ym interferometer can be used to obtain fringes of 

reasonable contrast for the testing of surfaces ground with 9 or 12 ym 

grit. 

In Fig. 2-21 we have a layout of the reflective null test of the 

off-axis parabola using a large reference flat M2. The flat is used 

both to autocollimate the parabola as well as to fold the focus of the 

parabola to the vertex of the symmetric parabola surface. It is a 

double pass setup in which the beam is reflected off the flat and the 

parabola. Light from the vertex is folded by flat Mi so that it appears 

to be coming from the focus of the parabola. Folding flat Mi is used 

due to the limited working space behind the parabola. The light fills 

the parabolic mirror after flat M2 and is collimated. This column of 

light is reflected by flat M2 back to the parabola, which in turn re-

focuses the light toward its focus. The final reflections off the 

flats M2 and Mj bring the light to focus at the mirror vertex where the 

wavefront will be determined using the interferometer. Because the test 

is double pass off the parabola, a X/4 peak-to-valley surface error will 

appear as a full fringe error in the interferogram. 

The double scattering off the parabola causes a problem. Even 

with the built-in He-Ne alignment laser, it is difficult to align the 

system because the visible light is scattered off the rough surface of 
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Fig.' 2-21. Layout of Testing Off-Axis Parabola. 
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the mirror and gives no appreciable return beam back to the interferom

eter. Obviously the double pass makes it even worse. Several methods 

have been attempted to overcome this problem in alignment. Fortunately . 

nature gives us one simple solution, beeswax. A small amount of beeswax 

is applied to the central portion of the parabola and is scraped off 

with a sharp razor blade. Then the coated portion of the surface has 

better reflectivity. Though our original He-Ne laser has served well 

for the testing of polished surfaces or other metallic surfaces of 

high reflectivity, it does not have enough power for the present 

beeswaxed rough surface after it passes through many optical surfaces 

in the interferometer. Therefore, a secondary He-Ne(II) laser with 

higher power was adopted to assist the primary He-Ne(I) laser. 

The following is a brief summary of the alignment procedures: 

Aim and focus the alignment telescope A on the vertex Q of 

the parabola without folding mirror Mi and locate the image 

of vertex Q on the center of the crosshairs. 

Place folding mirror Mi and put an aperture stop S on the 

position where the image of the aperture falls on the center 

of the crosshairs of the alignment telescope. Then the 

aperture on the pinhole becomes the conjugate image point 

of vertex Q with respect to Mi. Remove the alignment 

telescope and put a 45° prism P behind the pinhole. Adjust 

the secondary He-Ne(II) laser and the prism P such that the 

pencil of the beam falls on the center of the parabola, 

where the beeswax was applied and scraped off previously, 

through the pinhole and mirrors Mi and M2. 



Adjust the flat M2 and the parabola to have the return beam 

superposed upon the pinhole. 

• Remove the prism P and the secondary He-Ne(II) laser. 

Turn on the primary He-Ne(I) laser which was aligned co

axial ly with the CO2 beam previously. Adjust the inter

ferometer so that the primary He-Ne(I) beam passes through 

the pinhole and falls on the center of the parabola. 

Turn off the He-Ne(I) laser and open up the aperture of the 

stop S, then turn on the CO2 laser beam. Fringes will be 

seen through the TV monitor, and the proper amount of tilt 

and defocus can be introduced to obtain the desired inter-

ferograms. 

It normally takes less than half an hour for the above alignment 

procedure. 

In addition, due to the judicious design of the polishing 

machine, the test is performed in situ. In other words, the mirror is 

not removed from the polishing machine, but rather the table of the 

machine is tipped over so that the mirror axis is horizontal. A sling 

mount is built into the polishing machine table to. support the mirror 

during the test exactly as it would be during use. Only a minimum 

amount of effort to realign the mirror in either the test or on the 

machine is required because the mirror is never moved off the machine. 

It is simply tipped up for test and is returned to a horizontal posi

tion for further work in figuring. Also, the interferometer unit can be 

brought to the predetermined position to save time and labor. Figure 



2-22 shows photographs of the testing setup and fabrication of the 

off-axis parabolic mirror. In this manner, the turnaround time for 

testing is reduced significantly and we can also eliminate the hazards 

involved in realignment and ha-ndling the large pieces of glass. There

fore, this in situ test practically gives closed-loop feedback to the 

optician doing the figuring. In Fig. 2-23 a series of interferograms 

obtained during the preliminary figuring by grinding is shown in 

chronological order. The last pair of interferograms shows.the mirror 

tested just before and after the polishing was tried using infrared and 

He-Ne laser interferometers respectively. The progress of the surface 

figure is also shown in terms of rms and peak-to-valley surface errors 

in Fig. 2-24. 

Infrared Computer Generated Hologram (IRCGH) 

A combination of low sensitive interferometer (IRLUPI) and a 

holographic null corrector (IRCGH) was tried as an alternative way 

of testing aspherics. While most of the principles and problems of 

conventional holographic null testing can be applied to IRCGH, the 

fabrication of the hologram requires an extra step due to the nature 

of the infrared light source. 

Analysis 

The computer generated hologram (GGH) is a binary representa

tion of the actual interferogram that would be obtained if the "ideal" 

aspheric wavefront being tested interfered with a tilted reference 

plane wavefront. The "ideal" CGH can be made as follows. First, the 
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(b) 

Fig. 2-22. Photographs of the Testing Setup and Grinding of the Off-
Axis Parabolic Mirror. 

(a) Test setup, (b) Grinding. 
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( i )  

Fig. 2-23. Infrared Interferograms of an Unpolished Off-Axis Parabolic 
Mirror in Chronological Order. 

The last picture shows an interferogram taken at 0.6328 pm 
after polishing. 
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Fig. 2-24. Progress of the Surface Figure in Terms of rms and Peak-to-
Valley Surface Error. 
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test setup is ray traced to obtain the position of the fringes in the 

hologram plane that is conjugate to the exit pupil of the system under 

test. The advantage of a CGH. is that it can be made for any general 

optical system as long as all the necessary optics in the test setup 

are known so that the system can be ray traced. Then the calculated 

fringes are plotted using a Calcomp model 736 paper plotter, for 

instance, which is cheaper and has easier access than the laser plotters 

that plot the fringes directly on film with better dimensional stability. 

After plotting, the CGH has to be photoreduced to match the size of 

the image of the exit pupil of the test object. The CGH is then placed 

at the conjugate plane of the exit pupil in the interferometer as shown 

in Fig. 2-25. A moirS pattern is seen due to the "ideal" interference 

fringes of the CGH and the "real" interference fringes produced by the 

interference between the wavefront of the test object and the tilted 

reference wavefront. This is the so-called "beat-term" that gives the 

difference between the two wavefronts. It can be shown using simpli

fied expressions for the two interference fringes. 

The amplitude distribution of the two interferograms is 

Ai ^ 1 + cos[kWQCx,y)] from the test object 

and (2-54) 

A2 ̂  1 + cos[kWr(x,y)] from the CGH 

where k = 2-it/X and WQ(x,y) and Wr(x,y) represent the wavefront distri

butions from the "real" interferogram and "ideal" CGH. Then the inter

ference pattern between the two becomes 
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Fig. 2-25. Modified Twyman-Green Interferometer Used for IRCGH Testing. 



I ^ {l + cos[kWQ(x,y)]} x {1 + cos[kWr(x,y)]} 

= 1 + cos[kWQ(x,y)] + cos[kWr(x,y)] 

+ cos[kWQ(x,y)] cos[kWr(x,y)] 

= 1 + cos[kWQ(x,y)] + cos[kWr(x,y)] 

+ j cos{k[Wo(x,y) + Wr(x,y)]} 

+ j cos{k[Wo(x,y) - Wr(x,y)]} (2-55) 

where the trigonometric relation 

cosA cosB = y cos(A+B) + j cos(A-B) 

was used. The last term is the "beat-term" which produces the moirS 

pattern. 

Spatial filtering is normally used to improve the contrast of 

the resultant moirS pattern if the amount of the tilt in the plane 

reference wavefront is enough to separate the different diffracted 

orders to avoid overlapping. This can be achieved by reimaging the 

hologram at the focal plane of the imaging lens where a small aperture 

is placed so that it passes only the wavefronts of suitable diffracted 

orders from the test object and the CGH. 

Let us consider the diffracted spot sizes at the focal plane of 

the imaging lens. The size of the spots depends upon maximum ray 

aberration or the slope of the wavefront, and the order number of the 

diffraction for the given wavefront. The maximum slope is defined in 
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terms of the maximum difference slope of the test wavefront and the 

tilted plane wave 

. 8W 
max. slope = -r— 

d X  

S waves 

max 
hologram radius 

(2-56) 

For example, the minimum tilt for the separation between the first and 

second orders is 3(8W/3x) as shown in Fig. 2-26. It is important to 

notice that the number of waves of the aberrations recorded in the CGH 

is independent of the reconstruction or probing wavelength. If the 

CGH is made with the construction wavelength A , then the intensity-

distribution of the hologram is written as 

W(x,y) Ic - i x sine 
. Xc c 

= 2 + exp 

f .  2ir 

K 
ji [W(x,y) - x sin6c]| 

+ expj-i 1^- [W(x,y) - x sinejj 

{ = 2 + 2 cos I [W(x,y) - x sin0c] } (2-57) 

where W(x,y) is the test wavefront and 0c is the tilt angle between 

the reference plane wave and the "ideal" wavefront. The transmitted 

wavefronts of the CGH are proportional to the intensity distribution 

described in Eq. (2-57). If the CHG is reconstructed using a different 

wavelength, A , the two interfering wavefronts can be written as 
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Fig. 2-26. Size and Separation of Diffracted Wavefronts of Different 
Orders. 



Al * I, 

A2 ^ Ic exp (i T; x sin0r) C2-S8) 

wheTe 9^ is the tilt angle between the two beams. 

For simplicity of calculation, consider Aj first 

A2 ^ ^2 + exp-ji [W(x,y) - x sin8c]j-

+ expj-i [W(x,y) - x sinej jjexp^i ~ x sin6r 

= 2 exp^i -ip- x sine^ + exp Ji W(x,y) 

)] • exp 

exp 

-i27TX 

sinS -sin0 
c r 

-i |i.WCx,y) 
c 

• exp i2irx 
sin0 sine 

r 

(2-59) 

If we introduce the tilt 9r in the reconstructing reference wavefront 

such that it satisfies 

sin0„ sinS 
c r = 0 (2-60)  

then 
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and 

A2 ^ 2 exp^i ̂  x sin0^+ exp^i W(x,y)j 

+ exp£-i W(x,y)j 

= 2 exp^i x sineĉ + expji W(x,y)J 

+ expj^-i ~ W(x,y)j (2-61) 

Ai ^ 2 + expji ~ [W(x,y) - x sin0c]| 

+ expj-i y- [W(x,y) - x sin0c]|. (2-62) 

Notice that both Aj and A2 are functions of the recording wavelength 

X , not the reconstructing wavelength X . Therefore, the reconstructed 
i 

interference pattern 

I 'v |A1+A2|2 (2-63) 

is also independent of X. 

Fabrication of IRCGH 

A thin polished silicon wafer of approximately 200-ym thickness 

and 25 mm diameter is used as a substrate. Kodak 747 negative type 

photoresist is used as a recording medium for the mask (Fordemwalt, 

1978). The standard fabrication procedure can be summarized as follows. 

Because cleanness of the substrate is important for uniform coating and 



and better adhesion, the following steps are necessary for better 

experimental performance of the IRCGH. 

1. Apply mixture of Liquinox liquid detergent and ethyl 

alcohol to the substrate. 

2. Scrub with cotton swab rinsing with tap water. 

3. Rinse in tap water. 

4. Rinse in deionized water. 

5. Force dry the surface with nitrogen stream. 

6. Check the surface by breathing on it. There should appear 

a uniform fog, or repeat the above process again. 

7. Spin-coat the photoresist in the 1 urn thickness range. 

8. Prebake the coated substrate in the oven for 10 min at 

135°C. Prebaking helps the photoresist to adhere to the 

substrate better. 

9. Expose the photoresist with a mercury lamp by contact 

printing the photoreduced CGH made, earlier. The optimum 

exposure is in the neighborhood of 80 MJ/cm2. 

10. Develop the photoresist with Xylene. Xylene is found to 

be a very convenient and efficient photoresist developer 

because it volatilizes quickly leaving no residuals. It 

takes about 15 sec to remove the unexposed part of the 

photoresist down to the SiOj layer or the substrate. 

11. Post-bake the developed sample for 30 min at 135°C. This 

will remove any remaining solvents in the developed photo

resist. The finished structures in the developed 
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photoresist serve as a binary mask for the next chemical 

etching. 

12. A 10:1 mixture of nitric acid and hydrofluoric acid is 

used to etch the silicon substrate. The etching rate is 

about 1 um/min. 

13. The masking photoresist is then removed by concentrated 

H2SO4. and rinsed off with water. 

This completes the fabrication of the IRCGH. 

A CGH for the testing of a concave elliptical mirror was made 

following the above procedures. The mirror has a conic constant K = 

-0.5418 and 101.2-mm radius of curvature and S3.3-mm diameter. The 

diverging lens in the system is a- zinc selenide meniscus type lens which 

has 2.7-mm thickness, 2S-mm diameter, and 25.3-mm focal length. The 

radius of curvature for each surface was measured to be Ci = 0.1786 mm-1 

and C2 = 0.04469 mm"1. The index of refraction of zinc selenide is 

2.404. 

A computer calculation of the system was done and the minimum 

tilt required to separate the orders was found to be 20 fringes. We 

introduced a tilt of 25 fringes to calculate the fringe positions of the 

CGH. The plotted CGH was reduced to the size of the image of the exit 

pupil of the test surface at the conjugate plane. It has 15.4-mm 

diameter and 27-um departure from the reference sphere. Figure 2-27 

shows the plotted CGH and the interferograms obtained with and without 

the CGH. It also shows a computer-plotted CGH and the profile of the 

IRCGH read by the Talystep. The observed deviation from the desired 
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Fig. 2-27. Interferograms of an Elliptical Mirror. 

(a) Computer-plotted CGH. (b) Profile of IRCGH by Talystep reading, 
(c) Tested without IRCGH. (d) Tested with IRCGH.' 
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stxaightness o£ the interferogram is caused by the errors involved in 

making any general CGH. By ray tracing the entire interferometer in

cluding the diverger, the CGH automatically corrects the aberration 

introduced by the diverger. The phase errors caused by the thickness 

variation of the CGH substrate can be removed by judiciously placing 

the CGH in the interferometer such that both object and reference 

wavefronts pass through the CGH. The systematic distortion from the 

photoreduction lens and especially from the plotter becomes a major 

source of errors along with the incorrect hologram size. The CGH wave-

front acccuracy depends on the number of plotter resolution points and 

the maximum slope of the tested aspheric wavefront. If we have P x P 

resolution points in the plotter, the maximum possible error in plottin 

any point is half a resolution unit. Therefore 

Max. error in position 

(radius of CGH) 
P 

(2-64) 

and the peak-to-valley wavefront error 

P-V wavefront error 
max. position 

error 
ence § aspheric 
wavefronts 

P ' 
(2-65) 
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Therefore, we can reduce the error by increasing the plotter resolution 

points or minimizing the slope of the wavefront with certain defocus. 

Other sources of errors in CGH come from the lateral misalignment of tha 

CGH and the incorrect hologram size with respect to the image of the 

exit pupil of the aspheric mirror. They introduce wavefront errors 

similar to those of the lateral shearing interferometer and radial 

shearing interferometer respectively. Errors also can come from the 

etching process. The silicon can be either underetched or overetched 

with local distortion of the fringes. 

The IRCGH can be considered as a thin phase hologram with 

nearly a binary profile as shown by Talystep reading in Fig. 2-27b. 

The diffraction efficiency, n, which is defined as the ratio of the 

energy in the first diffracted order and the incident beam, is then a 

function of the etching depth, h, of the CGH."' 

Let us consider a phase grating of diameter D with a rectangular 

profile as shown in Fig. 2-28. The transmittance of the grating can 

be expressed as shown in Eq. (2-66) assuming a unit amplitude, normally 

incident plane wave 

x\ i<j> 
t(x,y) = jjrect ̂  comb ̂  e 

( )]c,/1 (f * rect (b^J * F comb I J]cyl [ i )  C 2 " 6 6 )  

where r = (x2+y2)* and <t> = C2tt/X) (n-l)h is the phase delay, n is the 

index of refraction of silicon, a is the grating width, and b is the 

period. Then, the amplitude distribution at the focal plane of the 
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Fig. 2-28. Analysis of IRCGH. 

Ca) Idealized phase rectangular grating, (b) Geometry of Fourier trans
formation. 
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imaging lens is proportional to the Fourier transform of the trans-

mittance function 

«̂ {t(x,y)} = T(5,n) 

= -ja sinc(a5) comb(b5) e^ + (b-a) sinc[(b-a)5] 

comb(be) e"1Trb?| * j Dz somb(Dp) 

= comb (b?)-ja sinc(a£) e^ + (b-a) sinc[(b-a)£] 

e'17rbC| * J D2 somb(Dp) (2-67) 

where P = (52+n2)^. The maximum intensity distribution of the mth order 

diffracted beam becomes 

Im(x,y) * a jsin2 ^ m^ + (b-a)2 sinc2̂ ^^ 

+ 2a(b-a) sinc^ mj sincj^^ mj cos($-mir)j.. 

(2-68)  

If the grating has a 50% duty cycle, b = 2a, 

ImCx,y) ^ sinc20M[l + cos(<j»-imr)] 

= sine2 (?) «»» (*?) • (2-69, 

Therefore, the diffraction efficiency, n, is the coefficient of 

Eq. (2-69) when m = 1 

n = sine' j) cos 2̂ .j cos2fe 

9 
sin2 

\ 2 

(2-70) £ (n-l)h 
A 
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The etched height of our IRCGH is about 1 nm as shown in Fig. 2-27b. 

•Therefore, the efficiency becomes 

n = (f)2 sin2 (3.42 - l).lj * 0.28. (2-71) 

Thus the IRCGH can be used as an alternative testing tool for various 

deep aspherics and possibly objects of nonconventional surface 

figures such as turbine blades. 



CHAPTER 3 

INFRARED COMMON-PATH INTERFEROMETERS (WAVEFRONT SENSORS) 

The unique testing capabilities of the IRLUPI for various optics 

stimulated our interest in other types of interferometers using a 

long-wavelength light source. This chapter and the next will discuss 

the common-path type interferometers that give us either direct wave-

front information or slope information about the wavefront. 

Infrared Point Diffraction Interferometer CIRPDI) 

The point diffraction interferometer, first introduced by 

Smartt CSmartt and Strong, 1972; Smartt and Steel, 1975), is probably 

the simplest interferometer that produces fringes of constant optical 

path difference similar to those obtained with a LUPI. The test optics 

can be individual components or compound systems in a single or double 

path regardless of the size of the apertures. An IRPDI can be a power

ful tool for testing optical components in laser fusion and high-energy 

laser systems at the point imaging plane. 

Analysis 

The point diffraction interferometer is a self-referencing wave-

front sensor in which a reference beam is generated by the diffraction 

of some of the light at a small pinhole in a semi-transparent coating. 

The operation of the interferometer is depicted in Fig. 3-1 for both 

transmission and reflection tests. For example, lens Li is tested in 
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Fig. 3-1. IR Point Diffraction Interferometer, 

(a) Refraction and (b) reflection test. 



collimated light from a CO2 laser source. The PDI is placed near the 

focus of lens Li with the pinhole positioned so that it is coincident 

with some portion of the aberrated point-spread function (PSF) 0f lens 

L I .  .  •  

This initial alignment is obtained by following procedures simi

lar to those for ordinary spatial filter (pinhole) alignment. First, 

locate the focus using either waxed paper or a thermal image plate, then 

place the PDI out of focus deliberately in order to determine the pin

hole position easily by looking for a diffracted pattern of a circular 

aperture, an Airy pattern. Second, bring the PDI to focus slowly and 

introduce certain amounts of tilt and/or defocus for the desired fringe 

pattern. The light that is transmitted through the pinhole diffracts 

out to become the spherical reference wave. The optimum size of the 

pinhole is some small fraction of the theoretical unaberrated PSF of 

lens Li (Koliopoulos et al., 1978). In the limit of a point, the 

reference becomes a perfect spherical wave, of course, with not much 

energy. As shown in Fig. 3-2 the light surrounding the pinhole (object 

beam) is attenuated but otherwise is transmitted unaffected through the 

semi-transparent coating. The function of this coating is to match 

the amplitudes of the transmitted wave with the diffracted reference 

wave so that the contrast of the resulting interference fringes will be 

closer to unity. The amplitude of the reference wave depends on how 

much of the light in the PSF falls on the pinhole. This varies accord

ing to the type and magnitude of the aberration in lens Li and the 

relative position of the pinhole with respect to the PSF, i.e., the 
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Fig. 3-2. Principle of the Point Diffraction Interferometer. 

amount of tilt. Lens L2 is used to image the pupil, which contains 

aberration and the resulting interference pattern, onto a pyroelectric 

vidicon (PEV). Tilt and defocus can be introduced into the interference 

pattern by laterally and longitudinally displacing the PDI. 

The principles of the PDI can be understood by applying Fourier 

theory to the resulting amplitude distribution of the two beams at the 

image plane of lens Lo. In this image plane we have the convolution 

of the complex amplitude distribution due to the aberrated test lens 

Li with the Fourier transform of the amplitude transmittance of the PDI. 

In Fig. 3-3 the complex amplitude of test lens Li is written as 
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pi ane 

Fig. 3-3. Fourier Analysis of the PDI. 

Ul(x,y) = cyl exp[(i27r/X)W(x,y)], (3-1) 

where D is the clear aperture of lens , W(x,y) is the OPD of the 

aberrated wavefront, and the pupil function is defined by 

Cyl f(x2+y2)*1 _ fl if (x2+y2)t < D 
y |_ D J (0 if (x2+y2)* > D' 

(3-2) 

Lens Li, then, fonns a-Fourier transform of Ui at its focal plane, 

U2~(x,y) = U(x,y) = «y{Ui(x,y)}. (3-3) 

At plane h, we place the PDI, whose amplitude transmittance function 

is given by 

t(x,y) = tâ l - cyl | f(x~xq)—* (y-yij) 1 substrate 

• h cyl e" pi oinhole 
(3-4) 
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where ta and t^ are the amplitude transmittance of the substrate and the 

pinhole respectively, d is the diameter of the pinhole shifted from the 

origin by (xo,yo)» <S is a constant phase difference. Just after the 

PDI, the amplitude distribution of the wavefront is 

U2*(x,y) = U(x,y)t(x,y). (3-S) 

At the image plane, £3, we have the Fourier transform of U2+(x,y), 

which is the convolution of Ui with the Fourier transform of t(x,y) 

U3 Cx, y-) = &{U2 (x,y)} = ^"{U(x,y)t(x,y)} 

= Ui(x,y) ** T(x,y), (3-6) 

where T(x,y) = ̂ "{t(x,y)} and the asterisks denote convolutions. From 

Eqs. (3-6) and (3-4), we have 

M*.y> = tautcx,y) - tay(cyi{'^-^)2 * Cy-yo)2!^ 

** Ui(x,y) 

[(x-xp)2 + (y-yn)21^)\ _ifi 
+ h S?L,l H t x - x , ) 2  

e i <  

** Ui(x,y) 

ta cyl I | exp[(i2ir/\)W(x, y) ] j^(X2+y2)7j 

+ (tb e10-ta) exp[(-i2ffx0x/\f)] 

exp[(-i2WAf)] x 2Ji[Cird/Xf).C^^^l 

(ird/Xf) (x2+v2) 7 / 

t( + v 2 1 ^  •p- exp[(i2~/\)W(x,y)] (3-7) 
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assuming unit magnification and neglecting the unimportant quadratic 

phase factors across the image. The first term in Eq. (3-7) is the 

test beam attenuated by factor t , and the second term represents a 

reference beam where Jx[ ] is the first-order Bessel function. The 

resultant fringes are thus due to interference between an attenuated 

version of the original aberrated wavefront and a reference spherical 

wavefront due to convolution of the aberrated wavefront with the Fourier 

transforms of the pinhole aperture. Therefore, as the pinhole size 

decreases, there will be less variation in phase of this reference wave, 

since the term [23\ (gv)/Bv] varies little across the image of the 

pupil cyl(r/D). in that case, the quantity in front of the asterisk 

in the reference wave term becomes a very small constant factor, tc, 

and U3 can be simplified as 

u 3 (x ,y)  = t a  cyl —D exp [ (i2ir/\) W(x,y) ] + t c .  

(3-8) 

Then, the intensity distribution at the image plane is 

I (x .y)  = IU 3 (x ,y) | 2  

. cyl . t a 

+ 2tatc cyl [^_(x_+yJ_J exp [ (i27r/X) W(x,y) ], 

(3-9) 

which is the interference pattern of contrast 
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The displacement of the PDI from the optic axis (or  origin) . 

produces a linear tilt in the reference wave. Defocusing is obtained 

by longitudinal displacement of the PDI along the optic axis, which will 

add a quadratic-phase term to the aberration term C2ir/\)W(x,y). There

fore, as long as the PDI pinhole is sufficiently small, a PDI produces 

good contrast interference fringes similar to those obtained by a 

Twyman-Green interferometer. As an example, let us consider the testing 

of a diffraction-limited lens that will produce an Airy disk pattern at 

the focal plane as shown in Fig. 3-4. If we place a pinhole at the 

center of the kth bright ring in the Airy disk, the OPD between the 

two beams is given by 

OPD = ^ M = mX (3-11) 

for bri-ght fringes where A^ is the distance between the kth ring and 

the center of the Airy disk in units of A.f/D, and m is the order number 

at the pupil height x. At the edge of the aperture, we have 

m 
' *(*!<¥)£ r,!K' t3-12) 

Equation (3-12) says that the order number of the fringe at one edge of 

the pupil is determined only by the value of A^. However, A^ is not 

normally an integer so we have to choose an integer for m which is 

defined as INT(A^). If A^ = n + y, where n is an integer and y is 

a fraction, INT(A^) = n. Then, the total number of fringes is given by 

Number of fringes = [INT(A^)] + 1. (3-13) 
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Fig. 3-4. PSF of Unaberrated Lens. 

(a) Photograph. (b) Intensity profile. (c) Geometry of 
reference and test points with tilt. 
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Here, we have assumed that the PDI does not introduce a constant phase-

x *5 
factor e between two interfering beams. But, a constant phase term 

could move one of the fringes out of the pupil while bringing another 

fringe in. If the PDI is placed on top of the fourth bright ring, 

3 4.72, and five fringes cross the field. 

The required transmittance of the semitransparent coating is de

termined by the size of the pinhole and the energy in the particular 

ring. If the pinhole diameter is Xf/D, which is nearly half the Airy 

disk diameter, and the pinhole is, again, centered on the fourth ring, 

we know that approximately 1% of the total light is contained within the 

fourth bright ring. Also, the fourth and fifth dark rings have diam^-

eters of 4.24 Xf/D and 5.24 Xf/D, respectively. Then, the total per

centage of light that passes through the pinhole is 

£ 
pinhole _ I" percentage of energy "1 [* area of pinhole 1 
^total within 4th bright ring x area of 4th bright 

ring 

_ r on ir(Xf/2D)2 
J 2tt(4. 72Xf/D) (5 .24-4. 24) Xf/D 

= 2.6 x 1CTU. (3-14) 

Therefore, the transmittance of the semitransparent coating has to match 

the value in Eq. (3-12) to have maximum contrast fringes that are near 

density 4. 



Fabrication and Testing of the IRPDI 

A thin silicon wafer, 25-mm in diameter and 200-ym thick, is 

used as an infrared substrate. Pinholes are made by placing spherical 

microballoons, which are hollow glass or resin spheres, on the substrate 

and then overcoating in the vacuum. A tiny cactus needle is a convenient 

tool for placing the individual microballoons on the silicon while 

watching them under a microscope. After a thin, semitransparent coat

ing (in this case, gold) is deposited, the microballoons are removed by 

an air jet thus leaving a pinhole in the coating. Gold gives us better 

affinity and easier control of the thickness of the coating due to the 

slow variation of transmittance with the thickness of the gold coating 

as shown in Fig. 3-5a. 

The thickness of the coating is determined such that the trans

mitted light of the object beam matches the reference beam. According 

to Fig. 3-Sb the transmittance, T, after the gold coating of thickness 

t is 

T = (1-R) e"at. (3-15) 

Here, R is the reflectance of gold, which is defined as 

2 
R = (n-1) * iic 

(n+1) + iic 
Cn-1)2 + <2 r- . 
(n+1) 2 + <2 . 

for normal incidence in terms of the complex index of. refraction where 

n and k are the real and imaginary parts, respectively, a is the 

absorption or attenuation coefficient defined as 

a = 4iric/X. (3-17) 
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Fig. 3-5. Transmittance of a Gold Coating and a Substrate and the 
Resulting Interferogram. 

(a) Transmittance of gold semitransparent coating. (b) 
Transmittance of substrate. (c) IRPDI interferogram 
obtained testing f/6 lens with some tilt at focus (top) 
and combination of tilt and defocus (bottom). 



Fig. 3-5. Continued. 

(c) IRPDI interferogram obtained testing f/6 lens with some tilt at 
focus (top) and combination of tilt and defocus (bottom). 



96 

For gold, we have n = 8 and k = 53.4. If we have a gold coating of 

2000 %, the transmittance is 

T = [l - lLl_Lldil exp(-4TT 53.4x.02 um/10.6 um) 
L 92 + 53.42J 

= C-0109)(.2819) a 3.07 x 10'3. (3-18) 

The thickness of the semi-transparent coating was determined by 

visually measuring the transmittance of a similar coating that had been 

evaporated onto a microscope glass slide and referring to Fig. 3-5a. 

The FECO (fringe of equal chromatic order) measurement of the coating 

thickness confirmed the visual measurement within acceptable errors. 

A germanium lens of f/6 was tested, where f-number, F, is defined 

as the aperture ratio, f/D. The infrared PDI had a pinhole of approxi

mately 65-um diameter and its gold coating was approximately 200 %. 

thick. Figure 3-5c shows the resulting interferograms with some tilt 

and defocus. The contrast variations are expected due to changes in 

tilt and defocus for any given semi-transparent coating thickness. 

Generally, the larger the tilt and/or defocus introduced, the greater 

the attenuation and thus the more light loss. The contrast also depends 

upon the amount and type of aberrations present due to the different 

PSF of that aberrated wavefront. 

A modified IRPDI can be made to have better control of fringe 

contrast for various f-numbers and aberrations of the test optics. Sev

eral pinholes of different diameters on a uniform semi-transparent coat

ing or pinholes of the same diameter on a slant coating will provide us 
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with better combinations of pinhole size and coating thickness as 

depicted in Fig. 3-6. 

Pinholes 

Gold Coating 

i ir 

(a) 

Gold Coating 

S  i 1 i  c o n  .  
Substrate 

r—II 1 

(b)  

Fig. 3-6. Modified IRPDI. 

(a) Pinholes of different diameter on a uniform semi-transparent coat
ing. Cb) Pinholes of the same diameter on the slant-coating shown for 
both top and side views. 
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Infrared Scatterplate Interferometer (IRSPI) 

Another simple and inexpensive common path type interferometer 

that produces interferograms similar to those of the LLJPI is the 

scatterplate interferometer (SPI) introduced by Burch (1953) and im

proved later by Scott (1969), Houston (1970), Brooks (1978), and 

Rubin (1979a,b). 

Analysis 

The operation of a scatterplate interferometer is based on the 

scattering of light from random speckle structures fabricated in a sub

strate by either amplitude or phase variations. The only optical ele

ment in the interferometer that must be of high quality is the scatter

plate. The scatterplate requires an accurate self-inversion symmetry 

so that the reflecting test mirror can reimage any scatter points in the 

scatterplate on top of each other point by point as shown in Fig. 3-7. 

When converging light from the point source passes through the scatter

plate, which is placed near the center of curvature of the test mirror, 

a reference beam (unscattered or direct beam) and a test beam (scattered 

beam) are formed. Both beams, then, generate four types of beams 

after reflection off the test mirror to produce an interferogram in 

the image plane: (1) direct-direct, which gives us a troublesome hot 

spot, (2) direct-scattered (reference beam), (3) scattered-direct 

(object beam), which interface with each other to form interference 

fringes, and (4) scattered-scattered, which produces a speckle back

ground if a coherent light source is used. The speckle background 

slightly reduces fringe contrast by adding a constant background level. 
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The problem of the hotspot becomes more significant in IRSPI 

because the hotspot is literally "hot" for the pyroelectric vidicon 

(PEV). Therefore, we must have good control over the scatter effi

ciency to maintain good quality fringe contrast and proper intensity of 

the hotspot simultaneously. The scatter efficiency is defined as the 

ratio of the energy in the scattered beam to the incident energy to 

the scatterplate. 

Fabrication of the IRSPI and Testing 

There are two major steps involved in the fabrication of the 

IRSPI. First, a conventional scatterplate (unbleached density type in 

this case) is made after following the methods used by Rubin C19"9a). 

Then, the speckle pattern phase variation is obtained by contact print

ing the original scatterplate to the photoresist, which is coated on a 

thin silicon substrate. Similar chemical procedures are followed, as 

described in Chapter 2, for the final phase IRSPI. Figure 3-8 describes 

the construction of a random binary phase surface on the silicon sub

strate and the microscope photograph of the etched speckle pattern with 

clear inversion symmetry. It also shows the Talystep reading of the 

profile of the etched depth. Because the photoresist works as a binary 

mask, the profile of the etched depth has nearly binary steps of random 

duty cycle. However, the actual profile deviates from the ideal binary 

pattern, and the deviations depend upon the various factors involved 

during the chemical process such as the etching rates and agitation. 

A slight undercutting and smoothing of the substrate at the boundary of 
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Fig. 3-3. Construction of a Random Binary Phase Surface on the Silicon 
Substrate, Microscope Photograph of Etched Speckle Pattern, 
and Talystep Reading. 

(a) Random binary phase surface construction. (b) Micro-
photograph of PDI plate showing the inversion symmetry, 
(c) Talystep reading of PDI plate. 
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the photoresist and the substrate is common. The duty cycle usually 

depends upon the amount of exposure, and the developing time and rate 

of the photoresist. Therefore, the surface profile of the IRSPI lies 

between the exact binary and Gaussian distributions. 

Let us consider a one-dimensional binary phase variance as 

shown in Fig. 3-9. Then the transmittance of the scatterplate can be 

written as 

tW = .Hctn-UHCx) (3_19) 

where k = 2ir/X, n is the index of refraction of the substrate, and 

H(x) is the height distribution. The randomness is represented in the 

location of the zero crossings, where the optical path abruptly changes 

between +h and -h. 

If we follow a similar analysis presented by Kurtz (1972), a 

statistical formalism of the intensity distribution after the scatter

plate can be approximated close to the experimental measurement. The 

ensemble is characterized by its probability density functions of both 

f i r s t  o r d e r  P i  ( H )  a n d  s e c o n d  o r d e r  ( o r  j o i n t  p r o b a b i l i t y )  P 2  ( H i K )  •  

The joint probability density function represents the probability of 

optical path variations at two points xi and x2 separated a distance X. 

For a stationary process, which we assume, P2 is the function of the 

separation X. Then, the autocorrelation function of the transmittance 

is given by 

Rt(X) = eik(n-l)Hx e-xk(n-l)H2 p2(Hl.X)dHidH2. 
4 , 

(3-20) 
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Since there are only two possibilities for H(x) we have a discrete 

random process. In other words, the joint probability consists of the 

sum of 6-functions. Let P^ ^ be the joint probability that the optical 

path at one point is h while at the same time being -h a distance X away. 

Similarly, we can define other possible events by defining P^ 

P_k and P_^ accordingly. Papoulis (1965) expressed these in 

terms of zero-crossings of H(x) with conditional probabilities, P(h/h), 

P(h/-h), P(-h/h), and P(h/h). For example, P(h/-h) is the probability 

that the point X away has optical path h given that the point at hand 

has optical path -h. Obviously, P(h/h) and P(-h/-h) have the same 

probability of crossing even numbers of zeros in interval X, 

P(h/h) = P(-h/-ti) = Pg(X) (3-21) 

expressed by Pg(X). Similarly, P(h/-h) and P(-h/h) are the probability 

of crossing odd numbers of zeros in interval X, 

P(h/-h) = P(-h/h) = P Q (X) ,  (3 -22)  

which we denote as PQ(X). Generally, the actual measurements (or 

Talystep readings) of the fabricated silicon IRSPI show that the duty 

cycle is not always a maximum (50%). Therefore, the first order 

probabilities P(H=h) and P(H=-h) are not the same. If we define 

P(H=h) = a, then P(H=-h) is l-ct(0 < a s 1). The joint probabilities 

can be calculated as follows: 
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Ph,h = PCH=h)P(h/h) = aPeCX) 

Ph,-h = pCH=h)P(-h/h) = aPQ(X) 

(3-23) 
P-h,h = PCH=-h)P(h/-h) = (l-a)P0(X) 

P-h,-h = P(H=-h)PC-h/-h) = Cl-a)PeCX). 

Substituting Eq. (3-23) into Eq. (3-20) we have 

-00 [CO 

Rt(X) = eik(n-l)Hr e-ik(n-l)H2 âP̂ j. (̂j (Hi-h)6 (H2-h) 

+ ctPo(X)6(Hi-h)6(H2+h) 

+ (l-ra)PQ (X)<S (Hi+h) <5 (H2-h) 

+ (l-a)Pe(X)<S(H1+h)6(H2+h)]dHidH2, (3-24) 

The sifting property of the 6 -functions simplifies the above expression 

to 

Rt(x) = aPe(X) eikCn"1)h e"ikCn- ĥ 

+ aPo(X) eikCn-1)h eikfn-1)h 

• (l-a)Po(X) e-ikCn'1)h e"ik(n-l)h 

+ (l-a)Pe(X) e"ikCn-l)h gik(n-l)h 

, = aP (X) + aP (X) el2k(n-l)h 
© 0 

+ (l-a)Po(X) e"l2kCn"1)h + (l-a)Pe(X) 

= PeCX) + PQ(X)[a el2k(n-l)h + C1.a) e-i2kCn-l)h[ 

(3-25) 
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Using P E (X)  +  P Q (X)  

RtCX) 

= 1, we have 

Of) I a ei: 1 • P0tX) | « el»Cn-l)h , (1_a) #-i2ktn-l)h " J  
(3-26) 

The specular component can be obtained at the limit of X -f 

because the transmittance power spectrum is defined as the Fourier 

transform of the autocorrelation function 

S(v) = 5f{RtCX)} = ft^vj). (3-27) 

Also, if X -*• «, P (") = 1/2. Therefore, the strength of the specular 

component (or hot spot) is 

RtM 
1 • *[« ei2tCn-I)Ht a.a) g-i2k(n-l)h . J | 

= 1 |ei2k(n-l)h + (1_o) e-i2k(n-l)h + ^ 

• (fcl -a) cos[2k(n-l)h] + ^a2-a+ 

|cos[2k(n-l)h] + (3-28) 

For example, the measured duty cycle of our IRSPI is approximately 40% 

with etched height of 1.5 um. Then, the scattering efficiency 3 

3 - 1 - |Rt(«)| 

= 1 - ^jo.4(1-0.4) cos^ 4) cosjy^- (3.42-1)1.5 

+ (0.42 - 0.4 + 0.5)||cosj^ 

= 1-0.25 = 0.75. 

(5.42-1)1.5 + 1 
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The scattering efficiency of an ordinary scatterplate is around 

50% to 60%. However, at the expense of a small loss of fringe contrast, 

we need higher scattering efficiency to reduce the intensity of the 

hotspot for proper operation of the PEV. Also, the size of the speckle 

has to be scaled up for use at 10.6 pm. However, the same requirement 

for accuracy in inversion symmetry is sustained due to the need for a 

larger scatterplate aperture at longer wavelengths. The increased 

aperture size maintains the background speckle pattern within a reason

able size avoiding degradation of fringe quality. A parabolic mirror 

of 20-cm diameter and 60-cm focal length was tested using a scatterplate 

of 4-cm diameter. We would probably have to use an even larger one for 

testing longer focal length optics. 

The special alignment procedure can be summarized as follows: 

1. The focusing of the projection lens is done without a 

scatterplate using waxed paper and a thermal imaging plate. 

2. The test mirror is aligned so that the reflected beam is 

superimposed on the incoming beam using a small diaphragm. 

A full 3W output of the CO2 laser is required for steps 1 

and 2. 

3. Close down the beam intensity and place the scatterplate 

near the center of curvature of the test mirror and intro

duce enough tilt to the scatterplate. This prevents strong 

back-reflection from reaching the target in the PEV. Such 

back-reflections are caused by the high index of refraction 

of the silicon substrate (see Table 4-1, p. 122). Increase 
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the beam intensity while adjusting the camera to have the 

full aperture of the test mirror with the hotspot in view. 

4. The interference fringe is found by fine adjustment of the 

scatterplate. Increase the beam intensity slowly until 

there are high contrast fringes with a tolerable hotspot. 

This fine adjustment is done through trial and error 

because no visible help is possible unless the substrate 

plate is transparent to visible light. 

Some of the infrared materials are also transparent in visible 

light (e.g., NaCl, ZnSe). But they usually have low indices of refrac

tion. This means we need a very deep etched depth and different chemical 

processes, which might cause some technical difficulties in fabrication. 

As is necessary for any other infrared interferometers, modula

tion becomes a very important part of testing for the use of the PEV 

as a detector. It turns out to be a major problem, especially for the 

infrared scatterplate interferometer, because it is a common path 

interferometer with a "hotspot" and speckly background. The chopping 

mode cannot be used here because it also modulates both the constant 

speckle background and the "hotspot." The "hotspot" causes a "black 

tail" and the portion of the fringe pattern behind the "black tail" will 

be lost. Panning the camera gives us similar problems, and it is 

always convenient not to move the detector while testing. The speckle 

background (or dc signal) can be easily removed by modulating only the 
A 

fringe pattern (ac signal) with the scatterplate itself. As tilting 

and tipping the scatterplate introduce a continuous motion of fringes, 
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a contraction and expansion of the fringes are observed with respect 

to the reference "hotspot" which is not modulated at all. This causes 

a loss of signal along the unmodulated band in the fringes through the 

"hotspot" and there is a loss of fringe contrast in the band as shown 

in Fig. 3-10 in both orientations of the fringe patterns and closed 

fringes. Also observed is a ff-phase reversal of the fringes with 

respect to the zero contrast band. This can be explained qualitatively 

by considering the change of the polarity of the target material in 

the PEV whenever there is a sudden change of temperature in the opposite 

direction. For example, for the chopping mode, the maximum temperature 

change occurs at the peaks and valleys C°r hot and cold regions) of the 

intensity distribution of incident fringes on the target. For the 

panning mode, the maximum rate of temperature change corresponds to the 

maximum slope of the intensity variation of the fringes on the target 

and it occurs at a quarter cycle of the sinusoidal pattern. Therefore, 

the observed fringes are shifted by 1/4 fringe in each direction whenever 

they contract or expand with respect to the reference line. This 

causes an apparent ir-phase shift in the fringes. 

Let us examine the fringe movement introduced by tilt. In 

the cases of contraction and expansion of the fringe motion, we lose a 

half cycle of fringe as shown in Fig. 3-11 since the maximum intensity 

slopes are a quarter cycle on either side of the nonmodulated vertical 

line. Besides this shift, the actual interferograms also show bendings 

of fringes toward the "hotspot" especially in the case of the rotational 

motion of the fringe. This bending is an intrinsic characteristic of 
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Cc) 

Fig. 3-10. Effect of Tilt with Respect to a Hot Spot (or a Reference 
Point). 

(a) Contraction and expansion movement. (b) Rotational 
movement. Cc) Closed fringes showing 180° phase shift in 
each case. 
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the PEV, The locally accumulated charge distribution around the hotspot 

on the target can steer the electron beam to the wrong landing spot 

causing a local distortion around the hotspot with the blooming effect. 

Several methods were attempted to' eliminate the above artifacts. 

First, we introduced a defocus movement to obtain a modulation effect. 

However, the long wavelength requires excessively laTge movements on 

the interferometer with uncomfortably fast motion before any effect of 

modulation is observed. Second, simultaneous random X-Y tilt motions 

seemed to eliminate the apparent zero modulation band at a certain 

frequency of random X-Y tilt. Then, the PEV can average out the fast 

random fringe shift and bending during the integrating period of several 

frames of signal as shown in Fig. 3-12. This effect is not fully under

stood at this point and would require a further investigation of the 

PEV characteristics. In order to estimate the errors caused by the 

above artifacts, a series of FRINGE analyses was done for the interfero-

grams of the mirror taken both at visible and 10.6 um. Due to the half 

cycle loss of fringe, bright fringes were read in one side and dark 

fringes were read on the other side of the zero band. The results show 

reasonably close agreement between the- two interferograms. The spheri

cal aberrations measured are -2.303 X (A. = 0.6328 um) and -0.141 \ 

(X = 10.6 um). 

Similar phenomena of phase shift and loss of fringe were recog

nized later for the case of the IRLUPI and IRPDI as shown in Fig. 3-13. 

Especially for the IRPDI, as we introduce tilt by translating the PDI 

plate laterally, the unmodulated zero contrast band or the zero tilt 
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(c) 

Fig. 3-12. Averaged Nonshifted Fringes with Minimal Local Distortion 
Obtained by Fast Random X-Y Tilt. 

(a) Horizontal, (b) Vertical fringe orientation, (c) 
Interferogram obtained at \ = 0.6328 um for comparison. 



(b) 

Fig. 3-13. Phase Shift Observed for Two Cases, 

(a) IRLUPI. (b) IRPDI. 
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line is also translated accordingly. The difference between IRPDI and 

IRSPI is that the zero tilt line is always inside the field for the 

IRSPI as long as the hotspot (reference beam) is placed inside the . 

aperture. However, it is always easy to introduce tilt in the IRPDI and 

IRLUPI so that the unmodulated pivoting band can be placed outside the 

field. 



CHAPTER 4 

INFRARED COMMON PATH INTERFEROMETERS (SLOPE SENSORS) 

Other types of common-path interferometers are lateral shearing 

interferometers that directly detect the wavefront slopes instead of the 

optical path difference (OPD). The interference is produced by shear

ing one wavefront with respect to the other. This chapter describes 

three methods of obtaining infrared lateral shearing interferometry 

(IRLSI): (1) a germanium plane-parallel plate, (2) a Ronchi ruling, 

and (3) a double gTating lateral shear interferometer. 

A Germanium Plane-Parallel Plate 

One of the simplest lateral shearing interferometers is a plane 

parallel plate devised by Murty (1964) It evolved from the Jamin-type 

interferometer after strong coherent light sources, such as the He-Ne 

laser, became widely available. The enhanced coherence length of the 

light source eliminates the compensation requirement as long as the 

coherence length is longer than the optical path difference (OPD) of 

the two sheared beams. 

A simple geometrical analysis gives us the expressions for OPD 

and lateral shear. Let us consider Snell's law at point A in Fig. 4-1, 

which says, 

sin i = n sin i1 (4-1) 

where i is the tilted angle of the plate, i' is the refracted angle, and 

116 
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Fig. 4-1. Germanium Plane-Parallel Plate LSI. 
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n is the index of refraction of germanium. If the index of refraction 

of the air is assumed to be unity, then the OPD between the two beams 

reflected from the front and back surfaces becomes 

OPD = n(AB + BC) - AD 

= n(2AB) - (2AB sini') sini 

= 2 cosi' Cn " sini' sini3 

=  2  — ( n  -  n  s i n 2 i ' )  
cosi' ^ 1 

- 2nt cosi' 

or 

OPD = 2t(n2 - sin2!)55. (4-2) 

However, a more interesting quantity is the lateral shear distance, A, 

of the two beams 

h = AC cosi 

= (2AB sini') cosi 

(2t \ cosi' / 
COSI 

sini/n = 2t p cosi 
(1 - sin2i/n2)'i 

2 sini cosi = t 

(n2 - sin2!)'2 

t sin2i 

(n2 - sin2!)"1 
C4-3) 
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Figures 4-2a and b show plots of OPD and shear, A, versus i, 

respectively, for several infrared materials of different index of 

refraction at a wavelength of 10.6 urn. It is interesting.that A has a 

maximum A „ at certain angles of incidence, i . and that it decreases max ° max 

as the index of refraction increases. Also, i is shifting toward a 
lUcLX 

smaller angle. A simple first-order derivative of the lateral shear, 

A, with respect to the tilt angle, i, allows us to calculate the A 
max 

and ifflax as shown below. From Eq. (4-3) 

[a] t (2 cos2i) Q^-sin2̂ "* - (sin2i) (-2 sini' cosi)/(n2-sin2i)?s 

3i " -2 • 2-
n^ - sxn^x 

(4-4) 

imax can be found by setting the numerator equal to zero. For con

venience, putting u = cosi and simplifying the equation, we have 

uk + 2(n2-l)u2 - (n2-l) = 0, (4-5) 

which gives us 

imax = cos"1n(n2-l)2 + (n2-l)]'5 - (n2-!)}'* (4-6) 

by choosing the physically meaningful part of the quadratic solutions. 

For example, the index of refraction of germanium is 4.0013 and this 

gives us i„„ = 45.56° and A = 0.254 t. For sodium chloride, which 
max max 

has a relatively low index of refraction of 1.4912, we have i = 
max 

49.26° and A = 0.77 t. 
max 

Sometimes it is desirable to increase the intensity of the 

fringe pattern by coating the front and back surfaces. This will also 
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increase the intensity of secondary reflection and introduce an un

wanted secondary shearing pattern. 

As reflectivity is related to the index of refraction of the 

material and angles involved, let us consider the Fresnel equation, 

especially for the reflectance, Rj^, of the s-polarized light, which 

is given by 

2 

(4-7) 
^ _ [" 1 - n(cosi'/cosi) 
J_ ~ |_1 + n(cosi'/cosi) 

or 

["(l-sin2)*2 - (n2-sin2i)^ 1 

L(l-sin2i)'5 + Cn2-sin2i)i2-

2 

(4-8) 

in terms of index of refraction and angle of incidence only. If we 

have'a plane-parallel plate at a tilt angle of 45° for convenience, then 

r, . j-i - . (4.„ 
-1- Ll + (2n2-l) - -

Table 4-1 shows the values of reflectance given by Eq. (4-9) 

for some infrared materials of different indices of refraction. It is 

clearly shown that for materials of higher index of refraction, the 

reflectance increases up to nearly 50% without any coatings. Therefore, 

the secondary reflections become more significant for materials of 

higher index of refraction. One way of solving this problem is to have 

antireflection coatings on both surfaces or to introduce enough wedge 

to the plate in order to separate the secondary reflection from the 

original interference pattern. A wedged' plate has another advantage, 

especially when the plane-parallel plate is used for checking the beam 
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Table 4-1. Reflectance Values 

Infrared 
material n Cat X=10.6 ym) 

Rĵ  045°) 

CaF2 1.285 4.2% 

NaCl 1.4912 9.0% 

ZnSe 2.404 28.0% 

CdTe 2.6705 32.4% 

Silicon 3.4177 42.4% 

Germanium 4.0013 48.4% 

collimation as was done for the beam-expander inside the infrared 

Twyman-Green interferometer described in Chapter 2. When we are testing 

a nearly collimated beam, the aberrations introduced by the plane-

parallel plate are negligible and the focusing of the lens can be 

achieved when there is only one fringe, either dark or bright, within 

the overlapped area of the two sheared apertures. The wedged plate can 

be used to judge the beam collimation by looking at the orientation of 

the Fizeau fringes. First, orient the wedged plate perpendicular to 

the beam until there is no lateral shear. However, we still have 

Fizeau-type fringes caused by the optical path difference, OPD_, 

at the edge of the pupil due to the wedge angle, e, as shown in Fig. 4-3 

0PD_ = 2ney. (4-10) 

For example, if we want to have, say, five Fizeau fringes in the field 

using a 50-mm diameter plate, the wedge angle needed is 
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Fig. 4-3. Wedged Plate. 

5X 5 x 10.6 x 10"3 nun 
2n(2r) 2 x 4.0013 x 50 mm 

= 0.5 arc min.(4-11) 

Now rotate the plate in its own plane (z axis) until the Fizeau fringes 

are horizontal, then turn the plate about the vertical axis (x axis) so 

that a lateral shear occurs at about 45°. As will be shown analytically, 

if the lens is not exactly at the focusing position, the interference 

fringes caused by the wedge angle and shear with defocus will not be 

horizontal anymore but will be included. In a lateral shear inter

ferometer, the wavefront to be tested, W(x,y), is interfered with a 

shifted version of itself. Therefore, the bright fringes are obtained 

whenever 

W(x + A/2, y) - W ( x  - A/2, y) = mA. (4-12) 

where m is an integer, and assuming the lateral shear, A, is achieved 

in the x direction by shifting both wavefronts by A/2 in opposite direc

tions. A mathematical manipulation can be done by regarding Eq. (4-12) 
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as the average of the wavefront slope over the shear distance times the 

shear distance. Then, Eq. C4-12) can be written as 

3W(x,y) 
3x Avg. 

over 
A 

A = raA.. C4-13) 

If there is some defocus in the wavefront such that we expect certain 

optical path difference, D, at the edge of the pupil, then the wavefront 

can be written in terms of the normalized pupil coordinates as 

W(x,y) = (x2+y2) 
t-2 

(4-14) 

The optical path difference, OPD^, due to the defocus and shear 

is given by Eqs. (4-12) or (4-13) and (4-14) 

OPD. = — '(* * f)2 - (* - jf 

[2xA]• (4-15) 

Therefore, the total OPD will be the sum of 0PD_ and OPD 

OPD OPD + OPD, 
e A 

= 2ney + 2xA. (4-i6) 

If we neglect the constant phase difference between the two inter

fering beams, bright fringes will be obtained whenever 
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2ney + — 2xA = mA (4-17) 
r2 

where m is a certain integer. 

It is also interesting to find out the relationship between the 

slopes of the fringes and the amount of defocus. The slope of the 

fringes, a, is defined and calculated from Eq. (4-17) 

C4-1.) 
ner1' 

Therefore, the accuracy of measurement of the defocus depends upon the 

accuracy of fringe rotation measurement. In Fig. 4-4 interferograms 

are shown for a germanium lens of 25-mm diameter and 25-mm focal length 

through focus. 

The above fringe analysis leads us to establish a general rela

tionship for the numbers of fringes in a literal shear interferometer 

(wavefront slope measuring interferometer) and a Twyman-Green inter

ferometer (wavefront measuring interferometer) for defocus and third 

order spherical aberration, respectively. For simplicity, let us 

consider a shear in the x-direction only using Eqs. (4-12). For defocus, 

we have bright fringes from Eq. (4-15) whenever 

\ 2 "  D mA = — 
r2 

MM*-1)2 

D -> A = — 2xA 
r2 

• :HH) • t4-19' 
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Fig. 4-4. Interferograms of F/1.3 Ge Lens Obtained by Ge Plane-Parallel 
Interferometer. 

(a) At focus, (b) With defocus. 



For spherical aberration only, Eq. (4-24) says 

•* " s[(x * t)* ' (x' *T] 

= s|4x3A + XA3J 

- SIC*[4(I) * x(l)3] 

" sx"[4 (I)] 

for small shear. Therefore, if the relative shear, &/x, is very small, 

we have 

«? fringes in LSI , _ w ... _ , 2 - (max. power of x) (ratio of shear 
# fringes in T-G distance to pupil 

radius). 

(4-21) 

Ronchi Ruling 

Lateral shearing interferometry based on diffraction has been 

popular since Ronchi (1923, 1964) introduced the grating interferometer. 

The Ronchi test is one of the simplest and least expensive testing meth

ods available in the optical shop. The Ronchi ruling can be thought of 

as multiple knife edges that produce several shadow boundaries. Figure 

4-5 is a schematic of a Ronchi te-st for a germanium lens with the ruling 

placed in the beam a distance s from the paraxial focus. As the ruling 

passes through the beam, a series of shadows is seen for different 

zones of the pupil corresponding to each line of the Ronchi ruling. 

The shadow boundaries are not sharp owing to the diffraction. 
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Fig. 4-5. Infrared Ronchi Ruling Test. 
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A geometrical analysis of the wavefront tested will give us 

expressions for the Ronchigrams. Suppose the rulings make an angle a 

with respect to the x axis. If we let d be the ruling spacing, then 

the equation for the mth shadow boundaries is • 

md = -e sina + e cosa 
x y 

(R 3W\ . /R aw\ 
If t x ) sinct -(r a7)coso' C4"22) 

where R is the radius of the wavefront, r is the geometrical pupil 

radius, and e and e are transverse aberrations in the x and y direc-
x y 

tions respectively as shown in Fig. 4-6. 

First, consider a perfect wavefront with defocus only. Then 

the wavefront can be written as 

2 
W(x,y) = e — (x2+y2) = — (x2+y2), (4-23) 

Z 2R2 r2 

where e is longitudinal aberration and D is the amount of defocus. 

From Eqs. (4-22) and (4-23) 

£zr 
md = (x sina - y cosa). (4-24) 

This is the equation for the straight lines of equal spacing that are 

parallel to the-ruling slits. The number of lines in the field depends 

upon the distance between the Ronchi ruling and the focus. If the wave-

front has third order spherical aberration, S, with defocus, then 

t  r 2  

W(x,y) = 3(x2+y2)2 +——(x2+y2). (4-2S) 
2R2 
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From Eqs. (4-22) and (4-25) 

e_r 
md =» £ 4 r S(x2+y2)x + —J sinoi 

- J4 B. S(x2+y2)y + —• yj cosa. (4-26) 

For simplicity, let us orient the ruling in the x direction to have 

a = 90°. Then Eq. (4-26) becomes 

£ T 
md = 4 § S(x2+y2)x + -4- x. (4-27) 

IT K 

The lines are cubic in the x coordinates and the Ronchi pattern without 

defocusing is exactly the same as the Twyman-Green interferogram for 

coma. Also, defocus in the Ronchi test is equivalent to tilt in the 

Twyman-Green interferogram due to the characteristics of wavefront 

slope measurement of the Ronchi test. However, the Ronchigram of coma 

should be analyzed in both the x and y directions due to the asymmetry 

of coma. The wavefront of coma, C, with defocus is written as 

S1"2 
W(x,y) = Cyo(x2+y2)y + (x2+y2). (4-28) 

2R2 

If the ruling is parallel to the x axis then 

s  v  
md = - i Cy0 (x2+3y2) y ,  (4-29) 

which is the equation for an ellipse. If the ruling is parallel to the 

y axis, then 

2R Sr 
md = — Cy0xy * -g- x, (4-30) 
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which is the equation for a hyperbola. The patterns are identical to 

those of a Twyman-Green interferogram for astigmatism with defocus. 

The Ronchi test for astigmatism needs extra attention as will 

be shown below. The wavefront of astigmatism, A, with defocus is 

written by 
£ r2 

W(x,y) = Ay02y2 + (x2- 2̂). (4-31) 
2R2 

It is important that the ruling must not be parallel to either the 

tangential or the sagittal plane while making the measurement. If the 

ruling is parallel to either the y or the x axis, the equations for the 

fringes become 

ezr 
md = -jj-x 

or 

2R o 
md = - — Ay02 " —/• (4-32) 

Both equations are for straight lines and the astigmatic wavefront 

cannot be distinguished from a defocus in the wavefront. With 

the ruling slits at an angle a to the x axis, 

ron e r 
, z 2R „ ? z md = —— x si net ' • - Ay02 + y cosa (4-33) 

from Eq's. (4-22) and (4-31). The inclined angle of the fringes changes 

as the ruling is moved along the axis for various amounts of defocus. 

The desirable line spacing, d, of the ruling is determined by 

the tested beam aperture ratio, or f-number, F, and the probing wave

length, X, because the Ronchi ruling can be considered as a diffraction 
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grating to create multiple images of the surface being tested. There 

are generally two types of rulings for practical purposes: coarse 

rulings and finer rulings. If the gratings are coarse, the multiple 

images of different diffracted orders will lie very close together as 

shown in Fig. 4-7a. These almost exactly overlapped images will cause 

only a slight perturbation of the shadow boundaries. For high-frequency 

gratings, the various diffracted images of the surface under test will 

be clearly separated and distinguished. For the intermediate rulings, 

we have certain overlap of various images of the test surface, and the 

resultant Ronchigrams become very difficult to analyze. 

Let us consider a grating with a line spacing of d and place it 

in the converging beam of wavelength X and cone angle 2'u as shown in 

Fig. 4-7b. The equation for a diffraction grating says that the dif

fracted angle of the central rays in the first orders is given by 

sinQ = ^ 

or 

8 * 3 -  ( 4 - 3 4 )  

for the small angle approximation. 

The cone angle of the test beam is given by 

-> D 
= f 

or 

2u = i (4-35) 

where D is the diameter of the pupil, f is the focal length of the test 



(a) 

Ronch i Rul i  rig 
of spacing d 

defocus 

(b) 

Fig. 4-7. Geometry of Diffracted Wavefronts by Ronchi Ruling. 

(a) Overlapping of wavefronts of various diffracted 
orders for coarse ruling (exaggerated). (b) Ruling 
spacing and cone angle of test beam. 
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optic, and F-number, F, is defined by the aperture ratio to the focal 

length. 

Let us try to define the boundaries for the coarse and fine 

Ronchi rulings. First, for the Ronchigrams of finer gratings, we would 

like to choose the line spacing, d, of the ruling such that a shear of 

at least 30% of the aperture diameter can be obtained between the dif

ferent orders to avoid the overlapping of the two first orders. In 

Fig. 4-7b it is clear that we should have 

"0 > u (4-36) 

to satisfy the above condition. From Eqs. (4-34) through (4-36) 

d s: 2XF. ' (4-37) 

Also, there is a lower limit for d to have any physical overlapping at 

all between adjacent orders. This requires 

9 < 2u (4-38) 

or 

XF s: d. (4-39) 

Therefore from Eqs. (4-37) and (4-39) we have 

XF £ d < 2XF, (4-40) 

which can be regarded as the range for high-frequency Ronchi rulings. 

For coarse rulings the spacing has to be much larger, say, 10 times 
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the upper limit of Eq. (4-40) 

d » 2QXF• (4-41) 

Both amplitude and phase rulings were fabricated for coarse and 

fine Ronchi: rulings, respectively. As shown in Fig. 4-Sa, a coarse 

amplitude ruling was made by placing thin Mylar strips on a 25-mm 

diameter ring adaptor with 2-mm spacing in order to test a germanium 

lens with a clear aperture of 20 mm and a focal length of 38 mm (i.e., 

F = 1.9). The lens is known to have a spherical aberration of 1 X. 

However, Eq. (4-27) predicts that the resultant interferogram deviates 

from the straight lines by X/6 as shown in Fig. 4-8b. This shows us 

the extremely•low sensitivity of this test at longer wavelengths. 

A phase ruling was made as a fine grating on a thin silicon 

substrate using photoresist as masking material. The exposure can be 

done either holographically with an argon laser or by direct contact 

printing a conventional amplitude grating of the desired spacing with a 

UV light source. A similar technique described in Chapter 2 for the 

fabrication of an infrared computer-generated hologram was used for 

the development of the photoresist and the subsequent chemical etching 

of the silicon for the final phase grating structure. 

A germanium lens of 25-mm diameter and 127-mm focal length was 

tested. From Eq. (4-40) the grating spacing has to be 

(10.6 ym)-5 s d £ 2-(10,6 ym) •5 
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Ca) Cb) 

Fig. 4-8. Coarse Ronchi Ruling and Interferogram of f/1.9 Germanium 
Lens. 

(a) Ronchi ruling, (b) Interferogram. 
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or 

53 pm i d s 106 um (4-42) 

and the grating has 13 lines/mm (d = 76 um). 

Figure 4-9 shows a series of phase Ronchigrams through focus. 

The characteristic 180° phase reversal in the phase Ronchigram is 

clearly shown. These rulings are simple to fabricate and use, but 

some of the problems associated with the standard Ronchi test can be 

seen, such as the diffraction effects and the lack of sensitivity for 

testing diffraction-limited optical systems. This extremely low sen

sitivity at the longer wavelengths raises a question about the practical 

usage of this test except for academic interest unless the wavefront 

is severely aberrated. Also, any strong thermal sources can be used as 

a light source because there is essentially no requirement for the OPD 

matching. 

Double-Grating Lateral Shear Interferometer 

Another way of obtaining a shearing interferogram is to make 

two separate gratings of the same line frequency and rotate them with 

respect to one another for variable shear as shown in Fig. 4-10. In 

this case, the grating spacing has to be small enough to separate the 

different orders of diffracted wavefronts which are given by 

d < XF. (4-43) 

For the test of a germanium lens of 2.5-mm diameter and 127-mm focal 

length, phase gratings of 40 lines/mm (or d = 25 um) were fabricated 
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(c) (d) 

Fig. 4-9. Ronchigrams of f/5 Germanium Lens through Focus. 
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Fig. 4-10. Overlapping Geometry of Two Laterally Shifted Beams. 



• 141 

using the same technique described previously. The results are shown 

in Fig. 4-11. The mathematical analysis of interferograms by the 

lateral shearing interferometers is the same as that given for the 

Ronchigrams. It is a matter of taking an average partial derivative 

over the shear distance or taking an instantaneous partial derivative 

respectively. In other words, the equations for the shadow boundaries 

of the Ronchi test also describe the fringe equations for the lateral 

shear interferometer test. Also, the lateral shear interferometer 

measures the slope of the wavefronts only in the shear direction. 

Therefore, we need two interferograms in two different directions (pref

erably orthogonal) in order to test a nonsymmetrical wavefront. The 

fringe analysis is essentially the same as that for the previous 

Ronchi test and plane-parallel'plate interferograms. The requirement 

for the light source is the same for any common-path grating inter

ferometer. The relationship between the amount of shear and the angu

lar rotation of the diffraction gratings can be obtained with the help 

of Fig. 4-10 assuming that the angular rotation is introduced by 

rotating each grating an angle a/2 in opposite directions 

percentage shear = ^ - -jj 2i sin y 

= 2 tan6 sin ̂  

= 2F tan0 sin j . (4-44) 

Another interesting problem of double-grating interferometry 

is the effect of the small separation, 5, between two gratings on the 

fringes as was shown by Rimmer and Wyant (1975). Each grating diffracts 



Fig. 4-11. Interferograms of f/5 Germanium Lens Obtained by Double-
Grating LSI through Focus. 



parts of the light so that the two beams appear to be coming from dif

ferent points. The apparent displacement of these two beams will intro

duce some tilt and rotation in the fringe patterns. 



CHAPTER 5 

CONCLUSIONS AND FUTURE INVESTIGATIONS 

We have described various types of infrared interferometers, 

many of which have been adapted from useful conventional interferometers. 

Our practical experiences with infrared interferometric systems have 

shown that they have several advantages over conventional methods. In 

particular, they are effective for the testing of (1) IR transmitting 

optics, (2) rough surface optics during the early fabrication stage when 

high accuracy is not a necessity, (3) beam quality of high-energy sys

tems at the point imaging plane, and (4) deep aspherics. 

However, certain problems exist that are attributable to the 

nature of the infrared light source and the detector; for example: CI) 

the invisibility of infrared radiation makes alignment difficult in 

some interferometers, and (2) the low spatial resolution of the thermal 

detector and the enhanced effect of diffraction at long wavelengths give 

us poorer definition of the image of the exit pupil of the test object 

as compared to the visible images. 

There have been many advances in the areas of infrared optics 

and technology since this project was started a few years ago. We hope 

that some of the problems will be eliminated and that better perform

ance with more varieties of infrared interferometry can be expected on 

the basis of the work in this dissertation and others in the future. 

144 
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Future Investigations 

There are several aspects of infrared interferometric systems 

that should be improved and extended. Some of them can be categorized 

as follows. 

Waveguide CO2 Laser 

Very recently a waveguide CO2 laser was developed by Laakmann 

Electro-Optics, Inc. for various output powers (1 W to 25 W). It 

employs the RF excitation method. The physical dimension of the laser 

head is significantly reduced (^25 cm long) compared to the Sylvania 

model 941 series O50 cm long). No extra cooling mechanism is necessary 

for an output of a few watts. This reduces the overall size of the 

interferometer and allows us to design and construct more compact and 

sturdier systems. It also has other similar features as described for 

the Sylvania CO2 laser in Chapter 2. 

A Safety Shutter for the PEV 

Operating a sensitive and expensive pyroelectric vidicon (PEV) 

always involves the sudden danger of overexposing or burning the target 

crystal film in the tube. Therefore, it is desirable to have an auto

matic safety shutter system that will quickly block the high incident 

energy. It is necessary to place a sensor near the target to measure 

the incident intensity distribution. A most probable candidate for the 

sensor is vanadium dioxide (VO2). Although its physical properties are 

still under study (Hemphill et al., 1980), it is known to have a phase 

transition from semiconductor to metal near 65°C at which it becomes 
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totally reflective against incident radiation. If we properly install 

a thermal reservoir around the vanadium oxide plate at certain tempera

tures under 65°C, a sudden increase of incident energy will raise the 

temperature of the sensor above its transition temperature. This makes 

the vanadium oxide plate an instantaneous shutter. 

Heterodyne Infrared Interferometry 

The heterodyne interferometer, or fringe scanning interferometer 

(Crane, 1969; Bruning et al., 1974) is becoming one of the standard 

features of modern interferometry. It can provide highly accurate data 

at extremely fast rates, and is therefore very useful for obtaining a 

sufficient amount of data in a short time to average out the effects of 

vibration and air turbulence. The phase measuring electronics have been 

well known for a long time, and the handling of enormous amounts of 

information can be achieved by computer interfacing. Introducing a 

small constant frequency difference between the two interfering beams 

can be done in several ways (Wyant, 1975; Sommargren, 1975). 

The phase difference is measured by using either a linear array 

detector or a combination of stationary and scanning point detectors in 

the interference plane. Let us consider the irradiance of the inter

ference patte-rn from a LUPI that is temporally modulated 

I(x,y;t) = |UQ(x,y) + Ur(x,y;t)|2 (5-1) 

where 

U0tx,y) = a aik2*tx,y) 

and 

UrCx,y;t) = b ,U!c2f+Ct)] (5.2, 
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represent the amplitude distributions of the object and reference wave-

fronts, respectively. IV(x,y) is the test wavefront to be measured, and 

<Kt) is the temporal modulation in the reference beam. The factor 2 

accounts for the double pass of the beams in the LUPI, and I is the 

arbitrary constant optical path distance between the beamsplitter and 

the reference beam. Then 

I(x,y;t) = a2 + b2 + 2ab cos(2[W(x,y) - Z] - 4>C0}-
(5-3) 

Depending upon the type of temporal modulation, Kt), there are basi

cally two heterodyning schemes. (1) Digital interferometry. This tech

nique was developed by Bell Labs and Tropel (Bruning et al., 1974), and 

the phase is modulated by a staircase. The irradiance on each pixel is 

read and stored at each step by a two-dimensional scan. (2) Continuous 

phase modulation by frequency shift (Crane, 1969). 

The most common method for modulating the phase is to dither 

the reference mirror using a piezoelectric crystal. For infrared inter

ferometry, the mirror must be translated a substantial distance due to 

the longer wavelength used. Recently, a piezoelectric translater with 

a dynamic range of ̂ 10 ym was made available. Also, various linear 

array infrared detectors can replace the expensive PEV to convert the 

DC IRLUPI into an AC IRLUPI. 

Real-Time Interferogram Analysis 

Another desirable feature of interferometry is the capability 

of analyzing interferograms quickly and accurately on a real-time basis. 
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Currently, a video interferogram analysis system is being developed by 

IVomack et al. (1979) at the Optical Sciences Center, The University of 

Arizona. The ultimate goal is to automatically locate the center of 

fringes of both "live" and photographically recorded interferograms. 

Then the interfaced FRINGE program written by Loomis (1976) calculates 

various important parameters with graphic optics. 

Infrared Holography 

Much work has been published in recent years on the principles 

and applications of holography using wavelengths in the visible spectrum. 

However, infrared holography using longer wavelength devices such as the 

10.6 jam CO2 laser has potential advantages for certain applications. 

Among them are (1) an increased sensitivity for measuring the electron 

density in plasma directly by interferometry (Forman, Humphries, and 

Peterson, 1973), (2) the use of infrared holographic elements (IRHOE) 

for beam shaping of high energy laser systems or material processing 

such as cutting and soldering (Gallagher and Sweeney, 1979). Bismuth 

films, wax, gelatin films, acrylic materials, and thin plastic films 

can be used as a thin film recording material on suitable substrates. 

Figure 5-1 shows a hologram reconstructed with He-Ne laser light. The 

hologram is recorded with a 3-W CO2 laser onto a thin "Takiwax" film on 

a glass substrate. The line frequency is 10 lines/mm and the diffrac

tion efficiency is measured to be 1.2%. The IRHOE can also be con

structed at visible wavelengths by using photoresist as a recording 

medium coated on the proper infrared transmitting substrates. An 
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Fig. 5-1. Infrared Hologram Recorded on Takiwax Film at 10.6 ym and 
Reconstructed by a He-Ne Laser. 

inexpensive wire grid polarizer with a frequency of a few hundred lines 

per millimeter can be fabricated holographically. 

Infrared Electronic Speckle Pattern Interferometry (IRESPI) 

Electronic speckle pattern interferometry (ESPI) is useful for 

measuring vibration and displacement of test materials (Butters and 

Leendertz, 1971; Pederson, L'dkberg, and Forre, 1974). The reduced 

sensitivity of longer wavelengths allows observation of much larger dis

placements, vibrations, or deformations compared to similar experiments 

in the visible spectrum. Figure 5-2 shows the IRESPI testing the vibra

tion of a thin metal plate. Currently, the interpretation of readings 
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Fig. 5-2. IRESPI Testing Vibration of a Thin Metal Plate, 

by the PEV is not clearly understood for this experiment nor for the 

interferograms of the infrared scatterplate interferometer (IRSPI) 

described in Chapter 3. This problem is a very important a'id challeng

ing topic and must be solved if infrared interferometric systems are to 

find ever-increasing use in the future. 



APPENDIX A 

ZERNIKE POLYNOMIAL EXPANSION OF ASPHERIC 

DEPARTURE OF AN OFF-AXIS SEGMENT 

The general form for the expansion of a wavefront in Zernike 

polynomials is 
k n 

W ( p , 6 )  = 1 1  A  m U  m ( p ,  c o s m e ,  s i n m S )  ( A - l )  
n=0 m=0 

where p = (x +y ) , and A^ is an expansion coefficient. The first few 

Zernike polynomials Unm(p, cosmG, sinmO) can be written as 

II 

o
 o
 

:z
> 

1 

U!1 = p cos9 = x 

ur1 = p sine = y 

U22 - p2 cos2e = x2 - y2 

U2"2 = p2 sin2e = 2xy 

U31 = (3p2-2)p cose = 3x3 + 3xy2 - 2x 

U3"1 = (3p2-2)p sine = 3x2y + 3y3 • - 2y 

II 

0
 3-0 (6p't-6p2+l) = 6x4 + 12x2y2 + 6ylf 

• • (A-2) 

From Eq. (2-53) the departure or sag over the off-axis segment 

of aperture radius a' is 

151 
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Az 
K 

[(a'x'+g)2 + (a'y'+h)2]2 

8r 3 

= [a1 2x'2 + 2a'gx' + g2 + a' 2y' 2 + 2a'hy + h2]2 

8r3 

= —— [a'^x'^ + a,1+y,1+ + 4a' 3gx' 3 + 4a,3hy'3 

8r3 

+ 6a'2g2x2 + 2a,2h2x'2 + 6a'2h2y'2 

+ 2a ,2g2y'2 + 2a ,ltx'2y'2 + 4a'3hx'2y' 

+ 4a'3gx'y'2 + 8a'2ghx'y' + 4a'g3x' + 4a'gh2x' 

+ 4a'g2hy' + 4a'h3y' + Cg2+h2)2] 

= —— [a' ̂(x' ̂+y' + 4a'3(gx'3+hy'3) 
8r3 

+ 6a'2(g2x2+h2y'2) + 2a'2(h2x'2+g2y'2) 

+ 2a'Hx'2y'2 + 4a'3(hx'2y'+gx'y'2) 

+ 8a'2x'y' + 4a'(g3x'+h3y') + 4a'(gh2x'+g2hy') 

+ (g2+h2)2]. (A-3) 

By coupling Eqs. (A-l) and (A-2) 

Az = aH°Ui*° + a3'U3' + aa"1̂ "1 + a22U22 + a2uU20 

+ a2"2Uz"2 + a^Ui1 + ai"^!-1 (A-4) 

where 
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„ 0 Ka' ** ait = 
48r3 

- 1 <a1 3h 
a 3 

6r3 

as1 = JSLk 

6r3 

„ -2 _ Ka'2gh 
2 - — 

2r3 

0 _ <[4a'2(g2+h2) + a'1* 
a2 -

16r3 

2 .. Ka'2(g2-h2) 
2 ~ , 

4r3 

-1 _ k[3a'(h3+g2h) + 2 a ' 3h] ai = 

6r3 

„ 1 _ K [3a'(g3+gh2) + 2a'3g] 
al 

6r3 

n 0 _ i<[3Cg2+h2)2 + 6a'2(g2+h2) + a,lf] r 
aQ _ . LA-a J 

24 r3 

Let us examine the roles of the coefficients a ~ in aspheric departure. 

4* i 
The magnitude of a^ represents the amount of tilt by which the vertex 

reference sphere must be tilted to best match the off-axis segment. 

—1c 
All a^ listed above are half of the peak-to-valley error of the corre

sponding departures from the best fit sphere except for the spherical 

aberration term, a4°, as shown in Fig. A-2, p. 159. The a2° term repre

sents defocus in the departure and it can be removed by redefining or 
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changing the radius of the reference sphere. From Eq. (2-36) the sag 

between two spheres (k = -1) is obtained as 

4Z . 4^ 

therefore, 

Az = — Ar = 2a2° (A.-6) 
2r2 

4r . - a2» = litiliiSli . (A.7) 
a' 2 

4* n 
The a2r term shows astigmatism in both tangential and sagittal direc

tions. If we make the surface toric, this term can be removed by 

similar analysis for the a2° term. The sag between the two radiii of 

each direction gives 

Azst = zCrs> -.zCrt3 

ai2 at2 a t 2  T t  ~  rc 

2rs 2rt ~ 2 rsrt 

f 2 4-
a — Ar1 = 2a2~2. (A-8) 

2r2 

Therefore, the difference in radii is 

4r2 ± (gh/r 
Ar' = —- (a2 ) = <> . (A-9) 

a'2 (g2-h2/r 

The comatic term as*1 is directly proportional to the cube of the aper

ture of the off-axis segment and is linearly proportional to the off-

axis distance. This term can be removed by polishing the "S"-shaped 

high and low parts of the surface. The last a4° term represents the 

spherical aberration left after shifting, tilting, and defocus are 

removed from the sag. It has a maximum range of 1.5 ai*° = 1.5 

(<a' V48r3) = (a'V32r3). 
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Let us consider an off-axis parabolic mirror under fabrication 

which has the following parameters 

r = 1280.2 cm 

g = 101.6 cm, 

h = 0 

a' = 71.1 cm (A-10) 

ik 
The values of a^ are then given from Eq. (A-5) 

ai 1  = =  2 .  , 268  X 10" 2  cm 

a 2
2  = =  6  .033  X 10" 3  cm 

a 2 °  = = 6 .  .795  X 10" 3  cm 

a 3 1  = =  2 ,  ,860  X 10" 3  cm 

a i j 0  = =  2 .  ,543  X 10" k cm.  

As shown above, tilt is the dominant factor in the sag of the off-axis 

segment. From Eq. (A-7) the radius of curvature after correction of 

defocus is changed to 

r. . • i280.2 » 

= 1280.2 + 12.0 = 1292.2 cm. (A-ll) 

This radius will then set the absolute radius of the toric. It is in

teresting to verify the result in Eq. (A-ll) by applying differential 

geometry in order to determine the center of curvature and the radius of 

curvature of the new reference sphere at the center of the off-axis 

segment. 
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Figure A-la shows the geometry of a curve with its center of 

curvature. The coordinate of the center of curvature on the point 

M(xi,yi) can be written 

(dz/dx)[1 + (dz/dx)2]2 
xc = *1 " 

d2y/dx2 
(xi.zi) 

Zl + [1 + (dz/dx)2] 

d2z/dx2 
(A-12) 

(xi.Zi) 

where the equation for the parabola in the x-z coordinate system can be 

written from Eq. (2-34) as shown in Fig. A-lb 

then, 

z = 

dz 
dx 

1 2 
x 

2r 

z_ 
r 

and 
dz 

dx2 

1_ 
r 

Thus the radius of curvature is given by 

(A-13) 

(A-14) 

R2 = ( x c - * l ) z  +  ( z c - z i ) '  

Cxi.zi) 

= X 

= r' 

*WY • 4 * W] Cxij 21) 

( X l 3 Z i )  

(A-15) 

If we substitute the values for the parameters into Eq. (A-15) 



157 

normal 

tangen t 

(a) 

z 

new ref. sphere 

Parabola 

0' ((g 2+h 2) 2, (g 2+h 2) 

2 +  h2ji 0 

(b) 

Fig. A- 1. Differential Geometry for Finding a Center of Curvature. 

(a) For an arbitrary curve. (b) For an off-axis segment 
centered at 0'. 
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R = r t * GT 
f1280-2' I1 * (toto)2] 

3/2 
= 1292.3 cm, (A-16) 

which agrees very closely to the value in Eq. (A-ll). Figure A-2 

illustrates the coefficients of the Zernike polynomials (Parks, 1972). 



Fig. A-2. Coefficients of the Zernike Polynomials 



Ul 1  = p sin8 = y U2
2  = p2  cos20 = x2  -  y2  

t.o 

i.O 

>r.-

(c) 

/.o 

•I.O 

j 

Fig. A-2. (Continued) Coefficients of the Zernike Polynomials. 



U2 2 = p2 sin20 = 2xy u31 = (3p3-2p) cos0 = 3x3 + 3xy2 - 2x 
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Pig- A-2. (Continued) Coefficients of the Zernike Polynomials. o\ 
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