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I never cared much for moonlit skies,
I never wink back at fireflies,
But now that the stars are in your eyes,

I’'m beginning to see the light.

I never went in for afterglow,
Or candlelight on the mistletoe,
But now when you turn the lamp down low,

I’'m beginning to see the light.

Used to ramble thru the park,
Shadow bozing in the dark,
Then you came and caused a spark,

That’s a four alarm fire now.

I never made love by lantern shine,
I never saw rainbows in my wine,
But now that your lips are touching mine,

I’'m beginning to see the light.

Duke Ellington
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Abstract

Astronomical imaging and lidar studies require large, high quality telescopes for
maximum image resolution and light gathering ability. One of the major costs in-
volved in producing such telescopes is the fabrication of the perfect primary optic
(most often a mirror) and correcting for any changes in shape which may occur over
a period of time. Holographic correction of poor quality mirrors is a technology
which attempts to reduce these costs.

Throughout the course of this thesis I will be detailing the work I have carried out
into the holographic correction of aberrated telescopes. The basic concept involves
recording a demagnified image hologram of the mirror surface and then using this
hologram as an optical element to remove the wavefront distortions introduced by the
aberrated mirror on focused starlight. In this way, diffraction limited performance
can be achieved with a poor-quality primary, over a limited bandwidth.

One of the major difficulties, up until now, has been that the methods of record-
ing these holograms have required a distant light source, resulting in a telescope
which is very large. In order to reduce costs for both ground and space based
applications, a compact design is needed. This research has been aimed at produc-
ing an inexpensive, compact telescope which uses commonplace optical components
with a view to simplicity and scalability. Included are theoretical and experimen-
tal results which demonstrate near-diffraction limited performance from a telescope
constructed from a large diameter, heavily aberrated, spherical primary. Also in-

cluded in this report is a discussion of alternative designs and new possibilities for

this technology.



List of Symbols

Throughout this thesis, several symbols will be used consistently to signify spe-
cific physical quantities. For the readers convenience, these are listed below. note
that in most optical texts a particular sign convention is adopted to indicate ray di-
rection and object/image position. In this thesis, the ray directions and the position
of the object and image planes will be largely self-evident, so all of the quantities

will take their absolute values, with direction stated explicitly if necessary.

D Diameter/Aperture (= 2p)

f ... Focal length

F F-number (= f/D)

n Refractive index

R ... Radius of curvature

W ... Wavefront error

z .. Off-axis object distance (perpendicular to the optical axis)
' ... Off-axis image distance (perpendicular to the optical axis)
Y On-axis object distance (along the optical axis)

y" ... On-axis image distance (along the optical axis)

z Sag (depth of conic surface along the optical axis)

n. ... Diffraction efficiency

A ... Wavelength

A" ... Reconstruction wavelength

p .. Semi-diameter (as a subscript denotes the edge or marginal ray)
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Errata

1. Page 17, Line 5: For “ ... which is the object wave modulated by fringes with a
spatial frequency of sin #/)X.” read “which gives a sinusoidal grating with a spatial

frequency of A/2sin(6/2).”
2. Page 59, Line 1: For f = 0.6mm read f = 0.6m.

3. Page 78, Caption for Figure 3.20 (a): Text should read “Lenses L1 & 1.2 are

chromatic doublets and L3 is the simple lens...”.

4. Page 106, Line 21: For 0.3m read 0.12m.

5. Page 118, Line 15: Text should read “... recording angle of 20 between the

beams.”

6. Page 156, Caption should read: “Off-axis correction of a refractor. The dotted
rays show the recording of the hologram, H, using an off-axis beacon located to the
left of the aberrated lens. The solid rays show the reconstruction and correction
of the aberrations by an object wave from infinity, imaged at plane I. A cylindrical
lens (c.l.) is used to compensate for the astigmatism. Secondary lenses I; and I,

produce identical, accurately superimposed images of the primary lens at H.

7. Page 162-167: Where Figures 1 to 8 are mentioned in the text, these correspond
to Figures F8 to F15 on the subsequent pages.



Chapter 1

Introduction

1.1 Introduction

This thesis describes research conducted into the holographic correction of aber-
rations in large optical elements. This chapter will outline the motivation for the
research as well as provide a brief summary of the field of precision imaging and a

discussion of the previous work carried out into holographic aberration correction.

1.2 Background

Large conic mirrors are often required for lidar and astronomy. The larger the
mirror, the better the instrument’s light gathering capability and resolution.

Lidar is an acronym for Light Detection and Ranging. Direct detection lidar is
a method of measuring the range of an object by using the time-in-flight analysis
of a reflected light signal. Heterodyne detection can be used to measure velocity
of distant objects by studying the Doppler frequency shift in the return signal.
Lidar is often used for atmospheric studies in order to measure the wind velocity
profile in a column forward of the detector [38, 25]. Due to the low reflectivity of
the atmosphere at visible wavelengths the return signal is typically very weak, so a
large mirror area is required to gather as much light as possible. For direct detection
studies, the primary receiver must be of sufficient quality to minimise the focal spot

size on the detector and hence maximise the signal to noise ratio (SNR). Heterodyne

11
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12 CHAPTER 1. INTRODUCTION

detection requires the phase matching of the return signal with the local oscillator
to be preserved over the entire aperture. This places even greater constraints on the
mirror surface quality. In astronomy, where images of distant objects are sought,
the requirements on the quality of the imaging elements are also very stringent.

The construction of large, high quality mirrors is expensive and time consuming
but the demand is high - with a doubling in the total mirror area available to the
world’s astronomers, on average, every 12 years [91]. Even with new technologies,
the cost of mirror fabrication still increases as the cube of the aperture. There are
many reasons for this.

Large mirrors are made thick to increase their stiffness but tend to sag under
their own weight. Furthermore, as the orientation of a telescope changes, the gravi-
tational stresses on the mirror can change, giving a corresponding change in figure.
Telescope mirrors are also susceptible to changes in shape due to thermal expan-
sion. Using materials such as ULE or Zerodur, with minimal coeflicients of thermal
expansion, eliminates these changes in shape but the fabrication costs increase due
to the expense of these materials [41]. One technique currently used to overcome
many of these problems is active optics.

Active optics involves using actuators, placed behind a thin primary, to adjust
for changes in the shape of a perfect mirror or mirror segments to minimise the
image size of stars in the field of view [42]. An example is the Keck telescope where
36, 1.5m hexagonal mirror segments are kept in alignment by small actuators on the
rear of the segments [65]. This technique can reduce the effects of thermal expansion,
sag or gravitational stresses, but there is still the cost in producing the high quality
mirror segments in the first place.

New designs using lighter, monolithic meniscus mirrors with actuator supports
to keep the mirror in the correct shape have been very successful, but the mounting
costs are formidable. Very high quality, well supported 8m mirrors are currently
in the $10 million dollar class, weigh typically 10 or more tonnes, and in addition
require multi-million dollar handling fixtures and coating facilities [80].

An alternative to solid primaries is to use mirrors made from spinning shallow

baths of mercury [10, 40, 78]. These mirrors can be manufactured relatively cheaply
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but they can only look directly upwards. Research is being carried out to increase
their accessible region of sky to as much as 45° to the vertical using fixed and
deformable secondary optics [54, 9, 11, 53, 62]. This technology is fast becoming
attractive as more researchers look for alternatives to expensive telescopes. Lig-
uid mirror telescopes require an acceleration, however, and although several space
telescope designs have been suggested (8], such an instrument may be prohibitively
expensive.

Fabrication is not the only problem faced by manufacturers of high quality mir-
rors. Testing of the final product requires extremely sensitive interferometers which
must be aligned precisely in order to detect any figuring errors. Measurements of
this type can quite easily go wrong as demonstrated with the Hubble Space Tele-
scope. The mirror was made too spherical and the error was not detected due to a
positioning error of a null-corrector in the test optics [1, 73].

Atmospheric turbulence causes the twinkling of stars by distorting the wavefront
from the incoming star-light so that it is no longer a plane wave. This results in
images which change rapidly over short periods of time [92, 17, 18, 59]. The aperture
radius over which the incoming wave can be thought of as essentially undistorted
is called the Fried parameter (r,) [26, 27, 28]. From this we can define a “seeing
angle”, § = A/r, which represents the maximum angular resolution for a given Fried
parameter. Since r, o« A%/® it poses less of a problem at infra-red wavelengths than
in the visible region where, typically, r, ~ 10cm (i.e. § ~ 1.5”). For a telescope with
an aperture, [), greater than the Fried parameter, the instantaneous image consists
of speckles of size A\/D. With a long exposure, the random motion of many of
these speckles averages out to give a image size of A/r, 26, 58]. Thus for telescopes
with larger diameters there is no improvement in the resolution achievable in long
exposures but more light can be gathered, allowing fainter objects to be detected.
One solution to this problem is to decrease the amount of turbulent atmosphere
between the observer and the object. By putting the telescope on top of a mountain,
To can be as much as 20-30cm (6 ~ 0.75”—0.5") at optical wavelengths and diffraction
limited imaging is possible for A > 3um [4]. For diffraction limited performance from

a large aperture telescope operating in the visible part of the spectrum, however,
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the time-varying turbulent aberration function must be somehow removed from the
stellar images, or the telescope placed in space.

There are two common ways of improving the astronomical image distorted by
the atmosphere: speckle interferometry and adaptive optics. Speckle interferometry
is a method by which a diffraction limited telescope is used to accumulate many
very short exposures of a star (usually a few microseconds each). These images are
digitally combined to produce the smallest possible image. This technique works
very well for point-like objects but is fairly unusable for single objects covering any
extent of field. A further problem is the large integrating time required to build up
an image of faint objects.

Adaptive optics involves using deformable tertiary mirrors to minimise the image
spot size of a guide star in the field of view of the telescope, thereby improving the
image as a whole and removing the effects of atmospheric turbulence (3, 42, 74, 43, 2].
The guide stars used can be either bright natural stars or man-made “stars” created
by focussing a laser in the upper atmosphere. The popularity of this technique is
increasing but so far the results are best in the infra-red as less correction is required
(ro is larger) and more bright natural sources are available than in the visible. Added
to this is the problem of the small field of view correction provided by single man-
made laser guide stars; the so-called anisoplanatic angle problem [88, 19]. Once
again, however, a large, high quality primary is required to collect the light initially.

Ground based sites have many other limitations. Populous centres anywhere in
the vicinity of telescopes increase atmospheric turbulence and are sources of light
pollution and vibrations. Added to this is the problem of man-made aerosols and
pollutants which increase scattering and extinction of stellar light, making fainter
and finer details harder to detect. Air-glow and zodiacal light (as well as aurorae in
some latitudes) are a natural source of light pollution. Atmospheric absorption at
various wavelengths limits ground-based astronomical imaging in the infrared and
makes it all but impossible in the ultra-violet [84]. These problems can be reduced
or eliminated with a telescope situated in space or on the surface of the moon.

A space or moon-based telescope permits observations at any wavelength, in

many cases uninterrupted over a 24hr period [35]. Unfortunately, the cost involved
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is very large. For the Hubble Space Telescope, the cost of initial fabrication and
deployment was US$2 billion. Operating, repair and maintenance costs have since
doubled this [21]. Several designs for the next- generation space telescope [61] have
been suggested but the cost of these are too large for current research budgets. As
for lunar-based telescopes, they are still in the design phase, with the first 1 & 2m
aperture prototypes planned for initial operation in the late 1990s at the earliest.
Larger 4 & 16m diameter telescopes are planned for the next century [89].

A large reduction in the cost of constructing ground and space based telescopes
would occur if there were some way of using large, cheap imperfect mirrors and
correcting, in situ, the inherent aberrations as well as thermal expansion and grav-
itational stresses. One possible solution is to use holographic correction of large,
inexpensive, low- quality mirrors [63, 64]. The principle is simply to record the aber-
rations holographically and then use the hologram to remove these aberrations from
the image of a star. This concept does not aim to correct for atmospheric aberra-
tions, but can reduce the cost of the fabrication, mounting, housing and mainte-
nance of the primary. It is also a most promising method of developing a large lunar
or space based telescope within a realistic budget. Holographic correction could
be used for ground based telescopes in conjunction with existing adaptive optics
schemes as well as having applications in lidar and other imaging systems unrelated

to astronomy.

1.3 Holography

A hologram is a recording of both the phase and amplitude of a wavefront relative to
a reference wave. In most cases this reference wave is a diffraction limited plane-wave
but in general it can be a reproducible beam of any type. The first hologram was
made by Dennis Gabor in 1948 [30, 31] in an attempt to improve the resolution of
electron microscopes. The Gabor hologram is an in-line hologram and has limited
practical uses due to diffracted orders superimposing over one-another. In 1962
Leith and Upatnieks [50] demonstrated a method of separating the images using an

off-axis or simple two-beam hologram. A more refined method was demonstrated
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=
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e
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e
Photographic
plate

Object

Figure 1.1: Reflected light from the object is incident normal to the plate which
makes an angle of 4 to the path-matched, plane wave reference beam.

by the same authors in 1964 [51]. It is this type of hologram which is generally used
today.

To record a hologram of an object, coherent light is split into two beams. One of
these beams illuminates an object and the other is spatially filtered and collimated
to produce the reference beam. The interference pattern can be recorded with
a photographic emulsion aligned along a plane where the reflected light from the
object and the reference beam intersect. This is the hologram.

Consider two waves incident on the holographic recording media with the refer-
ence wave at an angle of 4 to the object wave (Figure 1.1). We can describe the
complex amplitude of the object and reference waves at any point (z,y) on the plate

by O(z,y) and R(z,y), respectively [37].

O(z,y) = ofz,y)e =) (1.1)

R(ﬂ:,y) — ,r,eikzsiné (12)

where r and o(z,y) are the scalar amplitudes of the two waves at the plate and
k = 2m /X is the wavenumber. Notice that since the reference beam has been taken

to be a plane wave, for simplicity, its amplitude does not have an (z,y) dependence.
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Figure 1.2: When the original reference beam is used to reconstruct the hologram
we get several diffracted beams. The original reference beam continues with some
attenuation along the same path as a zero diffracted order. A third beam is created
at the plate which is a reconstruction of the object wave and, as such, produces
a virtual image of the object. The fourth beam is a phase conjugate object beam
which produces a real image of the object at an angle —f to the reference beam."

The total intensity across the plate is I(z,y);

I(z,y) = [R(z,y)+ O(z,y)l[R(z,y) + O(z,y)]" (1.3)
= [R(z,y)I* +10(z,y)] + R(z,y)0(z,y)" + O(z,y)R(z,y)" (1.4)
= r’+o(z,y)? + 2ro(z,y) cos[kzsin f + é(z,y)] (1.5)

which is the object wave modulated by fringes with a spatial frequency of sin g/A.

We can define the transmittance of the plate to be;

T(z,y)=t+al(z,y) (1.6)

where ? is the average background transmittance and « represents the exposure and
film sensitivity/processing. We can reconstruct the object wave with the original

reference wave which will give us a transmitted wave intensity, Wz, y) (Figure 1.2):
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W(z,y) = R(z,y)T(z,y) (1.7)
= R(z,y)lt + al(z,y)] (1.8)
= (t+ar)re*Tsint | gro(z, y)Peitosing

+  aro(z,y)e W) 4 ar?o(z, y)e'? (@) g2ikesing (1.9)
The first term in this equation is just the reference beam attenuated as it passes
through the hologram and the second term is the zero diffracted order from the
grating, collinear with the reference beam. The third term is, except for a scale
factor, the initial object wave. If we were to view this light we would see a virtual
image of the object, indistinguishable from the original object, since this wave is
identical in phase to the original object beam. The fourth term represents the phase
conjugate of the object wave at an angle of 20 to the plate and will form a real image
of the object at the same distance from the plate. A more comprehensive discussion

of holographic grating theory is given by Kogelnik [46].

Although I have shown that the reference wave can be used to reconstruct the
object wave, the reverse is also true, with the object wave capable of reconstructing
the reference wave. Further, the reference beam was taken to be a plane wave for
simplicity. In practice, however, the reference beam can have any form at all, but
the condition that one of the beams be present in its original form, to perfectly
reconstruct the other, will still hold. If both the object and reference beams are
incident on the hologram after processing, the diffracted wavefront of one beam
will interfere with the undiffracted wavefront of the other. These beams should be
identical, so any change in the way the two wavefronts overlap will show up as fringes
which modulate the transmitted beams. If the plate has been returned to. exactly the
same position it was in when the exposure was taken, and the reconstructing beams
have not changed then there will be a single bright fringe seen over both transmitted
beams. This “zero fringe” is desirable as it indicates that the environment is stable
and that there has been no change in the emulsion during processing.

The hologram discussed above is a two beam transmission hologram. Although
this was the type of hologram used in the course of my studies, there are several

other ways to record a hologram. In a reflection (or Lippmann) hologram, the
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object and reference beams are incident on the plate from different sides. Since the
interference fringes produced between two plane waves are orientated parallel to the
angular bisector, the fringes in this case are planes which lie in the emulsion. This
type of hologram can give higher efficiency in a thick enough emulsion. A subset
of this type of hologram is known as a Denisyuk hologram, in which a reference
beam passes through the emulsion to the object which reflects the object wave back
towards the plate. There are other types of holograms, such as evanescent wave and

rainbow holograms, though they are not important in this discussion.

1.4 Holographic Correction of Aberrations

The first experiments to test the idea of using a hologram for the correction of optical
wavelront aberrations were made by Kogelnik (45] and Leith and Upatnieks [52]. In
Kogelnik’s experiment a plane wave passed through a transparency with writing
on it and then a warped glass plate (an aberrator) which distorted the wavefront
(Figure 1.3). The hologram was recorded using this beam and a plane wave reference
beam. The hologram was then reconstructed using a conjugate reference beam. The
diffracted beam (the phase conjugate of the object wave) then passed back through
the warped glass where all the wavefront distortions were removed. Following this,
the original unaberrated wavefront was recovered along with a real image of the
transparency. Leith and Upatnieks used a similar set-up but with a diffuser instead
of an aberrated plate. These experiments demonstrated the possibility of image
transmission through an aberrative element.

Further experiments by Gaskil [32] and Goodman et al. [33, 34] had the same
concept but with the reference wave passing through the aberrator as well. In this
fashion the two wavefronts were similarly distorted by the aberrator. The hologram
records the difference between the two waves, so the aberration function cancelled
out at the hologram, leaving the only the object wave recorded against the reference
wave. When reconstructed with an unaberrated reference beam, an unaberrated
object beam can be produced. These experiments were aimed at transmission of

information through the atmosphere which can be thought of as a thick aberrator.



20 CHAPTER 1. INTRODUCTION

(a). T A
| Hologram
S
|
— —
|
P A (
]
— 2
|
R
(b). - " R"
| .
|
~<— =
" 1
P |
! q
~—| .
| Hologram

Figure 1.3: (a). A plane wave (P) passes through a transparency (T) and then
through a distorting plate (A). The aberrated wavefront then interferes with a plane
wave reference beam (R) to form a hologram. (b). The conjugate reference beam
(R*) is used to reconstruct the hologram, and the conjugate of the object beam is
formed.
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This type of correction suffers from a limited field of view similar to the anisoplanatic
angle problem in adaptive optics, and will be discussed in more detail later in this
thesis.

The first suggestion that holographic correction could be applied to an imaging
device was made by Upatnieks et al. [85]. The idea was an extension to that shown
that shown in Figure 1.3 except that there was no aberrating element as such, but
instead, a single good-quality lens with spherical aberration. It was this aberration
that was to be removed using holographic correction. The recording and replay
schemes are shown in Figure 1.4. The experimental results showed that the resul-
tant lens/hologram combination could be used to produce images free of spherical
aberration. This is important because where it had previously been demonstrated
that object information could be projected through aberrative elements, in this case
the imaging optics themselves were corrected for a wavefront error they introduced.
In this set-up, however, the telescopic transport optics could only be used with a
unit magnification of the beam, so the hologram had to be as large as the optic to be
corrected. Also, since the optics inverted the phase of the wavefront, the aberration
to be corrected had to be rotationally symmetric about the optical axis.

The previous experiments were two-way correction schemes, in which the phase-
conjugate of the reference beam was used to reconstruct a phase-conjugate of the
aberrated object beam. This beam then passed through the aberrator to remove
the wavefront distortions. In 1968, Kogelnik and Pennington [47] demonstrated a
method of one-way aberration correction and image transmission (Figure 1.53). A
plane wave was passed through an aberrator (a diffuser) and then a hologram was
recorded with this as the object wave. To ensure that the hologram could resolve the
aberrating elements, the diffuser was imaged onto the holographic plate and an image
hologram was formed [12, 14]. This type of hologram is free of speckle at the image
plane, giving an even illumination over the entire aperture. The image could also
be demagnified which meant that the hologram no longer had to be as large as the
distorting element. After writing the hologram, a beam with information on it was
passed through the same aberrator and then onto the hologram. The reconstructed

reference beam is aberration-free but with the object information retained.



29 CHAPTER 1. INTRODUCTION
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Figure 1.4: (a). Recording: A plane wave is focussed through the spherically aber-
rated lens and re-collimated by high quality lenses to form a hologram with a plane
wave reference beam. (b). Reconstruction: The transport optics are removed and
light from a scene (acting as a phase conjugate of the reference beam) passes through
the aberrated lens to reconstruct the hologram. The image information from the
scene is retained, and the focussed image is free of spherical aberration.
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Figure 1.5: (a). Recording: A plane wave passes through the diffuser which is
imaged onto the plate and a hologram is made with a plane wave reference beam.
(b). Reconstruction: The original plane wave passes through a transparency, T,
and then follows the same path as before to reconstruct the reference beam. This
reference beam will contain object information about the transparency.
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In this case a plane wave passes through the diffuser/aberrator with a spatially

varying amplitude transmittance, A(z,y), given by;
Alz,y) = a(a,y)e’* (1.10)

At the plane of the hologram, the object wave has the same form but with a magni-
fication factor provided by the imaging lens. The hologram is formed between this
wave and a plane wave reference beam, R(z,y), as before, giving a total intensity

across the plate, I(z,y);
I(z,y)=R*+ A+ R". A+ R.A" (1.11)

If we reconstruct this hologram with an identical object wave, we will generate the
reference wave as expected. If however, the plane wave passes through a trans-
parency, T(z,y), before entering the diffuser, the resultant object wave reconstruct-

ing the hologram will be O(z,y) = A(z,y)T(z,y). Reconstructing the hologram;

Wi(z,y) = I(z,y)Alz,y)T(z,y) (1.12)
= R*AT+A* AT+ R A*T+RA"AT (1.13)

The last term in this equation is just 7T'(z,y) - the information imprinted on the
plane wave. This means that image information can be transmitted through the
aberrating element without significant loss of fidelity. It is this effect which forms
the basis of the holographic correction. An important point to note, is that for a
thin aberrator, the imaging requirement ensures that a ray incident on the aberrator
from any just about angle will pass through the point on the hologram which will
provide the necessary phase correction. This gives the system a useful field of view.

In other experiments, aberration correction has been achieved with computer
generated holograms [54], liquid crystals [44], corner-cube arrays [15], four-wave
mixing [90], and stimulated Brillouin scattering {SBS). Various other schemes have
also been proposed for one-way [23, 49] and two-way [81, 20] imaging through random

media.
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Figure 1.6: (a). A plane wave passes through the objective which has been randomly
aberrated by the addition of a plate of distorted glass. An eyepiece lens collimates
the light and images the distortions onto a plate where the hologram is made. (b).
Starlight is used as the reconstructing plane wave.

1.5 Holographic Correction In Telescopes

In 1989 & 1990, Munch et al. [63, 64] demonstrated complete holographic correc-
tion of an aberrated telescope primary. The basic correction scheme is shown in
Figure 1.6. A collimated beam of light (point source at infinity) passes through
an aberrated objective lens and a secondary (eyepiece) lens collimates this light to
produce a demagnified image of the primary lens onto the plane of the hologram. A
plane wave reference beam is used to make the hologram.

To reconstruct the hologram, light from an object at infinity passes through the
lens and is aberrated as before, continuing on through the same optical system as
the object wave used to write the hologram. This beam will perfectly reconstruct

the reference beam. As with the experiments carried out by Kogelnik and Penning-
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ton [47], any optical information imprinted on the incoming beam will remain on
the reconstructed reference beam, and thus an unaberrated image of the star can
be formed using the diffracted beam. In this way, perfect imaging has been made
possible with an aberrated primary. Since these two papers detail the extent of
research in the field to date it is important to review the results in more detail.

The first experiments [63] were carried out on a high quality lens (D = 50mm,
f = 0.6m) which was aberrated by the addition of a poor quality 3mm thick piece
of glass. The uncorrected telescope produced a beam with a wavefront error of ~ 4A
which was corrected to better than /10 with a 0.8° field of view. Once again, 1t
is the use of the imaging eyepiece that has given this telescope such a large field of
view and produces a small hologram capable of correcting a large aperture.

A recording source (beacon) located a finite distance from the objective (43 lens
diameters) rather than at infinity gave similar results and showed that a beacon
at infinity (a collimated wavefront) was not necessary for correction. In another
experiment, a lens with a wavefront error of 10A was corrected to A/10 at the
recording wavelength of 588nm which reduced to 0.4 at a reconstructing wavelength
of 632.8nm. The quality of the reconstructed image is reduced at other wavelengths
since the magnitude of the aberrations have been recorded as a phase difference at
the recording wavelength.

In their second paper, Munch et al. [64] demonstrated the operation of a broad-
band device using a more heavily aberrated objective (191) with the same dimen-
sions as before. The objective was a good quality lens with a low-quality piece of
glass placed in front to provide the aberrations. At the recording wavelength, the
wavefront error was corrected to A/10. The emphasis of this paper, however, was
on the broadband operation of the refractor. The correction at wavelengths other
than the recording wavelength was expected to be poorer, and the angle at which
the corrected beam diffracts from the hologram is wavelength dependent. To over-
come the dispersion in broadband operation, the diffracted light was reflected off a
diffraction grating with the same spatial frequency as the holographic grating. The
recording wavelength was 633nm and the performance of the corrected telescope

was evaluated using resolution test charts. Before correction, the unaberrated lens
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Aberrated primary

Figure 1.7: A plane wave is focussed and illuminates the aberrated primary from
close to the center of curvature with a small off-axis angle. The light is then col-
limated and the mirror is imaged onto the plate (H) where a hologram is formed
with a reference beam (dashed). On reconstruction a broadband source is used to
illuminate an object placed at O. The hologram diffracts different wavelengths at
different angles (solid & dotted) and they are recombined by the use of a reflective
grating (G) and a lens. A focussed image is formed at the camera (C).

had a white-light resolution of 15um and when the distorter was added, this was
reduced to ~ 0.3mm.

At the recording wavelength, the resolution was improved to 17.5um, and over
a bandwidth of AX = 40nm the resolution was also a diffraction limited 12.4xm?!.
The white light imaging (A = 300nm) was a dramatic improvement over the
uncorrected image.

As well as considering refractive primary optic, Munch et al. also demonstrated
the correction of a mirror. Reflecting primaries are more useful for telescopes,
since they do not suffer from chromatic aberration and are lighter and cheaper
to manufacture. The experiments involved a poor-quality membrane spherical mir-
ror (D = 0.4m, R = 2.6m) corrected with the one-to-one imaging arrangement as

shown in Figure 1.7. The uncorrected mirror imaged a 10um pinhole to a 10mm

YAlthough the numbers differ, both cases represent diffraction limited resolution, since the
minimum resolvable feature is 1.6 times larger with coherent illumination than for incoherent
illumination (7] p521.



28 CHAPTER 1. INTRODUCTION

spot. Once again, a reflective grating was used for the dispersion correction. At
the recording wavelength, the corrected primary had a resolution of 15.6um, with
similar results over a bandwidth of AA = 40nm. Reconstruction over a bandwidth
of AX = 75nm gave a resolution of 63um and in white light the minimum resolvable
features were 31um in size.

These two papers demonstrated the possibility of using holographic correction
of aberrated telescope optics to give perfect performance over a useful bandwidth.
The recording arrangements, however, required that the recording beacon be a large
distance away, thus putting limits on the uses of such telescopes. A more practical
design would utilise a beacon located much closer to the primary.

In his honours thesis, Fotheringham [24] investigated the concept of a proximal
beacon. The important experiments involved the recording of a image hologram of
a poor-quality spherical mirror (D = 0.33m, f = 0.6m) from the centre of curvature
using a plane wave reference beam (Figure 1.8). The processed hologram was moved
to the focal plane where a phase conjugate plane wave reconstructed a phase conju-
gate of the aberrated object wave. Using an imaging lens of half the focal length, the
object wave could be played back onto the surface of the mirror. The reflected light
should have had most of the mirror aberrations removed to form an unaberrated,
collimated beam. The experimental results showed the presence of a large amount
of residual wavefront aberration, thought to be due to the slight off-axis angle used
on recording, as well as the distortions present in the holographic substrate.

Although not demonstrated to be completely successful, the idea of recording
the hologram from the centre of curvature and then moving it to the focal plane for
reconstruction seemed sound enough. A first order theoretical analysis [24] showed
that although the geometries of the two situations differ, enough of a similarity exists

for the reconstructed wave to adequately correct for some of the surface aberrations.

1.6 The Scope of This Work

The research reported in this thesis concerns the development of compact holo-

graphic correction schemes involving beacons located as close as possible to the
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Figure 1.8: (a). Recording: A spatial filter illuminates the mirror from the centre of
curvature and the reflected light is collimated and used to form an image hologram
of the mirror. (b). Reconstruction: The hologram is moved to the focal plane where
a plane wave (the phase conjugate reference beam) is used to reconstruct the phase
conjugate object wave. This wave reflects off the mirror to give a collimated beam.
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primary mirror. The compactness is considered absolutely essential for most space
and ground-based applications, while the simplicity is important in reducing the
costs of an final design.

In the following chapters I will introduce a theory of holographic correction which
can be used to analyze most schemes and aid in selection of more suitable designs. A
summary of Seidel aberration theory and an exact calculation of spherical aberration
will also be presented.

Two specific designs have been investigated in detail, with both using conven-
tional, inexpensive optical components as well as being suited to a simple increase
in scale. The first is an off-axis recording scheme where the beacon is placed at the
radius of curvature from the mirror, but at the edge of the aperture. This scheme
will be shown to be successful in removing the aberrations of the mirror, leaving
it with the spherical aberration expected from a perfect spherical surface focussing
light from infinity. Several methods of removing this aberration in the correction
process will be discussed.

The second design is an on-axis correction scheme. The beacon is placed on-
axis at the centre of curvature of the spherical mirror. In this scheme, spherical
aberration was introduced in the recording of the hologram. The residual wavefront
error of the corrected telescope mirror is believed to be limited only by the quality
of the test optics available. The simplicity and scalability of this design means that

this design should result in similar performance for mirrors of much larger diameters.



Chapter 2

Aberration Theory

2.1 Introduction

In designing a compact, holographically corrected telescope, there are many possible
positions for the proximal beacon. In any scheme there will be the surface aberra-
tions of the primary itself, as well as aberrations introduced from the recording and
reconstruction optical geometries. The two problems are quite different and each
must be considered in order to evaluate the merits of any possible design. In this
chapter a general description of aberrations will be presented which can be applied

to a specific design in order to predict the performance.

2.2 Correction of Mirror Surface Aberrations

To record the hologram of an aberrated mirror, reflected light is used to form an
image of the surface. The interference pattern formed between this object beam
and a path-matched reference wave is recorded on film. The “height” of a bump is
recorded as a phase difference between the ray reflecting off the actual surface (the
object beam) and one reflecting off an unaberrated, reference surface (Figure 2.1).

In order to maintain the fidelity of the diffracted beam, the reconstructing wave-
front must be identical to the original object beam used to record the hologram.
The image formed at the plate on recording must also match the image on the plate

on reconstruction. These conditions include a matching of phase, magnification.

31
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/ Surface Defect

Hologram

Figure 2.1: A ray shown reflecting off a bump on the mirror surface (greatly exag-
gerated) and passing through the imaging lens onto the hologram. The “height” of
the bump is determined by the phase shift between this ray and a reference ray at

the hologram.

wavelength, orientation, angle of incidence to the holographic plate and beam di-
_vergence. For example, an image hologram recorded of one mirror will not correct
for the aberrations of a different mirror imaged to an identical magnification, since
the location and size of the phase errors across each aperture may be very different.

In the experiments to follow, the imaging conditions (e.g. magnification, po-
sition, orientation, angle of incidence and beam divergence) are all kept constant.
More detail concerning these factors will follow later. For now, all that matters is
that the only difference between the recording and reconstructing object beams is
the magnitude of the phase errors which are a direct result of the recording and
reconstructing geometries. In the case of a single reflecting primary, the differences
in the angle at which light reflects off a particular point on the mirror surface will
give rise to slightly different phase shifts for a given aberration.

We now need to find an expression for the phase shift introduced by a bump.
Figure 2.2 shows a ray from the recording beacon striking a bump on the spherical
mirror surface at an angle o to the normal (a ray from the centre of curvature).
The path difference between this ray, and one which would have reflected off an

unaberrated mirror is;

a+b=2hcosa (2.1)
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Figure 2.2: Recording: A ray from the beacon strikes a point on the bump at an
angle of a to the normal and is reflected. The path difference between the ray from
the top of the bump and one which would have reflected off the unaberrated mirror
surface is @ + b. On reconstruction the angle to the bump at the same point is S.

On reconstruction, a ray to the same point will make an angle 8 to the mirror normal.

The recording and replay geometries may differ so the optical path difference in this

case 1s

a' +b =2hcos (2.2)

To find the optical phase difference, we need to divide by the wavelength used. Thus

on recording at wavelength A;

oPD, = 2 CAOS“ (2.3)
and on reconstruction at some different wavelength, X’;
2h cos 3
OPD, = ~— (2.4)

The difference between these two values will show the residual phase error left be-
hind when the hologram of the bump is reconstructed with a ray coming in from

a different angle and at a different wavelength. We now define a relative phase
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Figure 2.3: Recording: A ray from the beacon located at B(z,0,y) strikes the
mirror at P(u, v, z(u,v)) making an angle « to the normal (a ray from the centre of
curvature, C). Reconstruction: A ray from infinity (I) at a field angle o, and polar
angle é relative to the optical axis of the mirror, strikes the same point P at an angle
B to the normal.

factor A which represents the relative phase difference between the recorded and

reconstructed height of a bump.

_ OPD, — OPD, _ANcosa .
A= —0mD,  ~Newd | (2:5)

We now consider a spherical mirror which is illuminated by a beacon situated at
some finite distance y, on-axis, and z, off-axis (Figure 2.3). To calculate the relative
phase difference on recording we need to find cos « for a ray striking any position
(u,v) on this mirror!.

By using the geometry shown in Figure 2.3 we can now find an expression for

cosa. The basic expressions are presented here, with a more complete derivation

1t is not necessary for us to know what happens to the ray after reflection, though it is assumed
that the ray from a point on the mirror makes it through imaging optics to the unique image point
on the hologram.
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provided in Appendix B.

zu+ Ry + Rz — y= (2.6)
R/x? + 2zu + y? + 2Rz — 2yz2 '

Cos &x =

where the spherical sag, z, is given by
z=R— VR? — u? —v* (2.7)

On reconstruction, a general ray from any off-axis (field) angle ¢ and direction

(polar) angle § will make an angle 8 to the mirror normal (Figure 2.3).

cos B = o8 ¢(R —z)— SIEO[U cos & + vsin ¢ (2.8)

Substituting Egs. 2.6 and 2.8 into Eq. 2.5. we get;

A (zu+ Ry + Rz — y=2)

-1
A((R—z)cos ¢ — [ucosd + vsiné|sin o) Va2 + 2zu + y? + 2Rz — 2yz
(2.9)

A=

We can now define a “Correction Factor” which is the inverse of the relative phase
difference (A~1). This represents the factor by which the height of a bump is reduced
from recording to reconstruction. This general formula can be used to determine the
effectiveness of different recording and reconstructing schemes in correcting spherical
mirrors. For most of the work in this thesis. the case of on-axis reconstruction at
the recording wavelength (¢ = 0,6 =0 & A = \') will be considered, which greatly
simplifies this equation.

Since the correction factor is determined by the magnitude of the angular dif-
ference between the recording and reconstructing rays to a point on the mirror, the
speed of the mirror (F-number) will be critical. The effect of mirror speed on the
correction factor will be investigated individually for each of the recording schemes
in this thesis.

The theory above is concerned only with an aberrator having a uniquely defined
aberrating surface. If the aberrator has an extended depth. the wavefront deforma-
tion no longer occurs in a single plane, but over a finite path. Such an object is

known as a “thick aberrator”. With a thin aberrator, such as a mirror, the optics
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which image the thin aberrator onto the film ensure that any ray which strikes a
particular point on the aberrator always ends up at the corresponding image point
on the hologram, where a unique phase error is recorded (Figure 2.4(a)). With a
thick aberrator, rays from different field points can take very different paths through
the aberrator (Figure 2.4(b)). A lens can no longer image a single plane in which the
required phase error is recorded, so the different rays will not receive the required
phase correction at the hologram. As a result, field of view is lost in such a system.
An example of a thick aberrator would be a thick lens made from a very inhomoge-
neous glass or with two aberrated surfaces. A reflecting telescope with an aberrated
primary and secondary mirrors is another example, as is a turbulent atmosphere. In
adaptive optics, the use of a guide star to correct for atmospheric turbulence faces
this same field of view limitation. My work has concentrated on the correction of a

single reflective primary, which is a thin aberrator, so this problem should not arise.

2.3 Geometrical Aberrations

2.3.1 Third Order Aberrations

Holograms record the light of an object beam with respect to a reference wavefront.
Not only will the surface aberrations be recorded, but so will any aberrations which
arise from the geometry of the recording set-up. These aberrations, often called
the Seidel aberrations, will be present in most optical systems, even if the optical
elements themselves are diffraction limited. Correcting for the mirror aberrations
relies on the same aberrations being present in the same scale and orientation on
replay so that the original diffraction limited reference beam is reconstructed. Any
difference between the object wave on writing and reading of the hologram will be
passed on to the reconstructed reference wave. With the geometrical aberrations,
the situation is exactly the same.

Seidel aberrations can be derived from simple ray theory [36. 37]. Figure 2.5
shows a ray incident on a spherical mirror from a point (z,y) and reflecting off a

point (r,f) on the mirror surface to the image point (z’.y'). The total third order
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Imaging Lens

Figure 2.4: Rays from a pair of adjacent points are shown, one dashed and one
solid. The hologram was recorded with the solid ray which in both cases passed
through the aberrator at point A and was then imaged onto the hologram to point
A’. On reconstruction, the original ray and another ray from a different field position
strike the point A on the aberrator. (a). Thin Aberrator: Both rays strike A and
are imaged by the lens onto the same point, A’ where the correct phase shift is
recorded. (b). Thick Aberrator: In this case, the two rays will continue on from A
to different points, B and C, on the other side of the aberrator. Only the recording
ray can pass through the image point, A’, with the other ray striking a different

point on the hologram.
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Figure 2.5: A ray from a point (z,y) off-axis has a corresponding image point
(2',y’) off-axis after reflection off a spherical mirror of radius of curvature, R. The
aberration of a general ray (GR) reflecting off a point on the mirror with polar
coords (r,8) in the plane of the exit pupil, is calculated with respect to the chief ray
(CR) passing through the centre of the exit pupil.

phase aberration in this situation is ®(r, );
®(p,0) = A;r* + Aca’r®cos 0 + Auz'*r? cos® 6 + Agzr? + 4,2"r cos § (2.10)

where A,, A, A;, As and A, represent the coefficients for the terms spherical
aberration, coma, astigmatism, distortion/tilt and Petzval curvature (curvature of

field or defocus) respectively and are as follows;

1 (y\' /1 1)\?
A, = E(E) (]—2-+;) (2.11)
A, = 4kA, (2.12)
A, = 4k%A, (2.13)
1
Ay = 24, m
d 2k*A, SR (2.14)
d .
Ap = 4k3As—EL—2 (210)
L-R-y
po= 2287V 9
Rty (2.16)

where L is the distance of the Gaussian image from the plane of the exit pupil. For

a reflection, L, R and y’ are positive when measured to the left of the exit pupil
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and negative when situated to the right. In most cases the aperture stop will be
located at the mirror (along with the entrance and exit pupils) and hence L = y’.
The object distance, y, will be positive when to the right of the mirror and the
quantities, r, z and &’ are all positive when above the optical axis.

The presence of each of these aberrations will have a particular effect on the
appearance of a wavefront. The wavefront forms of the aberrations given in Eq. 2.10
are shown in Figures 2.6 & 2.7 along with the pattern observed from interference
with a plane wave reference beam. The magnitude of many of these aberrations can
be partially reduced by the addition of another. In the case of spherical aberration,
the wavefront error can be off-set by the addition of a small amount of curvature of

field to produce balanced spherical aberration.

2.3.2 Higher Order Aberrations

For large off-axis angles, or fast (small F-number) systems, the third order Seidel
aberrations give an incomplete description of the wavefront aberrations. In this case
higher order terms must be considered. A convenient way of expressing these terms
is by using Zernike polynomials [7, 5, 86, 57].

Any circular wavefront function, W{p, #), can be expressed as a linear combina-

tion of Zernike polynomials according to the following equation;

n sin
Wip,0) = Z Z AnmRz—m (n—2m) 0 (2.17)
n=0m=0 COs
where
RE72m = gt p R el (2.18)

Anm 1s the weight of the particular term, n > [ and n — [ is always even.

For a higher order analysis of off-axis designs, an optical design program can
be used to evaluate these terms. [ used a program called Zemax (Focus Software)
which can evaluate the coefficients of the first 36 Zernike polynomials. For on-axis
designs, where spherical aberration is the only higher order aberration, it is simpler

to derive the higher order expression directly.
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Figure 2.6: The wavefront maps and interference patterns of particular aberrations.
(a). Tilt/Distortion: pcos@ (b). Curvature of Field: p? (c). Spherical Aberration:
p* and (d). Balanced Spherical Aberration: p* — p2.
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Figure 2.7: The wavefront maps and interference patterns. (a). Coma: p°®cosf (b).
Balanced Coma: p°cosf — 2pcosf (coma + tilt) (c). Astigmatism: p?® cos? 8 and
(d). Balanced Astigmatism: p?cos?6 — %pz (astigmatism + defocus).
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Figure 2.8: A ray from a distant beacon (B) strikes the spherical mirror at an
arbitrary point on the mirror at a distance p from the axis and reflects off to a point
on the optical axis at an image distance y’. The beacon distance, y, is always greater
than or equal to the radius of curvature R of the mirror.

2.4 Spherical Aberration

2.4.1 Spherical Mirrors

On reconstruction, collimated light is focussed by the spherical mirror to a spher-
ically aberrated focus. In most of the designs to follow, the hologram is recorded
with a beacon located at a finite distance from the spherical mirror. This means that
there will be less spherical aberration recorded (and in many cases none at all) than
present on reconstruction. The difference will be passed on to the reconstructed
reference beam. In this case, the higher order spherical aberration terms can be
calculated directly, rather than resorting to the Zernike polynomials.

To begin with, consider a spherical mirror illuminated by a beacon at some finite
distance y. For every ray striking the mirror from a distance y on-axis, there will be
a corresponding image distance, y’, on-axis. The magnitude of y’ will vary according
to the focal length of the mirror, the distance of the beacon and the radial extent,
p, of the ray at the mirror. The situation is shown graphically in Figure 2.8. As

always, for a sphere;
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Figure 2.9: Longitudinal and transverse spherical aberration (LSA and TSA respec-
tively) at the focal plane of a spherical mirror. The circle of least confusion (C) lies
three quarters of the distance from the paraxial focus to the marginal focus.

t=R—\[R—p* (2.19)

From the diagram, the following relationships can be derived;

1 1 2 1 1 1 il
e E e Dol = ot - . 2.20
y' * y R Z(R2 Ry" Ry y'y 220
, 2Rzy — R*y — 2Rz
Sy = BBy CEN

R? - 2Rz — 2Ry + 2yz

Equation 2.20, is a more explicit form of the paraxial imaging equation (1/y+1/y’ =
2/R). The additional terms in the equation account for spherical aberration. Using
Eq. 2.21 it is possible to derive expressions for the ezact longitudinal and transverse
spherical aberration (LSA and T'SA) at the image point for any given object distance.
These quantities are depicted in (Figure 2.9).

For the paraxial ray (y’);
yR
2y — R

/

Yo =

(2.22)

The expression for the marginal ray, y!, is that given in Eq. 2.21. The longitudinal
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Figure 2.10: A beacon at a distance y > R from a spherical mirror is imaged at
a distance y’(p). This wavefront is collimated and made to interfere with a plane
wave. The resulting interference pattern will consist of curved fringes or concentric
circles indicating the amount of spherical aberration present.

spherical aberration (LSA) is thus;

2Rz(y — R)?
=y —y = 2.23
54 = yo =y, (R—2y)(R*— 2Rz — 2Ry + 2yz) (2.23)
For the transverse spherical aberration (T5A4);
— P2
T4 - p.LSA 2pRz(y — R) (2.24)

y,—z  (2y — R)(R% — Rz + 2p°R — 2p%)

The diameter of the circle of least confusion (the smallest spot size from the aber-
rated focus) is |TSA|/2.

These are ray aberrations from which we can calculate the wavefront aberration.
It is the wavefront aberration which determines the appearance of the aberration in
an interferometer such as the one shown in Figure 2.10. The wavefront aberration,
W, is related to the transverse ray aberration, T, and the radius, 7, of a reference

sphere centered on the paraxial image point by [71];

ow _ T(p)
dp W —r
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In this case, with the paraxial image point located at a distance r = 3. from the

mirror, the spherical aberration wavefront error is:

oW  TSA
5 =W (2.26)
W=y - \/yg? - 2/p TSA dp (2.27)
0

We can now substitute Eq. 2.24 into this expression and express the result as a

series expansion for simplicity. In most cases, an expansion up to the fifth order will

suffice;

(B—y)p’  (R-y)By=2R)°

4R3y? SRy (2.28)

Wiis =

Figure 2.11(a) shows a plot of the ratio of the 5th order spherical aberration
term to the 3rd order term (i.e. W5/W3), as well as Tth/5th. The ratio has been
plotted for y = oo and D = 1m as a function of mirror speed. This graph gives a
good indication of the region in which the fifth order term starts to become a large
compared to the third order spherical aberration. As a further guide, the absolute
3rd and 5th order spherical aberration terms are shown in Figure 2.11(b). This plot
shows that the 5th order spherical aberration term exceeds the diffraction limit (a

quarter of a wave of spherical aberration) when F < 4.

2.4.2 Parabolic Mirrors

Spherical aberration can arise in parabolic mirrors when the illuminating point
source of light is not at the focus or at infinity. Although the work in this the-
sis will concentrate on the correction of spherical mirrors, it may be necessary to
consider using a parabolic mirror for spherical aberration correction. The method
for incorporating such correction will be explained in more detail later. For now, I
will simply present the relevant equations.

Unlike a spherical mirror where the reference ray is the radius of curvature R.
the only quantity which does not vary with increasing aperture in a parabolic mirror
is the focal length, f. As a result, the spherical aberration will be presented in terms

of semi-aperture, p, and focal length, f.
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Figure 2.11: Spherical aberration for a 1m diameter spherical mirror and an object
distance of y = co: (a). A plot of the ratio of the 5th order to 3rd order spherical
aberration terms (solid line) and 7th to 5th order terms (dotted) as a function of
mirror speed. (b). The absolute spherical aberration is evaluated under the same
conditions (with A = 632.8nm). 3rd order spherical aberration term is plotted as
the solid line and 5th order term as the dotted line.
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For a beacon at distance y from the mirror, the image point will lie at y’, given

by;

1 1 1 p* [ p? ]
=+~ = == 14+ —— 2.29
vy 2ty 8/%yy’ (229)

o 80+t 4+ 16f%
h 16/2(y — f)

(2.30)

These equations are equivalent to those shown previously for a spherical mirror
(Egs. 2.20 & 2.21). Once again, for the paraxial case, p — 0, we have the nor-
mal image equation; 1/y’ + 1/y = 1/f. The longitudinal and transverse spherical

aberration relations are

Sfrite 2.31
LA 16f%(y — f) =
TSA 8F 44 (2.32)

163y + 12f2p2 — 4 fyp? + p*

From these, the corresponding wavefront aberration can be found using Eq. 2.27.

The following is a series expansion to 5th order;

_ =0t 2f-yly =)
Waygs = Pt 33 i +o (2.33)

Naturally, as y — oo or f — 0 then W — 0.

2.5 Summary

In this chapter, equations for both the holographic correction and geometrical aber-
rations have been presented. In the first instance, the derivation of a “correction
factor” has resulted in an expression which will be useful in analysing the correc-
tion achievable with a given recording beacon position and reconstructing wavefront.
The general nature of this formula will allow most schemes to be analysed to predict
the extent of the correction.

As well as the surface aberrations of the mirror, there are the rav aberrations
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from the recording and replay geometries. In most cases the third order Seidel
coefficients should suffice in determining the amount of introduced wavefront error,
but with very fast mirrors and large off-axis angles, higher order terms should be
considered. In such cases a commercial optical ray-tracing program will be used.
For spherical aberration, however, an exact expression has been derived for the

wavefront error introduced with a spherical or parabolic mirror illuminated from

any arbitrary distance y.



Chapter 3

The Off-Axis Beacon

3.1 Introduction

There are many possible schemes for the recording and subsequent replay of the
hologram. I decided that one design which had some potential would involve off-
axis recording with on-axis replay. This chapter will present a discussion of the

concept along with a theoretical analysis and experimental results.

3.2 The Design Concept

To holographically correct an aberrated mirror, it is necessary to illuminate the
surface and interfere the reflected light with a reference beam. To do this, the
beacon must be placed in front of the mirror with the reflected light forming the
object wave to be recorded. On reconstruction, collimated light will be incident on
the mirror on-axis, and thus the recording optics will be in the way. These optics
must either be removed after recording or a scheme must be developed with the
recording optics situated outside the useful aperture of the telescope. The off-axis
design uses the second approach.

The basic concept for the recording and reconstructing of the hologram is shown
in Figure 3.1. On recording, a spatial filter (beacon) is placed off-axis from the centre
of curvature, at edge of the mirror aperture (Figure 3.1(a).). The beacon illuminates

the mirror and the light is reflected to a conjugate point on the opposite side of the

49
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Figure 3.1: (a). Recording: A spatial filter (s.f.) is placed at the edge of the mirror
aperture at the radius of curvature. The reflected light is collimated and used to
form an image of the mirror at the plate. (b). Replay: Collimated light, focussed
by the mirror, is re-collimated by an appropriate imaging lens to reconstruct the
hologram, producing a diffracted beam (R).



3.2. THE DESIGN CONCEPT 51

aperture. The light is then collimated by a lens which images the mirror surface
onto the plane of the hologram. The holographic plate is placed perpendicular to the
incident object beam. A hologram is formed by recording the interference pattern
between this beam and a diffraction limited, collimated reference beam.

For reconstruction (Figure 3.1(b).) the processed hologram is moved to a holder
at the focal plane of the mirror. Incident collimated light will reflect off the mirror
and pass through a lens which images the mirror onto the plate with the same
image size as in the recording stage. On replay, this object wave will reconstruct
the original reference beam. It is important to ensure that the size and orientation
of the image, formed at the plate, stays constant so that the image of the aberrated
mirror on reconstruction is congruent to recorded image.

The advantages to this concept are apparent when we look at the correction
achieved over various parts of the mirror. As discussed in Chapter 2, the magni-
tude of the correction factor varies with the difference in angle that a ray from the
recording beacon and a reconstructing ray make to the mirror normal. As with most
telescopes, the viewing (or reconstruction) will be on-axis. In this-scheme, rays from
the beacon strike the outer edge of the mirror at the same angle as the rays from the
reconstructing starlight (Figure 3.2(a).), thus the correction is a maximum here. At
the centre, the rays from the recording beacon make some angle with the mirror but
the starlight is incident along the optical axis (Figure 3.2(b).). The maximum angu-
lar difference between them implies a minimum correction in this region. The best
correction occurs around the edge of the mirror which is the largest collecting area.
Added to this is the fact that the inner portion of the mirror will be obscured by the
secondary optics (either a flat pick-off mirror or the imaging optics and hologram
themselves), so it makes sense to have the minimum correction here.

The disadvantage of this scheme is the introduction of a large amount of off-axis
aberration on recording which is not present during the on-axis reconstruction. The
main off-axis aberration is astigmatism. Third order coma is not a problem for a
beacon at the centre of curvature and so even in this scheme the system is virtually
aplanatic. It was initially thought that the astigmatism could be removed from the

reconstructed beam with the use of tilted or cylindrical lenses or even computer
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(). (b).

Figure 3.2: (a). A ray from an off-axis beacon (solid) makes the same angle to the
mirror edge as the collimated light on reconstruction (dashed). (b). In the centre
of the mirror these rays have their maximum angular difference.

(a). (b).

Figure 3.3: (a). A ray from an off-axis beacon (solid) makes a large angle to the
centre of a fast mirror, compared to the on-axis light on reconstruction (dashed).
(b). For a slower mirror, this maximum angular difference is reduced.

generated holograms.

If the speed of the mirror is decreased, the correction improves due to the de-
crease in the angular difference between the recording and reconstructing beams
(Figure 3.3). Unfortunately, this increase in F-number, lengthens the telescope and
the compactness of this design suffers. Optimisation of the acceptable length of the
final instrument and the severity of the aberrations initially present will be necessary

for individual requirements.
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3.3 A Theoretical Analysis

In the previous chapter an expression was derived for the correction obtained with
a given beacon position (Eq. 2.9). In this off-axis design, the beacon is placed at the
edge of the mirror aperture (z = p) at a distance equal to the radius of curvature
of the mirror (y = R) which simplifies Eq. 2.9 to;

N (pu + R?)

-1 3.1
A((R—z)cos ¢ — [ucosd + vsiné]sin @) /p* + 2pu + RZ (3:1)

A=

This equation allows for the full analysis of the many permutations of off-axis recon-
struction angle and wavelength. For the case of on-axis reconstruction (§ = ¢ = 0)

at the recording wavelength (A = \'):

A= o2 el ~1 (3.2)
\/(R2 —u? —v2)(p? + 2pu + R?)
In terms of mirror speed (F' = R/4p),
16p F?
Ap = mlor -1 (3.3)

\/(16,0217'2 —u? —v?)(p? + 2pu + 16p2F?)

A plot of how the correction varies across the face of the mirror aperture is shown in
Figure 3.4(a). In this case the mirror has a radius of curvature of 5.2m and diameter
of 0.36m. Notice that the relative phase difference is at a maximum in the centre,
(A = 0.0034), and the correction factor is at a minimum (A~} = 1/0.0034 = 294).
This means that even at the centre, the height of a bump will be reduced by a factor
of 294. The second graph, Figure 3.4(b). shows how the correction factor changes
with the speed of the mirror. The correction factor is calculated for the centre of the
mirror (u = 0, v = 0) over a range of mirror F-numbers. As illustrated in Figure 3.3,
the slower the mirror (the larger the F-number). the smaller the angular difference
between the beams on recording and replay and thus the correction in the centre
improves.

Not only are we concerned with the on-axis correction, but any practical scheme

must give rise to a finite field of view. In Figure 3.5 we can see the effect of the
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Figure 3.4: (a). The relative phase difference (A) shown as a function of mirror
aperture for a mirror with B = 5.2m, p = 430mm, ¢ = p and y = R. (b). How the
correction factor (A~') varies with mirror speed at the centre of a mirror with the
same diameter and relative beacon position.
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Figure 3.5: These plots show the effect of a finite field angle on the relative phase
difference (x1072) over the mirror surface. The mirror has dimensions R = 5.2m
and p = 0.43m and the off-axis beacon has a direction angle of § = 270°). The
central graph shows the on-axis reconstruction (# = 0° and the surrounding graphs
have a constant field angle of § = 1° with various direction angles.
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° and various

off-axis angle on the relative phase difference over a field of ¢ = 1
values of §. The correction factor seems to be largely unaffected, even with such
a large field angle, so it would seem that a large field of view can be expected. It
is important to note, however, that the correction factor means little without first
knowing the extent of the aberrations present on the mirror. The final image formed
by the telescope will depend, ultimately, on the surface error remaining after the

holographic correction, as well as the off-axis geometrical aberrations which will

appear as a natural consequence of the finite field angle.

3.4 Small Scale Experiment

To test the off-axis correction scheme, a small scale experiment was carried out
with a near-diffraction limited spherical mirror (f = 0.68m. p = 66.3mm) with a
3mm thick piece of warped glass placed in front to provide the distortions. The
recording scheme is shown in Figure 3.6(a). With the glass plate removed the image
spot of the beacon showed a large amount of astigmatism. To correct for this
astigmatism, a tilted, off-axis achromatic lens (f = 0.3m) was placed in the path of
the reflected beam. The position and orientation of the lens was adjusted until the
spot had a minimum aberration remaining, as observed using a microscope. The
glass aberrator was then put in place against the mirror. It is important to note that
the glass plate had to be fairly thin to avoid the problem of a “thick aberrator”. Also,
a plane glass slab will introduce astigmatism to a transmitted beam. The thinner
the glass, the smaller the astigmatic wavefront error introduced. The reflected light
was collimated by an achromatic doublet (f = 0.2m) which imaged the mirror’s
surface on the plane of the hologram. A hologram was recorded with a plane wave
reference beam. The method used in recording the holograms in this experiment
(as in all the experiments) is outlined in more detail in Appendix A. A photo of the
mirror/aberrator combination is shown in Figure 3.7 along with an interferogram of
the wavefront produced with an incident collimated plane wave.

On reconstruction, the set-up was as shown in Figure 3.6(b). A collimated plane

wave was produced with a spatial filter at the focal point of a Jaegers achromatic
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Figure 3.6: (a). Recording: A spatial filter (s.f.) illuminates the mirror with the glass
plate attached. The tilted lens L1 corrects for the off-axis aberrations. A hologram
is recorded with a path matched plane wave reference beam. (b). Reconstruction:
A diffraction limited achromatic doublet lens (L2) is used to produce a plane wave
incident on the mirror. The reconstructed reference beam is interferometrically
tested against a known plane wave and the resulting pattern is focussed so that the
mirror surface is imaged at L.
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Figure 3.7: (a). A photo of the glass aberrator/mirror combination. (b). Before
correction: The interference pattern shows the wavefront error on reflection from
the aberrator/mirror combination.
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Figure 3.8: (a). On recording the two beams are collimated. (b). On replay the
object beam has some divergence. Due to the diffraction condition at the plate the
reconstructed wave diverges from a virtual caustic focus.

doublet (D = 125mm, f = 0.6mm). This lens was interferometrically null tested
with another identical lens and showed no detectable spherical aberration. The col-
limated beam produced in this case is thus taken to be diffraction limited. The
plane wave entered the telescope on-axis and reflected off the mirror/aberrator com-
bination. Once again, the light has double passed the aberrator, but in this case
it was on-axis. The hologram was moved from its off-axis recording position to an
on-axis position at the focal plane of the mirror where the reconstruction took place.
The eyepiece achromatic doublet was selected in such a way as to match the image
magnification in the recording procedure.

The second restriction is that the object beam have the same divergence at the
plate on reconstruction as on recording. The reason for this can be shown with the
aid of Figure 3.8. Two beams interfere with a constant angle o between them to form
a hologram. On reconstruction, any object beam rays reaching the hologram will
be diffracted through a constant angle a. If a divergent object beam is used, these
rays will not diverge from a common virtual point but some caustic surface. The
result is an aberrated reconstructed reference beam. This wavefront aberration will
be introduced whenever the reconstructing beam has a different divergence to the
recording beam. In general, with the hologram recorded at twice the focal distance

from the mirror, and the reconstruction at the focal plane, the speed of the imaging
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system is doubled. If the image magnifications are to match in both cases, then
the angular divergence of the object beam on reconstruction will be double that on
recording. The only way they can be made equal is if the divergence in both cases
is zero, i.e. they are collimated. Thus in all the tests to be described in this thesis,
the object beam will be collimated by the imaging optics before reaching the plate.

The image of the mirror was formed using an achromatic doublet (f = 0.1m).
The alignment of the hologram with the image of the mirror at this new position
was made possible by the addition of fiducials (shapes cut out of tape) applied to the
surface of the glass plate. Once aligned, the object beam incident on the hologram
produced a diffracted beam which should have been a diffraction limited plane wave.
This beam is diffracted at an angle from a hologram which is circular in cross-section
and as a result, the beam will have an elliptical profile. This aspect ratio is corrected
by passing the beam through a prism.

The reconstructed wavefront was tested interferometrically against a plane wave
and as the holographic plate was expected to introduce some wavefront distortions
of its own, these were cancelled out by passing the reference beam through the
plate, collinear with the diffracted beam. The results are shown in Figure 3.9. The
wavefront error has been reduced to W,_, = 0.36\ or W,,, = 0.086), with the
reconstructed wavefront as shown in Figure 3.9(b) (see Appendix C for more details
on how this wavefront is generated from the interferometric data).

Total correction had not been achieved. The expected minimum correction fac-
tor (using Eq. 3.2) is 840, which should be large enough to reduce the maximum
wavefront error to better than A/50. In this case, however, the correction factor
does not tell the whole story. The use of Eq. 3.2 assumes that the aberrations form
part of the mirror surface. In this set-up, however, the flat aberrator is distinct from
the mirror surface, resulting in a separation between the glass and the mirror which
increases towards the centre. During the off-axis recording the light incident near
the center of the mirror double-passed slightly different sections of the aberrator to
that on reconstruction. Nearer to the edge, this is less of a problem as the angle of
the light on recording matches that on reconstruction. This difference in recording

and replay aberrations cannot be accounted for in the previous calculations. Since
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Figure 3.9: (a). An interferogram of the corrected wavefront (c.f. the uncorrected
pattern shown in Figure 3.7(b).) (b). A reconstruction of the wavefront calculated
using the interferogram shown in (a).



62 CHAPTER 3. THE OFF-AXIS BEACON

the “after” photo shows that the correction does fail towards the centre it seems
to suggest that this is indeed the problem. Given the qualified success of this ex-

periment, a more realistic test was performed using a larger diameter. aberrated

MIITOT.

3.5 Large-Scale Experiments

3.5.1 The Large Mirror

In order to test the correction on a larger scale, a large imperfect mirror was required.
The BIGRAT telescope, run by the Cosmic Ray Group of this university. is a multi-
mirror telescope which uses slumped-glass mirrors as light collectors [16]. Using their
equipment it was possible to slump and coat large diameter, low-quality mirrors. The
process involves placing a circular piece of 12mm thick float glass over a concave, cast
iron mould which has the rough shape of the desired mirror. The whole arrangement
is heated in an oven until the glass sags into the mould and is then allowed to cool.
When the glass is removed from the mould, the concave, inner surface is coated with
aluminium in a vacuum chamber. Using this technique I made several spherical
mirrors up to 0.86m in diameter with a focal length of ~2.6m.

Figure 3.10 shows two photos which give an indication of the quality of the central
0.45m diameter section of the large mirror. The first is a through-the-focus contact
print of the one-to-one imaging of a 10sm diameter pinhole (a spatial filter beacon
illuminating the mirror from the radius of curvature). The astigmatic error is very
evident from the change in the tilt of the elongated spot. The second photo is an
enlargement of the focussed spot of an incident diffraction limited collimated beam
(0.45m diameter). The magnification factor is about 15 (c.f. the diffraction limited
central Airy image, at the same magnification, would be only 150um in diameter).

As a further test, the focussed light was collimated and made to interfere with a
diffraction limited plane wave. The interferogram produced, imaged to the mirror
surface, is shown in Figure 3.11.

Several features are immediately apparent. The first is that the mirror seems to

have several concentric “rings”. These are mostly likely a result of the top surface
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Figure 3.10: The central 0.45m diameter section of the large mirror: (a). Through-
the-focus, one-to-one imaging of a 10um pinhole (true size). Notice the astigmatic
focus which is elongated in one direction and then in the perpendicular direction.
(b). A photo of the focal spot magnified 15 times.
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Figure 3.11: An interferogram of the central 450mm section of the mirror surface,
talken at the focal plane.
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of the glass folding and buckling as it slumps into the mould. The other feature
evident in the interferogram is the excess of fringes in one direction (about 45° to
the vertical) compared to that in the perpendicular direction. This indicates that
the mirror has a slight cylindrical error along the axis of minimum fringe. Further
evidence comes from the image spot (Figure 3.10(b)) which shows an elliptical shape
in one direction changing to an elliptical shape in the perpendicular direction with
increasing distance from the mirror. This is typical of an astigmatic focus as would
be expected for such a surface error. With holographic aberration correction, this
error is just as correctable as any random aberration, so long as the phase error can
be correctly recorded and reproduced on reconstruction. As a result, thin mirrors
(which would normally sag under gravity) can be used in a holographically corrected
telescope, since any original overall figure errors as well as subsequent changes in
shape due to gravitational sag of the primary, can be recorded and corrected.

The radius of curvature of the mirror is ~ 5.2m, and the length of the optical
bench is 3.6m, so an extension to the table had to be made which would allow for
holographic recording of the mirror. The final design had the large mirror sitting on
the end of a cantilever (see Appendix A for more details). To provide common-mode
rejection of the cantilever vibrations, the reference beam, in all of the large scale
tests, was subjected to the same vibrations. To do this, the 3mm diameter laser
beam was reflected off the mirror and then directed through a spatial filter, which
removed any small wavefront aberrations which may have been introduced byv both
the off-axis angle, as well as the mirror deformations. The light was then collimated

to form an aberration-free reference beam.

3.5.2 Recording and Reconstruction

The recording set-up for the holographic correction of the large mirror is shown
in Figure 3.12(a) and is basically the same as that used for the small-scale test
but without the tilted lens. The correction of the astigmatism with a lens was not
incorporated in the recording because it is now not possible to separate the mirror
aberrations from the off-axis aberrations. As such, it would be impossible to know

if the correct position and orientation of the lens had been found. Also. the off-axis
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Figure 3.12: (a). Recording: The beacon (s.f.) illuminates the mirror from off-
axis. The reference beam is reflected off the primary mirror to reduce the effects
of vibrations (not shown). The position of the collimator is shown (dashed). (b).
Replay: A collimated beam from the parabolic mirror is reflected off the primary
mirror to reconstruct the hologram, producing the diffracted beam. This beam was
corrected for astigmatism using a train of lenses.
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aberration in this case is much larger than in the small scale experiment and cannot
be removed with a single lens.

Once again, the phase holograms were made according to the recipe outlined
in Appendix A. The imaging (or eyepiece) lens had a focal length of 100mm for
recording and 50mm for replay. In the final set-up, camera lenses were used since
they give a reduction in distortion and a flat image field which makes it possible
image the entire mirror aperture on the flat holographic plate film. The distortion
and curvature of field affect the quality of the recorded image, so it is essential that
the amount present in the recorded image is matched in the reconstructed image.
A single lens will introduce a large amount of both aberrations, but camera lenses
are made to reduce or even eliminate them.

Due to the extremely short depth of focus of camera lenses, the plate had to be
placed perpendicular to the object beam to ensure correct matching of the image
planes on recording and reconstruction. Obviously, it is important to make sure that
the camera lenses are of a high quality over the aperture used to ensure they do not
introduce uncommon aberrations into the system. In all the tests performed, the
lenses used were interferometrically tested and found to have less than A/4 error.

The set-up for reconstructing the hologram is shown in Figure 3.12(b). The
collimator in this case was a parabolic mirror (D = 0.45m, f = 2m). This meant
that only the central 450mm diameter section of the corrected mirror could be tested,
even though the hologram recorded a larger aperture. Given this restriction, there
seemed little point in actually recording a hologram of the entire mirror, so the
off-axis recording angle was reduced. The parabolic mirror had to be aligned with
the large mirror before recording the hologram, and remained in place during the
recording of the hologram. The recording beacon distance of x = 350mm was chosen
as it was the smallest off-axis distance that would allow unobscured illumination of

the large mirror.

3.5.3 The Collimator

The alignment of the collimator is critical. If the spatial filter is not located at the

focus of the mirror with sufficient accuracy. spherical aberration or off-axis aber-
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rations will be introduced into the system. In the case of the parabolic mirror, a
positioning error along the optical axis (Az) will result in spherical aberration, and
a perpendicular (Az —y) shift will give rise to a large amount of coma and a smaller
amount of astigmatism. Figure 3.13 shows the effect of such shifts, for the parabolic
mirror used in these experiments.

The surface quality of the parabolic mirror was documented by the manufacturer

(Galaxy Optics), and the results of the interferometric test that they performed are

shown in Figure 3.14.

3.5.4 Results

As has been mentioned previously, if the correction is perfect, then the reconstructed
reference beam should be a plane wave. The hologram is formed over the circular
image of the mirror on the plate. When the reconstructed reference beam diffracts
from this region at the original recording angle, the beam will have an elliptical
cross-section. The wavefront itself (and any aberrations present) will be subjected
to this same change in aspect ratio.

Unlike the small scale experiment, the surface aberrations of the mirror could
not be separated from the geometrical aberrations. As such, with no attempt to
allow for the recorded off-axis aberrations and spherical aberration on replay, the
reconstructed reference beam will have both of these aberrations present.

The primary aberration is astigmatism (~ 100 waves) with some spherical aber-
ration (7.2 waves) also present. In order to reduce the astigmatism, the reconstructed
beam was directed through a series of tilted and decentered spherical lenses as well
as cylindrical lenses (Figure 3.15). The optimum position, orientation and focal
lengths of the lenses used were found by observing the focussed spot size (at A
in the figure) with a microscope and adjusting the conditions until the focal spot
was as small as possible. The result was a bright central spot with a minimum
diameter ~ 14pm surrounded by a diffuse halo ~ 0.8mm in diameter. This is a
dramatic improvement over the original spot size of 8mm as shown previously in
Figure 3.10(b). As expected the spot was elliptical and maintained its aspect ratio

through the focus. The corrected beam was then collimated and made to interfere
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Figure 3.13: (a). The 3rd order spherical aberration wavefront error (@ 632.8nm)
resulting from a positioning error (Az) in the spatial filter along the optical axis.
(b). The absolute 3rd order comatic (solid) and astigmatic (dotted) wavefront error
from a lateral positioning error (6 — y). Both cases are for a parabolic mirror,
D = 0.45m, f = 2m and with distances given relative to the true focal position.
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Figure 3.14: Interferometric analysis data from the makers of the parabolic mirror.



3.5. LARGE-SCALE EXPERIMENTS 71

r i Light from mirror

Camera
Lens

Reference Beam

Y
Hologram

Cl1

\ / Image Plane

Mirror i 7]

Figure 3.15: The lens train required to produce the minimum spot size (viewed
at plane A) is shown. Cylindrical lenses are indicated by rectangular boxes
(C1=400mm, C2=250mm). The tilted, decentered lens L1 is a 10cm achromatic
doublet. The interferogram is recorded at the image plane of the mirror.

with the original reference beam (Figure 3.16). The interferogram of the uncorrected
mirror was shown in Figure 3.11.

The aspect ratio of the interference pattern has been corrected so that it is
circular. This was achieved by passing the combined beams through a prism (Fig-
ure 3.13). The effect is purely cosmetic since the beams have already been combined
and thus they are equally affected by such a change. The combined beams are then
passed through a lens which is used to image the plane of the mirror (which is also
the plane of the holographic plate) onto the photographic film plane for recording.

The final wavefront error is 7-8 waves, as was expected since no attempt was made
to correct for spherical aberration. The amount of spherical aberration calculated
for a perfect spherical mirror with the same dimensions as the aberrated mirror is
7.2 waves. The pattern produced should be a series of concentric rings. Since third
order spherical aberration has a p* dependence, we should see an increase in the ring
concentration towards the edge. The regular separation of the fringes in Figure 3.16
1s caused by the addition of a slight amount of defocus in the object beam. Further

evidence that the remaining error is spherical aberration is the appearance of the
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Figure 3.16: An interferogram of the corrected aperture imaged to the plane of the
mirror surface (c.f. uncorrected image in Figure 3.11). This is the diffracted beam,
atter the lens train.
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focussed spot. The beam had a classic spherical aberration profile, with a bright
marginal focus surrounded by the diffuse halo of unfocussed marginal rays.

From the regularity of the concentric fringes in the final interferogram, it would
seem that the hologram has successfully removed most of the mirror surface aber-
rations. The remaining fringes deviate by less than half a wave from the regular
circular pattern, which would suggest that once spherical aberration has been re-
moved, the remaining error should be just this A/2. The correction of the spherical

aberration can be achieved in either the recording or reconstruction process.

3.6 Spherical Aberration Correction

3.6.1 Spherical Aberration Removal on Reconstruction

The simplest method of removing the spherical aberration would be to add the
required amount of negative spherical aberration to the reconstructed wavefront.
This could be do_ne by reflecting the diffracted beam off a spherical convex mirror,
passing it through a simple negative lens or by using a specially designed phase
retarding screen. The latter method could involve a programmable liquid crystal
display. Such an LCD can retard the phase of a transmitted beam through a pixel
element by changing the voltage applied to that particular pixel. This idea is being
investigated as part of a different research project but it has the problem that it
has a limited resolution determined by the finite pixel size. It is also difficult to get
a full 2m phase change with these devices. In my experiments I have concentrated
on using available, conventional optics for the whole of the aberration correction
scheme. This was seen as essential in maintaining the simplicity and immediate
scalability of any successful design.

The reconstructed beam is elliptical and most common optics have a circular
cross-section which will result in the correct amount of spherical aberration being
added in one direction only. In order to see if any reduction in wavefront aberration
could be achieved using this approach, I passed the elliptical beam through a simple
negative lens at such a beam diameter and divergence as would balance the expected

spherical aberration. The result is shown in Figure 3.17 and represents the minimum
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Figure 3.17: The reconstructed beam with partial spherical aberration correction
added in the corrective lens train. The two images are of the same wavefront, but
with some tilt introduced in the top image.
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aberration which was achieved in the off-axis scheme. While this method of spherical
aberration correction is fairly successful it is not perfect. A better method would
involve adding the correct amount of spherical aberration during recording so that
the diffracted beam is free of this aberration. This can be done by putting positive

spherical aberration into the object beam or negative spherical aberration into the

reference beam.

3.6.2 Spherical Aberration Removal on Recording

The appropriate amount of spherical aberration can be added to the object beam
either before it reaches the mirror or after the light reflects off it. One possibility
would be to spherically aberrate the beacon which illuminates the mirror, by using
a suitable simple positive lens in a configuration like the ones shown in Figure 3.18.
These arrangements, however, will only provide a partial spherical aberration cor-
rection because the circularly symmetric cross-section of the aberration will not
precisely match the elliptical shape of the mirror as seen from the off-axis position
of the beacon. This problem will worsen as the mirror speed increases beyond the
F/6 system tested.

An alternative would be to spherically aberrate the lens which images the mirror
onto the holographic plate. This is similar to the usual method of correcting spherical
aberration in telescopes using a secondary conic mirror. In this case, however,
because the rays reflect of the large mirror in a random fashion, they will not strike
the correct place on the lens surface to produce the required phase shift. The only
place where required spherical aberration could be correctly added, after the beacaon
light reflects off the aberrated mirror, is at the image plane of the mirror. Several
schemes could be used, and these are shown in F igure 3.19. The only constraint
is that the image plane of the mirror has to coincide with the holographic plate
position without the introduction of any further aberrations such as curvature of
field and distortion.

Another method of recording the spherical aberration is to add the correct
amount of negative spherical aberration into the reference beam. This could be

done using a simple negative lens illuminated at the required aperture size and
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Figure 3.18: Several possible schemes for adding positive spherical aberration to
the object beam beacon on recording. The simple lens is chosen to introduce the
required spherical aberration in the given configuration.
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Figure 3.19: (a). L1 is a simple lens introducing spherical aberration into the object
beam at the image plane of the mirror (I). L2 is a good quality lens which will
restore a flat-field image at the plane of the hologram. (b). The simple lens L3 is
placed against the hologram (close to the image plane) and a reflection hologram is
formed.

beam divergence. In the current schemes with the object beam normal to plate,
the image of the mirror is circular. Since the reference beam (with a circular cross-
section) intersects the plate at an angle, the shape of the beam on the plate will
be an ellipse. The reference beam will only form a hologram where it intersects the
circular object beam, so the full amount of spherical aberration will be recorded
in the vertical direction only. To overcome this problem, the aspect ratio of the
reference beam must be adjusted so that the precise amount of spherical aberration
is added to the whole of the image of the mirror. One way to do this would be to
pass the reference beam through a prism, prior to the hologram, to alter the aspect
ratio in such a way that the beam lays perfectly over the circular image at the plate
(Figure 3.20(a)). This introduces astigmatism, as shown in Figure 3.20(b), which is
difficult to remove on reconstruction given the added complication of the astigma-
tism from the off-axis beacon arrangement itself. This idea will be investigated in
more detail in the on-axis beacon in the next chapter, however, where there is no

astigmatism from the recording arrangement.
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Figure 3.20: (a). The layout for putting negative spherical aberration into the
reference beam on recording. Lenses L1 & L2 are achromatic doublets and L2 is the
simple lens which introduces the negative spherical aberration. The prism corrects
for the aspect ratio of the beam onto the hologram. (b). The effect of the prism
on the reference beam is to introduce astigmatism as shown by the appearance of
the cross-like structure in the far-field. Notice the blurred “fuzz” around the edges
which is indicative of the presence of spherical aberration.
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Error in Waves

Figure 3.21: The wavefront error (in waves) introduced by a beacon at z = 0.35m,
Yy = R = 5.2m and reconstructed on-axis. The aperture over which the wavefront is
sampled is just the 450mm diameter which was tested.

3.7 Off-axis Aberrations

The off-axis scheme introduces a large amount of off-axis aberrations, mostly
third order astigmatism. A plot of the expected wavefront error, (using the first 24
Zernike polynomials) is shown in Figure 3.21. The dominance of the astigmatism
1s quite evident (c.f. Figure 2.7(c)). In order to correct for astigmatism, the recon-
structed beam was directed through a train of cylindrical lenses. This method of
correction is attractive as it allows for precise visual feedback on the effectiveness of
any given arrangement. As mentioned earlier, however, with broadband operation,
different wavelengths of light will be diffracted at different angles from the hologram,
so they will not pass through this lens train as we would want. [t would be much
better to correct for the astigmatism on recording rather than on replay.

The simplest solution would follow along much the same lines as for spherical
aberration correction. The cylindrical lenses could be just moved to the recording

phase and placed in either the reference or object beams. Common cylindrical Jenses
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are simple lenses, and even in ideal configurations, the introduction of some spherical
aberration cannot be avoided. In order to reduce this aberration multi-element
cylindrical lenses are required. Even with the astigmatism removed, however, there
is still be the problem of the higher order off-axis aberrations.

A better solution would involve reflecting either of the recording beams off a
conic mirror with the correct dimensions and orientation to give the desired amount
of off-axis aberrations. One obvious solution would involve a perfect mirror with
the same dimensions as the large mirror. If the beacon illuminates this mirror at
the same angle but out of the plane of the previous recording scheme, most of the
major aberrations are eliminated. This would probably be an acceptable solution as
a way of correcting several large aberrated mirrors with the fabrication of just one
large perfect mirror.

A small, high quality, null corrector with a complex conic shape could be used
instead of a large mirror. This secondary could be either a dynamic or static mirror.
Dynamic secondaries use a membrane mirror with individually controlable actuators
which can adjust the shape of the surface [62]. This type of mirror would have the
benefit of being adaptable to different large mirrors and off-axis beacon positions. A
static mirror would be cheaper to manufacture but would be limited to correction of
the off-axis aberrations in a specific mirror and beacon position. Using the optical
design program, I found a configuration which gave a residual error of Wy_, = 0.77
waves as shown in Figure 3.22. This approach would only be feasible in a final

design, with a large primary, as the cost of fabrication of such a null-corrector is

significant.

3.8 Summary

It is clear from both the small and large scale tests of this scheme, that correction
of a large amount of mirror aberration is possible, but that the introduced off-axis
aberrations are sufficiently large to make perfect imaging difficult. The large scale
test resulted in 4-5 waves of error over a 450mm diameter which is seeing limited for a

telescope at most sites. While the telescope may not be useful for astronomy, where
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Figure 3.22: The set-up for the off-axis null-correction of the object beam is as
shown. The point source beacon beam (bottom) is reflected off the small conic
mirror (left) and the refocussed beam is then directed onto the large aberrated mirror
(right). This reflected light will be collimated and used to form the image hologram
of the mirror as before. The secondary mirror has a conic constant, K = 1.3884,
off-axis illumination angle of § = —11.11°, R = 0.623m and p = 28mm.

at ideal sites seeing can exceed r, = 100mm, the surface quality is still acceptable
for lidar, since the size of the central maximum of focal spot has been reduced from

8mm in diameter to 14um which gives a dramatic improvement on signal to noise.



82

CHAPTER 3. THE OFF-AXIS BEACON



Chapter 4

The On-Axis Beacon

4.1 Introduction

In the previous chapter I discussed an off-axis recording scheme. Although the holo-
graphic correction proved capable of removing a large amount of surface aberration,
the necessary introduction of a sizable amount of off-axis aberrations, which had
to be removed separately, made the scheme less attractive. An on-axis recording
scheme with a recording beacon located at the centre of curvature of the spherical
mirror avoids this problem. Such a design will result in a telescope limited only
by spherical aberration. In this chapter I will present two on-axis designs which
incorporate the addition of spherical aberration in the recording process, along with
experimental results which demonstrate the complete correction of a heavily aber-

rated spherical primary.

4.2 The Design Concept

The on-axis recording and replay set-ups are shown in Figure 4.1. To record the
hologram, the beacon and the imaging lens are placed as close as possible to each
other and the optical axis of the mirror to minimise the off-axis aberrations. The
replay procedure is the same as for the off-axis design, though it will be necessary
to remove the recording optics before using the corrected telescope.

To calculate the correction achievable with this set-up. we once again return to

33
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Figure 4.1: (a). Recording: The beacon illuminates the mirror from the centre of
curvature. The reflected light is collimated and the mirror is imaged by a camera
lens onto the plate were a hologram is made. (b). Reconstruction: Collimated
starlight is focussed by the mirror and collimated by the imaging camera lens to
reconstruct the reference beam.
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Eq. 2.9. In this case the off-axis distance is zero (z = 0)! and the beacon is at the

centre of curvature (y = R) so we can simplify the equation to;

= R -1 (4.1)
M(R = 2)cos ¢ — [ucos § + v sin 6] sin @) '
With on-axis reconstruction, this simplifies to;
= (4.2)

A= -1
WE ==

In the on-axis design, the maximum correction will be at the centre of the mirror
and the minimum correction at the edges. On reconstruction, however, the area of
the mirror with the best correction will be obscured by the secondary optics. This
may not pose a serious problem, however, as it was demonstrated with the off-axis
design that the correction factor in an F/6 system was not the limiting factor, even
with a heavily aberrated primary. Of course, as the speed of the primary increases,
the decreasing correction factor will become more critical, which may set a limit on

the initial surface quality.

4.3 Spherically Aberrated Reference Beam

4.3.1 Small Scale Experiment

In the previous chapter, it was suggested that one method of Incorporating spherical
aberration correction could involve adding the correct amount of negative spherical
aberration into the reference beam using a simple negative lens. The aspect ratio
of this beam is then corrected before it intersects the object beam by passing it
through a prism. As has been mentioned previously, this will introduce aberrations
such as astigmatism, but it was envisioned that these could be removed by using a
mirror image of the set-up on the reconstructed beam, as shown in Figure 4.2

This scheme was tested on a small, spherical mirror (D =85mm, f = 140mm).

The mirror had a fair surface quality (~ 3)), with wavefront error dominated by

'The actual off-axis distance is non-zero but the angle is so small that, except for very fast
mirrors, this approximation s valid. Of course, an exact value for r can be used if necessary.
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Figure 4.2: Recording (solid lines): Spatially filtered light is collimated by a doublet

(L1) to give a diffraction limited beam with then passes through a simple negative
lens (L2) before being recollimated by a doublet (L3). This beam is then directed
through a prism before reaching the plate. Reconstruction: The diffracted beam
(dashed) will pass through the prism in the mirror-image of the recording set-up.

spherical aberration. The aperture was reduced to p = 27.5mm to give a similar
amount of spherical aberration to that of the mirror used in the large scale tests.

The third order longitudinal spherical aberration of a double-concave negative
lens (L2) with focal length — f, refractive index n, illuminated by a collimated beam
of semi-diameter h is (68, 56];

_ fh2(4n3 —4n? — n 4 2)
T 8f%n(n — 1)2 + h2(4n® — 4n? —n +2)

LSA (4.3)

The third order wave aberration associated with this ray aberration can be found
in [57);
W= LSA.p* ht(4n® — 4n® —n +2)

T 42 32f%(n— 1) +4fh2(4n® —4n? —n +2)

(4.4)

Equating this to the third order spherical aberration for the mirror (W = p*/4R?)
will provide a solution for a given lens type. Using the mirror parameters R =
280mm and p = 27.5mm, 10.3 waves of spherical aberration are introduced ( A =

632.8nm) and choosing a BK7 (n = 1.51508) lens of f = —50mm, the semi-aperture
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size required was h = 6.74mm. The recollimating lens (L3) was an 80mm focal
length doublet and the object beam was imaged onto the hologram using a camera
lens (f = 100mm).

For reconstruction, the set-up was as shown in Figure 4.1(b), with the collimated
beam produced by the 5-inch diameter doublet used in the small off-axis experiment,.
In this case, however, the diffracted beam was directed through the prism as shown in
Figure 4.2. The position and orientation of the prism was determined by minimising
the focussed spot size of the output beam. This beam was then recollimated and
made to interfere with the original plane wave reference beam.

The results are shown in Figure 4.3. Initially, the uncorrected image shows the
expected 10-11 waves of spherical aberration. After correction, the wavefront error
is Wy—, = 0.6\ and W,,,, = 0.146). The remaining error is thought to be due to
the fact that the mirror image technique can only work if the beams are exactly the
same in both cases. The reference beam on recording, however, has a spherically
aberrated wavefront, while the diffracted beam on reconstruction does not have this
aberration, so the effect of the prism on each wavefront will be slightly different.
This difference was partially corrected by orientating the prism for “best result”
on reconstruction, rather than the exact mirror-image of the recording set-up. [t
should be noted that although a prism was used to alter the aspect ratio in both
recording and reconstruction, a diffraction grating could also be used. Experiments
carried out using a reflective grating gave similar results.

By replacing the spatial filter at the focal plane of the Jaegers lens with a USAF
resolution test chart, the resolution of the corrected mirror can be determined. The
chart consists of groups of 3 white bars on a black background (aluminium deposited
on an optically flat glass slide). The bars start with a spatial frequency of 1 cycle/mm
(Group 0, Element 0) and decrease in size with each element by the sixth root of
two. Corresponding elements in successive groups differ in size by a factor of 2.

The resolution chart results are shown in Figure 4.4 The uncorrected image
shows the characteristic blurring of the bars, indicative of spherical aberration with
the “haze” due to the unfocussed marginal rays. In the corrected image, Column 6

Row 6 is resolved at a spatial frequency of 114 cvcles/mm which is in good agreement
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Figure 4.3: (a). Before correction. The interference pattern shows the recorded
wavefront error over the 33mm aperture. (b). After correction.
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Figure 4.4: (a). Before correction: The resolution chart shows blurring of the bars
indicative of spherical aberration. (b). After correction. The faint secondary image
is due to a double reflection in the glass of the resolution chart. Note that both
images are printed with the same degree of contrast.
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Figure 4.5: The recording arrangement for the large scale on-axis correction. The
object beam is folded along its path and the return beam passes through the wedge
beamsplitter (w.b.s.) to be collimated and imaged onto the plate. Spherical aber-
ration correction is applied by the same method used in the small scale test.

with the theoretical diffraction limited resolution of 118.7 lines/mm (8.43um).

4.3.2 Large Scale Experiment

The small scale experiment used an almost perfect spherical mirror with only spher-
ical aberration correction required. For this experiment, I returned to the 0.86m
diameter slumped glass mirror used in the large off-axis experiments in order to
demonstrate the simultaneous holographic correction of both the surface aberra-
tions and the spherical aberration. Due to space limitations, the recording beams
were folded according to the arrangement in Figure 4.5, with the imaging camera
lens having a focal length of 0.2m. The negative lens used to add the spherical
aberration had a focal length of -50mm and was used at an aperture of 12.3mm.
On reconstruction the diffracted beam was directed through a prism which was ad-
justed in position and orientation, as before, to give the minimum focussed spot
size. In addition, the beam had to be passed through a slightly tilted lens in order
to remove some remaining off-axis aberrations left uncorrected by the mirror-image

arrangement of the prism. This resulted in a small distortion of the beam aspect
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ratio, which should not be a problem, as it can be corrected (if necessary) by simple
digital image processing. The results are shown in Figure 4.6.

The corrected interferograms show a residual wavefront error of W,_, ~ \. The
two images were taken under the same conditions, but (a) has some tilt applied to
the beamsplitter, while (b) shows the “zero fringe”. Total correction has not been
achieved but, once again, the error is fairly regular with a large spatial frequency,
indicating that the random surface error is still not a limiting factor. The introduc-
tion, and subsequent removal, of the off-axis aberrations using the prism is obviously
a problem which restricts the correction which can be achieved with this scheme. A

more attractive solution would not require the introduction of any such aberrations.

4.4 Spherically Aberrated Object Beam

4.4.1 Recording Scheme

The second method for removing the spherical aberration is to add positive spherical
aberration into the object beam on recording. This can be done by placing a positive
singlet in front of the spatial filter in order to “spherically aberrate” the beacon.
The simplest configuration is to have a plano-convex lens refocussing the divergent
light from a spatial filter to form a spherically aberrated beacon at the centre of
curvature of the large spherical mirror, as shown in Figure 4.7. The light is focussed
to back to the centre of curvature (slightly off-axis) where a pick-off mirror directs it
through to the imaging optics and the hologram. The reference beam is a diffraction
limited plane wave. The wedge beam-splitter used in the previous experiment was
replaced by a reflective arrangement as it was thought that it may be introduce a
small amount of astigmatism on the transmitted return beam.

A small lateral separation is required between the spherically aberrated beacon
and the reflected, focussed spot. Since the return spot was about 3mm in diameter,
a 4mm separation at 5.2m was required. Computer modelling of this arrangement
showed that less than A/100 wavefront error is introduced by this off-axis angle.

Using the Zemax diffractive optics program, the on-axis Zernike polynomials (0,

3, 8, 15 & 24) were evaluated at the focal plane of a 0.45m diameter mirror with
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Figure 4.6: (a). The corrected wavefront showing the minimum wavefront error

achieved. c.f. the uncorrected wavefront Figure 3.11. (b). The same wavefront but
at “zero fringe”.
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Figure 4.7: Recording Set-up. The spatially filtered light is focussed by a plano-
convex singlet to a spherically aberrated focus at the centre of curvature of the
aberrated mirror. The reflected light is collimated by a camera lens which images
the mirror onto the holographic plate.

incident collimated light. The recording arrangement was then modelled with an
available simple lens and optimisation of the spatial filter - lens distance was found
to a best fit to all of these polynomials. For an available plano-concave BK7 lens,
(f = 100mm, D = 30mm) the optimum distance is 179.88mm. The calculated

remaining wavefront error, for this arrangement, is W,_, = A/10 (W,,; = 0.03A).

As an indication of the sensitivity to the dis- :
Distance | P-V Error

tance between the spatial filter and the lens,
173.4mm 1.40A

178.9mm 0.22)
179.9mm 0.10A
180.9mm 0.17A
184.9mm 0.73A

the remaining absolute peak-to-valley error

for various distances is shown in the table

to the right. The calculations show that a

wavefront error of just A/10 is introduced for

a positional error of +1mm.

The total wavefront error can be calculated using the computer models for each of
the recording and optimised reconstruction arrangements. In each case, the Zernike
polynomial expansion of the wavefront can be found, and the difference between the
two, plotted as a function of position over the mirror, gives the expected residual

wavefront error. These plots are shown in Figure 4.8.
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Figure 4.8: (a). A radial slice of the reconstructed wavefront calculated from the
Zernike polynomial coefficients. (b). A 3-D surface map of the absolute error over
the whole aperture.
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4.4.2 Experimental Results

The large scale experiments once again used a 450mm diameter aperture. A
100mm Zuiko camera lens was used for imaging during recording and a 35-70mm
zoom lens (Nikon F/2.8 “D”) was used during reconstruction. The zoom was ad-
justed to give the correct image size while producing a collimated beam. Interfero-
metric results from the experiment are shown in Figures 4.9 & 4.10.

The final wavefront has an error of Wy, = 0.3A (W,,,; = 0.11)). Figure 4.11
shows a wavefront surface generated from the aspect-ratio corrected image in Fig-
ure 4.10. The remaining wavefront is not diffraction limited due to two factors;
non-common recording and reconstruction optics, including the parabolic mirror
and the holographic substrate, and incomplete correction of both the mirror surface
aberrations and spherical aberration. In this set-up there is a total of 7 non-common
mirrors (including the parabolic collimator) and 3 lenses which are used over their
full aperture and 4 mirrors and 2 lenses used to a smaller portion of their aperture.
Given a performance of W,, = A/10 for each element, it is expected that the total
wavefront error introduced by these surfaces should contribute to at least part of
the remaining wavefront error observed.

The surface error of the parabolic mirror was shown in Figure 3.14. It is in-
teresting to note that the corrected surface error in Figure 4.11(b) has the same
overall form as that of the parabolic mirror. Since it is certain that this wavefront
error will be present on the corrected wavefront. this must be taken into account.
A direct subtraction of the two wavefront errors is impossible but the similarity of
the wavefronts is still a measure of success of the correction.

The holographic substrate was tested in transmission in a Mach Zender inter-
ferometer which was good to A/10 without the plate present. The interferometer
set-up is shown in Figure 4.12, along with the interference pattern produced (im-
aged to the plane of the substrate). Part of this error is due to the substrate, while
some may be introduced by changes in the emulsion during processing. In a final
telescope design, of course, the substrate would be a piece of high surface quality
optical glass.

Two further contributions to the wavefront error in Figure 4.10 come from the
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Figure 4.9: Before correction. An interferogram of the surface of the central 450mm
portion of the aberrated spherical mirror.



4.4. SPHERICALLY ABERRATED OBJECT BEAM 9

Figure 4.10: After correction. An interferogram of the reconstructed wavefront,
imaged at the surface of the mirror. This aspect ratio has been left unaltered.

-
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Figure 4.11: (a). The scanned image of the interferogram shown in Figure 4.10, with
the aspect ratio digitally altered to make it circular. (b). The calculated wavefront
generated from the digitised image in (a).
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Figure 4.12: (a). The interferometer used to measure the wavefront error introduced
by the hologram on transmission. (b). An interferogram of the hologram. The
mirror aperture tested lies in the circle just inside the small circular iducials. The
hologram size is 9mm in diameter.
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uncorrected surface error and the residual spherical aberration. The predicted min-
imum correction factor for this set-up is 1067 at the edge. The actual surface error
of the aberrated mirror is largest at the edges, with about 100 waves deviation from
the centre. It is thus expected that the holographically corrected wavefront will have
a maximum error of ~ A/10 decreasing towards the centre.

The residual spherical aberration was calculated to be W,—, = A/10 (W,ps =
A/33). The wavefront reconstruction of the calculated residual error over the aper-
ture was shown in Figure 4.8. Once again, the overall surface shape is similar to that
calculated from the interference pattern of the corrected beam (Figure 4.11(b)).

As a result of a combination of all of these errors, most of which could be cor-
rected with better optical components, it is reasonable to say that diffraction limited
correction of the mirror has been achieved.

To examine the increase in resolution of the corrected mirror, a test chart was
placed at the focus of the parabolic mirror. The uncorrected and corrected images
are shown in Figure 4.13 & 4.14. The uncorrected image shows Columns 2 & 3
(though not very clearly!) and the corrected image has been magnified to show the
detail in Columns 6 & 7. The corrected chart is resolved to Column 7 Line 3 which
corresponds to the diffraction limited resolution in this set-up.

The bars are quite sharp over the whole pattern which would seem to suggest
that the field of view of the corrected telescope is quite large. This is a dangerous
assumption to make, however, as the sharpness of Column 2, say, does not indicate
how good the resolution is in this region, just that it does not degrade appreciably.
A lateral translation in the resolution chart does not allow the field resolution to be
tested since the parabolic collimator has its own field of view and will aberrate any
images beyond a certain distance: as discussed previously, a lateral translation of just
lmm at the focus of the collimator will introduce 5 waves of coma (Figure 3.13(b)).
The only way to truly test the field of view of a telescope is to observe a number of

point objects at infinity over a large field - e.g. a star field?.

2As a further note, the high resolution demonstrated with this instrument suggests an alterna-
tive use for holographically corrected optics - that of microscopes. This is discussed in more detail
in Appendix E.
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Figure 4.13: The uncorrected resolution test chart. The portion shown is that of
Columns 2 and 3. The image contrast was adjusted to bring out as much detail as
possible.
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Figure 4.14: The corrected image of the resolution test chart - magnified 4 times
compared to Figure 4.13 to show Column 7.
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4.4.3 Wavelength Dependence

To determine the correction at another wavelength, a CW frequency-doubled,
Nd:YAG laser (M = 532nm) was directed along the path of the HeNe laser to
recreate the reference beam while at the same time reconstructing the hologram.
The interferogram of the corrected wavefront is shown in Figure 4.15, along with
the image of the resolution test chart. Note that the green light is diffracted through
a smaller angle than the red light used to write the hologram due to the dispersion of
the holographic grating. To produce these images, the optics used for the production
of the earlier interference pattern and resolution test chart images had to be moved
and re-aligned to the green diffracted wavefront.

The correction factor, from Eq. 4.1, varies as shown in Figure 4.16. The correc-
tion factor is ~ 6.3, so for every 6.3 fringes in the red interferogram (Figure 4.9),
there should be 1 fringe in the interference pattern at A’ = 532nm. This is confirmed
by the interferogram in Figure 4.15(a). Note that the overall cylindrical figure error
is still evident, with an excess of fringes in one direction compared to that at right
angles to it. This means that the corrected wavefront at this W-avelength is still
slightly astigmatic. This is confirmed by the resolution chart test which shows a
definite astigmatism. The resolution is 14.3 lines/mm (Column 3, Row 6) in the |
vertical direction and 20.1 lines/mm (Column 4, Row 3) in the horizontal direction.

It should be noted that while the remaining error is quite large and may seem to
indicate that the correction is severely bandwidth limited, the mirror did have an
unusually large surface error to begin with. This was done in order to have a more
dramatic test of the holographic correction. In any real telescope, the initial mirror
surface quality could be made far superior to this with minimal effort. In such a
case, the bandwidth will increase, as less correction (and hence a smaller correction

factor) is required for diffraction limited operation [63, 64].

4.5 Future Directions

As the speed of the primary mirror increases, so do the problems associated with

increased spherical aberration and reduced correction factor. In this section T will
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Figure 4.15: (a). The interference pattern of the reconstructed wavefront. (b). The
corrected resolution chart.
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Figure 4.16: The correction factor (A~!) for the on-axis recording and reconstruction
is plotted as a function of position over the mirror (R = 5.2m, p = 0.225m). The
recording wavelength is A = 632.8nm and the reconstruction wavelength is A =
5332nm.
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briefly describe some possible solutions to these problems.

4.5.1 Spherical Aberration Correction

While the previous experiment demonstrated that complete correction of a heavily
aberrated spherical telescope mirror was possible using a local beacon, its aperture
and speed meant that only 7.2 waves of spherical aberration had to be removed.
If the mirror is used to its full diameter of 0.86m there will be 96 waves, in which
case a simple lens alone will not suffice for the removal of this aberration since the
form of the wave aberration functions for a lens and a mirror are quite different (c.f.
Egs. 2.28 & 4.4). In such a case, a reflective null can be used for the introduction of
spherical aberration on recording and one possibility is to use a small, high quality
parabolic mirror. The beacon is placed at the radius of curvature of the parabolic
secondary, and the conjugate point forms the spherically aberrated beacon which
lluminates the spherical mirror from the centre of curvature as before.

The amount of spherical aberration wavefront error (to third order) at the focus

of a spherical mirror can be found by using Eq. 2.28;

o

W, = —= 4.5

4R (4:5)

Using Eq. 2.33, the spherical aberration wavefront error from a parabolic mirror

illuminated from the centre of curvature (i.e. y = 2f) is

p
' =55 (4.6)

If f = R/2, and the two mirrors are the same size, then the third order spherical
aberration will cancel out. If we take a smaller secondary, however, with p, = p,/10,
then the focal distance required (with R = 5.2m) is 0.3m which is more suitable for
such a scheme. This method of introducing spherical aberration would completely
remove third order spherical aberration over the entire surface as the two equations
have the same p* dependence. It should be pointed out once again though, that
the secondary mirror in this case would have to be diffraction limited, since the

hologram will only be able to correct for the aberrations of the spherical mirror.
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4.5.2 Other Factors

At the moment, even with a heavily aberrated mirror, the correction factor resulting
from the geometry of the proximal beacon position does not seem to be a limitation.
As the speed increases, however, the correction factor will become more important.
For example, the minimum correction factor for a lm diameter, F/2 mirror with the
on-axis scheme is 127. Obviously, with such a mirror, the surface quality will have
to fairly good to begin with. Given that the mirror was made from a crude process,
it should be simple enough to improve on the original figure.

A further problem is that the imaging optics have to be faster than the primary
in order to gather all of the light. In the previous experiments, the extent of the
aberrations meant that the camera lenses had to be twice as fast as the large mirror
in order to avoid vignetting of the extreme rays. Though fast camera lenses are
available, this factor may prove to be a fundamental factor which limits the speed
of the primary.

Lastly, the hologram itself will not only have to be written on better substrates,
but increased diffraction efficiency will be essential for applications for lidar and
astronomy. Dichromated gelatine holograms can be produced on high-quality sub-
strates, giving low noise, near-100% diffraction efficiencies with operation into the
near-UV. The only drawback is the high energy requirements for optimum exposure
which can mean increased exposure times. This in turn, would translate into restric-

tions on the recording environment - most notably with the allowable air turbulence.

4.6 Summary

In this chapter I have discussed the correction of an aberrated telescope mirror
using an on-axis recording beacon located at the centre of curvature of a spherical
primary. The reconstruction of the hologram takes place near the focal plane, and
as such, spherical aberration will be present. In order to correct for this, spherical
aberration was added to the hologram during recording. This was achieved two
ways; by adding negative spherical aberration into the reference beam or positive

spherical aberration in the object beam.
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The first method proved to be inferior due to the appearance of astigmatism in
the reference beam which was a result of the required alteration in aspect ratio using
a prism. Although a small scale test demonstrated the feasibility of this technique
the aberrations introduced were too large to be completely removed in a large scale
test.

The second method involved spherically aberrating the beacon which illuminated
the mirror, making it possible to record the required amount of spherical aberration
without the introduction of any off-axis aberrations. In this case, the large scale ex-
periment resulted in near-diffraction limited correction at the recording wavelength,
with the remaining error consistent with errors introduced by the non-common op-
tics and a mis-match in the spherical aberration coefficients for the lens and mirror.

The correction of the telescope at a wavelength other than the recording wave-
length was tested with the use of a CW frequency-doubled Nd:YAG laser, with the

final wavefront error consistent with theoretical calculations.



Chapter 5

Conclusion

Large aperture imaging devices, with their high angular resolution and light gath-
ering capabilities will always be necessary for lidar, surveillance and astronomical
applications. New technologies are reducing the cost of very large diameter tele-
scopes, but cheaper, simpler techniques are still desirable. One possibility is the
use of inexpensive, low-quality, spherical primary mirrors which are holographically
corrected to give diffraction limited performance over a narrow bandwidth. In the
course of my research I have demonstrated a method for producing a simple, compact
holographically corrected telescope using conventional optics.

The basic concept involves illuminating the mirror with a proximal laser beacon
and using the reflected light to form an image hologram of the mirror surface. The
hologram is then used as an optical element to correct for the aberrations of the

mirror in the focussed light from an object at infinity.

5.1 Theoretical Model

The modelling of the holographic correction of a general surface defect has led to
the derivation of an equation which can be used in calculating the correction factor
- the factor by which such a defect is reduced. The general nature of this formula

makes it suitable for the application to just about any scheme.
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5.2 The Off-Axis Design

The off-axis design has a recording beacon located at the radius of curvature at the
edge of the primary aperture. This beacon position will maximise the correction
around the edge of the mirror with the minimum correction at the centre. The
benefits of this scheme are that the best correction is applied to the largest area,
while the telescope maintains a clear aperture. This scheme also allows the recording
optics to remain in place for reconstruction of the hologram. The major drawback
is the necessary introduction of a large amount of off-axis aberrations which are
present on the reconstructed wavefront. These aberrations have to be removed from
the final wavefront or holographically recorded in the first place.

Experimental results proved that the correction of the mirror surface aberra-
tions and off-axis aberrations was fairly straightforward. The result was, in effect,
the production of a perfect spherical mirror which, when used to focus collimated
light, produced a spherically aberrated wavefront. The various schemes proposed for
removing the spherical aberration could not be easily incorporated into the off-axis
scheme and the best result, with a 450mm diameter F/6 mirror, was a reduction
in wavefront error from > 100 waves to ~ 5 waves of spherical aberration. Though
this is far from diffraction limited, this telescope would be suitable for ground-based
astronomy and lidar as it is better than seeing limited.

The correct amount of spherical aberration and astigmatism could have been
added using a secondary reflective optic on recording, which would cancel out that
which appears on reconstruction with both fixed and adaptive mirrors - a technique
which is used in many telescopes. Though these optics are not inexpensive, it should

be cost effective to produce large aperture telescopes by this method.

5.3 The On-Axis Design

The on-axis correction scheme involved placing the recording beacon at the centre of
curvature of the primary mirror. The correction in this case is largest at the centre
which is now obscured on reconstruction and is a minimum at the edge. The off-axis

experimental results, however, showed that corrected wavefront was limited by the
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geometrical aberrations and not the mirror surface aberrations, so this approach
is still practical. With the on-axis scheme there were no off-axis aberrations and
spherical aberration information could be including during recording.

Two spherical aberration correction schemes were evaluated; one with the neg-
ative aberration added into the reference beam and the other with the positive
aberration added in the object beam. The former met with limited success due to
the necessary introduction of slight off-axis aberrations which had to be removed
from the reconstructed beam. The latter idea, however, proved more successful.
Results showed that the heavily aberrated mirror (> 100 waves surface error) could
be holographically corrected to near-diffraction limited performance, with the re-
maining errors consistent with the limited quality of the non-common optics. The
broadband performance is consistent with theoretical predictions.

The final on-axis scheme (with spherical aberration correction) is not only a
simple and compact method of holographically correcting an aberrated spherical
primary, but makes use of readily available optical components and is well suited to
an increase in scale for larger diameter mirrors. Future work may concentrate on a

reflective secondary for the addition of spherical aberration on recording.

5.4 Applications for Holographically Corrected
Telescopes

The main advantage of holographically corrected telescopes is in the reduction in
mass and fabrication costs of a perfect primary, and in the ability to correct for
large changes in shape that may occur over a period of time. The major tradeoff is
the reduction in useful bandwidth.

In the case of lidar, the production of a holographically corrected primary is
relatively easy. Even with a fast, heavily aberrated mirror it is quite simple to
produce a seeing-limited primary. An added feature is the narrow band correction
and the angular dispersion of the corrected beam from the hologram which gives
increased signal-to-noise benefits.

For ground-based astronomy, the effect of atmospheric turbulence in distorting
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the beacon wavefront will make it impossible to produce a telescope that operates
at better than seeing-limited even with the more successful on-axis scheme. How-
ever, this may not be seen as too much of a limitation given the large increase in
light-gathering power that becomes available with this technology. Holographically
corrected telescopes are particularly well-suited to all-sky survey astronomy as many
receivers can be built, cheaply, which can be used to look at individual segments of
sky.

Space-based telescopes are an important area in which holographically corrected
telescopes could definitely make an impact. At the moment, the maximum diameter
for a telescope with a monolithic primary is limited by the size of the space shuttle
cargo hold, as in the case of the Hubble Space Telescope. To achieve further gains
In primary mirror area, it is necessary to either assemble the telescope from many
perfect segments or use an alternative technology. Holographic correction could be
applied to inexpensive inflatable or segmented primaries which would reduce the
need for exacting construction and transportation. While a space based telescope is
a long way off, holographic correction could definitely produce useful gains in this
field.

Lastly, it should not be overlooked that while holographic correction can be used
to produce larger telescopes, the same technology could be used in the construction
of a new generation of optical microscopes. Several schemes are available which

could increase the resolution as well as the working distance in microscopes.

5.5 Summary

The design analysisvand experimental results presented in this thesis show that
a simple, compact holographically corrected telescope constructed from a heavily
aberrated spherical primary mirror is a realistic concept. While research continues,
it is clear that this technology offers an important alternative to many present

telescope designs.



Appendix A

The Making of a Hologram

In this appendix, I will outline the equipment used in most of the experiments and

the procedure involved in exposing and processing a typical hologram.

A.1 The Table and Laser

The hologram itself is a recording of the pattern produced when two or more
coherent, waves interfere. There are several requirements for a successful hologram,
the first of which is a stable environment. The fringes on the plate can not be allowed
to move during the exposure as this will at least reduce the fringe visibility or destroy
the interference pattern completely. The two beams used in writing the hologram,
as well as all the optics involved, must be kept free from external vibration. To do
so, the holograms were made on a vibration damped optical table, which itself was
placed on vibration isolating air-legs. The table alone was too short for the large
mirror experiments, so an extension was constructed from steel [-beams. The design
is shown in Figure A.1. After construction the vibrations due to the cantilever were
found to be causing too much vibration so they were stiffened by adding planks
of ply-wood down the extended length of the beams. The vibration problem was
turther reduced by forcing both beams of the hologram to follow similar paths over
the table. This meant that not only did the object beam reflect off the large mirror
at the end of the table, but the reference beam also reflected off this same mirror

before spatial filtering. With this arrangement. exposures of up to about 13 seconds
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Figure A.1: A schematic of the table construction and mirror mount. The laser (not
shown) hangs beneath the centre of the optical table.
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could be tolerated.

The laser used in writing the holograms was a Russian-made HeNe laser (A =
632.8nm) capable of delivering 90—100mW of multi-mode power. With the inclusion
of the intra-cavity etalon, the single-mode power is 40 —65mW. The multi-mode op-
eration gave a coherence length of 100 —150mm and single mode operation increased
this to ~ 6m. Although such a large coherence length was available, path-matching
to within 50mm or less was still necessary since the laser tended to lose aligrlunentﬁ*
in a short period of time, due to thermal expansion of the aluminium laser mirror
mounts, which reduced the coherence length. The loss of single-mode operation
and general beam movement was less of a problem after the laser was allowed to
thermally stabilise over a period of about 3 hours.

Air currents were also a problem with such a large volume of air being traversed
on both recording and reconstruction. Since the laser was mounted beneath the
table, this caused hot air to rise around the edges. To reduce the effect of this
turbulence, a sheet of PVC was placed over the gap between the large mirror and
the table. Also, on recording, plastic sheeting was attached to the side of the
table which was raised to form a “wing” which reduced the turbulence near the
edge. These additions had a dramatic effect, both on the efficiency of the holograms
recorded, and the stability of the reconstructed image/interference pattern.

Two photographs of the laboratory and optical bench are shown in Figure A.2.

A.2 The Plate Holder

The holographic plates were held in kinematic holders for writing and reconstruc-
tion. The design of these holders is shown in Figure A.3. These holders allowed the
hologram to be placed in a given position for recording, removed for processing and
placed back in the same position for reconstruction. Most experiments had one
holder for recording at the centre of curvature of the mirror and another at the focal
plane. The images of the mirror formed at each plane had to be identical in position
and orientation. The position of the plate could be changed by simply adjusting

the translation stages to which it was mounted. For slight differences in rotational



116 APPENDIX A. THE MAKING OF A HOLOGRAM

Figure A.2: Two photos of the set-up used in the holographic correction of the large
slumped-glass mirror. The parabolic collimator is in the foreground (facing away)
and the large aberrated mirror is in the background.
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Figure A.3: The design of the holder (to scale). The large dashed rectangle indicates
the size and position of the hologram when in place. The dotted circles represent
ball-bearings and the crosses represent stainless steel studs. All dimensions are in
millimetres.
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orientation between the recording and replay holders, a small amount of tilt could

be applied by two screws at the bottom of the mount.

A.3 Exposure and Processing

In all of the experiments discussed in this thesis, the holograms made were trans-
mission phase holograms. Transmission holograms are made with the object and
reference beams incident on the plate from the same side. A phase hologram is
one in which the recording emulsion is bleached when processing in order to give
a grating composed of variations in emulsion refractive index. The procedure for
exposure and processing varied greatly over the course of this research in order to
improve the diffraction efficiency (7. - the ratio of the power in the first diffracted
order to the input power).

The holograms were recorded on Agfa 10E75 plate film cut to 2 x 2.5”. The
path-matched reference and object beams were qdjusted to have equal power at
the plate. The angle between them was minimised in order to reduce the spatial
frequency of the fringes at the plate (with 2sinf/) fringes per unit length for a
recording angle of § between the beams). The exposure energy was usually about
100-2004J which is much more than required (and specified) for an intensity holo-

gram. The processing of the holographic plate followed the following recipe;

Develop in Agfa Refinal or Kodak D-19 to O.D. ~ 2.
Wash in warm water (~ 50°C) for 5-10 mins.

Fix (if desired) in non-hardening fixer 40°C for 1 min.
Bleach for 1 min in bleach at 30°C (see recipe below).
Wash in flowing water (20°C) for 10 minutes.

Rinse in 50% iso-propanol (propan-2-ol) for 3 mins.
Rinse in 75% iso-propanol for 3 mins.

Rinse in 100% iso-propanol for 3 mins.

R e L o N

Allow to dry in air.
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Bleach Recipe (courtesy Australian Holographics Inc.);

Sodium Hydrogen Sulphate ....... 80g
Potassium Dichromate ... 5g
Water 1L

The temperature of the baths is especially important as it affects the efficiency
dramatically. The temperature of the wash in Step 2 was found to be critical. If
it is too hot, the emulsion will be damaged and cause a gradual fogging to appear
after drying. Although this fogging can be removed by breathing on the affected
areas, there is some loss of diffraction efficiency. Care should also be taken to ensure
that no dramatic changes in temperature occur between one bath and another as
this puts strain on the emulsion and results in increased scatter which, it is believed,
comes from minute tears and cracks. The rinsing in iso-propanol is designed to expel
the water from the emulsion. The successive baths of increasing concentration are
designed to do this gradually and not subject the emulsion to a sudden stress. Many
agents, such as Agapon (Agfa) and PhotoFlo (Kodak), are available to help dry out
negatives without leaving watermarks. These are just detergents which were found
to give poorer quality holograms when used instead of the iso-propanol baths. N.B.
Grease, naturally present on fingers, will cause spots to appear on the hologram if
they come into contact with the plate during processing. These spots increase light
scatter and as such reduce the efficiency of the hologram, so gloves were used at all
times during processing.

The application of these procedures usually resulted in a low-noise hologram
with a diffraction efficiency of 20-40% and a significant reduction in distortion of
the emulsion. The best hologram made by this method had a diffraction efficiency of
70%. Additional further information on processing can be found in References [87,
22, 48, 36] and [79]. Two photographs of a hologram reconstructed in white light

are shown in Figure A.4,
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Figure A.4: (a). A typical image hologram (D = 10mm), as seen reconstructed by
a halogen light. (b). A magnified view. Notice the “rings” present on the image of
the mirror surface. The smaller circles located at various points around the edge are
fiducials placed on the mirror to allow for accurate relocation at the reconstructing
image plane. Note the elliptical appearance due to the tilt of the plate.
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The Aberration Correction Factor

This appendix will provide a more detailed description of the derivation of the

formulae quoted in Chapter 2. The relative phase difference, A, has been defined

as;

N cos o
~ Acosf . (B-1)

with the recording and replay geometries as shown in Figures B.1 and B.2.

Beginning with the geometry for writing the hologram, we wish to find cos ¢;

z = R—\/R*-p2, (B.2)
22 = 2Rz—p%, (B.3)
where;
Py = U+ 0 (B.4)
From AOBG:

[ = Jy? + =22 (B.5)

cosy = — (B.6)

Vyi+a?
Now looking at an enlarged view of the portion of the mirror inside the mirror;

- Ayt (B.7)
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Figure B.1: The beacon illuminates the mirror from point B. A ray from the beacon
to a point D on the mirror surface will make an angle of a to the normal at that
point. The coordinates of the point D are (u,v).
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Figure B.2: An incoming ray, off-axis by an angle of magnitude ¢ and direction 8,
strikes the mirror at point D and makes an angle of 3 with the normal at that point.
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Figure B.3: A more detailed view of the geometry inside the mirror

From AACD:
g =a’+ c* — 2accos
2.2 _ 2
=> C050 P uc_—g
2ac
From AODB:

d® =t + 17 = 2cl cos §
Combining this with Eq. B.12:

d2=c2+12—l(a2+02—92)

a

Now a look at ADFB/FGB shown in Figure B.4;

R = R*+d® ~2Rdcosa

(B.11)
(B.12)

(B.13)

(B.14)

(B.15)



Figure B.4: Depiction of the geometry involved.

R* +d* —h*

along with,

gives;

R*+d*—(y—R)? -2z
2Rd

Cos ¥ =

Combining this with Egs. B.5, B.7, B.8, B.9. B.10 and B.14 gives;

2 2
2zu+ =2 4+ =L + 2Rz — s

cCosa =

2R\/x2+‘2xu—2Ry+y2+"—i'i+%'i+‘2}?:—yz

Rearranging Eq. B.3 will show;

2 2
U v
Y y

4 z

=2Ry — zy

This means that Eq. B.19 becomes;

zu+ Ry + Rz —y:=
RV/x? 4 2zu + y* + 2R- — 2y

CoOsx =
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(B.16)

(B.17)

(B.18)

(B.19)

(B.21)

Now we can have a look at the situation for reconstruction (Figure B.2). The
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Figure B.5: Possible geometries for different angles 6.

total angle for the incoming ray at any point on the mirror surface with respect to
the normal at that point is 3. We need to find cos .
Looking at ADJK;

q = (R—2)/cos¢ (B.22)
m = (R—2z)tan¢ (B.23)

We need to examine the various possible cases for the off-axis reconstruction.
These are shown in the figure above. In each case we can see that Z/GJK is either
(180 — 4+ 6) or (180 — &+ u). As it happens we are only concerned with the cosine

of this angle and in both cases the cosine will be the same, so all situations will be
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covered by the following formulae. From the diagrams;

n? = m?4pl — 2mpy, cos(180 — § — ) (B.24)
= m?+ p — 2mpy, cos(é — p) (B.25)
= m? 4 p2, — 2mpy,[cos b cos p + sin & sin p] (B.26)
= m?+ p2, + 2mlucosé + vsin 6] (B.27)
ADGK;
n’ = ¢*+ R*—-2qRcos B (B.28)
2 2 _ 2
., g+ R —n
3 = s B.29
= cos 3 2R ( )
Substituting in values for ¢ and n as calculated previously and reducing;
cosf = R — p2 — mfucosé + vsin ] (B.30)
qgR
_ (R—2)>— (R — z)tan ¢[ucos § + vsin ] (B.31)
R(R—2z)/cos ¢
= C();i(b(R —-z)— SIZ¢ [t cos & + v sin 8] (B.32)

Combining Egs. B.21 and B.32 in the form of Eq. B.1 we can calculate the total
relative path difference to be;
N (zu+ Ry + Rz — y=)

A ((R = z)cos ¢ — [ucosé + vsin é]sin @) /22 + 2zu + y° + 2Rz — 2yz !
(B.33)

A=

where z is the spherical sag as shown previously in Eq. B.2.
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Appendix C

Wavefront Analysis of

Interferograms

For an analysis of the interferograms in this thesis, a computer program was writ-
ten to calculate the peak-to-valley (W,,) and root mean squared (W,,,;) wavefront
errors as well as a surface contour of the aberrated wavefront (e.g. Figures 3.9(b).
& 4.11(b).). The following section aims to outline the theory behind this fringé
analysis. Much of this can be found in References [82, 55, 6, 72] and [37].

An arbitrary interference pattern formed hetween an unknown wavefront and a

plane wave reference beam has the form
u(z.y) = a(, ) + bz, y) cos[2n fo + &z, y)] (C.1)

where a(z.y) is the background intensity, b(z,y) relates to the fringe contrast, f,
is the carrier frequency and ¢(z,y) is the phase information we require. We can

rewrite Eq. C.1 as
uw(z,y) = a(z,y) + c(z, y)e?™ T + c*(z, y)e~ oz (C.2)

where

bz, y)e =) (C.3)

0=

C(‘r?y) =
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Figure C.1: The Fourier transform of the fringe pattern (simplified to 1-D) will have
a central peak with two peaks at £ f,. The two peaks at 0 and — f, are discarded
and the remaining peak is moved so that the maximum lies at the origin (dotted).

Taking the Fourier Transform of the image data u(z,y) we get U(f,y);
Ulf,y) = Af,9) +C(f = fo,9) + C*(f + for ) (C.4)

which is just the central peak A(f,y), along with two first order peaks at +f, either
side. Since the spatial variations of a(z,y), b(z,y) and ¢(z,y) are assumed to be
slow with respect to the carrier frequency, f,, it is possible to isolate one of these
peaks from the rest of the information in the Fourier domain. The broad peak
C(f = fo,y) is chosen and all other information in the Fourier space is discarded.
This peak is then translated by f, so that it now lies at the origin (Figure C.1). If

we now take the inverse FFT with respect to f we get ¢(z,y),
e(z,y) = %b(w,y)ei"s(z'y) (C.5)

which is just a DC term multiplied by the phase factor. This indicates that
the phase information é(z,y) can be retrieved and isolated from the carrier fringe

pattern. Once we have the phase factor we can calculate the extent of the deviation
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from a plane wave at every point on the image (s;; = o;(z,y)) and hence the
wavefront error. Normally, this wavefront error is defined in two ways; Peak-to-
‘alley (p-v) and Root Mean Squared (r.m.s.)

The p-v error is simply a measure of the maximum departure of the wavefront
from a plane wave, at any point on the wavefront. According to the Rayleigh
criterion, the maximum allowable p-v error due to spherical aberration for an optical
element to still be considered diffraction limited is A\/4 [7]. This has come to mean
that on an interferogram, the maximum allowed deviation of a fringe is 1/4 of the
fringe separation. It is now generally accepted that this type of measurement is all
but completely useless in determining the imaging capabilities of an optical element.
A mirror may produce an almost perfect interferogram but in one small, isolated
region the fringes could exceed the 1/4-wave limit. In this case, according to the
previous criterion, the mirror will produce images of less than perfect quality. In
fact this is not so as the error is only confined to a portion of the mirror surface and
so has little effect on the total imaging capability. The r.m.s. measurement seeks to
improve the significance of the measured amount of wavefront error on the overall
image quality. The phase deviation of the tested wavefront from a best-fit perfect
wavefront (s;;) is made at many different points over the aperture, and the r.m.s.

error is calculated from the following equation;

(C.6)

For the r.m.s. meaurement the diffraction limited condition is an error of \/14 or
less. Typically the r.m.s. value is about a factor of three to four times smaller than
the p-v error.

After calculation of the wavefront error, a surface plot of the reconstructed wave-
front can be obtained. A computer program was written according to this hasic con-
cept, with minor adjustments made to make it possible to detect wavefront errors
greater than £m. The results were compared to a commercial program which uses a

Zernike polynomial fit to the image data. and was found to give consistent results.
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Appendix D

The Distant Beacon

Although the idea of a beacon at infinity is impractical, a design incorporating a
beacon at a large distance is reasonable. Since the recording beacon is an approxi-
mation to an object at infinity, this concept has several benefits. Firstly, there will
be an increase in correction, allowing for a more aberrated primary. Secondly, an
amount of spherical aberration will be recorded which will partly correct for that
present on reconstruction from infinity. If the beacon is distant enough, the same
optics can be used for recording and replay which eliminates the problem of moving
the hologram [63]. If this is the case, a partially aberrated secondary could be used
with a minor reduction in field of view!.

With this basic design there are two possibilities, which I will call the active and
the passive beacons. With the active beacon, the light source is separate from the
telescope, and situated some distance away. With the passive beacon, the laser is
located at the telescope but is reflected from an unresolved source some distance
away. The choice of the most appropriate type will depend on the application for
the corrected telescope. The recording scheme for the active distant beacon is shown
in Figure D.1. The reconstruction set-up at the focal plane is the same as for the
proximal beacon.

The correction factor in such a scheme is found using Eq. 2.9. With an on-axis

'This distant beacon approach should not confused with a beacon af infinity which utilises a
collimated recording beam of the same diameter as the mirror, In this scheme. no large perfect
optic is required to provide the illuminating beacon.

133
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[ o i U i e e 1 Telescope

e + Reference Beam

Figure D.1: Active Distant Beacon: A laser beacon (spatial filter) illuminates the
aberrated primary from a distant location. A small portion of the laser beacon is
split off to be used for the reference beam.

beacon (z = 0) located at some distance y, and on-axis reconstruction;

VIR 4Ry
AR —z) Vy?+ 2Rz —2yz

-1 (D.1)

As demonstrated previously in this thesis, the correction factor provided by a beacon
at the centre of curvature is sufficiently large to allow correction of heavily aberrated
mirror. As the beacon distance increases further, so will the correction factor. As
an example, the minimum correction factor for beacon distances of y =R =52m,
y = 10R and y = 100R with a 0.86m aperture are A = 292, A = 1534 and
A = 14647 respectively.

With a beacon located at a distance other than the radius of curvature there will
be some amount spherical aberration recorded. This will then cancel out part of
the spherical aberration present when viewing an object at infinity. The amount of
spherical aberration recorded is found using Eq. 2.27, or the fifth order expansion,

Eq. 2.28;
w. — (B—y)lpt (R-y)(3y — 2R),®

4R3y2 8R5y3 (D'Q)
On replay, the remaining spherical aberration will be
4 3 6
Wyep = 4 2P (D.3)

4R> 8RS
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Figure D.2: A plot of the remaining spherical aberration error vs beacon distance,
y, for three different mirror speeds (D = 1m in each case).

The difference between these two quantities (AW = W, — W,..) will be the amount
of spherical aberration remaining;

Y2y —R)  p%(3y* — TRy + 2R?)

p
- 4 R%y? SRys

(D.4)

Obviously, AW — 0 as y — oc. As for finite values of y, the amount of spherical
aberration correction will depend heavily on the mirror dimensions. Figure D.2
shows the amount of spherical aberration (in waves) remaining as a function of
beacon distance for several different mirrors, all Ilm in diameter. It is obvious from
this plot that for the diffraction limited correction of spherical aberration. the beacon
distance involved is quite large. At a distance of even 100m over ground, light from
a beacon will become severely distorted by turbulence. It is for this reason that this
scheme was not tested experimentally. For a space telescope, however, where there
1s no atmospheric turbulence to overcome, this approach may be practical.

As a further extension of this scheme, the distant beacon needn't be on-axis. In
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fact, with several distant beacons, over a large area, the telescope could be corrected
over a large field of view in much the same way as guide stars are used in adap-
tive optics. Because the distance is large, the off-axis aberrations recorded by the
hologram are a close approximation to those which will appear on reconstruction in
exactly the same way as the spherical aberration. Now, however, the aberrations
introduced by the beacon can be used in order to increase the field of view. Given
a large enough beacon distance, there should be no real limit to the field of view
achievable with this scheme.

If the beacon is at a large enough distance from the primary, the imaging optics
could remain in place for reconstruction. This would also permit the secondary
to be partially aberrated as well. This is a return to the thick aberrator problem
discussed previously in Chapter 2. In this case however, the recorded wavefront is
almost identical to the reconstructing wavefront, so the recording and reconstructing
rays will follow nearly the same path. If the primary and secondary mirrors are not
too heavily aberrated, there will only be a small deviation of rays from two adjacent
field points, so the field of view will not be reduced significantly.

Even if the secondary is diffraction limited, the distant beacon approach would
allow the length of the instrument (minus the beacon) to be reduced to less than the
focal distance of the primary. For a space telescope, where large thermal gradients
will produce large expansions in both the primary and the framework around it, the
shorter the telescope, the less often a hologram will have to be recorded. In fact,
with the recording and replay optics as one, photo-refractive media might be used

for real-time holographic correction.

D.1 Summary

A distant beacon could be used to give an increased correction both for the inherent
random aberrations of the mirror and geometrical aberrations. Although this idea
would be impractical for producing diffraction limited ground-based telescopes, due
to the effect of atmospheric turbulence on the beacon light, it may be practical for

a space telescope or for ground-based lidar.
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Microscopes

Throughout this thesis, an evaluation of the imaging performance of a corrected
telescope was made using a resolution chart. The fact that the telescope has, in
that particular arrangement, produced high quality images of microscopic objects
seems to suggest that the correction of large mirrors could be applied to microscope
objectives. While the magnification provided by the reconstruction arrangements
was low, the following section will introduce several designs with both high magni-

fication/resolution and large working distances.

E.1 Microscopy

The angular resolution limit of a single optic is @ = 1.22A/D and the smallest
resolvable feature has a diameter d = 1.22A\/D where ! is the working distance (or
distance from the sample to the objective). To increase the resolution, a faster optic
must be used, which would suggest that we increase D and decrease [. In most
microscopes the objective is very fast and, in order to reduce spherical aberration,
generally quite small in diameter. These means that the working distances are very
small. In order to increase the working distance, a large diameter, diffraction limited
optic would have to be made which has no geometric aberrations, even if only over
a small field of view [77].

Several different methods have been used to overcome these limitations. A con-

focal microscope (CM), increases resolution {and contrast) at the expense of field of

i
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view [66, 76]. This is achieved by limiting the illuminating source and viewing region
by a circular or annular aperture (typically in the order of 1 — 10pm in diameter). A
magnified image is constructed by a raster scan of the sample beneath this point of
high (sub-micron) resolution. The working distance in a CM, however, is still quite
small and good-quality objectives are still required.

A second major type of instrument is the scanning near-field optical microscope
(SNOM) [70]. The SNOM uses a very small aperture/antenna as the source or de-
tector of radiation over a point on the sample. There are many variations on the
theme, but one basic design has a transparent object back-lit with the transmitted
light picked up by a fine-tipped, aluminium-coated fibre, and funnelled to a photode-
tector. By raster-scanning the tip close to the surface, an image can be constructed
with a resolution exceeding 10A. The working distance in this case is of the order
of 0.1 — lum with an aperture size of < lpm.

Such instruments provide ultra-high resolution but access to the sample is limited
due to the small working distances and true real-time observation over any extent of
the object is impossible. A useful instrument would be one in which a moderate field
of view can be directly viewed with high magnification and a large working distance
allowing access to the sample. In this appendix I will present a few possibilities
for a holographically corrected microscope which incorporate one or more of these

features, and have the benefit of using low-quality optical components!.

E.2 The Basic Concept

Holographic microscopy in a refracting system is not new (13, 39, 93, 69]; the basic
idea is shown in Figure E.1. A point source of laser light (smaller than the resolution
limit of the objective) illuminates the objective and the transmitted light is collected
to form a hologram with a diffractiop limited reference beam (Figure E.1(a).). This
scheme operates in almost precisely the same way as for the correction of a telescope

objective.

'V.B. While holography has been used in optical microscopy before. most of the applications
involve recording a hologram of the object, either for its high object information content [13, 39.
93, 89] or for optical filtering [29]. Most holographic correction schemes have concentrated only on
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(a).
Objective Lens
Hologram
Beacon
|
|
Reference Beam

(b).

Iris Objective Lens Reconstructed Image

Sample ’/

Hologram

Figure E.1: (a). Recording: A beacon (spatial filter) illuminates the objective with
the transmitted, aberrated light gathered by a secondary lens to form a hologram
with a diffraction limited, plane wave reference beam. (b). Reconstruction: The
beacon is replaced by an object. Light from a point on the object coinciding with the
previous position of the beacon will reconstruct the reference beam at the hologram.
An image of the object is formed by focussing this diffracted beam. An iris may
be required at the object plane to prevent light from other field points reaching the
hologram.
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On replay, the beacon is replaced by the object we wish to observe. This object is
lluminated with diffuse laser light, and the reflected light, from the previous position
of the beacon will be transmitted through the system to reconstruct the reference
beam. The object information is retained and this diffracted beam can be focussed
to form an image of the object (Figure E.1(b).). It is important to note that the
objective can have random aberrations of its own, though the holographic correction
is mostly aimed at correcting for the geometrical aberrations which presently limit
the size of current high magnification objectives.

The reconstruction set-up remains exactly the same as the recording set-up, with
the beacon replaced by the object. In this case, the reconstructing object wave will
be exactly the same as the recording wave. As a result. there is no real need for
a secondary lens to image the objective onto the hologram. The lens is retained,
however, as it still provides a demagnified image and removes the problem of speckle.

The hologram perfectly corrects for the aberrations in the image of the object
only at the point where the beacon was located. Ounce again. however, if the field of
view is too small, conventional raster-scanning can be used in the same way as for

a confocal microscope.

E.3 A Reflecting Microscope

The refracting microscope has appeal as it closely resembles the appearance
and operation of a conventional microscope. A holographically corrected, reflecting
microscope has the advantage over a refractor, in that good-quality, inexpensive
mirrors can be fabricated with larger F-numbers and with less material than lenses.
With conventional microscopes, a reflecting primary can be used, but the obscura-
tion of the reflected light by the on-axis object will degrade the image quality, while
off-axis aberrations prevent the use of even a small off-axis angle. In a holographi-
cally corrected microscope, however, these off-axis aberrations can be recorded and
removed since they remain the same on reconstruction. The basic scheme is shown

in Figure E.2. Note that in this case the mirror is quite fast and so the diffraction

the spherical aberration in the microscope optics.
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(a).
Hologram
Objective Mirror B
Reference beam
; Spatial Filter
(b).

Reconstructed Image
Hologram

Objective Mirror

Sample

Diffuse Light

Figure E.2: (a). Recording: The off-axis beacon illuminates the mirror and the
reflected light is gathered to form a hologram. Note that the focus (F) will be
severely aberrated. (b). Reconstruction: The beacon is replaced by an object
(luminated with diffuse laser light), and light from a point coinciding with the
beacon position will reconstruct the reference beam at the hologram as hefore.
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limited pinhole required will have to be very small (of the order of the wavelength of
the light used). An alternative to a pinhole would be to use an optical fibre drawn
out to have this diameter exit aperture. Such fibres are available for use in SNOMs.

This microscope has several advantages over other techniques such as confocal
microscopy. A large working distance has been retained, along with a high resolution.
Furthermore, the cost of fabrication has been reduced as the microscope uses a
reflecting objective which can not only be spherical, but can also have a poor surface

quality. The one drawback (as with most microscopes) is the limited field of view.

E.4 Increasing the Field of View

To increase the field of view, it would be necessary to record the hologram of an
infinite number of point sources over the extent of the object field desired. Recording
different holograms for different field points on the one photographic plate poses
the problem of multiple images on reconstruction. A solution to this is to record
an infinite array of point sources over the entire object field simultaneously. This
could be achieved using a particular type of holey film which is currently becoming
available [83, 60, 67]. If the diameter and separation of the point sources is below the
resolution limit of the objective, it will “see” what appears to be a large, coherently
illuminated field. The light will be focussed by the mirror as before, and a hologram
can be written (Figure E.3). On reconstruction, the holey film can be replaced by
the sample to be magnified. In this case however, since the hologram has already
recorded a wave from the entire field, the reconstructed image will also be corrected
over the same large field.

There are several important factors to consider with this concept. Firstly, if the
holey film is made optically flat (which would be ideal), then the object would not be
allowed much of a departure from this flatness since the correction of the aberrations
in such a fast system would be limited to a small depth of field. However, even if
this is a limiting factor, the microscope would still have a great potential in large
scale silicon chip manufacture, where a magnified view of a large portion of a chip

simplify defect detection [29)].
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o . F
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Holey Film
Spatial Filter
/
(b).
Reconstructed Image
Hologram
Objective Mirror
Sample
Diffuse Light

Figure E.3: (a). Recording: A spatial filter illuminates the holey film. The point
sources each diffract to illuminate the entire mirror. The reflected light is gathered
to form a hologram. (b). Reconstruction: The sample is placed where the film was,

The diffuse light reflected off the object will reflect off the mirror and reconstruct
the object - with full field of view.
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One benefit of holographic correction, however is that height information can be
obtained simply by keeping the reference beam present on reconstruction. The result
will be that the reconstructed reference beam (with the added object information)
will interfere with the reference beam proper. When these combined beams are
focussed to form an image of the object, the interference pattern will be present,
producing a fringe pattern over the image, with the fringes shifted laterally with
changes in height of the object. By a small movement of the sample towards or
away from the mirror the movement of the fringes can be observed and using phase
shifting interferometric techniques, a relief map of the surface can be determined to
a high precision (at least to A/10).

Finally, it is worth mentioning that this holographic scheme could be used for an
inexpensive, high magnification, large field of view photolithographic copier. This
idea has been tried by Ross et. al. [75], where an inexpensive off-axis reflective
arrangement was used for one-to-one copying of chips from a recorded mask pattern.
The results indicated that elements 1um in size could be faithfully reproduced with
an ['/2 mirror, proving that holographic correction of this sort can be used over
large fields. It seems from these experiments, and those detailed in this thesis, that

the holographically corrected microscope would be feasible.

E.5 Summary

As a further demonstration of the usefulness of holographic correction of aberrated
optics in general, I have outlined a scheme for a microscope. The technique is
basically the same as for the correction of a telescope but in this case the recording
and reconstruction arrangements are identical. The possible increase in field of view
and working distances which could be gained using this technique, along with the
large resolution while using inexpensive optical components, could prove to be useful

for many applications in microscopy.
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Publications

Holographic correction of large telescope primaries
by proximal, off-axis beacons

Geoff Andersen, Jesper Munch and Peter Veitch
Applied Optics - in press (VoA BF, Mo 4 po LB - 606, Fela | B

Abstract

Compact telescope configurations incorporating holographic correction of large, low-
quality primary collectors are demonstrated. Aberration correction is demonstrated
with an off-axis laser beacon located close to the primary. This arrangement results
in a compact telescope with minimum obscuration. The reduction of additional

off-axis aberrations introduced by the method is also demonstrated.

Introduction

Holographic correction of optical aberrations in very large. low cost, light weight
collectors is an attractive approach for applications ranging from space and lunar
telescopes to ground based lidar receivers. This approach may even permit the use
of structures such as inflatable balloons! as diffraction-limited optical elements in
telescopes and will thus extend the range of possibilities available to optical designers

for space experiments.
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In earlier research??, it was shown that a hologram can be used to correct for
large optical aberrations in an imperfect primary element of a telescope. In that
work, a distant laser source (the beacon) was used to record an image hologram of
the primary. This hologram was subsequently used as an optical element to remove
the aberrations, resulting in diffraction limited performance over a limited range of
wavelengths. One drawback which rendered the design somewhat impractical, was
the use of a distant laser beacon. The present paper concentrates on demonstrating
practical design approaches for bringing the laser beacon close to the telescope.

The basic concept of holographic correction of telescopes is an extension of the
work by Upatnieks et. al.* and Kogelnik and Pennington® and is described in detail
in reference 2. For completeness, we shall briefly describe the concept as illustrated
for a refracting telescope in Fig. 1. An image hologram of the aberrated objec-
tive is recorded using a beacon at infinity and a diffraction limited reference beam
[Fig. la]. If the beacon is used to reconstruct this hologram, the original diffraction
limited reference beam is recreated with the hologram effectively subtracting the
aberrations on the incoming beam [Fig. 1b]. If instead the incident light comes
from a distant object, the hologram will still subtract the aberrations but not the
object information, resulting in a reconstructed beam from which a diffraction lim-
ited image of the object can be produced [Fig. 1c]. This concept was successfully
demonstrated by correcting for large aberrations of up to 1000 waves. resulting in
diffraction limited performance with a useful field of view, for both refracting and
reflecting telescopes®. Broad-band operation, by the addition of an appropriate dis-
persive optical element, was also demonstrated®. In the latter case. the range of
useful wavelengths was found to be limited by the amount of correction required,
rather than the distortion commonly encountered when reconstructing a hologram
with a wavelength different from that used in the recording phase.

Although the distant beacon can be retained in certain applications. it is usually
desirable to minimise the length of the overall instrument. This can be accomplished
using several approaches. The particular solution employed depends on whether the
telescope is a refractor or reflector, on the severity of the aberrations to be corrected

and on design specific issues such as the F-number of the primary, obscuration and



147

the location of the holograms. In all cases there will be limitations to the degree of
correction achievable since there will be an increasing difference between the angle
of incidence of the light from a distant object and that from a point beacon as
it approaches the primary. This will result in an Optical Path Difference (OPD)
between the rays used to record the aberration and the rays from an object at
infinity that reconstruct the hologram. In addition, Seidel aberrations will appear.
For example, spherical aberration is not present in a hologram recorded using a
beacon placed at the radius of curvature of a spherical mirror. but will appear when
light from a distant object is imaged by the spherical mirror. These additional
aberrations need not detract from the advantages of holographic correction. They
can be completely avoided by using a beacon at infinity?, but this is not considered
a scalable or practical approach. Alternatively, they can be minimised by careful
positioning of the beacon, and, in the case of Seidel aberrations, they are known
and can be compensated for by using an appropriate computer generated hologram
or specially fabricated optical components.

In this paper we shall demonstrate the principle of an off-axis proximal beacon. In
order to better understand the optical system, we have chosen to used conventional
optics to correct for the induced aberrations. The advantage of the off-axis concept
will be shown to be lack of obscuration of the primary and better correction of the
useful part of the mirror, while the disadvantage is the introduction of correctable

off-axis aberrations.

Refracting Telescope

In the early work? we moved the beacon from infinity to a point closer to the tele-
scope, while keeping it on-axis and retaining common secondary optics for recording
and reconstruction. With this approach the proximity of the beacon was limited by
the magnification of the system, and the speed of the secondary optics. Further-
more, distortions were eventually encountered because the divergences of the beams
used to record and reconstruct the hologram were diffgrent. In this section we shall
discuss an experiment to overcome these limitations in a refractor design.

The experimental arrangement to investigate the off-axis concept for a refracting
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telescope is illustrated in Fig. 2. The primary was a simple, plano-convex lens with
focal length f = lm and diameter D = 0.37Tm. When used to image a distant
point source, it produced a minimum spot about 14mm in diameter, dominated
by spherical aberration. It was this aberration which was to be removed by the
holographic method. The beacon was placed off-axis to avoid obscuration of the
primary and to record and reconstruct the hologram without moving any optics.
The latter is a useful feature for future designs which may incorporate real-time
holographic correction. The small, diffraction limited, secondary lenses were chosen
to image the surface of the large aberrated primary lens onto the hologram with
equal magnification, and also to collimate the light incident on the hologram. Due
to the simultaneous magnification and imaging requirements, and a limited choice
of available lenses for use as secondaries, the distance to the beacon was 10m. The
distant object (a resolution chart) was located at infinity by using a 0.35m (14-inch)
diameter astronomical telescope as a collimator.

The image of the resolution chart, when observed by the uncorrected telescope,
was severely degraded by spherical aberration [Fig. 3a]. Using the hologram to
correct the aberrations of the primary lens, an image degraded only by astigma-
tism was obtained. This astigmatism arose from the off-axis beacon used to record
the hologram. It was found that the astigmatism could be partially corrected by
passing the reconstructed beam through a cylindrical lens, that was located near
the image plane of the primary, as shown in Fig. 2. With this arrangement we
achieved diffraction limited performance of the corrected telescope, using a primary
aperture of 200mm in diameter, as shown in Fig. 3b. With larger apertures no im-
provement in resolution was obtained and the image began to suffer from decreased
contrast. Although we did not investigate this limitation in detail, we attribute it to
uncompensated, higher order off-axis aberrations and inevitable differences in the
recording and reconstructing optical trains.

The experiment thus demonstrated that the introduction, and subsequent sub-
traction of off-axis aberrations is possible, but the concept was not pursued further

due to the scaling limitations of refractors.
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The Proximal Beacon in Reflecting Telescopes

In most reflecting telescopes, some obscuration will occur due to the secondary
optics. Additional obscuration due to the components required for holographic cor-
rection can be avoided entirely if the beacon is placed off-axis. A further advantage
of the off-axis scheme, as we shall show below, is that it provides the maximum
degree of correction over the largest area of the mirror, including perfect correction
at the edge of the mirror where maximum resolution is obtained. However, as with
the refracting telescope discussed above, the scheme introduces off-axis aberrations
which must be removed separately.

The off-axis reflector concept is shown in Fig. 4. The recording beacon is placed
at one edge of the primary aperture and at a distance approximately equal to the
radius of curvature of the mirror [Fig. 4a]. The hologram is located on the other
side of the mirror aperture. Subsequent reconstruction is on-axis, as shown in Fig.
4b. This was accomplished in the lab by physically moving the hologram from the
position of recording to that of reconstruction, whereas in a real telescope an optical
image relay system would be used.

This approach introduces new aberrations in addition to those of the low quality
mirror that the method seeks to correct. Since the hologram is recorded using
an off-axis beacon, it will contain off-axis aberrations, dominated by astigmatism,
which are not present in the on-axis reconstruction. Also, uncompensated spherical
aberration will be introduced during reconstruction, which is not recorded on the
hologram in this geometry. However, as these aberrations are known they can, in
principle, be removed.

The limit of the achievable correction of a surface defect is determined by the
OPD between the recording and reconstructing rays at the defect position. Fig. 5
shows the geometry used to calculate the OPD for two rays incident on a surface
bump of height k. The path difference (d) of a ray reflected from a perfect mirror
surface and one from the top of the bump is d = a + b = 2hcos «. Thus the total

OPD between the recording ray (angle o) and the reconstructing ray (angle 3) is

OPD = 2h(cos 3 - cos a) (F.1)
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For our off-axis scheme at the recording wavelength, with the recording beacon

in the  — z plane, the OPD at any position (u,v) on the mirror is given by

2h zu+ Ry + Rz — yz
. —(R -z F.2
OrD R [ V2? 4+ 2zu+ y? + 2Rz - 2yz ( ) (F.2)

where R is the radius of curvature and z = R — /R? — u? — v? is the sag of the
spherical mirror. When the beacon is placed at a distance y = R from the mirror

and at the edge of the aperture (z = p), this equation simplifies to

32
opp =2t |__rutR

— 2 92 2 ;
E VP Tomem Vv (F:3)

A plot of the relative path difference (OPD/h) is shown in Fig. 6 for a mirror
z=p=0.25m, R = 5.2m. The reciprocal, h/OPD, represents the correction factor
by which the height of a bump can be reduced using this method. Notice that there is
zero path difference around the edge of the mirror (correction factor is infinite). This
means that perfect correction occurs in the region of the mirror which does the most
work, while the minimum correction occurs at the centre, which. in most telescope
designs, will be partly obscured by the secondary optics. This minimum correction
depends heavily on the F-number (F' = R/4p) of the mirror. Better correction can
be obtained for a slower mirror (large F-number) as the angular difference between
recording and reconstructing beams decreases. However, in order to reduce the size
of a telescope, faster mirrors are generally used. Thus, for a compact telescope, a
compromise must be made between the severity of aberrations initially present in
the primary and the final surface accuracy desired. For a lidar receiver, for example,
a more imperfect, fast mirror could be employed as diffraction limited performance

over the whole aperture may not be required.

Large reflector experiment

The purpose of this experiment was to investigate the off-axis recording scheme
with a large, severely aberrated mirror to be used in high resolution applications
where the field of view is small. The experimental set-up was similar to that shown

in Fig. 4. The 0.9m diameter, F/3 mirror was made by slumping a flat sheet of glass,
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12mm thick, over a spherical mould in an oven. In the present experiment, where
precise interferometric diagnosis was required, we restricted the useful aperture to
0.5m to match the diameter of the perfect parabolic collimator available. The central
section of the mirror used may thus be described as an aberrated 0.5m diameter, F'/5
aperture, which focuses a plane wave to an irregular spot about Smm in diameter.
An interferogram [Fig. 7a] shows that the deviations from an ideal surface ranged
from 150 to 250 waves across the aperture.

An image hologram was made using bleached Agfa 10E75 plate film, to produce
a phase grating with high diffraction efficiency (n ~ 40%). The plate was placed in
a kinematic mount which allowed it to be replaced after processing to within ~ 1ym
of its original position. For reconstruction, the hologram was moved to an identical
on-axis mount at the focal plane of the mirror and was positioned using fiducials on
the mirror.

The light reflected by the aberrated mirror was directed through imaging lenses
onto the hologram. High quality camera lenses were used for imaging, producing a
near aberration-free, flat-field image on the plate. Due to the lack of depth of focus
of the lenses, the plate was placed perpendicular to the object beam. The imaging
lenses were chosen to image the mirror with the same magnification for both record-
ing and reconstruction. With this arrangement, the object beam reconstructed the
initial reference beam and perfect correction should result in a plane wave. De-
parture from perfect correction was detected by interfering the reconstructed beam
with the original plane wave reference beam. The astigmatism present in the recon-
structed beam was removed by two cylindrical lenses and an off-axis. tilted 10cm
focal length achromat, chosen experimentally to minimise the spot size of the fo-
cussed, reconstructed beam. This was done on the assumption that the hologram
had successtfully removed the intrinsic aberrations of the mirror, leaving only spher-
ical aberration and astigmatism. The result was a beam with elliptical cross-section
and nearly all of the astigmatism removed. The circular interferometric pattern was
produced by passing the beam through a prism to correct the aspect ratio.

An interferogram of the corrected beam, [Fig Tbh], shows that the surface aber-

rations of the mirror have been greatly reduced. but there remains a residual error
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of 7-8 waves, in a pattern consistent with spherical aberration. We have calcu-
lated that there should be 7.7 waves of uncorrected spherical aberration introduced
during reconstruction. In addition the theory predicts the remaining uncorrected,
random mirror aberration to be less than one wave. The results shown in Fig. 7b
are thus consistent with the theoretical predictions. The spherical aberration was
apparent in the focus of the reconstructed beam which consisted of a bright central
spot (~ l4um diameter) surrounded by a diffuse circular halo, 0.8mm in diameter
as compared to the diffraction limited spot diameter of 9um.

The spherical aberration cannot be corrected by using an appropriate secondary
mirror because the irregular way in which the rays reflect off the aberrated primary
requires that this correction be performed in the image plane of the primary. Several
other schemes were investigated to remove the spherical aberration from the recon-
structed beam. In one scheme, we placed a negative lens after the cylindrical lens
train, but this was not completely successful because the beam was elliptical and thus
the amount of spherical aberration removed in one axis was different to the other.
The best result achieved using this method was a reduction of the wavefront error to
4-5 v;/aves. An alternative method involved introducing the correct amount of neg-
ative spherical aberration in the reference beam during recording. We have shown
this method to work perfectly in a small on-axis experiment, where the diffracted
beam was free of off-axis aberrations from the recording beacon. This method is
not readily adaptable for an aberrated mirror due to additional constraints: In a
two-beam hologram, with the plate perpendicular to the object beam, the reference
beam is incident on the hologram at an angle producing an elliptical spot. This is
not a problem for a plane wave reference beam, as the wavefront is everywhere the
same. However, when the negative spherical aberration is introduced, the reference
beam must overlap perfectly the almost circular image of the mirror, so that the
spherical aberration is correctly recorded. To do this with the beam at an angle, the
aspect ratio of the reference beam must be adjusted using either a prism or a diffrac-
tion grating. When this is done, however, astigmatism is introduced, which added
to the astigmatism in the object beam, makes this aberration all but impossible to

remove from the reconstructed beam.
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We also attempted to remove the astigmatism directly by introducing the appro-
priate amount in either the object or reference beams. One approach was to place
the spatial filter at the centre of curvature of a smaller, perfect spherical mirror at
an off-axis angle which would give the amount of astigmatism necessary to cancel
out that from the large mirror. However, for a smaller diameter mirror, a much
larger angle is required, which gives rise to higher order aberrations. It should be
possible to remove completely the off-axis aberrations in the recording process if a
mirror of the exact dimensions of the aberrated mirror were used as the reflective
null. This would make sense only if a large number of aberrated mirrors required
correction at the cost of just one perfect mirror. A second possibility would be to
pass the reference beam through cylindrical lenses during recording. This was not
attempted since the only lenses available were simple lenses which give rise to other
aberrations. Alternatively, as previously mentioned, computer generated holograms
could be used to modify the reference beam in such a way that the correct amount
of off-axis aberration is introduced into the system. We are currently investigating

the practicality of such a scheme.

Conclusion

By analysis and experiment we have demonstrated the practicality and limita-
tions of holographic correction of an aberrated primary mirror in a scheme using an
off-axis, proximally located laser beacon. The off-axis arrangement has the bene-
fits of leaving a clear aperture as well as giving the most desirable correction, but
adds large amounts of astigmatism which must be corrected separately. We have
shown that the method reduces the mirror defects by the amount predicted by sim-
ple theory and we have also shown that the induced aberrations can be reduced
using simple optical components. Although the correction achieved was not perfect,
the system as demonstrated would be useful in applications such as lidar receivers
where a few waves of error can be tolerated. For diffraction limited designs we con-
clude that although the removal of the mirror aberrations is possible, the subsequent
correction of induced aberrations is not readily practical for small F-numbers using

simple optical components. However, since the aberrations introduced are known in
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principle, it should be possible to produce a small, exotically shaped reflective null or
computer generated, diffractive optical component® to correct for these aberrations.
Since these components are small and predictable, this added requirement does not

negate the benefits attainable from using a very large, low quality primary.
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Figure I'.1: The basic concept of holographic correction for a refractor: (a) A diffrac-
tion limited, collimated beam passes through the aberrated lens and a secondary
lens images the primary onto the plane of the hologram. A reference beam interferes
with this first beam to produce the image hologram. (b) The original diffraction
limited, collimated beam is aberrated by the lens before reconstructing the origi-
nal reference beam from the hologram. Since the object heam is the same as the
one used to write the hologram initially, the reconstructed reference beam will he
diffraction limited and aberration free. (c) If a distant object were used instead,
then the diffracted light at the hologram can be used to produce an aberration free
image of the object.
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Figure F.2: (a). Recording: The beacon illuminates the mirror from the centre of
curvature. The reflected light is collimated and the mirror is imaged by camera
lens L1 onto the plate were a hologram is recorded. The off-axis angle has been
exaggerated for clarity. (b). Reconstruction: Collimated light from the parabolic
mirror is focussed by the aberrated mirror and collimated by the second camera
lens, L2, to reconstruct the reference beam.
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Figure I.3: Results of the holographic correction applied to an aberrated 200mm
diameter, {/5 refracting lens: (a) The resolution chart as imaged on-axis by the
aberrated telescope, without correction. This scene includes column 2. (b) Magni-
fied central portion of the resolution chart after holographic correction and using a

cvlindrical lens to correct for astigmatism.
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Figure F.4: The off-axis scheme for holographic correction of a reflector: (a) A spa-
tially filtered beacon, placed at the off-axis position shown, illuminates the mirror.
A camera lens collimates the reflected light and images the mirror onto the holo-
graphic plate (H). The path-matched reference beam interferes with the ob ject beam
to form the image hologram. (b) On-axis reconstruction using a parabolic mirror
collimator to place the test beacon (spatial filter) at infinity. Off-axis astigmatism
is removed from the reconstructed beacon using a lens train as shown.
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Figure F.5: Geometry used in the analysis of the correction of surface defect: (a)
The off-axis ray from the beacon (B) strikes the mirror surface at P(u.v). at an angle
@ to the normal (a ray from the radius of curvature). The on-axis reconstructing
ray from infinity (I) forms an angle 3 with the normal at the same point. (b) A rayv
from the recording beacon is shown reflecting off a bump on the primary mirror.
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Figure F.6: Calculations of the expected correction from the off-axis scheme for a
reflector: The Relative Path Difference (OPD/#h) is plotted over the mirror surface
for a mirror with = p = 0.25m and R = 5.2m. The correction will be perfect at
the edge of the mirror where the OPD is always zero. The correction is a minimum
at the centre with a value of 0.0023. Thus a bump can be reduced in size by a factor
of (0.0023)~! = 433.
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Figure F.7: Results for large scale aberrated reflector: (a) Interferogram shows the
surface aberration before correction. (h) After the correction the remaining error is
T-8 waves.
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Abstract

We demonstrate a compact reflector telescope design incorporating the holo-
graphic correction of a large, low quality primary spherical mirror using a laser
beacon located at the centre of curvature. The simple design makes use of conven-
tional optics and is easily scalable to much larger apertures. Experimental results
indicate diffraction limited performance from a heavily aberrated 0.5m diameter

spherical mirror.

Introduction

In recent publications'~® we have described and demonstrated practical concepts
for using holographic optical elements to correct aberrations in large, low-quality
telescope primaries, for applications ranging from space or moon based telescopes
to ground based lidar. We have shown that a hologram recorded using a laser
beacon located in the far field of a telescope can correct a primary element with
hundreds of waves of aberrations to diffraction limited performance over a useful
but limited bandwidth'2. More recently® we have shown that an off-axis proximal
beacon can result in a useful compact design with no obscuration of the primary. The
latter approach suffered however, from a large amount of introduced astigmatism
which was difficult to remove with conventional optical components. While computer
generated holograms could be used to remove the astigmatism, we have chosen to
concentrate on a simpler on-axis configuration suitable for the correction of large

spherical surfaces. This approach is advantageous because it does not introduce any
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unnecessary additional aberrations, and can produce diffraction limited performance
from an inexpensive, low quality primary using simple. readily available optical
components.

The basic concept of holographic correction of a refractor telescope is reproduced
from Ref. 1 in Fig. 1. An image hologram of the aberrated objective is recorded
using a coherent light source (beacon) at infinity and a diffraction limited reference
beam [Fig. 1(a)]. If the beacon is used to reconstruct this hologram, the original
diffraction limited reference beam is recreated with the hologram effectively sub-
tracting the aberrations on the incoming beam [Fig. 1(b)]. If instead the incident
light comes from a distant object, the hologram will still subtract the aberrations
but not the object information, resulting in a reconstructed beam from which a
diffraction limited image of the object can be produced [Fig. 1(c)]. In this paper,
we will demonstrate for the first time, a compact adaptation of this concept which

uses a spherical reflector and a beacon located at the centre of curvature.

The Proximal On-Axis Beacon
The On-Axis Design

The most compact configuration for recording an image hologram of a spherical
mirror using a point-source beacon is shown in Fig. 2{a). The beacon is a diffraction
limited spatial filter located at the centre of curvature of the aberrated mirror. A
high quality camera lens (L1) is used to form a demagnified. flat-field image of
the mirror on the hologram. A hologram is recorded with this object wave and a
diffraction limited, plane wave reference beam:.

In a telescope, light from a distant object is brought to a focus at half the radius
of curvature of the mirror. In order to use the hologram as an optical element to
correct the mirror, the hologram must either be moved to the focal plane or, in the
case of modest aberrations, an image relay system could be emploved. Due to the
heavily aberrated mirror used, we chose the former solution in this experiment. In
Fig. 2(b), collimated light is focussed by the aberrated mirror. then re-collimated

by a second camera lens (L2) which also images the mirror on the plane of the
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hologram. The camera lenses must be chosen to give the same image magnification
on the hologram during recording and reconstruction and the hologram must be
accurately relocated so that its recorded image is congruent to the image in the new
location.

The reconstructing object beam will differ from the recording object beam in
two ways: spherical aberration is not present during recording but is present on
reconstruction, and the angular difference between the reflected recording and re-
constructing rays over the mirror surface will result in a difference in the perceived
height of a mirror deformation. Both of these factors will affect the fidelity of the

reconstructed reference beam, and will be discussed below.

Mirror Aberrations

When the recording and reconstructing rays differ in their wavelengths and angles
of incidence, the phase change caused by the reflection from an aberration will differ,
resulting in imperfect aberration correction. This effect has been calculated for a
completely general geometry*, hut for the present case, with the beacon on-axis,
it can be accomplished using the simplified arrangement of Fig. 3. An aberration
is assumed to be a bump of height h above the unaberrated surface. The angle
of incidence and wavelength of the recording ray are o and ) respectively. and the
corresponding quantities for the reconstructing ray incident on the same point are
o' and X. Assuming perfect imaging properties of the secondary optics, it is easily
shown that if the phase error due to the aberration recorded on the hologram is ¢,
and if the phase error experienced by the reconstructing ray from a distant object

is ¢, then the error in the resulting phase correction is

(F.4)

A A
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.

If the aberrated telescope was used to observe a distant object without aberration

correction, the phase error introduced would be ¢'. The factor K by which the error
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on the reconstructing ray is reduced by the hologram is thus

(F.5)

Kl=2=

Yo I:/\' cos 1:|
=2

A cos o
In the case of a spherical mirror used to observe a point at infinity, and a laser
beacon located at the radius of curvature of the spherical mirror, the expression for
the correction factor can be calculated to be,

A i

Kl=|"—r—"—r-1 F.6

where R is the radius of curvature of the mirror. r is the distance from the centre
of the mirror to the aberration and z = R/r. Assuming an identical wavelength for
recording and reconstruction, the correction factor is infinite at the centre and de-
creases towards the rim of the mirror. This is shown in Fig. 4. where the minimum
correction factor is shown as a function of mirror speed (F = z/4). As an example,
the minimum correction factor at the edge of a spherical mirror with dimensions,
R =5.2m and r = 0.225m, is 1067 which means that an aberration will be reduced

by at least a factor of 1000 anywhere on the mirror.

Spherical Aberration

With the beacon at the centre of curvature of the spherical mirror, there will
be no spherical aberration recorded. However, when reconstructing with a distant
object, spherical aberration will be present. A successful telescope configuration
must provide for the removal of this aberration. We have previously considered a
variety of possible options for the removal of spherical aberration®, and choose here
the simplest and most promising approach when the required amount of spherical
aberration is included in the object beam during recording, resulting in a recon-
structed object beam which is aberration free. The recording scheme used is shown
in Fig. 5. The beacon light produced by a diffraction limited spatial filter is passed
through a simple lens which introduces the spherical aberration and refocuses the
light to form a new, aberrated beacon. The positions of the lens and the spatial

filter aperture used are optimised with an optical ray tracing code to produce the
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spherical aberration required. From this point onwards the scheme is exactly as

before.

Results

We used a 0.9m diameter, 5.2m radius of curvature spherical mirror. made by
slumping 12mm thick plate glass. The wavefront error is up to 100 waves and
the uncorrected focal spot is 3mm in diameter. In this experiment we tested only
the central 0.45m diameter portion of the mirror, as this was the diameter of the
diffraction limited parabolic mirror available as a collimator. An interferogram of
this central portion is shown in Fig. 6(a).

The spherical aberration was added to the object beam using a plano-convex
singlet (d = 30mm, f = 100mm) as described above. The optimised distance
between the lens and the spatial filter was 179.9mm which resulted in a residual peak-
to-valley error of A/10 over the entire aperture. This limit is due to the mismatch
between the spherical aberration from a lens and a mirror. It was also calculated
that a positioning error of &Imm would increase the residual error by only \/10
and an error of +5mm would give an increase of A\. The mirror was imaged with
a 100mm camera lens and the hologram was constructed with a diffraction limited,
collimated reference beam. The bleached hologram was recorded on Agfa 10E75
plate film using a HeNe laser (A = 632.8nm) and was ~ 10mm in diameter. The
typical diffraction efficiency was 40%.

The hologram was reconstructed using a collimated beam produced by a spatial
filter at the focus of a parabolic mirror (f = 2m, d = 450mm). The aberrated mirror
was imaged with a high quality zoom lens, adjusted to give the correct image size
at collimation. The reconstructed beam emerged from the circular hologram at an
angle, and therefore had an elliptical cross-section. The aspect ratio was corrected,
when necessary, by passing the beam through a prism or by simple digital image
processing.

The reconstructed beam was compared interferometrically to the original refer-
ence beam used in recording. The results are shown in Fig. 6. and indicate a final

wavefront error of A/2 peak-to-valley and 0.11A rms. The residual wavefront error
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was limited by several factors. Firstly, errors introduced by non-common optical
elements used in either recording or reconstruction, including the parabolic mirror,
increased the error of the final wavefront. The parabolic mirror was tested by the
manufacturers and specified to have an error of 0.23)A peak-to-valley (0.04\ rms)
with an overall figure similar to that of our reconstructed wavefront. A further
0.03A rms wavefront error was expected to remain due to the uncorrected spherical
aberration.

The calculated correction factor for this experiment has a minimum value of
1067 [Fig. 4] at the mirror edge. From the interferogram in Fig. 6(a), we can see
that the maximum error of the mirror close to the edge is ~ 100\, implying that
the maximum uncorrected surface error will amount to A/10 or less at the edge.

The telescope was also tested as an imaging instrument by placing a resolution
chart at the focus of the parabolic collimator and illuminating it with diffused laser
light [Fig. 7]. The first image shows the imaging before correction with Columns 2
and 3 heavily blurred. After correction, the image of the chart is resolved to Column
7 Line 3, which corresponds to diffraction limited performance for the mirrer in this
configuration. The field of view is difficult to assess due to the small field of view of
the collimator itself, but the resolution chart does maintain a sharp image quality
over the whole pattern.

As demonstrated previously?, the holographic concept has a bandwidth limited
by the magnitude of the surface errors to be corrected. From Eq. F.6 we can predict
the correction for different wavelengths. For a hologram written in the red (A =
632.8nm) and reconstructed in the green (X = 532nm), the calculated correction
factor is ~6.3. Although this would not result in a high resolution telescope at this
wavelength we present experimental data to further verify the theory. We used a
CW, doubled-YAG laser to reconstruct the hologram. giving the results shown in
Fig. 3. The correction factor suggests that for every six fringes on the interference
pattern of the uncorrected mirror [Fig. 6(a)] there should be one fringe on the
corrected pattern at this wavelength [Fig. 8(a)]. This indeed seems to be the case.
The resolution is indicated by the image in Fig. 8(b). Column 3 Row 6 (14.3

lines/mm) can be resolved in the vertical direction and Column 4 Row 3 (20.1
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lines/mm) in the horizontal.

Conclusion

We have presented a compact design for the holographic correction of a spherical
reflector telescope. The design included a method of incorporating spherical aber-
ration correction during the recording of the hologram to cancel out that which is
present when imaging a distant object. We have demonstrated the successful ap-
plication of this scheme in correcting a large diameter, heavily aberrated telescope.
Diffraction limited correction is implied, with the remaining error consistent with
the limited quality of non-common optical components used. The correction scheme
was purposefully designed using conventional optical components with a view to
scalability. These experimental results indicate no limit to the size of an aperture

which could be corrected by this method.
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Figure F.8: (a). Recording: A plane wave is focussed by the aberrated primary. The
light is collimated and an image hologram is constructed. (b). Reconstruction: Col-
limated light passes through the telescope making an object wave identical to that
used in writing the hologram. This object wave reconstructs the original reference
beam. (c). Imaging: Instead of collimated light, a distant object is viewed with the
telescope. The additional object wave information is retained in the reconstructed
reference beam.
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Figure F.9: (a). Recording: The beacon illuminates the mirror from the centre
of curvature. The reflected light is collimated and the mirror is imaged by the
camera lens on the plate where a hologram is recorded. The off-axis angle has been
exaggerated for clarity. (b). Reconstruction: Collimated light from the parabolic
mirror is focussed by the aberrated mirror and collimated by the second camera
lens, L2, to reconstruct the reference beam.
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Figure F.10: A ray from the recording beacon is shown reflecting off a bump on the
mirror surface (at A) at an angle o to the mirror normal (R). The phase difference
between this ray and one which would have reflected off an unaberrated mirror (at
B) is ¢ = (AB + BC)/27xA = hcosa/7A. A ray on reconstruction will make an
angle o’ to the normal at the same point A.
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Figure F.11: The minimum correction factor (KX) is plotted as a function of mirror
speed, F' = z/4. For example, with an F/5.8 mirror, the minimum correction
(which is at the edge) will be 1067. As we move towards the centre of the mirror,
the effective speed decreases and the correction factor will increase until it reaches
an infinite value at the centre.
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Figure F.12: Recording: The beacon light is spherically aberrated using a simple
plano concave lens. The focussed light then continues on to illuminate the mirror
as per usual. The off-axis angle has been exaggerated for clarity.
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Figure 4.9, page 96

Figure 4.10, page 97

Figure F.13: (a). Before correction. The interference pattern shows the wavefront
error over the 0.45m aperture. (b). After correction.
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Figure 4.13, page 101

Figure 4.14, page 102

Figure F.14: (a). USAF resolution chart before correction - showing Columns 2 and
3. (b). After correction showing the bars resolved to Column T Line 3.
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Figures 4.15 (a) & (b), page 104

Figure F.15: (a). The interference pattern for reconstruction at A= 332nm. (b).
The resolution chart image at the same wavelength.
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