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ABSTRACT

A major paradigm shift in the design of large telescopes is currently in progress. In order
to increase the size of a telescope primary mirror, current designs use mirrors that are
comprised of multiple segments instead of one monolithic piece. While this approach
allows for larger primary mirrors than the monolithic approach, new challenges arise.
One of the primary challenges is to accurately, rapidly, and cost-effectively test the
multiple asphere segments.

This dissertation provides a thorough design analysis and experimental validation
on a novel method, proposed by Burge and Anderson, for measuring off-axis aspherical
surfaces using test plate and computer-generated holograms. This new method is optimal
for measuring segments of aspheric primary mirrors, and can be applied to any aspheric
surface, convex or concave. It interferometrically compares the aspheric surface with a
nearly matching spherical reference surface and uses CGH to compensate the aspherical
departure. Like other Fizeau-type interferometric tests, high accuracy is achieved
economically since the spherical reference is the only surface that directly affects the
measurement. This technique is optimal for testing primary mirror segments where all
the different off-axis pieces of the asphere can be measured with a single test plate,
replacing only the smaller hologram. The most important property of this test for
segmented mirrors is the fine control of the curvature provided by using a reference plate

in close proximity to the aspherical surface being measured. This allows all the segments
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to be separately manufactured, assumes that they will fit together to form a single
aspheric surface.

In this dissertation, I examine, optimize, and validate this novel method, making it
readily available for future telescope designers/manufacturers. First, the quantitative
analysis on how segmentation tightens the testing requirements during fabrication and
alignment provides valuable information in determining essential telescope parameters
such as segment size, F/#, fabrication and alignment specifications. Secondly, the
detailed optimization processes show how the test system can be designed and built to
achieve high accuracy with maximum cost effectiveness. Lastly, the experimental data

successfully validate the test and the method of design and analysis.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Advancements in instruments used for scientific research bring major advances in
science. This is especially the case in observational astronomy, where majority o fits
scientific research is based on the amount of light collected by an instrument -- the
telescope. More information can be extracted if more light is collected.

The promise of obtaining more light, thus more information, from very faint
objects is one of the principal motivations for building larger telescopes. The light-
gathering power of optical telescopes increased steadily since Galileo’s, but up until 1948
when the famous 5-m Hale Telescope at Palomar Mountain was completed' (Figure 1-1).
Then in the 1980’s, new approaches to large mirror fabrication emerged, and one result is
the world first and largest segmented telescope. The twin W. M. Keck 10-m telescopes
each has a f/1.75 10-m primary that is made up of 36 pieces of 2-m hexagonal segments
(Figure 1-2). The W. M. Keck observatory is located in Mauna Kea (Hawaii) and was
completed in 19927 (Keck 1) and 1996 (Keck 2)°.

Segmentation solved one of the two major problems facing ground-based
telescopes, i.e. the ability to gather more light. The other technology hurdle was image

degradation due to air turbulence. In the past, this turbulence limited image angular size



to 0.5 arc second regardless of telescope size. The Hubble Space Telescope (HST)

achieves 0.1-arc second image resolution with a 2-meter primary mirror because it orbits
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Figure 1-2°". One of the Keck telescopes as it is
situated inside the dome. A mosaic of mirror
segments is pieced together to form a larger
continuous primary mirror for this telescope.

*ILLUSTRATION 8Y TOM CONNELL/WILDLIFE ART LTD.
FROM THE READER'S DIGEST "ATLAS OF THE UNIVERSE®

outside of the atmospheric layer. Air turbulences have been preventing ground-based
telescopes from reaching the diffraction-limited image size set by the fundamental wave-
behavior of light.

Fortunately in recent years, application of a new emerging technology, adaptive
optics (AO) where atmospheric blurring is corrected real-time, allows ground-based
telescopes to achieve diffraction limited image size. The diffraction-limit is determined
by the diameter (D) of the telescope and the wavelength (1) of the light used. At the
diffraction limit, the angular resolution is proportional to A/D. With the help of AOQ,
ground-based telescopes can now compete and compliment space-based telescopes in
performance. For instance, the Keck telescopes complimented with AO and 16-fold
increase in collecting area, have achieved a sharp 0.025 arc second angular resolution®, a
factor of 4 improvement compared to the Hubble Space Telescope’s 0.1 arc second

angular resolution.
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Since the atmosphere absorbs heavily in certain wavelength range, there will
always be a strong case for designing, launching and maintaining a space telescope.
However, with recent advancements in telescope fabrication and adaptive optics
discussed above, ground-based telescopes remain competitive with their performance. In
addition, for the cost reason alone, ground-based telescopes will have larger primary
mirrors that have more light-gather power than space-based telescopes for the foreseeable
future’. For example, in the last 1-2 years, there has been an ambitious proposal for
building a 100-m ground-based telescope'’.

On one hand, segmenting large primary mirrors into s maller mosaics o f pieces
makes fabricating, testing and transporting these giant mirrors (up to 100-m) feasible. On
the other hand, segmentation brings new technical difficulties and challenges to different
aspects of constructing and operating these telescopes. In optical testing, segmentation
tightens the requirements on measurement and alignment accuracies of each mirror

segments.

1.2 MOTIVATION FOR CURRENT WORK

The demands for measuring segments from large telescopes are unique. In addition to
requiring accurate, low noise measurements, the test for segmented optics must meet the
following requirements:
l. The relative radii of curvatures (ROC) need to be matched to an
interferometric tolerance. When this requirement is not met, residual local power

from segments degrades overall telescope performance significantly.
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2. The mirror segments must be positioned accurately. This is because
primaries get faster and larger, the aspherical departure of the segments
(especially the outer segments) increases. If segments are not oriented and/or
positioned correctly, their aspherical departure can no longer match the parent
mirror. This can degrade the overall telescope performance considerably.

3. The measurement time for testing individual segments must be minimized.
With primary mirrors getting larger, the number of segments increases drastically.
For some current primary designs, a fabrication-testing rate of 1 segment per 24
hours is demanded.

Traditional asphere tests fail to address these issues unique to the segmented mirrors.
The first telescope using the segmented mirrors, Keck Telescopes (1977-1993), has 36
pieces hexagonal segments and they were tested using time-consuming autocollimation
method®. Using the same method to test nearly 1,100" pieces of I-m segments that is
proposed for the California Extremely Large Telescope (CELT) is impractical. This is
because the primary mirror of CELT is 3 times larger than that of the Keck and uses 30
times more segments must be tested (Figure 1-3).

To summarize, the traditional asphere testing method fails to address unique
requirements of testing segmented mirrors in several ways: (1) no built-in mechanism for
establishing relative radius of curvature to interferometric tolerances, (2) no mechanism
to establish accurate axis location for each segment, and (3) no efficiency in testing large

quantities of segments due to lack of built-in alignment accuracy.
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10-m

Keck

30-m

CELT

Figure 1-3 Geometry of California Extremely Large Telescope (CELT) primary

mirror (£/1.5). The Keck mirror (f/1.75) geometry is shown to scale for

comparison.

1.3 TOPIC OF RESEARCH

A new method, specifically designed to test large quantities of mirror segments in an

, pioneered

accurate and efficient way is the topic of this dissertation. This new method

compares concave mirror segments to a matching-in-

3

1

by J. Burge and D. Anderson'”

Small CGHs (approximately

size convex spherical reference surface of a test plate.

30mm in diameter) are used to compensate aspherical departure of the segment from the

reference surface. The reference surface is chosen to be spherical so it can be very cost

effectively manufactured to high accuracy. Since all segments are compared to the same
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reference surface located in close proximity to the segmented mirrors, this test provides
excellent matching of radii of curvatures. Test of different segments is made by
replacing only the CGH and making no other alignment after the initial alignment.
Position of mirror segments are accurately registered using fiducial marks on the
hologram that are projected on the test plate. More specifically, this new method has the
following significant advantages:
1. High accuracy —achieves A/100 RMS or better.
2. Low cost — requires only one highly accurate spherical reference surface
to test all segments.
3. Simple to implement -needs minimal vibration/noise suppression due to
its near-common path configuration
4.  Excellent radius matching —can achieve < 0.010um PV power in surface.
5. Accurate axis location -achieves high accuracy in absolute segment

placement.

1.4 DISSERTATION CONTENTS

This dissertation presents a comprehensive analysis of the novel measurement method.
In this dissertation, I first quantify how segmentation tightens testing requirements
through series of simulation and theoretical calculations. Next [ present a thorough
investigation on the new method of testing aspherical segments where topics include:
design trade-offs, optimization, experimental validation, and detailed error analysis. The
objective of this work is fourfold. First, scrutinize the effect of segmentation on

telescope performances. Second investigate design trade-offs and streamline the
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optimization process. Both theory of operation and process of optimization are
documented. Third validate this new method by providing experiment results so
comparison can be made to traditional methods. Last, illustrate, through a case study,
how to use this method to design a test system for measuring segmented mirror telescope
(including error analysis).

This dissertation begins with an explanation on how segmentation tightens the
testing requirements in Chapter 2. Segmented mirrors are sensitive to errors in the rigid
body position of the mirror segments and to other errors that easily compensated for
monolithic optics. This chapter mathematically quantifies how different fabrication and
alignment errors degrade the telescope performance. This provides a strong motivation
for introduction of the new method investigated by the author.

The theory of operation for the new method of testing aspherical mirror segments
is documented in Chapter 3. The first part of this chapter provides a short summary on
disadvantage of traditional aspherical testing methods in measuring the segmented
mirrors. The second half of this chapter describes designs of each of the optical
subsystems. Details such as advantages of this new method are also discussed.

Since one of the most import aspects of this new method is its inherent efficiency
in testing large quantities of aspherical mirror segments, chapter 4 is devoted to the
optimization of this method. This chapter documents the complete optimization process

for designing and optimizing a test system to measure off-axis aspherical mirror

segments.
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Experimental data supporting the accuracy of this test is documented in Chapter 5
where a laboratory demonstration of the test method was performed. In this experiment,
the CGH test method is used to measure a 30-cm spherical surface with known quality
and the measurement result agreed with a conventional method to 3.7nm, within the error
budget of 3.9nm for the test.

Chapter 6 gives a detailed case study that for testing a F/1.0 30-m parabolic
primary mirror with 618 hexagonal 1-m segments using this new method. The design of
this test system follows steps laid out in chapters 3 and 4. Tolerance analysis for this case
study is the subject of Chapter 7. Even though the results obtained in this chapter pertain
to a specific test system design, the process itself stays the same and can be applied to
other test systems. Finally, Chapter 8 summarizes the results of this work and provides

suggestions for future applications.
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CHAPTER 2

SEGMENTATION TIGHTENS TESTING REQUIREMENTS

Segmented mirrors are sensitive to unique fabrication and alignment errors that are easily
compensated for menolithic optics. Positioning errors such as piston and tilt, both are
easily adjusted by shifting the location of the image plane for monolithic optics, can not
be easily adjusted for segmented optics. This is because, with segmented mirrors, each
segment may have a different piston and/or tilt error compared to other segments. As a
result, these once benign alignment errors now lead to image degradation compared to the
ideal diffraction limited case for the segmented optics.

In addition, segmented optics is sensitive to fabrication errors that are easily
compensated for monolithic mirrors. For instance, radius of curvature error degrades the
system performance in segmented mirrors whereas, in a monolithic mirror, a simple re-
location of image plane compensates such error. Also, if aspherical profiles of segments
are themselves erroneous (either caused by fabrication error or misalignment with respect
to segments’ mechanic features), higher order aberration results.

This chapter quantifies how these unique fabrication and alignment errors degrade
the system performance of a segmented telescope. Organization of this chapter is as

follows. Sections 2.1 gives definitions and an overview of five types of fabrication and
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alignment errors unique to segmented optics. In Section 2.2 mathematical expressions on

how these errors degrade the overall system performances are given.

2.1 FIVE ERROR SOURCES UNIQUE TO SEGMENTED MIRRORS

Five error sources unique to segmented mirrors are: matching of piston (or phasing) error,
tilt (or pointing) error, power or (radius of curvature), translation (or segment)
positioning, and rotation (or segment orientation). In this section, we first give definition
for each error and then give corresponding mathematical expressions of the performance
degradation.

To visualize how each type of the errors affects the overall phase wavefront of the
parent mirror, two simulated plots’ are provided: (a) phase map of the parent mirror and
(b) interferogram of corresponding wavefront. Phase maps and the corresponding
interferograms are produced using Monte Carlo calculation by following these steps:
Generate n Gaussian distributed random values a; (i=1/, 2, ...., n), where n is number of

the segments in the primary.

Specify wavefront error, Aw;, for each segment i (i=/, 2, ..., n). Pupil dependence of Aw;

varies as the type of the error that is being simulated. Magnitude of Aw; is o

generated in step 1.

' Collaborated with Mr. Y. Wang
Department of Information Engincering
ShiJiaZhuang University of Economics
ShiJiaZhuang, China
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Generate the full aperture wavefront of the parent mirror, AW, which is the sum of all

AWi‘ i.e.,

AW =3 aw, [2.1]

i=1
Compute the corresponding interferogram using equation [2.2]
I(x,,y,)=05 +O.5(cos(27” AW)) , [2.2]

where AW is found in equation [2.1].
2.1.1 Phasing or piston error

Phasing error has been well studied'*'>'¢!71819 404 jts importance is readily appreciated.
To achieve diffraction-limited performance, a segmented mirror telescope must be
phased, that is the piston errors between segments must be reduced to a small fraction of
wavelength.  This enables individual images from each segment be superimposed
coherently. A poorly phased telescope can only achieve resolution limit set by the size of
the segment not the full parent aperture.
We quantify the effect of piston error as a wavefront error across the segment

given by:

AW (x,y)=2 a; [2.3]
where,

Aw;(x,y): wavefront error of the ith segment in the pupil coordinates (x,y)

ith segment’s random piston error at the segment surface,
measured in waves

i
Piston error is illustrated below where o;’s are selected from a random Gaussian
distribution with zero mean and standard deviation of 6. Figure 2-1 shows how random

piston error affects the full aperture wavefronts. Figures Figure 2-2 and Figure 2-3
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depict the interferograms of the wavefront corresponding to RMS piston error with

¢ =0.05 A and 0.15 A respectively.

Figure 2-2. Interferogram of the primary

when RMS piston error is 6=0.05 A.

Figure 2-1. Phase map of the full
aperture. Standard deviation of the
piston error is 6=0.15 A.

Piston

Cmarons =] 641€01
£ wonan vo-] SR2E Q2

Figure 2-3. Interferogram of the
primary when RMS piston error is
0=0.15 A.
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2.1.2 Tilterror
The individual segments must be matched in their tilt. We quantify the effect of tilt error
as a wavefront error across the segment given by:

Aw; =2 [fi(x/ag) + ¥ (/ay)], [2.4]

where,
Aw; (x,y): wavefront error of the ith segment, in pupil coordinates (x,y)

ap: segment radius
Bi.vi: random x-tilt and y-tilt errors, at the segment surface, for the ith

segment

Tilt error is illustrated below where Bi’s and vy;’s are selected from two independent
random Gaussian distributions with zero mean and same standard deviation op=0,=C.
Figure 2-4 shows how random tilt errors affect the full aperture wavefronts for a RMS
tilt errors of 5,=0, =0.15 A. Figure 2-5 and Figure 2-6 depict the interferograms of the

wavefront corresponding to 6,=0y =0.05 % and 0.15 respectively.

2TED

Figure 2-4. Phase map of the full
aperture when random tilt error is
present. Standard deviation of the

piston error is 6=0.15 A.

230"
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Coasman ve? 6i X 91
Cataran v -} 05431

Figure 2-5. Interferogram of the primary Figure 2-6. Interferogram of the
mirror when RMS tilt errors are primary mirror when RMS tilt errors
op=0y =0.05 A. are op=0y, =0.15 A.

2.1.3 Unmatched relative radius of curvature (ROC)

Radius of curvature must also be matched in all the segments. The radius of curvature
(ROC) error varies as the square of radial position in segment. We quantify the effect of
tilt error as a wavefront error across the segment given by:
AW, = 2S; (a/ay)’ [2.5]
where,
Aw;(a.0): wavefront error of the ith segment, in pupil coordinates (p, 6)
Si: random sag error for the ith segment
ap: segment half-diameter

Sag error is illustrated below, where the magnitude of the error in each segment, S;, are

generated through a Gaussian random variable with zero mean and standard deviation of
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o. Figure 2-7 shows how random sag error with RMS o= 0.15 A affects the fuil aperture
wavefronts.  Figure 2-8 and Figure 2-9 depict interferograms of the wavefront

corresponding to RMS sag errors of 6= 0.054 and 0.15A respectively.

4EN

Figure 2-7 Phase map of the full
aperture. Standard deviation of the sag
errorisc=0.15 4.

Power

Patahas ve1 1 786Gt
Dematin =1 109E 01

DeaMax Vo2 85541
Datatan ‘i1 SME T

Figure 2-8. Interferogram of the primary Figure 2-9 Interferogram of the primary
mirror when RMS tilt errors are 6 =0.05 A. mirror when RMS tilt errors are
c=0.15 .
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2.1.4 Segment positioning or rotation error

Three types of in plane position errors of segment are rotation, radial translation, and
tangential translation (Figure 2-10). Rotational and translation errors or misalignment
refer to clocking and radial shift of the segment. These displacements introduce lower
order wavefront error, whereas, due to symmetry, the tangential displacement of the
scgment does not. Unlike previous three errors, the effect of rotation and radial

translation errors depend on the segment size and on the parameters of the parent mirror.

radial translation

rotation
(or clocking)

To mirror center

Figure 2-10. Three in-plane displacement errors are: rotation,
radial displacement, and tangential displacement. Due to
symmetry, only the first two types introduce lower order

aberrations.

To model the rotation and translation errors, we have to first find the aspherical
departure, A; (a,0), of the segments in the local segment coordinates (a, 0) and then use

Eqn.[2.6] to calculate the induced wavefront error due to these displacements.
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s, = (),
[2.6]
Aw, = Z—'Z(AB)’,

where,

Ai(a,6): aspherical departure of the ith segment, in local segment

coordinates (a, 0)
4b;:  random radial translation error of the ith segment

46;:  random rotation error of the ith segment

To find the aspheric departure in the local segment coordinates, we start by using

the simple aspheric departure equation for the parent mirror:

- 4 6 8 10
S(r) =a, ' +a r+agr +ar + . (2.7]
where,
a, :=L+Al
8-R’

I (St
S 48R’

3
N [ SSVT]
384R’

4
a, = 105M+ Ad
3840R’

(r,p): global radial coordinate of the parent mirror

Al, A2,A3and higher order aspheric polynomial deformation terms (all zero
A4: for simple parabolic primary).
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Next, the global radius c oordinate (r, ¢) o f the parent mirror is connected to the local
coordinates (a, 8) of the segments. This is depicted in Figure 2-11 and the equation [2.8]

connects these two coordinate systems.

Xz = b cos(¢.) + a cos(B) [2.8]
Y, =b cos(¢c) + a cos(0)

where the meaning of each variable is explained in Table 2-1.

NIV

e 7
/H\ \ - \
N /]

\/4

\

Yoionat

L

) .

?

(0.0)
mirror center

Figure 2-11 Global coordinate system (r,9) is related to the local segment coordinate
system (a, 0) through equation [2.8]
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Finally, we substitute equation [2.8] into [2.7] and gather appropriate terms together
according to their dependence on the pupil coordinates (a,8), we have aspherical
departures in each segment that are similar to third order Seidel aberrations (Table 2 2)

Table 2-1. Definitions of the variables in Eqn. [2.8]

Variable name Meaning Coordinate system

(Xg, Yg) or (b,0) Location of segment

center

Xg=bcos(@) | b=X;+ Y7 global
Yo =bsin(y) | ¢=tan’(Yy/ X,)
(x1, y1) or (a, 0) Location of an
arbitrary point in the
X; = a cos (0) a’=x+y segment local
y1 = asin (6) d=tan’'(y/ x))

Table 2-2 Aspherical departure in individual segment
Spherical aberration like term:

[ K
C 40(3) = f———s)ﬂ‘
\s-R
Coma like terms:
\
C3|(a 0) -( 4 i}-' as'cos(O)
R
Astigmatism like term:
Cyy(a,8):= /2-b2-—K3 -az-cos(Z-G)
K 8-R

Trefoil term:
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(K+1)2-1]

C33(a.8):= 2-b3-[ 'as~cos(3-9)
16:R°

Quadfoil term:

(K+1)'-1]

C 44(a.8) = 10-b4-[ -a4~cos(4-0)
128-R’

where,
(a,0): local coordinates of the segments
k: conic constant of the primary mirror
R: radius of curvature of the parent mirror

b: off-axis distance of the segment as depicted in Figure 2-11.

Using Table 2-2, we can now generate the wavefront for individual segments

when rotation error is present:

0
Aw; = [ﬁ(cm(a.m +Cj @0+ Cha.00+ Cyya.0) + C“(a.E))](Ae)‘_ , [2.9]

where,

h

A8;: magnitude of rotation error for the i segment (measured in

radian).

Rotation erroris illustrated below where A6;’s are drawn from a Gaussian distribution
with zero mean and standard deviation of 6. Simulation of the full aperture phase map is
shown in Figure 2-12 where 6=0.15 mrad for the case of an f/1 10-m primary with 1.8-m
segments (size of diameters). Figure 2-13 through Figure 2-15 depict interferograms

corresponding to rms rotation error of 6=0.015-mrad and 0.15-mrad respectively.
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Figure 2-12. Phase map of the full aperture
when random rotation error is present
(0=0.15mrad). Parent mirror is an F/1
10-m paraboloid consists of 36 1.8-m

hexagonal segments.

Rotation
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Figure 2-14 Interferogram of the primary
mirror when RMS tilt errors are
c=0.15mrad.
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Figure 2-13. Interferogram of the primary
mirror when RMS tilt errors are
0=0.015mrad
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.

Figure 2-15. Interferogram of the primary
mirror when RMS tilt errors ares=1.5
mrad.



2.1.5 Segment location or radial translation error

When segments are misaligned in the radial direction, lower order aberration ,coma like
in this case, are present. We quantify the effect of this radial translation error as a
wavefront error across the segment given by Eqn.[2.10] where we took derivative with

respect to b;, the off-axis distance of any segment:

0
Aw(a,0)= [g(c"o(a,ﬁ.b’ 1+ Cyy0a.0.6)+ Cpyia.6.6) + Cpyia.6.5) + Coyia6.6 ))J(Ab)l s [2.10]
where
Awi(a,0): wavefront error of the ith segment when radial translation error is present
(a,8): local coordinates of the segments
bi: off-axis distance of the ith segment as depicted in Figure 2-11

4b; magnitude of the radial translation error for the ith segment

Radial translation error is illustrated below where Ab; (measured in radian) is drawn from
a Gaussian distribution with standard deviation of o. Simulation of the full aperture
phase map is shown in Figure 2-16 where 6=0.15-mm for an F/1.0 10-m primary with
segment diameter of 1.8-m. Figure 2-17 through Figure 2-19.depict interferograms
corresponding to rms translation error of ©=0.015-mm, 0.15-mm and 1.5-mm
respectively. Much like the results for the rotation case, the results depend on the size of

the segment .
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Figure 2-16. Phase map of the full aperture
when random translation error is present.
Standard deviation of the error is 1.5-mm.

(Parent mirror is a F/1 30-m paraboloid

consists of 36 1.8-m hexagonal segments).
Translation

Max Vel 00QE +00
Min Ve JOOE -02
DeaaMas Vo1 274E-01
Datamin Ve-7 160E-93

Figure 2-18 Interferogram of the primary
mirror when RMS translation error has
6=0.27mm .
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Figure 2-17 Interferogram of the primary
mirror when RMS translation error has

0=0.05 mm.
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Figure 2-19. Interferogram of the primary
mirror when RMS translation error has

o=1.5mm.



2.2 HOW ERRORS DEGRADE THE TELESCOPE PERFORMANCE

Five fabrication and alignment errors unique to segmented optics affect the system
performance. In this section, we quantify how Strehl ration (SR) varies as a function of
these errors. Strehl ratio (SR) is defined as the ratio of the intensity at the Gaussian
image point in the presence of aberration, divided by the intensity obtained without
aberration. The SR is an excellent figure of merit for near diffraction-limited systems
such as space telescopes or ground-based telescope with adaptive optics. For seeing

limited telescopes, we use the RMS wavefront error ow instead. Mathematically, SR

can be calculated by?°

SR =

f-f L'eiz.mw(p.a) pdpdelz , (2.1 1]

1
”,2
where, AW, measured in units of waves, is the wavefront aberration relative to the

reference sphere for the diffraction focus.

For small RMS wavefront errors, where SR>0.1, Eqn. [2.11] can be approximated by
Eqn.[2.12], and we use this approximation to quantify how fabrication and alignment
errors affect the SR of the system.
-(lir)x N A_Wx
SR~ e [ L ]) [2.12]
Before applying Eqn. [2.12] to segmented optics, we must realize that for our

case, AW is the sum of the wavefront from each segment from the primary mirror
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(Eqn.[2.1]). From here, applying mathematical definitions of 1** and 2™ moments of AW
(Eqns. [2.13] and [2.14]), we found a general expression (Eqn.[2.16]) to calculate Strehl

Ratio for segmented optics (Appendix A).

AW = f‘li[f%w]di » (dA is integrated over the primary mirror) [2.13]
dA
—_— def AW |dA
AW = ‘/“/:I[‘Td] » (dA is integrated over the primary mirror) (2.14]
A
[2.15]

0, =AW [AW[

SR ~ e~ (2mow)?

> ff@ufan |3 [f(ampaa| | 2.16]
‘Z::ffda,. ‘Z::f da,

= EXP|—(27)* |4

where da is integrated over the segments.

Using Eqn. [2.16], it is possible to calculate how SR changes as a function of five types
of error discussed earlier. E qn. [2.16] i s cumbersome for any practical use since it is
based on Monte Carol numerical calculation, so we carried Eqn. [2.16] further and
developed closed forms for each of the five errors. The detailed derivations are included
in Appendix A and results are reported in Table 2-3. To verify these closed forms, we
plotted SR for each types of error using first the Monte Carlo method and then the close
forms and results are in excellent agreement. Table 2-4. Few points are noted:

(1) The SR analysis on phasing is in excellent agreement with previously

established closed analytical expression calculated by Chanan'* (Eqn. [2.17]). As
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large N -(2x:20,)

N, the number of segments gets large, SR —2 ¢ which is the same as

Eqn.[2.28] in Table 2-4.

1+ (N =1t

SR
N

, [2.17]

where
N: total number of segments
op: RMS piston error at the segment surface.

(2). Piston error is more detrimental compared to tilt and ROC mismatch
as shown by Eqns. [2.28], [2.29] and [2.30] where SR is calculated as a function
of RMS these three errors. Figure 2-20 through

Figure 2-22 shows that SR degrades with a faster curvature with piston
error than with other two errors.

(3)- The translation and rotation errors have a higher dependency on
segment size (quadratic dependence) than on F/# of the primary. This can be
observed from Figure 2-25 through Figure 2-28 where plots were generated for

the following three scenarios (a) through (c):

F/ 0.6 F/1.0
segment diameter
a=2-m (@ (b)
M=13 rings M=9 rings
a=l-m (c)
M=17 rings
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Table 2-3. RMS wavefront as a function of alignment/fabrication errors

Error Monte Carlo Numerical Results Closed form
Y@y [Y@)]
oo =4[ - +| L
WF N N
ol =4 czp,

Piston error [2.18] [2.19]

where where

;’s are drawn from the Gaussian Op : rms piston error at the mirror

distribution with zero mean and surface

standard deviation of ¢,

ot -y B) () o
i N N Cw = 20 tilts
. [2.20] [2.21]

Tilt error where where

Bi and y; are independently drawn Oy - rms tilt error at the mirror

from two Gaussian distributions surface

each with 1/e width of oy,

a2
0’;, =— 4 L]
. 3 N
Rel.atlve GZWF = 4/3 O,Zs,
radius of
curvature
2. 2.23
. where where

mismatch

s;’s are drawn from the Gaussian
distnibution with 1/e width of o,

G,: rms sag error at the mirror
surface
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Table 2-3. RMS wavefront as a function of alignment/fabrication errors (cont)
Error Monte Carlo Numerical Results Closed form
2( D.(a6)
: _2fka, || 4 (5) 3(IEMA(M +1)* (g, \°
v =3 2R N ‘ oL ="|———~ [—°) o’
4 N R
[2.24] [2.25]
where where
Translation k: conic constant M: total namber of rings
error R: radius of curvature; N: total number of segments

ay: segment radius

bi :segment center distance from
the parent mirror’s optical axis.
Ab;: tranlation error for the ith
segment. Drawn from the
Gaussian distribution with 1/e
width of o, (RMS translation
error).

K: conic constant

R: primary mirror radius of curvature
Gab Is the rms translation error at the
mirror surface

4

AB)? N
Ll 2.(86) ~
Y6 N 4R*

[2.26]

ZJ

7%= %)) e

[2.27]

Rotation error

where

k: conic constant

R: radius of curvature;

ag: segment radius

b; :segment center distance from
the parent mirror’s optical axis.
A0;: rotation error for the ith
segment. Drawn from the
Gaussian distribution with 1/e

width of 69 (RMS rotation error).

where

M: total number of rings

N: total number of segments

K: conic constant

R: primary mirror radius of curvature
Oa0 :the rms rotation error at the
mirror surface
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Table 2-4. Strehl Ratio for five types of alignment/fabrication errors.

PISTON ERROR

Strehl Ratio (SR) vs RMS Piston Error

;‘%
= 014
|5 ‘= = = Monte Carlo
b1 + ——— Theory (Chanan)
 ——Closed Form
0-01 1 v L
0 0.05 0.1 0.15

RMS piston error at the mirror segment surface [um]

02

Figure 2-20. Strehl Ratio as a function of RMS piston error at the mirror surface.
Solid smooth line is plotted using Eqn. [2.28] and the rippled line is using Monte

Carlo calculation described in this chapter.

SR ~ e‘(zﬂ"zapiston )2

[2.28]
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Table 2-4 (cont.) Strehl Ratio for five types of alignment/fabrication errors.

Tilt error

Strehl Ratio vs RMS Tilt at the Mirror Surface

1 i
-
'®
N 4
= 0.1 -
j g ~—Monte Cario
| —— Closed Form |
; ;
. 0.0 . : ‘ 1 AN | |
,f 0 0.05 0.1 0.15 0.2 0.25 0.3 :
|
1 RMS x-tilt [um/segment diameter)
|
|
| (Oxtin=0ytit)

Figure 2-21 Strehl Ratio as a function of RMS tilt error at the mirror surface. Solid
smooth line is plotted using Eqn. [2.29] and the rippled line is using Monte Carlo
calculation described in this chapter.

SR =~ e—(er-\/Eam[)Z [2.29]
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Table 2-4 (cont.) Strehl Ratio for five types of alignment/fabrication errors.

ROC error

Strehl Ratio vs RMS Sag error

2
e
% 01 —— Monte Carlo -
i _: - !

[ —— Closed Form:
]
f
5 0.01 f
| 0 0.05 0.1 0.15 0.2 0.25

RMS Sag at the mirror Segment surface [um]

Figure 2-22. Strehl Ratio as a function of RMS relative radius of curvature (ROC)
mismatch at the mirror surface. Solid smooth line is plotted using Eqn. [2.30]and the

rippled line is using Monte Carlo calculation described in this chapter.

SR = e_(z”'\/g"“gjz

[2.30]




Table 2-4 (cont.) Strehl Ratio for five types of alignment/fabrication errors.

Translation Error

Strehl Ratio vs. RMS translation Error
(F/1, 30-m primary with 17 rings of 1-m diameter segments)

1 : |

j i

’ z
| E
e i
[ .
= 0.1 - ‘
£ |
m B
! —— Monte Carlo . !

: —— closed form |
0.01 v , 1 . : ;
0 5 10 15 20 25 30 35 40 ;

{

RMS Transiation Error [mm]

Figure 2-23. Strehl Ratio as a function of RMS translation error. Solid smooth line is
plotted using Eqn. [2.31] and the rippled line is using Monte Carlo calculation described

in this chapter.

SR=EXP[_(21)'5(M)(gj 0;} 231)
A 4 N R




Table 2-4 (cont.) Strehi Ratio for five types of alignment/fabrication errors.

Rotation Error

Strehl Ratio vs. RMS Rotation Error

segments)

(F/1 30-m primary with 17 rings of 1-m diameter

"t - - Monte Carlo

° .
3 \
= 0.1 \
: \
\\
\,
\
\
\
\
0.01 ‘ . . . —
0 1 2 3 4 5
RMS Rotation Esror [mrad])

——Closed Form

Figure 2-24. Strehl Ratio as a function of RMS relative radius of curvature (ROC)
mismatch at the mirror surface. Solid smooth line is plotted using Eqn. [2.32] and
the rippled line is using Monte Carlo calculation described in this chapter.

27\ (O} ¢ u,
SR = m[—(—f) 9(7)(%) (ka)zdfa;J ]

[2.32]
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Table 2-5. Comparison of Translation and rotation tolerances as function of primary
mirror F/# and segment diameter

Translation
Error

-

Strehl Ratio

Strehl Ratio vs. Translation Error
(2-m segment dismetsr)

[~ _Fos

F11.0]

S ——————

01

1
RMS Translation Ecror st segment surface Gy ]

Streh Ratio

Strehl Ratio vs. Transiation Esror
(F/1 Primary mirror)

'L—segaa. Im - — segd@.2m

0.1

1 10
RMS Transiation Error at segment surface [rwny

Figure 2-25.
Strehl Ratio as a
function of RMS
translation error
(F/1 and F/0.6
primary
mirrors).

Figure 2-26.
Strehl Ratio as a
function of RMS
translation error
(1-m and 2-m
segments).
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Rotation Error

Strehl Ratio vs Rotation Tolerance
(2-m segments; Primary mirror ROC=60.0m)

RMS Rotation Error at the Segment Surface [mrad]

1 —

1

i

I

i

i

I

-

a !

!

{

—FI0.6 :

— 1 i

0.01 i
0.01 c.1 1 10

RMS Rotation Efror at the Segment Surface (mrad]
Streh! Ratio vs Rotation Tolerance
(Primary misror: Fi1, 30-m diameter)

1 -

]

i

i

g i
i 0.1 1 i

(] !

!

——seg. Dia.2m
—Seg. Dia.1m

0.0t " ,

0.01 0.1 1 10

Figure 2-27.
Strehl Ratio
as a function
of RMS
rotation error
( F/1 and
F/0.6 primary
mirrors).

Figure 2-28.
Strehl Ratio
as a function
of RMS
translation

error (l-m
and 2-m
segments).
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CHAPTER 3

A NEW METHOD FOR MEASURING OFF-AXIS ASPHERIC
MIRROR SEGMENTS

This chapter describes a new method of using a test plate as a reference combined with
computer-generated holograms (CGH) to measure off-axis aspheric surfaces. This new
method allows fast and accurate figure measurement of the optical surface, ensures
excellent relative radius-of-curvature matching, and gives absolute x and y positions of
the aspheric surface. Subsections of this chapter include: theory of operation (Section
3.1), an overview of the system design (Section 3.2), advantages of this new method
(Section 3.3), and a brief summary of other known methods at the time this dissertation is

written (Section 3.4).

3.1 THEORY OF OPERATION

The test compares a concave segment to the convex spherical reference surface of a test
plate. The size of the test plate matches that of the segment under test. The CGH is used
to compensate for the aspheric departure of the segment from the spherical reference
surface. The test plate reference surface is chosen to be spherical, since spherical
surfaces are cost effective to manufacture to high accuracy. Figure 3-1 illustrates how
this method works:

* A Laser beam is first expanded to uniformly illuminate the CGH.
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® The CGH is imaged onto the test surface by the projection lens.

e Two CGH diffraction orders, 0" and 1%, are selected by placing the object stop
at the focal plane of the projection lens (Table 3-1).

® The reference beam originates as the 0" diffraction order from the CGH,
reflects o ff the reference side of the test plate, and then reaches the charge-

coupled device (CCD).

REF SURFACE

PROJECTION
LENS

-

v er SURF)

—— test beam before Test Plate ASPHERE
me=e=epp- ref. beam before Test Plate SURFACE
G—te— ref. & test beams after Test Plate

Figure 3-1. The test compares a concave segment to a convex spherical reference surface
of the test plate whose size matches to that of the mirror segment. A CGH is used to
compensate aspherical departure of the segment from the spherical reference surface.




¢ The test beam originates from the 1* order of the CGH. It has a pre-distorted
wavefront that matches the shape of the aspheric mirror segment under test.
After reflecting off the test surface, it too reaches the CCD.

e The reference and test beams are combined at the reference surface and travel
together to the CCD imager. The resulting interference fringes sensed by the
CCD array measure the shape error of the mirror segment.

® Translating the test plate by using three piezo-electric transducers (PZTs)
allows phase shifting interferometry.

e The Image stop is placed at the front focal plane of the image lens to select

appropriate orders (Figure 3-2).

Order from  peflected from Final destination
CGH

Testplate————)  Reference beam
Zero order

Segment Blocked at the
image stop

{ Segment ————)  Test beam

First order

Test plate
Blocked at the stop
All other e following the
orders projection lens

Table 3-1. Order selection at the object stop. The 0™ order reflecting off the spherical
reference surface becomes the reference beam, and the 1* order reflecting off the test
surface becomes the test beam.
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image stop
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Figure 3-2. Order selection at the image stop: The 0™ order reflected off the
test surface and the 1* order reflected off the reference surface are blocked by
the image stop. The two remaining orders are superimposed to produce the
interferogram.

3.2 SYSTEM DESIGN OVERVIEW

From the system design point of view, the test setup (Figure 3-1) consists four parts: (i)
CGH, (ii) the projection sub system, (iii) the test plate, and (iv) the imaging sub system.

The sequence under which the test is designed is

p——

. Specification of the test plate (Section 3.2.1)

o

Design of the projection sub system (Section 3.2.2).

(O8]

. Design of the imaging system (3.2.3).

4. Generation of CGH (3.2.4).
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This section summarizes the functionality of each component in the order given above.

3.2.1 Specification of the test plate

The test plate is the largest and thus most expensive component of this test. It provides
reflected wavefront from its convex surface as a reference wavefront and transmits test
wavefront. Its size matches that of the mirror segments. Depending on its size, the
thickness of the test plate is chosen so it can be supported mechanically. For a 1-m test
plate, this means a thickness of ~100-mm is desired. One side of the test plate (reference
side) provides a convex reference surface with surface slope less than 0.01 wv/cm. The
other side (back side or illumination side) of the test plate controls the viewing distance,
measured from the object stop to the test plate (Figure 3-1). Each side of the test plate is
carefully o ptimized to achieve m aximum p erformance w ith minimum c ost ( Chapter 4
System optimization).

From the system point of view, fabrication cost of the test plate can be reduced if
the tolerance on the illumination surface slope is relaxed. This can be accomplished if
the input beam (traveling to) and output beam (traveling from) the test plate is located
coaxtally (Figure 3-4). This is because the two input beams experience a small lateral
shear at the illumination surface of the test plate before they are recombined into the
output beam (Figure 3-3). After the reference of the test plate, both input beams are
completely common path. The amount of wavefront error due to this lateral shear can be
reduced if coaxial setup is used. A sample case study developed in Chapter 7 shows that,

to stay within pre-allocated 0.002 A wavefront error, illumination surface slope of
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0.02A/cm is needed for the non-coaxial setup, compared to 1.6A/cm if coaxial setup is

used instead.

non-ref side reference side  test surface

Figure 3-3. A non-coaxial setup increases the effective shear of the
input beams, and tightens the illumination surface slope requirement of
the test plate. This leads to higher cost.

non-ref side reference side test surface
test plate
mechanical
tilt a=Q
entering shearis
test beam ; reduced
ntering retuming ref and test —\
f beam beams coincide
—t—me rel Gpem Dolore Teel PRem
|==———te- wa sem sl Test Plam
Wugp rol L Wet Doame sher Tout Pam




Figure 3-4. A coaxial setup reduces the effective shear of the input
beams. This reduces the illumination surface slope requirement,
making the test plate less expensive.



63

3.2.2 Design of the projection sub system
The projection system creates images of CGH pattern on the test segment. It is designed
to be telecentric in the object space where CGH is located. This is so the CGH can be
illuminated with collimated light, thus easing the manufacturing difficulties in requiring a
specific wavefront for illumination. By placing an aperture stop at the focal plane of the
projection system (Figure 3-1), only two diffraction orders (0" and 1*) from the CGH are
allowed to pass through.

The performance of the projection system is critical to this test since accurate
compensation of the aspheric departure of the segments requires the CGH to be projected
onto the test surface. To achieve test accuracy 10-nm RMS wavefront for the entire

system, a typical error budget for the projection system is then 5.7-nm RMS wavefront

error (each of the three major error sources is budgeted 10-nm/+/3 or 5.7-nm). More
detailed analysis on this is found in Chapter 6 (Case study, Part II: Tolerance analysis).
The projection system can be designed in reverse — imaging the test mirror onto
the CGH (Figure 3-5). Three basic constraints on these lenses are (i) the image scale, (ii)
the effective entrance pupil size, and (iii) image space telecentricity. The complexity of
the project system can be simplified if the effective entrance pupil size is reduced. This
can be achieved if the 1¥ diffraction order of the CGH is centered on the axis of the
projection system (Figure 3-6). Analysis in Chapter 5 (Case study, Part A: System
design) shows that by aligning the aberrated 1* order on the axis of the projection system,

the stop size of the projection system can be reduced by ~20%.
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Figure 3-5. Stop location of the projection system.
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Figure 3-6. Locating the 1* order on-axis reduces the projection system stop size and

eases the design complexity of the projection system.
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3.2.3 Design of the imaging sub system

The imaging system creates a good image of the test part onto the CCD where the
interferogram can be captured and then analyzed to obtain a surface map of the segment
under test. Basic design constrains of this system includes: (i) magnification suitable to
image a large test segment (~1 meter depending on the segment design) onto a small
CCD (~6m x 8 mm), (ii) small distortion (less than 1%) for accurate transfer of the
interferogram to CCD, and (iii) telecentricity in the CCD- plane so image size does not
change when CCD is not at the correct position.

The imaging system is designed to accommodate spherical aberration in the
system introduced by the illumination surface. The design example showcased in

Chapter 5 illustrates this point in details.

3.2.4 Generation of CGHs

This test uses CGHs to correct the aspherical departure of the mirror segments from the
the spherical reference surface. CGHs can be specified as phase functions using Zernike
polynomials. The coefficients of the polynomials are then directly imported to CGH
manufacturers (like Diffraction International)®'. The hologram pre-distorts the test beam,
making it match the reference beam. Neither the reference nor the test beam needs to be
perfect — just perfectly matched. The two-step process of generating CGHs is detailed
in Chapter 5. The holograms are designed to be amplitude gratings with 50% duty cycle.
This puts 25% and 10% of input optical power into the 0" and 1* diffraction orders

respectively *’.For measuring bare glass segments (4% reflection efficiency), good
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contrasted fringes of visibility 90% are achieved, and for measuring aluminized mirror

segments (95% reflection efficiency), 58% contrast is reached?’. Both numbers are well

within acceptable range.

3.3 ADVANTAGES OF THE NEW METHOD

This new method is optimal for testing many off-axis segments of an aspheric primary

mirror for the following reasons:

1.

It produces excellent relative radius-of-curvature (ROC) matching:

During the test, all concave aspheric segments are tested against the same convex
spherical reference surface.

It reduces individual segment testing time:

By simply replacing the CGH, a single test setup can be optimized to
accommodate measurement of all the different segments that make a complete
aspherical primary mirror.

It is cost effective:

Both reference and test beams coincide at the CGH, so that the CGH can be
written on a standard lithography substrate, and the near common-path
configuration allows the test plate to be made from a non-precision transmission
grade glass.

It achieves a high degree of measurement accuracy:



67

Phase-shifting interferometry (PSI) is employed. Also this method has a near
common-path configuration, so the test is relatively insensitive to vibration and
noise.

5. It gives accurate registration of the aspheric surface:
The position and orientation of the off-axis optical surface are aligned using

fiducial marks etched on the CGH substrate.

3.4 SUMMARY OF OTHER KNOWN METHODS

Aside from the common autocollimation test, the center of curvature test with a null lens
and the CGH test in a Twyman-Green setup, there are two other new interferometric
methods proposed by Sommargren**” for testing mildly aspheric segments from CELT
(/1.5 30-m primary with 1-m 1,080 segments). Both of them use a phase-shifting

diffraction interferometer. In one setup (Figure 3-7) the segment is measured in the

Figure 3-7.
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configuration that will be used in the telescope, so the test geometry itself is used to
cancel any asphericity seen by the interferometer. Two identical converging lenses are
used to reduce the size of the test setup. The wavefront reflected from the aspheric
mirror segments is brought to focus at the real image point by the second converging lens
where it is reflected, phase shifted, and combined with the diffracted wavefront from the
reference fiber. Advantage of this method is its cost effectiveness due to a relative small
amount of optics involved.

The second approach of testing off-axis aspherical segments using point-
diffraction interferometry is shown in Figure 3-8. Here a variable tilt lens is design and

used to create a matching for the dominating astigmatism found in the segments so a

Aspherical mirror

CCD Camera

Converginglens | |

Figure 3-8. Configuration for measuring an aspheric mirror segments using a phase-
shifting diffraction interferometer with a variable tilt lens. The tilt is varied to match the
astigmatism of the segment, producing a near-null interference pattern.
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near-null interference pattern can be produced. Sommargren® reported that in a ray-
traced simulation for testing CELT segments (F/1.5 30-m primary with 1,080 1-m
segments), the lens-induced astigmatism and c oma cancel those termsin the s egment-
reflected wavefront and the remaining aberration from the furthest-out segments is small
enough that they can be measured with the phase-shifting interferometer. A tilt angle of
2.45 degrees, controlled to accuracy of 0.006 degrees, is required for this cancellation.
The advantages of both configurations are their cost effectiveness. However, for
the first setup, to test a 30-m primary mirror, conjugate points of the segment surface are
at f1=72km and f2=45m, so this configuration has a large optical path difference between
the reference and the test beam, thus is very sensitive to non-ideal environmental
vibrations. For the second configuration ,the results are highly sensitive to the test
geometry and the spacing between the converging lens and mirror has to be adjusted to
accommodate the range of the segment radii of curvatures. In addition, this distance has

to be controlled to very high accuracy to ensure good radius of curvature matching.






