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Preface

Since the publication of the second edition of this book, many important advances
have taken place in the field of optical testing. On one hand, the requirements for
faster and more precise tests are stronger than ever; on the other hand, the new
technological tools permit us to do these tasks much better than before. The need to
describe these advances in this book would lead us to a thicker and hence more
expensive book. This was not compatible with our desire to keep the price as low as
possible, and therefore several new things had to be done. One of them was to reduce
the description of some of the most mathematical sections in the book so as leaving
space for some more applied subjects. Another modification was to reduce as much
as possible the number of references at the end of each chapter, leaving only the most
relevant ones. To compensate it, a CD with the complete and almost exhaustive list of
references is included in the book. Another advantage of this is that the full list of
references is properly classified by topics or its possible applications. Since many
publications may have two, three or more subjects, it is included in each of these
sections. For example, a publication may describe a test that is useful for testing flats,
spheres, and prisms, In that case, this publication is present in all of these sections. A
reader with a particular optical tests need, may find some help by using this reference
list in PDF format. The list of publications in optical testing is so large that it is
impossible to expect that no important reference is missing. If so, the Editor
apologizes for overlooking any important reference. Of course the list may be
updated every one or two years.

In the CD, which is included in the book, the reader will also find two programs for
Windows, which may be useful when teaching or working in optical testing. One of
these programs displays on the screen of the computer some of the most common
interferogram types, test patterns, or transverse or wave aberration functions. These
images as well as their associated numerical results can be saved in computer files.
The other program helps in the design of phase shifting algorithms with the desired
properties by using its Fourier mathematical representation.

Some classic chapters where no important recent advances have taken place
remain almost the same, but most chapters are substantially modified, updated and
enlarged, describing the most important new developments.

In the process of revising the book many important people have contributed, for
example, the highly important work of authors of each chapter. A book like this
would have been absolutely impossible without their fundamental contributions. The
Editor is deeply thankful to all of them. Also, many other people, colleagues, and

Xvii
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friends contributed with many constructive criticisms and suggestions and some
times with hard work, preparing figures, or collecting references. The help of my
secretary Marisa and my student Armando GOomez has been extremely useful.
Finally, I cannot conclude without acknowledging the support and encouragement
of my wife Isabel and all my family with whom I am indebted and grateful.

DANIEL MALACARA
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1

Newton, Fizeau, and Haidinger
Interferometers

M. V. Mantravadi and D. Malacara

1.1. INTRODUCTION

This chapter has been updated by the second author; it includes much of the material
from the previous version of the book. Newton, Fizeau, and Haidinger interferom-
eters are among the simplest and most powerful tools available to a working optician.
With very little effort, these interferometers can be set up in an optical workshop for
routine testing of optical components to an accuracy of a fraction of the wavelength
of light. Even though these instruments are simple in application and interpretation,
the physical principles underlying them involve a certain appreciation and applica-
tion of physical optics. In this chapter, we examine the various aspects of these
interferometers and also consider the recent application of laser sources to them. The
absolute testing of flats will also be considered in this chapter.

1.2. NEWTON INTERFEROMETER

We will take the liberty of calling any arrangement of two surfaces in contact
illuminated by a monochromatic source of light a Newton interferometer. Thus,
the familiar setup to obtain Newton rings in the college physical optics experiment is
also a Newton interferometer; the only difference being the large air gap as one
moves away from the point of contact, as seen in Figure 1.1. Because of this, it is
sometimes necessary to view these Newton rings through a magnifier or even a low-
power microscope. In the optical workshop, we are generally concerned that an
optical flat, one being fabricated, is matching the accurate surface of another
reference flat or that a curved spherical surface is matching the correspondingly
opposite curved spherical master surface. Under these conditions, the air gap is
seldom more than a few wavelengths of light in thickness. In the various forms of the

Optical Shop Testing, Third Edition Edited by Daniel Malacara
Copyright © 2007 John Wiley & Sons, Inc.
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Observing
eye

- Magnifier focused
7 on the air gap

Monochromatic
extended
light source

|
Air N Convex surface
gap plane surface

FIGURE 1.1. Illustration of the setup for Newton rings. A plano-convex lens of about 1 or 2 m in focal
length is placed with its convex surface in contact with the plano surface of an optical flat and illuminated by
monochromatic light.

Beam
divider

Newton interferometer, we are mainly interested in determining the nonuniformity of
this air gap thickness by observing and interpreting Newton fringes. A simple way to
observe these Newton fringes is illustrated in Figure 1.2. Any light source such as a
sodium vapor lamp, low-pressure mercury vapor lamp, or helium discharge lamp can
be used in the setup. Under certain situations, even an ordinary tungsten lamp can
serve this purpose.

Let us first see what happens when two perfect optical flats are placed one
over the other with only a thin air gap between them as illustrated in Figure 1.3.
The surfaces are not exactly parallel, so that the air gap is thinner on the left than on
the right. Generally this separation is not zero at any place, unless the surfaces are
extremely clean, and one presses very hard to get them in close contact. Hence, we
may imagine that the two planes are projected backward, as shown in Figure 1.3, and
they meet at a line of intersection. Let the monochromatic light of wavelength A be
incident on the optical flat combination having an angle o between them, almost
normally. If the air gap is x at a given point, the two reflected rays will have an
optical path difference (OPD) equal to 2x. One of the reflected rays is reflected
internally on one of the surfaces, while the other is reflected externally. We know
that in dielectrics, like glass, one of these two reflected rays, and only one of them,
has a phase change by 180°. In this case it is the reflected ray on the bottom surface
which will have this phase change. Thus, the phase difference between the two
reflected rays will produce a dark fringe when the optical path difference is an
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Monochromatic
'''''''''''''''''''''''''' extended
Ll light source
Observing Beam
eye divider
% % Collimator
ar N X

N N

FIGURE 1.2. A simple arrangement to observe the Newton fringes in the optical workshop. With this
arrangement plane and long radius spherical surfaces can be tested.

integer multiple of the wavelength. We may easily conclude that if the separation x is
zero, there is a dark fringe.
Hence the dark fringes may be represented by

20x = n4, (1.1)

where n is an integer, and the bright fringes may be represented by

2ax+%:n/l. (1.2)
Each of these equations represents a system of equally spaced straight fringes, and
the distance d between two consecutive bright or dark fringes is

A
d= T (1.3)
Thus the appearance of the fringes is as shown in Figure 1.3, when two good optical
flats are put in contact with each other, forming a small air wedge, and are viewed in
monochromatic light.

Now let us see what the appearance of Newton fringes is when one surface is
optically flat while the other surface is not. Several situations are possible and in fact
occur in actual practice. When one starts making a surface a plane, it does not turn out
to be a plane on the first try; probably it becomes spherical with a long radius of
curvature. It is necessary to test the surface from time to time with a reference flat to
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Line of intersection

of the air wedge
me=a
Air
gap

Phase difference
T ar

FIGURE 1.3. The principle of the formation of straight, equally spaced fringes between two optically
plane surfaces when the air gap is in the form of a wedge. The fringes are parallel to the line of intersection of
the two plane surfaces.

ascertain its deviation from flatness. Let us consider a spherical surface of large
radius of curvature R in contact with the optical flat.

Then the sag of the surface is given by x?/2R, where x is the distance measured
from the center of symmetry. Hence the OPD is given by x*>/R + 4/2, and the
positions of the dark fringes are expressed by

Hence the distance of the nth dark fringe from the center is given by
X, = VnRA. (1.5)

From this, it is easy to show that the distance between the (n + 1)th and the nth fringe
is given by

Xui1 — Xp = VRA(Vn+ 1 —/n), (1.6)
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FIGURE 1.4. Appearance of the Newton fringes when a long radius of curvature is kept on a good optical
flat. This situation is for a surface deviating 24 from the plane at its maximum.

and similarly the distance between the (n + 2)th and the (n + 1)th fringe is given by
Xni2 — X1 = VRA(VR+2 —+vn+1). (1.7)

From Egs. (1.6) and (1.7) we can form the ratio

Xp+1 — Xn 1
- =~ 14— 1.8
Xn42 — Xn—1 * 2n (18)

Thus, it is seen that when we look at fringes with large values of n, they appear to
be almost equally spaced. Hence, when we are testing for the presence of curvature in
the surface, it is desirable to manipulate the plates in such a way that we see the
fringes with lower order n. In Figure 1.4, the appearance of Newton fringes is shown
when the maximum value of x? /2R is 2 4. Thus, there will be four circular fringes in
this situation. If the maximum value of x> /2R is 4/2, we have just one circular fringe.
Thus, by observation of full circular fringes, we can detect a maximum error of 1/2 in
the flatness of the surface. If the maximum error is less than 1/2, we have to adopt a
different procedure. In this case, the center of the symmetry of the circular fringes is
displaced sideways by suitable manipulation of the two components. Thus, we obtain
fringes in the aperture of the two surfaces in contact with a larger value of n; these
fringes are arcs of circles, and their separations are almost, but not exactly, equal. Let
us take as examples of maximum value x?>/2R = //4 and //8. Figures 1.5 and 1.6,
respectively, illustrate the appearance of the fringes in these two cases. As can be
inferred, the fringes become straighter and straighter as the value of R increases.

In the optical workshop, it is also necessary to know whether the surface that is
being tested is concave or convex with respect to the reference optical flat. This can
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FIGURE 1.5. Appearance of the Newton fringes when a surface of long radius of curvature is kept on a
good optical flat. This situation is for a surface deviating by 4/4 from the plane at its maximum. The center of
symmetry of the fringes is outside the aperture of the surfaces, and hence only arcs of circles are seen.

be easily judged by several procedures. One simple method involves pressing near
the edge of the top flat gently by means of a wooden stick or pencil. If the surface is
convex, the center of the fringe system moves toward the point of the application of
pressure. If the surface is concave, the center of the fringe system moves away from
the point of the application of pressure, as shown in Figure 1.7 (a).

A second very simple method is to press near the center of the ring system on the
top flat, as shown in Figure 1.7 (b). If the surface is convex, the center of the fringe is
not displaced but the diameter of the circular fringes is increased.

FIGURE 1.6. Same as Figure 1.5 except that the maximum error is /8 and some tilt is introduced.
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(b) Enlargement or contraction of rings

FIGURE 1.7. Two methods to determine whether the surface under test is convex or concave with respect
to the surface: (a) by pressing near the edge and (b) by pressing near the center of the top plate.

Another method of deciding whether the surface is convex or concave involves the
use of a source of white light. If slight pressure is applied at the center of the surfaces,
the air gap at this point tends to become almost zero when the surface is convex.
Hence the fringe at this point is dark, and the first bright fringe will be almost
colorless or white. The next bright fringe is tinged bluish on the inside and reddish on
the outside. On the contrary, if the surface is concave, the contact is not a point
contact but occurs along a circle, and the air gap thickness tends to become zero
along this circle. The dark fringe will be along this circle, and the sequence of colored
fringes will be the same as before as one proceeds from the black fringe. This
situation is illustrated in Figures 1.8 and 1.9. This procedure is not very easy to
perform unless the surfaces are clean and is not generally recommended.

A fourth and simpler procedure is based on the movement of the fringe pattern as
one moves the eye from a normal to an oblique viewing position. Before explaining
this procedure, it is necessary to find a simple expression for the optical path
difference between the two reflected rays at an air gap of thickness ¢ and an angle
of incidence 0. This is illustrated in Figure 1.10, where it can be seen that

2t
OPD = —— —2rtanfsin @ = 2z cos 6. (1.9)
cos

Thus, the OPD at the normal of incidence, namely 2¢, is always greater than the OPD
at an angle 0 for the same value of air gap thickness z. Using this fact, let us see what
happens when we have a convex contact between the two surfaces. The air gap
increases as we go away from the point of contact. When we view the fringes
obliquely, the OPD at a particular point is decreased, and consequently the fringes
appear to move away from the center as we move our eye from the normal to oblique
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Blue

Almost white

Convex (central contact)

FIGURE 1.8. Convex contact and appearance of the colored fringes with white light illumination.
Pressure is applied at the center.

Almost white

Concave (edge contact)

FIGURE 1.9. Convex contact and appearance of the colored fringes with white light illumination.
Pressure is applied at the center.
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OPD = AB++BC—-AD =2t cos 0

FIGURE 1.10. Ray diagram for calculation of the optical path difference between two reflected rays from
an air gap of thickness 7 and angle of incidence 0.

position. The reverse of this situation occurs for a concave surface in contact with a
plane surface.

We may consider many other situations where the surfaces are not plane or
spherical. The nature and the appearance of such fringes when viewed are given in
the usual manner in Table 1.1.

We have mentioned that the reference surface is a flat surface against which a
nearly plane surface that is being made is tested. By the same procedure, spherical or
cylindrical surfaces having long radii of curvature can be tested. However, when such
surfaces have very short radii of curvature, it is necessary to use special illumination,
which will be discussed in Section 1.2 on the Fizeau interferometer.

1.2.1. Source and Observer’s Pupil Size Considerations

The OPD given in Eq. (1.9) shows that this value depends on the angle of the reflected
rays being observed, which for small angles 0 can be approximated by

OPD = 27 cos 0 =~ 2t — 10°. (1.10)

Now, in the Newton interferometer we are interested in measuring glasses where ¢ is
not constant and thus 6 is not constant either. Hence, to reduce the influence of 0, as
much as possible, we should have

A
10* <= 1.11
<z (111)
where 1/k is the maximum allowed error due to variations in 0. Typically, to have a

reasonably small error, we at least require that

A
2

<Z. :
10 <3 (1.12)
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TABLE 1.1. Nature of Newton fringes for different surfaces
with reference to a standard flat.

Appearance of the Newton fringes

S. No. Surface type Without tilt With tilt
1 Plane Q @
2 Almost plane Q @
S
3 Spherical ' @
4 Conical @
5 Cylindrical ﬂﬂ::[ﬂ} ‘Hm:)
6 Astigmatic
(curvatures of '((@)) ‘(((@
same sign)
7 Astigmatic
(curvatures of @@(& @
opposite sign)
8 Highly irregular @

Thus, to ensure a small error, both ¢ and 6 should be small. Regarding the value of 7,
we may safely assume that the value of ¢ should never exceed a few wavelengths in
the gap. If the surfaces are clean, then flat ¢ should not exceed about 64. With this
maximum value of 7, the maximum allowed value of 0 is such that 0? < 1/24 or
0 < 0.2. For example, let us set the accuracy, to which the thickness ¢ is to be
assessed, to be equal to 4/20, thus, writing Eq. (1.12) as

z@zgz% or 20 <0.2. (1.13)

From the foregoing analysis, it can be seen that the illumination angle on the two flats
in contact should never exceed 0.2 rad or 12° approximately.

The size of the light source becomes irrelevant if the angular diameter of the
entrance pupil of the observer, as seen from the flats, is smaller than this value. The
light source can thus be extended to any size. It is only necessary that the observation,
visual or photographic, is made nearly perpendicular to the flats and from a minimum
distance, such that it is roughly five times the diameter of the optical flats in contact.
To obtain higher accuracy, the distance from which the observation is made has to be
larger. Alternatively, a collimating lens can be used and the entrance pupil of the
observing eye or camera is then placed at the focus of the collimator.
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If the observing distance is not large enough, equal thickness fringes will not be
observed. Instead, localized fringes will appear. These fringes are called localized
because they seem to be located either above or below the air gap. The fringes are
localized in the region where corresponding rays from the two virtual images of the
light source intersect each other. It has been shown that this condition may be derived
from the van Cittert—Zernike theorem (Wyant, 1978; Simon and Comatri, 1987;
Hariharan and Steel, 1989).

1.2.2. Some Suitable Light Sources

For setting up a Newton interferometer, we require a suitable monochromatic source.
Several sources are available and are convenient. One source is, of course, a sodium
vapor lamp, which does not require any filter. Another source is a low-pressure mer-
cury vapor lamp with a glass envelope to absorb the ultraviolet light. A third possible
source is a helium discharge lamp in the form of a zigzag discharge tube and with a
ground glass to diffuse the light. Table 1.2 gives the various wavelengths that can be

TABLE 1.2. Characteristics, such as wavelength, of various lamps suitable as light
sources in Newton’s interferometer.

Serial Wavelength(s)
number Lamp type normally used (nm) Remarks

1 Sodium vapor 589.3 The wavelength is the average
of the doublet 589.0 and
589.6 nm. Warm-up time is
about 10 min.

2 Low-pressure 546.1 Because of other wavelengths

mercury vapor of mercury vapor present,

the fringes must be viewed
through the green filter,
isolating the 546.1 nm line.
There is no warm-up time.
Tube lights without fluorescent
coating can be used.

3 Low-pressure 587.6 Because of other wavelengths

helium discharge of helium discharge present,

a yellow filter must be used
to view the fringes.There
is no warm-up time.

4 Thallium vapor 535.0 Characteristics are similar
to those of the sodium
vapor lamp. Warm-up
time is about 10 min.

5 Cadmium vapor 643.8 Red filter to view the fringes
is required. Warm-up
time is about 10 min.
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used in these different spectral lamps. Even an ordinary fluorescent lamp with a plastic
or glass green filter in front of the lamp works, but the fringe visibility is not high.

1.2.3. Materials for the Optical Flats

The optical flats are generally made of glass, fused silica, or more recently developed
zero expansion materials such as CerVit and ULE glass. Small optical flats of less
than 5 cm in diameter can be made of glass; they reach homogeneous temperature
conditions reasonably quickly after some handling. It is preferable to make optical
flats of larger sizes from fused silica or zero expansion materials. Table 1.3 gives
relevant information regarding the materials commonly used for making optical flats.
When making a reference optical flat, it is necessary to consider carefully not only
the material to be used but also the weight, size, testing methods, and many other
important parameters (Primak 1984, 1989a, 1989b; Schulz and Schwider 1987).

1.2.4. Simple Procedure for Estimating Peak Error
Generally, optical surfaces are made to an accuracy ranging from a peak error of 24

on the lower accuracy side to 4/100 on the higher side. It is possible by means of the

TABLE 1.3. Materials used for making optical flats and their properties.

Serial Coefficient of linear
number Material expansion (per °C) Remarks
1 BK7, BSC 75-80 x 1077 These are borosilicate glasses

that can be obtained with a high
degree of homogeneity.

2 Pyrex 25-30 x 1077 This is also a borosilicate glass but
has higher silica content. Several
manufacturers make similar type of
glass under different brand names.
This is a good material for making
general quality optical flats
and test plates.

3 Fused silica 6 x 1077 This is generally the best quartz

or quartz material for making optical flats.
Different grades of the material are
available, based mainly on the
degree of homogeneity.

4 CerVit, Zerodur 0-1 x 1077 This material and similar ones made
by different companies under
different trade names have practically
zero expansion at normal ambient
temperatures.

5 ULE fused silica  0-1 x 1077 This is a mixture of silica
with about 7% titania.




1.2. NEWTON INTERFEROMETER 13

FIGURE 1.11. Newton fringes for an optical flat showing peak error of 1/20.

Newton interferometer to estimate peak errors up to about 4/10 by visual observation
alone. Beyond that, it is advisable to obtain a photograph of the fringe system and to
make measurements on this photograph. Figure 1.11 shows a typical interferogram as
viewed in a Newton interferometer. Here, we have a peak error much less than 1/4.
Consequently, the top plate is tilted slightly to obtain the almost straight fringes. The
central diametral fringe is observed against a straight reference line such as the
reference grid kept in the Newton interferometer in Figure 1.2. By means of this grid
of straight lines, it is possible to estimate the deviation of the fringe from its
straightness and also from the fringe spacing. The optical path difference is 2¢, so
the separation between two consecutive fringes implies a change in the value of ¢
equal to A/2. Thus, if the maximum fringe deviation from the straightness of the
fringes is d/k with d being the fringe separation, the peak error is given by

pea o~ (4) (1) (18

In Figure 1.11 k = 2.5 mm and d = 25 mm; hence, we can say that the peak error is
2/20. Even in this case, it is desirable to know whether the surface is convex or
concave, and for this purpose we can use the procedure described earlier. The only
difference is that we have to imagine the center of the fringe system to be outside the
aperture of the two flats in contact.

1.2.5. Measurement of Spherical Surfaces

Probably one of the most common applications of the Newton interferometer is the
testing of the faces of small lenses while they are being polished. A small test plate
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FIGURE 1.12. Test plates to test spherical surfaces with Newton fringes.

with the opposite radius of curvature is made according to the required accuracy and
then placed over the surface under test. A test plate is useful not only to detect surface
irregularities but also to check the deviation of the radius of curvature from the
desired value (Karow 1979).

The observation should be made in such a way that the light is reflected almost
perpendicular to the interferometer surfaces. Convex surfaces can be tested with the
test plate shown in Figure 1.12(a), with a radius of curvature r in the upper surface
given by

_(N-DR+TIL

1.15
NL+R+T ~ ( )

where N is the refractive index of the test plate glass. Concave surfaces can be tested
as in Figure 1.12 (b). In this case, the radius of curvature r of the upper surface is

It is important to remember that the fringes are localized very near to the inter-
ferometer surfaces, and therefore the eye should be focused at that plane.

The radius of curvature is checked by counting the number of circular fringes. The
relation between the deviation in the radius of curvature and the number of rings can
be derived with the help of Figure 1.13, where it can be shown that the distance
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Ar
r+Ar

FIGURE 1.13. Geometry to find the separation between two spherical surfaces with different radii of
curvature measured along the radius of one of them.

¢ between the two surfaces, measured perpendicularly to one of the surfaces, is given
by

1 cosO)rar]
_COS)””] (1.17)

= (r+Ar)q 1 - _X
e=(r+Ar)q1 [l AP

If either Ar or the angle 0 is small, this expression may be accurately represented by
¢ = (1—cos0)Ar. (1.18)
Since the number of fringes n is given by n = 2¢/4, we can also write

n 2(1—cosf)
R Sl i 1.19
Ar A ( )
If D is the diameter of the surface, the angle 0 is defined as sin § = D/2r. Therefore, a
relation can be established between the increment per ring in the radius of curvature
and the surface ratio r/D, as shown in Table 1.4.

1.2.6. Measurement of Aspheric Surfaces

Malacara and Cornejo (1970) used the method of Newton fringes to determine the
aspheric profile of a surface that deviates markedly from a spherical surface. This
method is useful if the aspheric deviates from the nearest spherical by a few
wavelengths of light (say, 10-204). The method consists in using a spherical test
plate in contact with the aspherical surface and finding the position of the fringes by
means of a measuring microscope. From these position values, one can then obtain
the actual air gap as a function of the distance, and a plot can be made and compared
with the required aspheric plot. Figure 1.14 shows a typical schematic arrangement
for this method.

It is important to consider that the surface under test probably does not have
rotational symmetry. Therefore, the measurements must be made along several
diameters in order to obtain the complete information about the whole surface.
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TABLE 1.4. Radius of curvature increment per fringe for
several values of the power ratio r/D of the spherical surface
being tested with newton fringes.

r/D Ar/n (cm)
1.0 0.00020
2.0 0.00086
3.0 0.00195
4.0 0.00348
5.0 0.00545
6.0 0.00785
7.0 0.01069
8.0 0.01397
9.0 0.01768
10.0 0.02183
20.0 0.08736
30.0 0.19661
40.0 0.34970
50.0 0.54666
60.0 0.78712
70.0 1.07033
80.0 1.39665
90.0 1.77559
100.0 2.18144
Low power
traveling
microscope
——] Reticle

Monochromatic ez
light source

Aspheric surface
under test

Spherical
test plate

FIGURE 1.14. Schematic arrangement showing the method of measuring aspheric surfaces with a
spherical test plate using Newton fringes.
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Instead of directly measuring the fringe positions with a microscope, a photograph
can be taken, and then the fringe positions can be measured with more conventional
procedures.

If the reference surface is spherical and the surface under test is aspherical
(hyperboloid or paraboloid), the ideal fringe patterns will be those of a Twyman—
Green interferometer for spherical aberration as described in Chapter 2.

The reference surface may also be another aspherical surface that exactly matches
the ideal configuration of the surface under test. This procedure is useful when a
convex aspheric is to be made, since a concave aspheric can be made and tested more
easily than a convex surface. The advantage of this method is that a null test is
obtained. It has the disadvantage that the relative centering of the surfaces is very
critical because both surfaces have well-defined axes, and these must coincide while
testing. This problem is not serious, however, because the centering can be achieved
with some experience and with some device that permits careful adjustment.

When mathematically interpreting the interferograms, it should be remembered
that the OPD is measured perpendicularly to the surfaces, whereas the surface sagitta
z is given along the optical axis. Therefore the OPD is given by 2(z; — z2) cos 6,
where sinf = Sc.

1.2.7. Measurement of Flatness of Opaque Surfaces

Sometimes we encounter plane surfaces generated on such metal substrates as steel,
brass, and copper. An optical flat made of glass should be put on top of such objects
for viewing Newton fringes. It is not always the case that the metal object is in the
form of a parallel plate. The plane surface may be generated on an otherwise irregular
component, and hence some means of holding the component while testing becomes
necessary. This can be avoided if we can put the object on top of the optical flat and
observe the fringes through the bottom side of the flat. This sort of arrangement is
shown in Figure 1.15. Since most metal surfaces have reflectivities that are quite high
compared to the value for a glass surface, the contrast of the fringes is not very good.
To improve this situation, the optical flat is coated with a thin evaporated film of
chromium or inconel having a reflectivity of about 30-40%. This brings about the
formation of sharper, more visible fringes.

It is necessary to point out that if the object is very heavy, it will bend the optical
flat and the measurement will not be accurate. Therefore, this kind of arrangement is
suitable for testing only small, light opaque objects. In dealing with heavy objects, it
is preferable to place the optical flat on top of the object.

1.3. FIZEAU INTERFEROMETER

In the Newton interferometer, the air gap between the surfaces is very small, and of
the order of a few wavelengths of light. Sometimes it is convenient to obtain fringes
similar to the ones obtained in the Newton interferometer, but with a much larger air
gap. When the air gap is larger, the surfaces need not be cleaned as thoroughly as they
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FIGURE 1.15. Schematic arrangement showing the method of testing opaque plane surfaces on irregular
objects by placing them on top of the optical flat.

must be before being tested in the Newton interferometer. Also, due to the larger gap,
the requirements for the collimation and size of the light source become stronger.
This is called a Fizeau interferometer.

The Fizeau interferometer is one of the most popular instruments for testing
optical elements. Some of its main applications will be described here, but the basic
configurations used for most typical optical elements are identical to the ones used
with the Twyman-Green interferometer to be described in Chapter 2. The reader is
referred to that chapter for more details.

1.3.1. The Basic Fizeau Interferometer

From the foregoing considerations, it is seen that we should have a collimating
system and a smaller light source in a Fizeau interferometer. Figure 1.16 shows the
schematic arrangement of a Fizeau interferometer using a lens for collimation. The
optical flat that serves as the reference is generally mounted along with the lens and is
preadjusted so that the image of the pinhole reflected by the reference surface falls on
the pinhole itself. Either the back side of the flat is antireflection coated or (more
conveniently) the reference optical flat is made in the form of a wedge (about 10—
20 min of arc) so that the reflection from the back surface can be isolated. To view the
fringes, a beam divider is located close to the pinhole. The surface under test is kept
below the reference flat, and the air gap is adjusted to the smallest value possible;
then the air wedge is gradually reduced by manipulating the flat under test. When the
air wedge is very large, two distinct images of the pinhole by the two surfaces can be
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Interferogram

Eye or
imaging
system

|
| ) Surface
| Collimator under test
Monochromatic | ] %
point \ y
light source SN =—= — —
—————— 7 |
Beam N ’
splitter ] Z.
Reference

flat

FIGURE 1.16. Schematic arrangement of a Fizeau interferometer using a lens for collimation of light.

seen in the plane P in Figure 1.16. By making use of screws provided to tilt the flat
under test, one can observe the movement of the image of the pinhole and can stop
when it coincides with that of the reference flat. Then the observer places his eye at
the plane P and sees, localized at the air gap, the fringes due to variation in the air gap
thickness. Further adjustment, while looking at the fringes, can be made to alter the
number and direction of the fringes. The interpretation of these fringes is exactly the
same as that for Newton and Twyman-Green fringes.

Figure 1.17 is a schematic of a Fizeau interferometer using a concave mirror as the
collimating element. If a long focal length is chosen for the concave mirror, a
spherical mirror can be used. For shorter focal lengths, an off-axis paraboloidal

Interferogram
Eye or Concave
imaging collimating
system mirror
Monochromatic
point
light source &
Beam =
Surface splitter
under test
/1
V4
Reference
flat

FIGURE 1.17. Schematic arrangement of a Fizeau interferometer using a concave mirror for collimation
of the illuminating beam.
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mirror may be required. Both the schemes of Figures 1.16 and 1.17 may be arranged
in either a vertical (upright and inverted) or a horizontal layout. In the vertical
situation the optical flats are horizontal, whereas in the horizontal layout the optical
flats stand on their edges.

If the optical system or element under test has a high reflectivity and the reference
flat is not coated, then the two interfering beams will have quite different intensities,
and thus the fringes will have a poor contrast. On the contrary, if the reference flat is
coated with a high reflectivity, but smaller than 100% to allow some light to be
transmitted, a confusing system of fringes will appear because of multiple reflections.
Commonly, to obtain two-beam interference fringes effectively, the reference surface
must be uncoated. Then, to match the intensities, either the reflectivity of the optical
element under test also has to be low or the amplitude of the beam under test has to be
attenuated. The fact that the two surfaces reflecting the interfering beams have a low
reflectivity makes it very important to take all necessary precautions to avoid spurious
reflections at some other surfaces, mainly when a laser light source is used.

1.3.2. Coherence Requirements for the Light Source

As in the Newton interferometer, in the Fizeau interferometer the maximum allowed
angular size of the light source to be used depends on the length of the air gap.
For instance, if the air gap between the flats is 5 mm, and taking 2 = 5 x 10~*mm,
the permissible value of 26 given by Eq. (1.12) is 0.01 rad. Such a small angle can
be obtained by using a collimator with the entrance pupil of the observer located at
the focus, to observe the angle almost perpendicularly to the air gap for all points of
the observed flats. Also, either the pupil of the observer or the light source has to be
extremely small. Frequently the pupil of the eye has a diameter larger than required,
so that it is simpler to have a light source with a pinhole. The larger the air gap is, the
smaller the pinhole has to be.

When plane surfaces are tested in the Fizeau interferometer the air gap can be
made quite small if desired. The total optical path difference involved does not
exceed a few millimeters. Thus, a small low-pressure mercury vapor lamp can be
used with a green filter as the source of light. When testing for the wedge of thick
plates of glass, the OPD is larger due to the thickness. For gas or metal vapor lamp,
this OPD is about the maximum we can use. For plates of greater thickness, the
contrast of the interference fringes is greatly reduced because the lamp does not give
a very sharp spectral line with a large temporal coherence. Similarly, the same
situation of low contrast occurs when thick glass shells are tested or when spherical
test plates are tested with one test plate.

This limitation can be eliminated, however, if we can use a source of very high
monochromaticity. Fortunately, such a source, the laser, has recently become avail-
able. For our application, the low-power (2 mW) helium—neon gas laser operating in
a single mode TEMoo and with a wavelength of emission at 632.8 nm is ideal. With
this as the source of light, we can tolerate an OPD of at least 2 m and obtain Fizeau
fringes of high contrast. Even larger OPDs are possible provided that a properly
stabilized laser is chosen and vibration isolation is provided for the instrument.
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Most of the coherence requirements for Fizeau interferometers are similar to the
requirements for Twyman—Green interferometers as described in section 2.3. There,
it is pointed out that a gas laser has perfect spatial coherence, and can have almost
perfect temporal coherence and thus we might think that this is the ideal light source
for interferometry, but this is not always the case. The reason is that many unwanted
reflections from other surfaces in the optical system may produce a lot of spurious
fringes that can appear. Also, the laser light produces scattering waves from many
small pieces of dust or scratches in the optical elements. To solve this problem, the
light source can be extended even when using a laser by introducing a thin rotatory
half ground glass close to the point light source. Deck et al. (2000) have proposed an
annular shape for the light source by using a diffracting element to produce a small
cone of light illuminating the rotating ground glass. The effect of the spurious
reflections has been studied by several researchers, for example by Ai and Wyant
(1988 and 1993) and by Novak and Wyant (1997).

Another possible effect to be taken into account is that some optical elements or
systems to be tested may be retroreflectors, either in one dimension like a porro
prism, or in two dimensions like a cube corner prism. The retroreflection has
associated an inversal, reversal, or both (which is equivalent to a 180° rotation) of
the wavefront. A point of view is that then the interference takes place between two
different points on the wavefront, symmetrically placed with respect to the optical
axis if the wavefront was rotated, or symmetrically placed with respect to the
inversion or reversion axis. The fringes will have a good contrast only if the spatial
coherence of the wavefront is high enough. This condition imposes a stronger
requirement on the small size of the point light source.

Another equivalent explanation for this retroreflection effect is illustrated in
Figure 1.18. Let us consider the pinhole on the light source to have a small finite

Reference Retroreflected
wavefront wavefront
Incident \\ f
wavefront
206

L Retroreflecting
Reference system ]
flat (porro or cube corner prism)

FIGURE 1.18. Interference between the reference wavefront and the wavefront retroreflected by a porro
prism under test. Both wavefronts originate at one point on the edge of the small light source. The angle
between these two wavefronts reduces the contrast of the fringes.
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size and a flat collimated incidence wavefront coming from the edge of that
pinhole at a small angle 6. It is easy to see that the two interfering wavefronts
will not be parallel to each other, but will make an angle 20 between them. Of
course, there are infinite number of wavefronts coming from different points at the
pinhole of the light source, all with different orientations and angles, smaller than
0. This multiplicity of wavefronts with different angles will reduce the contrast of
the fringes from a maximum at the center where all the wavefronts intersect,
decreasing towards the edge of the pupil. This effect is also present for the same
reason in the Twyman—Green interferometer as described in Chapter 2 in more
detail.

The strong spatial coherence requirements when a retroreflecting system is tested
is difficult to satisfy with gas or metal vapor lamps, but with gas lasers it is always
fulfilled.

1.3.3. Quality of Collimation Lens Required

We shall briefly examine the quality of collimating lens required for the Fizeau
interferometer. Basically, we are interested in determining the variation in air gap
thickness. However, the OPD is a function of not only the air gap thickness but also
the angle of illumination, and at a particular point this is 2¢ cos 6. The air gap ¢ varies
because of the surface defects of the flats under test, while the variation of 0 is due to
the finite size of the source and the aberration of the collimating lens.

For Fizeau interferometers using conventional sources of light, the maximum air
gap that is useful is 50 mm. Also, in this case we have to consider the size of the
source and the aberration of the lens separately. The effect of the size of the source is
mainly on the visibility of the Fizeau fringes. The excess optical path difference 10?
should be less than 1/4 for good contrast of the Fizeau fringes and the pinhole is
chosen to satisfy this condition. The effect of the pinhole is uniform over the entire
area of the Fizeau fringes. On the contrary, the effect of aberration in the collimating
lens is not uniform. Thus, we have to consider the angular aberration of the lens and
its effect. If ¢ is the maximum angular aberration of the lens, then #¢* should be less
than kA, where k is a small fraction that depends on the accuracy required in the
instrument. Thus, let us set kK = 0.001, so that the contribution of t(,‘bz is 0.0014.
Taking a maximum value of + = 50 mm for the ordinary source situation, we have

or
¢ = 107 rad. (1.20)
This angular aberration is quite large, being of the order of 20 s of arc. Hence,

suitable lenses or mirror systems can be designed for the purpose (Taylor, 1957;
Yoder, 1957; Murty and Shukla, 1970).
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1.3.4. Liquid Reference Flats

It is well known that a liquid surface can be used as a reference flat. Basically the
liquid surface has a radius of curvature equal to that of the earth. If the radius of the
earth is taken as 6400 km, the sag of the surface is (Grigor’ev et al., 1986; Ketelsen
and Anderson 1988)

¥ ¥

= 1.21
2R 2x64x109 (1.21)
where 2y is the diameter of the liquid surface considered. If we stipulate that this
should not exceed A/100 (2 = 5 x 10~*), then

y? < 6.4 x 10*

or
2y <512 mm (1.22)

Thus, a liquid surface of about 0.5 m diameter has a peak error of only /100 as
compared to an ideal flat. Therefore, it has been a very attractive proposition to build
liquid flats as standard references. In practice, however, there are many problems,
mainly in isolating the disturbing influence of vibrations. It is also necessary to
exclude the region near the wall of the vessel that holds the liquid and to make sure
that no dust particles are settling down on the surface. Possible liquids that can be
useful for the purpose are clear and viscous, such as glycerin, certain mineral oils,
and bleached castor oil. Water is probably not suitable because of its low viscosity.
Mercury may not be suitable because of its high reflectivity; the two interfering
beams will have very unequal intensities, resulting in poor contrast of the fringes
unless the surface under test is also suitably coated. However, mercury has been used
as a true horizontal reference plane reflecting surface in certain surveying and
astronomical instruments.

1.3.5. Fizeau Interferometer with Laser Source

We shall now describe a Fizeau interferometer using a source such as the helium—
neon gas laser of about 2 mW power lasing at 632.8 nm in the single mode. A
schematic diagram is shown in Figure 1.19. A very well corrected objective serves to
collimate the light from the pinhole, illuminated by a combination of the laser and a
microscope objective. Between the collimating objective and the pinhole (spatial
filter), a beam divider is placed so that the fringes can be observed from the side. It is
also desirable to provide a screen, upon which the Fizeau fringes are projected, to
avoid looking into the instrument as is normally done when conventional light
sources are used. The laser has a high radiance compared to other sources, and a
direct view may be dangerous to the eye under some circumstances. The reference
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FIGURE1.19. Schematic arrangement of a Fizeau interferometer using a laser source. The scheme shown
here is for plane surfaces. The system is easily aligned with the help of a sliding negative lens.

plane surface is permanently adjusted so that the reflected image of the pinhole is
autocollimated. The surface under test is adjusted until the image reflected from it
also comes into coincidence with the pinhole. To facilitate preliminary adjustment,
the screen is used to project the two pinhole images from the two reflecting plane
surfaces. This is accomplished by removing the negative lens between the beam
divider and the ground glass screen. The pinhole image from the reference surface is
at the center of the screen, whereas the one from the surface under test is somewhere
on the screen; by manipulation of this surface, the two spots of light on the screen can
be brought into coincidence. Then the negative lens is inserted in the path, and the
Fizeau fringes are projected on the screen. These fringes can be further adjusted in
direction and number as required. By the use of another beam divider, it is possible to
divert part of the beam to a camera for taking a photograph of the fringe pattern. The
whole instrument must be mounted on a suitable vibration-isolated platform.

This instrument can be used for various other applications that are normally not
possible with conventional sources of light. We describe some such applications in
the sections that follow. In addition, many possibilities exist for other applications
depending on the particular situations involved.

Several commercial Fizeau interferometers have been available for several years,
but probably the two most widely known are the Zygo interferometer (Forman,
1979), shown in Figure 1.20, and the Wyko interferometer, shown in Figure 1.21.

1.3.6. Multiple-Beam Fizeau Setup

If, instead of two-beam fringes, multiple-beam fringes of very good sharpness are
required, the reference optical flat and the optical flat under test are coated with a
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FIGURE 1.20. Fizeau interferometer manufactured by Zygo Corp. (Courtesy of Zigo Corp.).

reflecting material of about 80-90% reflectivity (see Chapter 6) such as aluminum or
silver. If higher reflectivities are required, multilayer dielectric coatings can be
applied. In fact, the instrument may be provided with several reference flats having

coatings of different reflectivities.
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FIGURE 1.21. Fizeau interferometer manufactured by Wyko Corp. (Courtesy of Wyko Corp.).
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1.3.7. Testing Nearly Parallel Plates

In many applications, glass plates having surfaces that are both plane and parallel are
required. In such cases, the small wedge angle of the plate can be determined by the
Fizeau interferometer, and the reference flat of the interferometer need not be used
since the fringes are formed between the surfaces of the plate being tested. If « is the
angle of the wedge and N is the refractive index of the glass, the angle between the
front- and back-reflected wavefronts is given by 2ne, and hence the fringes can be
expressed as

A
2No. = — 1.2
No. 7 (1.23)

where d is the distance between two consecutive bright or dark fringes. Hence the
angle « is given by

o= (1.24)

To determine the thinner side of the wedge, a simple method is to touch the plate
with a hot rod or even with a finger. Because of the slight local expansion, the
thickness of the plate increases slightly. Hence a straight fringe passing through the
region will form a kink pointing toward the thin side, as shown in Figure 1.22. For
instance, if we take N = 1.5, 1 =5 x 10~*mm, and « = 5 x 107° (1 s of arc), we
get for d a value of about 33 mm. Hence a plate of 33 mm diameter, showing one
fringe, has a wedge angle of 1 s of arc. If the plate also has some surface errors, we

FIGURE 1.22. Kink formation in the straight Fizeau fringes of a slightly wedged plate, obtained by
locally heating the plate. The kink is pointing toward the thin side of the wedge.
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get curved fringes, indicating both surface and wedge errors. If the surfaces are
independently tested and found to be flat, and even in this situation one is getting
curved fringes, these should be attributed to variation of the refractive index inside
the plate in an irregular manner. In fact, by combining the tests on the Newton
interferometer and the Fizeau interferometer for a parallel plate, it is possible to
evaluate the refractive index variation (inhomogeneity) (Murty, 1963; Murty,
1964a; Forman, 1964).

1.3.8. Testing the Inhomogeneity of Large Glass or Fused Quartz Samples

The sample is made in the form of a parallel plate. The surfaces should be made as flat
as possible with a peak error of not more than 1. Then the plate is sandwiched
between two well-made parallel plates of glass with a suitable oil matching the
refractive index of the sample. This will make the small surface errors of the sample
negligible, and only straight fringe deformation due to the inhomogeneity of the
sample will be seen. If the sandwich is kept in the cavity formed by the two coated
mirrors, very sharp dark fringes on a bright background are obtained. If, for instance,
the maximum fringe deviation from straightness is k and the distance between two
fringes is d, the optical path difference is (k/d)A. Now the OPD due to the inhomo-
geneity AN and thickness 7 of the sample is given by 2AN - ¢, and hence

- (4)(2) 025

As an example, if k/d =0.25, 1=632.8nm, and =350mm, we have
AN = 1.6 x 107®. Thus a maximum variation of 1.6 x 10~% may be expected in
the sample for the direction in which it has been tested. Figure 1.23 shows the
schematic arrangement of the Fizeau interferometer for the method just described.
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FIGURE 1.23. Schematic arrangement of a Fizeau interferometer for testing the homogeneity of solid
samples of glass, fused quartz, and so on.
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1.3.9. Testing the Parallelism and Flatness of the Faces of Rods, Bars, and
Plates

Frequently, the need for testing the parallelism and the flatness of two opposite faces
in a rod, plate, or bar arises. If the plate to be tested is transparent and has a highly
homogeneous refractive index, the problem is not so complicated. If the refractive
index of the material is inhomogeneous or if it is not transparent, special techniques
have to be developed.

Vannoni and Molezini (2004) described a configuration for this purpose, as
illustrated in Figure 1.24. The first step is to adjust the interferometer to produce
the minimum number of fringes without the plate or rod to be tested. The field of view
will show the fringes due to any possible defect in the right angle prism. Then the
plate is inserted as shown in the figure.

1.3.10. Testing Cube Corner and Right-Angle Prisms

In their retro-reflective configuration, if the right angles of cube comer and right-
angle prisms are exact without any error, they reflect an incident plane wavefront as a
single emerging plane wavefront. Otherwise the reflected wavefront consists of
several plane wavefronts with different tilts, making possible the measurement of
the prism errors. Because of the total internal reflection, the intensity of reflected
light from these prisms is very high, nearly 100%. Since the reference flat is not
coated, the fringes will have a poor contrast. To optimize the fringe contrast, either
the reflectivity of the optical element under test also has to be low or the amplitude of
the beam under test has to be attenuated.

To reduce the effective reflectivity of the right angle or cube prism, we can
introduce a parallel plate of glass coated with a metallic film having a transmis-
sion between 20% and 30%. In this case the intensities of the two beams matched
reasonably well, and we get a good contrast of two-beam fringes. The coated
plate between the prism and the uncoated reference flat should be tilted
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FIGURE 1.24. Schematic arrangement to test an opaque bar or rod for flatness and parallelism of the two
opposite faces.
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FIGURE 1.25. Schematic arrangement of a Fizeau interferometer for testing cube corner prisms and
right-angle prisms. Here an absorbing plate is inserted between the prisms and the reference flat surface to
equalize the intensities of the two interfering beams.

sufficiently to avoid the directly reflected beam. This method is shown schema-
tically in Figure 1.25.

Another possible method is to reduce the reflectivity of one of the total reflecting
surfaces. This can be done by constructing a special cell in which the prism is
mounted, and behind one reflecting surface, a thin layer of water or some other
suitable liquid is in contact with the surface. Thus, in effect, the refractive index
difference is reduced at one total internal reflecting surface, and hence, the intensity
of the wavefront reflected from the prism matches that of an uncoated flat. This
method is shown schematically in Figure 1.26.
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FIGURE 1.26. A scheme for reducing the intensity of reflected light from the corner cube prism and the
right-angle prism. One of the total internally reflecting faces is brought into contact with water or some other
liquid by the use of a cell behind it.
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The interferograms obtained when testing of these prisms are identical to those in
the Twyman—Green interferogram. For more details please see Chapter 2.

1.3.11. Fizeau Interferometer for Curved Surfaces

Just as collimated light is employed for testing optical flats on the Fizeau inter-
ferometer, it is possible to use either divergent or convergent light for testing curved
surfaces. Figure 1.27 shows an arrangement for testing a concave surface against a
reference convex surface. The point source of light is located at the center of the
curvature of the convex reference surface. The concave surface under test is adjusted
until its center of curvature, too, almost coincides with the point source of light. The
procedure is exactly the same as before except that to achieve the uniform air gap, we
have to provide some translational motion also (Moore and Slaymaker, 1980).

The same setup can be used very easily for checking the uniformity of the
thickness (concentricity) of spherical shells. In this case the interfering beams are
obtained from the front and back of the two spherical concentric surfaces. Figure 1.28
shows this setup for testing the concentricity of a spherical shell. If the radii of
curvature are correct but the shell has a wedge (the centers of curvature are laterally
displaced), we get straight fringes characteristic of the wedge. The hot rod or finger
touch procedure described in Section 1.2.3 can be adopted to determine which side is
thinner. If the two radii are not of proper value (,/r| — r, # t, where r| and r, are the
two radii and ¢ is the center thickness), the value of 7 is not constant over the entire
shell. Hence, we get circular fringes like Newton fringes. If in addition a wedge is
present, the center of these circular fringes will be decentered with respect to the
center of the shell. In this situation also, we can adopt the hot rod or finger touch
procedure to decide whether the shell is thin at the edge or at the center.
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FIGURE 1.27. Fizeau interferometer set up for curved surfaces. Here the convex surface is the reference
surface and the concave surface is under test.
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FIGURE 1.28. Fizeau interferometer setup for testing the concentricity of the spherical shell.
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We can also have an arrangement for testing convex surfaces against a concave
reference surface, as shown schematically in Figure 1.29. Here we use a lens or a
group of lenses at finite conjugate distances such that the point source of light is at
one conjugate, whereas the common center of curvature of the test surface and the
reference surface is at the other conjugate. The concave reference surface is fixed to
the instrument, while the convex surface under test is manipulated in the usual
manner to obtain a uniform air gap.
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FIGURE 1.29.

surface.

Fizeau interferometer setup for testing a convex surface against a concave reference
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FIGURE 1.30. Schematic diagram of a Fizeau interferometer for testing a concave surface using a
concave reference surface or a flat reference surface.

1.3.12. Testing Concave and Convex Surfaces

The reference surface is again the uncoated flat surface that is part of the Fizeau
interferometer. The collimated light from the instrument, after passing through the
optical flat, is again focused by the use of another highly corrected lens. If the
surface is concave, it is set up as shown in Figure 1.30; if convex, as shown in
Figure 1.31. When the surface is spherical and the center of curvature coincides
with the focus of the lens, a plane wavefront is reflected back. Hence, we should
obtain straight fringes due to the interference of the two beams. If the optical
reference flat and the spherical surfaces are coated with high reflecting material,
we can get very sharp, multiple-beam Fizeau fringes. If the surfaces are not
spherical but are aspheric, appropriate null lenses must be used in the interfe-
rometer. This setup can also be used to measure the radius of curvature if a length-
measuring arrangement is provided.

The testing of convex surfaces with the Fizeau interferometer presents many
interesting problems, mainly if the surface is large and/or aspheric, which have been
analyzed by several authors, for example by Burge (1995).

Another interferometer, which may be considered as a Fizeau interferometer, was
devised by Shack (Shack and Hopkins, 1979; Smith, 1979). The difference is that this
scheme uses a He—Ne laser source to give very large coherence length. Hence, the
separation between the convex reference surface and the concave surface under test
can be very large (typically several meters). Also, the convex reference surface
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FIGURE 1.31. Schematic diagram of a Fizeau interferometer for testing a convex surface using a flat

concave reference surface or a flat reference surface.

becomes a part of the instrument and can be of very short radius of curvature. The
scheme, in fact, incorporates the device in the form of a beam-divider cube with one
of the faces made into a convex spherical surface. The Shack interferometer is shown
schematically in Figure 1.32. It is possible to test a large aspherical surface with this
interferometer if a suitable null corrector is inserted between the interferometer and
the surface under test.

1.4. HALDINGER INTERFEROMETER

With the Newton and Fizeau interferometers, we are basically interested in finding
the variation in the air gap thickness. In these cases, the fringes are referred to as
fringes of equal thickness. If, however, the thickness of the air gap is uniform and it is
illuminated by a source of large angular size, we get what are called fringes of equal
inclination. These fringes are formed at infinity, and a suitable lens can be used to
focus them on its focal plane. If the parallel gap is that of air, we have the simple
relation 2f cos f = n4, as given in Eq. (1.9), from which we can easily see that, for a
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FIGURE 1.32. Schematics of a Shack—-Fizeau interferometer.

constant value of ¢, we obtain fringes of equal inclination that are circles and are
formed at infinity.

If the air gap is replaced by a solid plate such as a very good parallel plate of glass,
Eq. (1.9) is modified slightly to include the effect of the refractive index N of the plate
and becomes

2Ntcos 0 = ni (1.26)

where 6’ is the angle of refraction inside the glass plate. For small values of 0°, we
may approximate this expression as

2Nt = (i) 0% = n) (1.27)

To see Haidinger fringes with simple equipment, the following method, illustrated in
Figure 1.33 may be adopted. A parallel plate of glass is kept on a black paper and is
illuminated by the diffuse light reflected from a white card at 45°. At the center of the
white card is a small hole through which we look at the plate. With relaxed
accommodation our eyes are essentially focused at infinity, i, and we see a system
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FIGURE 1.33. A simple arrangement to see Haidinger fringes for a nearly parallel glass plate.

of concentric circular fringes. For the light source we can use a sodium or even a
fluorescent lamp.

In the situation where the laser is the source of light, there is a much higher
limit for the value of ¢. Even though several meters can be used for 7, we shall set
t = 1000 mm. In this case, using 4 = 632.8 nm, we get for ¢ an upper limit of 5 s
of arc. Hence it is not difficult to design a collimating system to satisfy this
condition.

Another aspect that is important, especially with large values of 7, is the lateral
shear one can get in the instrument. To avoid this, the autocollimated pinhole images
must coincide with the pinhole itself. Similarly, if the collimating lens is not properly
collimated, either a convergent or a divergent beam will emerge. The collimation
may be accurately performed by using any of the various devices available, such as
the plane parallel plate shearing interferometer (Murty, 1964b).

A somewhat better method is to use a lens for focusing the system of Haidinger
fringes on its focal plane. This requires a setup almost identical to that for the Fizeau
interferometer. The only difference is that, instead of a pinhole, a wider aperture is
used to have a large angular size for the source. The Haidinger fringes are then
formed in the focal plane of the lens.

1.4.1. Applications of Haidinger Fringes

The Haidinger fringes may be used as a complementary test to that provided by
the Fizeau interferometer. If we are testing a nearly parallel plate, we can find its
wedge angle either by the Fizeau or by the Haidinger method. In the Haidinger
method we look for the stability of the concentric fringes as we move our line of
sight across the plate with a small aperture. If 7 is slowly varying, the center of the
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circular fringe system also appears to change. If ¢ is decreasing, we are moving
toward the thinner side of the wedge, and in this case the circular Haidinger
fringes appear to expand from the center. On the contrary, the fringes appear to
converge to the center if we are moving toward the thick side of the wedge. If we
note how many times the center of the fringe system has gone through bright and
dark cycles, we can also estimate the wedge angle in the same manner as for the
Fizeau situation.

1.4.2. Use of Laser Source for Haidinger Interferometer

A helium—neon laser source of low power is very useful for this interferom-
eter, as it is for the Fizeau instrument. It enables the fringes to be projected on a
screen. In this case, the laser can be made to give effectively a point source of
light, and consequently, the Haidinger fringes can be considered as the inter-
ference from two point sources that are coherent to each other. Hence it is
possible to obtain the circular fringes even at a finite distance from the two
coherent point sources, and no lens is needed to form the fringes in its focal
plane. Figure 1.34 shows the two point images of a point source reflected from a
glass plate having a wedge. For the purpose of analysis, it is sufficient for us to
consider two point sources of light that are coherent to each other. Then, if we
place a screen sufficiently far away and perpendicular to the line joining the two
sources, we get a system of concentric circular fringes similar to Newton’s rings
and the center of the fringes is collinear with the two point sources. Also, for a
glass plate of refractive index N, the distance between the virtual point sources is
2t/N, where 1 is the thickness of the plate. Now, if the glass plate has a small
wedge, the two virtual sources will also have a slight lateral displacement with
respect to each other; this is given by 2Nor, where o is the wedge angle and r is
the distance of the point source from the wedged plate. These various parameters
are illustrated in Figure 1.34.

To apply this theory in practice, several methods are available. One method,
proposed by Wasilik et al. (1971), is illustrated in Figure 1.35. The laser beam is
allowed to pass through a small hole in a white cardboard and is then incident on
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FIGURE 1.34. Various parameters related to the formation of two virtual coherent sources from a single
point source by a wedged plate.
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FIGURE 1.35. A schematic arrangement for observing the Haidinger fringes and measuring the
displacement of the center. Here a laser beam is passed through a cardboard, and the Haidinger fringes
are observed around the hole on the cardboard.

the glass plate under test. To provide some divergence for the laser beam, a
negative or positive lens of about 50—100 mm focal length is introduced centrally
behind the cardboard. The lens can be fixed in such a manner that it does not
deviate the beam but only expands it slightly. This cardboard may be made
specially, along with the lens, to fit on the laser. Several concentric circles with
known spacing may be drawn on the cardboard for measuring purposes. The plate
under test is kept on a platform that can be tilted. The plate is adjusted until the
spot of laser light reflected from it goes back through the hole in the cardboard. In
this situation concentric circular Haidinger fringes will be seen on the cardboard
surrounding the hole. If the plate is free from the wedge, the center of the
Haidinger fringe system coincides with the center of the hole. If the plate has a
wedge, the center of the Haidinger fringe system is displaced with respect to the
center of the hole. An approximate formula relating this displacement to the
wedge angle of the wedged glass plate is as follows:

_ 2N*ru
ot

d

(1.28)

where d = displacement of the Haidinger fringe system,
o = wedge angle of the plate,
t = thickness of the glass plate,
N =refractive index of the glass plate,
r = distance of the point source from the glass plate.

For example, if a =1s of arc (5 x 10‘6rad), N =15, r=1000mm, and
t = 10 mm, we have d = 2.25 mm, which can be easily detected. Hence this method
is quite sensitive and useful.

Another method is illustrated in Figure 1.36. Here the laser beam passes
through the wedged-glass plate and falls on a specially prepared ground-glass
plate in the center of which a small concave or convex reflector of about
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FIGURE 1.36. A schematic arrangement for observing the Haidinger fringes and measuring the
displacement of the center. Here the laser beam is directed back into the wedged glass plate by a small
concave or convex mirror on the ground glass. The Haidinger fringes are formed on the ground glass.

50-100 mm radius of curvature is cemented. The size of the reflector should be
slightly greater than the spot size of the laser. Thus, the laser beam is reflected
back onto the glass plate. The wedged plate is adjusted until the reflected spot
from it coincides with the small reflecting mirror on the ground glass. Now,
Haidinger fringes can be seen on the ground glass, and the center of the fringe
system is displaced with respect to the mirror on the ground glass. The same
formula, Eq. (1.28), is also valid for this case.

A third method utilizes a beam divider, as shown in Figure 1.37. The laser
beam passes through the beam divider, which after reflection from the wedged
plate is again reflected at the beam divider and finally falls on a ground-glass
screen. The plate under test is adjusted until the laser spot reflected from it goes
back on itself. After the position of the spot on the ground glass has been noted, a
negative or positive lens is introduced into the laser beam close to the laser side.
This widens the beam sufficiently so that circular Haidinger fringes can be seen on

White card with Beam
central hole divider Wedge
under test
Gas laser
light beam N
Low power N
positive lens
Ground glass
screen

FIGURE 1.37. A schematic arrangement for observing the Haidinger fringes and measuring the
displacement of the center. Here the fringes are observed on the ground glass and by means of a beam
divider, the central obscuration is avoided.
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the ground-glass screen. The displacement of the center of the Haidinger fringe
system is measured, and the same formula, Eq. (1.28), can be used for calculating
the wedge angle .

1.4.3. Other Applications of Haidinger Fringes

We have discussed earlier the application of Haidinger fringes for the determination
of the very small wedge angle of a nearly parallel plate of glass. There are many types
of prisms that can be reduced to equivalent parallel plates and hence can be tested
for deviation from their nominal angles. A typical example is a right-angle prism
with nominal angles of 90°, 45°, and 45°. In such a prism, it is usually required that
the 90° angle be very close to its nominal value and that the two 45° angles be
equal to each other. In addition, all the faces of the prism should be perpendicular
to a base plane. If not, we say that the prism has pyramidal error that is objec-
tionable in many applications. Figure 1.38 shows how the right-angle prism can be
treated as an equivalent parallel plate with a very small wedge angle. If the beam is
incident first on the face AC, the beam returning after reflection from the face BC
is nearly parallel to the one reflected from the face AC, and hence Haidinger
fringes are seen as a result of the interference between these two beams. This
arrangement checks the equality of the angles A and B. If there were no pyramidal
error and the two angles are equal, the center of the Haidinger fringes will be
exactly at the center of the beam spot. If the angles are equal but there is a
pyramidal error, the center of the Haidinger fringes will be displaced vertically.
If both errors are present, the center will be displaced both vertically and horizon-
tally. The effect of the pyramidal error is to rotate the line of intersection of the two
planes of the equivalent wedge so that it is neither vertical nor horizontal. If the
beam is incident first on AB, the return beam reflected from the internal face of AB
will be nearly parallel to the one reflected from AB externally, and hence we again
get Haidinger fringes due to the interference of these two beams. This arrangement
checks the exactness of the 90° angle of the angle C. If the center of the Haidinger
fringes is not displaced horizontally, the 90° angle is exact; and, if in addition there

v
A C c A
45° 90° 90° 45°
>
45° g B 45°

FIGURE 1.38. Schematic of the 45° —90° —45° prism to be equivalent parallel plates of glass.
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FIGURE 1.39. Schematics of two other prisms to be equivalent parallel plates of glass.

is no vertical displacement, there is no pyramidal error. More details of this method
may be found in the paper by Saxena and Yeswanth (1990).

Other examples of prisms that may be treated as equivalent parallel plates are
shown in Figure 1.39. Readers may come across other examples depending on
particular situations.

The formula given in Eq. (1.27) is applicable in the situations described noting
that the displacement has two components, one in the vertical direction and one in the
horizontal direction.

1.5. ABSOLUTE TESTING OF FLATS

Until now, we have considered the testing of flats against a ““perfect” flat taken as a
reference. It is, however, often necessary to make a flat when a good reference flat is
not available. In this case, an alternative is to use a liquid flat as mentioned in Section
1.2.2. Another possibility is to make three flats at the same time and test them with
several combinations in order to obtain the absolute departure of the three surfaces
with respect to an ideal flat.

Let us assume that we have three surfaces that will be tested in many combinations
by placing them in pair, one against the other. One of the two glass disks (A) is placed
on top of the other by flipping in x by rotation about an axis that is parallel to the y-
axis. If the surface deformation is represented by F4 (x, y) as illustrated in Figure 1.40
(a), it is now expressed by

[Fa(x )], = —Fa(=x.) (1.29)

The glass disk at the bottom (B) may be rotated by an angle 6 with respect to its
original position, as in Figure (1.40)(c). Then, its surface deformation is represented
by [Fg(x,y)], as expressed by

[Fa(x,y)]y = F(x cos0 —y sin0, x sin0 + y cos 0) (1.30)
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FIGURE 1.40. Three possible orientations for the surfaces whose deviations with respect to an ideal plane
are to be determined.

Then, by measuring the fringe pattern we can obtain the value of the difference:

GBA(xvy) = [FB(xvy)]H - [FA(x’y)]x (1'31)

If, following the treatment by Schulz and Schwider (1976) we take 8 = 0 and take the
three possible combinations, (see Figure 1.41) we obtain

GBA(x,y) = FB(x7y) + FA(_xay)
Gealx,y) = Fe(x,y) + Fa(—x,y) (1.32)
Gep(x,y) = Fe(x,y) + Fp(—x,y)

This system has more unknowns than equations. Along the y axis, if we make x = 0,
the system has a simple solution. A solution for all the plane can be obtained only the

y y y
X by X
[FB(x’y)]x [Fc(x’y)]x [Fc(xvy)]x
y y y
X X X
Fplx,y) Fplx.y) Fglx.y)

FIGURE 1.41. Three different combinations for the three surfaces to be measured.
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if the symmetry about the y axis at least for one surface is assumed, for example for
surface B, by taking Fp(x,y) = Fg(—x,y). Then, we may obtain

GBA(_x7y> + GCA(_-xay) - GCB(_X,y)

FA(xay) = 2 3
Fylx,y) = Gpa(x,y) — GCAéx,Y) + GCB(X,Y)7 (1.33)
Fe(xy) = Gealx,y) — GBAngy) — Geg(x,y) .

Several other methods had been devised, for example by Truax (1988). A specially
interesting method is that of Ai and Wyant (1992) as follows next. Let us assume that
the shape of one of the surfaces may be represented by the function F(x, y). Any one-
dimensional asymmetrical function can be represented by the sum of one even
(symmetrical) function and one odd (antisymmetrical) function. On the contrary,
for any asymmetrical function f(x) the following properties hold:

(1) Fo(x) =f(x) +f(—x) is even, 134
(2) Fo(x) =f(x)—f(—x) is odd. (1.34)
Generalizing this result to two dimensions
(1) Foe(x,y) =f(x,y) +f(—x,y) + f(x,—y) + f(—x,—y) is even-even;
(2) Fe()(xay) :f(xa y) +f(7x7 y) f(x7 7y) 7f(7x7 7y) is even—odd;
(3) Foe(x7y> :f(xay) _f(_-x7 _y) +f(x7y) —f(—x>)’) is odd—even;
(4) Foo(xay) :f(xay) 7f(7x7y) +f(x7 7y) 7f(7x7y) is odd-odd.

(1.35)

The conclusion is that any two-dimensional asymmetric function F(x, y) can always
be decomposed into the sum of four functions, even-even, even-odd, odd-even, and
odd-odd as follows:

where

F(x,y) = Fee + Foo + Foe + Fep, (1.36)
(6, y) = (F(x, y) + F(=x, y) + F(x, =y) + F(=x, =y))/4,
O(xa y) = (F(x7 y) _F(_xv y) _F(x’ _y) +F(_x7 _y))/47 (1 37)
(X, )7) = (F(x7 y) +F(_x7 Y) - F(x7 _Y) - F(_x> _y))/47 .
()C, y) - (F()C, y) _F(_xv y) +F(X, _y) —F(—X, _y))/4

Let us now assume that we test two flats with surface shapes F4 (x,y) and Fp(x,y) by
placing one over the other. Following Ai and Wyant, eight combinations are selected,
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FIGURE 1.42. Eight different combinations for the three surfaces to be measured.

as in Figure 1.42, where the optical path difference producing Newton or Fizeau

fringes will be
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With these expressions, the entire profile of the three planes can be calculated. First,
the odd-even, the even-odd, the even-even, and the odd-odd components of the three
desired functions F4(x,y), Fg(x,y), and Fc(x,y) are calculated. The odd-odd com-
ponent is the most difficult to evaluate, which is obtained using Fourier sine series.
Tilt and piston term are not obtained, but this is not a problem since they do not have
any practical interest.

Fritz (1983 and 1984) proposed a method using Zernike polynomials to decom-
pose the desired functions into orthogonal functions. Later, Shao et al. (1992) found
that by neglecting some high spatial frequencies, the solution can be obtained by
using only four combinations.
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Twyman—Green Interferometer
D. Malacara

2.1. INTRODUCTION

The Twyman—Green interferometer is a modification of the Michelson interferom-
eter used to test optical components. It was invented and patented by Twyman and
Green (1916) for the testing of prisms and microscope objectives and was later
adapted and applied to the testing of camera lenses (Twyman, 1919). The first
publications on this instrument were those of Twyman (1918a, 1918b, 1920,
1920-1921, 1923). The instrument has been very useful and so popular that many
review papers (Briers, 1972) and books (Candler, 1951; Twyman, 1957; U.S.
Department of Defense, 1963; Cook, 1971; Horne, 1972) describe it in detail. One
of the basic Twyman—Green configurations is illustrated in Figure 2.1. After the
system has been illuminated with a quasi-monochromatic point light source, the light
is collimated by means of lens L; in order to form a flat wavefront. The wavefront is
divided in amplitude by means of a beam-splitter plate. After reflection, light from
both mirrors M; and M, impinges again on the beam splitter. Two interference
patterns are then formed, one going to lens L, and the other going back to the light
source. Lens L, permits all of the light from the aperture to enter the eye so that the
entire field can be seen. The observed fringes are of equal thickness type.

It is easy to see that if the beam splitter is all dielectric, the main interference
pattern is complementary to the one returning to the source; in other words, a bright
fringe in one pattern corresponds to a dark fringe in the other. This has to be so
because of the conservation of energy principle, even though the optical path
difference is the same for both patterns. Phase shifts upon reflection account for
this complementarity. The case of a absorbing beam splitter has been treated by
Parmigiani (1981).

It is interesting that Michelson (1918) did not consider the instrument applicable
to the testing of large optics, pointing out at the same time that the arrangement we
now know as an unequal-path interferometer was impractical because of the lack of
sufficiently coherent light sources. To answer Michelson’s comments, Twyman
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FIGURE 2.1. Basic Twyman-Green interferometer configuration.

(1918) pointed out that the arrangement shown in Figure 2.2 had been suggested in
his patent (Twyman and Green, 1916) for the testing of large mirrors or lenses. This
procedure eliminates the need for a large collimator and beam splitter but unfortu-
nately requires (for sources of limited coherence) a concave spherical mirror as large
as the optical element under test. This kind of arrangement is often referred to as a
Williams interferometer (De Vany, 1965; Grigull and Rottenkolber, 1967) because
Burch (1940) attributed it to Williams. A Twyman—Green interferometer for general
laboratory usage is shown in Figure 2.3.

77777
%

Mirror M4

Compensator

Light
source

Observing
eye

FIGURE 2.2. Twyman-Green interferometer (Williams type).
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FIGURE 2.3. A general purpose Twyman—Green interferometer.

2.2. BEAM-SPLITTER

The beam-splitter can take the form of glass plate as shown in Figure 2.4 or a cube. It
is made in such a way that the splitting face reflects the light in appropriate amount by
means of a partially reflective coating. If it is a plate, the other face should not reflect
any light. To avoid reflections on the second face, a multilayer antireflection coating

tzzzzzzzzza Mirror My

Beam i
L splitter Mirror M,
ight - A
source ,\ Z (@)
#) S
Collimator
Yyvy

Mirror My

Polarized Mirror My

light
source

(b)

Collimator

FIGURE 2.4. Twyman Green interferometer with beam splitter (a) at 45° and (b) at the Brewster’s angle.
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can be used. However, an easier solution is to place the plate at Brewster’s angle as
shown in Figure 2.4(b) and to use a source of light with p polarization, which goes
through the interface without any reflection. Still another solution is to introduce a
wedge angle on the plate so that the unwanted reflected light escapes from the
system. The contrast of the fringes does not depend on the reflectance R of the beam
splitter; only the irradiance / on the fringe maxima is affected, since

[ = 4I,RT, (2.1)

where I is the irradiance of the incident wavefront and 7'is the transmittance. If there
is no absorption (nonmetallic coating), T = 1 — R and there is a maximum value of /
forR=T-1/2.

If one of the two mirrors has a higher reflectance than the other, for example if one
of the them is a highly reflective mirror and the other is still uncoated, the intensity of
one of the two interfering beams can be about 25 times higher than the other. Under
these conditions, the fringe contrast is greatly reduced. A solution is to use a beam
splitter with a different reflectivity. Another possibility is to use both mirror without
coating.

2.2.1. Optical Path Difference Introduced by a Beam Splitter Plate

We can show with a few algebraic steps and the law of refraction that a beam splitter
or compensating plate shifts the optical axis laterally and parallel to itself by the
following amount:

d=rtsing|1——0 | (2.2)
(n? — sin0)"/?
where 0 is the incidence angle, ¢ is the plate thickness, and # is the refractive index.

The light going to the observer from mirror M; has traversed the beam splitter
only once, whereas the light from mirror M, has gone through it three times. An
interferometer that has more glass in one arm than in the other, as in this case, is said
to be uncompensated. The interferometer can be compensated by inserting another
piece of glass in front of mirror M, as shown in Figures 2.1 and 2.2.

The importance of compensating an interferometer is clearly seen in the following
section. Adjustable compensators for Williams configurations (Steel, 1963) and
Twyman—Green configurations (Connes, 1956; Mertz, 1959; Steel, 1962) have
been described in the literature.

As pointed out before, an interferometer is said to be uncompensated when it
has more glass in one of its arms than in the other, because (a) an optical
component (lens or prism) is present in one arm in order to test it or (b) the light
travels once through the beam splitter in one path and three times in the other
path, and the compensating plate is absent. Both of these situations can be
included in a general case in which an inclined plane glass plate is placed in
one of the arms. The unfolded optical paths for both arms of the interferometer
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FIGURE 2.5. Light paths for both interfering beams in an uncompensated interferometer.

are shown in Figure 2.5. Here we may see that the complete effect is equivalent to
going through a system of two plates. The optical path difference (OPD) intro-
duced by one passage through a glass plate is a function of the angle of incidence
of the light, as shown in Figure 2.6, yielding

OPD = n (AB) + (BC) — (AD) (2.3)
and then
OPD(¢) = ty(ncos ¢ — cos @) (2.4)

If the plates are inclined at an angle ¢ with respect to the optical axis and the ray
direction is defined by the angles 0 and s as shown in Figure 2.7, the OPD introduced
by both passages may be computed by

OPD(¢) = ty(ncos ¢} + ncos @5 — cos ¢ — cos @) + 2ty cos 0 (2.5)

FIGURE 2.6. Optical path difference introduced by a plane parallel plate.
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FIGURE 2.7. Light passing through an inclined plane parallel plate.

where subscripts 1 and 2 designate the first and second passages, respectively,
through the plate. The last term corresponds to an additional OPD introduced by a
shift 7y of one of the mirrors along the optical axis. Angles ¢, and ¢, are obtained
from angles ¢4, ¥, and @o by means of the relations

cos ¢, cos 0 + sin ¢, sin 0 cos Y

cos @,
. . (2.6)
COS (5, = €08 @ cos 0 — sin @, sin 0 cos Y

If the glass plate is normal to the optical axis, ¢, =0 and ¢, = ¢, = 0 thus
@) = ¢ = 0. In this case Eq. (2.5) reduces to

OPD(0) = 2ty(ncos ' — cos 0) + 2t cos 0 (2.7)

2.2.2. Required Accuracy in a Beam Splitter Plate

When constructing a Twyman—Green interferometer with a beam splitter plate, it is
very important to determine the required surface quality in each one of the two faces
of the beam splitter, for a desired interferometer accuracy. These may be found
considering the following model of a beam splitter with three small localized defects
with thicknesses 0 t{, J t,, and 0 3 as shown in Figure 2.8.

In this model we use the fact that in the external reflection in defect 1, if the
reflection is displaced a small distance ¢ from the plate, then the optical path is
reduced by an amount

OPD = 2¢cos 0. (2.8)
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FIGURE 2.8. Effect of errors in the faces of the beam splitter of a Twyman-Green interferometer.

For beams reflected in the two faces of glass plate with plane and parallel faces, there
is an optical path difference given by

OPD = 2ntcos 0. (2.9)
Thus, in the internal reflection at the localized defect 1, the optical path is increased.
Upon transmission through a glass plate with thickness #, the additional optical path
introduced by the plate is

OPD = ty(ncos 0 — cos 0). (2.10)

Thus, the optical path introduced by the plate defects for the beam reflected from
mirror A is

OOP, = —26t; cos 0 + (6t; + dt3)[ncos 0’ — cos 0], (2.11)

and the optical path introduced by the plate defects for the beam reflected from mirror
Bis

00Pg = —2ndt, cos O + (0t; + 2812 + 0t3)[ncos 0’ — cos 0]. (2.12)

Thus, the difference between these two quantities is the optical path difference OPD
introduced by the plate errors:

JOPD = —26t1(cos 0 + ncos 0') + 25ty (ncos 0 — cos 0) (2.13)
As expected, this optical path difference does not depend on the error d3, since it is

common for both beams. Of course, any error J, it is also an error d3 for some
other ray.
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If OPD is the desired interferometer accuracy, the required accuracy J; on the
plates face 1 is given by

0OPD
ot = 2.14
"7 2(cos0+ncost)’ (2.14)
and the required accuracy 0 1, on the plate face 2 is
0OPD
oty = (2.15)

2(cos0' +ncos0)’

These results mean that, roughly, the reflecting face must be polished with about
twice the interferometer required accuracy, while the other face must have a quality
of only about half the interferometer accuracy.

2.2.3. Polarizing Cube Beam Splitter

The beam splitter can also take the form of a glass cube. It can be a non-polarizing
beam splitter or a polarizing beam splitter. The second option has many advantages
that we will describe in Section 2.8.1, as pointed out by Bruning and Herriott (1970)
and Bruning et al. (1974).

Two important properties of the cube beam splitter are that the interferometer
is automatically compensated and that most beam splitter faces are all dielectric
with no absorption. If polarized light is used, some other important character-
istics are present. Figure 2.9 shows an interferometer using a polarizing cube
beam splitter, where all the P polarized component of the light beam is trans-
mitted while the S polarized component of the light beam is reflected. If the

U 7} Mirror M
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splitter it
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! \
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light at 45° f ™ axis at 45°
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N[N
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\ [/
\Y/

Observing
!\ screen

FIGURE 2.9. Twyman Green interferometer with a polarizing cube beam splitter.
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incident light beam is linearly polarized in a plane at 45° with respect to the
square cube edges the reflected intensity is equal to the transmitted intensity.
However, as mentioned before, if the mirrors M; and M, have different reflec-
tivities, a half wave phase plate can be inserted before the cube beam splitter to
maximize the fringe contrast. If the angle between the slow or fast axis of the
phase plate forms an angle 6/2 with respect to the plane of polarization of the
incident beam, this plane of polarization will rotate an angle 6. If the fast and
slow axes of the phase plate are interchanged by rotating the phase plate 90°, the
phase or the output beam whose plane of polarization is rotated changes 180°.
The S and the P components will have different intensity as desired depending on
this angle.

When the transmitted and the reflected light go to mirrors M; and M,, both
beams pass twice through quarter wave phase plates with their axes at 45°
before returning to the beam splitter. Thus, both planes of polarization will
rotate by 90°. This allows the returning beams to go to the observing screen
instead of returning to the light beam. So, there is no returning complementary
interference pattern when using a nonpolarizing beam splitter. Both interference
patterns go to the observing screen, but we can separate them later, as we will
next describe. Figure 2.10 illustrates the polarization states at different points
along the light trajectories. We can see that after recombining and exiting the
beam splitter, the two beams are orthogonally polarized. So, interference cannot
take place. Let us assume that these two beams with S and P polarizations have
the amplitudes

E.=Ae®  and  E, = Ae¥HOPD) (2.16)

where OPD is the optical path difference between the two beams. A A/4 phase plate
with its axis at 45° is placed after the beam splitter to transform these two beams into

Analyzer
2 1/4 Plate axis i
/ axis /
/ 7/
/
1/2 Plate 1/2 Plate ;
axis axis . / /7 /
- 1 / 4 /
I / /
I
)
l’ Analyzer
I , 1/4' Plate axis /
! / axis /
/ 7/
/
/
// /// !
/ /
luminating After g,f’t, ‘Z’ ter itug h ﬁgfzg}’; Z’ S, After After last After
light beam 1/2 plate beam splitier beam splitter beam splitter 1/4 plate analyzer

FIGURE 2.10. Polarization states at different locations in the interferometer in Fig. 2.9.
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two circularly polarized beams with opposite sense. The total electric field due to the
superposition of the two fields along the slow axis can be shown to be

1 —i i
Esion = E A(l te kOPD)ekz7 (217)
and along the fast axis
1 A(l _ e—ikOPD)ei(kz+1r/2). (218)

Eras = %

If we place a linear polarizer (analyzer) in front of these circularly polarized
beams, only the components along the axis of the polarizer forming an angle o with
the slow axis of the phase plate will pass through. Thus, the amplitude along this axis
of the polarizer is

E, = Egjpy cos o + Epy sina, (2.19)

which can be transformed into

E(x — A(eio( 4 e*ixefik OPD)eikx’ (220)

-

or equivalently into

kOPDY
E, = V2Acos (oc +2>e’k(x(OPD/2)). (2.21)

Hence, the interferogram irradiance can be shown to be
I, = E,E; = A*[1 + cos(k OPD + 21)]. (2.22)

The conclusion is that the orientation « of the axis of the analyzer will change the
phase difference between the two interfering beams without modifying the contrast.
The phase difference between the two interfering beams changes linearly with the
angle. By turning the analyzer by an angle o, the phase difference will change by 2.
This effect is frequently used in phase shifting interferometers.

2.2.4. Nonpolarizing Cube Beam Splitter

A simplified version of the previously described interferometer configuration where
the main beam splitter is nonpolarizing and only one phase plate is used is illustrated
in Figure 2.11. The light source is linearly polarized at 45°, which means that the x
and y components of the electric vector are in phase. The A/8 phase plate is traversed
twice, sending back to the beam splitter circularly polarized light, which is equivalent
to saying that the x and y components have a phase difference equal to 90°.
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FIGURE 2.11. Twyman Green interferometer with a nonpolarizing cube beam splitter.

As in the previous interferometer, the exiting light beams cannot interfere, since
one of them is linearly polarized at 45° and the other is circularly polarized. If an
analyzer is rotated in front of the interfering light beams coming out of the beam
splitter, the interference pattern appears, since only the components along the axis of
the polarizer, forming an angle 6 with the x axis will pass through it. It can be proved
that the interference patterns transmitted with the analyzer at an angle 0 and at an
angle 0 4 90° are complementary. The phase depends on the angle of the analyzer,
but for this arrangement with a nonpolarizing beam splitter, the fringe contrast is
maximum only at the analyzer angles 0 = +45°.

2.3. COHERENCE REQUIREMENTS

The size (spatial coherence) and monochromaticity (temporal coherence) of the light
source must satisfy certain minimum requirements that depend on the geometry of
the system, as described by Hansen (1955, 1984) and by Birch (1979). It is interesting
to know that if the optical element under test has very steep reflections, the state of
polarization of the light may change in the reflection, introducing changes in the
contrast (Ferguson, 1982). However, in most of the cases, the important factor in the
contrast is the coherence of the light source.

2.3.1. Spatial Coherence

The light source for interferometry must satisfy some minimum requirements of
spatial as well as temporal coherence, depending on the interferometer configuration
and the specific application and needs. As described in Chapter 1, Section 1.1.2.,
some gas or vapor lamps can be used in conjunction with a small pinhole to
illuminate an interferometer. These lamps with the pinhole do not have perfect
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spatial and temporal coherence. A gas laser, however, has perfect spatial coherence
and can have almost perfect temporal coherence. We might think at first that this is
the ideal light source for interferometry, but this is not always the case. The
coherence length is, in general, so large that many unwanted reflections from other
surfaces in the optical system may produce a lot of spurious fringes in addition to the
speckle noise that make it difficult to analyze the interferogram. On the contrary, the
perfect spatial coherence produce scattering spherical waves from many unavoidable
small pieces of dust or scratches on the optical elements, which in turn produce many
spurious rings of fringes. This problem has been studied in detail by Schwider (1999).

The conclusion is that, quite frequently, it is a better option to use a gas or vapor
light source instead of a laser. However, if the optical path difference is large, it is
unavoidable to use a gas laser. In this section we will study the coherence require-
ments for the light source.

There are two cases for which the collimated wavefront has ray lights spread over
a solid angle with diameter 26, and hence the final accuracy of the interferometry or
the contrast will be reduced:

(1) The collimator has spherical aberration, in which

0=— 2.23
- (223)

where 7A is the maximum value of the transverse spherical aberration of the
collimator at its best focus position. This aberration might limit the accuracy of
the interferometer unless the OPD remains constant with changes in the angle 6.
Otherwise, given the maximum value of 8, the maximum change in the OPD should
be smaller than the desired accuracy.

(2) The light source is not a mathematical point but has a small diameter 2a; then

a
0 7 (2.24)
where fis the focal length of the collimator.

Fringes with high contrast are obtained, using an extended thermal source, only if
the OPDs for the two paths from any point of the source with different value of 6
differ by an amount smaller than 1/4 according to the Rayleigh criterion. On the
contrary, radiometric considerations usually require as large a source as possible that
will not degrade the contrast of the fringes.

When the beam splitter is a glass plate and is not compensated by another identical
glass plate, we may show that the maximum light source size has an elliptical shape.
This is the reason why the fringes are elliptical in an uncompensated Michelson
interferometer. The shape and the size of the ellipse not only are functions of ¢, 0,
and  but also depend very critically on f.

The simpler case of a glass plate with its normal along the optical axis can be
analyzed with more detail as will be shown. The OPD is given by Eq. (2.7). As shown
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FIGURE 2.12. Optical path difference introduced by a plane parallel plate normal to the optical axis
(t=2cm, n=1.52, 7I11 = 589 nm.).

in Figure 2.12, the value of the OPD changes with the value of 0 depending on the
value of fy. The maximum allowed value of the angular semidiameter 0 of the light
source as seen from the collimator is that which gives a variation of the OPD equal to
A/4. On the contrary, the maximum allowed value of the angle 6 due to spherical
aberration of the collimator is that which gives a variation of the OPD equal to the
accuracy desired from the interferometer.

When testing small optics using a nonmonochromatic light source, the optical
path difference can be adjusted to be zero. Then, it is convenient to choose

h = IN(I — n), (225)

so that OPD(0°) = 0, but this situation will require an even smaller light source. It
should be pointed out that when testing large optics, the value of 7y cannot be changed
at will, because in general it will be very large.

If an extended quasi-monochromatic light is used, a good condition in order to
make the optical path difference insensitive to the angle 0 is

dOPD(0)
- 2.2
=0, (226)
yielding
fo =1, 1—1 (2.27)
0=1In R .

It is interesting to see that this equation is equivalent to the condition that the
apparent distance of the image of the collimator (or the light source in a Michelson
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interferometer) to the observer is the same for both arms of the interferometer. This
condition seems reasonable if we consider that then the angular size of the two
images of the light source is the same as pointed out by Steel (1962) and Slevogt
(1954).

When the light source is extended and the interferometer is compensated in this
manner, the fringes are localized at a certain plane in space. To find this plane, the
system may be unfolded as studied by Hansen (1942, 1955). For an interferometer
with plane mirrors, this location for the fringes is near the plane mirrors because of
the way the image of the light source moves when one of the mirrors is tilted in order
to obtain the fringes as shown in Figure 2.5. Thus, the viewing system must be
focused near the mirrors to see the fringes.

As it will be described later in this chapter, to test an optical system, one of the
plane mirrors is replaced by the system to be tested, plus some auxiliary optics to
send back a collimated beam to the interferometer, just like one single mirror would
do. The returning collimated beam has to have the same diameter. Thus, it is easy to
conclude that this whole system, including the element under test has the following
general characteristics:

(1) It is afocal.

(2) Its magnification is either one or minus one. If it is minus one, the returning
wavefront will be rotated with respect to the incident wavefront.

(3) The system is symmetric and hence it is always free of coma.

(4) Entrance and the exit pupil are symmetrically placed with respect to the
system and have the same diameter.

With these properties we see that since the system is reflective (it is retroreflector
only if the magnification is minus one), the entrance and exit pupil are at the same
plane. An important conclusion is that the fringes should be observed at this entrance
and exit pupil plane. This problem has been studied with detail by Schwider and
Falkenstorfer (1995).

It should be noticed that the entrance pupil of the whole system is not necessarily
the same as the pupil of the lens under test. However, when testing a lens, the fringes
are to be observed at the pupil, which ideally should be the same. This does not
happen with a single mirror; therefore, the mirror should be as close as possible to the
lens. This the reason why a convex mirror with the longest possible radius of
curvature is desirable (Steel, 1966) when testing telescope objectives. On the con-
trary, the entrance pupil of a microscope objective is at infinity; hence, the exit pupil
is at the back focus. Dyson (1959) described an optical system such as the one to be
described in Chapter 12, which images the mirror surface on the back focus of the
microscope objective, where the fringes are desired.

The limitation on the size of a pinhole source was examined in a slightly different
manner by Guild (1920-1921) as explained below. Imagine that the small source is
greatly enlarged to form an extended source. Then fit an eyepiece in front of lens L,
(see Fig. 2.1) to form a telescope. Under these conditions, equal inclination fringes in
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the form of concentric rings (like the ones normally observed in the Michelson
interferometer) are observed. If the mirrors are exactly perpendicular to their optical
axes, the rings will be exactly centered. The ideal size of the source is that which
allows only the central spot on the fringe system to be observed. The size of
the central spot increases when the OPD (0) reduces its dependence on 0 by one
of the adjustments described above, making possible the use of a larger source,
although the effective size of the spot is then limited by the pupil of the observing eye
or the camera.

In all the foregoing considerations, the two interfering wavefronts are assumed to
have the same orientation, that is, without any rotations or reversals with respect to
each other. In other words, if one of the beams is rotated or reversed, the other should
also be rotated or reversed. A wavefront can be rotated 180° by means of a cube
corner prism or a cat’s-eye retroreflector formed by a convergent lens and a flat
mirror at its focus. The wavefront can be reversed upon reflection on a system of two
mutually perpendicular flat surfaces, e.g., in a Porro prism. Murty (1964) showed that
if one of the wavefronts is rotated or reversed with respect to the other, then, to have
fringes with good contrast and without phase shifts, the pinhole diameter 2o should
satisfy the condition

1.2
20 < 124 (2.28)
D

so that diametrically opposite points over the wavefront are coherent to each other.
Here, fand D are the collimator’s focal length and diameter, respectively. Then 2«
is extremely small and therefore an impractical size for some sources. However,
there is no problem if a gas laser is used, because its radiance and spatial
coherence are extremely high. This subject will be examined with more detail
in Chapter 5.

When testing an optical element as it will be described in the following section,
the wavefront is sometimes inverted (up-down) or reversed (left-right) or rotated
(both), which is equivalent to a rotation of one of the wavefronts by 180°. Then, the
spatial coherence requirements increase. If a laser is used, no problem arises. If a gas
or vapor source is used, the reference wavefront has also to be inversed, reversed, or
rotated, like the wavefront under test.

When there is no alternative but to use a gas laser source, due to a large optical
path difference, speckle noise and spurious fringes may be reduced by artificially
reducing the spatial coherence of the light a little. This is possible by placing a small
rotating ground glass disc on the plane of the pinhole as described by Murty and
Malacara (1965), Schwider and Falkenstorfer (1995), and Schwider (1999).

2.3.2. Temporal Coherence

The OPD (0) given by Eq. (2.5) also imposes some minimum requirements on the
monochromaticity of the light source. Considering first the case of an interferometer
that is uncompensated because of the lack of a compensating plate or the presence of
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an optical system with lenses or prisms in one of the arms, from Eq. (2.5) we can
write

AOPD(0°) = 2ty GD A (2.29)

and, using again the Rayleigh criterion (AOPD < 1/4),

(2.30)

Therefore, since the glass dispersion (d n/d1) is never zero, and f, is also nonzero,
the bandwidth A4 must not have a very large value if the interferometer is not
compensated. If the interferometer is exactly compensated, white light fringes can be
observed when OPD is nearly zero; otherwise, a highly monochromatic light source
such as a low vapor pressure lamp or (even better) a gas laser must be used.

If many different kinds of glasses are present in both arms of the interferometer,
we may take a more general approach by considering that the interferometer is
compensated for the bandwidth AZ of the light, if the phase difference for the light
following the two paths in the interferometer is independent of the wavelength.
According to Steel (1962), we can say that, if each arm of the interferometer contains
a series of optical components of thickness ¢ and refractive index n, the phase
difference for the two arms is

2
¢:7<Znt—2nt (2.31)
‘ 1 2
This relative phase is independent of the wavelength when d¢/d/ = 0, thus giving
D ar=" it (2.32)
1 2

where 1i is the “group refractive index,” defined by

- dn
n=n-— )ta (2.33)

Thus, the interferometer is compensated for the bandwidth Al when the “group
optical path” for both arms is the same. Steel (1962) pointed out that the compensa-
tion for the bandwidth of the light source can be examined by looking at the fringes
formed by a white light source through a spectroscope with its slit perpendicular to
the fringes. The spectrum is crossed by the fringes and their inclination shows the
change of fringe position with wavelength. The fringes will be straight along the
direction of dispersion if the bandwidth compensation is perfect. Otherwise, the glass
optical paths can be adjusted until the fringes show a maximum (zero slope) at the
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wavelength to be used. If the bandwidth of the light source is very large, a detailed
balancing of the glass paths has to be made by using the same types and thicknesses
of the glass on both arms.

If the OPD(0) is very large, as in the unequal-path interferometer (described in
Section 2.5), the last term in Eq. 2.5 dominates, and we can write

OPD(0°) = 21y = mA (2.34)

but from the Rayleigh criterion, the order number m should not change from one end
of the wavelength bandwidth to that of the other by more than 1/4; thus

1
mi = (m + 4> (A—A4) (2.35)
where A/ is the maximum allowed bandwidth. Thus we can write the approximation

A
AL < — 2.36
= 819 ( )

Since the length of a train of waves with bandwidth AJ is equal to A2AJ, this
condition is equivalent to saying that the OPD(0°) should be smaller than one fourth
of the length of the wavetrain (or wavelength of the modulation). In uncompensated
interferometers, this condition is incompatible with the condition for an extended
light source.

A very interesting and practical case occurs when the light source is a gas laser, but
this discussion is left to Section 2.5 on the unequal-path interferometer.

2.4. USES OF A TWYMAN-GREEN INTEFEROMETER

Many different kinds of optical components can be tested with this instrument. The
simplest one to test is a plane parallel plate of glass, as shown in Figure 2.13. The
OPD introduced by the presence of the glass plate is given by

OPD = 2(n— 1)t (2.37)

where ¢ is the plate thickness and » is the refractive index. If the interferometer is
adjusted so that no fringes are observed before introducing the plate into the light
beam, all the fringes that appear are due to the plate. If the field remains free of fringes,
we can say that the quantity (n — 1)z is constant over all the plate. If straight fringes
are observed, we can assume that the glass is perfectly homogeneous (nconstant) and
that the fringes are due to an angle ¢ between the two flat faces, given by

e — 72(’1“_ 3 (2.38)
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Glass plate
under test

Flat
mirror

FIGURE 2.13. Testing a glass plate.

where o is a small angle between the two interfering wavefronts, which can be
determined from

o =nl (2.39)

Here m is the number of interference fringes per unit length being observed.

The fringes, however, may not be straight but quite distorted, as shown in
Figure 2.14, because of bad surfaces or inhomogeneities in the index, since the
only quantity we can determine is (N — 1)¢. To measure the independent variations
of n and ¢, we must complement this test with another made in a Fizeau interferom-
eter, which measures the values of nt (Kowalik 1978). Many different kinds of

FIGURE 2.14. Interferogram of a glass plate.
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FIGURE 2.15. Testing a thin and flexible opaque glass plate.

material can be tested with this basic arrangement (Adachi et al., 1961, 1962; Masuda
et al., 1962; Twyman and Dalladay, 1921-1922).

In many instruments, when using a glass window, the important requirement is
that the optical path difference introduced by its presence is a constant for the whole
aperture as in Eq. (2.30). However, sometimes the plate may not be transparent in the
visible, only in the infrared, where it is used, and an infrared interferometer is not
available. If a constant index of refraction is assumed, the important parameter is a
constant thickness. But an independent measurement of the flatness of the faces does
not permit this evaluation because the plate is frequently so thin that it may bend,
which, on the contrary, is not important in its operation. For these cases, Williamson
(2004) has described a configuration as shown in Figure 2.15. The interesting
characteristic of this configuration is that if the plate bends or curves in any way,
the change in one of its two faces is canceled out by the corresponding change in the
other.

2.4.1. Testing of Prisms and Diffraction Rulings

The Twyman—Green interferometer is a very useful instrument for testing prisms. Its
application for testing the accuracy of the 90° angle between two of the faces of a
right angle (Porro) prism, a roof (Amici) prism, or a cube corner prism is especially
interesting. As explained before, the relative rotation or reversal of the wavefronts
should be corrected, as shown in Figure 2.16, if a gas laser is not used. The
arrangements in Figure 2.17 can be used when a gas laser source is employed.

Avery good cube corner prism will give rise to an interferogram like that shown in
Figure 2.18. The fringes are straight throughout the aperture. A cube comer prism
with angular errors produces an interferogram such as that shown in Figure 2.19, in
which the straight fringes abruptly change their direction. Thomas and Wyant (1977)
made a complete study of the testing of cube corner prisms.
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Right-angle (Porro) prism
under test

Roof (amici) prism
under test

Flat

mirror  ([[[]

Cube corner prism
under test 7\ g\%

Flat
mirror

FIGURE 2.16. Testing some prisms.

Right Angle (Porro) prism
Under test

Cube corner prism
Under test

<

FIGURE 2.17. Testing some prisms by retroreflection with laser illumination.
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FIGURE 2.18. Interferogram of a good corner cube prism tested in the retroreflecting configuration and
with some tilt.

Figures 2.20 and 2.21 show similar situations for a right-angle prism of no error
and of some angular error, respectively. If, in addition to angle errors, the surfaces are
not flat or the glass is not homogeneous, an interferogram with curved fringes is
obtained. When a right angle or porro prism is tested in the retroreflective config-
uration and the surface flatness as well as the 90° angle is correct, the fringes look

FIGURE 2.19. Interferogram of a corner cube prism with some errors in the angles of the faces tested in
the retroreflecting configuration and with an average tilt equal to zero.
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FIGURE 2.20. Interferogram of a good porro prism tested in the retroreflecting configuration and with
some tilt.

straight and parallel as in Figure 2.20. If the right angle has an error, the fringes look
like those shown in Figure 2.21 and can be manipulated to look like those in
Figure 2.22. We describe here a brief method for obtaining the angular error in a
right angle prism. If 2L is the width of the face of the prism, /2 =+ ¢ s the angle of the
prism, d is the distance between two successive fringes, & is the deviation of the fringe
from the straight fringe after bending, n is the refractive index of the prism, and 4 is
the wavelength used. As shown in Figure 2.23, the error is given by

o k A
e=—=|— _
2N d) \4nL
where o is the angle between the two exiting wavefronts. For example, for a prism of
100 mm face width and k/d = 0.25, the error ¢ of the 90° angle is about 1 s of arc. In

regard to the sign of the error, the hot rod or finger procedure described before can be
used.

FIGURE 2.21. Interferogram of a porro prism with a small error in the angle tested in the retroreflecting
configuration. It has some tilt about the x axis and an average tilt equal to zero about the y axis.
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FIGURE 2.22. Interferogram of a porro prism with a small error in the angle tested in the retroreflecting
configuration. It has some tilt about the x axis and a zero tilt about the y axis on the left side.

Luneburg (1964) showed that the angular error ¢ in a roof face of a prism is

o
= - 2.40
¢ 4mn sin 0 ( )

where n is the refractive index of the material, o is the angle between the two exiting
wavefronts in a single pass through the prism, 6 is the angle between de roof edge and
the incident beam, and m is the number of times the lights is reflected on the roof face.
For the arrangements shown in Figs. 2.15 and 2.16 we have the values in Table 2.1.
The angle o is determined from Eq. (2.32), but with the interferometer adjusted in
such a way that all the fringes in one of the faces are eliminated.

A dispersive prism can also be tested as shown in Figure 2.24(a). This arrange-
ment of smoothly changing inhomogeneities in the glass may be compensated for by
appropriately figuring the faces. An axicon may be tested in a Twyman—Green
interferometer using the method described by Fantone (1981) as well as reflaxicons
(Hayes et al., 1981).

Right angle prism
under test

a=2ne 2L

FIGURE 2.23. Testing a porro prism with a small error in the angle in a retroreflective configuration.
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TABLE 2.1 Values of angle 6 and of K for prisms in Figures

2.16 and 2.17.

Prism Figure 0 sin 0 K
Porro 2.10 60° 0.8662 2
Amici 2.10 45° 1/v2 2
Cube Corner 2.10 54.7° 2/3 2
Porro 2.11 90° 1 1
Cube Corner 2.11 54.7° 2/3 1

In 1935, Bisacre and Simeon suggested a method whereby a diffraction grating
could be tested by means of a Twyman—Green interferometer. Unfortunately, they
never published their work (Candler, 1951). They used the arrangement shown in
Figure 2.24(b). The interferometer is initially adjusted to obtain horizontal fringes in
the first order. Then the grating is rotated to pass to the third order, in which the
ghosts, if any, are stronger. If there are ghosts and a tilt about an axis along the grating
chromatic dispersion is introduced, the fringes have a sawtooth appearance. When
the spacing between the horizontal fringes is increased by removing the tilt, the teeth
become larger and larger until they form a system of vertical fringes due to the
inteference between the zero order and the ghost wavefront. Using this interferom-
eter, Jaroszewics (1986) has also tested the spacing error of a plane diffraction
grating.

2.4.2. Testing of Lenses

One of the early applications of the Twyman—Green interferometer was the testing of
lenses and camera objectives (Twyman, 1920), including the measurement of the
chromatic aberration (Martin and Kingslake, 1923-1924). Any of the arrangements
in Figure 2.25 can be used to test a convergent lens. A convex spherical mirror with

Equilateral prism

Diffraction grating

(b)

FIGURE 2.24. Testing a dispersive prism and a diffraction grating.
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FIGURE 2.25. Three possible arrangements to test a lens.

its center of curvature at the focus of the lens is used for lenses with long focal lengths
and a concave spherical mirror for lenses with short focal lengths. A small flat mirror
at the focus of the lens can also be employed to great advantage, since the portion of
the flat mirror being used is so small that its surface does not need to be very accurate.
However, because of the spatial coherence requirements described in Section 2.3.1,
the same arrangement or a cube corner prism must be employed on the other
interferometer arm, if a laser is not used. Another characteristic of this method is
that asymmetric aberrations like coma ere canceled out, leaving only symmetric
aberrations like spherical aberration and astigmatism.

When a lens is to be tested off axis, it is convenient to mount it in a nodal lens
bench as shown schematically in Figure 2.26. The lens L under test is mounted in a
rotating mount so that the lens can be rotated about the nodal point N. Since the focal
surface is usually designed to be a plane and not a sphere, mirror M is moved

FIGURE 2.26. Testing a lens with a nodal bench.
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backward a small distance F P by pushing the mirror support against a metallic bar
FP, fixed with respect to lens L. Interferograms obtained with lenses having third
order aberrations will be shown in Section 2.7.

Testing a large lens on the Twyman—Green interferometer requires the use of a
beam-splitter plate even larger than the lens. To avoid this difficulty, according to
Burch (1940), Williams suggested later by Hopkins (1962) for use with a gas laser in
an unequal path configuration.

Complete small telescopes can also de tested with good results as shown by
Ostrovskaya and Filimonova (1969).

2.4.3. Testing of Microscope Objectives

Twyman (1920, 1923) also used his instrument for the testing of microscope
objectives with good success. The arrangement is essentially the one used for a lens,
but a convex mirror, in general, cannot be employed because of the short focus of the
objective. Since the microscope sometimes works at a finite tube length, a negative lens
is added to change the collimated light and simulate a light source 16 cm away. This
lens must be corrected for spherical aberration, but it is not necessary to correct it
quasi-monochromatic. As shown in Figure 2.27, several arrangements can be used to
test an objective, the most common being a spherical concave mirror with its center of
curvature at the focus of the objective. A solid spherical reflector slightly thicker than a
hemisphere can serve to simulate the presence of a cover glass.

A plane mirror at the focus of the objective can also be used, but in this case the
wavefront is rotated 180°. Therefore, we should either use a laser light source or
rotate the wavefront on the other arm. This can be done by means of a cube corner
prism or with another microscope objective with the same flat mirror arrangement. It
should be pointed out that the interferogram in this case represents the difference
between the aberrations of the two objectives.

A fourth arrangement is formed by two oppositely placed microscope objectives.
In this case, the interferogram represents the sum of the aberrations of the two
objectives. However, when the aberrations to be measured are not small or the
pinhole is not small, the best arrangement is the one with the Dyson’s system
described in Chapter 12.
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FIGURE 2.27. Testing microscope objectives.
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2.5. COMPENSATION OF INTRINSIC ABERRATIONS IN THE
INTERFEROMETER

A Twyman—Green interferometer may easily have aberrations of its own due to
defective optical components, so that the interferometric pattern is the result of the
addition of the aberrations of the optical system under test and the intrinsic inter-
ferometer aberrations. Basically, the final aberration may be the superposition of
three sources, the reference path Wy, the testing path Wy, and the element or
optical surface under test W,s. A method to isolate the optical surface aberration
from the instrument aberration has been proposed by Jensen (1973). His procedure
takes three different measurements with different positions and orientations of the
surface under test. To describe it let us assume that these three measurements are as
follows.

(a) A the normal testing position, as in Figure 2.28(a). Then, the inteferogram
aberration can be written as

W()o = Wsmf + Wref + Wtest (241)

(b) At the normal testing position, but rotating the surface under test 180°, as
shown in Figure 2.28(b), the interferogam aberration now is

Wigoe = Wsmf + Wref + Wiest (242)

where the bar on top of Wy,,r means that this wavefront aberration has been rotated
by 180°.

Spherical Spherical

mirror mirror

at 0° at 180°
Z, {:- / c Ir: é

v | ’ B |
Focusing g Focusing 2

lens lens

(a) (b)
Spherical
mirror
at the focus

Focusing
lens

(©)

FIGURE 2.28. Calibration of a Twyman-Green Interferometer by absolute testing a concave sphere.
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(c) The vertex of the optical surface under test is placed at the focus of the
focusing lens, as illustrated in Figure 2.28(c). Then, the surface aberrations do
not appear on the interferogram. However, The reflected wavefront is rotated.
Now we have

1 —
Wfocux = Wref + E (Wtesz + erst) (243)

In any of these three equations, we can rotate all wavefronts in the same expres-
sion and it will remain valid. This is done either by placing the bar on top of the W that
does not have it or by removing it if it is already there. By using this property, it is
possible to obtain

WW’f = (WO" + WISOC - Wfocm - Wfocm) (244)

N =

With this expression the intrinsic interferometer aberrations are subtracted, making
the instrument as if it did not have any aberration of its own. If a large number of
similar spherical surfaces are to be tested, the intrinsic instrumental aberration can be
expressed as

Wref + Wtest = (VVOO - WISOO + Wfocux + Wfocus) (245)

1
2
Once the interferometer is calibrated, this intrinsic aberration can be subtracted if the
surface under test has a radius of curvature close to the one of the mirror used to make
the calibration.

Unfortunately, as shown by Creath and Wyant (1992), this method is quite
sensitive to experimental errors due to misalignments, such as decentrations and
tilts in the rotation and shifting of the surface under test. In view of this, they
proposed a simpler method where both the intrinsic interferometer aberration and
the aberration of the spherical surface are almost rotationally symmetric. Then, Eq.
(2.37) reduces to

Waurr = Woo — Wiocus (2.46)

and the intrinsic aberration is just Wp,,. It is important to point out that this method
works for Twyman—Green well as for Fizeau interferometers.

2.6. UNEQUAL-PATH INTERFEROMETER

In Section 2.3, we discussed the coherence requirements of a Twyman—Green
interferometer and pointed out that, when a laser light source is used, extremely
large OPDs can be introduced (Morokuma et al., 1963). In explaining this, let us first
consider the spectrum of the light emitted by a laser. As shown in Figure 2.29(a), the
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FIGURE 2.29. Visibility in the interferometer using a mutimode gas laser.

light emitted by a gas laser usually consists of several spectral lines (longitudinal
modes) (Sinclair and Bell, 1969) spaced equally at a frequency interval Av given by
e

Av = (2.47)

If the cavity length L of a laser changes for some reason (thermal expansion or
contractions, mechanical vibrations, etc.), the lines move in concert along the
frequency scale, preserving their relative distances Av, but always with intensities
inside the dotted envelope (power gain curve) as shown in Figure 2.29(a).

Lasers that have only one spectral line are called single-mode or single-frequency
lasers. They produce a perfect unmodulated wavetrain, but because of instabilities in
a cavity length L the frequency is also unstable. By the use of servomechanisms,
however, single-frequency lasers with extremely stable frequencies are commer-
cially produced. They are the ideal source for interferometry since an OPD as long as
desired can be introduced without any loss in contrast. Unfortunately, these lasers are
very expensive and have very low power outputs (less than 1 mW). Even so, a I-mW
laser has a higher radiance than any other type of interferometric source.

It can be shown (Collier et al., 1971) that the theoretical visibility in an inter-
ferometer, when a laser source with several longitudinal modes is used, is as
illustrated in Figure 2.29(b). Therefore, to have good contrast, the OPD (0) has to
be near an integral multiple of 2L; thus

OPD(0y) = 2t = 2ML (2.48)

Hence lasers are very convenient for Twyman—Green interferometry provided that
the mirrors in the interferometer can be adjusted to satisfy this condition. Because of
mechanical instability, the laser cavity normally vibrates, producing a continuous
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instability in the frequency of the lines. This does not represented any serious
problem for small OPDs of the order of 1 m. If, however, the OPD is very large,
of the order of 10 or more meters, an almost periodic variation of the contrast is
introduced as shown by Batishko and Shannon (1972). To overcome the inconve-
nience of this effect, they recommend taking photographs with exposures of the order
of 1/250 ms. This exposure is fast enough to stop the vibration of the fringes but slow
enough so that the contrast variation is integrated out.

A laser with two longitudinal modes can be stabilized to avoid contrast changes by
a method recommended by Balhorn et al. (1972), Bennett et al. (1973), and Gordon
and Jacobs (1974).

Some suggestions for aligning and adjusting the unequal path interferometer had
been given by Zielinski (1978,1979).

2.6.1. Some Special Designs

With the advent of the laser, it became practical to use Twyman—Green interferom-
eters with large optical path differences. Probably the first one to suggest this was
Hopkins (1962). An instrument of this type following a Williams arrangement was
made by Grigull and Rottenkolder (1967) for wind-tunnel observations and the
testing of spherical mirrors.

A very versatile unequal-path interferometer for optical shop testing was designed
by Houston et al. (1967). A schematic diagram of this interferometer is shown in
Figure 2.30. The beam-splitter plate, which is at the Brewster angle, has a wedge
angle of 2-3 min of arc between the surfaces. The reflecting surface of this plate is
located to receive the rays returning from the test specimen in order to preclude
astigmatism and other undesirable effects. A two-lens beam diverger can be placed in
one arm of the interferometer. It is made of high index glass, all the surfaces being
spherical, and has the capability for testing a surface as fast as f/1.7. A null lens can
be used to test an aspheric element, with the combination beam diverger and null lens
spaced and aligned as depicted in Figure 2.31 (see Chapter 12)

Another unequal-path interferometer was designed by Kocher (1972). This instru-
ment, shown in Figure 2.32, is quite similar to the Twyman—Green interferometer in

Adjustable
< mirror

Beam .
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Observing diverger

screen

Mirror
under test

FIGURE 2.30. Houston’s unequal path interferometer.
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FIGURE 2.31. Null lens and lens diverger for unequal path interferometer.

Figure 2.2. A significant feature is the use of an optically thick beam-splitter substrate
in the diverging beam. Such a plate introduces aberrations, but they are intentionally
made equal on both arms. To a first approximation there is no effect on the fringe
pattern, mainly if the total thickness is kept small. Buin et al. (1969) reported a
successful industrial use of unequal-path interferometers.

2.6.2. Improving the Fringe Stability

The unequal-path interferometer frequently has the problem that the fringes are
very unstable due to vibrations of the surface under test. Most mirror vibrations
have mainly tip and tilt components more than a piston component. Bending is not
usually important mainly if the optical elements are thick enough. Thus, one obvious
approach is to configure the optical system so that the antisymmetric components of
the wavefront from the vibrating system under test are canceled out. The disadvantage
of this is that the antisymmetric aberrations, such as coma, are not detected.

One possible implementation of this concept is the arrangement in Figure 2.33.
The diverging beam of light going out from the interferometer illuminates the
concave surface under test and then the reflected convergent beam gets reflected in
a small flat mirror near the center of curvature. Then, the light returns to the mirror,
but the returning wavefront has been rotated 180° with respect to the incident

Surface
Beam under test

splitter

expander

Observing
screen

FIGURE 2.32. Kocher’s unequal path interferometer.
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Small flat mirror

Mirror under test
Center of curvature

FIGURE 2.33. Stabilization of interference fringes by eliminating antisymetric errors in the wavefront,
by means of a reflection in a small flat mirror.

wavefront. This rotation of the wavefront eliminates all antisymmetric components
of the wavefront error, remaining only the symmetric components.

The mirror vibrations may also be eliminated from the interferogram by introdu-
cing exactly the same vibrations in the reference wavefront. This is done with an
arrangement described by Hardesty (1979), where the reference arm of the inter-
ferometer is made as long as the test arm and the reference mirror is placed as close as
possible to the tested element, so that they vibrate together.

A third method to dampen the vibrations is by sensing this vibrations with a light
detector and with this signal move the reference mirror in the opposite sense (Cole
etal., 1997). This is a closed loop servo system that uses a phase smaple frequency of
several kilo Hertz.

A fourth method is to capture the interferogram image as fast as possible, so that
vibrations do not affect the image. This can be done, but the limitation might come if
several images with different phase are required, as in phase shifting interferometry.
Some interferometers had been designed that allow the simultaneous measurement
of four interferograms with different phase.

2.7. OPEN PATH INTERFEROMETERS

An optical element under test in a Twyman—Green interferometer is traversed twice.
However, sometimes it is necessary that the sample is traversed by the light beam
only once. This can be done if the interferometer configuration is modified by
unfolding the light paths. Several possible configurations including the well-known
Mach-Zehnder will be described.

2.7.1. Mach-Zehnder Interferometers

As pointed out before, the Mach-Zehnder configuration shown in Figure 2.34 has
some advantages with respect to the Twyman—Green configuration. For example, if
the sample under test has a large aberration, it is better to pass the beam of light only
once through it. Another advantage some times is that this interferometer is auto-
matically compensated because it has two beam splitters.
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FIGURE 2.34. Basic Mach-Zehnder interferometer configuration.

A commercial version of this interferometer configuration, manufactured by
Wyko Corp., uses a pinhole in one of the branches to generate a perfect wavefront,
in order to test the wavefront quality of the light source, as shown in Figure 2.35.
(Leung and Lange, 1983; Creath, 1987). A Mach—Zehnder has also been used to test
off-axis paraboloids (Gerth et al., 1978). Cuadrado et al. (1987) have described a
method to align a Mach—Zehnder interferometer using equilateral hyperbolic zone
plates and Flack (1978) has analyzed the errors that result from a test section
misalignment.

Sometimes, to save one mirror, a triangular configuration as illustrated in
Figure 2.36 is used.

2.7.2. Oblique Incidence Interferometers

Another kind of two beam interferometers have triangular paths, so that one of the
beams is obliquely reflected on the flat surface under test. It may easily be proved that
under those conditions a small error with height 4 on the surface under test introduces
an error equal to 2 & cos 6, where 0 is the incidence angle. Thus, the interferometer is
desensitized by a factor cos 0. Another consequence of the oblique incidence is that
the reflectivity of the surface under test is greatly increased. Thus, an interferometer
with oblique incidence is ideally suited for testing ground or mate flat surfaces,

I
7 X
NN Ul N

N 7 \
N ) R 1)) I N
Laser diode ~ — Filtering
under test pinhole

FIGURE 2.35. Mach-Zehnder interferometer used to test the wavefront quality of a laser diode.
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FIGURE 2.36. Triangular path interferometer.

whose flatness and reflectivity are not good enough to be tested by conventional
interferometry.

Oblique incidence interferometers have been described by Linnik (1942),
Saunders and Gross (1959), by Birch (1973,1979), by Hariharan (1975), and by
MacBean (1984). Some of these interferometers use diffraction gratings as beam
splitters, as the one designed by Hariharan, as shown in Figure 2.37. Small ground
and almost flat aspherical surfaces may be tested with oblique incidence interferom-
eters as shown by Jones (1979).

Light source Observing eye

<A B
\‘4“ 0"‘(

Diffraction Diffraction
grating 17 /| grating

plane surface under test

FIGURE 2.37. Grazing incidence Interferometer using a diffraction grating beam splitter.
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2.8. VARIATIONS FROM THE TWYMAN-GREEN CONFIGURATION

Many variations of the Twyman—Green interferometer have been invented; interest-
ing among them are some small, compact interferometers designed by Van Heel and
Simons (1967) and by Basile (1979).

A carbon dioxide laser has been used as a light source of long wavelengths
(10.67m 1m) in a Twyman—Green interferometer (Munnerlyn et al., 1969, Kwon
et al., 1979, and Lewandowski et al., 1986) in order to measure unpolished or rough
surfaces.

Another interesting development is the invention of a cheap interferometer whose
defects are corrected by means of a hologram (Rogers, 1970). First, a photograph is
taken in a very imperfect and inexpensive interferometer, introducing a large tilt.
This gives rise to an exceedingly fine set of fringes invisible to the naked eye but
capable of being photographed. Then a second exposure is taken on the same
photographic plate, after introducing into the interferometer the plate to be tested.
A moiré pattern appears on the developed plate, giving the contours of the surface
quality of the plate under test.

Another interesting holographic Twyman—Green interferometer has been
described by Chen and Breckinridge (1982). In this design, a single holographic
optical element combines the functions of a beam splitter, beam diverger, and null
compensating lens. McDonell and DeYoung (1979) designed a large aperture inter-
ferometer using a holographic compensator.

2.8.1. Multiple Image Interferometers

An application of the systems using polarized light in the interferometer is to obtain
Twyman—Green multiple simultaneous fringe patterns with different values of the
constant phase difference by selecting the phase with the orientation of the analyzer.
The interferometers described in Section 2.2.4 can produce two complementary
interferograms as illustrated in Figure 2.38. If the two light beams returning to the
light source are observed with another polarizing beam splitter, we will have four
different fringe patterns with four different phases. Inteferometers like this had been
made with four independent cameras, but they are difficult to align. Another system
that does not have this problem, described by Millerd, Brock, Hayes, Kimbrough,
Novak, and North-Morris (2005), uses a CCD detector with a specially designed
screen in front of it as illustrated in Figure 2.39, where the pixels in the CCD camera
have analyzers oriented in four different directions to capture the four phase shifted
interferogram simultaneously, with a holographic element that projects the same
image region to a set of every four pixels.

2.8.2. Interferometers with Diffractive Beam Splitters

Some two beam interferometers may be thought as modifications from the basic
Twyman—Green interferometer. Some of them use diffraction gratings as beam
splitters, as the one shown in Figure 2.40, described by Molesini et al. (1984). The
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FIGURE 2.38. Twyman—Green interferometer with a cube nonpolarizing beam splitter.

advantage of this particular configuration is that relatively large errors in the grating
flatness may be tolerated. In the following section we will see some other inter-
ferometers using diffraction gratings as beam splitters.

2.8.3. Phase Conjugating Interferometer

Phase conjugating mirrors are very useful tools in interferometry. They eliminate the
need for a perfect reference wavefront. A Twyman—Green interferometer as shown in

ccD
detector

Polarizers
with four
different
orientations
Holographic
element N\ I~
I~

FIGURE 2.39. Arrangement to simultaneously produce for interferograms with different phase differ-
ences using a pixelated CCD detector with polarizing element in front of it.
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Diffraction grating

Mirror under test

Interferogram .
Light source

FIGURE 2.40. Oblique incidence interferometer using reflecting diffraction gratings as beam splitters.

Figure 2.41, using a phase conjugating mirror has been described by Feinberg (1983)
and Howes (1986a, 1986b). The phase conjugating mirror is formed by a BaTiO3
crystal, with the C axis parallel to one of its edges and inclined 20° with respect to a
plane perpendicular to the optical axis. The phase conjugation is obtained by four
wave mixing. These pumping beams are automatically self-generated from a 30-mW
argon laser (1 = 514.5 nm) incident beam by internal reflection at the crystal faces.
Thus, it is a self-pumped phase conjugating mirror.

The property of this self-conjugating mirror is that the wavefront incident to the
mirror is reflected back along the same ray directions that the incident wavefront has.
Thus, the wavefront deformations change sign. Since the returning rays have the
same directions as the incident rays, the quality of the focusing lens is not important.

v Z
‘ \‘\ 2‘ | N
ﬁ 1l 2 v
Light N ) \‘ P +C
source N i \» ; I BaTio
/ 3
Lens - ‘ Crystal
under test ocusing
lens

FIGURE 2.41. Twyman-Green Interferometer with a phase conjugating mirror.
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However, the quality of the light source collimator is important. Any wavefront
distortions produced by this collimator will appear in the final interferogram, but
duplicated. In other words, the wavefront is not tested against a flat reference but
against another wavefront with deformations opposite in sign.

Then the lens under test is the collimator and the sensitivity is the same as that in
the common Twyman—Green interferometer, but with only a single pass through the
lens. The advantage is that no perfect lenses are necessary. The disadvantage is that
an argon laser is required.

2.9. TWYMAN-GREEN INTERFEROGRAMS AND THEIR ANALYSIS

The interferograms due to the primary aberrations can be described by using the
wavefront function by Kingslake (1925-1926), which is given by

OPD = A + Bx + Cy + D(x* +y*) + E(x> + 3y?) + Fy(x* +y*) + G(x* +y*)?,
(2.49)

where these coefficients represent:

Constant (piston) term

Tilt about the y axis

Tilt about the x axis

Reference sphere change, also called defocus
Sagittal astigmatism along the y axis

Sagittal coma along the y axis

Primary spherical aberration

QMo AW

In polar coordinates (p, 8), Eq. 2.36 can also be written (x = pcos 6; y = psin6)
as

OPD = A + Bpcos 0 + Cpsin 0 + Dp? +Ep2(l +2sin20) + Fp®sin 0 + Gp*,
(2.56)

This expression is designed to represent the wavefronts produced in the presence
of the primary aberrations of a centered lens whose point source and image are
displaced in the y direction. Thus, the wavefront is always symmetric about the y axis.
Also, the coma and astigmatism terms are referred to the Petzval surface, which is not
of a great relevance in most interferograms. When testing an optical surface or a
descentered system no symmetry can, in general, be assumed and a more general
wavefront representation has to be considered.

Additionally, it is convenient for the mathematical analysis that the average tilt of
all aberrations is zero with the exception of the two tilts. This is equivalent to
selecting the optimum tilts of the reference wavefront for each aberration. Also,
the average curvature of all aberrations must be zero for all aberrations, with the
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exception of the spherical curvature, also called defocus. This is equivalent to
selecting the optimum value of the focus setting for each aberration. These
aberrations are the Zernike polynomials to be described with detail in Chapter 13.
In terms of these aberrations, the wavefront shape up to the fourth order terms can be
written as

OPD = A; + Aox + Azy + Ay(x2 + 3 — 0.5) + Asxy + Ag(x* — %)
+ A7y(3x% 4 3y% — 2) 4+ Agx(3x* + 3y* — 2) + Agy(3x* —y?)
+ Apox(x® = 3y%) + A [6(® + )2 4+ 6(x2 +y?) + 1] (2.49)
+A12(x2 — )/2)(4x2 +4y? — 3)+ A13xy(4x2 + 4y* —3)
+ A =y — 8] + Apsxy(¥ —)P),

or in polar coordinates

OPD = A| + Aspcos + Aspsin 0 + Ay(p* — 1) + Asp® sin 20
+ Agp* cos 20 + A7p(3p* — 2)sin 0 + Agp(3p* —2) cos O
+ Agp? sin 30 + Ajop® cos 30 + A1 (6p* — 6p* 4+ 1) (2.50)
+ App*(4p® — 3) cos 20 4 Aj3p*(4p> — 3) sin 20
+ Aap* cos 40 + Aysp* sin46,

where

Ay Constant (Piston) term
Ay Tilt about the y axis
Aj Tilt about the x axis

Ay Spherical term, also called defocus

As Astigmatism with axis at £ 45°

Ag Astigmatism with axis a at 0° or 90°

Ay Third order coma along y axis

Ag Third order coma along x axis

Ag Triangular astigmatism with base parallel to x axis
Ao  Triangular astigmatism with base parallel to y axis
Ay;  Primary spherical aberration

Ay,  High order astigmatism at 0° or 90°

A3 High order astigmatism at 4= 45°

A4 Quadrangular (ashtray) astigmatism 0° or 90°
A5 Quadrangular (ashtray) astigmatism at + 45°.

In computing interferograms, a normalized entrance pupil with unit semidiameter
p can be assumed. The great advantage of this normalization is that a value of all the
aberration coefficients will represent the same maximum wavefront deformation at
the edge of the pupil.
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The relative simplicity of the Kingslake expression allows us an easy and intuitive
analysis of the interferograms, as we will see with some examples. The inter-
ferograms for some aberrations were simulated by calculating the irradiance at a
two-dimensional array of points. A wavelength equal to 632.8 nm was used in these
interferograms, the pupil diameter is 20.0 mm but the values of the coefficients are
defined for a normalized pupil (p = 1).

1. Perfect lens. The patterns for a perfect lens without tilts (B = C = 0) and with
tilt (B = 5.0 x 10~%) are shown in Figures 2.42(a,b). A perfect lens with defocusing
(D = 3.0 x 107?) and with defocusing and tilt (D = 3.0 x 1073, B = 5.0 x 107%) is
illustrated in Figures 2.42(c,d).

2. Spherical aberration. The patterns for pure spherical aberration were computed
assuming that G = 5.0 x 1073, They are shown at the paraxial focus (D = 0),
without tilts (B = C = 0) and with tilt (B = 5.0 x 10~3) in Figures 2.43(a,d). The
patterns at the marginal focus are obtained by setting in Eq. (2.43), only A and D
different from zero,

dOPD

T AGo} +2Bo = 0. 2.57
i 0° +2Bp (2.57)

]
©p

FIGURE 2.42. Interferograms for a perfect lens. (a) With no tilt or defocusing. (b) With tilt. (c) With
defocusing. (d) With tilt and defocusing.
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()

FIGURE 2.43. Interferograms for a lens with spherical aberration at the paraxial, medium, and marginal
foci.

Therefore, we set the defocusing coefficient B = —5.0 x 10~ and the spherical
aberration coefficient G = 5.0 x 1073, These interferograms without (B = C = 0)
and with (B = 5.0 x 1073) tilt are shown in Figures 2.43(c,f). The fringe patterns at
the medium focus with B = —10.0 x 1073 are in Figures 2.43(b,e).

3. Coma. All the patterns for coma were obtained using F = 5.0 x 1073,
Figure 2.44 shows them for the paraxial focus (D = 0) and Figure 2.45 with a small
defocusing (D = 5.0 x 107?). In both figures the central pattern has no tilt
(E=F =0) and the surrounding pictures are for different tilt combinations
(B=+50x1073C=450x1073).

4. Astigmatism. All the patterns for astigmatism were computed for
C =3.0x 1073, If = 0, we obtain the Petzval focus. The OPD for astigmatism
can be written from Eq. (2.36) as

OPD = (D + E)x* + (D + 3E)y”. (2.58)

Therefore, the sagittal focus is obtained for D + E = 0 end the tangential focus for
D +3E =0. The medium focus is obtained for D+ E = —(D + 3E); hence
D = -2F.

Figure 2.46 shows the patterns at the Petzval focus with tilts in all directions
(B=+5.0x 1073,C = £5.0 x 107%). Figures 2.47-2.49 show the patterns at the
sagittal, medium, and tangential foci, respectively, also with tilts in all directions.
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() (d)

FIGURE 2.50. Interferograms for a lens with combined aberrations. (a) Spherical aberration with coma.
(b) Spherical aberration with astigmatism. (¢) Coma with astigmatism. (d) Spherical aberration with coma
and astigmatism.

5. Combined Aberrations. Figure 2.50 shows the patterns for combined aberra-
tions: spherical aberration plus coma (G =2.0 x 107> and F = 3.0 x 1073) in
Figure 2.50(a), spherical aberration plus astigmatism (G =4.0 x 10~* and
E=-20x1073) in Figure 2.50(b), coma plus astigmatism (F =
—2.0 x 1073,E = 4.0 x 1073) in Figure 2.50(c), and, finally, spherical aberration
plus coma plus astigmatism (G = 5.0 x 1073 F = —2.0 x 107, E = 4.0 x 1073)
in Figure 2.50(d).

Pictures of typical interferograms are shown in a paper by Marechal and Dejonc
(1950). These interferograms can be simulated by beams of fringes of equal inclina-
tion on a Michelson interferometer (Murty, 1960) using the OPDs introduced by a
plane parallel plate and cube corner prisms instead of mirrors or by electronic circuits
on a CRT (Geary et al., 1978 and Geary, 1979).

This type of interferogram was first analyzed by Kingslake (1926-1927). He
measured the OPD at several points on the x and y axes just by fringe counting.
Then, solving a system of linear equations, he computed the OPD coefficients B, C,
D, E, F, G. Another method for analyzing a Twyman—Green, interferogram was
proposed by Saunders (1965). He found that the measurement of four appropriately
chosen points is sufficient to determine any of the three primary aberrations. The
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FIGURE 2.51. Distribution of reference points for evaluation of primary aberrations.

points were selected as in Figure 2.51 and then the aberration coefficients were
computed as

128

2
1

C=—|P+Ps—P —P 2.61
4r2[ 2+ Py 1 3], ( )

where P,is the interference order at point i.

If a picture of the interferogram is not taken, the aberration coefficients can be
determined by direct reading on the interferogram setting, looking for interference
patterns with different foci and tilts (Perry, 1923-1924). To make these readings
easier, some optical arrangements may be used to separate symmetrical and asym-
metrical wavefront aberrations as shown by Hariharan and Sen (1961).

2.9.1. Analysis of Interferograms of Arbitrary Wavefronts

The problem of determining the shape of a wavefront with arbitrary shape from a
single Twyman—Green interferogram has been considered very generally and briefly
by many authors, for example, by Berggren (1970) and more completely by Rimmer
etal. (1972). The procedure consists in measuring the positions of the fringes at many
points over the interferograms and taking readings of the position (x, y) and the order
of interference m. Since the measurements are taken at a limited number of points, an
interpolation procedure must be adopted. The interpolation may be performed by the
use of splines or a least squares procedure with polynomial fitting as described in
detail in Chapter 16.
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If the wavefront is smooth enough, it is very convenient to express the final
wavefront W(x, y) in terms of a linear combination of Zernike polynomials. Then
the process of removing or adding defocussing or tilts becomes much simpler.
With the final results, it is an extremely simple matter to plot level maps of the
wavefront. Further details can be found in the book by Malacara, Servin and
Malacara (2005).
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Common-Path Interferometers
S. Mallick and D. Malacara

3.1. INTRODUCTION

In the general type of interferometer, such as the Twyman—Green or Mach-
Zehnder, the reference and test beams follow widely separated paths and are,
therefore, differently affected by mechanical shocks and temperature fluctuations.
Thus, if suitable precautions are not taken, the fringe pattern in the observation
plane is unstable and measurements are not possible. The problems are particularly
acute when optical systems of large aperture are being tested. Most of the difficulty
can be avoided by using the so-called common-path interferometers, in which the
reference and test beams traverse the same general path. These interferometers
have the additional advantage that they do not require perfect optical components
(the master) of dimensions equal to those of the system under test for producing the
reference beam. Furthermore, the path difference between the two beams in the
center of the field of view is, in general, zero, making the use of white light
possible.

In certain common-path interferometers, the reference beam is made to traverse a
small area of the optical system under test and is, therefore, unaffected by system
aberrations. When this beam interferes with the test beam, which has traversed the
full aperture of the optical system, explicit information about the system defects is
obtained. However, in most common-path interferometers both the reference and
test beams are affected by the aberrations, and interference is produced by shearing
one beam with respect to the other. The information obtained in this case is imp-
licit and some computations are needed to determine the shape of the aberrated
wavefront.

The beam splitting is brought about by amplitude division with the help of a
partially scattering surface, a doubly refracting crystal, or a semireflecting surface.
We consider a few examples of these instruments in this chapter.

“This chapter has been updated and a few sections have been included by the second author.

Optical Shop Testing, Second Edition, Edited by Daniel Malacara.
Copyright © 2007 John Wiley & Sons, Inc.
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Small lamp

Lens
under test

FIGURE 3.1. Burch interferometer testing a lens with magnification one, using two identical scatter
plates.

3.2. BURCH’S INTERFEROMETER EMPLOYING TWO MATCHED
SCATTER PLATES

This interferometer was first described by Burch (Burch 1953, 1962, 1969) and later
reviewed by several authors, for example, by Rubin (1980). An arrangement to test a
convergent lens working with unit magnification is illustrated in Figure 3.1. A lens
forms an image of a small source S at S’ on the lens. The magnification of the lens
under test has to be extremely close to one. A partially scattering plate R, is located in
front of a lens to be measured at twice its focal length. The lens under test forms an
image of the scattering plate R, at another identical scatter plate R,, which is rotated
180° with respect to the first plate, so that there is a point to point coincidence
between R, and the image of R;. A part of the light incident on the scatter plate R,
passes through it without scattering and arrives at S'. Since this beam touches the lens
only at a small region around S’, it is not affected by the errors of the lens surface.
This beam acts as the reference beam. Some of the incident light is, however,
scattered by R; and fills all of the aperture of the lens. This beam picks up the errors
of the mirror and is the measured light beam.

Let us consider a ray incident at a point A on the scatter plate R;. The directly
transmitted ray (solid line in Fig. 3.1) follows the path AS’A’ and encounters a
scattering center at A’ that is identical to the one at A. This ray is scattered at A" and
gives rise to a cone of rays, one of which will follow the same path as the ray scattered
on the first plate but not on the second. The rays scattered at A (dotted lines) that fill
the aperture of the lens under test, arrive at the image A’ and pass through R, without
scattering. We thus have two mutually coherent beams emerging from R,. One beam
is directly transmitted by R and scattered by R,, and the second is scattered by R,

Mirror under test

%

FIGURE3.2. Burchinterferometer testing a concave spherical mirror with a double pass through a scatter
plate.

Scatter plate

—~ —
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—==__P
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TABLE 3.1. Beams in Burch’s scattering interferometer.

After first scatter plate After second scatter plate Exiting light beam
Unscattered Unscattered Central bright spot
Unscattered Scattered Reference beam
Scattered Unscattered Beam under test
Scattered Scattered Too dim to observe

and transmitted by R,. An observer looking at the mirror surface through R, will see
an interferogram between these two beams. Many rays arrive at the first scatter plate,
not only one, so the observed interferogram is the superposition of many identical
fringe patterns. If the mirror is free of any error in the region of S', the interferogram
will provide explicit information about the mirror aberrations, as in any separate-
beam interferometer.

The light that is directly transmitted by both Ry and R, gives rise to a bright spot
located at S’ and is quite troublesome for visual observations. The light that is
scattered by R; and again by R, gives a weak background and slightly diminishes
the contrast of fringes. The dimensions of the source S should be such that its image
S’ remains localized within a fringe. If the fringes are quite broad in a certain region
of the mirror (this is equivalent to saying that the mirror is almost free of aberrations
in this region), the source image S’ should be made to lie there. Summarizing, the
observer receives the four beams in Table 3.1.

To obtain a permanent record of the interference pattern, a camera lens, placed
after the second scatter plate Ry, is used to form an image of the mirror surface on a
photographic film. Each point of the film receives light from a conjugate point on the
mirror surface. The interference effect (the light intensity) on the film will, thus, give
information about the mirror aberration at the conjugate point.

Figure 3.2 is a schematic simplified diagram of Burch’s interferometer as applied
to the testing of a concave mirror M. The first scatter plate is assumed to have
rotational symmetry, so that the scattering point A is identical to the scattering point
A’. This scatter plate has to be at the center of curvature of the mirror, so that the
magnification is one. As shown by Su et al. (1984), the optical path difference (OPD)
for the two interfering rays is

OPD = (AP + PA’) — 2AS’ (3.1)

If the surface under test is spherical, it is possible to see that this optical path
difference is zero only for rays passing very close to the center of the scatter plate.
However, assuming that the scatter plate size is small enough, if the surface is not
spherical and its shape with respect to the sphere is W, the optical path difference is
2W. Su et al. (1984) showed that if the scatter plate is too large, the contrast decreases,
so that its maximum size should be

D>’ )

<3 (3.2)

AOPD =
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Scatter plate
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Scatter plate

FIGURE 3.3. Burch interferometer testing a concave spherical mirror with two identical scatter plates.

where D is the mirror diameter, r is its radius of curvature, and s is the semidiameter
of the scatter plate.

Two practical Burch interferometers for testing concave surfaces with a ratio of
the radius of curvature to the diameter larger than about six, in order to be able to test
them off-axis, are shown in Figures 3.3 and 3.4. The light source is a small tungsten
lamp. If the mirror has a hole at the center as in some telescope mirrors, the image S’
has to be off-center. In the interferometer in Figure 3.3, the two scatter plates have to
be identical, but one has to be rotated to 180° with respect to the other. The scatter
plate for the double pass interferometer in Figure 3.4 is made by fine grinding and
then by half polishing the front face of a cube beam splitter. Symmetrically placed
with respect to the center of the curvature is a small flat mirror. In order to prevent an

Small lamp

Cube beam splitter

with scatter surface
/ Mirror under test
Rz

Flat mirror

Black ground surface

FIGURE 3.4. Burch interferometer testing a concave spherical mirror with a double pass through the
scatter plate and symmetrically located with respect to the scatter plate.
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unwanted reflection from going to the eye of the observer, a small triangular prism
with a ground and black-painted surface is cemented to the cube.

A slight displacement of one of the scatter plates in its own plane, with respect to
the image of the other, gives rise to a set of parallel straight-line fringes (tilt), and the
mirror defects appear as distortions in the straightness of the fringes. This displace-
ment is produced if the whole interferometer with the two scatter plates is moved
perpendicularly to the optical axis. The tilt fringe disappears only when the two
scatter plates are symmetrically placed with respect to the optical axis. A slight
displacement in the axial direction, toward or away from the surface under test
produces the effect of a defocusing term, introducing circular fringes. Since the
optical paths for the two interfering light beams are identical, it is impossible to
introduce a piston term. In this system, like in any symmetrical system, testing the
coma aberration at the center of curvature is canceled out. Only the astigmatism
remains. In this case, the fringes will have an elliptical shape. Scott (1969) used this
interferometer to test a 91.5-cm, f /4 paraboloid, and a 35-cm Gregorian secondary.
The details of testing and modifications made in Burch’s original design are dis-
cussed in the article cited.

Burch’s interferometer is quite sensitive to vibrations taking the form of tilts about
an axis normal to the line of sight or translations across the line of sight. To make the
system insensitive to these vibrations, Shoemaker and Murty (1966) modified the
setup by replacing the second scatter plate with a plane mirror, and thus reimaging
the first scatter plate point-by-point back on itself. This setup gives double sensitivity
for even-order aberrations but cannot detect odd aberrations. An obvious great
advantage is that only one scatter plate has to be made. Vibrations in the form of
fast variations in the distance between the mirror and the scatter plates would produce
vibrations in the focusing term, but they do not represent an important problem. An
important problem, however, appears with this arrangement. Since the light is
reflected twice on the mirror under test, the surface has to be highly reflective.
Uncoated surfaces produce quite dim interferograms if a bright light source is not
used.

Since the two interfering beams in the interferometer have the same optical paths,
the interferometer is compensated for white light. Thus, the light source can be a
small white tungsten lamp. If a high light intensity is desired, mainly when measur-
ing uncoated surfaces in a double pass configuration, a laser is more intense, but
spurious fringes or speckle may appear.

Two identical scatter plates R; and R, or one with rotational symmetry can be
made by several possible methods, for example,

(a) by photographing a speckle pattern. A symmetrical scatter plate can be made
with a double exposure of the same speckle pattern, with a 180° rotation of the
plate before taking the second exposure, as described by Su et al. (1984a),
Smartt and Steel (1985), and North-Morris et al. (2002);

(b) by taking two replicas from a lightly ground surface (Houston, 1970);

(c) with microphotography of a rotationally symmetric pattern (Murty, 1963).
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3.2.1. Fresnel Zone Plate Interferometer

A similar interferometer using Fresnel zone plates instead of scatter plates has been
proposed by Murty (1963) and later by Smartt (1974), Lohmann (1985), Stevens
(1988), and Huang et al. (1989). Instead of diffracting the light in a random manner in
all directions, like scatter plate, a Fresnel zone plate produces many convergent as
well as divergent spherical wavefronts. The advantage is that the Fresnel zone plate
has rotational symmetry and thus the configurations in Figures both 3.2 and 3.3 are
possible. The Fresnel zone plate can be made by photography of a large drawing and
then reducing it to the desired size, or by photography of the interference between a
divergent and a plane wavefront (Smartt, 1974).

3.2.2. Burch and Fresnel Zone Plate Interferometers for Aspheric Surfaces

We have seen that the optical path difference for spherical surfaces is not zero if the
scattering point in the scatter plate is far from the optical axis. Then, when the scatter
plate is large, different radial positions of the scattering point will produce different
fringe patterns, reducing the contrast of the observed interferogram. If we could
associate different radial positions of the scatter point to different radial positions on
the surface under test, we could use with optical path difference variation to our
advantage to design a null test for aspherical surfaces. This has been described by
Su et al. (1986) and by Huang et al. (1989). They used a diaphragm with a small
aperture, placed after the observing scatter plate, as illustrated in Figure 3.5. It can be
proved that the optical path difference expressed by Eq. (3.1) remains valid in this
case. The presence of the diaphragm associates different scattering points A to
different points P on the surface under test. By proper choice of the diaphragm
position L, the desired mirror asphericity can be compensated to produce a null test.

3.2.3. Burch and Fresnel Zone Plate Interferometers for Phase Shifting

Patorski and Salbut (2004) have described a scattering interferometer where the
phase difference between the wavefront under test and the reference wavefront can
be changed as desired. The light source for this instrument, illustrated in Figure 3.6 is
a laser. If this laser is unpolarized, a polarizer has to be inserted before the first
scattering plate, otherwise, if it is linearly polarized, it is not necessary. Then, a
quarter wave phase plate with its slow or fast axis at 45° with respect to the plane of
polarization is placed in the light beam to produce an illuminating circularly

Mirror under test

Diaphragm
Imaging
lens

| i

e

Scatter plate
A

Observation
plane

FIGURE 3.5. Burch and Fresnel zone plate interferometer to test an aspheric surface.
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Mirror under test

e
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FIGURE 3.6. Burch and Fresnel zone plate interferometer for phase shifting using polarized light.

polarized light beam. Close to the mirror under test, in the path of the reference beam,
a small quarter wave plate with an orientation is inserted. This phase plate is
traversed twice by the reference beam, so that the sense of the circularly polarized
beam is reversed. As a result of this arrangement, the beam under test and the
reference beam are both circularly polarized, but with opposite senses. The light
beams exiting the analyzer just before the observer are linearly polarized, with a
phase difference given by the orientation of this analyzer.

Another phase shifting scattering interferometer (North-Morris and Wyant 2002)
is shown in Figure 3.7. The main element in this instrument is a specially made
scatter plate. It is made with an etched calcite plate with its optical axis parallel to the

Index matching
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\ \ Glass
Polarizer (45°) /

LQR (0°) Mirror .
under test il
1/4 Phase plate |
axis at 45 | Detail of the

scatter plate

L
aser Calcite

Analyzer \ m
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|\

FIGURE 3.7. Burch interferometer for phase shifting using polarized light.
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two faces of the plate. A speckle pattern is engraved on one of the two faces with a
procedure described in the cited publication. Then, a thin glass cover is placed on top
on the engraved calcite plate, with an oil layer between them. The oil has a refractive
index matched to the ordinary refractive index of the calcite. In a uniaxial crystal as
calcite, the extraordinary ray is polarized in a plane containing the optical axis of the
crystal. The result is a scatter plate that scatters the light with its polarizing plane
along the optical axis of the calcite but does not produce any scattering for the light
linearly polarized in the perpendicular direction to the optical axis of the calcite.
Another important optical element is a liquid crystal phase plate (LQR) whose phase
delay difference between two perpendicular axes is variable and can be set at any
value as desired.

As in the previously described interferometer, the light source from the laser is
either linearly polarized or polarized with a polarizer in front of it at an angle of 45°.
Then the phase difference between the horizontal and vertical components of the
linear polarization is changed to any desired amount by means of the liquid crystal
plate (changing it to elliptically polarized light). Next, the scatter plate scatters the
polarization components that are along the optical axis of the calcite but not
the polarization components that are perpendicular to this axis. The result is that
the beam to be measured and the reference beam are polarized in orthogonal planes
and with a phase difference given by the LQR. Both light beams pass twice through a
quarter wave phase plate oriented at 45°. After this, the two interfering beams will be
circularly polarized but in opposite senses. At the end, there is an analyzer just before
the observer, which produces two linearly polarized beams with a phase difference
given by the orientation of this analyzer.

3.3. BIREFRINGENT BEAM SPLITTERS

An important class of interferometers uses birefringent crystal elements as beam
splitters. These interferometers are known as polarization interferometers (Francon
and Mallick, 1971). We discuss in this section, three principal types of these beam
splitters.

3.3.1. Savart Polariscope

A Savart polariscope consists of two identical uniaxial crystal plates with the optic
axis cut at 45° to the plate normal (Fig. 3.8). The principal sections (plane containing
the optic axis and the plate normal) of the two plates are crossed with each other. The
optic axis of the first plate lies in the plane of the page and that of the second plate
makes an angle of 45° with it; the dotted double arrow in the figure represents the
projection of the optic axis on this plane. An incident ray is split by the first plate into
two rays, the ordinary ray O and the extraordinary ray E. Since the second plate is
turned through 90° with respect to the first one, the ordinary ray in the first plate
becomes extraordinary in the second and vice versa. The ray OE does not lie in the
plane of the page, though it emerges parallel to its sister ray EO, the dotted line
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P

FIGURE 3.8. Beam splitting produced by a Savart polariscope. The figure is drawn for a polariscope
made of a positive crystal (e.g., quartz).

represents the projection of the ray path on this plane. The lateral displacements
between the two rays, each produced by one of the two component plates, are equal
and are in perpendicular directions. The total displacement between the emerging EO
and OE rays produced by a Savart polariscope of thickness 2t is given by

W2 — 2
d=V2-4"—2¢ 3.3

where 1, and n, are the ordinary and extraordinary indices of refraction, respectively.
A 1-cm-thick polariscope will produce a lateral displacement of 80 pum if it is made of
quartz and a 1.5-mm displacement if made of calcite. In Figure 3.8 if the incident ray
is inclined to the plate normal, the two emerging rays are still parallel to the original
ray, and their relative displacement remains practically unaltered.

The parallel emerging rays interfere in the far field (or in the back focal plane of a
positive lens), and the interference pattern is similar to that produced in Young’s
experiment with the two mutually coherent sources separated by a distance equal to
d. For small angles of incidence, the fringes are equidistant straight lines normal to
the direction of displacement. The angular spacing of these fringes is as follows:

”

Angular spacing = g (3.4)

The zero-order fringe corresponds to normal incidence and lies in the center of the
field of view. With a Savart polariscope of 1 cm thickness and a lens of 10 cm focal
length, the fringe spacing in yellow light is 2 mm for quartz and 0.1 mm for calcite.

The OE and EO rays emerging from the Savart polariscope vibrate in mutually
orthogonal directions. To make them interfere, the vibration directions are set
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parallel to each other by means of a linear polarizer, the transmission axis of which is
oriented at 45° to the orthogonal vibrations. This polarizer is, however, not sufficient
for interference to take place. We know that a natural (unpolarized) ray of light is
equivalent to two mutually incoherent components of equal amplitude vibrating in
perpendicular directions. Thus, the ordinary and the extraordinary rays produced by a
crystal have no permanent phase difference between them. To make these rays
mutually coherent, a polarizer is placed across the incident beam so that only a
single component of the natural light is transmitted onto the crystal. The transmission
axis of this polarizer is at 45° to the principal axes of the crystal.

3.3.2. Wollaston Prism

A Wollaston prism (Fig. 3.9) consists of two similar wedges cemented together in
such a way that the combination forms a plane parallel plate. The optic axes in the
two component wedges are parallel to the external faces and are mutually perpendi-
cular. A Wollaston prism splits an incident ray into two rays traveling in different
directions; the lateral displacement between the rays is thus different at different
distances from the Wollaston. The angular splitting « is given by the relation

o =2(n, —n,)tan 0 (3.5)

where 0 is the wedge angle. For most practical purposes, « can be considered to be
independent of the angle of incidence. For an angle 0 = 5°, the angular splitting is
6 min of arc for a Wollaston prism made of quartz and 2° for one made of calcite.

The path difference between the OE and the EO rays (Fig. 3.10) emerging at a
distance x from the axis y — y’ of the Wollaston prism is given by

A =2(n, — n,)xtan 0 = ox (3.6)
e
/ *
! o
EO

&

FIGURE 3.9. Beam splitting by a Wollaston prism made of a positive crystal.
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D

FIGURE 3.10. Path difference produced by a Wollaston prism between the two split-up rays is linearly
related to x.

The path difference is zero along the axis, where the thicknesses of the two
component wedges are equal, and increases linearly with x. When a Wollaston prism
is placed between two suitably oriented polarizers, one observes a system of straight-
line fringes parallel to the edges of the component wedges and localized in the
interior of the prism. (The fringes are perpendicular to the plane of Figure 3.10). The
path difference along the axis being zero, fringes are visible in white light. The fringe
spacing is equal to

A

2(n, — n,) tan 6 (37)

X0 =
where 0 = 5°, 4 = 0.55um, and (n, — n,) = 9 x 1073 (quartz), there are approxi-
mately three fringes per millimeter. When the angle 0 is very small (a few minutes of
arc), the fringes are wide apart and the Wollaston prism can be used as a compensator.
In this form, the Wollaston prism is known as a Babinet compensator.

Relation (3.6) for the path difference between OE and EO rays is true for normal
incidence (the angular splitting, being small, is neglected for the calculation of A).
For nonnormal incidence, a term proportional to the square of the angle of incidence
is added to the right-hand side of Eq. (3.6). However, this term is negligible, for
example, for a quartz prism of 10 mm thickness and for a case in which the angles of
incidence remain less than 10°. Some modified Wollaston prisms have been devised
that can accept much larger angles of incidence.

3.3.3. Double-Focus Systems

A lens made of a birefringent crystal acts as a beam splitter. A parallel beam of light
incident on such a lens will be split into an ordinary beam and an extraordinary beam,
which come to focus at two different points (Fig. 3.11). The O and E images are
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FIGURE3.11. A birefringent lens splits up an incident beam into an ordinary and an extraordinary beam,

which are brought to focus at two different points along the lens axis. The figure is drawn for alens made of a
positive crystal.

displaced along the axis of the beam, in contrast to the case of a Savart polariscope or
of a Wollaston prism, where the displacement is normal to the direction of the
incident beam. Various types of compound lenses suitable for specific applications
have been designed.

34. LATERAL SHEARING INTERFEROMETERS

3.4.1. Use of a Savart Polariscope

Lateral shearing interferometers using birefringent beam splitters have been widely
used to study the aberrations of an optical system. We describe here an arrangement
by Frangon and Jordery (1953) in which a Savart polariscope is used to produce a
lateral shear of the aberrated wavefront (Fig. 3.12). The lens L (or the mirror) under

n | M A

FIGURE3.12. Interference arrangement employing a Savart polariscope Q for testing the optical system L.
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test forms an image S’ of a small source S. The distance of L from the source is fixed
by the conditions under which the lens is to be tested. The lens L; collimates the light
coming from S’ so that the Savart polariscope Q is traversed by a parallel beam of
light. Two linear polarizers (not shown in the figure) are placed before and after the
Savart Q. The combination of lenses L; and L, constitutes a low-power microscope
that is focused on the test lens L. If the lens L is perfect, the wavefront X is plane, then
the ordinary and the extraordinary wavefronts produced by the Savart will have a
uniform path difference between them. The eye placed in the focal plane of L, will
observe a uniform color (or a uniform intensity in the case of monochromatic light) in
the entire field of view. In the presence of aberrations, > will be deformed and the
field of view will appear nonuniform. If the aberrations are large, a system of fringes
will be observed. The nature and the magnitude of aberrations can be determined
from the observed variations of color (or of intensity).

The far-field fringes of the Savart polariscope Q are located virtually in the plane
of source image S'. The source size should be such that S’ occupies a small fraction
(say one fifth) of a fringe width.

The background color (or intensity) can be chosen by inclining the Savart Q about
an axis parallel to the fringes. When the Savart is normal to the optical axis, that is,
normal to the incident light, the zero-order fringe coincides with source image S" and
the background will be dark (crossed polarizers). By inclining the Savart, S’ can be
made to coincide with a fringe of any desired color, which will then appear in the
background. Instead of producing a uniform ground color in the field of view, we may
produce a regular system of rectilinear fringes that are deformed in the region where
the wavefront departs from the ideal form. Such fringes can be produced in a plane
conjugate to the test lens by placing an additional Savart to the right of L.

To illustrate the principle of the method, we study the aspect of the field of view in
the presence of primary spherical aberration. The ground is chosen to be of uniform
intensity. The distance parallel to the optical axis between the aberrated wavefront 3
and the ideal wavefront (corresponding to the Gaussian image point) at a height &
from the axis is given by

7 = ah’ (3.8)

where a is a constant depending on the magnitude of the aberration. To determine the
aspect of the field of view, we have to calculate the path difference between the two
sheared wavefronts ¥; and ¥, produced by the Savart polariscope. Figure 3.13
represents >; and 3, as projected on a plane perpendicular to the optical axis of the
system (this is the plane of the ideal wavefront); O; and O, are the centers of 3| and
>, respectively. The coordinate system is chosen such that the x-axis passes through
O; and O, and the y-axis is the right bisector of O; — O,. Now consider a point
m(x,y) lying on the ideal plane wavefront; its distance from the aberrated wavefront
> is given by

7 =ar}. (3.9)
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FIGURE3.13. Representing the projection of the two sheared wavefronts on a plane normal to the optical
axis of the system.

Similarly, the distance of point m from ¥, is given by

2 = ary. (3.10)
The separation between X; and Y, is, therefore,
d2
Z]—ZZ:a(r?—rg):4a><d<x2+y2+4> (3.11)

where d is the shear between X and X,. The lines of equal path difference, z; — 25,
are represented in Figure 3.14. The form of fringes for other aberrations can be

FIGURE 3.14. Lateral shearing interferogram of a wavefront distorted by spherical aberration of third
order.
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determined similarly. Evidently, when the aberrations are small, no fringes will be
seen; there will simply be small variations of intensity in the field of view.

A complete analysis of the lateral shearing interferogram can be carried out by a
mathematical operation described by Saunders (1961, 1962) (see Chapter 4). The
method yields values of the deviations of the wavefront under test from a close fitting
sphere. The reference sphere may be chosen statistically so that the results are the
deviations from the best fitting surface.

3.4.2. Use of a Wollaston Prism

In the arrangement represented in Figure 3.12, it is possible to use a Wollaston prism
instead of the Savart polariscope. This prism is placed at the source image S'. The
background intensity can be changed by translating the Wollaston prism laterally
perpendicular to the optical axis. A system of rectilinear fringes can be produced in
the background by shifting the Wollaston prism along the optical axis.

The size of the source in the setup of Figure 3.12 is quite limited. It can be
increased considerably, however, if the setup is modified so that the light passes twice
through the Wollaston prism. Figure 3.15 illustrates such an arrangement. An image
of the source S is formed on the Wollaston prism at the point S’, which is near the
center of curvature of the mirror M under test. A lens L forms an image of M on the
observation screen M’. As usual, two polarizers are needed to complete the system;
one may be placed between m and W and the second between W and L. If observa-
tions are to be made between parallel polarizers, a single polarizer placed between W
and L and covering all of the aperture of W, will suffice. If S’ and S” are symme-
trically situated with respect to the central fringe of the Wollaston prism, the path
difference between the interfering beams is zero and the background appears uni-
formly dark/bright with crossed/parallel polarizers. The ground intensity can be
varied by displacing W in a direction perpendicular to its fringes. A system of
straight fringes will appear on the screen if W is displaced along the axis of the
interferometer so that it is no longer located at the center of curvature of M.

Philbert (1958) and Philbert and Garyson (1961) employed this interferometer to
control the homogeneity of optical glass (the glass plate is placed close to M and to

FIGURE 3.15. A double-pass compensated interferometer for testing the mirror M.
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Reference
sphere

- Flat under
test

FIGURE 3.16. Setup for testing a flat surface.

test spherical, paraboloidal, and plane mirrors during the process of figuring. To test a
paraboloidal surface, the Wollaston prism is placed at the focus and an auxiliary
plane mirror is used to send back the parallel beam of light emerging from the
paraboloid. A plane surface is tested by the arrangement represented in Figure 3.16.
During the final stages of figuring, the deviations from the perfect surface are quite
small and, therefore, the interferogram shows only slight variations in intensity.
Under these conditions the aspect of the field of view is similar to that observed in
Foucault’s knife-edge test.

To make the system insensitive to vibrations, Dyson (1963) used a small plane mirror
near the Wollaston prism in order to form an image of it back on itself. Then, instead of a
large prism, a small one is used since half of it is replaced by the small mirror.

3.5. DOUBLE-FOCUS INTERFEROMETER

Dyson (1957a, 1957b, 1970) devised an interferometer for the testing of optical
components in which he employed a birefringent lens as a beam splitter (Fig. 3.17).
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FIGURE 3.17. Dyson’s double-focus interferometer.
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The birefringent, double-focus lens L, is a symmetrical triplet, consisting of a central
bio-concave calcite lens and two biconvex glass lenses. The optic axis of calcite lies in
the plane of the lens. The triplet is so designed as to have zero power for the ordinary
ray and a focal length of a few centimeters for the extraordinary ray. As in the case of
Burch’s interferometer (Section 3.2), this arrangement gives explicit information
about wavefront deformations since a part of the incident light is focused on a small
region in the aperture of the system under test and acts as the reference beam.

The system under test in Figure 3.17 is the concave mirror. The center of the triplet
lens is located at the center of curvature of the mirror. A lens L, with its focus F; on
the mirror surface is placed just to the right of the triplet. A quarter-wave plate with
its principal axes at 45° to the optic axis of the calcite lens is also placed to the right of
L;. A collimated beam of linearly polarized light is incident from the left. The lens L;
splits it up into an ordinary beam and an extraordinary beam. The O beam, unde-
viated by L, is brought to focus at F; by the lens L,. An image of the source is thus
formed at F;. On its return journey, the O beam is collimated by the lens L,, and since
its vibration direction has been rotated through 90° because of the double passage
through the quarter-wave plate, it is refracted to F} by the lens L.

Atits first passage the extraordinary beam is refracted by both the lenses L; and L,
and converges to F,, the focus of the combination L;L,. The beam then expands to fill
the whole aperture of the mirror M. Because of the symmetry of the arrangement this
beam, too, is brought to focus at F|. A semireflecting surface is placed to the left of
the triplet so that the source (or the system of observation) can be placed outside the
axis of the interferometer.

An observer receiving the light at F| will see (a) a uniform disk of light, determined
according to size by the angular aperture of the lens L; (reference field) and (b) the
illuminated aperture of the mirror M (test field). These two fields will interfere (there
is evidently an analyzer that sets the O and E vibrations parallel to each other), and in
the absence of aberrations, the resultant field will be of uniform intensity. If the triplet
is slightly displaced laterally, so that its center no longer coincides with the center of
curvature of the mirror, the field of view will be crossed with rectilinear fringes. When
the triplet is displaced axially, circular fringes are observed. When the mirror has
aberrations, these fringes are distorted. The aberrations can be deduced from these
distortions in the same way as in any separate-path interferometer.

Dyson’s interferometer is applicable to autostigmatic systems, that is, systems in
which light diverging from a point in a particular plane is refocused to a point in the
same plane to form an inverted image. Systems that are not autostigmatic can be
converted to this form by the addition of one or more auxiliary components. To test a
lens, for example, the scheme of Figure 3.18 is employed. In Figure 3.18(a), the lens
is tested at infinite conjugates and in Figure 3.15b, it is tested at finite conjugates. The
focus C coincides with the center of the triplet. It may be noted that the system under
test is not operating exactly under its correct conditions as the test beam does not
return along its original path. The arrangement gives the sum of the aberrations for
two focal positions, one on each side of the desired position. The resultant error is
often very small. Because of the aberrations of the triplet lens, optical systems of only
moderate aperture —f/5, for example—can be tested with this interferometer.
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FIGURE 3.18. The lens L under test can be made autostigmatic by the addition of an auxiliary mirror M.

3.6. SAUNDERS’S PRISM INTERFEROMETER

Saunders (1967, 1970) described a lateral shearing interferometer in which the beam
divider is made by cementing together the hypotenuse faces of two right-angle
prisms, one of which is half silvered (Fig. 3.19). The faces B and B’ are made highly
reflecting. To obtain the zero-order fringe in the center of the field of view, the
distances from the center of the beam-dividing surface to the two reflecting surfaces
are made equal. If the two component prisms are identical, the two beams emerging
from the face A’ are mutually parallel. An angular shear between the beams can be
introduced by rotating one prism relative to the other about an axis normal to the
semireflecting surface. The direction of shear is approximately parallel to the vertex
edges of the prisms. The shear can also be produced by making the angles « and o of
the two component prisms slightly different. This is usually the case when the prisms

FIGURE 3.19. A beam splitter devised by Saunders.
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FIGURE 3.20. A lateral shearing interferometer using the beam splitter shown in Figure 3.19.

are not cut from a single large prism but are made separately. The angular shear is
then equal to 2(o — o), and the direction of shear is perpendicular to the vertex edges.

Figure 3.20 shows an arrangement for testing a lens at finite conjugates. The prism
is adjusted so that its back surface is approximately parallel to the image plane and is
near it, with the principal ray of light passing near the center of the prism. This
adjustment should produce visible fringes. The fringe width is very large when the
source image lies on the back surface of the prism. The fringe width can be decreased
by moving the prism along the principal ray away from the source image. By
translating the prism laterally parallel both to the image plane and to the direction
of shear, any chosen fringe can be made to pass through any chosen point of the
interferogram. The adjustments of Saunders’s prism are similar to those of a
Wollaston prism. To obtain high contrast fringes, the source size in the shear
direction is kept small. The recommended size of the cube is 10-15 mm.

Saunders (1957) also studied a wavefront-reversing interferometer that employed
a modified Kosters double-image prism. Figure 3.21 is a sketch of the arrangement
for testing a lens with one conjugate at infinity. The base of the dividing prism is
spherical, and its center of curvature Sy coincides with the image point at which the
lens is to be tested. The observer’s eye is located at S’ and the image of the source is S.
In this arrangement, the part of the wavefront lying below the dividing plane of the
prism appears to be folded onto the upper half after the second passage through the
prism. When the dividing plane cuts through the center of the lens, the even-order
aberrations are eliminated. However, when the dividing plane is adjusted to form an
angle with the axis of the lens, the even-order terms are retained. Saunders gave
different variations of this arrangement for determining different aberrations.

FIGURE 3.21. Saunders’s wavefront-reversing interferometer.
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FIGURE 3.22. Point diffraction interferometer.

3.7. POINT DIFFRACTION INTERFEROMETER

Another interesting common path interferometer is the so-called point diffraction
interferometer, first described by Linnik in 1933, rediscovered by Smartt and Strong
(1972), and more fully developed by Smartt and Steel (1975). The principle of this
interferometer is shown in Figure 3.22. The wave to be examined is brought to a focus
to produce an image, usually aberrated, of a point source. At the plane of that image,
an absorbing film is placed. This film contains a small pinhole or opaque disk in order
to diffract the light and produce a spherical reference wavefront. Figure 3.23(a) shows
the amplitude magnitude at the image plane, where the diffracting plate is located and
Figure 3.23(b) shows the total amplitude after passing the diffracting plate, which can
be considered as the superposition of two images as in Figure 3.23(c).

To produce an interferogram with good contrast, the wave passing through the
film and the diffracted spherical wave should have the same amplitude at the

[

Central nucleous of image
producing
reference wavefront

Unfiltered Filtered image /\

aberrated image Attenuated
of wavefront aberrated image
under test

producing wavefront
under test

(a) (b) (c)

FIGURE 3.23. Modulus of the amplitudes in the image plane, where the diffraction plate is located. (a)
Before the diffraction plate, (b) after the diffraction plate, and (c) the two separated components for the
reference beam and the beam under test.
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observing plane. This is controlled by means of the filter transmittance and the
pinhole or disk size. Also, the amplitude of the spherical wave depends on how much
of the light in the image falls on the pinhole or disk, and this, in turn, depends on the
aberrations of the wave and on the pinhole or disk position. Smartt and Steel (1975)
advised using filter transmittances between 0.005 and 0.05, with a most common
value of 0.01. The optimum size for the pinhole or disk is about the size of the Airy
disk that the original wave would produce if it had no aberrations. To match the
amplitudes of the two beams, Wu et al. (1984) used a clear pinhole in a polarizing
sheet of vectograph film; rotation of a polarizer behind this sheet changes the
amplitude of the beam transmitted by the film but not that of the diffracted beam.
The usual tilt and focus shift of the reference wavefront can be produced by
displacing the diffracting point laterally and longitudinally, respectively.

A phase shifting point diffraction interferometer has been reported by Millerd
et al. (2004). The most important component of this interferometer is a polarization
point diffraction plate, as illustrated in Figure 3.24. The central zone and the annular
part in this plate are both polarizers in orthogonal directions. They are made with a
wire grid structure whose construction details are in the cited publication. After the
diffraction plate the reference wavefront and the wavefront under measurement have
linear polarizations in orthogonal directions. A quarter wave phase plate at 45° with
the two orthogonal polarization planes will make the two interfering beams circu-
larly polarized in orthogonal directions. Then, as usual, a rotating analyzer will make
the phase difference of the desired value. Another phase shifting point diffraction
interferometer has been recently reported by Neal and Wyant (2006) using a
birefringent pinhole plate.

The point diffraction interferometer has been used with success to test astronom-
ical telescopes (Speer et al., 1979) and toric surfaces (Marioge et al., 1984). Smartt
and Steel (1985) have developed a white-light interference microscope based on
point diffraction interference principle.
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FIGURE3.24. Mainelements for polarization diffraction interferometer for phase shifting interferometer.
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FIGURE 3.25. Irradiance as a function of the phase difference in an interferometer.

3.8. ZERNIKE TESTS WITH COMMON-PATH INTERFEROMETERS

In any two-beam interferometer, the irradiance in the interference pattern is a
function of the phase difference between the two beams, as shown in Figure 3.25.
If the interferogram has many fringes, the irradiance goes through many maxima and
minima of this function. However, if the wavefront is almost perfect and its deforma-
tions are smaller than half the wavelength of the light, the phase changes will not
produce any variations in the irradiance since the slope at the point A in this figure is
Zero.

These small wavefront errors may be easily detected if a bias in the phase
difference is introduced by any means, so that it has a value equal to /2 when the
wavefront is perfect (point B). Then, the interferometer sensitivity to small errors is
very large. Figure 3.26(a) shows an interferogram with a piston term equal to zero
and, Figure 3.26(b) is formed with the same wavefront but a piston term equal to /2.

Annular region
Amplitude transmission T g

Phase plate
Amplitude transmission T ¢

_Ja

FIGURE 3.26. Schematics of a Zernike diffraction plate.
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(b)

FIGURE 3.27. Two interferograms produced with the same wavefront, with a deformation much smaller
than the wavelength of light. (a) Without a piston term and (b) with a piston term equal to 1/4.

To make a Zernike Point diffraction interferometer a diffracting plate as illu-
strated in Figure 3.27 is used. The annular region is coated with an amplitude
transmission T,,;, while the central disc is made with an amplitude transmission
T4isc, typically equal to one. The central disc is thicker, so that the phase optical
path through the center is greater than the phase optical path through the annular
region. Let us assume that the optical phase difference is equal to ¢. Thus, the phase
difference between the wavefront under test and the reference wavefront is y, as
given by the expression

Tiisc exp(i¢h) — Tery = | T | exp(iy) (3.10)
where

|T1 |2 = Tjisc + T2

ext

- 2TdiscText cos ¢ (3 1 1)

Thus, we may see that the phase difference between the reference wavefront and the
wavefront under test is given by 7y, as

Tdixc Sln(¢)
t = aem v 3.12
mnr Tdisc Ccos ¢ - Text ( )
Since we need y = 7/2, we require that
Tex
cosp = == (3.13)

Tdisc

We see that ¢ and y approach the same value if T, becomes quite small. The Zernike
test in the point diffraction interferometer from a physical optics point of view is
studied in Chapter 8.
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Lateral Shear Interferometers
M. Strojnik, G. Paez, and M. Mantravadi

4.1. INTRODUCTION

Lateral shearing interferometry is an important field of interferometry and has been
used extensively in diverse applications such as the testing of optical components and
systems and the study of flow and diffusion phenomena in gases and liquids.
Basically, the method of lateral shearing interferometry consists of duplicating
wavefront under study, displacing it laterally by a small amount, and obtaining the
interference pattern between the original and the displaced wavefronts.

Figure 4.1 schematically illustrates the principle of shearing interferometry for (a)
an approximately planar wavefront and (b) spherical wavefront. When the wavefront
is nearly planar, the lateral shear is obtained by displacing the wavefront in its own
plane. If the wavefront is nearly spherical, the lateral shear is obtained by sliding the
wavefront along itself by rotation about an axis passing through the center of
curvature of the spherical wavefront.

There are many physical arrangements that produce lateral shear. The famous
Italian optical scientist Ronchi is the first to have introduced laterally sheared
wavefronts to test optical components in the first half of the 20th century. He
employed diffraction at a set of suitably separated lines to produce zeroth- and
first-order beams. Prior to the discovery of lasers in the 1960s, this became a popular
technique in optical testing, still bearing the inventor name, Ronchi test.

In this chapter, we discuss arrangements that can be obtained by the use of beam
dividers, which divide the amplitude of the incident wavefront but do not change the
shape of the wavefront. This means that plane surfaces coated with semireflecting
material are used as beam dividers. Several arrangements to obtain lateral shear will
be described in this chapter mainly to show that with available components, one can
easily fashion a workable lateral shearing interferometer in one’s laboratory or
optical workshop. Lateral shearing interferometry is basically a one-dimensional
action. When it is performed in two orthogonal directions, it becomes twice a one-
dimensional function. We will also discuss a more general case of a vectorial
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FIGURE 4.1. Schematic diagram illustrating lateral shearing interferometry in (a) collimated light and
(b) convergent light.

shearing interferometry, where a two-dimensional action is obtained with a single
shear.

Another important consideration in the design of lateral shearing interferometers
is the nature of the light source. From the point of view of lateral shearing inter-
ferometry, the sources can be classified into two categories: (a) laser sources, such as
the helium-neon gas laser giving a 632.8-nm light beam of very high spatial and
temporal coherence, and (b) all other sources, such as gas discharge lamps, which are
temporally coherent to some extent but not spatially coherent.

4.2. COHERENCE PROPERTIES OF THE LIGHT SOURCE

Figure 4.2 illustrates the arrangement of a lateral shearing interferometer in which a
shear takes place for a nearly plane wavefront obtained from the collimating lens. Let
the full beam width of the wavefront under test be denoted as d, the amount of lateral
shear S, and the focal length of the collimating lens be f. The wavefront will be
spatially coherent across its beam diameter when the size of the source is equal to the
width of the central diffraction maximum (Airy disk) corresponding to the f~number
of the particular collimating lens.

The f~number is the ratio of focal length of the optical system f, divided by the
diameter of its aperture d. The diameter of the diffraction disk is 1.22 Af/d for a
circular aperture. Here, 4 is the wavelength of a particular spectral line of the source
that is to be used. Thus, the order of magnitude of the size of the pinhole to be
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FIGURE 4.2. Schematic diagram indicating the various parameters for the consideration of the size of
pinhole to be used in a lateral shearing interferometer.

used over the source to achieve spatial coherence is given by (4f/d). Fortunately in
the lateral shearing interferometry, the spatial coherence should be sufficient
so that the interference can be observed between parts of the wavefront separated
by the distance S (which is less than d). Hence the source (pinhole) size can
be (Af/d)(d/S) = (4/S). Thus the pinhole size chosen is some multiple of the
diffraction-limited pinhole size.

As an example, let us assume that we are using a mercury discharge lamp as the
source of light and that the green line (546.1 nm) is isolated by means of a filter. If we
are using a collimating lens of f-number = 5, then, assuming a shear ratio S/d of 0.1,
the pinhole must be of the order of 25 pm. This is an extremely small pinhole, and
generally very little intensity can be obtained in the fringe pattern. Hence, an intense
source such as a high-pressure mercury arc has to be used. It has poor temporal
coherence, even after a spectral line suitable for the purpose has been isolated by
means of a filter. Use of such sources results in the requirement to compensate the
two optical paths in an interferometer to be used as a lateral shearing instrument.
This condition (and its implementation) is sometimes referred to as white-light
compensation. When white light is used, a lateral shearing interferogram is obtained
where the central fringe is achromatic (white) and the other fringes are colored.

Until the gas laser came into general use, all lateral shearing interferometers were
designed with white-light compensation. Now it is possible to devise lateral shearing
interferometers in which the light paths of the two interfering beams are of unequal
length (uncompensated). A laser source having a high degree of spatial and temporal
coherence is, however, necessary for this purpose. A helium-neon (He-Ne) laser
emitting at 632.8 nm is often used as a source of light for many of these applications.
A lateral shearing interferometer designed for white-light compensation can always
be used with a laser light source. However, the inverse is not true. A lateral shearing
interferometer designed for laser use, and hence probably having unequal optical
paths, cannot produce a visible or recordable interference fringe pattern with sources
of light of lesser coherence.

4.3. BRIEF THEORY OF LATERAL SHEARING INTERFEROMETRY

The wavefront error W(x,y) is the difference between the actual wavefront and the
desirable one or the one required to accomplish the design objectives. Wavefront is a
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FIGURE 4.3. Schematic diagram (in plane and elevation) illustrating the original and the sheared
wavefronts for a circular aperture. The fringes arising due to the lateral shear may only be seen in the
area of overlap of the two wavefronts.

locus of all points with the same phase in the three-dimensional space. Therefore, its
unit in the MKS system is meter. In interferometry and optical engineering, it
is expressed in terms of A (number of wavelengths of the illuminating source).
When the illuminating source is a He—Ne laser emitting at 632.8 nm, the conversion
between these two systems is 2 = 632.8 nm = 632.8 x 10~ m.

Figure 4.3 shows the original and the laterally sheared wavefronts. For now, we
assume that the wavefront is nearly planar so that the wavefront errors may be
considered as small deviations from this plane. The wavefront error may be denoted
as W(x,y), where (x,y) are the coordinates of an arbitrary point P(x,y). When this
wavefront is sheared in the x direction by an amount S, the error at every point on the
sheared wavefront is W(x — S,y). The resulting wavefront difference AW (x,y) at
P(x,y) between the original and the sheared wavefronts is W(x,y) — W(x — S, ).
Thus, in later shearing interferometry, AW(x,y) is the quantity that is found.

When the displacement S is zero, there is no wavefront difference anywhere in the
interferometer. Consequently, wavefront difference cannot be seen and error cannot
be measured independently of its magnitude. Now, the path wavefront difference
AW (x,y) may be expressed in terms of number of wavelengths according to the
usual relationship

AW (x,y) = ni (4.1)

where 7 is the order of the interference fringe and 4 is the wavelength used. The left-
hand side of Eq. (4.1) may be multiplied by 1, in a specific form of (S/dx). When the
displacement S is made increasingly smaller, and is theoretically approaching zero,
the change in wavefront difference over change in displacement Ax becomes a
partial derivative. Equation (4.1) may be written as

oW (x,y)
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Thus the information obtained in the lateral shearing interferometer is ray
aberration (OW/0x) in angular units. The accuracy of Eq. (4.2) increases as shear
S approaches to 0. It is believed that sensitivity decreases as shear S approaches to 0.
Therefore, the experimentalist strives to arrive at a suitable compromise for the
optimal value of shear § if Eq. (4.2) is to be used.

Let us now consider some specific situations, employing the simpler form in the
case of nonrotationally symmetric aberrations.

4.3.1. Interferograms of Spherical and Flat Wavefronts

Defocusing. The wavefront error for defocusing may be represented as
W(x,y) = D(x* +y?). (4.3)

The coefficient D represents the magnitude of the aberration, usually given as a
number of wavelengths. A slight defocusing of the optical system, designed to
produce a perfectly plane wave, will result in the emergence of a wavefront that is
either slightly concave or convex spherical wavefront with a very long radius of
curvature. Hence in this case,

AW(x,y) = 2DxS = ni. (4.4)

Equation (4.4) represents a system of straight fringes that are equally spaced and
perpendicular to the x direction (direction of shear). This situation is illustrated in
Figure 4.4(a). The straight fringes appear in the common area of the overlapping
wavefronts. If there is no defocusing (D = 0), there are no fringes. The area of
wavefront overlap appears to be of uniform intensity, corresponding to the same
optical path for both beams.

Tilt. When the wavefront is laterally sheared, normally we assume that the new
wavefront is not tilted with respect to the original wavefront. In certain arrangements,
however, it is possible to obtain a known amount of tilt between the two wavefronts.
In such cases, it is a usual practice to obtain the tilt in the direction orthogonal to that
of the lateral shear. The optical path difference associated with this tilt may be
represented as a linear function of the y coordinate. Thus, in the case of only tilt, we
find

AW(x,y) = Ey = nl. (4.5)

Here E is the angle of tilt between the original and the sheared wavefronts. Their line
of intersection is parallel to the x axis. If defocusing and tilt are simultaneously
present, the optical path difference is given by

AW(x,y) = 2DxS + Ey = nA. (4.6)
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(@) (b)

(c)

FIGURE 4.4. Lateral shearing interferograms for an aberrationless wavefront (a) inside the focus,
(b) at the focus, and (c) outside the focus. In part (b), fringeless pattern is obtained when there is no
defocusing. The patterns (a) and (c) are due to slight defocusing in positive and negative direction by the
same amount.

This equation represents a system of straight fringes that are parallel to neither the
x axis nor the y axis. Only when either the coefficient D or E is zero, they are parallel
to either the x axis or the y axis, respectively.

We note the difference between the two situations represented by Eqs. (4.4)
and (4.6). When there is no defocusing (D = 0), Eq. (4.4.) describes a uniform
or fringe-free field, while Eq. (4.6) gives a system of straight fringes parallel to
the x axis. When an optical system is being collimated with respect to the point
source of light, we go through the region of the focus. Figure 4.4 illustrates the
representative lateral shearing interferograms inside the focus (a), at the focus
(b), and outside the focus (c), in a lateral shearing interferometer without tilt.
When we use a lateral shearing interferometer that can also introduce tilt for the
same purpose, the corresponding sequence of interferograms will be as shown in
Figure 4.5. In this case, it is possible to detect slight defocusing. It is much
easier to detect a change in the direction of fringes than to indentify the plane
with total absence of fringes.

Therefore, the ability to introduce tilt in addition to lateral shear might be a
distinct advantage in certain situations. Later we talk about the use of this feature to
accomplish different tasks in optical arrangements.
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FIGURE 4.5. Lateral shearing interferograms for an aberrationless wavefront (a) inside the focus, (b) at
the focus, and (c) outside the focus. In this case, however, a certain amount of tilt orthogonal to the direction
of shear is introduced. At the focus, part (b), the fringes are parallel to the direction of shear. Inside and
outside the focus they are inclined with respect to the shear direction.

4.3.2. Interferograms of Primary Aberrations upon Lateral Shear

Primary Spherical Aberration. The wavefront error for primary spherical aberra-
tion may be expressed as

W(x,y) = A" + )% (4.7)

Thus, the shearing interferogram may be obtained from the following equation, in the
absence of defocusing term:

AW (x,y) = 4A(x* +y*)xS = ni. (4.8)

The fringe distribution can be determined from the following equation when defo-
cusing is also present:

AW (x,y) = [4A(x* + y*)x + 2Dx]S = ni. (4.9)

Both Egs. (4.8) and (4.9) have exponents that add to 3. Consequently, the fringes
indicating the presence of the spherical aberration are cubic curves. Figure 4.6 shows
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FIGURE 4.6. Typical lateral shearing interferograms of primary spherical aberration due to various
amounts of defocusing: (a) inside the focus, (b) at the focus, and (c), (d) outside the focus. The fringe pattern
in part (b) occurs when there is no defocusing.

the representative interferograms in the presence of primary spherical aberration in
the original wavefront, inside the focus (a), at the focus (b), and outside the focus (c)
and (d). In addition to the spherical aberration and defocus, tilt is also present.
The equation for the fringes is given by

AW (x,y) = [4A(x* + y*)x + 2Dx]S + 2Ey = ni. (4.10)

If there are only spherical aberration and tilt present, the equation for the shape of the
fringes may be predicted from the following equation:

AW(x,y) = 4A(x* + y*)xS + 2Ey = n.

When the primary spherical aberration is very small and there is no defocusing, Eq.
(4.10) may be approximated for the central fringe close to the x axis:

AW (x,¢) = 4Ax*S + 2Ee = 0. (4.11)

This equation for the central fringe gives the characteristic horizontal S-shaped curve
by which very small amounts of spherical aberration may be visually identified.
Typical fringe pattern is displayed in Figure 4.7.
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FIGURE 4.7. Typical lateral shearing interferogram of primary spherical aberration when there is a
small amount of tilt in the orthogonal direction. Note the characteristic S-shape of the fringes.

Primary Coma. The wavefront error for primary coma may be expressed as
W(x,y) = By(x* +%). (4.12)

In view of the unsymmetrical nature of this aberration, the shape of the lateral shear
fringes is different, depending on whether the shear is in the x direction, y direction,
or in some other direction.

Let us first consider the case in which the shear is in the x direction. Then the
fringe shape may be found from the following equation:

AW (x,y) = 2BxyS = nA. (4.13)

The curves represented by Eq. (4.13) are rectangular hyperbolas with the asymptotes
in the x and y directions. The effect of defocusing is the addition of another term
(2DxS), see Egs. (4.4)—(4.13):

AW (x,y) = 2BxyS + 2DxS = nA.

The introduction of defocusing term results in the displacement of the center of
the system of rectangular hyperbolas along the y direction. Figure 4.8 shows the
representative fringe patterns for these two cases. In part (a), centered fringes are
indicative of coma only. In part (b), tilt in the direction orthogonal to shear is added to
coma. When tilt is added to coma in some other direction, the center of the hyperbolic
fringes will be moved along a line inclined to both the x and y axes.

Next, let us consider the situation in which the shear is in the y direction. Then, if
the shear magnitude along the y direction is denoted as 7, the shape of the fringes can
be found from the following equation:

AW(x,y) = B(x* + 3y*)T = ni. (4.14)
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FIGURE 4.8. Representative lateral shearing interferograms of a wavefront with primary coma when
the shear direction is chosen along the sagittal (horizontal, or x axis). (a) Centered rectangular hyperbolas are
obtained when there is no defocusing. (b) Small defocusing causes displacement of the center of the
rectangular hyperbolas (actually, the intersection of the asymptotes) in a direction perpendicular to the
direction of shear (y axis).

In this case, the fringes form a system of ellipses with a ratio of major to minor axis
of 32, Also, the major axis is parallel to the x axis. The effects of defocusing and
tilt are similar to those discussed earlier. Representative fringe patterns characteristic
of coma, generated in the lateral shearing interferometer with the shear parallel to
the x axis, are shown in Figures 4.9(a) and 4.9(b) with and without defocus,
respectively.

Primary Astigmatism. The wavefront error for primary astigmatism may be
expressed as

W(x,y) = C(x*> +y%). (4.15)

(a) (b)

FIGURE 4.9. Representative lateral shearing interferograms of a wavefront with primary coma when the
direction of shear is in the sagital (horizontal, x) direction. (a) Centered elliptical fringes are observed when
there is no defocusing. (b) When defocusing is introduced, the center of the fringe pattern moves along the
direction (horizontal, x) of shear (x axis).
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In the analysis of an astigmatic wavefront, the lateral shearing interferograms
provide little useful information. Independently whether the lateral shear is in the
x or the y direction, the straight fringes are orthogonal to the direction of shear. Thus,
one could easily mistake an astigmatic wavefront for a spherical one. Fortunately, the
introduction of defocusing reveals the presence of astigmatism. Then, the fringe
pattern produced by lateral shear in the x direction is given by the following
expression:

AW(x,y) = 2(D + C)xS = n/. (4.16)
Similarly, the difference in wavefronts for lateral shear in the y direction becomes
AW(x,y) =2(D — C)yT = nA. (4.17)

If the sagittal shear S and the tangential shear T have the same magnitude, there exist
two values of D, namely, D = £ C, for which the lateral shearing interferogram fails
to exhibit fringes. These two defocus conditions correspond to the positions of the
tangential and sagittal foci of the astigmatic wavefront. Another way of detecting
astigmatism is by counting the number of fringes for two perpendicular shear
directions. Their different numbers indicate the presence of astigmatism, as illu-
strated in Figure 4.10. In part (a), with shear along the horizontal direction, we count
7 dark vertical fringes. In part (b), 10 dark horizontal fringes, upon application of
equal shear in the vertical direction, indicate the presence of an astigmatic wavefront.

Another method of detecting astigmatism involves the use of lateral shear in a
general direction. In this case, the system of fringes may be obtained from the
following equation:

AW (x,y) =2(D+ C)xS +2(D — C)yT = ni. (4.18)

(a) (b)

FIGURE 4.10. Representative lateral shearing interferograms arising due to the presence of primary
astigmatism. Its existence is confirmed visually by counting different number of straight fringes, at a given
focal setting, when the shear direction is (a) sagital, and (b) tangential.
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FIGURE 4.11. A representative lateral shearing interferogram due to primary astigmatism and defocus.
The direction of shear is along the y = x line (principal diagonal), or halfway between the sagittal and
tangential directions. The inclination of straight fringes with respect to the normal to the shear direction (the
other diagonal, y = —x) confirms the presence of the astigmatism in the wavefront.

Equation (4.18) represents a system of equally spaced straight fringes. Their slope
may be found by setting n to zero and solving for y/x.

dy (C+D)
ox  (C—D)

N

In the absence of astigmatism C = 0, the equidistant straight fringes are normal to
the shear direction, dy/dx = —(S/T), according to Eq. (4.4). By changing the
direction of shear (7/S), we observe that the slope of the fringes, dy/dx, remains
normal to the shear direction in the absence of astigmatism.

When there is astigmatism present in the wavefront, the slope of the equidistant
straight fringes differs from the direction orthogonal to the shear direction.
Figure 4.11 illustrates this aspect of astigmatism in relation to lateral shearing
interferometry.

Curvature of Field and Distortion. Curvature of field is a displacement of focus
longitudinally, and hence it can be treated as a defocusing situation. Distortion is a
linear function of the pupil height. It is, in general, not detected in the lateral shearing
interferometers.

Chromatic Aberration. Longitudinal chromatic aberration is a change of focus for
different wavelengths. By changing the light source or using different wavelengths
from the same source, one can count the number of fringes introduced by spectral
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defocusing. This way, we may quantify the amount of longitudinal chromatic
aberration. Similar to distortion, the lateral chromatic aberration is a linear function
of the pupil height and is not detectable in a lateral shearing interferometer.

The foregoing brief account will help in evaluating the performance of an optical
system by simple and quick inspection utilizing lateral shearing interferometry. We
discussed the presence of pure aberrations with defocus and tilt to give us an idea of
their fringe patterns. A general wavefront will have a mixture of aberrations whose
presence is quantified, employing formal mathematical reconstruction techniques.

4.4. EVALUATION OF AN UNKNOWN WAVEFRONT

We shall now see how it is possible to determine the shape of a wavefront from a
lateral shearing interferogram of the wavefront under study. One method, proposed
by Saunders (1961, 1970), estimates the order of interference at equally spaced
points along a diameter as indicated in Figure 4.12. He evaluates the wavefront by
setting Wy = 0, W, = AWy, W3 = AW, + AW,, and so on, obtaining the wavefront
by summation of the lateral shear measurements AW;. This procedure was extended
to two dimensions by Saunders and Bruning (1968), and later by Rimmer (1972), and
Nyssonen and Jerke (1973).

A more formal procedure assumes that the unknown wavefront W(x,y) is a
smooth function that may be represented by a so-called aberration polynomial, as
we did in the preceding section. The wavefront difference function AW (x, y) is then
formulated in terms of its coefficients. Values of AW;(x;,y;) are found from mea-
surements of the fringe positions. From those, the coefficients of the wavefront
(aberration polynomial) are computed upon fitting. Malacara (1965a), Murty and
Malacara (1965), and Dutton et al. (1968) developed this method in one dimension to
find the wavefront shape along a diameter parallel to the shear. Malacara and Mende
(1968) applied the method for the evaluation of aberrations produced by surfaces

FIGURE 4.12. Original and displaced wavefront and their difference to illustrate the Saunders’ pro-
cedure to find a wavefront from its lateral shearing interferogram.
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with rotational symmetry. In general, the polynomial method is very good, especially
after being extended to two dimensions by Rimmer and Wyant (1975) in the
following manner.

The wavefront, denoted by W(x,y), may be represented by a two-dimensional
polynomial of degree k, of the form

k n
= Z ZB,,mxmy"_m. (4.19)
n=0 m=0
It contains N = (k+1)(k+2)/2 terms. If we wish to reconstruct the whole
wavefront, we perform two shears, represented by S and 7, along two mutually

perpendicular directions, generating two sheared interferograms. For shear along the
x direction, we obtain

W(x+S,y) = ZZB,ImeFS’”""’. (4.20)

n=0 m=0

Similarly, for shear along the y direction, we find

W(x,y+T) = ZZBnmx’” (y+T)"". (4.21)

n=0 m=0

We may use the binomial theorem,

(x+8) = Zm: (’7);&”/’5/’. (4.22)

J=0

The binomial factor represents a quotient of factorials (here denoted by the exclama-

tion mark !).
m\  m!
(f )  (m—j)Y! (4.23)

Using expression (4.22), Eq. (4.20) may be expanded into a polynomial

W(x+S,y) ZZZBM(’;?%M—-@"-W. (4.24)

n=0 m=0 j=0

With expression (4.22), Eq. (4.23) may be expanded into a polynomial

k n n—m
Wiy +7) =33 B ( o )wy"-m-fﬂ (4.25)
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These functions become equal to W(x,y) when j = 0. We rearrange the sums to
obtain the following two shearing interferogram equations:

AWs = W(x+3S,y) Z Z Cox"y"™. (4.26)

n=0 m=

Similarly, we find

AWr =W(x,y+T) Z ZDnmx'"y” " (4.27)
n=0 m=
Then we get
k—n ]—|—m
( )SIBJ-H:,H-m (4'28)

J=1

Likewise, we find

k—n .
Jtn—m i
Dy = Z ( j >Tij+n,m~ (4.29)

J=1

Rimmer and Wyant developed this result in 1975. The values of C,,,, and D,,, may be
obtained from the interferograms by means of a least-square fitting of the measured
values of AWy and AWy to functions (4.26) and (4.27), respectively. There are
M = k(k + 1)/2 coefficients C,,, and D,,,. From them we have to determine the
N wavefront coefficients B,,,. Expression (4.28) represents a system of M equations
with M unknowns, where the unknowns are all B, coefficients with the exception
of B,. Likewise, expression (4.29) represents a system of M equations with
M unknowns, where these unknowns are all B, coefficients with the exception of
B,». If the wavefront has rotational symmetry, B,g = B,,,, = 0 for all values of n, it
becomes sufficient to use either expression (4.28) or (4.29) and, hence, only one
interferogram is necessary. If m is different from n and also different from zero, the
value of B,,, is found from each expression. An average of these values is appro-
priately taken because their difference may be explained by rounding errors in
computations.

Many alternative approaches to computing the wavefront from the interferogram,
generated by a lateral shearing interferometer, have been devised. This includes, for
example, Gorshkov and Lysenko (1980) and others. A most interesting one is based
on the wavefront expansion in terms of Zernike polynomials, first described by
Rimmer and Wyant (1975) and later revised by Korwan (1983). The wavefront
difference function AW(x,y) as well as the wavefront W(x,y) is expressed as a
linear combination of Zernike polynomials. Shen et al. (1997) analytically updated
this work. The Zernike polynomial coefficients of the wavefront under test are
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expressed in terms of the Zernike polynomial coefficients of the shearing
interferograms.

Leibbrandt et al. (1996) designed a double-grating lateral shearing interferometer
based on the Michelson configuration, where Zernike polynomials are used for a high
accuracy wavefront reconstruction.

A number of research groups adapted the Fourier techniques after they were
demonstrated as a viable tool of phase reconstruction in the early eighties. Malacara
and Servin (1995) and Malacara et al. (1999) outlined the steps for the wavefront
reconstruction. Liang et al. (2006a, 2006b) worked out the details and provided
specific examples that are applicable to reconstruction of a wavefront even when
shears are large. The wavelet transforms also proved useful for wavefront retrieval in
lateral shearing interferometry (Xu et al., 2002).

4.5. LATERAL SHEARING INTERFEROMETERS IN COLLIMATED
LIGHT (WHITE LIGHT COMPENSATED)

We first consider interferometric arrangements with incoherent light sources, requir-
ing white-light compensation. Here again, we have two shear geometries, namely,
lateral shear in a collimated beam and lateral shear in a convergent beam. We note,
however, that it is possible to convert one into the other by the use of a well-corrected
lens.

4.5.1. Arrangements Based on the Jamin Interferometer

Figures 4.13—4.15 illustrate three modifications to the Jamin interferometer to serve
as lateral shearing interferometers (Murty, 1964b). The extended light source is
replaced by a pinhole. The lens to be tested acts as the collimator and imprints its
aberrations on the nearly collimated beam, entering the interferometer. Each glass
plate on either side has the dual function of splitting the beams and reflecting it. They
have to be of high quality and identical. If they are parallel to each other, the
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FIGURE 4.13. The layout of the principal components employed to modify the Jamin interferometer
into a lateral shearing interferometer. The lateral shear may be introduced by rotating the glass plate on the
right about the optical axis of the incident beam. With the zero angle of rotation of the plate, the
interferometer becomes the traditional Jamin interferometer.
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FIGURE 4.14. Inanother modification of the Jamin interferometer into a lateral shearing interferometer,
two identical glass blocks are introduced into each beam. Lateral shear is achieved by rotating each block
about an axis passing through both blocks by the same angle, but in opposite directions.

superimposed light beams emerge resulting in the traditional Jamin interferometer.
In the Jamin interferometer, two glass blocks are positioned parallel to each other.
Their alignment may be accomplished by observing the zero-order fringe with a
broad source of light. The Jamin plates should be large enough to accommodate the
beams displaced by lateral shear.

Two methods are available to introduce lateral shear into Jamin interferometer. In
the first one, the glass parallel plate on the right is rotated about the optical axis of the
incident beam, as indicated in Figure 4.13. With this arrangement, the shear is
generated in the direction perpendicular to the plane of the paper.

The second method of producing shear in the Jamin interferometer is illustrated in
Figure 4.14. Two identical parallel plates of glass are placed in each interferometer
arm so that they may be rotated about the same axis, normal to the beam, by the same
angle, and in opposite directions. This may be accomplished by the use of a simple
gear arrangement. In an alternate setup, a fixed tilt is introduced in the orthogonal
direction by making the end Jamin plates slightly wedge shaped (by a few seconds
of arc).

A modification of a cyclical form of the Jamin interferometer into the lateral
shearing interferometer is indicated in Figure 4.15. In this layout, only one plane
parallel plate is employed. The right-angle prism or a set of two plane mirrors at an
angle of 90° to each other are used to fold the light path. A transparent block is placed
into one interferometer arm. It is rotated about an axis that passes through and is
normal to both beams in order to introduce lateral shear. Two beams pass through the
block from either side: one beam is lifted up and the other pushed down in the plane
of the paper so that lateral shear is obtained as a sum of two beam displacements. This
lateral shearing interferometer seems to be very convenient for testing lenses of small
aperture. It is also possible to introduce tilt; it may be introduced in the orthogonal
direction by incorporating slightly imperfect right-angle prism or slightly misaligned
two-mirror assembly. The tilt depends on the error in the 90° angle of deviation in
both cases. This arrangement may be used for measuring the accuracy of the apex-
angle of the right-angle prism, the mirror alignment in the 90° mirror assembly, and



4.5. LATERAL SHEARING INTERFEROMETERS IN COLLIMATED LIGHT 139

Wavefront

from system
under test

Semirei!ecﬂng Rotate for
coating S shear Parallel glass

"~ E—‘ ///:'.-"

i. r¥?
Laterrally | £ ngmh}rfgrg!e
sheared wavefronts ;
| S
7 For tilt
Fully reflecting Gaamipiier

coating

FIGURE 4.15. A modification of a cyclical form of the Jamin interferometer into the lateral shearing
interferometer. A transparent block is rotated about an axis that passes through and is normal to both beams
to introduce lateral shear. Two beams pass through the block from either side: one beam is lifted up and the
other pushed down in the plane of the paper so that lateral shear is obtained as a sum of two beam
displacements.

most importantly, detecting errors in the right angles in a corner cube prism (see also
Scholl, 1995).

4.5.2. Arrangements Based on the Michelson Interferometer

The Michelson interferometer is compensated for white light, especially when
adjusted for the zero-order interference position. If we place right-angle prisms or
cube-corner prisms, it is possible to obtain lateral shear (Kelsal, 1959). The Michelson
interferometer with the right-angle mirrors (or prisms) in each arm is presented in
Figure 4.16. For simplicity, we assume that the right-angle prisms are identical in size
and material. When their virtual images, as viewed in the beam splitter, are exactly
superimposed on each other, no shear is generated between beams. If one prism is
displaced laterally by some amount, the wavefront is sheared by twice this amount.

Corner-cube or right
e angle prisms

Incident wavefront
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reflector (D)

Ideally thin
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FIGURE 4.16. A modification of an equal-path Michelson interferometer into the lateral shearing
interferometer. The end reflectors are either right-angle prisms (mirror assembly) or cube-corner prisms,
one of them displaced in a direction transverse to the beam.
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The beam divider plate must be large enough to accommodate the displacement of
one beam. Similarly, at least one of the right-angle prisms must be oversized. Tilt may
be implemented by tilting the right-angle prism (mirror assembly) perpendicularly to
the direction of the shear. With a corner cube, only pure lateral shear is obtained
because tilt may not be implemented by their nature. Tilt only may be introduced in
the traditional Michelson interferometer by tilting one of the plane mirrors.

Lee et al. (1997) use the Michelson configuration in a two-dimensional shearing
interferometer to measure a long radius of curvature. Pfeil et al. (1998) use a beam
divider cube with a tilted end-mirror to test fast cylindrical gradient-index lenses.
Albertazzi and Fantin (2002) use the Michelson configuration with the on-the-pixel
processing to evaluate small incidence differences on the charged couple device
(CCD). Instead of moving or tilting a reflecting component sideways, the camera is
displaced sideways by one or more pixels. This may be done physically or electro-
nically. Schreiber (2005) invented a variation of the Michelson shearing interferom-
eter by replacing the retro reflector with a return sphere to measure tilt.

4.5.3. Arrangements Based on a Cyclic Interferometer

A cyclic interferometer is referred to as the layout where two beams travel in
opposite directions, encountering exactly the same components until they emerge
to form interference pattern. The Jamin interferometer presented in Figure 4.15 is
one familiar example of a cyclic interferometer. We note that beams pass through the
same path but they travel in the opposite directions.

A representative cyclic interferometer is a triangular-path interferometer
(Hariharan and Sen, 1960). Figure 4.17 depicts a typical layout to obtain lateral
shear in collimated light in this compact instrument, with minimal systematic
errors. Again, we have two ways of generating lateral shear. Employing the first
one, a transparent block is introduced into the path and rotated as in folded Jamin
interferometer (see also Fig. 4.15). In the second method, illustrated in Figure 4.18,
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FIGURE 4.17. A representative cyclic triangular-path interferometer may be modified to obtain lateral
shearin collimated light. A transparent slab is introduced into the beams. When it is rotated by an angle about
the axis normal to the plane of paper and beams, they are displaced laterally in opposite directions.
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FIGURE 4.18. A modification of a representative cyclic triangular-path interferometer to obtain lateral
shear in collimated light. The beam is displaced laterally when one of the plane mirrors is translated in the
plane of the paper, along the beam direction.

beams will be displaced laterally when one of the plane mirrors is translated along the
beam direction, in the plane of the paper.

In a symmetrical implementation of a cyclic interferometer, we may introduce a
plane parallel plate of glass, as presented in Figures 4.15 and 4.17. In either case, the
rotation of the glass block or plate produces lateral shear. This is also a relatively easy
instrument to construct. It is insensitive to vibration and other environmental effects,
including those in a controlled laboratory conditions. The simple elegance of the
plane parallel plate was exposed by Waddell et al. (1994) to assess the symmetry of
concave mirrors whose surface was formed with a stretchable plastic membrane.

Another compact arrangement of generating shear in a cyclic interferometer is
laid-out in Figure 4.19. A 112.5°, 90°, 112.5° angle pentaprism may be used as a
beam splitter mirrors assembly by placing suitable coatings on the key surfaces. A
90° pentaprism is cut along its axis of symmetry. One of the cut surfaces is covered
with a semireflecting coating to act as a beam splitter. They are maintained in optical
contact, using index-matching liquid or oil. Translation of one half-pentaprism along
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FIGURE 4.19. A modification of a pentaprism-based triangular-path interferometer into a lateral
shearing interferometer. One half-pentaprism is moved along the beam-splitting surface to produce lateral
shear.
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FIGURE 4.20. Simplified diagram of the principal components in the Mach—Zehnder interferometer
using thin beam splitters.

the beam-dividing surface generates variable shear of the output wavefronts. Suc-
cessful engineering of this device results in the heart of interferometer immune to
vibrations. It is most suitable for testing small aperture optical systems due to its
weight and size limitations.

Kanjilal et al. (1984) and Kanjilal and Puntambekar (1984) described another
cyclic shearing interferometer that may be used with convergent light.

4.5.4. Arrangements Based on the Mach-Zehnder Interferometer

A schematic diagram of the principal optical components in the Mach—Zehnder
interferometer is displayed for reference in Figure 4.20. It includes two beam
dividers and two plane reflectors (mirrors). Two glass plane parallel plates of the
same thickness and material are inserted in each interferometer arm to generate
lateral shear in collimated light, as schematically indicated in Figure 4.21.
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FIGURE 4.21. A basic Mach—Zehnder interferometer may be modified to obtain lateral shear in
collimated light. Two identical glass plane parallel plates are inserted with an angle of inclination into
each interferometer arm to generate lateral shear in collimated light. To control the amount of shear, the
angle of inclination of the plates with respect to the incident beam is changed.
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Each plate displaces the wavefront by the same amount and in opposite direction.
The Mach-Zehnder interferometer may easily be modified for use as a lateral
shearing interferometer in collimated light (Paez et al. 2000). Some researchers
find it a cumbersome device to adjust, especially when all the optical elements
are separately mounted and each has its own tilting screws. The Mach-Zehnder
interferometer is often considered very useful for obtaining lateral shear in a
convergent beam.

4.6. LATERAL SHEARING INTERFEROMETERS IN CONVERGENT
LIGHT (WHITE LIGHT COMPENSATED)

4.6.1. Arrangements Based on the Michelson Interferometer

The basic block diagram relating the input-output relationship in a lateral shearing
interferometer in convergent light is presented again in Figure 4.22. The nearly
spherical wavefront is converging to its center of curvature where the lateral shearing
interferometer is placed. Due to the space constraints, the size of the lateral shearing
interferometer used in convergent light is rather small.

The output of the laterally shearing interferometer includes two beams with
the amplitude decreased (by at least factor of 4) and the same size of the radius
of curvature as the input beam (but opposite in sign). The diverging beams are tilted
with respect to each other. There is an angle between the radius of curvature to
the central point on one wavefront and the radius of curvature connecting the
center of the ‘“displaced” wavefront. If we think of the wavefront as forming a
part of a spherical surface, then the sheared wavefront slides over this spherical
surface. The quantity of interest is the difference between the sphere and the
actual wavefront, which we are accustomed to call the wavefront aberration func-
tion, W(x,y).

A converging beam of light from the optical system under test enters a simple
Michelson interferometer, having a thin beam splitter, as sketched in Figure 4.23.
When two plane mirrors are positioned symmetrically with respect to the beam
splitter (equal path condition) and perfect optical components are used, a broad
zero-order fringe presents itself in the interference plane. When the plane mirrors are
used, the split incident beams converge on a point on the mirror surface. This is the
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FIGURE 4.22. The basic block diagram relating the input-output relationship in a lateral shearing
interferometer in convergent light. The nearly spherical wavefront is converging to its center of curvature

where the lateral shearing interferometer is placed.
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FIGURE 4.23. A converging beam of light from the optical system under test entering a simple
Michelson interferometer with a thin beam splitter. When two plane mirrors are positioned symmetrically
with respect to the beam splitter, a broad zero-order fringe presents itself in the interference plane. When the
plane mirrors are used, the split incident beams converge on a point on the mirror surface.

layout of the basic Michelson interferometer: the emerging wavefronts are super-
imposed without any lateral shear.

The lateral shear may be introduced by rotating one of the mirrors by a small angle
about an axis that coincides with the wavefront center of curvature. This is illustrated
in Figure 4.24. The wavefront aberration is made visible in the interferometric
pattern. There are no fringes in the absence of aberration. If the centers of curvature
fall ever so slightly outside the plane reflectors, defocusing is introduced. Even in the
absence of aberrations, straight fringes indicative of defocus condition in the shear-
ing interferometer are displayed. It is not possible to obtain tilt in the orthogonal
direction.

A sturdy and compact version of this interferometer is made with two nearly
identical right-angle prisms and cementing them together along partially transmitting
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FIGURE 4.24. A modification of a Michelson interferometer into a lateral shearing interferometer.
Tilting one of the plane mirrors about an axis passing through the point of convergence of the wavefront on

the mirror surface introduces lateral shear.
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FIGURE 4.25. A modification of a Michelson interferometer into a lateral shearing interferometer with a
cemented cube. The plane surfaces are deformed to introduce a fixed amount of shear. The entrance and the
exit faces may be given convex spherical shapes so that the rays enter and exit normally.

diagonal. A fixed amount of shear may be implemented with one slightly tilted totally
reflecting surface, depicted in Figure 4.25. Lenouvel and Lenouvel (1938) were
probably the first to devise the practical solid version of this interferometer.

Later, Murty (1969), Saunders (1970), and several others found simplicity in this
interferometer very useful in the testing of optical systems. One can vary the amount
of shear using similar right-angle prisms in a cube arrangement (Murty, 1970). An
index matching liquid or suitable oil inserted between the faces of the hypotenuse,
permits rotation of one prism. The axis of rotation passes through both centers of
curvature of split wavefronts, as illustrated in Figure 4.26. The entrance and exit
faces may be made spherical so that the rays enter and exit almost without deviation.
This implementation of the lateral shearing interferometer has been used to char-
acterize cryogenic laser fusion targets (Tarvin et al., 1979).

o )
2~ Fully reflecting
& plane surfaces

Incident # b ;'%
n n / )
it L -_ Turn about this
. axis for lateral
4 i Y shear
i oL P
"’I iy iw
Oil between the prisms and ~. Provision for
one face coat%d with i g'SPiaGl?ﬁi PS_SH'; for ;
i i i erally ero-path adjustmen
semireflecting material SHearad Waie
fronts

FIGURE 4.26. A layout of a lateral shearing interferometer based on the Michelson interferometer. The
lateral shear may be varied by rotating one or both prisms about an axis passing through the centers of
curvature of the incident beams.
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4.6.2. Arrangements Based on the Mach-Zehnder Interferometer

Let us consider a simplified Mach—Zehnder interferometer with idealized thin beam
dividers as indicated in Figure 4.27. A converging wavefront is focused on the plane
mirrors, placed symmetrically with respect to infinitely thin beam splitter. If one of
these mirrors is rotated about an axis, passing through the geometrical focal point,
normal to the plane of the paper, a lateral shear is established between the beams
emerging from the interferometer. Tilt, orthogonal to the direction of shear, may be
introduced upon rotation of the second beam divider about an axis normal to the
plane of paper (also illustrated in Fig. 4.27). The introduction of this tilt has been
offered as an important feature of this interferometer. It might be advantageous to
bring both beams to focus on the second beam splitter. In this case, the roles of the
plane mirror and the beam divider are interchanged: rotation of one mirror introduces
tilt, and the rotation of the second beam splitter results in introduction of shear. When
one is using actual components with finite thicknesses, compensation plates need to
be inserted judiciously.

We found it relatively simple to align a shearing interferometer incorporating tilt,
based on the Mach—Zehnder interferometer (Paez and Strojnik, 2000; Paez and
Strojnik, 2001). Many researchers, however, believe that it is difficult to adjust
quickly an equal path interferometer, incorporating as a minimum two beam dividers
and two plane mirrors, each separately mounted on a suitable base and capable of all
possible adjustments. Some examples of pre-aligned and pre-adjusted devices based
on the Mach—Zehnder configuration are presented next. Most of them use solid
glass polygon prisms to generate a fixed amount of lateral shear. Saunders (1965)
devised almost a literal solidification of the layout in Figure 4.27. The space between
the beam dividers and the plane mirrors is filled with glass, as seen in Figure 4.28.
The convergent beam focuses on surfaces parallel to each other but not parallel to the
beam divider. The fabrication of this compact component could start with the
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FIGURE 4.27. A modification of a simplified Mach-Zehnder interferometer into a lateral shearing
interferometer, in convergent light. The converging wavefront comes to a geometrical focus on the surface
of plane mirrors. Either mirror is rotated by a small angle to generate shear. Tilt may be introduced by
rotating the second beam splitter by a small amount.
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FIGURE 4.28. A solidification of the lateral shearing interferometer sketched in Figure 4.27. The space
between the beam dividers and the plane mirrors is filled with glass. The convergent beam focuses on
surfaces parallel to each other but not parallel to the beam divider. Top and bottom surfaces, slightly inclined
with respect to the beam splitter surfaces to produce fixed shear, are coated to function as mirrors. A fixed
amount of tilt about the direction orthogonal to shear is possible with slightly wedged cement.

formation of hexagonal a prism, cut in two prisms halving 90° angles. The cut
surfaces are coated to act as beam splitters and then cemented together. Top and
bottom surfaces, slightly inclined with respect to the beam splitter surfaces to
produce fixed shear, are coated to function as mirrors. A fixed amount of tilt about
the direction orthogonal to shear is possible with slightly wedged cement.

A shearing interferometer in Mach—Zehnder configuration with mirrors tilted may
be used for flame visualization. Philipp et al. (1993) developed a technique to assess
flame dynamics using cube beam splitters and collimated light.

A possible improvement to the lateral shearing interferometer featuring variable
shear and based on the Mach—Zehnder layout is indicated in Figure 4.29. Here two
rhomboidal prisms are cemented in a symmetrical fashion along the semireflecting
beam-dividing surface. The top and bottom surfaces are mirrored. The incident
converging beams are focused on the second beam divider, implemented as a cube
beam splitter. By rotating it about the axis through the center of curvature, a limited
amount of shear may be introduced. The angle-of-incidence effects limit the amount
of acceptable rotation. The angle of rotation and size of the cube determine the
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FIGURE 4.29. A possible improvement to the lateral shearing interferometer featuring variable shear
and based on the Mach—Zehnder layout. Beams converge on the cemented half-transmitting diagonal of the
cube beam splitter. By rotating it about the axis through the center of curvature, a limited amount of shear
may be introduced. A fixed amount of tilt may be incorporated into the wavefront by inclining the reflecting
surfaces.
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amount of displacement. A fixed amount of tilt may be incorporated into the
wavefront by inclining the reflecting surfaces.

This configuration may also be seen as a version of the shearing interferometer
sketched in Figure 4.28, with the cube beam splitter cut off from the hexagonal prism
assembly and slightly displaced to the right. By converging the beam on the second
beam splitter, the function of shear and the perpendicular tilt corresponds to the
second case, discussed with respect to Figure 4.27.

Another improvement to the octagon in Figure 4.28, with planar surfaces replaced
by sections of a sphere, is indicated in Figure 4.30. It employs two identical plano-
convex spherical lenses whose center thickness is equal to half its radius of curvature.
A small on-axis section of each lens is flattened, polished, and coated with a
reflecting material. Each mirrored surface is slightly inclined with respect to
the planar half-transmitting surface to introduce a fixed shear. The planar half-
transmitting surfaces are cemented together to function as a beam divider. A beam
of large numerical aperture may be tested without introducing its own errors because
entrance and exit faces are spherical in form.

Saunders (1964a) proposed another modification of the Mach—Zehnder interfe-
rometer into a lateral shearing interferometer. The principal components, depicted in
Figure 4.31, include two identical prisms, possibly cut along the principal diagonal
from a single four-sided (kite-like) prism with angles oo = 120°, § = 100°, y = 40°.
The main diagonal surface is coated to divide the beam into two, functioning as a
beam splitter. The wavefront converges on the inclined mirrored faces. The lateral
shear may be implemented by rotating (one of) the prisms about the line joining the
two centers of curvature of the two prisms in opposite directions. This layout may be
simplified to perform fixed shear by cementing prisms at an appropriate angle.

The systematic aberrations inherent to this device may be completely eliminated
by cementing plano-convex lenses of suitable radii of curvature on the entrance and
exit faces. (See discussion about Fig. 4.30.) Tilt may be implemented by suitable
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FIGURE 4.30. Animprovement to the octagon in Figure 4.28, with planar surfaces replaced by sections
of a sphere. Two identical plano-convex spherical lenses whose center thickness is equal to half its radius of
curvature are coated along the planar part and cemented to function as a beam divider. A small on-axis
section of each lens is flattened, polished, and coated with a reflecting material. Each mirrored surface is
slightly inclined with respect to the planar half-transmitting surface to introduce a fixed shear.
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FIGURE 4.31. Another modification of the Mach—Zehnder interferometer, into a lateral shearing inter-
ferometer, using two obtuse-angle prisms. The main diagonal surface is coated to divide the incident
wavefront into two, functioning as a beam splitter. The wavefront converges on the inclined mirrored faces.
The lateral shear may be implemented by rotating prisms relative to each other. This layout may be
simplified to provide fixed shear by cementing prisms at an appropriate angle.

wedging of the cement and by coating only partially the beam divider, covering only
half of each prism-base surface.

4.7. LATERAL SHEARING INTERFEROMETERS USING LASERS

As we pointed out earlier, any white-light compensated lateral shearing interferom-
eter works with a laser source. It is possible to devise interferometers that are simpler
in constructions and use when requirement for use with white light is eliminated. The
most convenient (and cost-effective) laser is the helium—neon (He—Ne) laser emitting
a few milliwatts of power at the 632.8 nm line.

A plane parallel plate, devised by Murty (1964a), is undoubtedly one of the most
elegant and simplest lateral shearing interferometers for qualitative work in a labora-
tory. Figure 4.32 shows that the coherent laser radiation is focused by a microscope
objective on a pinhole to clean up the beam. The lens (group) under test, having the
same f~number as the microscope objective, collimates the divergent light beam. It is
incident on an inclined plane parallel plate, normally used without any coating on
either surface. The light is reflected from the front and the back of the plate due to
Fresnel reflections. The plate thickness introduces the beam displacement, that is, a
lateral shear. The lateral displacement S for a plate of thickness ¢, refractive index N,
and for the beam angle of incidence i is given by Malacara (1965a).

S ;
o= sin 2i(N? — sin?i)” (4.30)

Figure 4.33 presents the graph of S/t versus angle of incidence i, for glass with the
index of refraction N = 1.515 at 632.8 nm. The angle of incidence is measured from
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FIGURE 4.32. Schematic diagram of a lateral shearing interferometer incorporating a laser source and a
plane parallel plate of glass.

the normal to the glass surface, as in the Snell law. The maximum value of the ratio
S/t of approximately 0.8 corresponds to an angle of incidence of 50°. Therefore, a 45°
angle of incidence is quite convenient to use in a practical setup. A slight wedge is
often introduced into a plate to guide ghost reflections from the main beams.

The intensity of the peak of the fringe pattern increases by coating the front and
back surfaces without changing the fringe visibility. Then the internal reflection has
enough intensity to exhibit faint secondary sheared beams and interference patterns.
Therefore, many practitioners find it advantageous to use an uncoated plate.

Figure 4.34 shows the layout with a plane parallel plate to test a large-diameter
concave mirror. A suitable null correcting system may be inserted when the mirror is
not spherical. A fixed amount of tilt orthogonal to the shear direction is produced by
introducing a small wedge into the shearing plate. The imaginary line, where the two
planar surfaces of the wedge intersect, is parallel to the plane of the paper.
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FIGURE 4.33. A graph of the ratio of displacement over plate thickness (S/7) as a function of angle of
incidence, for a typical borosilicate crown glass. Examining the plot we note that any angle of incidence up to
a maximum of about 50° is convenient.
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FIGURE 4.34. Optical layout of a plane parallel plate (interferometer) for testing large concave mirrors.
In addition to a coherent source, two excellent lenses and a good one are needed for performing this test.

Another variation (Hariharan, 1975) of the basic parallel plate interferometer uses
two plates whose separation may be adjusted to expand the range of the possible
shear. In Figure 4.35, one of the plates is mounted on a movable platform so that
the air gap is variable and, hence, variable shear is obtained without plate rotation.
The inside surfaces of these plates are uncoated so that about 4% reflection occurs
there. The outer surfaces are treated with high quality antireflection coatings to
minimize reflections. The plate mounting may be equipped with additional degree of
freedom so that it can be rotated orthogonally to introduce tilt. The physical
separation of two plates makes this system sensitive to disturbances and fragile in
handling. The stability of the fringe system depends on the quality of mechanical
mounts, their design, fabrication, and environmental conditions.

The lateral shearing interferograms displayed in Figures 4.4—4.11 were generated
employing a laser shearing interferometer laid out in Figure 4.32. An uncoated glass
plate with a laser source results in a sufficiently intense fringe pattern, projected on a
ground glass in a dimly illuminated room. An exposure time of only a fraction of a
second is sufficient to photograph the fringes. With the currently available CCD
detector arrays, the experimental work is even simpler.

Variable airgap to Antireflection
vary the shear coating
Microscope
objective

HeNe .,

Laser |

/ Lens under
Spatial test

filter

Lateral shear — [+

Laterally sheared
wavefronts

FIGURE 4.35. Modification of the plane parallel plate interferometer by incorporating two separate
glass plates. The reflections from the inner surface are utilized to generate the expanded amount of lateral
shear. The lateral shear is variable by moving the back plate to change the width of the air gap.
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4.7.1. Other Applications of the Plane Parallel Plate Interferometer

One of the most popular uses of the plane parallel plate interferometer is in checking
beam collimation. Returning to Figure 4.32, we note that the wavefront is either
slightly divergent or convergent if the pinhole is not located at the focus of the lens
under test. Then, the interference pattern of a high-quality collimating lens exhibits
straight fringes, which is indicated in Figures 4.4(a) and 4.4(c), rather than uniform
field of Figure 4.4(b).

The common area of two sheared apertures will be free of fringes, as noted in
Figure 4.4(b), when the pinhole center coincides with the focal point of the collimat-
ing lens. The best collimation is found when the interference pattern changes from
that shown in part (a) to (b) and, finally to (c), upon slight displacement of the lens
along the optical axis.

The configuration of exact collimation may be even more accurately determined
when a wedged plate is used for alignment. The plate is first used normal to the beam
emerging from the collimating lens. The reflected pattern displays the Fizeau fringes
indicating the direction of the wedge. In this position the shear is zero, so slight
decollimation is not of significance. The plane parallel plate is then rotated in its own
plane. The Fizeau fringes rotate along, always indicating the direction of the wedge.
In the last step, the plate is tilted at an angle with respect to the incident beam so that
the angle of incidence is about 45°. If the pinhole center is slightly outside the focus,
inclined fringes will be observed. By moving the high-quality lens longitudinally
along the optical axis, the pinhole will be centered on the focal point when horizontal
fringes are displayed. Parts (a), (b), and (c) of Figure 4.5 display the sequence of
fringe patterns as the pinhole passes through the focus. The addition of tilt introduced
by the wedged plate allows the experimenter to follow the fringe rotation rather than
to identify fringe free field, which may be difficult to identify with precision.

Determination of inhomogeneity of solid transparent samples is an additional
application of the plane parallel plate or wedge plate interferometer. The sample has
to be prepared in the form of a parallel piece (of glass) and sandwiched between two
very good plane parallel plates using optical contact. This optical assembly, indicated
as a solid block in Figure 4.36, is placed between the collimating lens and the
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FIGURE 4.36. An optical layout for evaluating the degree of inhomogeneity of a transparent (glass)
sample using a plane parallel plate interferometer.
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shearing plate. This layout is reminiscent of the shearing modification of the Jamin
interferometer (see Figs. 4.14 and 4.15). When a high-quality plane wave passes
through the inhomogeneous sample, the distortion is imprinted on it. The laterally
sheared wavefronts produce fringe patterns corresponding to the change in the index
of refraction. The variation of the refractive index across the beam (along the shear
direction) inside the block is determined upon integration. The changes of the index
of refraction along the optical axis are averaged. The block needs to be reoriented to
find changes along all three dimensions.

The same region between the high-quality collimating lens and the shear plate
may be used for flow studies, diffusion studies, and other research into position and
time-varying phenomena.

A number of researchers studied the applications of the plane parallel plate to
alignment and collimation, starting with Dickey and Harder (1978), Grindel (1986),
and Sirohi and Kothiyal (1987a, 1987b). Lens parameters, such as the focal length or
the refractive index, may also be measured in this setup (Kasana and Rosenbruch,
1983a, 1983b; Murty and Shukla, 1983).

The evaluation of infrared materials has been done with this kind of interferom-
eter. Venkata and Juyal (1987) adapted the plane parallel interferometer to the testing
in infrared by using a CO, laser, a plane parallel plate made out of zinc sulfide (ZnS),
and a phosphor screen to observe the fringes. The fabrication of ZnS plate to the high
flatness requirements is a formidable achievement in itself.

The surface imperfections of a large concave mirror may be tested using a plane
parallel plate, with or without a wedge, in a layout indicated in Figure 4.37
(Malacara, 1965a). The first of the two well-corrected lenses collimates the laser
beam. The shearing plate is inclined at about 45° inside the collimated light.

This layout may also be used to measure the radius of curvature of a spherical
surface. In the second position, the right well-corrected lens brings the collimated
beam to focus on the vertex of the concave mirror. Then the lens is moved left along
the optical axis to its first position so that its focus coincides with the center of
curvature of the concave mirror. In both settings, the wavefront incident on the
(wedged) plane parallel plate is planar. In the interference plane, one sees either a
blank field or a field containing horizontal fringes depending on the absence or
presence of tilt in the shearing device (i.e., whether a plane parallel plate or a wedged
plate is used). The lens displacement along the optical axis between these two
positions (first and second), equal to radius of curvature of the concave mirror R,
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FIGURE 4.37. Optical layout of a (wedged) plane parallel plate interferometer to measure the radius of
curvature of a concave spherical surface.
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FIGURE 4.38. Optical layout of a (wedged) plane parallel plate interferometer for measuring the radius
of curvature of a convex spherical surface.

must be accurately measured by some other method to avoid fringes that arise from
defocusing.

Figure 4.38 presents the necessary changes for the measurement of the radius of
curvature of a convex surface. In this 