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Abstract

Astronomy today is in the path of constructing large telescopes. Due to several

manufacturing and maintenance difficulties, large telescopes of more than 8m

are predominantly segmented. To fulfill the need for its growing astronomical

community, India is also aspiring to create a 10m class Optical-NIR observing

facility within the country. A telescope of this size requires huge investment along

with hundreds of scientists, engineers, and technicians working together about a

decade to realize it. Therefore, before embarking on such a challenging mega-

project, the segmented mirror technology, which is not yet standardized, needs to

be demonstrated. Considering this, it has been proposed to develop a 1m class

Prototype Segmented Mirror Telescope (PSMT). The PSMT is expected to be a

perfect test-bed for the primary mirror control and alignment and the phasing

system.

As a part of the thesis work, we have come up with a cost-effective, optimum

design of the optics for the PSMT. The PSMT optics, which uses spherical primary

and oblate ellipsoid secondary, is unique in design and simple in construction.

We have designed telescope optics considering the segmented primary mirror, and

have also carried out a detailed analysis for the sensitivity, tolerance, and the error

estimation. In the next step, we also designed the optics for the proposed 10m

class telescope named National Large Optical Telescope (NLOT). Since NLOT

will be a large segmented mirror telescope, an extensive study has been carried

to understand the effect of segment size, miss-alignment ( tip-tilt,de-center, and

clocking), phasing error, segment to segment ROC variations, figure error as well

as inter-segment gaps. In this process, we developed many generic tools and

techniques which makes segmentation related study simpler. For the 10m class

telescope, we have also explored the possibility of using spherical mirror segments

in place of aspheric ones, which are quite difficult to manufacture.

A segmented telescope can provide diffraction limited design performance only

if their mirror segments are aligned and phased. So, the second part of this thesis

is dedicated to developing phasing techniques. We have carried out an extensive

study and laboratory experimentation on two different phasing schemes. The

first phasing scheme is based on Shack-Hartmann working in the physical optics

domain, whereas the other is based on the pyramid sensor. The basic principle

of these two phasing schemes are explored, and simulations have been carried

out to check their performances. We also attempted to undertake laboratory

experimentation on the above phasing techniques. The results of the simulation

and the experimentation have been presented and discussed.
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Chapter 1

Introduction

1.1 Large Telescopes

Astronomy is one of the oldest sciences. It is an integral and inspiring part of

the scientific development since antiquity. In recorded history, many civilizations

have been methodically observing celestial bodies. This helped in organizing their

day to day actives and also in navigation. During renaissance time in the 16th

century, Galileo’s first refractive telescope pushed this field’s scientific potential

further. With the use of the telescope, observational astronomy got out of the

limitation of the naked eye. From then onward, astronomers are always in favor

of building larger and larger telescopes.

Although space-based telescopes such as HST, Kepler, Spitzer, Herschel, etc.,

have immensely enriched our understanding and many space-based programs also

lined up, the importance of the ground-based astronomy is remaining unchal-

lenged. Nearly over half a century, the world’s largest optical telescopes were of

the size of 3-5 meters. The 5m Hale telescope developed in the 1940s is con-

sidered one of the perfect machines that revolutionized optical astronomy. Then

after a number of advancements happened in the telescope technology, like the use

of computer-controlled hardware, building large altitude-azimuth (alt-az) mounts,

advances in mirror casting, and computer-controlled mirror polishing and the use

of a segmented mirror. These advancements finally resulted in the development

of many large telescopes of the size of 8-10 meters, such as Keck, VLT, Subaru,
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Gemini, HET, etc. Since 1990, these large optical telescopes have served the com-

munity and given birth to many astronomical discoveries. After 20-30 years of

using the large optical telescopes, the necessity to build even larger telescopes has

only increased, and we are witnessing the development of 25-40m size extremely

large telescopes such as GMT, TMT, and E-ELT.

There are many reasons behind the ambition of building large astronomical

telescopes. Nonetheless, these can be summarized into two points, namely reso-

lution and light collecting capacity. Telescope resolution can be divided into two

types, Seeing-limited and Diffraction-limited. Seeing limited telescopes are the

ones that have a fixed resolution given by equation λ/ro. Where ro is the fried

parameter indicating ’seeing’ or the atmosphere condition of the place. In a see-

ing limited telescope, the observing time required to reach an SNR(signal to noise

ratio) is dependent on 1/D2, where D is the aperture diameter of the primary

mirror. Diffraction limited telescopes are the ones whose resolution is not lim-

ited by the atmosphere. In this case, the resolution is depended on λ/D. Large

ground-based telescopes operating in a diffraction-limited regime are only possible

due to the advent of adaptive optics, which correct the atmospheric aberrations.

In background-limited adaptive optics observations, the SNR and the telescope’s

sensitivity (time to reach required SNR) vary as 1/D4[12].

Figure 1.1: Plot showing evolution of optical telescope’s size since Galileo’s time.
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Figure 1.1 shows the evolution in the telescope size since Galileo, who is consid-

ered to be the first to use optical telescope for astronomical observations. Sudden

jumps in the telescope size can be easily linked with some technological innovation.

1.1.1 Problem in Constructing Large Telescope Made of

Monolithic Primary Mirror

The largest size telescope made of single monolithic primary is 8.4m. There-after

construction and operation of large telescopes having monolithic primary larger

than 10m found to be almost impractical. There are several problems associated

with building a large telescope made of a single monolith mirror, and few of them

are listed below:

1. Casting a high-quality mirror blank of 8m or large is a big challenging task.

2. There is a greater risk of possible damage of the blank or the mirror during

manufacturing, transportation, assembly, or maintenance.

3. The tools required for the grinding, polishing, and final figuring of the mir-

rors are usually very large as the mirror size increases.

4. Gravitational deflection suffered by the optic is proportional to D4, where

D is the diameter. To avoid this deflection, a monolithic mirror has to be

very thick or else need to be actively corrected.

5. The vacuum chamber sizes increase as the mirror size increase. This in-effect

makes them very expensive

6. Astronomical observatory sites usually situated in remote places. Shipping

a significantly larger mirror to these remote locations is very impractical.

7. Thermal surface deformations will be large as the size of the mirror increases.

8. The Activate and/or Passive mirror support system will get complex as the

mirror’s size increases. This also will cause additional surface deformations.

Small mirror segments come as a natural solution to the problems associated

with the manufacture and operation of these large monolithic mirror telescope.
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Segmented mirrors can be stated as an array of small mirrors distributed to act

as a single monolithic mirror.

1.1.2 Segmented Mirror Telescopes

In Syracuse’s history, Archimedes, around 212BC, used an array of mirrors to

focus sun’s rays in the roman ships to burn them. Maybe this can be stated as the

first recorded use of segmented optics. Historically, telescope made of a segmented

mirror was developed by Horn d’Arturo of Italy [13]in 1932 and Pierre Connes of

France in 1970 [14]. However, both telescopes were very primitive in quality and

hardly be used for any meaningful science observations. Very serious effort to

make segmented telescope started with MMT project which uses 7 mirrors each of

1.8m size and each having its own secondary. A complex technique [17] combined

the beam. In that sense, MMT was not a true segmented mirror. However, a true

breakthrough happened in segmented mirror technology, when Keck telescopes

were design and built-in 1980-90 [18]. Keck optics has been designed around RC

(Ritchy Chretien), and it uses 36 segmented mirrors, each 1.8m in size. After

the Keck-1 telescope’s success, a second telescope named Keck-2 was constructed

near the Keck-1. It was completed in 1996. Keck telescope is later replicated

under the GTC project in Spain. However, despite having new technology, the

off-axis mirror segments are always difficult to manufacture and, hence, costly,

increasing the telescope’s budget. To resolve this problem, the attempt started to

use a spherical primary mirror so that each mirror segment will be identical, and

spherical mirrors are very easy to fabricate. The substantial spherical aberration

introduced by the spherical mirror is corrected by the use of few reflecting optics

located close to the prime focus [34],[35]. The HET and SALT telescopes use this

technology and provided to the world two cheapest telescopes [36].

Presently all of the large up-coming telescopes are segmented. GMT or the Gi-

ant Magellan telescope is one member of the next generation segmented telescope.

GMT will use seven honeycomb mirrors, each of 8.4m as segments, forming a sin-

gle optical surface of 24.5m. GMT is a work of an international collaboration of

leading universities and scientific institutions. Another upcoming segmented tele-

scope with great scientific value is TMT or Thirty-meter telescope. This is also
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an international venture with five countries, namely India, China, Japan, USA,

and Canada. TMT will have a Ritchey Chretien design with hyperbolic primary

and secondary. The Primary will be made of 492 segments. E-ELT or European

Extremely large telescope is another segmented mirror telescope that is on con-

struction. It is a project by the European southern observatory. E-ELT will have

primary consisting of 984 segments. The optics design consist of an anastigmat

with three powered mirrors and two fold flats. All these existing or upcoming

segmented telescopes need active control of the primary mirror and other optical

elements to make them work like a monolithic to achieve the resolution and the

light collecting capacity the telescope was designed for.

For making a large telescope using segmented mirrors, one must understand

different technological challenges associated with it. A few of them are listed

below.

1. Segmented mirror telescope requires a large number of the segment and

associated subsystems such as actuator and the edge sensors. This escalation

in the number of subsystems makes the telescope functions very complex.

2. The segments can be made either symmetrical (spherical) or asymmetric

(aspheric) depending on the optics design. Nevertheless, owing to better

performance, usually, segments are made as aspheric. In such cases, the off-

axis sections of the parent figure of revolution are not circularly symmetric.

Making these off-axis segments then becomes complex and expensive.

3. While going ahead with a segmented mirror telescope, there can be a problem

with alignment and phasing of each mirror segment. So that the telescope

can act like a monolithic mirror. Without this, a segmented mirror telescope

cannot achieve the expected resolution and sensitivity of that of a telescope

made of equivalent sized monolithic mirror. Segmented mirror telescopes

also require a sophisticated primary mirror control system.

4. The gaps and edges of the segments cause diffraction and thermal back-

ground effects in the image plane

Despite having its complexities, the concept of segmented mirror telescopes has
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spread worldwide. Almost all of the future large telescopes are developed around

this technology.

1.2 Optical Telescopes in India

India’s path towards large telescopes has not been a linear one. When many 2-

5meter class telescopes served the world astronomical communities, India’s largest

optical telescopes were not bigger than half a meter. During 1970s it was Vainu

Bappu who became instrumental in building and installing many large telescopes

in India. The 2.34m Vainu Bappu telescope, entirely designed and built in India

during the 1980s was considered the largest telescope in Asia. After over more than

three decades, no serious effort was made to install a large telescope. Whereas

during the same period, the world moved towards the commissioning of many

8-10m class telescopes. Indian optical astronomical community could not keep

pace with world trends and solely rely on the 2m class telescopes. At present, the

largest telescope in India is 3.6m Devesthal optical telescope (DOT), which has

been recently commissioned by ARIES Nainital. India is also one of the partners

of the 30m TMT project. Having access to one of the world largest telescope, the

Indian community is expected to contribute to frontiers in astronomical research

prominently. However, there would be a large gap between 3.6m DOT and 30m

TMT telescope, which need to be filled by either getting access to existing 10m

telescopes or building our own 10m class telescope.

1.3 National Large Optical Telescope Project

Recognizing the need for a large telescope, long back in 1990s, the Indian Insti-

tute of Astrophysics (IIA) proposed to install a 6.5m telescope somewhere in the

Himalayan region. To identify suitable sites for a large Optical-NIR observatory,

IIA started surveying Himalayan and trans-Himalayan regions. Using available

topographical maps, weather data, and satellite imagery, six potential sites all

more than 4000m above from mean sea level were identified. Based on a prelim-

inary survey conducted at six places, Digpa-ratsa Ri, Hanle (mount Saraswati),
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was chosen for further detailed studies. Hanle is a high-altitude, arid and cold

place. This place is far from any artificial light pollution, having low atmospheric

aerosols, not much affected by monsoon, and has got clear sky all through the year.

This place provides an excellent opportunity for developing astronomical facilities

at a variety of Electromagnetic wave frequencies. Finally, Hanle was identified as

the best site for establishing the Indian Astronomical Observatory (IAO), which

now hosts the 2m HCT and the gamma-ray array telescope called HAGAR. More

than a decade long observing experience with 2m size telescope, it has been found

that Hanle region has the required characteristics of a good astronomical site and

could be a natural candidate site for any future large aperture Indian optical-

infrared telescope. After a long pause, in 2007, a group of astronomers from IIA

resurrected the project to install a modern, state-of-the-art 10m class telescope

working in optical and NIR regions. A committee was formed to explore the sites

and look at the telescope’s technical aspects and come up with a construction

proposal and the road-map. Initially, this project was named Indian Large Opti-

cal Telescope project, which later renamed to National Large Optical Telescope

project (NLOT). When NLOT related activities were in peak, India joined the

TMT consortium. The group working for the NLOT got involved with this new

but significant initiative, and work related to building a 10m class telescope again

subsided. After streamlining TMT related works, the focus has been again brought

back to NLOT. In 2015, the director of IIA constituted a new working group with

a mandate to prepare a detailed project report for NLOT and carry out a pilot

study on segmented mirror telescope technology. So far NLOT related activities

were confined to IIA. To make it truly national, a one-day meeting to discuss

various aspects of the 10m telescope with the broader Indian community was held

on February 18, 2019. About 100 astronomers representing different institutions

participated in the meeting, endorsed the plan to get 10m size telescope, and

agreed to participate in the design, and the development works actively.

The NLOT is expected to be a 10-12m size, fully steerable Optical-NIR tele-

scope, developed around segmented mirror technology. The plan is that many

TMT subsystems that form the primary mirror, such as mirror segments, sup-

ports, actuators, edge sensors, etc. would be used with minor changes. However,
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the telescope’s mechanical structure, mount and drives, secondary and tertiary

assemblies, science instruments, controls, etc. will be different from TMT and re-

quire to be designed and developed indigenously. A team of engineers is working

on conceptualizing the whole telescope and many of its subsystems (see Figure

1.2). Whereas, optical design and analysis of the 10m telescope have been carried

under the present thesis works. Any private firm can not provide a large telescope

of this size, and it is usually a joined endeavor of industry and research institutions.

Therefore, the participation of private industries in realizing 10m Indian telescope

is going to be crucial. Since segmented mirror technology has complexities, before

embarking on any large telescope making project, which requires huge investment,

one needs to get acquainted with the technology. Considering this, it has been

decided to explore the critical subsystem by conducting studies, simulations, and

laboratory experimentation. Furthermore, to get complete hands-on segmented

mirror technology, a project to develop a 1m class Prototype Segmented Mirror

Telescope has also been initiated at IIA.

Figure 1.2: Conceptual design of the 10m class National Large Optical telescope
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1.4 Prototype Segmented Mirror Telescope

Prototype Segmented mirror telescope is primarily conceived as a technology

demonstrator and an exploratory experiment to develop a large segmented mirror

telescope in India. Furthermore, it can also be used to carry out a few specific

sciences linked with variability study of transients, doing either or both of photom-

etry and spectroscopy. The proposal is to develop a segmented mirror prototype

telescope of about a meter, having all kinds of subsystems, which is expected in a

larger telescope. To reduce the cost of the prototype, various measures have been

undertaken, and one of them is to use spherical optics for primary segemnts rather

than a spheroid parabola/hyperbola.

Figure 1.3: 3D model of the PSMT phase-I which is a laboratory test-bed (left) and the PSMT
phase-II, a full-fledged segmented mirror telescope (right).

PSMT will have seven hexagonal mirrors making a spherical primary, and

an aspheric secondary with two Nasymth focus, having an effective aperture of

1.3m. Segments will be supported by simple mirror support assembly, driven by

indigenously developed voice coil based actuator. The telescope will have an Alt-

Az mount and field rotator system with a direct driving motor system. In-house

developed inductive edge sensor is planed to be used to measure inter-segment

relative displacement to great accuracy. The telescope mirror control, actuators,

sensor are developed under different projects in the India TMT coordination center

(ITCC) laboratory of IIA. The entire development activities is divided into two

phases. In the first phase, a seven segment laboratory testbed will be developed.

Whereas, in the second phase, the full-fledged telescope will be realized.The phase-
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I laboratory test bed is created to understand the complexities linked with the

primary mirror(PM) control (M1CS). The testbed will use the same seven-segment

primary mirror, which will later be used for the Phase-II. To understand the

effect of the variable gravity on the mirror control, the PM will be mounted on

a motorized mount, allowing it to swing in the elevation direction. A Shack-

Hartmann based alignment and phasing device mounted on the tower will be

placed near the PM’s ROC. The performance of the M1CS will be judged based

on the optical feedback by SH at two different pointing orientations ( 35deg and

0deg with respect to the horizon). By using the feedback from the edge sensor, one

can evaluate M1CS performance over variable gravity by rotating PM from zenith

to horizon. After the successful technology demonstration, the final telescope is

planned to be installed in Hanle, Ladakh, India, where it can be used for a few

dedicated science cases.

1.5 The Building Blocks of a Segmented Pri-

mary Mirror

Though segmentation solves many problems associated with large monolithic pri-

maries, it also brings its complexities into the system. For the segmented telescope

to work, several subsystems should be well designed, precisely manufactured and

tested, and deployed in the final telescope system. In general, any mirror segments

will be subjected to six degrees of freedom, three out of the plane, namely piston,

tip and tilt, and three in-plane, X, Y translation, and the clocking. The out-of-

plane motion piston, tip, and tilt are usually more sensitive to image quality than

the in-plane degrees of freedom; hence, they need to be corrected actively with ac-

tuators the edge sensors. A closed-loop primary mirror controller that takes input

from the edge sensor generates command for the actuator using a control matrix.

Any change in the primary mirror’s shape due to segment motion is precisely mea-

sured by the edge sensor and corrected by the controller through actuators. This

way shape of the segmented primary mirror is maintained against variable gravity,

temperature, and external disturbances such as the wind. The mirror segments

are placed on a specifically designed segment support system. The support system
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of all large telescopes are also fitted with a warping harness, which either corrects

the figure error leftover after manufacturing the segment and/or correct any error

induced later by the support system itself due to change in the temperature as

well as the gravity. On top of these control loops, most of the large segmented

telescopes are also equipped with an additional adaptive optics loop that corrects

the wave-front errors introduced by the earth’s atmosphere.

Figure 1.4: TMT SSA[27]

Even though the active control system with the help of actuators and edge

sensors, can maintain the overall shape of the primary mirror, it would require

a reference position. The edge sensor’s reference position will be the perfectly

aligned and phased segmented primary mirror, giving a minimal wave-front error

and facilitating diffraction-limited performance. The system used for this purpose

of reference identification is called the Alignment and Phasing (APS) device, and it

is one of the vital instruments for any segmented mirror telescope. Upon successful

correction of the segment positioning, the APS gives a lookup table to actuator

-edge sensor loop to freeze and maintain the segment position.

1.6 Alignment and Phasing of Segmented Mir-

ror Telescopes

The major factors to be considered by APS to make a segmented telescope act

like a monolithic mirror telescope are Co-aligning, co-focusing, and co-phasing.

Co-aligning is merely the stacking of all images formed by individual mirror

segments to achieve maximum intensity. Co-focusing deals with making the spot

size produced by each mirror of the same size. This can be achieved by figuring

the mirror segments at the manufacturing stage and later tuning the segment



12

Figure 1.5: Co-aligning, co-focusing, and co-phasing a segmented system (left). The PSF of a
segmented system where the mirror segments are out of phased or in-phase (right). The width
of the PSF is λ/d in the first case, where d is the diameter of the mirror segment, and it is λ/D
in the second case, where D is the diameter of the full primary mirror[63].

support assembly. When these two factors are met, the telescope acts as a large

light collector. However, it will still not give the image quality produced by a

single mirror of the same total size. This is because the light from each segment

reaches the image plane with a phase difference between them introduced by the

piston effect. The piston effect is introduced by the phase discontinuity between

edges of the adjacent segments. In the presence of large piston error, the PSF of

the telescope is the incoherent sum of the individual PSFs of the segments. This

lowers the image quality, affects the telescope’s resolution, and results in speckles

in the image background[63]. Optical phasing of segmented mirrors is done using

a phasing sensor which uses a comparatively bright star to produce an image. Co-

phasing is one of the core interest of this thesis. A number of co-phasing techniques

are proposed/developed; however, except the one used in Keck Telescope, no other

techniques have been demonstrated with the real telescope. Depending on the

techniques used, the recovery of the phase can be made directly in the Image

plane, pupil plane, or intermediate planes. These different techniques are briefly

explained in the subsequent section. piston (p) as shown in the differential piston

Figure 1.6: Segments showing piston error.

generated by the postional difference between two optical surfaces p=p1-p2 . In

terms of wavefront
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ϕ1 = 2pi/λ ∗ p1

ϕ2 = 2pi/λ ∗ p2

piston ∆ϕ = ϕ1 − ϕ2

1.7 Review of Phasing Techniques

1.7.1 Image and Intermediate plane Techniques

1.7.1.1 Phase Retrieval

In this technique, the phase is derived from a single focal plane image of a point

source. The point spread function (PSF) contains information about the wavefront

error induced by any imaging device such as a telescope. Through an inversion

technique, it is possible to retrieve the wavefront phase information from the

image[1]. As for as the requirement of hardware is a concern, this technique is

found to be simple, and any existing detectors installed in the telescope can be

used to grab the image of a point source such as a star. However, the difficulty is

associated with the substantial computational requirement to retrieve the phase

back. This is because the PSF of an optical system ( intensity distribution ) is

linked to the pupil plane phases in a highly non-linear way. Furthermore, since

an image is a distribution of intensity, it does not preserve the sign component of

the complex phase distribution, leading to sign ambiguity in the retrieved phase.

1.7.1.2 Phase Diversity

The technique of phase diversity is nothing but some improvement over the phase

retrieval technique. Here the phase is extracted with the help of two images.

One in the focal plane and another one with a known added aberration, usually

a defocus[2]. This technique is also easy to implement but at the expense of

considerable computation power. The advantage of this technique is that it can

be applied not only to point source but also to extended objects. This technique

is also sensitive to the atmospheric seeing; however, it shows promising results for

high contrast imaging systems such as extreme AO.
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Figure 1.7: Principle of the phase diversity

1.7.1.3 Curvature Sensor

The curvature sensor was proposed by Roddier et al.in 1988 [5] to directly measure

local curvature of the wavefront rather than tilt from the intensity distribution in

the images obtained just before and after the focal plane. This is an intermediate

plane technique. The intra focal image will be brighter in the regions with pos-

itive curvature and darker in regions with negative curvature, whereas intensity

distribution in the extra focal images would be just the opposite. The phase in-

formation can be extracted from the intensity distribution. The relation between

intensity distribution of the images to the wavefront is given by

(I2 − I1)

(I2 + I1)
=

f(f − l)

l

[
∆2z(u⃗)− ∂

∂u
z(u⃗)δc

]
u=f(r⃗)/l

(1.1)

Where ∆2z(u⃗) is the Laplacian of the wavefront z and δc is a liner impulse

distribution around the pupil edge weighted by the wavefront radial tilt ∂z
∂u
. I1

and I2 are the intensities associated with intra and extra focal images. [5]

Figure 1.8: Principle of curvature Sensor, I1 and I2 are the intensity distribution at intra-focal
plane P1 and extra focal plane P2.

The curvature sensor described above is based on geometrical optics and works

only for the continuous wavefront. However, once the wavefront is broken, as the

case with the segmented mirror is subjected to piston errors, we need to consider
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this technique’s physical optics behavior. To execute the technique in the case

of segmented telescope, the scale of diffraction effects (associated with primary

mirror segments) in the image plane should be small compared to the diameter d

of a segment mapped onto the image plane. Also, the diffraction effects associated

with the segments should predominate over those associated with the atmosphere.

1.7.2 Pupil Plane Techniques

1.7.2.1 Modified Shack Hartmann phasing sensor

This technique is based on the physical optics realization of the Shack Hartmann

sensor. In this technique, microlenses are arranged on the reimaged pupil plane

such that they straddle the inter-segment gap of two segment edges. The diffrac-

tion limited images of the point source such as star are formed by these lenses on

the detector plane. The shape of the image or rather point spread function changes

as the piston error between two mirror segments vary [62]. The phase information

is extracted by comparing theoretically simulated images with the observed one.

The detailed exploration of this technique is one of the objectives of the current

thesis, and the work carried out in this regard is given in chapter 4.

1.7.2.2 Pyramid Sensor

The pyramid sensor is another pupil plane wavefront sensor used to measure piston

and other low order aberrations. In the case of the pyramids sensor, optical devices

such as telescope form an image of the point source at the pyramid’s tip. The four

faces of the pyramid sample light from four quadrants of the PSF and deflected it

in slightly different directions so that by use of a reimaging lens, four pupil images

can be created on the detector plane. If the incident light is subjected to any

aberrations, then four pupil images will no longer be having identical intensity

distribution. The relative point-to-point intensity differences in these four pupil

images can be used to derive local gradient in the wavefront.[74] Pyramid sensor

is another tool that we have explored in detail to be used as a phasing device;

details are given in chapter 5.
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1.7.2.3 The Lateral Shearing Interferometer

Another wavefront sensor used to measure piston and other low-order aberration

can is based on Lateral Shearing Interferometer(LSI). The LSI’s basic principle is

that an aberrated wavefront is split into two parts, one of the beams is laterally

shifted (sheared) to a small amount and then after combined to form an interfer-

ence pattern [51]. The mathematical formulation of the LSI as a wavefront sensor

can be briefly presented as:

Figure 1.9: Principle of lateral shearing interferometer

I(r) =
1

2
[exp[(iϕ(r)] + exp[(iϕ(r + s)]]2 (1.2)

where s is the displacement in lateral direction, ϕ(r) is phase and I(r) is

intensity.

Figure 1.10: Simulated shearing interferograms corresponding to segment tip/tilt errors for the
Keck Telescope: (left) half-segment shear, and (right) full-segment shear; both in the vertical
direction [51]

.

Likewise, classical Shack-Hartmann wavefront sensor, LSI, is a local wavefront

slope detector. The distribution of the slopes within the overlapping area is derived

in only one direction. However, to sense the wavefront fully, slopes in two mutually

orthogonal directions are required. That means LSI needs two sets of the shearing
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Figure 1.11: Simulated shearing interferograms corresponding to segment piston errors for the
Keck Telescope: (left) half-segment shear, and (right) full-segment shear; both in the vertical
direction [51]

.

mechanism and detectors, which makes the system a little complex. The LSI has

a variable gain and a large dynamic range. In a segmented telescope, LSI is not

sensitive to the global piston; it is sensitive to the global tilt component. For the

Keck telescope, the Simulated fringe pattern of the tip, tilt and piston errors are

shown in the figure 1.10 and 1.11. For the HET telescope, LSI was initially planned

to be used as a precision segment alignment tool; however, due to many technical

difficulties, it was replaced by a more stable Shack Hartmann based alignment

device[6].

1.7.2.4 Mach-Zehnder Interferometer

Mach-Zehnder Interferometer (MZI) is another optical interference-based device

that can be used to precisely measure phase error in any segmented mirror tele-

scope [7]. Unlike SH based technique, which requires very precise registration

between inter-segment region and lenslet array, MZI can use the entire pupil and

hence best suited for large telescopes made of a hundred-thousand of segments. In

the MZI, the telescope’s beam is split into the interferometer’s two arms and fo-

cused at the intermediate plane, as shown in Figure 1.12. A pinhole placed at the

intermediate focal plane of one arm acts as a spatial filter. All the high-frequency

structure corresponds to edges, and the inter-segment gap is removed from this

beam and can be regarded as a reference wavefront. In comparison, the beam in

another arm carries information about the piston as well as tilts errors. These two

beams are finally recombined to form two complementary interference patterns

recorded by two imaging detectors. The phase and tilts errors of the segmented

are extracted by analyzing these two interferograms. The ZDI appears to be an
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excellent device to measure segment piston and tilt errors simultaneously; how-

ever, its optics’ alignment is critical. Furthermore, system performance is found

to be quite sensitive to the choice of the pinhole size and atmospheric seeing.

Figure 1.12: The schematic showing Mach-Zernder Interferometer setup to measure segment
piston and tilt errors

1.8 Scope of The Thesis

Many projects are initiated by different groups/countries to build large telescopes,

including the one proposed in India. The proposed large 10m class telescope

NLOT is at a very early phase of the planning conceptualizing and optomechan-

ical designing. For any telescope larger than 4m, it appears that segment mirror

technology has become a natural choice. NLOT is also planned to be developed

using segmented mirror technology (SMT) . Though SMT is not new and many

telescopes have already built using a segmented primary mirror, the SMT tech-

nology has not yet standardized. Many technological challenges need to be dealt

with extensive R &D activities. Under this thesis, attempt has been made first

to design the optimized optics of two segmented mirror telescopes. Then, exten-

sive analysis has been carried out to explore the effect of the segmentation on

the overall telescope performance. Since many analyses can not be carried out

using available conventional techniques, as part of thesis work we have also devel-

oped many tools and techniques and some of them indeed innovative in approach.

Before embarking on building a large 10m size NLOT telescope, a pilot study on

segmented mirror technology has been initiated at IIA. Under this activity, a small
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prototype segmented mirror telescope (PSMT) is being developed. The design of

the PSMT optics using a spherical primary mirror with very few auxiliary optics

was the top level design requirement. After exploring many possible design options

available, we finally ended up with our own design that meets the requirement and

makes the system cost-effective and straightforward.

Any segmented mirror telescope will deliver the best performance, which will

match to its equivalent monolithic mirror telescope, when all the mirror segments

are aligned, co-focused, and phased. As discussed in the section 1.6, co-aligning

and co-focusing are relatively straight forward tasks and usually sensed by using

the classical Sack-Hartmann device. Whereas, co-phasing the mirror segments

to the accuracy of one-tenth of lambda or better is indeed a difficult task. The

phasing task becomes further challenging when the telescope has many segments,

which is the case with HET/SALT, TMT, and the E-ELT telescopes. Additionally,

in a realized segmented mirror telescope, variable environmental conditions and

atmospheric seeing make co-phasing exercise far more difficult than one can find in

the stable laboratory condition. At present only twin Keck telescopes are phased

and provide close to diffraction limited performance, whereas all other working

segmented mirror telescopes such as HET, SALT, GTC, and LAMOST are only

aligned and co-focused. Except for GTC, these later telescopes performance is

supposed to be seeing limited, and hence co-phasing of their mirror segments

are not required. Since the diffraction limited performance is also aimed for the

NLOT, phasing its mirror segments becomes essential. There are many phasing

techniques either just proposed or already developed and few them have been

already briefly described in the section1.7 These techniques not only differ from

each other in term of basic working principal but they have also got different

precision, capture range, stability as well as instrumentation complexities. After

going through an extensive survey of the literature, we decided to deeply explore

two phasing techniques as a part of the thesis work. The first one is the technique

developed for the Keck telescope and another one based on the pyramid sensor.
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1.9 Outline of The Thesis

There are a total of six chapters in the thesis. The first chapter is the intro-

duction, which provides an overview of the large segmented mirror telescope, its

importance, and India’s plan to build a 10m class optical-NIR telescope. The basic

building blocks of the SMT’s and criticalities in phasing the mirror segments are

also explained briefly. The second and third chapters describe our effort to design

telescope optics for the PSMT and NLOT telescopes and results of the exten-

sive analysis carried out to explore the segmentation effect. The fourth and fifth

chapters are exclusively dedicated to phasing related studies and experimentation.

The phasing technique developed for the Keck telescope is explored, simulated,

and experimented in the laboratory. Whereas, as in the fifth chapter, we present

our work on using a pyramid sensor primarily for measuring the piston error as

well as other low order aberrations such as tip-tilt and the defocus. The last chap-

ter provides a conclusion of work carried out under the present thesis and scope

for further studies and exploration, which can be undertaken in the near future.



Chapter 2

The PSMT Optics

2.1 Introduction

The largest size telescope indigenously built in India is 2.3m Vainu Bappu Tele-

scope (VBT). VBT was built in the 80s, then after India has not made any optical

telescope on its own. In between telescope technology has evolved considerably

in all the aspects. In the Indian astronomical community, there is a proposal to

develop a 10m class National large optical telescope (NLOT), which will be de-

veloped around segmented mirror technology. A telescope of 8-10m size can not

be simply acquired from any telescope manufacture, and it is always a joint work

of research institutions and several industries. Where the design, analysis, inte-

gration, installation and testing activities are handled by proposing organization

and the manufacturing of various telescope parts as per design is carried out by

private industries.

Once segments are aligned and phased in any segmented mirror telescope, then

after keeping the alignment intact over weeks and months, using a precision actua-

tor, edge sensor, and primary mirror controller in variable gravity and environment

condition is a big challenge. Except for Keck telescopes, all other segmented tele-

scopes developed so far, such as HET, SALT, GTC, and LAMOST, have gravely

suffered over the years after their commissioning to deliver intended performances.

Building a large telescope requires a huge amount of investment, and a large num-

ber of highly skilled people comprising of scientists, engineers, and technicians
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have to work almost over a decade to realize it. Therefore, before embarking on

any large segmented mirror telescope project, it becomes essential to understand

the segmented mirror technology complexities. One way to get acquainted with

technology is by conducting some kind of laboratory experimentation on the SMT,

as carried out by many groups [3] [4] [48]. Another option can be developing a

small prototype segmented mirror telescope itself. Considering many advantages

over laboratory experimentation, it is proposed to develop a small 1.2-1.5m proto-

type segmented mirror prototype telescope (PSMT) at IIA Bangalore. The PSMT

will have all kinds of subsystems that one can expect in any large telescope made

of segmented mirrors. The PSMT can also be considered a step forward toward

building the NLOT. Under the current thesis, we have attempted to develop an

optimum design of the PSMT optics that meets the requirement and is also very

cost-effective.

2.2 The Design Requirements of the PSMT Op-

tics

The primary aim behind developing the PSMT is to demonstrate the technology

required to build a large segmented mirror telescope. So we need a segmented

primary with a minimum number of segments that can be used to test the control

system. In the hexagonal configuration, minimum one ring with 7 segments in-

cluding the central one would require to make a segmented primary. To facilitate

12 edge sensors and three actuators on the segment’s backside, the minimum size

of the segment should be about 500mm. This will make an effective aperture of

the PSMT about 1.3m. The most preferred optical design for any telescope is

RC, which requires an aspheric hyperbolic primary mirror. However, manufac-

turing off-axis mirror segments of aspheric primary are challenging and require

very specialized processes such as stress mirror polishing (SMP) or highly com-

plex CNC polishing machines [30]. This makes the off-axis mirror segment very

costly. Whereas, segments of the spherical primary mirror are identical and can

be manufactured using conventional tools. The spherical mirror segments will

reduce the manufacturing cost and complexity but will increase the toll on aber-
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ration correction. For the PSMT, we have decided to have the primary mirror as

spherical.

In order to reduce the wind-induced structural stability issues, the D-space

i.e., distance between primary and secondary mirrors, should be kept minimum,

preferably less than two times the diameter of the primary [8]. The secondary size

is another constraint that should be chosen considering the Alignment and Phasing

system, which is an integral part of any segment telescope for its operation. We

have planned to have Keck type phasing system, which requires light from the

primary mirror to be sampled from the inter-segment region. Therefore, this

requirement leads to a design constraint that the secondary mirror’s size should

be smaller than the central segment’s size. Though the primary objective of PSMT

is a technology demonstration, however, 1m size telescope installed at a good site

can also be utilized to undertake a few dedicated science observations. The PSMT

is intended to be used for both spectroscopic observations of the point source and

photometry of the extended fields. Having a decent image quality over a relatively

large field will be advantageous to meet the science related requirements. Few

important top-level design requirement for the PSMT optics is given in the Table

2.2

Table 2.1: Table showing the top level requirements of the PSMT optics

Parameters Values
1 Effective Aperture 1.0-1.5m
2 Telescope F/n F/8-F/12
3 Primary mirror optics Spherical
4 Segment shape Regular hexagonal
5 Plate Scale 0.010-0.015 arc-sec/µm
6 Field of view 10 arc-minutes or more
7 On-axis image quality <0.5”
8 Off-axis image quality (10 arc-minutes) <1.3 arc-sec
9 Focus Dual Nasmyth
10 D-space less than 2 times of

the telescope aperture
11 Back focal length 600-900 mm after

primary mirror
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2.3 Review on Telescope Optics Design

The most preferred optical design for any moderate to large telescope is Ritchey

Chretien(RC). In RC design, both primary and secondary mirrors are hyperbolic

in shape. If the primary is made of monolithic mirror, then there exist 360 degree

rotational symmetry, and conventional grinding polishing techniques can handle

manufacturing of a large hyperbolic mirror. Subaru, Gemini, and VLT telescopes

are few examples of large telescopes made of a monolithic primary mirror with

the RC design. However, in the segmented primary, except the central segment,

each mirror segment acts like an off-axis mirror, i.e., no more rotational symme-

try. Making off-axis mirrors segment with different asphericity requires a complex

manufacturing process and the tool, like the Stress Mirror Polishing (SMP) tech-

nique [30]. The twin Keck and GTC are only segmented mirror telescopes that

use RC optics.

One of the solutions to overcome difficulties of making off-axis mirror segments

is to use spherical primary in place of hyperbolic. All the mirror segments of spher-

ical primary mirrors are identical in shape and have the same radius of curvature.

Making such a mirror segment is easy and can be done using conventional mirror

grinding/polishing techniques. The fabrication process becomes faster due to the

use of a full-size polishing tool, which rapidly removes the material. Few large

segmented mirror telescope-like HET, SALT, and LAMOST use spherical mir-

ror segments. Since spherical mirrors are subjected to extremely large spherical

aberration, therefore, for acceptable image quality, it requires some aberration

correcting mechanism. Both HET and SALT telescopes use few reflecting optics

located close to the prime focus, named as a SAC ( Spherical Aberration Correc-

tor) [34] [35]. The most significant limitation of this design is that it has only

a prime focus, which is not suitable for many science programs where large in-

struments weighing up to several tons are required. Such bulky instruments are

usually placed in Cassegrain and/or Nasmyth focus. There are few efforts made

to explore alternate designs which not only uses a spherical primary mirror but

provide an option to have Nasmyth/Cassegrain focus[37] [38] [39] .

Other options to correct spherical aberration is the use of full-aperture refrac-
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Figure 2.1: Spherical aberration in spherical mirror(left) and use of Schmidt correcting plate
(right).

tive correcting plate/lenses. The one very popular design is Schmidt optics, in

which a correcting plate is placed at the ROC of the primary mirror ( see Figure

2.1). The Schmidt telescope’s optical design is well known to provide excellent

images over a large field of view and widely used in small telescopes. However, it

simply can not be scaled-up in a large telescope because it is highly impractical to

hold a large refractive Schmidt correcting lens that will deform by its own weight.

Another full aperture correcting optics proposed by Maksutov in 1944 uses a neg-

ative meniscus lens. This optical design, which has got many variants, also suffers

from Schmidt telescope’s same problem. Instead of using refractive correcting op-

tics that can not be made larger, it is possible to use a reflective Schmidt corrector

plate. The 5m class LAMOST telescope is developed with this approach [48]. This

design’s primary limitations are that it leads to a telescope configuration that is

not fully steerable and the size of the telescope pupil becomes variable. To over-

come gravity induced distortion found in Schmidt and Maksutov, several designs

are proposed in which sub-aperture correcting lenses are placed immediately after

the secondary mirror. Field-Maksutov, Klevtsov, Celestron HDEdge, and New-

Wise are a few examples of optics design based on the sub-aperture correction.

Telescope based on sub-aperture correction is not very popular, and the main rea-

son appears that the fabrication and alignment tolerances are significantly more

stringent. For the PSMT, we explored many design options in which a spherical

primary mirror can be used, and finally, we ended up with our design. The next

section describes our effort carried out in this regard.
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2.4 The Design Options

As briefly discussed in the previous section, there are many ways to handle tele-

scope optics design with spherical primary. Few of these designs are found to be

suitable for smaller telescopes, whereas others are found to be best suited for large

aperture telescopes. Considering our top-level design requirement for the PSMT,

which is about a meter size telescope, we first explored all potential optical designs.

While working on optical design, we considered the primary mirror is monolithic

and also circular. Then after telescope optics has been designed in the Zemax

and on and off-axis image qualities characterized in terms of RMS spot radius and

encircled energies are derived. Though we explored many design options, results

related to only five design options are presented here. The optical layout of the

these designs are given in the Figure 2.2, whereas, Table 2.2 provides the summary

of the image qualities. A brief description of these designs are given below:

(a) Modified field Maksutov design (b) Gregorian Design

(c) SALT Design (d) Four mirror Design

Figure 2.2: Optical layout for various design options

2.4.1 Modified Field Maksutov

The Maksutov is one of the popular designs for a small telescope in which a

spherical mirror is used as primary. Likewise, Schmidt design a full-size negative

lens is placed at the entrance pupil of the telescope. There are many variant designs
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of the Maksutov, and one of the designs uses a sub-aperture correcting lens just

after the secondary mirror.[9] We tried to explore this design for the PSMT and our

optical layout is shown in the Figure 2.2 (a). A positive meniscus lens is placed in

front of spherical secondary mirror, which corrects spherical aberration and coma,

but introducing chromatic aberration on the wavelength range we require. This

needs to be corrected out further with added corrector lenses kept just before the

focus. The best on-axis image quality ( D50 and D80), which we could achieve for

this design are 1.86“ and 2.88“, which is not at all acceptable for the PSMT. The

off-axis image quality degrades further. Due to the F-number constraint of the

primary and secondary, the system inherently has limitations on the aberration

correction. The advantage of this design is that all the components are spherical

and hence easy to manufacture. However, there are a number of problems with

the modified Maksutov design. The meniscus lens is found to quite large ( about

300mm) and very sensitive to alignment error. The large size lens is also subjected

to gravity-induced deformations. The radius of curvature of the lens is found to

very sensitive as it corrects the most of the aberrations. After noticing all these

problems at the beginning of the design, we did not attempt to optimize the design

further.

2.4.2 The Gregorian Design

The classical Gregorian telescope optics uses parabolic primary and ellipsoid sec-

ondary. Both secondary and primary are concave, and the secondary is placed after

the primary’s focal plane. Secondary being concave, manufacturing, and testing

becomes easier. In our case, the primary mirror is spherical; therefore, instead of

ellipsoidal, a hyperbolic secondary with conic constant -3.2724 is used. There are

two focal planes in a Gregorian design, the primary forms the first one, and it lies

in between the primary and the secondary. This intermediate focal plane is very

suitable for either a field stop and/or small corrective optics to achieve a large

aberration-free field. Just two mirror Gregorian designs without any corrective

lens give almost acceptable on-axis image quality ( see the Table2.2), which is

acceptable for the PSMT as a technology demonstrator. The major disadvantage

of this design is that the separation between primary and secondary is vast it re-
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quires 3.8m tube length. The large tube/truss lead to gravity-induced flexure as

well as the problem of wind induces disturbances. Also, the off-axis image quality

degrades much faster than any other design explored.

2.4.3 Scaled down SALT Design

HET and SALT are two large telescopes built around the spherical primary mirror.

The huge spherical aberration induced by the primary mirror is corrected by using

four element all reflective mirror systems placed near the prime focus.[35] We

have explored the possibility of using the optical design of the SALT to one-meter

size PSMT telescope. We used a similar configuration as SALT, scaled-down all

the parameters for 11m SALT to 1.3m PSMT, after Zemax is used to optimize

the design further. The SALT design gives excellent performance and provides

diffraction limited performances for both on and off-axis. The image quality of

the PSMT-SALT design is much better than the SALT telescope design itself,

which appears degraded primarily due to large aperture primary. Although SALT

design offers the best image quality, we have not considered this design for the

PSMT. The primary reason are: (1) elements of SAC are found to be very sensitive

to alignment error, (2) one of the mirrors which is high order aspheric, turns out

very small and hence manufacturing of this mirror which is indeed a challenge and

(3) keeping multiple instruments at the prime focus along with de-rotator and

focus/tip/tilt mechanism was complicated.

2.4.4 Four Mirror Design

One of the very promising designs which we explored is the four mirror design.

The optical layout is shown in the Figure 2.2(d). In this design, primary, sec-

ondary, and one more mirror M1 are all spherical and very easy to manufacture.

Whereas, the fourth mirror (M2) is 6th order aspheric. This design is a modifica-

tion of 4 mirror anastigmatic designs proposed by [10],[11]. It provides excellent

image quality all over the field up 10 arc-minutes and meets most of the design

requirements. Despite providing very excellent image quality over large field of

view, we did not select four mirror design because of following reasons. We found

that M2 is extremely alignment sensitive from the tolerance analyses and may
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require an active lookup table-based gravity-induced flexure compensation mech-

anism. Secondly, it provides only Cassegrain focus and hence requires a large hole

on the central mirror, making the central mirror fragile. We also found that the

four mirror design creates vignetting, which becomes severe after four arc-minute

radii.

Table 2.2: Summery of the imaging performances of different optical designs considered for the
PSMT in arcsec diameter of Encircled energy.

Design Option On axis 20“ 40“ 60“ 120“ 240“

50% 80% 50% 80% 50% 80% 50% 80% 50% 80% 50% 80%

Modified Maksutov 1.86 2.88 1.86 2.91 1.86 2.93 1.89 2.99 2.03 3.22 2.54 4.00

Gregorian design 0.99 1.36 0.96 1.52 1.10 1.92 1.40 2.43 2.50 4.07 4.85 7.49

Scaled down SALT 0.12 0.21 0.12 0.21 0.12 0.21 0.12 0.21 0.12 0.22 0.12 0.24

Four mirror design 0.10 0.20 0.10 0.20 0.10 0.20 0.10 0.20 0.10 0.20 0.10 0.20

PSMT two mirror 0.36 0.51 0.41 0.71 0.62 1.02 0.88 1.39 1.70 2.57 3.36 4.93

2.5 The PSMT Optics with Two Mirror Design

We explored many optical designs for the PSMT in which primary can be made of

a spherical mirror. Not all but few potential designs options are briefly described

in the previous section. After preliminary design studies, because of one or other

reasons, we did not pursue them further. We searched for simple RC kinds of

two mirror design, which primarily correct the spherical aberration for the on-axis

imaging so that the telescope can be used at least for the technology demonstra-

tion. In our exploration, we found that if we use an oblate ellipsoid secondary

along with a spherical primary mirror, then it provides near diffraction-limited

image quality for the on-axis. This optical configuration is like a modified inverse

of Dall-Kirkham in which primary is elliptical, and secondary is spherical. After

getting acceptable on-axis image quality, we chose this design is a baseline design

for the PSMT and carried out extensive design optimization and analysis work.

The design optimization has been first carried out considering the primary mirror

as a monolithic, and then after keeping all the other design parameters the same,
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the primary mirror is replaced by the segmented mirror.

2.5.1 The PSMT Optics Design With Monolithic Primary

The first round of the optics design optimization has been carried out considering

primary is a monolithic mirror. The primary is derived considering each segment

is regular hexagonal in the shape and length of its all six sides are the same and

equal to 250mm. Such a hexagonal segment can be created by cutting sides of a

500mm roundel shape spherical mirror. We need a minimum of seven identical

segments to create a segmented primary in which one segment will be placed at

the center, and six will be in the first ring. All the gaps between mirror segments

are uniform and considered to be 5mm. The six segments in the periphery need

to be tilted and pistoned so that all seven segments form a large spherical primary

mirror of an effective aperture of 1333mm. While designing the PSMT optics with

a monolithic primary, we have considered its aperture 1333mm. The figure.2.3

shows the segmentation projection view from top, which in turn used to get the

design Entrance pupil diameter for the monolithic telescope.

Figure 2.3: The segmentation procedure to find the total monolithic aperture size (OA=
666.348mm, the selected physical radius of the monolithic telescope, including a 5mm inter-
segment gap).

The initial size of the secondary is chosen, keeping the phasing related require-

ment into consideration. We need to have a secondary that should cast a shadow

smaller than one segment and leaves about 10mm intersegment region. This re-

quirement leads to the constraint on the secondary’s size, not allowed to be larger

than 300-350mm. Since PSMT is a small segmented telescope, so there is not
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much scope to accommodate Cassegrain focus. Therefore we decided to have two

Nasmyth focus, one for the science instrument and another to host Alignment and

Phasing Device. The dual Nasmyth focus requires a flat tertiary mirror mounted

on the rotating platform. Considering the telescope’s opto-mechanical arrange-

ment and the instrument, we wanted to have back length of the telescope (the

distance from the edge of the primary mirror) somewhere 600-900mm.

The distance between primary and the secondary ( D-space) is primarily de-

cided by focal lengths and hence radius of the curvature(ROC) of the primary as

well as the secondary. In the two-mirror system, the D-space is one of the impor-

tant parameters which govern various primary aberrations of the telescope. The

larger D-space and hence tube length, on the one hand, helps to reduce the optical

aberration of the telescope; however, on the other hand, it introduces higher tube

flexure due to gravity as well as the problem of increased wind shake. Therefore,

before initiating the Zemax based design optimization, we analytically explored

efftct of ROC, and tube length on image quality. For this, we used aberration for-

mula given by Wilson for the two mirror telescopes[44]. From this analytical study,

we finally decided to have initial values for the D-space of 2400mm, primary and

secondary focal lengths 3100mm and 850mm, respectively.

In our two-mirror design the secondary mirror is convex and oblate ellipsoidal

in shape. Again using the prescription given by the Wilson[44], we compute the

possible conic constant for the PSMT secondary mirror.

(bs2)SP =
f ′

L

( m2

m2 + 1

)3

−
(m2− 1

m2 + 1

)2

(2.1)

f ′ = D1 ∗ Fno = 1333 ∗ 10.7 = 14263.1mm = 14.2m (2.2)

f1 = 3175mm (2.3)

and

m2 =
f ′

f1′
=

14263.1

−3175
= −4.4923 (2.4)

L = f ′ −m2d1 = 14263.1− 4.4923 ∗ 2483 = 3108.6819mm (2.5)

(bs2)SP =
14263.1

3108.6819

( −4.4923

−4.4923 + 1

)3

−
(−4.4923− 1

−4.4923 + 1

)2

= 7.292 (2.6)
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(a) Optical Design layout

(b) On-axis wavefront

(c) The spot diagrams for different fields (d) Encircled Energy plot

Figure 2.4: The optical design of the PSMT with monolithic primary mirror.

Table 2.3: PSMT Monolithic Design values summery

Parameter Values
Diameter of Entrance pupil 1333mm.
Primary ROC 6350.71mm
Primary F no 2.38
Secondary ROC 1777.385mm
Secondary size 300
Secondary sag 6.429
Secondary F No F/4.58
Secondary Conic 7.518724
Tertiary Size 216 (major axis)
Plate scale 0.014 arcsec/µm
D-Space 2484mm
Distance between primary and Tertiary 675mm
The back-focal length
(Distance between edge of primary to the focal plane) 635mm

Once having all the required initial parameters, we have carried out the design

optimization using the sequential mode of the Zemax. The design optimization

was carried for the on-axis and various off-axis fields hence weights were given

accordingly. The spot diagrams and EE plots show that the on-axis image qual-
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ity can be as good as 0.35 arcsec ( D50), and 90% can reside within an arcsec.

Figure 2.4b show the on-axis pupil wavefront at the focus. For the on-axis, the

ellipsoid secondary has reduced spherical aberration to the extent of Lambda/10

RMS wavefront error, which is very good and usually targeted by any research-

grade optical telescope. However, when we move out, the off-axis image quality

degrades rapidly. The image quality up to 60 arcsec FoV appears to be sub arcsec

and comparable to the local seeing. Beyond one arc-minute FoV, the telescope

image quality degrades to the extent that it may not be so useful for any science

observation. Since the two mirror optics meets the image quality requirement

of the PSMT as narrow-field telescope. Therefore, we accepted this design and

moved to the next level in which further design optimization has been carried out,

considering primary as a segmented mirror.

2.6 The Segmented Design

While carrying out design optimization, we kept all other telescope design pa-

rameters the same as the monolithic design optimization process described in the

previous section. The only change we have done is that the monolithic primary

mirror, which is also circular in aperture, is replaced with the segments primarily

made of seven identical mirror segments. The gaps between segments are kept

5mm, which also includes the beveling of the segment edges. The XY tilt and the

piston (sag) required to create a segmented primary is given in Table 2.4.We cal-

culate each segment’s center using the approach that all the segments look regular

hexagons in the projection when we look from the top. This is a usual practice

in almost all the segment telescope design. In a real optical segment system, this

will create an elongation in the segments as we go to the outer rings, but in the

case of PSMT, as it is a small one-ring telescope, we can potentially ignore this

elongation.

Once a segmented primary mirror is created, then design optimization can

be carried out in many ways. For example, we can use sequential system, non-

sequential system and sequential-non sequential Mixed mode system. In all these

design modes, we can make use of a user-defined aperture (UDA) file used by



34

Table 2.4: calculated Sag, X position, Y position, Tilt about X,Y axis

Seg-
ment Sag X position Y position X tilt Y tilt
No

in mm in mm in mm in degree in degree
1 0 0 0 0 0
2 15.123013 219.0063509 0 0 3.9595881
3 15.123013 438.0127019 -252.8867514 -3.4284206 1.9786118
4 15.123013 -438.0127019 -252.8867514 -3.4284206 -1.9786118
5 15.123013 -219.0063509 0 0 -3.9595881
6 15.123013 -438.0127019 252.8867514 3.4284206 -1.9786118
7 15.123013 438.0127019 252.8867514 3.4284206 1.9786118

ZEMAX. ZEMAX considers a UDA aperture as a surface projected from the

aperture’s vertex tangent plane into the optical base surface. As PSMT has a

spherical primary, the UDA file can be created in both local and global coordinate

systems. If it is created in a global coordinate system, users have to enter the

radius and conic constant and other surface defining quantities to get the desired

segment shape. Creating the segment UDA file in the global coordinate system is

more convenient when designing aspheric or complex primary segments. For the

spherical primary, the design can be better created in the local coordinate system

using the same segment UDA file for all the segments. Additional information

needed is the segment, X, Y, Z position and rotation about X, Y, and Z axes. If the

segments are subjected to any manufacturing error, then mirror deformation for

each segment can also be given in Zernike coefficients. We have briefly explained

these approaches here; however, some more details may be found in the Appendix

A.2.2.

2.6.0.1 PSMT Design with the Segmented Primary

Once the segmented primary mirror is created using the procedure described in the

previous section then after all other telescope design parameters are taken from

the monolithic design as given in the Table 2.3 and used as starting values for

the design. Few parameters, such as ROC of the primary, ROC of secondary, and

its conic constant, back focal length, are kept constant during the optimization

run. Whereas the Dspace (secondary focus) is used as a compensator. In the

segmented primary design we get additional parameters such as segment tilt and
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(a) Segmented Design layout (b) Segmented wavefront

(c) Segmented spot diagram (d) Segmented Encircled Energy

Figure 2.5: Design with Segmented Primary(in Sequential non-sequential mixed mode)

Table 2.5: The Image quality difference in encircled energy(EE) between monolithic and seg-
mented telescope given as arcsec diameter.

Percentage On axis 20” 40” 60” 120” 240”
of GEE diameter diameter diameter diameter diameter diameter

50% Monolithic 0.356 0.413 0.616 0.883 1.700 3.360
50% Segmented 0.264 0.343 0.528 0.749 1.420 2.750
68% Monolithic 0.441 0.571 0.826 1.150 2.150 4.240
68% Segmented 0.329 0.488 0.721 0.993 1.830 3.580
80% Monolithic 0.515 0.707 1.020 1.390 2.570 4.920
80% Segmented 0.426 0.568 0.851 1.160 2.190 4.200
90% Monolithic 0.990 1.050 1.300 1.650 3.280 6.560
90% Segmented 0.809 0.851 1.060 1.460 2.890 5.900

the piston for the optimization. The optimization can be done for the wavefront

or RMS spot size. As a first step, we run the local optimization and then run the

global optimization. Figure 2.5 shows the optical layout, spot diagrams, EE plot

as well as on-axis wavefront at the focal plane. When comparing performances of

the segmented design over monolithic one ( see Table 2.5), we can find appreciable

improvement in the image quality of the segmented telescope. The on-axis image
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quality improves from 0.35
′′
to 0.26

′′
and off-axis image of one arc-minutes FoV

changes from 0.88
′′
to 0.74

′′
. Similarly, the on-axis pupil RMS wavefront error,

which is 0.0997 wave in monolithic, becomes almost half ( 0.0499 waves) . The

improvement of the image quality of the segmented mirror over monolithic can

be explained in two ways. The first reason is that the marginal rays (rays from

the edge of the aperture) that contribute a significant fraction in the spherical

aberration get cut down by segmented primary whose overall shape is hexagonal.

Another reason seems to be the flexibility of segmented primary to individually

tilt and piston all the mirror segments. This feature allows for correcting some

of the aberrations, making the spherical primary behave like a slightly aspheric

primary mirror.

2.7 Exploring Various Optimization Options

Even after achieving the required image quality with segmented primary mirror

optimized with the sequential-non sequential mixed-mode, we decided to explore

all possible optimization methods and compare the results. These options are

summarised in the Table 2.6. For the comparison, the design with monolithic

primary optimized in sequential mode is also given as the first option. Other

six options are generated based on design modes ( sequential or mixed), Pupil

integration methods ( Gaussian or rectangular ), and segment piston and tip/tilt

are fixed or variable. Options two and four really are not a segmented mirror in the

true sense, but the monolithic primary mirror is virtually divided into segmented

using the UDA. This design optimization option is different from the monolithic

in the sense that it makes the primary mirror a seven hexagonal segmented shape

as a whole, and the effect of the gap is also taken into account.

Zemax optical design software, which works on the ray-tracing principle, uses

two different pupil integration methods, the Gaussian quadrature and the rectan-

gular array. The Gaussian quadrature numerical method calculates integrals as a

weighted sum at just a few carefully chosen points. Using any one of the above

pupil integration methods, the optimization can be carried out using very few rays

and hence saving computation time, which is very much needed for a complex de-
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Table 2.6: Different optimization options explored for the PSMT optics design.

Optimi- Sequ- Mixed Segm- Pupil Pupil Segment
zation ential ented Int Int
Tech- Gaussian Recta- P,T,T
nique Quadr- ngular
No mode mode Primary ature Array
1 ✓ ✓
2 ✓ ✓ ✓
3 ✓ ✓ ✓
4 ✓ ✓ ✓
5 ✓ ✓ ✓
6 ✓ ✓ ✓ ✓
7 ✓ ✓ ✓ ✓ ✓

(a) Wavefront optimization plots (b) RMS spot optimization plots

Figure 2.6: On axis image quality of the PSMT with various optimization options

sign optimization task such as telescope with the segmented primary. The results

of the image qualities ( D50, D68, D80 and D90) obtained for all seven options are

shown in Figure2.6. The optimization has been carried out for the RMS wavefront

error as well as the RMS spot radius. In the wavefront optimization, the energy

concentration to the core of the PSF is more prominent than the wings and that’s

why D90 is much larger than D50 and/or D80. Due to this reason, wavefront op-

timization is preferred while carrying out design optimization for high-resolution

observational requirements. In optimizing for RMS spot size, we can see a grad-

ual improvement in the image quality from the Monolithic primary mirror to the

segmented one with tip/tilt and piston variable. In both cases, it has been noticed

that the pupil integration method the Rectangular array is the best approach for

the segmented primary mirror.
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2.8 Tolerance Analysis and Error Budget

Once the telescope design has been completed, then after the next task is to

identify the sensitive parameters in the design, find the tolerances, and estimate

the error budget, predicting how the system will perform when it is realized. We

have developed few tools on the python - Zemax dynamic data exchange(DDE)

platform to carry out the tolerance and error analysis in a generic way.

2.8.1 Tolerance Analysis

Since PSMT is designed as a seeing limited telescope, suppose to be installed

at Hanle where median seeing is about 1.2 arc-sec; therefore, for the tolerance

analysis, on-axis system performance for D80 ( diameter of the 80% of Geometrical

EE ) is allowed to degrade up to 1 arc-sec. The tolerance parameters can be

classified into two groups, manufacturing and alignment. Some of the important

design parameters which we have considered for the tolerance study are given

below.

2.8.1.1 Manufacturing related tolerances

Telescope optics, which mainly comprises primary, secondary and tertiary mirrors,

requires many months and years of effort to manufacture them. Even though great

care is taken while manufacturing the telescope optics, they are subjected to errors

of different kinds. Prior to use, it is good to understand the effect of these errors

and, if possible, reduce the manufacturing error and/or look for some compensator.

For the PSMT tolerating study, the following parameters linked with the optic’s

manufacturing have been considered.

1. Primary surface irregularity

2. Primary Segments radius of curvature, global and local

3. Secondary surface irregularity

4. Secondary Radius of curvature - manufacturing

5. Secondary conic constant
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6. Tertiary surface error in fringes ( tertiary is a plane mirror )

7. Tertiary surface irregularity

2.8.1.2 Alignment related tolerances

Even if optics are manufactured precisely, when installed in mechanical sup-

port/mount, they go through some kind of miss-alignment, which is usually static

in nature. However, due to variable gravity and the temperature, telescope op-

tics goes through dynamic miss-alignment. The effect of both static and dynamic

alignment error on telescope performance need to be also explored and corrected.

The alignment error which we have considered in our tolerance study are:

1. Primary segments X, Y tilt

2. Primary segment piston

3. Secondary X,Y tilt

4. Secondary X,Y de-center

5. Tertiary X,Y tilt

6. Tertiary X,Y de-center

7. Focus and de-space change

Tolerance analysis of a monolithic telescope using a ray-tracing software like

ZEMAX is a well-established procedure. However, when it comes to segmented

design, then it is a bit unexplored field. The tolerance parameters in ZEMAX are

defied in the tolerance data editor. We can choose Normal statistical distribution

or truncated Gaussian distribution for the design parameters subjected to the tol-

erance study. The figure error is introduced to the system with the Python-based

segmentation code through Python-Zemax DDE. Unlike the monolithic mirror,

the segment, if not made from the same batch of the material, can have different

CTE. Therefore in our analysis, we have also kept CTE difference, reflecting in

ROC changes as one tolerance parameter. The segment CTE variation induced

radius of curvature changes is calculated with the thermal deformation equation’s
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help. The tolerance analysis in the Zemax is based on Montecarlo simulations,

in which random distribution of each parameter’s values is generated within the

given tolerance range. While carrying out tolerance analysis, one can provide one

or more compensators that try to nullify the various errors. While tolerancing,

the compensator acts like a variable. Most often, in telescope design analysis, the

focus is taken as a compensator.

Other than surface figure error, all other parameters are set within in allowable

error limit, and the Montecarlo runs are carried out. At the end of the Montecarlo

run, we identified the sensitive parameters and tightened them if required, and

then repeated the process until system performance is reached. If the system is

within the allowable degradation, then the range is selected as tolerance for that

parameter. The tolerance for the primary figure is carried out at last. Once the

tolerance analysis gets completed, we come up with a tolerance sensitivity table

that ranks all the parameters in terms of their sensitivity. The worst offender (

the parameter that contributes highest in the performance degradation) is ranked

first, then after the next offender, and so on. The table 2.7 gives the sensitivity

of the parameters considered in the PSMT tolerancing study. From the table,

the figure error of the primary is the most sensitive parameter and contributes

the highest in image degradation. Segment tilt and ROC errors occupy second

and third place in the sensitivity table. After that, the next ranks are somewhere

linked with secondary focus or alignment errors. As expected, the least sensitive

parameters are linked with the tertiary alignment.

2.8.2 The Error Budget

Once the tolerance study is completed, we have a reasonably good idea about how

these parameters will vary over the analysis range. The next task is estimating

the possible image degradation (error) the telescope will have when it is realized.

The steps are pointed out below,

� Generate a set of ZEMAX files providing the error within the parameter

range decided by tolerance analysis. The error is estimated for the only

parameter, keeping all other parameters as per optimized design.
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Table 2.7: Tolerance and Sensitivity ranking

Ranking Error Value

1 Primary surface irregularity λ/20 rms
2 X,Y tilt of Primary segments ± 0.1 arcsec
3 Segment roc ± 0.1mm
4 Defocus ±0.01
5 Segment support 20 Zernikes fitted
6 Y de-center of secondary ±0.1mm
7 X de-center of secondary ± 0.1mm
8 Secondary X tilt ±18 arcsec
9 Secondary Y tilt ± 18arsec
10 Secondary fabrication λ/20 rms
11 Blank CTE variation of Segments ±0.05PPM/Degree C
12 Tertiary fabrication ±0.8 fringes
13 Secondary Roc ± 4mm
14 Primary Global roc ± 6mm
15 tertiary conic ±0.001
16 Piston of Segments ± 25nm
17 Y Tilt of tertiary ±12 arcmin
18 y De-center of tertiary 0.2mm
19 X De-center of tertiary 0.2mm
20 X de-center of tertiary -0.2mm
21 Y De-center of tertiary -0.2mm
22 X tilt of tertiary ±12 arcmin

� Retrieving Geometrical encircled energies(GEE) (50,68,80,90 %) from each

file and convert it into arcsec using the plate scale.

� Find EE for the best and worst cases, and then after computing the EE

difference with respect to the ideal case using the quadrature subtraction

formula ( Eerror=
√

E2
total − E2

ideal). These are the extreme errors caused by

any parameters which vary over the tolerance range.

� Since the Montecarlo simulation parameters are created as a normal distri-

bution over the tolerance range; the worst performance case scenario may

be the most pessimistic combination of all the errors. Therefore, while de-

riving the realistic error, the mean value of the best and worst performance

is computed and set it as the error value to be used in the error budget for

that particular parameter.

Since the error needs to be estimated for many parameters following the above
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procedure, which is very labor-intensive, a python-based tool has been developed.

The errors are estimated for all possible EE, however in the tables 2.8 to 2.10,

we give only D 50%, and D 80%, which are two widely used quantity to judge

the image quality of the telescope. The D50 is equivalent to the full width at

half maxima ( FWHM) used by astronomers. In the primary mirror, the main

contributor is figuring errors(Surface and support). Segment to segment small

ROC error can be compensated by differently tilting and pistoning individual

segments. However, in this process, we introduce a phase error which may not

be crucial for the seeing limited PSMT telescope. For the secondary mirror, it is

primarily an alignment error that causes image degradation. If we qudraturly add

up all the error, including the basic design error, then D50 turns out to be 0.3

arc-sec and D80 0.97 arc-sec. We can conclude that the expected image quality

for the on-axis is well within the design requirement.

Table 2.8: Primary Error Budget

Sl.NO Source of Error D-50 (arcsec) D-80 (arcsec)

1 Primary surface figure
error (31.64 to 33.3nm) 0.26 0.46

2 Segment ROC ( Segment to segment
difference )± 0.1mm 0.14 0.32

3 Segment alignment± 0.1arcsec 0.24 0.38
4 Segment piston ± 25nm 4.55E-6 3.36E-6
5 Primary global ROC ± 6mm 0.014 0.021
6 Segment support with 20 zernikes fitted 0.14 0.25
7 Segment CTE variation of ±0.05PPM/◦C 0.07 0.18

One of the unexpected result which we found from our error analysis is that

the surface irregularity ( figuring error) of the primary mirror segment is the most

dominant term and superseded to all other errors. In the case of the PSMT, we

have no mechanism ( such as warping harness), which can be used to compensate

for the figuring error, except opting for very precise optics, which will escalate

the cost of the project. Considering this, we decided to carry out an in-depth

exploration of the effects on the image quality due to segment figuring error.
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Table 2.9: Secondary & Tertiary Error Budget

Sl.NO Source of Error D-50 (arcsec) D-80 (arcsec)

1 Secondary collimation De-centre
± 100micron, tilt± 18arcsec 0.13 0.22

2 Primary Secondary Separation
of ± 10 micron 0.17 0.29

3 Secondary ROC( ±4mm manufacturing ) 0.021 0.047
4 Secondary Conic accuracy ± 0.001 0.004 0.006
5 Tertiary Collimation , De-Centre

± 200micron, tilt=± 12arcmin 9E-10 23E-9
6 Secondary Fabrication figuring

error of λ/20 rms 0.11 0.18
7 Tertiary Fringe( ROC error)±0.8 fringes 0.06 0.18

Table 2.10: Full Telescope error budget

Sl.NO Source of Error D-50 (arcsec) D-80 (arcsec)

1 Telescope optical design (design error) 0.266 0.45
2 Primary Mirror( including all) 0.41 0.74
3 Secondary and tertiary

(manufacturing + collimation) 0.25 0.44
4 Focus of 10 micron 0.046 0.095

2.9 Exploring Effect of Segment figuring Error

From the tolerance analysis, we noticed that the primary mirror segment’s figure

error is one of the most sensitive parameters. Also, while investigating other

segmented mirror telescopes such as TMT, we found that a huge allowance has

been given to segment figure error [19]. This prompted us to explore the effect of

the segment figuring error on the overall telescope performance in detail.

The figuring error present in the segment can be created using the Zernike poly-

nomial, which can mimic figuring error spatially distributed over a wide frequency

range. In the beginning, we used a random distribution of Zernike coefficients to

represent figure error, which lead to the need for extremely high precision optics

to achieve acceptable image quality. We soon realized that the Zernike coeffi-

cient’s random selection does not represent the real mirror’s figuring error. We

need to use the weighted Zernike coefficients, where the weight should be derived

by using metrological data of the fabricated mirrors. Using the data from our
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in-house mirror segment manufacturing effort for the PSMT and looking at other

telescope mirror data, we came up with a weighing scheme that mimics the real

figuring error. Figure 2.7 shows a distribution of the seven set of weighted Zernike

coefficients used.

Figure 2.7: Distribution of weighted Zernike coefficients used to generate figuring error.

(a) Monolithic PSMT surface deformation for
Zernike normalization radius of 666.5mm ,
rms=25.07nm

(b) Surface deformation over one segment for Non-
weighted Zernike coefficients (top view), rms=31
nm

Figure 2.8: Creating figuring error in the circular primary and the hexagonal segment.

For the comparison, we first used primary as a monolithic mirror of 1333mm

diameter and then after figuring errors characterized by λ/20 - λ/19 ( 31.64-

33.3 nm), RMS is injected into the surface of the primary mirror. In practical

terms, the weighted Zernike coefficient values are scaled up in a way that it should

provide required figuring errors. Then after when we estimated the image quality,

we found that figuring error has degraded the image quality by 0.1“ (D50) and

0.107“ (D80). After that, the same procedure is applied to the segmented primary
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mirror i.e., figuring error of the same amount is injected to each hexagonal mirror

segment. From the error estimation, we got that contribution of figuring error

in the segmented case has increased almost three times ( 0.1“ to 0.32“ ). This

finding puzzles us, and a possible explanation seems to be a manifestation of low

spatial frequency errors in each segments into an increased contribution by the

mid spatial frequency of figuring errors when we consider the full aperture.

2.9.0.1 Analysis Using Aperture Edge Smoothing Function

When we carried out figuring analysis on segmented primary with weighted Zernike,

we observed a noticeable difference in the figure’s appearance at the segment’s

edges that form the primary mirror. We found that even though we specify the

orientation of figure error and placement of the segments, a phase jump is seen

between the segment edges, which would create an effect like a piston error. To

overcome this problem, the need for edge smoothing was realized.

(a) Segmented telescope wavefront

(b) Aperture weighting function , in our analysis
we chose σ = 8,δ = 8

Figure 2.9: Analysis with weighted Zernike with edge smoothing approach

The formula is given in the equation 2.7 can be used to create an aperture

weighing function.

weightage =
(
exp−

(
(rσ)

( 4
pi
) + 0.14r2

1 + 0.14r2

)δ)
(2.7)

By controlling σ and δ in the equation, we can create the required smoothing

of the figure error at the edge of the segment. The figure2.9b shows the plot of

aperture smoothing function for different combination of the σ and δ. For our

analysis, we have used σ = 8 and δ = 8, which provide a smooth edge and remove
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any discontinuity that may arise in the inter-segment regions. The image quality

of the PSMT substantially improves after edge smoothing. The D50, which was

earlier 0.32“ becomes 0.26“ The D80 also improves accordingly.

Table 2.11: Primary Mirror figure Error Budget

Sl.NO Source of Error D-50 (arcsec) D-80 (arcsec)

1 Monolithic primary
with Normalization radius of

666.5mm with weighted Zernikes 0.1 0.107
2 Segmented primary

with Normalization radius of
250mm with weighted Zernikes 0.32 0.56

3 Segmented primary
with Normalization radius of
250mm with weighted Zernikes

Segment edge smoothing 0.26 0.46

2.10 Thermal Analysis of the PSMT Optics

Even after manufacturing telescope optics very precisely, telescope optics goes

through gravity and temperature-induced deformations and miss-alignments dur-

ing the operation. As for the telescope optics in concern, the temperature can

directly affect the figure of the mirrors when it is subjected to variable tempera-

ture. Whereas mechanical stress injected to the mirror through its support due

to temperature change can indirectly affect the figure of the mirror and hence

the image quality. Thermal analysis of the material used for making the telescope

mirror is one of the critical step. For the large segmented telescopes like TMT and

ELT, thermal analysis is conducted in a very detailed manner by considering heat

flows through conduction, convection, and radiation, resulting in changes in the

global mirror temperature and can also create temperature gradients. Low CTE

material such as Zerodur and Ultra-Low Expansion ( ULE) is the most preferred

glass-ceramic material for the telescope optics. However, these are very costly ma-

terial, and PSMT is a small one-meter class experimental telescope; therefore, we

explored the possibility of using the least expensive glass such as Schott Supremax.

Therefore, before choosing the material to be used to make PSMT primary mirror

segments, and secondary we have conducted a study to understand the effect of
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the mirror material on telescope performance. For this study, we have used two

glass material, Zerodur, and the Supremax, and their mechanical properties are

given in Table.2.12

Table 2.12: Mirror materiel parameters

Parameter Supremax Zerodur

Elastic Modules (N/m2) 6.4x 1010 9.3x 1010

Poisson’s Ratio 0.2 0.243
Shear Modulus (N/m2) 3x 1010 3.67 x1010

Mass Density ( kg/m3) 2200 2530
Coefficient of thermal expansion (m/K) 3.25x10−6 -2x10−8

Thermal Conductivity (W/(m-K)) 1.2 1.63
Specific heat (J/(kg-K) 830 830

2.10.1 Thermal Analysis of the Primary Mirror

The thermal study has been carried out using the COMSOLMultiphysics software.

Since all the PSMT mirror segments are identical, therefore to save the computa-

tion time, thermal analysis is carried out for a single mirror, and the same result

is used for the segmented primary made of seven segments. The hexagonal mir-

ror segment of 250 side length, thickness 50mm, and the ROC of 6350.72mm is

meshed and analyzed for 3, 5, and 30◦C temperature changes. The temperature

change leads to surface deformation captured at every node point on the mirror

surface. The surface deformation is decomposed into Zernike coefficients, and the

first 21 coefficients are shown in Figure 2.10.

(a) Zernike coefficients for supermax for 300C tem-
perature change

(b) Zernike coefficients for supremax for 300 C
temperature change, with defocus=0

Figure 2.10: First 21 Zernike coefficients of the thermal deformation of the primary mirror
made of the Supremax material The change in the temperature is 300C .

From the Zernike coefficients, which represent the thermal deformation, we
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found that in both Supermax and the Zerodur, the deformation is primarily dom-

inated by the defocus, which is linked with the change in the ROC of the pri-

mary mirror. The second term which contributes to the deformation is spherical

aberration. These two are low order radial terms. Then after, all other Zernike

coefficients are insignificant. From our analysis, we find that the change in seg-

ment surface sag RMS and PV after Piston, tip, tilt (P, T, T)removal is 149.84 nm

and 380.60 nm for the Supremax . Whereas, it is 0.9268 nm and 2.34 nm for the

Zerodur. If we correct defocus, then deformation reduces substantially, and RMS

and PV become 2.59 nm and 4.29 nm for the Supremax. Once defocus is corrected

for the Zerodur, surface deformation RMS and PV is 0.018 nm and 0.03 nm, in

ZEMAX optical system with primary and secondary this makes the system to

reach back to its ideal state.

(a) Degrdation in the Wavefornt (b) Spot diagram

(c) Optimized Wavefornt (d) Optimized Spot diagram

Figure 2.11: Wavefront and spot diagram for the telescope made of Supremax and subjected
to 300C temperature change.

2.10.2 The Final Material Chosen for the PSMT Primary

Mirrors

Supremax deform linearly with respect to temperature were as the rate of defor-

mation is less in Zerodur. The cost of Zerodur is way too much in comparison to

that of Supremax. Our study found that the thermal effect predominantly intro-

duces a defocus error caused by ROC change of the primary mirror. The change

in ROC of the primary due to thermal effect can be compensated by tilting outer
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(a) Degradation in the Wavefornt (b) Spot diagram

(c) Optimized Wavefornt (d) Optimized Spot diagram

Figure 2.12: Wavefront and spot diagram for the telescope made of Zerodur and subjected to
300C temperature change.

mirror segments and pistoning the central segment.

In the case of Zerodur, this compensation can be avoided as even for 300C

change; the deformation is very less and within the acceptable range. Although

the large defocus error of Spremax can be compensated fully, we decided to use

Zerodur material for the PSMT. The reason behind this selection are: (1) any

small difference in the CTE of the segment made of Supermax will create differen-

tial ROC error which will be difficult to compensate (2) There will be additional

over-head to primary mirror controller to correct the temperature effect by giv-

ing required tip/tilt, and piston (3) any temperature gradient present within the

primary mirror segments will lead to additional differential ROC error.

2.11 PSMT Widefield with the FOSC Instru-

ment

The PSMT optics is designed primarily for technology demonstration, to provide

acceptable image quality over about one arc-minutes FoV. Though few sciences is

also possible with a telescope having a narrow field, however, a general-purpose

telescope requires at least 10 arcminutes clear FoV with decent image quality.

From a science perspective, a one-meter class telescope is a fairly good size and

can be very effectively used for verities of astronomical research. Therefore, we
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explored PSMT optics design to get a larger field with few refractive optics. Since

only one Nasmyth focus of the PSMT is available for the science instrument, we

choose a multi-tasking instrument that can be used for both spectroscopy and

imaging. The one such device which is widely used by many mid to large size

telescopes is Faint Object Spectrograph and Camera (FOSC) ( [20], [21] ,[22]).

Since this device uses a re-imaging optics comprising a collimator and the camera,

we decided to design the FOSC optics so that it can also correct the PSMT off-axis

field aberration and provide acceptable image quality over at least 10 arcminutes

FoV. So the device proposed for the PSMT serve a dual purpose. It corrects

off-axis aberration present in the two mirror PSMT optics design and provides a

usable wide field. Furthermore, it works as a very valuable science instrument.

The top-level design requirements for the PSMT FOSC device is given in the next

section.

2.11.1 Design Requirements

1. Up to 10 arc-minutes un-vignetted field of view available for the photometry

and spectroscopy.

2. The 50% encircled energy should be to be within 1.2 arcsec, over entire FoV

and the spectral window. This requirement is generated considering the

median seeing of IAO Hanle is about 1.2“.

3. Spectral coverage of 4000-9000 A0 .

4. The spectral resolution 1500 - 3000 over the designed spectral band. The

resolution is chosen considering the low-resolution spectroscopy requirement

of many science cases.

5. The design to be optimized for a 4096x4096 (15-micron pixel pitch) CCD

chip.

6. The maximum optical track length should be less than a meter.

7. The instrument to be operable at 4500 meter altitude and in temperature

variation of -25 to 300C.
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8. The collimated beam diameter to be between 50 - 60mm.

9. The slits, filters, and grisms to be housed on a rotating wheel.

10. Having a provision for in-site calibration unit.

2.11.2 Optical Design and System Performance

There are a number of FOSC developed for various size range telescopes. How-

ever, almost for all these FOSC devices, the telescope designs offer very well on

and off-axis image qualities, and therefore, designing FOSC optics becomes easy.

However, in the PSMT telescope, the off-axis aberration is very severe, so the

optics design of its FOSC becomes challenging. In the first attempt, we decided

to have a simple design using all spherical lenses. Likewise, PSMT, the FOSC

optical design, has also been carried by using ZEMAX ray-tracing software. Fol-

lowing the conventional design methodology usually opted in any FOSC device,

the system has collimating and camera units. The filters and/or dispersive el-

ements can be placed in the collimated beam. The dispersive element, such as

grism, is usually placed in the collimated beam so that astigmatism caused by

the dispersing element itself can be minimized. The refractive collimator has got

three singlet lenses. It receives an F/11 beam from the telescope and collimates

the beam and forms a pupil at 90mm from the collimator’s last element. The

pupil’s size is about 25mm and provides enough space to introduce grism and

filter wheels. The focal length of the three-element collimator is 207mm. The

collimated beam then passes through the three-element camera unit. The camera

acts like a focal reducer and converts the F/11 telescope beam to an F/9 beam.

The focal length of the three-element camera is 187.5mm. The optical layout of

the FOSC is shown in Figure 2.13.

Both collimator and camera together correct off-axis aberrations and improves

the system performance over a wide field. Figure 2.14 and table2.14 provide plot

of the the D50 and D80 with and without corrector against wavelength. The

plot and table show that a very simple six-element optics made of all-spherical

singlet lenses remarkably improve off-axis image quality while keeping on-axis

performance almost the same. The D80 of 10 arcmin FoV without corrector, which
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Figure 2.13: Optical layout of the FOSC which also act like a wide field corrector.

Table 2.13: Details of FOSC optics

Element Notion Martial Aperture
Diameter (mm)

Collimator :1st Lens L1 N-FK51 60
Collimator :2nd lens L2 ULTRAN20 50
Collimator :3rd Lens L3 KZFSN5 40

Grism Grism SFL6 25
Camera :1st Lens L4 SF19 40
Camera :2nd Lens L5 LITHOTEC-CAF2 60
Camera :3rd Lens L6 SK51 70

is around 11 arcsec, has become 2.4 arcsec or better. This is around five times

improvement compared to the uncorrected system. Figure 2.15a and2.15b gives

the polychromatic spot diagram and Encircled Energy of the FOSC for different

fields.

Figure 2.14: Plot of geometrical Encircled Energy against with and without corrector
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Table 2.14: Performance of PSMT with corrector(WC) and without corrector(WOC), all values
are for EE in arcsec diameter.

Wavelength(nm) D50, 0
′
WOC D80, 0

′
WOC D50, 10

′
WOC D80, 10

′
WOC

400-900 0.276 0.445 6.942 10.558

D50, 0
′
WC D80, 0

′
WC D50, 10

′
WC D80, 10

′
WC

400 0.654 0.929 1.087 1.738
450 0.231 0.413 1.110 1.600
500 0.303 0.585 0.950 1.221
550 0.317 0.619 0.750 1.005
600 0.292 0.533 0.667 0.922
650 0.224 0.516 0.633 1.067
700 0.310 0.430 0.681 1.256
750 0.351 0.489 0.774 1.514
800 0.434 0.626 0.929 1.824
850 0.537 0.760 1.067 2.133
900 0.626 0.901 1.187 2.400

(a) Spot diagram (b) Geometrical encircled energy

Figure 2.15: System performance after the introduction of wide filed corrector.

2.11.3 Future Possible Improvements in the FOSC

The FOSC design is not yet finalized, and it is still under work in progress. The

design which is presented in the previous section can be further optimized and

improved. We can envisage many ways to improve the current FOSC design so

that its performance can meet the design goal. To reduce the cost of our initial

design, we have decided to stick with air-spaced singlets. The use of singlet lenses

has introduced chromatic aberration, which can be eliminated by using achro-

matic doublets. Another problem we noticed with the current design is that it is

subjected to strong filed curvature, predominantly seen when a dispersive element

grism is introduced. The field curvature problem can be solved by incorporating a

filed flatterer element in the camera design. Another possible option is the use of
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aspheric elements in the design, which can further reduce the spherical aberration.



Chapter 3

The NLOT Optics

3.1 Introduction

The growing astronomical community in India requires world-class observing facili-

ties so that Indian astronomers can also effectively contribute to front-end research

happening to unfold mysteries of the universe. Recently one major step that has

been taken toward fulfilling this requirement is that India decided to join as a

partner in the Thirty Meter Telescope(TMT) project[90]. The TMT which will

be be one of the world’s most powerful ground-based optical and near-infrared

telescope, it is being developed in collaboration with CalTech (University of Cal-

ifornia) Canada, Japan, China, and India. Participation in the TMT project has

allowed the Indian community to get acquainted with segmented mirror technology

and effectively contribute to building the world’s second-largest telescope. Indian

in-kind contribution to the TMT is primarily on the segmented primary. Almost

all the vital components which form the TMT primary mirror are being manu-

factured in India. However, despite becoming one of the partners to the TMT

project, the Indian community still requires a 10m class telescope because India’s

largest telescope is a 3.6m DOT telescope. Hence, there would be a large gap

between 3m to 30m. In the era of 30-40m size telescopes, the 10m class telescope

becomes feeder, and in the absence of such mid-size telescope in India, many sci-

ence programs can not be effectively executed in the TMT. Another compelling

reason for building a 10m class telescope in India is that Indian participation in
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the TMT is only 10%, which would not be enough to cater to the diverse needs of

the large community.

The proposed National Large Optical-NIR Telescope (NLOT) is expected to be

a 10-12m size, fully steerable telescope, developed around segmented mirror tech-

nology. The plan is that we will make use of most of the TMT subsystems such as

mirror segments, supports, actuators, edge sensors, etc., which forms segmented

primary mirror with very little or no modifications. However, the telescope’s me-

chanical structure, mount, and drives, secondary and tertiary assemblies, science

instruments etc, will differ from the TMT and require to be designed indigenously.

Many optics design options are available; however, the telescope optics is primarily

dictated by the science requirements. Since Ritchey-Chretien(RC) optics with just

two mirrors provide diffraction limited performance over a sufficiently large field

and decent image quality over the extended field up to 20 arc-minutes; therefore, it

has become one of the first choices of many general-purpose large telescopes such

as VLT, Subaru, Gemini, Keck, TMT, etc. However, as an exploratory exercise, it

is always good to explore possible design options and then finally choose the one

which is best suited for the community’s science requirement.

India’s proposed 10m class telescope will be built around segmented mirror

technology. Like a telescope made of the monolithic primary mirror, the seg-

mented telescope’s performance would also depend on many factors. However, the

segmented primary would be subjected to many additional error sources, which

may play a critical role in deciding the telescope performance. More specifically,

when a telescope aims to provide diffraction-limited image quality, one needs to

understand the effect of segment surface figure, miss alignment ( tip-tilt, XY de-

center or shear, and clocking), phasing error, segment to segment ROC variations,

and inter-segment gaps as well as the size of the segment itself.

In this chapter, we present our work carried out toward the optimum design

of the proposed 10m class optical near-infrared telescope and the results of the

detailed analysis. As one of the design options, we also attempted to mimic an

aspheric hyperbolic primary mirror of an RC telescope by using spherical mirror

segments. The related work is presented at the end of the chapter.
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3.2 The Requirements and Design Constraints

The optical specification of any new telescope is primarily governed by the scien-

tific requirements and the site parameters. Like many large telescopes of the world,

NLOT is also expected to be a general-purpose telescope, and hence it needs to

meet the diverse observing requirements of the community. With the use of multi-

conjugate AO, diffraction limited imaging is possible over a relatively wide field.

Hence, telescope optics design should provide diffraction limited performance up

to 5-10 arc-minutes. The 10m Indian telescope is supposed to be installed at IAO

Hanle, an extremely dry and cold place, and best suited for near-infrared observa-

tions. Many exciting science programs require observation in NIR, and therefore,

telescope optics design should work effectively up to 25-30 micron wavelength. The

extreme adaptive optics add a venue to directly image faint objects coupled with

a bright source such as an extra-solar planet with high contrast imaging. The high

contrast imaging requires the meticulous design of the basic telescope optics, and

great care is needed to manufacture high-quality optics. The science instruments

are equally or more important than the telescope itself. For varieties of scientific

interest, many instruments are simultaneously mounted on the telescope. Some of

these multitasking instruments can weigh up to 10-20 tones. Therefore, telescope

design should support many focal stations that can host small to large instruments,

almost instantly available to the observer. The high-level requirement generated

for proposed 10m telescope by Indian astronomers are summarized in the Table

3.1. We have taken this as a design input while working for the NLOT optics.

3.3 Design Options for the NLOT optics

There are many segmented mirror telescopes of 10m size, and larger that are either

already completed or in various phases of design and construction. Therefore,

before choosing one design as a baseline design for the NLOT, which will undergo

through detailed study, we first explored few potential design options such as

Keck[18], E-ELT [23], Chinese LOT [24],[25] and HET/SALT,[36],[34],[35]. Except

for E-ELT, all other telescopes are nearly 10m size. While working on the E-ELT
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Table 3.1: Requirements for NLOT

SN Parameters Values

1
Effective Aperture of
the primary mirror

≥ 10m

2 Preferred optics design Ritchey- Chretien

3 Image quality
≥ 5 arcmin ( diffraction limited)
≥ 20 arcmin ( seeing limited)

4 Wavelength range 1) 0.3 - 30µm
2)High throughput in both the optical
and IR regions

5 Optimized Secondary Minimal secondary obstruction
and thermal emission.

6 Plate Scale 0.7 - 1.4 arcsec/mm
7 F ratio F15-40

8 Optical performance
Telescope optics should not degrade site
seeing by more than 10%
It will have AO correction from the beginning

9 Instrument ports

1)Possibility of hosting 3-4 large instruments
in Nasmyth and Cassegrain focus.
2)Provision for 4-6 small instruments
on bent cassegrain focus.

10 Mount 1) Alt-Azimuth
2)Fully steerable
3)Excellent pointing and tracking
with active focus correction.

kind of design option developed for 40m class telescope, we have scaled-down all

the optical parameters that decide the telescope optics.

(a) ELT (b) CLOT (c) SALT

Figure 3.1: Layout of Modified Design options for NLOT.

The ELT ( The European Large telescope)[23] optics is a five mirror design

consisting of an elliptical primary (M1), Hyperbolic secondary (M2), and a 6th

order aspheric tertiary (M3). The fourth (M4) and fifth (M5) mirror a flat mirror.

The M4 is an adaptive mirror that will correct both high ( due to atmosphere )

and low spatial frequencies (due to wind, gravity, and thermal loading) wavefront

errors. The basic telescope optics design gives diffraction limited field of view up
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to 20 arcmin, then after the image quality degrades. The problem associated with

this design is that it requires a fast ellipsoidal primary mirror (f/0.93). Another

issue with the design is with the 6th order aspheric mirror (M3) of about 1.5m,

which has very tight mechanical tolerance. The larger fields suffer from vignetting

and contrast reduction problem due to various mirrors and hence not found to be

suitable for very wide-field imaging. Due to all these reasons, we did not select

the E-ELT design for further perusal.

The Chinese Large Optical Telescope(CLOT) [24][25] has primary as an ellip-

soid, secondary is hyperbolic with sixth-order asphericity, and the tertiary is an

ellipsoid with both 6th and 8th order asphericity. The Quaternary is a plane mir-

ror creating the Nasymth focal point. The design needs two higher-order aspheric

of a size more than 1.5m. The 4th mirror, M4, allows the light from the secondary

to go to the tertiary, but it creates vignetting due to the central hole. Also, the

design has tight tolerances on secondary and tertiary mirrors. Due to these com-

plexities, we decided not to go with this design. Another design that we explored

is the South African Large Telescope (SALT) design, which uses a Spherical Pri-

mary and four-element reflective spherical aberration corrector [36],[34],[35]. Even

though it does not have a Nasmyth focus, having only Cassegrain focus, we were

keen to explore this design as the primary being spherical. The design gives D80%

for the on-axis and ten arcmins, 0.035 and 0.203 arc-sec, respectively. The design

was discarded due to the multi-element corrector’s vignetting, the absence of a

Nasymth focus, and non-sufficient image quality correction. The optical layout all

design options are given in Figure 3.1.

Next, we explored the Keck type Ritchey-Chretien (RC) design [18]. RC is

the most preferred design for the very small to the large aperture telescopes like

the TMT. The RC telescopes provide a wide field of view, free from most optical

aberrations that otherwise any two-mirror telescope suffers. Compared to any

other optical configuration, the RC has a very short optical tube assembly and

compact design for a given focal length. After going through extensive exploration

of optical design options, we realized that the Keck type RC design with an option

to have multiple focal planes is the best possible choice for the NLOT and meets

most of the scientific requirements. In the Keck telescope, the primary’s focal
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ratio is 1.75. It has two different secondaries, which cater to the wide field for the

optical, and least thermal emission for the NIR observation. For the NLOT, we

explored the possibility of using fast primary with F-ratio as small as 1.25. The

results of RC design options with different primary and telescope F numbers are

summarized in Table 3.2. All the RC design options are analyzed for the working

wavelengths 0.3 - 30µm. The shorter system focal length option results in a smaller

plate scale and facilitates a small detector to capture large FoV. However, having

a short system focal length increases the secondary size, which in turn creates

issues of the thermal emissions in NIR observations. The RC design’s on-axis

performance is best compared to E-ELT and CLOT design; however, it degrades

more rapidly than other designs when the FoV is increased. Whereas, Modified

ELT and CLOT provide excellent off-axis performance indeed till 10arc-min or

larger FoV. These two designs, which are almost similar in optical configuration,

may be best suited for the telescope equipped with a ground-layer adaptive optics

system, aiming for large field surveys. We finally chose the baseline design for the

NLOT with a primary of 35m radius of curvature, and the system F number 15,

which provides optimum performances and meets most of the design requirements.

3.4 NLOT Monolithic Optics Design

Likewise the PSMT, the NLOT design, is first carried out considering primary

is made of a monolithic mirror. The effective aperture of the NLOT is going be

slightly larger than 10m. The segmented primary which is non-circular and the

outer diameter is about 11.3m ( refer the Figure 3.3), therefore for the monolithic

design we considered 11.6m is the diameter of the primary mirror. The radius of

the curvature of the primary mirror is chosen to be about 35m and hence the Fno

of the primary mirror turns out to be F 1.5. Then after by using ZEMAX we once

again optimized the design and derived the optical parameters of the telescope

which is given in Table 3.3.

Figure 3.2 shows the radial variation of the spot sizes. As telescope optics has

got only mirrors system, hence there is no chromatic aberration. The plate scale of

the telescope is 1.4 arcsec/mm. In the Table 3.4 we gives the Geometric encircled
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Table 3.2: RC design options summary

Parameter Opt:1 Opt:2 Opt:3 Opt:4 Opt:5
Primary F-ratio
(Final F ratio)

1.25(F15) 1.5(F15) 1.75(F15) 1.75(25) 1.75(40)

Primary-ROC (m) 25 30 35 35 35
Primary F-ratio 1.25 1.5 1.75 1.75 1.75
ROC of the
secondary (m)

2.853 4.012 5.103 2.907 1.766

Focal plane ROC (m) 1.379 1.886 2.333 1.350 0.835
Diameter of primary
(m)

10 10 10 10 10

Diameter
of secondary (m)

1.116 1.286 1.382 0.793 0.503

Primary conic -1.0016 -1.0026 -1.0039 -1.0039 -1.0039
Secondary conic -1.4169 -1.5645 -1.6423 -1.3865 -1.2830
WFNO 15 15 15 25 40
Effective Focal
Length (m) 150 150 150 250 400
Plate scale
(arcsec/mm): 1.3751 1.3751 1.3751 0.825 0.5156
FOV(in m) : 0.87 0.87 0.87 1.442 2.24
Primary Secondary
distance (m) 11.11 13.19 15.24 16.15 16.66
Secondary tertiary
distance (m) 8.953 10.55 12.32 12.32 12.32
Back focal length (m) 6.739 7.5 7 7 7
50% GEE Onaxis 0.0140 0.0140 0.0140 0.014 0.014
50% DEE Onaxis 0.0149 0.0143 0.0141 0.014 0.014
80% GEE Onaxis 0.0240 0.0240 0.024 0.024 0.024
80% DEE Onaxis 0.034 0.0240 0.024 0.024 0.024
50% GEE 20arcmin 0.377 0.327 0.305 - -
50% DEE 20arcmin 0.341 0.314 0.293 - -
80% GEE 20arcmin 0.473 0.409 0.382 - -
80% DEE 20arcmin 0.418 0.385 0.363 - -

energy (GEE) which is basically an integration of intensity produced by the rays

on the focal plane and the diffraction encircled energy(DEE), which is the energy

concentration considering the diffraction effect. For monolithic primary mirror,

the energy distribution and intensity distribution seem to vary almost in the same

way.

The RC design gives diffraction-limited performance, i.e., about 0.026 arcsec

for around 5 arcmin diameter at 632.8 nm wavelength. Then the performance
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Table 3.3: Optical design parameters of the NLOT considering primary as a monolithic mirror

Parameter Value
Segment side length (mm) 720
ROC of primary (m) 35
Primary F/no 1.5
ROC of secondary (m) 4.57
Focal plane ROC is (m) 2.05
Diameter of primary (m) 11.6
Diameter of secondary (m) 1.4
Primary conic -1.00360800
Secondary conic -1.65949326
Working F/no 12.6
Effective Focal Length (m) 147
Plate scale (arcsec/mm): 1.4
20 arc-minute FOV (m) : 0.86
Primary-Secondary distance (m) 15.49
Secondary-tertiary distance (m) 10.14
Back focal length (m) 6.78

Figure 3.2: The radial variation of the spot profile for monolithic design with 0, 4, 10 arcmin
field radius. The circle around spots are 1 arcsec in diameter

degrades. The telescope optics provides acceptable performance to fairly large filed

i.e. upto 20 arc-minutes. Once the optimum design is achieved using monolithic

primary, then after we moved on to design the telescope considering the primary

made of segmented mirrors.

3.5 The Segmentation Tool

We have already seen that making large primary mirror of the telescope is pos-

sible through segmentation. When converting from a monolithic to the seg-
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mented surface, radial petal-shaped segments are the ideal structure for dense

segmentation.[92]. We can also use patterns like annular, triangular hexagonal,

etc. In a flat mirror, a regular pattern can only be made out of regular polygons

(e.g., hexagons). However, telescope mirrors are usually curved surfaces, this will

requires irregular polygons to fill the aperture densely with a uniform gap. These

irregular polygons are made such that on the projection from the top, they appear

to be regular polygons. Different segments shaped like hexagonal or petal have

their own advantages and disadvantages, specific to the fabrication techniques.

When we consider manufacturing complexities and polishing, hexagonal segments

are a better choice as they are close to typically circular shaped mirror blanks

compared to four or three-sided polygons. For an aspheric primary, considering

circular symmetry for a telescope primary made with N hexagonal segments, there

are N/6 different segment shapes. They are arranged in six sectors. Hexagonal

segments are easier to support against gravity; also, position actuators (three

per Segment) can easily be attached, due to their symmetry. The advantages of

hexagonal segments have made this the segmentation pattern of choice for the

most current and planned segmented-mirror telescopes. [12] [91]. The details

of various approaches into segmentation studies are given in Appendix A. Here

we briefly explain the Python-based segmentation tool, developed in a generic,

scalable approach. The tool can be used to generate various data for doing the

segmentation studies of any telescope made of the hexagonal segmented primary

mirror with any aperture size, inter-segment gap, conic constant, and asphericity.

The tool has the option to do segmentation with a regular or elongated hexagon

with the option of producing a master sector and avoiding any hexagons user may

choose. The tool has got also a feature to analyze the effect of the piston, tip, tilt,

XY displacement or shear, Segment to segment Radius of curvature(ROC) error,

clocking etc. The tool is equipped with creating an equivalent spherical segment

of an aspheric with ROC, either analogs to a spherometer provided ROC or with a

Best-fit ROC. It can also create surface deformation using standard Zernike poly-

nomial. Using this tool, combined with the ZEMAX, the NLOT optics is designed

and analyzed.
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Figure 3.3: The 1.44m size hexagonal segment (left) as well as 4 ring segmented primary mirror
(right). The segmented primary is made of six repeating sectors and each sector comprises ten
different type of off-axis aspheric mirror segments.

3.6 NLOT Segmented Optics Design

The tools and techniques which we have developed during the design and analysis

of the PSMT optics has been used for the NLOT also. However, since NLOT is a

large research grade telescope, therefore, much more effort has gone in doing anal-

ysis on the segmentation effect. The NLOT optics is RC and it uses a hyperbolic

primary and secondary along with a plane tertiary mirror. So the segmentation of

primary has been introduced with UDA (user-defined aperture) files in the global

coordinate system, as explained in section A.2.2. The segment size has been cho-

sen as 1440mm corner to corner, which of the same size as used in the TMT and

E-ELT telescopes. The inter-segment gap has been kept as 5mm. The design uses

primary mirror made of 61 segments, including the center one, segments are ar-

ranged in four rings, distributed over six sectors. Each sector has got 10 different

type off-axis hyperbolic mirror segments subjected to different asphericity (see the

Figure 3.3). The segment asphericity increases from the centre to outward. The

optical parameters of secondary tertiary are kept the same as the monolithic one.

The plate scale of the telescope is 1.4 arcsec/mm. The system is further optimized

to change the primary segment positions, keeping other mirror optical parameters

like the radius of curvature and conic constant same.
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(a) Layout

(b) Encircled Enegry plot (c) On and off-axis spot diagram

Figure 3.4: The NLOT optics design with the segmented primary mirror

The Figure 3.4 shows optical layout of the NLOT with the segmented primary

as well as plots related to the geometrical encircled energy and the spot diagrams.

Whereas, in the Table 3.4 we provide image qualities for both monolithic and the

segmented primary. When we compare the segmented design performances with

monolithic, then we can find slightly better performance in GEE and DEE for the

segmented primary. This performance improvement is due to reduced total sys-

tem aberrations, especially from the elimination of rays from the aperture edges,

thereby improvement to the total energy distribution as in Table 3.4. In the RC

optics, off-axis aberrations like coma and astigmatism becomes prominent. How-

ever, despite the degradation seen in the off-axis image quality, the telescope optics

provides diffraction limited performance up to 5 arc-minuets, which is probably

sufficient for many AO assisted science programs.
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Table 3.4: The image quality of the NLOT RC optics with the monolithic and segmented
primary

Percentage Onaxis 10 arcmin 20 arcmin
of G-EE diameter diameter diameter

Monolithic 50% 0.012 0.102 0.401
Segmented 50% 0.011 0.091 0.356
Monolithic 68% 0.015 0.118 0.465
Segmented 68% 0.015 0.105 0.412
Monolithic 80% 0.020 0.127 0.505
Segmented 80% 0.019 0.114 0.449
Monolithic 90% 0.042 0.136 0.544
Segmented 90% 0.041 0.123 0.482

Percentage
of D-EE

Monolithic 50% 0.011 0.094 0.397
Segmented 50% 0.012 0.083 0.35
Monolithic 68% 0.015 0.111 0.456
Segmented 68% 0.017 0.098 0.404
Monolithic 80% 0.019 0.125 0.492
Segmented 80% 0.023 0.114 0.437
Monolithic 90% 0.043 0.148 0.533
Segmented 90% 0.062 0.143 0.481

3.7 Exploring Segmentation Related Effects

Making large telescopes is possible with segmented primary mirrors, where a mo-

saic of smaller mirrors create the large equivalent monolithic primary. Due to

mechanical constraints, these large telescope’s primary mirrors are fast mirrors

having smaller and smaller Fno s. Also, these mirrors are aspheric to compensate

for large aberrations otherwise present in the system. These two factors add up

to give off-axis segments having large aspheric departures[12]. If we consider the

mirror segments are a rigid body (that is not the real case, they are thin and hence

flexible), they are subjected to six degrees of freedom (DOF) and get miss-aligned

in any of these six DOF. Therefore, it becomes essential to study the effect of

changes in the segment’s rigid body positions on overall telescope performance.

The various rigid body positional errors like piston, tip, tilt clocking, etc., af-

fect segmented mirror telescope’s optical performance. These errors become more

critical as we increase the segmentation and asphericity of the segments. Our

analysis used Zernike polynomials (Noll coefficients) to introduce Piston, tip, tilt,
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and figure errors into the segments. Whereas, the clocking of the segments has

been done by physically rotating the segment about its local reference frame. We

introduce these errors so that for ±X error, the error is given into the segments

as a normal distribution with zero mean and standard deviation as ±X/2, having

the maximum error not exceeding ± X. The mathematical formulation for various

segmentation related errors has been listed by Feenix Y.et.al in 2004[26]. Their

study mostly focuses on the effect of these errors in the Strehl ratio. However,

in our analysis, along with the Strehl ratio, we also obtained the spot diagram,

wave-front, PSF, and encircled energy distribution. In addition to exploring the

effect of rigid body errors, we also studied the effect of surface figuring error in

the telescope’s optical performance.

3.7.1 The Piston Error

In a segmented telescope, the presence of the piston error introduces phase dis-

continuity between the segments. The phase error finally affects the diffraction

pattern of the telescope and hence limits its spatial resolution. To achieve diffrac-

tion limited performance in any segmented mirror telescope, the piston error must

be reduced to 1/20 of λ or even as small as possible [62].

For a given Zernike coefficient α, associated with the piston term of any seg-

ment, the corresponding generated wave-front error can be given as 2πα. If σp is

the standard deviation of the wavefront error at the mirror surface in the unit of

waves, then the Strehl ratio S for any segment telescope can be given as [28]

S = 1 + (N − 1) exp−σp
2

/N (3.1)

From the above analytical formula, one can get a feel of how the Strehl ratio

of the segmented mirror telescope will get affected by the piston error. However,

to explore the effect of the piston error on overall image quality ( on the PSF),

we used ZEMAX based design of the segmented mirror telescope and injected

random piston, distributed as a normal distribution of error. The piston errors

introduced varies from ± 25 nm to ± 1000 nm . The results are presented as PSF,

spot diagrams, Strehl ratio and encircled energy for various piston errors in the
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figures 3.5 to 3.9. Figure 3.6a shows the ideal diffraction-limited PSF in the

logarithmic scale, which has got a Strehl ratio of one. Over almost two lambda

piston errors, the geometrical aberration effect is expected to be primarily de-

focus is almost negligible. The degradation in image quality is mainly due to the

diffraction effect and hence falls under the physical optics realm.

(a) Ideal telescope (b) ± 100 nm (c) ± 1000 nm

Figure 3.5: Telescope wavefront for the Piston error

(a) Ideal telescope (b) ± 100 nm (c) ± 1000 nm

Figure 3.6: Logarithmic PSF for the Piston error

(a) Ideal telescope (b) ± 100 nm (c) ± 1000 nm

Figure 3.7: Spot diagram for the Piston error

For a ± 25 nm piston error, the Strehl ratio is dropped from 1 to 0.9362. As

piston error approaches ± 100 nm, the Strehl drops to 0.7109. The PSF in Figure

3.6b can be seen to have some spread in the core energy. For ± 1000 nm, piston

error, as one can see in figure 3.6c, the core of the PSF splits, and many speckles

created in the focal plane reducing the resolution and intensity contrast of the

telescope. The Strehl ratio also dropped by a huge amount, and it becomes almost

1/20th of the ideal diffraction-limited PSF. The Strehl ratio derived from the

ZEMAX simulation is compared with the theoretical model as per equation 3.1
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in the figure 3.8. There is a close agreement between the two Strehl ratio, and

through this work, we happened to validate the much-publicized equation 3.1.

The spot diagrams generated considering geometrical optics are shown in figure

3.7. Not much variation can be seen in the spot diagram, and the image quality

falls well within the diffraction limit, even for ± 1000 nm piston error.

Figure 3.8: Strehl ratio variation for the Piston error

(a) Diffraction Encircled Energy

Figure 3.9: Variation in the Encircled Energy due to the piston error

The figure 3.9a shows variation in the diffraction encircled energy 50% ,68%,

80% and 90% against piston error. The variation is very least between 0 - 50 nm,

then after EE increases very steeply between 50 - 300 nm. Once the piston error

becomes larger than half a wavelength, then, as expected, the saturation effect

arises, and no further change happens in the DEE. This happens due to the fact

that light reflected from the segments starts getting added incoherently. At this

stage, the diffraction limited resolution of the telescope would be decided by the

single segment’s size, not by the full primary mirror. We conclude this from our

ZEMAX based simulation studies on the piston error. We could extract much
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valuable information about the image quality, which otherwise would not have

been noticed.

3.7.2 The Tip /Tilt Error

The tip, tilt errors are introduced simultaneously with Zernike Coefficients Z2 and

Z3. First, we generate the distribution of Zernike coefficients corresponding to the

tip/tilt error in the range of ± 0.005 to ± 0.05 arc-sec, which give rise to the wave-

front errors ± 8.73 nm to ± 87.3 nm. Then after a set of these distributions are

used to inject tip/tilt error in the segmented telescope.

(a) ± 0.005 arcsec (b) ± 0.01 arcsec (c) ± 0.05 arcsec

Figure 3.10: Wavefront for the tip/tilt error

(a) ± 0.005 arcsec (b) ± 0.01 arcsec (c) ± 0.05 arcsec

Figure 3.11: Logarithmic PSF for tip/tilt error

(a) ± 0.005 arcsec (b) ± 0.01 arcsec (c) ± 0.05 arcsec

Figure 3.12: Spot diagram for tip/tilt error

Figure 3.10 shows the pupil wave-fronts after the injection of tip/tilt errors of

different amplitudes. Whereas, figure 3.11 shows the PSF on logarithmic scale.

We can notice that the shape of the PSF core is more or less intact, but there are



3.7 Exploring Segmentation Related Effects 71

noticeable changes in the PSF wings. The Strehl changes to 0.9882 in the case of

± 0.005 arcsec tip/tilt error, and about 0.3383 when the error is ± 0.05 arc-sec.

The degradation in the Strehl ratio is more severe than it is caused by the piston

error when both are subjected to similar RMS wave-front error. We can also see

systematically distributed speckles in the logarithmic PSF as we increase the tilt

error to a limit of ± 0.05 arcsec.

(a) Diffraction Encircled Energy

(b) Geometrical Encircled Energy

Figure 3.13: Plot of encircled energy against tip/ tilt errors.

The Figure 3.13a and 3.13b, shows variation in the diffraction and geometrical

encircled energy against tip/tilt errors. In the case of DEE, up to 0.01 arc-sec

tip/tilt error telescope seems to be working within the diffraction limited regime.

After there are steep changes, energy gets re-distributed from the core to the outer

part of the PSF. The tip/tilt changes affect telescope image qualities in two ways.

First, like piston error, it creates phase discontinuities around segment edges,

which lead to change in the diffraction pattern. Whereas, due to geometrical

optics, the rays reflected from different segments subjected to tip/tilt error, get
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spread on the focal plane and, hence degrade the image quality almost linearly.

From this study, it is clear that a 10m class segmented mirror telescope aiming

to achieve diffraction limited performance has to first measure the tip/tilt with

an accuracy of 0.01 arc-sec or better and then after correct it using the precision

actuators. This is quite a high demand for any segment alignment tool consid-

ering the practical situation like variable seeing, wind-induced disturbances, the

aberration of alignment optics, and limited centroiding accuracy. The telescopes

like KECK/SALT can achieve alignment accuracy of about 0.05 arc-sec [18],[101],

which is barely enough to get the best telescope performance in very good seeing

condition. We conclude that the tilt effect is indeed one of the very prominent

source of error. It needs to be dealt with great care in any segmented mirror

telescope, irrespective of working seeing or diffraction-limited domain.

3.7.3 The Clocking Error

In a segmented telescope that uses aspheric mirrors, creating an aspheric profile

requires off-axis segments getting strongly aspheric as we move from center to outer

segment rings also when the primary gets optically fast. These off-axis aspheric

segments placed in the segment support system can be subjected to rotational

error or clocking errors, causing severe aberrations. The mathematical description

of these errors is given by Feenix Y.et.al in 2004[26]. Our investigation introduced

this in-plane rotation of a segment about its center while keeping segment origin

fixed ( see Appendix A.1.5 for the more detailed description). We present the

results of± 1, ± 10,± 100, and± 288 arcsec clocking errors. This entire analysis

was achieved with the help of the python-based segmentation tool.

(a) ± 10 arcsec (b) ± 100 arcsec (c) ± 288 arcsec

Figure 3.14: Telescope wavefront for Clocking error

Figure 3.14 shows three sets of wavefronts subjected to different clocking errors.

It is observed that clocking affects the off-axis segment wave-front more severely,
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(a) ± 10 arcsec (b) ± 100 arcsec (c) ± 288 arcsec

Figure 3.15: Logarithmic Scale PSF for Clocking error

(a) ± 10 arcsec (b) ± 100 arcsec (c) ± 288 arcsec

Figure 3.16: Spot diagram for Clocking error

where the asphericity is prominent. The large segmented telescope which uses

small Fno can be subjected to large asphericity and hence the problem of enhanced

clocking error.

Figure 3.15 shows the PSF in the logarithmic scale. As one can find, the

large clocking errors cause energy leakage from the core into the wings. It creates

speckles distributed over a large area, specifically on the wings. Nevertheless,

unlike piston or tip and tilt, the PSF wing pattern created by clocking, as seen in

Figure 3.15c has got less background contamination. Similarly, the Strehl ratio’s

degradation due to clocking error is least, 0.9998 to 0.8624 as we increase clocking

error from ±10 arc-sec to ± 228 arc-sec. The spot diagrams in the 3.16 indicate

a radial spread in the ray distribution when the clocking error increase. Clocking

error induces mainly astigmatism, dominated by off-axis segments who have higher

asphericity. That is, the marginal rays coming from the off-axis segments are more

affected, causing spread in wings rather than in the core of the PSF. Figure 3.17b

shows geometrical EE plotted against the clocking error. From the plot, it appears

that clocking error linearly affects the geometrical EE. Whereas, Figure 3.17a gives

the diffraction encircled energy(DEE) distribution for clocking error. There is not

much change in the 50% 68% DEE, indicating that clocking has less effect on

the energy at the core of PSF. Whereas D80 and D90 start to slowly increase

after 100 arc-sec clock errors, showing the error primarily affect the wings of the
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(a) Diffraction Encircled Energy

(b) Geometrical Encircled Energy

Figure 3.17: Encircled energy distribution for Clocking analysis

PSF. In the TMT documents, the values assigned for the residual clocking error

are around 1.4 nm RMS after AO. In contrast, the total assembled segment figure

error is given a large value of around 20 nm[93]. From our analysis, we observed

that even for 100 arc-sec clocking error, the total telescope surface sag variation

is only around 8 nm RMS. From this analysis, we find that clocking error is also

one of the important wave-front error sources. It needs to be carefully considered,

especially when the telescope has to deliver the diffraction limited performance.

3.7.4 Effect of the Segment Size and Inter-segment Gap

The segment size and other NLOT design parameters were chosen, considering

India’s involvement in Thirty-meter telescope [27] and the possibility of reusing the

existing technology and manufacturing techniques. Still, we wanted to explore the

effect of Segment size and Gap in the diffraction pattern and the focal plane energy
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distributions. The amount of energy in a diffraction pattern and the angular scale

distribution of the pattern can be stated to depend on two things- the linear scales

(l) over which the diffraction happens and the wavelength (λ) under consideration.

Such that the diffracted energy spread over an angular scale of λ/l [12]. This linear

scale can be considered as segment edges, inter-segment gaps, spiders, etc. While

studying the effects of Gap and the size of the segments, we have not considered

the spider or any other sources causing the diffraction effect.

Using our python-based segmentation code as given in section A, we create

different telescope primary of fixed total aperture, first by varying segment size

keeping the inter-segment gap the same. Then in the next step, we vary the

segment gap, keeping the size of the segment the same. The analysis has been

carried out for two different wavelengths 632.8 nm, and another for 1000 nm. The

632.8 nm is the system wavelength we used for various other analyses, whereas

1000 nm is included because the telescope is supposed to perform in the near-

infrared band too.

(a) 100mm side (b) 200mm side (c) 300mm side

(d) 400mm side (e) 600mm side (f) 660mm side

(g) 690mm side (h) 720mm side (i) 750mm side

Figure 3.18: Logarithmic Scale PSF of telescope for Segment edge length variation and 5mm
inter-segment gap

We observed that the effects of Segment size and Gap are not affecting in

geometrical encircled energy or the Spot diagram, indicating that segmentation’s

main effect is in the wave optics domain. So we decided to use PSF and Diffraction
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(a) 1mm gap (b) 3mm gap (c) 5mm gap

(d) 10mm gap (e) 20mm gap (f) 50mm gap

Figure 3.19: Logarithmic Scale PSF of telescope with hexagonal segment of 720mm side and
varying inter-segment gap

encircled energy for our analysis. Segment size and Gap have affected the PSF’s

shape, even though the Strehl ratio remains the same. In figure 3.18 and figure

3.19 we have given the effect of segment size and gap on logarithmic scale PSF for

632.8 nm wavelength. The figure 3.18 gives the change in PSF with variation of

segment edge length from 100mm to 750mm. As the segment’s size increases, the

PSF gets more symmetric, and the effects of wings reduce in size, achieving better

image contrast by reducing background contamination. So it is advisable to go

with larger segment sizes. In figure 3.19, we can see as the gap increases, there are

speckle patterns produced in the background, and it gets prominence even with a

few mm gap. So a small gap is ideal. After this, the same analysis with varying

segments and the inter-segment gap was carried out for 1000 nm. We obtained

Geometrical and Diffraction encircled distribution for 50%, 68%, 80%, 90% of the

encircled energy. We observed there is not much change in Geometrical encircled

energy(GEE) distribution in both 632.8 nm, and 1000 nm. However, there was a

prominent change in the Diffraction encircled energy(DEE).

Figure 3.20 and figure 3.21 indicates that changing the Size or Gap of the

telescope segments does not affect much in the 50%, 68% of the total DEE. The

effect of Gap and size is not exactly linear, but in both the wavelengths, we can

see from Figure 3.20a and Figure 3.20b as the size of the segment increase, the

energy distribution improves as the effect of wings reduce. The segment size of

750mm, which is the maximum size we analyzed, shows the best performance.

Compared to 750mm, we can see 720mm is also an acceptable candidate. Being
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(a) λ=632.8 nm

(b) λ=1000 nm

Figure 3.20: Diffraction Encircled Energy for Segment size change, inter-segment gap of 5mm

the same size as the TMT segment, considering ease of manufacturing, we can go

for 720mm segment. When we consider the effect of the Gap, the same tread in

the 50%, 68% can be observed as in the case of segment size change. As the gap

increases, the energy distribution gets poor. Creating more and more wing effect

and background contamination. From the plots 3.21a and 3.21b a gap size within

10mm, ideally in the range of 3 - 5mm is preferable for a 10m class telescope.

3.7.5 The Shearing error

In a segmented telescope, the segments are placed in a Segment support Assembly

(SSA), which should ideally arrest the segment’s position such that each segment

occupies its ideal position. However, in practical situations achieving this ideal

rigid body position is difficult. The segments will have some transitional in-plane

errors that can be stated as X Y displacement or shearing error. After segmenta-
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(a) λ=632.8 nm

(b) λ=1000 nm

Figure 3.21: Plot shoiwng variation in the encircled energy due change in the inter segment
gap. The segment size is chosen to be 720mm

tion, we give a random transitional error simultaneously in both the X and Y axis

for each segment in the ZEMAX optical design. Then the system is optimized

with the correction of Piston, tip, and tilt errors.

(a) ± 0.001mm (b) ± 1mm (c) ± 2mm

Figure 3.22: Telescope wavefront subjected to the X-Y shear

The figure 3.22 shows the wave-fronts for three iterations for ± 0.001mm,

± 1mm and ± 2mm. The transitional errors manifest as mostly defocus and

astigmatism. Due to strong defocus, transnational errors can show prominence

in both the on-axis and off-axis segments. The logarithmic PSFs given in figure
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(a) ± 0.001mm (b) for ± 1mm (c) ± 2mm

Figure 3.23: Logarithmic PSF due different amount of X-Y shear

(a) ± 0.001mm (b) ± 1mm (c) ± 2mm

Figure 3.24: Spot diagrams showing effect of the Shear in the X-Y.

3.23 show that transitional errors keep the core of the PSF intact, also causing the

minimum wing effect compared to other aberrations. The Strehl ratio also drops

only about 0.9460, even for ± 2mm X Y displacement. The spot diagrams in

figure 3.24 show that transitional errors cause the total ray distribution to spread

out as we increase the error.

The Figure 3.25a gives the total energy distribution in the focal plane. It

indicates that the transitional errors affect mostly the 90% DEE distribution.

Indicating the wing effect created by mostly defocus and astigmatism errors. The

GEE or the energy by the ray distribution pattern in 3.25b shows that the effect of

transitional errors is linear across the ray distribution. So, in Geometrical encircled

energy the degradation is steeper for higher percentile of energy. From our analysis

we observed that XY translation errors to be considered stringently for telescopes

aiming for diffraction limited performance. But they have less severity compared

to piston or tip-tilt.

3.7.6 The Effect of the Radius of Curvature Variation

One of the main requirements in any segmented telescope is that all the segments

work together to mimic a monolithic, to achieve that, there should be continuity of

edge surfaces location between the segments. One of the essential requirements for
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(a) Diffraction Encircled Energy

(b) Geometrical Encircled Energy

Figure 3.25: Plot showing changes in the Encircled Energy due to the Shear in the X-Y

this is the segment to segment radius of curvatures remains the same. However,

as each segment is manufactured separately in a segmented telescope, this is a

troublesome task to achieve, resulting in an error in the local radius of curvatures of

each segment. We tried to find the effect of this error on the segmented telescope’s

performance.

(a) ± 0.1mm error (b) ± 0.5mm error (c) ± 1mm error

Figure 3.26: Wavefront for Segment to segment ROC variation

From the wave-front maps in Figure 3.26, we can observe that the effect of the

ROC error is mostly defocus localized to each segment. We observed that the next

dominant aberration is spherical aberration. The defocus aberration coefficient is
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(a) ± 0.1mm error (b) ± 0.5mm error (c) ± 1mm error

Figure 3.27: Spot diagram for Segment to segment ROC variation (all spot diagrams are to
the same scale)

about ten times bigger than the value of the spherical aberration coefficient. Figure

3.27 indicates that the spot diagrams get spread out symmetrically as the ROC

error increases, indicating a radial re-distribution in the total ray energy in the

focal plane.

(a) ± 0.1mm error (b) ± 0.5mm error (c) ± 1mm error

Figure 3.28: Logarithmic PSF for Segment to segment ROC variation

The logarithmic scale PSF in Figure 3.28 indicates that energy at the core of

the PSF is more or less sustained with a Strehl ratio drop of 0.9975 for ± 0.1mm

ROC error to 0.7746 ± 1mm ROC error. However, in the logarithmic scale, we

see speckles introduced in the PSF as the error increases. Nevertheless, the sym-

metry of the PSF is maintained. In the case of a Seeing limited telescope, we

observed this error could be corrected to a limit by differential piston and tip, tilt

of the telescope segments at the expense of the PSF degradation. In this case,

the telescope only achieves a light collecting system’s behavior, capable of just

summing up the intensity. In a diffraction limited telescope intended for high-

resolution imaging, the ROC variation error is corrected with warping harness.

However, being circular symmetric aberrations, defocus, and spherical is one of

the most difficult aberrations to correct with warping harness due to difficulties

in the distribution of force to achieve the required bending.

Figure 3.29a indicated that ROC error mainly causes the energy distribution

in the outer rings of the PSF. Also, as the error increases, the range over the
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(a) Diffraction Encircled Energy

(b) Geometrical Encircled Energy

Figure 3.29: Plot showing variation in the Encircled Energy due to error in the segment ROC

maximum and minimum distribution happens increases as indicated by the error

bars. Figure 3.29b indicates that the ray distribution pattern is liner for all the

percentile of ray distribution in the focal plane as given by geometrical encircled

energy. This error is also a critical error that can cause substantial degradation to

both diffraction and geometrical encircled energy. So we suggest that ROC error

has to be well corrected for both seeing limited an diffraction limited telescope.

3.7.7 The Segment Figuring Error

In any segmented telescope, a significant portion of the error budget goes to pri-

mary mirror segment related errors. Out of which figure error is one of the most

important error which is assigned a substantial error budget. For an example in

the KECK telescope’s the 80% for the whole primary mirror is 0.32 arc-sec, in

which 0.242 arc-sec is assigned to segment figuring, which include polishing and
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support related errors[18]. In the large telescope-like the TMT, the maximum

allowable surface RMS deformation is 15-20 nm RMS, as we could collect from

different published literature [103],[40],[93]. The tight figure error requirement

indicates that this is an important source of error which need to be addressed

carefully. Figure error in a segment mainly depends on the manufacturing pro-

cedure. Usually polishing with a full-size tool (size of the tool greater than 80%

of the segment radius), mounted on very precisely designed segment support sys-

tem, removing any figuring through Ion beam and finally in-site correction of the

figuring error through warping harness, can provide the required high quality op-

tical surface figure. In a telescope like TMT, to achieve the intended performance

more than just surface RMS deviation, a segment is needed to possess excellent

polished edges and inside surface having minimum to null ripples [102]. Consid-

ering all these points, we tried to study the effect of the segment figure in the

NLOT which aims to deliver diffraction limited performance over relatively large

field. The procedure adopted here is the same as carried for the for the PSMT

telescope, described in details in the chapter 2 section 2.9. The tool developed

for this purpose uses weightage Zernike (WZ) to simulate figuring error present in

the segment and also provide smoothed edges (WZES) as explained in the section

2.9.0.1. For this analysis, we generate random RMS figure error on the segment

surface with a mean value of λ/19.5, λ/39, and λ/78 and hence create three differ-

ent sets of distribution. Such that the randomness in variation of the total RMS

value of λ/aN figure error coefficient lies between λ/a(N + 0.5) to λ/a(N − 0.5)

with N=19.5,and a=1,2,4 for three iterations respectively. All the analyses are

done at 632.8 nm wavelength.

(a) (b)

Figure 3.30: Telescope Wavefront Map, (a) WZ, (b)WZES, Applied mean surface figure error
of λ/19.5 nm

Figure 3.30 gives the telescope wave-front for the two different methods used

to inject the figure error. In figure 3.30b, we can see the effect of edge smoothing
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(a) (b)

Figure 3.31: Logarithmic Scale PSF, (a)WZ,(b)WZES, Applied mean surface figure error of
λ/19.5 nm

(a) (b)

Figure 3.32: Spot diagrams for (a) weightage Zernike and (b) weightage Zernike with smoothed
edge. In both cases the mean surface figure error is λ/20 nm

in the wave-front. It not only reduces the total RMS wave-front error but also

makes the wave-front continuous across the segment edges. The Figure 3.31 gives

the Logarithmic scale PSF. As we translate from the Figure 3.31a to Figure 3.31b

we can see the suppression in the speckles such that more energy concentrate

in shorter encircled area. The Spot diagrams in Figure 3.32 gives that as we

progress through the approaches, the spread of the ray pattern reduces, indicating

an improvement in the Geometrical encircled energy.

Figure 3.33 gives the encircled energy variation, when figuring error is injected

through only weightage Zernikes (WZ). We observed that the effect of the figure

error is more prominent in the higher percentage of the DEE indicating the wing

effect. The 50% and 68% energies are less affected by figure error, indicating that

even in the presence of substantial figure error, the energy at the core of the PSF

holds. Likewise the piston error, there is a shift of energy from the core to the

wings, i.e., causing degradation in 80% and 90% encircled energy. The Figure

3.33a indicate how the figure error is different from a piston error, as in Figure

3.9a. Unlike piston figure error also affects GEE ads given by figure 3.33b.

In Figure 3.34, we have used weighted Zernike coefficients with further aperture

edge smoothing(WZES). The Figure 3.34a and 3.34b shows that there is a sub-
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(a) Diffraction Encircled Energy

(b) Geometrical Encircled Energy

Figure 3.33: Plot showing effect of the figuring error generated using the weightage Zernike
on the encircled energy.

stantial improvement of about two times in the system compared to the weighted

Zernike approach. This improvement can be attributed to the reduction in the

error produced by each segment edge. However, the most noticeable improvement

is in DEE at the 80% and 90% energy. In addition to improving the performance,

edge smoothing also serves another purpose. In segmented telescopes, phasing

techniques usually minimize the piston error by measuring edge displacement.

For the system in which segments are not manufactured with smooth edges, phas-

ing error can not be fully corrected for the entire segment and hence degrades the

image quality for the diffraction limited telescope. We can conclude that the figure

error can be a severe problem to the telescope working either in the diffraction

or seeing limited domain. Deeper understanding of the effect of the figuring error

is very important and more extensive study is required to simulate the realistic

figuring error using weightage Zernike with the smoothed segment edge and with
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(a) Diffraction Encircled Energy

(b) Geometrical Encircled Energy

Figure 3.34: Plot showing effect of the figuring error which also include the edge smoothing
on the encircled energy.

reduced surface ripples.

3.8 Tolerance and Error Budget

The top level requirements as given in Table 3.1 formed the basis for the NLOT

optics design. Once telescope optics is designed and optical specification is known

then next step is to explore the sensitivity of different design parameters which

characterized the telescope. The realistic tolerance and hence error estimation is

another very important task while designing and building any new telescope. The

precise error estimation which can later be used to compare with realized telescope

performances, requires knowledge of not only optical tolerance but also needs input

from mechanical, thermal as well as wind analysis. As the NLOT design is still

under development and not much is know from mechanical front therefore, we
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have assumed many tolerance values. While making such assumption we explored

the literature and whenever possible tried to get the tolerance values from many

already realized large telescope such as Keck, SALT, VLT and Gemini. For the

NLOT we have opted the same techniques and approaches as we established during

the analysis of PSMT, as in section 2.8.

NLOT being a diffraction limited system, will have AO assisted observation,

the RMS wave-front error is the ideal tolerance criteria for the telescope. How-

ever, in our analysis, we divided the approach into two parts, depending on the

error’s sensitivity to the tolerance criteria. One being the errors associated with

segmented primary alone, which are elaborated in section 3.7, which are consid-

ered with RMS wave-front error and for the rest of the system tolerances is derived

from the RMS spot radius . Such that all together system performance degrades

by a multiple of the initial system performance. The analysis are carried out,

and results are presented at 632.8 nm wavelength. The tolerances can be divided

into two broader classes, the manufacturing and the operational or the alignment.

The operational tolerances are usually non-compensatory at the design level and

some of them can corrected by using active correction mechanism. One of the

best example of this is use of hexapod based drive for the secondary mirror which

maintain its alignment in variable gravity and thermal condition. Whereas, many

manufacturing tolerances can be compensatory and hence may be corrected to a

limit at the design stage by choosing right kind of compensators. Below we list few

important tolerance parameters, which should be at list taken in to consideration:

3.8.0.1 Manufacturing Tolerances

� Primary surface irregularity

� Primary Segments radius of curvature, global and local

� Primary Segment X Y translation

� Primary Segment Clocking

� Secondary surface irregularity

� Secondary Radius of curvature - manufacturing
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� Secondary conic constant

� Tertiary surface error in fringes ( tertiary is a plane mirror )

� Tertiary surface irregularity

3.8.0.2 Alignment related Tolerances

� Primary segments X, Y tilt

� Primary segment piston

� Secondary X,Y tilt

� Secondary X,Y de-center

� Tertiary X,Y tilt

� Tertiary X,Y de-center

� Focus and de-space change

Tolerances are found with the ZEMAX tolerance analysis scheme. Montecarlo sim-

ulations are run with each segment-related error like figure error, and the worst

error file is saved for the next error to be added. For other errors other than

primary segment related errors, the tolerances are found using the usual estab-

lished ZEMAX tolerances analysis approach. We present the tolerance analysis

for on-axis with telescope facing zenith for three times performance degradation

form the ideal diffraction-limited system. This will place the system performance

still within the vicinity a near diffraction limited system. The analysis is done

with Primary-Secondary Despace, Focus and Primary segment piston, tip, and

tilt (PTT) as compensation for segment positional errors.

The sensitivity of the errors with the corresponding tolerances are given in

Table 3.5. From this table it is clear that the most sensitive parameter is the figure

of primary mirror segment. Without use of AO if we like to achieve diffraction

limited performance then mirror segments should be made with exceptionally high

optical quality. Then next sensitive parameter is again linked with the optical

figure i.e. figuring error of the secondary mirror. After that segment tip/tilt and



3.8 Tolerance and Error Budget 89

ROC errors appears to be very sensitive. The 6-10 ranks are associated with the

secondary alignment and the focus error. As expected the alignment errors of

the tertiary mirror which is a flat mirror used to just fold the telescope beam to

Nasmyth focus, have got the least sensitivity.

Table 3.5: Telescope tolerance

Ranking Parameter Nominal value Tolerance
1 Primary Segment RMS: λ/78

Surface Figure - PV: λ/15.6
2 Secondary Surface RMS: λ/50

Figure error - PV: λ/10
3 Primary Segment Tip, Tilt - ± 0.005 arcsec
4 Primary Segment to seg-

ment ROC variation 35000mm ± 0.05mm
5 Tertiary Fringe - ±2
6 tilt in y of the secondary - ± 0.001 degree
7 tilt in x of the secondary - ± 0.001 degree
8 De-center x of the secondary - ±0.03mm
9 De-center y of the secondary - ±0.03mm
10 Distance between the

primary and secondary 15.5m ±0.0025mm
11 Radius of curvature

of the secondary 4.57m ±15mm
12 Radius of curvature

of the primary 35000mm ±150mm
13 Focus Distance 6.8m ±0.15mm
14 Primary Segment X-

Y translation - ±0.1mm
15 Primary Segment Clocking - ±10 arcsec
16 Tertiary decenter in y - (±0.2mm)
17 Tertiary tilt in y - (±0.01mm)
18 conic secondary -1.6594932 (±0.001)
19 Conic primary -1.00360800 ((±0.0001)
20 Primary Piston - ((±50 nm)
21 Tertiary tilt in x - ((±0.01mm)
22 Tertiary decenter in x - (±0.2mm)

3.8.1 Error Budget

The last task in the tolerance analysis is generating an error budget break up

table. In order to do this one require an image quality performance indicator,

such as PSSN, or Central Intensity Ratio (CIR) [104], or Encircled Energy(EE) .
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In a very large segmented telescope like the TMT and the E-ELT, the PSSN is

found to be the most suitable performance indicator, Whereas, NLOT is a 10m

class telescope like KECK or SALT, which uses encircled energy as a image quality

indicator/metric, therefore, we have also used it to create our error budget. We

have presented the encircled energy breakup for two EE contours, one at half

intensity contour (EE50%) and other one for (EE 80%). The Table 3.6 provide

the break up of the error budget.

Table 3.6: Error Budget

Sl.NO Source of Error D-50 (arcsec) D-80 (arcsec)

1 Primary Figure (λ/78 ) 0.01700 0.02900
2 Secondary Figure 0.00931 0.01480
3 Primary tip&tilt (±0.005arcsec) 0.00800 0.00830
4 Primary ROC(±0.05 mm) 0.00454 0.00769
5 Tertiary fringe number (±2) 0.00600 0.00610
6 secondary tilt in y(±0.001) 0.00430 0.00531
7 secondary tilt in x (±0.001) 0.003864 0.00531
8 secondary decenter in x(±0.03) 0.003194 0.00532
9 secondary decenter in y (±0.03) 0.003414 0.00532
10 Primary secondary

distance(±0.0025mm) 0.0050 0.00510
11 Secondary RoC(±15mm) 0.00317 0.00531
12 Primary RoC(±150mm) 0.00110 0.00556
13 Focus distance (±0.15mm) 0.00333 0.00400
14 Primary X Y position (±0.1mm) 0.00181 0.00190
15 Primary clocking

(±10 arcsecmm) 0.00182 0.00132
16 Tertiary decenter in y (±0.2mm) 0.00400 0.00532
17 Tertiary tilt in y (±0.01mm) 0.00400 0.00532
18 conic secondary(±0.001) 0.00100 0.00120
19 Conic primary(±0.0001) 0.00040 0.00060
20a Primary Piston (±50nm)

(Variation in DEE) 0.00309 0.02810
20b Primary Piston (±50nm)

(Variation in GEE) 0.00010 0.00020
21 Tertiary tilt in x (±0.01mm) 0.00010 0.00020
22 Tertiary decenter in x (±0.2mm) 0.00010 0.00020

The errors can be summed in a quadrature addition, assuming all the errors

follow a normal distribution. The primary figure is the most dominant term, fol-

lowed by secondary figure and primary tip and tilt. The primary segment figure

requirement of RMS λ/78 in surface seems to be too tight because we try to
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maintain the diffraction limited performance in the design itself. In real telescope

systems adaptive optics (AO) and warping harness helps in mitigating this tight

requirement. As our earlier analyses indicated, primary segment to segment ROC

also seems to be another major contributor to the error even with a tight tolerance

of ±0.05mm. As this is an RC telescope, the secondary alignments and figure also

play a crucial role in the overall telescope performance. The piston error of pri-

mary do contribute to the overall energy budget as per DEE values, but it is not a

major contributor when we consider the intensity distribution budget or GEE. Ter-

tiary alignments seem minimum contributor to the error budget. The total system

degradation with these errors are D50=0.0254 arc-sec and D80=0.0478 arc-sec,

which is within three times ideal performance. The ideal system performance for

on-axis is D50=0.011 arc-sec and D80=0.018 arc-sec. The total system perfor-

mance including design errors are D50=0.0279 arc-sec and D80=0.051 arc-sec.

All the values are given in arc-sec diameter. The total FWHM (D50) system

performance is still within the diffraction limit of the system, which is about

0.026 arc-sec.

3.9 Mimicking Aspheric Profile with Spherical

Segments

One of the challenge linked with segmented mirror technology is the complexities

associated with the manufacturing of aspheric off-axis mirror segments. Despite

many new mirror fabrication techniques invented during the last three decades

[30] [31] [32] [33] , off-axis mirrors are difficult to manufacture and hence very

expensive, which increases the overall budget of any new telescope. To solve this

problem, an effort started to use the spherical primary mirror so that each mirror

segment will be identical and spherical mirror segments are easier to fabricate.

In one of the approaches, the substantial spherical aberration introduced by a

spherical mirror is corrected by using a few reflecting optics located close to the

prime focus [34] [35]. The HET and SALT telescopes used this method and

provided the world with two of the cheapest telescopes in that technology [36] .

The HET(Hobby- Eberly telescope)/SALT (The South African large telescope)
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optical design, which has got only a prime focus, may not be suitable for many

science programs where large instruments weighing up to several tons are required.

Such bulky instruments are usually placed in Cassegrain and/or Nasmyth focus.

There are a few efforts made to explore alternate designs which not only uses

a spherical primary mirror but provides an option to have Nasmyth/Cassegrain

focus[37] [38] [39] . All these designs use 2-3 additional reflective aspheric mirrors

to correct spherical aberration introduced by the spherical primary mirror. These

design approaches possess their on manufacturing challenges. So taking advantage

of the segmented mirror that can be individually placed in any desired fashion,

we can attempt to develop a simple two or three mirror RC kind of design using

spherical mirror segments, by taking advantage of the fact that individual parts

in a segmented mirror design can be placed in any desired fashion.

Making aspheric primary’s made of off-axis mirror segments, of astronomical

telescopes, is still a challenge. We have conducted a study in which we explored the

possibility of mimicking an aspheric hyperbolic primary mirror by using smaller

spherical mirror segments. For this, we have designed a 12m size RC telescope

with the parameters as given in Table 3.3 and conducted three analyses such as

replacing the aspheric segments with spherical segment with specific ROC. The

way we calculate this segment-specific ROC for the second approach and the third

approach is given in section.A.1.3 and section.A.1.4 of Appendix respectively. We

also conducted studies with changing segment size and F ratio of the primary. We

found that none of these methods provided acceptable image quality unless we

incorporate the warping harness in the segment support. The use of the warping

harness remarkably reduced the wave-front error and delivered a decent image

quality over a large field of view.

3.9.0.1 Segments with Fixed Radius of Curvature

In this analysis, all the segments were assigned the same radius of curvature (ROC)

as vertex ROC of the ideal aspheric hyperbolic segment. Piston Tip and Tilt

(PTT) of each segment are allowed to change in the course of optimization while

keeping the ROC fixed.Before optimization, the wavefront error was found to be

quite large. With PTT optimization, the wavefront error reduces substantially.
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As expected, the smallest segment (220mm) gave the lowest wavefront error of

seven waves at a system wavelength of 632.8 nm. The optimized wavefront of the

primary mirror is shown in Figure 3.35.

(a) (b) (c)

Figure 3.35: The wave-front maps (in waves) of the full telescope for (a) Fixed ROC , (b)
Local ROC and (c) Best fit ROC , Segment size of 720mm, with PTT optimization

3.9.0.2 Segments with Local Radius of Curvature

Here, the aspheric segment’s Local ROC is calculated according to equations given

in section A.1.3 of the appendix. Local ROC is equivalent to ROC given by a

spherometer. One set of optimized wavefront is shown in Figure 3.35. When we

increase the segmentation ( by using smaller segment size), then the mismatch

between the shape of the aspheric and spherical segments reduces, reducing root

mean square (RMS) and peak to valley (PV) wavefront errors. The minimum

wavefront error obtained after optimization is 5.5 waves for a 220mm segment

system. The other performance parameters, like spot radius and encircled energy

still suffer from huge aberrations introduced due to the replacement of aspheric

segments. Even though Compared to the fixed ROC method, there is some im-

provement; wavefront error is still substantial and unacceptable.

3.9.0.3 Segment with Best-fit Radius of Curvature

In the third method, we used the segments with the best-fit ROC derived for

each aspheric segment using the calculations given in section A.1.4 of appendix to

replace the aspheric segment, and the system is PTT optimized. The minimum

wavefront obtained after optimization is about 4.5 waves for the telescope with

a primary mirror made of 220mm segments. In comparison to the previous two

methods, there is a marginal improvement RMS wavefront error. One can find
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a substantial improvement in the inner part of the primary mirror (see Figure

3.35(c)) where the wavefront error is small and also smooth. The rapid increase in

the wavefront error is seen outwards, which is the region where asphericity is very

dominant. The spherical mirror fails to mimic aspheric mirror segments despite

varying PTT and ROC. The 4.5 wave is a large wavefront error, and the telescope

of this kind would not suffice any scientific objectives.

3.9.0.4 Effect of the Segment Size

Our study has not attempted to simulate the performance of very small (below

220mm) or large (above 720mm) mirror segments because of one or other reasons

they are found to be not adequate for any segment mirror telescope.

Figure 3.36: Effect of segment size on the optimized rms wave-front error (waves).

In Figure 3.36 we plotted the wavefront errors against segment size as expected;

the wavefront error increases as we increase the segment size. The change is

slower till 420mm, after which one can notice a steep increase in the wavefront

error. Among all the three options, the best fit ROC gives the lowest wavefront

error. However, it requires varying ROC among segments, which can be as large

as 3% to the ideal center segment’s nominal vertex ROC (35000mm). This may

pose manufacturing difficulty while producing mirror segments using conventional

manufacturing techniques. Compared to the best fit method, the variation in the

ROC is less in the Local ROC method; however, the wavefront error is a bit larger.
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In the Local and best fit method With respect to the nominal ROC of the central

mirror, the outermost segment can have a ROC as large as 700mm. As expected,

the best fit ROC method gives the least wavefront error, whereas the fixed ROC

has shown little poor performance. We also found in our study that , despite using

the smallest segment of 220mm size, the wavefront error couldn’t be brought down

to less than 4 waves. Opting very small mirror segments would require a large

number of mirror segments to fill the aperture of the primary mirror. This, intern

would require active components such as warping harness, actuator, and edge

sensors in huge numbers. The use of a smaller mirror segment will not only take

control of the primary mirror complex, but it would also not be economical.

3.9.0.5 Effect of the Primary F ratio

From the wavefront error, it is clear that the asphericity effect is predominant in

the outer segments and varying PTT, and the segment ROC cannot correct it. The

one solution to overcome this problem is using a thin mirror along with a simple

warping harness that can correct the residual error. Another option is to increase

the F ratio of the primary mirror; this analysis results are shown in Figure 3.37.

The wavefront error reduces substantially with the F no. The RMS wavefront error

of seven waves for the F/2 system becomes two waves when we go for F/3 primary

system made with 420mm segments. A telescope with F/4 primary or larger may

not be feasible. However, it may be possible to make use of F/3 primary in a real

telescope. Figure 3.38 shows the wavefront error for the primary with F/2 and

F/3. From this wavefront plot, outer segments are subjected to large astigmatism

type aberrations, which can be corrected by adding a warping harness.

F ratio larger than 3 may not be feasible in practice, due to increased primary-

secondary separation which will lead to many problems such as the requirement

of the large enclosure, increased wind shake, gravity-induced truss flexure, etc.
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(a) (b) (c)

Figure 3.37: Variation of the optimized rms wave-front (waves) against the F number of the
telescope’s primary mirror. The three plots are for the telescope made with (a) 720mm, (b)
420mm and (c) 220mm mirror segments respectively.

(a) (b)

Figure 3.38: The RMS wave-front( waves) for the system with (a) F/2, (b) F/3. The segment
size chosen for the primary is 420mm and PTT optimization has been carried on the best fit
option.

3.9.1 Correcting the figure of the Mirror using Warping

Harness

3.9.1.1 Warping Harness

Using force and moment actuators, any thin and large mirror can be warped so

that the figuring error introduced during manufacturing and/or due to the effect

of variable gravity/temperature on the segment support can be fully/partially

corrected. This add-on device, which accomplishes the controlled changes in the

figure of the mirror, is called warping harness, and it has become one of the essen-

tial features in all segmented mirror telescopes such as Keck, TMT, and E-ELT

[18] [40] [41] [42]. The warping harness designed for these segmented mirror

telescopes primarily uses moment actuators, which applies discrete pre-calibrated

moment at the wiffle tree joints/pivots. The applied moment alters the distri-

bution of the forces exerted to the back of the mirror segment, which creates
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predictable changes in the mirror surface. For example, the TMT mirror seg-

ments are supported at 27 points with the help of nine small and three large wiflle

tree triangles and have got 12 flexible pivots. There are 21-moment actuators

(two-moment actuators working orthogonal at nine pivots and single moment ac-

tuators at the remaining three pivots), which can apply ± 100N push-pull force

to 27 support points and can warp TMT mirror segment to few tens of micron

P-V. The bending moment is measured in real-time through strain gauges with an

accuracy of 0.1%. The relation between the force exerted to each support point,

and changes in the optical figure can be expressed in the matrix equation. In

most cases, the Singular Value Decomposition (SVD) is used to solve the inver-

sion problem. The low spatial frequency modes that arise, either due to support

or mirror manufacturing defect, can effectively be corrected by opting modal ap-

proach, in which the optical figure is represented by a set of orthogonal bending

modes (SVD or Zernike). The high spatial frequency modes are ignored, as they

contribute very little to total wavefront error and require large number actuators

as well as very strong forces.[43] [46] [45]. From FEA simulation as well as

experimentation with the realized warping harness, it has been found that most

of low order optical aberrations can be corrected with very high precision, except

rotational symmetric modes such as focus and spherical aberrations. FEA analysis

shows that aberration related to astigmatism can be corrected to the extent of 98%

or better [40]. However, in practice, correction related accuracy may be primarily

limited by the figure/warp measurement error required for the calibration as well

as error associated with the generation of force/moment [46] [45], [47].

3.9.1.2 Simulation of Warping of Segments using Zernike Polynomial

The decomposed Zernike aberration coefficients till 17 terms for the extreme seg-

ment after PTT optimization in waves has been given in the Table 3.7. Warping

harness is not incorporated into the system yet. If we ignore the residual piston

term, then one can notice that defocus and astigmatism are the largest contribu-

tors to the wavefront error. In contrast, coma, trefoil, and spherical aberrations

contribute marginally. Next, the effect of the warping harness is simulated by

correcting lower order Zernike polynomial. Once we incorporate warping har-
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Table 3.7: Values of decomposed Zernike coefficients in the wave unit for the outermost segment.
The Zernike fitting has been carried out after the optimization using best fit and fixed ROC
methods, at 632.8 nm wavelength

Coefficient Coefficient
Zernike- (Best fit (Fixed Zernike Equation Related aberration
Term ROC ) ROC)
Z 1 2.5697 118.0306 1 Piston

Z 2 -2.6916 0.7973 4
1
2 (p) cos(A) X-tilt

Z 3 -1.4893 0.6515 4
1
2 (p) sin(A) Y-Tilt

Z 4 1.6936 68.3466 3
1
2 (2p2 − 1) Defocus

Z 5 82.3999 84.2538 6
1
2 (p2) sin(2A) Oblique astigmatism

Z 6 -47.5339 -48.7514 6
1
2 (p2) cos(2A) Vertical Astigmatism

Z 7 -6.7450 -6.7825 8
1
2 (3p3 − 2p) sin(A) Vertical Coma

Z 8 -3.8958 -3.9116 8
1
2 (3p3 − 2p) cos(A) Horizontal Coma

Z 9 0.0001 -0.0005 8
1
2 (p3) sin(3A) Vertical Trefoil

Z 10 -0.1788 -0.2538 8
1
2 (p3) cos(3A) Horizontal Trefoil

Z 11 0.1626 0.1560 5
1
2 (6p4 − 6p2 + 1) Primary Spherical

Z 12 0.0117 0.0155 10
1
2 (4p4 − 3p2) cos(2A) Vertical Sec-

Astigmatism

Z 13 -0.0203 -0.0268 10
1
2 (4p4 − 3p2 sin(2A) Oblique Sec-

Astigmatism

Z 14 0.0042 0.0032 10
1
2 (p4) cos(4A) Vertical Quadrafoil

Z 15 0.0074 0.0057 10
1
2 (p4) sin(4A) Oblique Quadrafiol

Z 16 0.0009 0.0010 12
1
2 (10p5 − 12p3 + 3p) cos(A) Sec-Coma Horizontal

Z 17 0.0016 0.0018 12
1
2 (10p5 − 12p3 + 3p) sin(A) Sec-Coma Vertical

ness, the primary mirror optimized with the best fit ROC and the fixed ROC

give similar image qualities. The amount of maximum warping required is al-

most similar in both. In the fixed ROC method, all mirror segments will have

identical ROC and hence would be much easier to manufacture as well as inter-

changeable during the long operational life of the telescope. However, fixed ROC

would leave large defocus term, which is a bit hard to correct by any warping

harness. This problem will be solved with the best fit method; however, it would

require many polishing tools while manufacturing the segments. In our study, we

have found that if only lower-order aberrations represented till Zernike term 10

can be corrected by warping harness, it can provide telescope image quality that

may be good enough for the seeing limited observation. However, when Zernike

term 11 (spherical aberration) can also be corrected by warping harness, the tele-

scope can deliver diffraction-limited image quality. Our analysis indicates that the
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force/warp require to correct the wavefront error associated with mirror segments

will be much larger ( about 100 microns PV (Peak to valley) changes on the sag)

than the extreme force/warp generated by warping harness designed for the TMT

and the E-ELT telescopes [41] [42] . FEA analysis, as well as experimentation,

has shown that maximum deformation on the segment surface in terms of P-V by

TMT warping harness can be as large as 21 microns. Considering deformation is

elastic as well as linear, five times more warping forces are required in comparison

to the TMT. Warping or stressing mirror by such a large amount is something

not impossible. The Stress Mirror Polishing technique used to manufacturing the

aspheric mirror segment introduces a warp on the mirror surface of the magnitude

of nearly 100-200 microns [49] [32] PV. Despite the large warp required by SMP,

analysis has shown that stress injected into the mirror segment is much lower than

the yield stress of the material used. From our analysis, we have seen that astig-

matism is the most dominant term, and it can be easily corrected by applying a

relatively lesser amount of force [43] [46] [45]. Furthermore, since all these lower-

order terms with very high amplitudes are well characterized, it can be divided

into two parts i.e., large and the small amplitudes. The large amplitude may be

treated as a static component and can be corrected with a simple passive warping

element. Whereas, smaller amplitude parts may be dynamically corrected with

the help of an active warping harness. Another possibility is changing the mirror

aspect ratio (diameter to thickness ratio) in a way that it becomes more flexible,

but at the same time not create any gravity and/or control-related problems. For

example, LAMOST active mirror is 1.1m in diameter and 25mm in thickness.

By using 34 force actuators, the mirror segment can be deformed by few tens of

microns [48] [50]. During our analysis, The overall figure of the segmented pri-

mary created using best fit and fixed ROC methods are further optimized using a

virtual warping harness represented by Zernike terms. Since 720mm is considered

the preferred segment size for many upcoming segmented mirror telescopes such

as TMT, E-ELT, MSE, Chinese 12m telescope CLOT, and the proposed Indian

12m class telescope, we decided to carry out our warping harness related studies

with the same size. An additional reason for choosing 720mm is that the warping

harness works more effectively in larger mirror segments. We consider the de-
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(a) (b)

Figure 3.39: The variation of Zernike coefficients (given in the unit of waves) against normalized
radius for the fixed and best-fit ROC methods, of wavefront.

formation effect on the figure of the mirror. We have not attempted to consider

issues linked with the mechanical aspects of warping harness, such as bending

moment/force, elastic flexibility, and stress.

3.9.1.3 Radial Variation of Low Order Zernike Terms

Asphericity increases radially as we move away from the center to the edge of

the primary. From seminal works of [18], one can derive the radial variation

of the Zernike coefficients. In Figure 3.39, we have plotted the most dominant

terms of the virtual warping harness i.e. the defocus (Z4) and astigmatism (Z5

& Z6) against the normalized radius of the primary mirror. As expected, in the

case of the best fit ROC method, the defocus term is pretty small and almost

remains invariant over the entire primary mirror. Whereas for the fixed ROC,

defocus varies from nearly -70 wave to +70 wave and becomes zero close to 0.6

radii ( indicating an optimum ROC for the entire telescope is used as fixed value).

On the other hand, the term related to astigmatism varies almost exponentially

in both the cases and becomes fairly large to the outermost segments.As we have

learned from warping harness related studies that symmetric rotational terms such

as defocus and spherical aberration are difficult to correct; therefore, the best-fit

method may be preferable.

3.9.2 Wavefront Error and the Image Quality

After we incorporated the virtual warping harness to the PTT optimized tele-

scope,the wavefront is progressively corrected with the Zernike. The RMS value
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Table 3.8: RMS wavefront error in waves after correcting Zernike for Fixed and best fit ROC
analysis.

Zernike 1-3 1-4 1-6 1-8 1-10 1-11 1-13 1-15 1-17
terms
Fixed ROC

61.24 47.69 4.73 0.1597 0.1518 0.0058 0.0004 0.0004 0.0002
( whole
primary)

99.94 78.42 6.46 0.1746 0.1523 0.0092 0.0005 0.0005 0.0003
(outermost
segment)
Best fit ROC

48.62 47.61 4.66 0.1558 0.1490 0.0055 0.0004 0.0004 0.0001
( whole
primary)

79.36 77.25 6.27 0.165 0.1481 0.0084 0.0005 0.0005 0.0003
(outermost
segment)

of the wavefront error after correcting a set of Zernike terms in the spherical mir-

ror is given in the Table 3.8. The first three terms are a residual piston, tip, and

tilt, which can be corrected without a warping harness, whereas the fourth term

is defocus and requires a warping harness. Suppose we consider the best fit ROC

method. In that case, a substantial improvement over wavefront error seems to

happen after the exclusion of astigmatism, which reduced RMS error by almost

ten times from 47.61 waves to 4.66 waves. However, even at this stage,telescope

image quality is nowhere close to the acceptable range. When we incorporate

coma (Zernike terms 7 and 8) in the fitting, then telescope RMS error reduces to

λ
6.5

. With added trefoil (Zernike term 9 and 10), RMS error reduces to λ
6.6

, making

the telescope to be used for seeing limited observations. After that if we correct

the primary spherical aberration (term Z11), then the image quality remarkably

improves, and wavefront error reduces to λ
188

, that is diffraction-limited perfor-

mance. We observed the same trend of performance improvement, also in the case

of fixed ROC, as seen in Table 3.8.

In Table 3.9, we present the results of our image quality analysis carried for

both optimization methods and the image quality expected from an ideal RC tele-

scope made of the monolithic primary mirror. From Table 3.9 it is clear that

both best fit and fixed ROC methods give almost similar on and off-axis image
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Table 3.9: Image quality in arcsec of the ideal RC telescope and the optimized segmented
mirror telescope

Fixed ROC Best Fit ROC
RMS Spot Size EE50 EE80 RMS Spot size EE50 EE80

PTT & Z4-Z10
Optimization
On Axis 0.590 0.349 0.768 0.581 0.339 0.743
20 arc-minutes 0.690 0.497 0.810 0.677 0.488 0.799

PTT & Z4-Z11
Optimization
On Axis 0.0200 0.0155 0.0368 0.0193 0.0152 0.0364
20 arc-minutes 0.349 0.347 0.441 0.348 0.345 0.437
Ideal
RC
On Axis 0.001 0.011 0.019
20 arc-minutes 0.353 0.354 0.446

qualities. In the case of RC and Z4-Z11 optimized telescopes, off-axis image qual-

ity degrades as the field of view increases. Whereas Z4-Z10 optimized telescope

provides almost the same image quality all over the field of view.

3.9.2.1 Figure of the Optimized Segmented Primary Mirror

We have created a map of the surface difference between an ideal hyperbola used to

form RC primary and the primary mirror formed using spherical mirror segments

after PTT optimization and Zernike warping ( see Figure 3.40 ). The RMS

difference between these surfaces is just a few nanometers, which indicates that

we could indeed mimic a hyperboloid needed for the RC design in both best fit

and fixed ROC methods.

It appears from our study that with the help of wrapping harness which is

capable of correcting low order aberrations, the residual wavefront error after

PTT optimization can be almost fully corrected and the telescope can provide as

good an image quality as one can expect from any telescope made of an aspherical

primary mirror. However, one of the practical problems one needs to consider

is whether the mirror segment can withstand the large warping force needed to

correct defocus and astigmatism, which can have Zernike coefficients as large as

35 - 40µm.
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(a) (b)

Figure 3.40: The surface difference map between an ideal hyperbola and the primary mirror
created using Fixed roc method with PTT and Z4-Z11 optimization (units in nm).
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Chapter 4

Phasing: KECK Type

Phasing Scheme

4.1 Introduction

Co-aligning, co-focusing, co-phasing are the three major steps to make a segmented

telescope act like a monolithic mirror telescope. KECK telescopes are one of the

pioneering examples of segmented mirror telescopes[18],[29]. KECK’s primary

mirror consists of 36 hexagonal segments that fit together to form a monolithic

equivalent optical surface of about 10m diameter and the side length of each

hexagonal segment is 0.9m. The hexagons create 84 inter-segment gaps. Two

capacitive displacement sensors are kept in every inter-segment gap. This edge-

sensor and actuator along with the telescope active control system (ACS), keep

the mirror segments in the desired position. However, there is no global reference

for ACS to keep the mirrors in position. Once the mirror is optically aligned and

phased, correcting all tip, tilt, and piston errors, with the alignment and phasing

system(APS), the APS provides this data in the form of a look up table for the

ACS to freeze the mirrors [62]. Co-aligning, co-focusing, co-phasing are explained

below.
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Figure 4.1: Co-aligning, co-focusing, and co-phasing a segmented system (left). The PSF of a
segmented system where the mirror segments are out of phased or in-phase (right). The width
of the PSF is λ/d in the first case, where d is the diameter of the mirror segment, and it is λ/D
in the second case, where D is the diameter of the full primary mirror[63].

[63]Co-aligning is merely stacking all images one over the other to get the

maximum intensity [68], this is done by locating which spot of observed star

corresponds to which mirror. Co-focusing is making the spot size produced by

each mirror of the same size. This is done by sensing and correcting surface

deviations in the mirror. We have developed a technique using Shack–Hartmann

wavefront sensing in the MATLAB software platform for the co-focusing. The

details of which can be found in Appendix B. Once the surface error is sensed,

co-focusing can be achieved by figuring the mirror using a warping harness or at

the manufacturing stage itself. When co-aligning and co-focusing are done, the

telescope acts as a large light collector. Still, it will not give the image quality

equivalent of a single monolithic mirror of the same total diameter. The reason

is that the light from each segment is reaching the image plane with a phase

difference between them introduced by the piston effect [64]. The piston effect

is introduced by the phase discontinuity between edges of the adjacent segments.

Piston causes the telescope PSF to be the incoherent sum of the PSFs of the

individual segments [65]. This reduces the optical quality, affects the resolution

of the telescope, and introduces speckles in the image background. Due to these

reasons, the RMS phase errors in the segmented telescopes must be made as small

as possible. This chapter addresses the KECK type, i.e., Shack-Hartmann(SH)

based phasing scheme.
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4.2 Co-Phasing

In a segmented mirror telescope, phasing or co-phasing is the detection and cor-

rection of phase discontinuity between segment edges. There are a number of

different co phasing techniques which can be employed to achieve this task. They

are described in brief in Chapter 1 section 1.6 [69]. In this chapter we consider

Shack-Hartmann based Phasing system which is used in KECK telescopes co-

phasing system[67, 68, 29]. The principle can be divided into narrow and broad-

band depending on the width of wavelength band used, analogously on the tem-

poral coherence length of the system. From the working principle and algorithm

of KECK phasing [66] the theoretical background is derived. A MATLAB based

Phasing code is developed in house. The system principle is simulated numerically

and analyzed. The simulation results are compared with ZEMAX conceptual de-

sign. Preliminary laboratory experiment is designed in ZEMAX and is conducted.

Narrow-band principle was successfully validated in laboratory, broadband needs

further modifications. We will present the results of MATLAB simulation and

experimentation on this chapter.

4.3 Keck Type Phasing Scheme

The piston discontinuity or Piston error is the up down displacement of one seg-

ment edge with respect to the nearby segment. This introduces a phase disconti-

nuity between two segments. The principle of operation of the Shack-Hartmann

or KECK based phasing is as follows, the light passes through a circular aperture

kept straddling between the inter-segment gaps. This light pattern has the shape

of two D shaped beams kept close.

The light is then focused to a point through a diffraction limited optical system.

The shape of point spread function (PSF) of the system changes with respect to

the piston error between the two segment edges. This is because light from the

two D patterns (see figure 4.2) coherently adding up at the focus. This process

is dependent on the term we call as ’coherence length’ given by λ2/2∆λ of the

system, where λ is the central wavelength of the optical band width and ∆λ is the
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(a) Top View (aperture shown)

(b) Side View

Figure 4.2: Intersegment Gap and aperture showing piston error.

band width. This change in the intensity distribution in PSF can be measured

and the segments can be arranged such that piston effect is minimum and we get

a piston error minimized, continues optical surface.

4.4 Narrowband

The narrowband uses a small wavelength band or, ideally speaking, a monochro-

matic beam. That means system will have a very large coherence length, which

makes the PSF changes due to piston error cyclic of π for an extensive range of

piston. The cycle is from 0 to π or 0 to λ/2, in phase. Practically, narrowband

co-phasing is done after broadband co-phasing. This 2π, ambiguity can be re-

duced by measurement with more than one narrowband filter for the same piston

error[71],[70].

4.4.1 Mathematical Derivation of Narrowband Technique

The light is taken to be monochromatic, with wavelength of λ, implying the coher-

ence length of the light calculated by the expression λ2

2∆λ
is infinity. In an optical

system, the image plane’s complex amplitude is given by the Fourier transform of

the aperture function described by Chanan et.al[62]. So the intensity(I) distribu-

tion of PSF can be derived as,

f̂(ω⃗, kδ) =
1

πa2

∫ 2π

0

∫ a

0

A(ρ, θ)eιkω⃗.ρ⃗ρdρdθ (4.1)
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=
1

πa2

[∫ π

0

∫ a

0

eιkδeιkω⃗.ρ⃗ρdρdθ +

∫ 2π

π

∫ a

0

e−ιkδeιkω⃗.ρ⃗ρdρdθ

]
So f̂(ω⃗, kδ) = 2

πa2

∫ π

0

∫ a

0
cos(kδ + kω⃗.ρ⃗) ρdρdθ

= cos(kδ)
2

πa2

∫ π

0

∫ a

0

cos(kω⃗.ρ⃗)ρdρdθ − sin(kδ)
2

πa2

∫ π

0

∫ a

0

cos(kω⃗.ρ⃗)ρdρdθ

I(ω⃗, kδ) = abs(f̂(ω⃗, kδ))2

Where k=2π/λ, δ is the piston error. Upon derivation we see that Fourier

amplitude can be represented as a linear combination of the in-phase (kδ = 0) and

maximally out-of-phase (kδ = π/2) amplitudes, So intensity distribution is,

I(ω⃗, kδ) = [|cos(kδ)f̂(ω⃗, 0) + sin(kδ)f̂(ω⃗,
π

2
)|]2 (4.2)

4.4.2 Generation of Images for Narrowband Technique

The narrow band images are monochromatic PSF’s of lenslet apertures generated

as a Far field Fraunhofer diffraction pattern. KECK telescope uses a lenslet array

with a cross wire across each lenslet straddling intersegment gap for pupil reg-

istration. On projection to telescope it produce an aperture of size 10 cm with

a 20mm wide strip in the middle [67]. The strip is to cover the irregular edge

diffraction effect from the beveled telescope segment edge. In our simulation for a

monochromatic wavelength, we use aperture with a diameter of the circle to strip

ratio of 10:2 size. The Fourier transform of the aperture is taken after adding

a opposite-polarity equal-magnitude phase to two segment edges covered by the

aperture. Square of the absolute value of the Fourier transform gives the intensity.

We also generated noisy images, mainly with background noise, object noise, ther-

mal noise, and readout noise. So the total noise is ρ =
√
(ρb2 + ρs2 + ρt2 + ρr2)

Where’ ρ’ is the total noise ’ρb’ is the background noise ’ρs’ source noise ’ρt’ is the

thermal noise ’ρr’ is the readout noise ’SNR = S/ρ’ where S is the signal. The

object and background noise is of Poisson distribution in nature. Furthermore,

other noises can be considered Gaussian with zero mean and changing variance for

each pixel. This will depend on the nature of the CCD. So for analysis purposes,
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we have added Gaussian and random Poisson noise into the theoretical image.

Equal variance of 0.01 is given for all pixels of Gaussian noise image profiles. The

figure 4.3 gives a simulated aperture. The figure 4.4 and 4.5 gives the simulated

narrow band images and their contour plots respectively.

Figure 4.3: Simulated Aperture

Figure 4.4: Narrowband templates

4.4.3 Generation of Narrowband Correlation Curve

Narrow band correlation curve is generated by correlating an unknown piston

monochromatic PSF image with temples of a cycle of simulated monochromatic

PSF of 0 to Nπ phase error, with the same number of pixels in size. The Narrow
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Figure 4.5: Contour plots of narrowband templates

band correlation curve show sinusoidal cyclicity that repeats in a phase cycle of π,

or λ/2 in phase. Once mirrors are co-phased with in the order of λ, this technique

does the fine-tuning of reducing that piston error up to small fractions of λ/2.

In an ideal case, this can be corrected up to zero piston. In Keck, narrowband

co-phasing is done after broadband co-phasing.

(a) X =Zero piston (b) X=2π/11

Figure 4.6: Correlation of a ’X’ piston error image with all narrow band images with phases
varying from 0 to 3π

Figure 4.7: Noisy image and, Narrowband Correlation curve of zero piston narrow band images
with noise to all theoretical narrow band images with phases varying from 0 to 3π.

The figure 4.6a and 4.6b gives the narrowband correlation plots in two scenar-
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ios. In the correlation curves, the least correlated image also has a considerable

correlation count. This creates a DC shift which is ignored in narrow band curve

but eliminated in broad band curve. For the noisy image and correlation count

shown in figure 4.7, There is a drop in the dynamic range of the correlation plot,

which can be expected in a practical case. The Gaussian noise added to each pixel

is of equal variance, so the plot is still uniform, whereas in the real case, there

will be a intensity scattering in the plot. Due to the more considerable coherence

length of a monochromatic wavelength λ as per equation λ2/2∆λ, the diffraction

pattern with periodicity as a function of phase difference is cyclic over a large pis-

ton range. This can be seen in the figures 4.6 and 4.7. This makes an unambiguous

finding of the piston greater than λ/4 on the surface very difficult. Say we use a

near-infrared wavelength of 891 nm, then the maximum capture range in practice

is around ±100 nm instead of ±223 nm when we avoid the non-linear region of the

sinusoidal curve. However, in KECK this technique gives an accuracy of around

6 nm [62]. This technique’s main disadvantages are the need for specialized hard-

ware, in which each lenslet has to straddle between two inter-segment gap, equally

dividing the aperture into two semicircles. This inter-segment pupil registration is

crucial in this technique. As the lenslet samples only a small fraction of the seg-

ment surface, this technique can only detect and minimize the phase step between

the segment edges. This phase step minimization may not reduce the piston error

between the segments in a highly aberrated segment surface. Due to all these

reasons, we explored the next technique called broadband technique, which use

the same optical hardware with a set of Gaussian broadband filters.

4.5 Broadband

The broadband uses a light of wider wavelength band, making it to have a low

coherence length by the equation λ2/2∆λ. This will change the total temporal co-

herence length of light into few microns compared to narrowband. The broadband

technique uses Gaussian band-pass filters for its working[66]. When the wavefront

phase is with in the filter’s coherence length, amplitude and complex phase of

different points in the wave-train are in correlation, thereby causing them to sum



4.5 Broadband 113

up coherently at the focus. Whereas once the light’s phase difference is out of

the filter coherence length, this correlation is damaged. So they sum up incoher-

ently ie, only in intensity. With this difference in the behavior of the generated

polychromatic PSF, we can find the piston error in the system. This technique

increases the capture range of piston . This is ideal for finding unambiguous pis-

ton error with a wider capture range, whereas, in a narrow band, we have to be

satisfied by sensing capability limited to small fractions of λ. Different Gaussian

band pass filters give different capture ranges in broad band co-phasing.

4.5.1 Mathematical Derivation of Broadband Technique

Broadband can be considered a technique in which the light’s temporal coherence is

altered using an optical filter, retaining the spatial coherence . Unlike narrowband

that considers one wavelength and has a small capture range of the order fraction

of λ, a broadband capture range can be extended to few tens of microns. In

this, light from the aperture is made to pass to a Gaussian bandpass filter. In a

theoretical Gaussian filter considered for derivations, the transmission wings can

extend to infinity, but this is not the case in a practical optical filter. In theory,

the output intensity for a piston error of δ and k=2π/λ becomes, [62] [66]

I(ω⃗, kδ) =

∫ ∞

−∞
(

1√
2πσk2

e−
(k−k0)2

2σk2 [|cos(kδ)f̂(ω⃗, 0) + sin(kδ)f̂(ω⃗,
π

2
)|]2dk) (4.3)

The mathematical equation can be stated as output intensity becomes the

image of two semicircle apertures as in figure 4.3 with piston difference between

them, multiplied by the Gaussian response of the filter and integrated over the

entire wavelength band. The system is considered to be diffraction limited. The

PSF is the far-field diffraction pattern, which contains information about the pis-

ton. This technique is implemented when ∆λ << λ2

2δ
is violated, i.e, the piston

error range is extended to few tens of waves [62]. The piston error is large such

that it is out of filter coherence length, the complex phase and amplitude of the

wavefronts having phase difference that exceeds the filter’s coherence length are

uncorrelated. In a telescope, the light from the primary with these piston errors
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is made to pass through a Gaussian band pass filters. As the starlight is coherent,

this causes it to loose its temporal coherence. The PSF generated is merely an

intensity sum of the beams at that time. If the piston error is well within the

coherence length, there will be an amplitude sum, causing distinct change in the

patterns of the PSF, which can be used to find the piston error[66]. In Gaussian

bandpass filter g(k)= 1√
2πσk2

e−
(k−k0)

2

2σk2 . Also, e−
(∆k)/2

2σk2 = 1/2 and σk = 1.33/l. So

the output intensity pattern becomes

I(ω⃗, kδ) =
1

2
[1 + e−2σk2δ2cos(2k0δ)](f̂(ω⃗, 0)

2) + sin(2k0δ)e
−2σk2δ2

[f̂(ω⃗, 0)f̂(ω⃗, π/2)] +
1

2
[1− e−2σk2δ2cos(2k0δ)](f̂(ω⃗, π/2)

2) (4.4)

4.5.2 Generation of Images for Broadband Technique

A Gaussian bandpass filter is used to alter the temporal coherence and generate

broad band images. We can do it in two ways. Use the intensity image obtained

in narrowband and multiply it with filter response and do a discrete sum of it over

a filter bandwidth wavelength. For a practical filter with a definite truncation,

this approach suits better. Another way is to go with the simplified mathematical

equation of a Gaussian filter in conjunction with the optical system. In this, we

use the equation 4.4 to simulate the images.The generated images and contour

plots are shown in figures 4.8 and 4.9. The incoherent image’s elliptical shape

is due to the semicircle diffraction pattern, which is elliptical. In the case of an

incoherent image, the summation is happening only in intensity addition, so the

shape retained as an ellipse is shown in figure 4.10.

4.5.3 Generation of Broadband Coherence Curve

We select an incoherent image from broadband, then find its centroid using the

intensity weighted centroid method. Then we crop every image to one size such

that the pixel corresponds to the centroid of the incoherent image is the center of

all images. This will keep the centroid pixel of zero piston error image as the center

pixel of every image. Then broadband image with unknown piston is correlated

with all the narrowband images for piston range of 0 to π in phase, i.e in the



4.5 Broadband 115

Figure 4.8: Broad band images with a filter coherence length of 40µm with theoretical equation

Figure 4.9: Contour plots for broadband images with a filter coherence length of 40µm as per
theoretical equation

Figure 4.10: semicircle aperture and diffraction pattern

wavelength range of 0 to λ/2 ( this gives a cycle of images in narrowband ). We

have chosen the Pearson correlation due to its simplicity speed, also due to good

correlation values. Keck telescope also uses the same type of correlation. It is

better to have the same number of narrowband images as broadband images. It

is also advisable to use many images to get a smooth curve. Once the images are
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correlated, and the correlation coefficient for each broadband image is obtained,

we find maximum and minimum values of each image’s correlation count. The

’coherence parameter’ is this maximum value – minimum value. Then we subtract

the value of the incoherent image’s coherence parameter from all the images to

bring the incoherent image correlation value to zero and obtain the coherence

curve.

(a) CW:472.3 nm,WB:10 nm,
CL:11.15µm

(b) CW:672.3 nm,WB:10 nm,
CL:22.59µm

(c) CW:891 nm,WB:10 nm,
CL:39.69µm

Figure 4.11: Coherence parameter Vs. piston for different filters simulated with derived the-
oretical equation considering infinite wing pattern, CW:Central wavelength, WB:Wavelength
Band, CL:Coherence length

Images of figure 4.11 are the coherence curves generated with theoretically

derived equation 4.4 considering entire wavelength of the spectrum. But when

the filter is real, it transmits only the definite wavelength band, similar to the

practical case assumed by the Gaussian band pass response. That is the band

width at full width half maximum and then the rest of a few more wavelengths.

This apporch in selection of filer band width gives the perfect Gaussian curve for

coherence parameter as given below in figure 4.12. We decided to continue our

study made with a coherence curve made with definite wavelength band Gaussian

response as given in figure 4.12.

4.5.4 Co-Phasing of the Segments in Broadband Technique

This section explains the procedure of broad band co-phasing in KECK telescope.

Consider the segments are in unphased mode having unknown piston errors. The

broad band image for a segment edges are obtained through the APS camera. For

the accrued broadband image, the coherence parameter is obtained. This value

is considered as a nominal value. That is, this value will be kept at the point

of zero piston in the theoretically obtained coherence curve. A known piston



4.6 Broadband Phase Retrieval Simulation in MATLAB 117

(a) CW:472.3 nm,WB:10 nm,
CL:11.15µm

(b) CW:672.3 nm,WB:10 nm,
CL:22.59µm

(c) CW:891 nm,WB:10 nm,
CL:39.69µm

Figure 4.12: Coherence parameter Vs piston for different filters simulated with definite fil-
ter wing cutoff wavelength range (practical ), CW:Central wavelength, WB:Wavelength Band,
CL:Coherence length

or step height is then introduced into that segment so that we will get another

broadband image. This step is introduced in a sequence for complete capture

range in a total of n steps. That is, if the capture range is 30µm, the step size

will be 30/(n/2-1)=6µm for n=11. This is done, first by stepping -30µm to -6µm

about the nominal position then to the central nominal value then again piston of

+6µm to +30µm about the nominal position. Where ’+’ and ’-’ means a relative

shift of one mirror with respect to each other (up and down movement). Then

broadband coherence parameters for all these images are obtained and plotted

in the respective Y-axis for the given filter. The X-axis will be distributed with

respect to the step size. In this graph, a first order Gaussian is fitted through

all the coherence parameter points. The piston/edge height corresponding to the

peak of this Gaussian is considered as the piston of that segment[72].

4.6 Broadband Phase Retrieval Simulation in MAT-

LAB

In this section, the broadband co-phasing technique used in KECK is simulated

in MATLAB. The table 4.1 lists different filters and parameters used in KECK

co-phasing system. The number associated with each mode is the repeatably of

the mode in nanometers. Step height is the preferred discretization(n) in the total

capture range to map out the unknown piston. The capture range is taken between

75% to 85% of the width of a theoretically approximated curve. The magnitude

of stars chosen is reduced as we go for larger bandwidth, this to keep the photon
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count on the detector constant[66].

Table 4.1: Broadband Phasing Parameters of KECK telescope

Mode
Wavelength
(nm)

Bandwidth
(nm)

Coherence
length
(nm)

Step
size
(µm)

Capture
range
(µm)

Star
mag-
ni-
tude

1000 891 10 40 6 ± 30 4
300 852 30 12 2 ± 10 5
100 870 100 3.8 0.6 ± 3 6
30 700 200 1.2 0.2 ± 1 7

We randomly take a broadband image that corresponds to a broadband im-

age simulated with a practical filter with a definite cutoff. (The high-frequency

structure in the theoretical curve having infinite Gaussian curve is a theoretical

noise which can be ignored.) Then giving steps as described in section 4.5.4 we

will try to find the piston by fitting a fist order Gaussian through the data. We

expect to get the piston value as the X-axis value corresponding to the mean of

the Gaussian where the peak occurs. Here in the fitted Gaussians this value is

given by parameter ‘b1’, for the equation f(x) = a1*exp(-((x-b1)/c1)2).

Figure 4.13: Gaussian fitted through piston points , applied piston = 11µm, retrieved pis-
ton=11.15 µm

In figure 4.13 and 4.14, the piston is within the coherence length of the filter,

and the piston is captured very accurately. However, in figure 4.15, the piston is

outside the capture range of the filter. So that piston is not captured properly.
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Figure 4.14: Gaussian fitted through piston points, applied piston= - 2.58 µm, retrieved
piston=-2.864 µm

Figure 4.15: Gaussian fitted through piston points, Applied Piston =-26.58µm ,retrieved piston
8.082 µm

This technique will work when the piston is within the order of the coherence

length of the Gaussian bandpass filter. From our simulation, we saw that we

could retrieve the piston with accuracy within 1%. This technique shares the

disadvantages of the requirement of specific optical hardware with narrowband

technique. Additionally, the requirement of broadband Gaussian bandpass fil-

ters. Like a narrow band technique, this technique can only minimize the phase

discontinuity between two segment edges. In a segment with larger surface aber-
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ration, this minimization may not achieve the phasing of the segments. Due to

the need to introduce piston in steps to trace the coherence curve, this technique

is time-consuming. When we try to increase the wavelength band width, the op-

tical system requirement for chromatic correction also increases. The technique’s

advantage is the large capture range and inherent stability due to the Gaussian

fit pattern of the coherence curve. In KECK telescope, full telescope phasing is

achieved within 90 minutes, with piston error less than +/- 50 nm RMS [62],[72].

4.7 Experiment on Keck Type Phasing

We experiment to demonstrate the principle of operation of the modified Shack-

Hartmann based phasing scheme. We use a narrowband technique to demonstrate

the same. Also we intend to validate our MATLAB simulations through this

experiment. The preliminary experiment design was done in ZEMAX. The system

contains light sources, spatial filtering, collimating setup, and mirror segments to

mimic segmented telescope conditions. The light from two edges of phase-shifted

mirrors are passed through the circular aperture. Then it is focused on a detector

using a good imaging system. The PSF is the far-field diffraction pattern of the

aperture. This PSF contains information about the phase difference between the

segments. Due to the unavailability of a broadband light source with spatial and

temporal coherence in the lab and the broadband Gaussian bandpass filters, we

decided to demonstrate the narrowband technique’s working principle with laser

light as a narrowband source.

4.7.1 Optical Design

When light passes through an aperture and is focused through a well aberration-

corrected lens, the PSF is the Fraunhofer diffraction pattern or far-field diffrac-

tion pattern of the aperture. Here aperture is two semicircles created by the

inter-segment gap of the mirror and the circular mask. The diffraction pattern is

sensitive to the piston effect given to the beam; this principle is used in narrow-

band technique. The optical design of this system is using off-the-shelf components

available.



4.7 Experiment on Keck Type Phasing 121

4.7.1.1 Part 1: Source

We use two diode lasers having a wavelength of 532 nm and 650 nm. The lasers

have 5mW Optical power, the spot size of around 4mm, and are Holmarc made.

Two liner polarizes are used to control the intensity.

4.7.1.2 Part 2: Spatial Filtering

The spatial filtering setup consists of a microscope objective and a pinhole. We

had three choices in the microscope objective also few pinholes. Out of them, we

have chosen New port 20X, 0.4 NA, 9mm focal length as the microscope objective.

Among all the objectives we had (40x, 45x, 20x), this one has the longest focal

length. With this objective and 4mm laser beam, the airy disk diameter will

be Da=(2*1.22*650*9/4)x10-9=7.14µm. The recommended perfect size pinhole

diameter will be 1.5 times the size of the airy disk usually. This is to ensure good

spatial filtering. By this calculation we can go for a 10.7 µm pinhole for red laser

beam. In the same way it should be 8.8 µm for green beam. But among the pin

holes we had 12.5µm as the smallest one. So we use this in the system.

4.7.1.3 Part 3: Collimation

The Collimator used is an achromatic doublet 50mm clear aperture 150mm focal

length Holmarc made.

4.7.1.4 Part 4: Imaging

After the collimation beam is made into two parts using a 50:50 Holmarc Optics

beam splitter of size 50mm X 50mm. The reflected beam is made to hit the

segmented mirror and reflect. The transmitted beam is not used. The beam is

made to pass through the aperture given in figure 4.18a

Then the 10mm beam which comes out through the system is focused using a

750mm focal length 50mm diameter (A.R coated ) Aromatic doublet lens. The

detector used is Basler made with 7.4µm pixel size. The diameter of image will be

=2x1.22λf/D= 2x(1.22x650x750/10)x10−9=118.95µm, it will be around 16 pixels

for red beam and 13 pixels for green beam. The narrowband simulation images



122

will be double of this size to consider the shape change perfectly. The selection of

this imaging lens was a trade-off between availability and set up construction.

4.7.2 Experimental Setup Block Diagram and Images

Figure 4.16: Narrowband experimental setup Block Diagram

4.7.3 Procedure

We assemble the experiential setup and leave the system for a few hours to stabilize

the mechanical system, see figure 4.16 to see the layout. The room is cooled down,

and the setup is allowed to sock in the cooled room temperature thermally. Next,

we switch on both lasers and allow some time for them to stabilize. Adjust the

lasers and beam splitter so that both beams come through the same path. The

beam splitters and lasers are aligned to ensure the beam travels parallel to the

optical table without any deviation. Next, we use liner polarizes to cut down

the intensity. Both the beams are spatially filtered simultaneously through the

same spatial filtering setup. The beam is passed through the collimating lens to

collimate the light. Then mirrors are mounted in the kinematic mount with one

mirror kept on Throlab’s micro-motion stage, capable of moving with a minimum
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Figure 4.17: Narrowband experimental setup Image

(a) Experimental aperture (b) Aligned Segments

Figure 4.18: Experimental Image

step of nearly 50 nm. Since the stage used by us is not very precise and for

our experimentation, we needed to read the mirror position, which is getting

moved with a few nanometer accuracy. Therefore, an external high precision

optical encoder from GSI Microsystems, which has got 1.2 nm resolution, has been

installed along with the stage. The fixed mirror is considered as the reference

mirror. Next, we align the mirrors such that light comes through the circular

experiential aperture mask from each respective mirrors. It is shown in figure

4.18a. The aperture is of 10mm with a 2mm strip covering its center. This strip

is placed to avoid the beveled edges’ stray reflections and the gap between the

segments. Also, it aids in creating a symmetric diffraction pattern. Care should
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be taken to minimize this gap between the mirrors to a minimum as it increases

the spreading of more energy into the diffraction pattern wings. The tip and tilt

between the mirrors are corrected with the help of long-distance alignment, by

observing the beam after it traveled around 5m. Next, we introduce the imaging

lens. The imaging lens is the most crucial component in the system. It produces

a diffraction limited image of the aperture. To ensure this, we use a long focal

length aromatic doublet. By ensuring the beam passes well through the center of

this lens, we get diffraction limited PSF. We further align the mirrors such that

we get two perfect semi-circles in detector after introducing the imaging lens in

the de-focused focal plane. We also avoid stray beams by adjusting the tilt of the

mirror. The piston tip and tilt in a segmented aperture are always differential.

If we give error to one segment, in a two segment system with in the the spatial

coherence range it comes as a cumulative error. So we need to ensure there is no

differential tip or tilt between the segments. Errors in the stages movement axis

can cause this differential tip or tilt. To avoid this, the stage’s axis movement error

has to be within 1 pixel, ie around 7.4microns, this converts to around 2 arcsec

maximum tip, tilt cumulative error in the stage axis of movement. To ensure this,

we use only the optimum region of the axis, which has this linearity. This region

is found by covering the reference mirror, then moving the stage and measuring

PSF centroid shifts formed by the moving mirror and choosing the best region of

the stage’s axis. Then both the mirrors are exposed to the beam, and the beam is

well focused through the imaging lens such that they form an interference PSF. To

ensure the final alignment, we extract one narrow band PSF image. Then Cover

one mirror and extract one image, next extract the next mirror image in the same

way. Then we find the centroid of both the images and make sure they are within

1-pixel error. Next, we introduce a known piston in the mirror mounted on the

moving stage. Save PSF image for both wavelengths 650 nm and 532 nm one after

another by allowing only one laser light to pass through at a time. Next, we do

correlation with zero piston simulated image and get the narrow band curve.
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4.7.4 Results

Once a set of images ( some examples of images are shown in figure 4.19 and 4.20)

for a range of piston error is obtained, we correlate the images with Zero piston

image generated through simulation. The experimental optical system parameters

decide the size of the simulated PSF. The obtained correlation coefficient is plotted

Vs the piston value in nm obtained from the linear encoder. The piston applied

goes as a differential piston to both the mirrors, the piston plot is expected to

show a cyclicity with a frequency of λ/4. As the applied error at a single mirror

position is the same, both the red and green beams should show this cyclicity for

the same applied error.

Figure 4.19: Experimental Narrowband PSF’s for Green laser of 532 nm

Figure 4.20: Experimental Narrowband PSF’s for Red laser of 650 nm

The figure 4.21 gives the experimentally obtained correlation coefficient plot.

As the applied piston noted by the encoder is the same, we can see the piston

coefficient marked as black dot exactly following the theoretical pattern shown as

the sinusoidal curve in figure 4.21a for red and figure 4.21b for green. Which clearly

shows the cyclicity as expected. The magnitude of sine curve fitting is between

0.5 to 1. This is in well agreement with the theoretical correlation curve values of

0.4 to 1 obtained for the simulated system. Our piston introducing liner stage has

a finer movement of only ± 50 nm due to the minimum piston error we could give

around 100 nm. Due to this reason, we could get only a few sets of data points for
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(a) For red laser of 650 nm

(b) For green laser of 532 nm

Figure 4.21: Experimental Narrowband correlation plots

every cycle. Once we have a linear motion stage with better precision and finer

movement, we can solve it and get a more continuous plot. While we generate the

correlation curve, the extracted image centroid has to coincide with the center of

the image for different piston positions. Since we make sure, the image positions’

shift due to other factors like stage axis errors is within one pixel, we chose the

centroid of one the image close to zero or 2π piston as the center point and shifted

all the other images centroids to this calculated pixel point. Further, we optimize

this point by shifting it by one pixel in the +/- X and Y axis and observing the

correlation coefficient. The point at which this maximum occurs is taken as the

true center pixel. Another point to be taken care to increase the correlation curve’s
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magnitude is the simulated images’ template size. We start with a simulated zero

piston image template as per the theoretical calculation, i,e, 16 pixels for red laser

and 13 pixels for the green beam, and correlate it with the obtained images. This

template size is again further optimized to maximize the correlation coefficient

variation. In our experiment, due to our stage movement limitation, we expect

a repeating correlation coefficient signature in the narrowband images produced.

This is one reason for the distribution of points in figure 4.21 within a range.

We also observed that there is a drift in the position of the retrieved correlation

coefficient. To minimize this, we make sure the random errors present in the

system is within ± 5 nm. This drift is checked by taking the encoder reading

without applying any piston and monitoring the variations. We observed that

we do have a wing effect in the image of PSF in the figures 4.19, 4.20 this was

due to the 2mm gap strip we placed in order to cover our segment edges. Since

we have off-the self segments with around 0.5 mm beveling and less than λ/4

surface accuracy, this size strip was a must. However, irregularities in the strip

have made a wing effect to our images. The orientation of the PSF axis depends

on the orientation of the mirror axis and the strip. Even with these issues, our

experimental images are similar to images in KECK [62]. The KECK telescope can

achieve a final phasing error of about better than ± 50 nm RMS with broadband,

and the narrowband can give up to 6 nm accuracy. The error with the fitting

curve is 20 nm RMS in our laboratory experiment. We plan to further improve

the system by introducing a better aperture mask with a strip and a low-stress

mirror mounting stage as an alternative to the spring-mounted kinematic system

we have now. Along with a better precision stage. Even with all the issues fitting

all the data points so accurately for both red and green wavelength for the same

applied piston error indicates the correct working of the technique.
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Chapter 5

Phasing: Based on

Pyramid Sensor

5.1 Introduction

In a segmented telescope, the alignment and phasing is achieved by sensing and

correcting the wavefront deviations produced by various errors of the segments.

There are several techniques proposed/experimented for wave-front sensing. Among

these wavefront sensing techniques, a promising technique appears to be the pyra-

mid based wavefront sensor; primarily, this technique is used in the field of adap-

tive optics [80] [81] [82]. As a simplified explanation of the pyramid sensor, we

can state that it is a modified faucalt’s knife-edge test extensively used in optical

meteorology. Historically, it was Ragazzoni [74], who proposed this new wavefront

sensor for the first time. Since then, the pyramid sensor is gradually becoming

more and more popular in astronomy and many other disciplines, where precise

measurement of the wavefront profile is required [83] [84]. Unlike Shack-Hartmann

sensor, pyramid wavefront sensors are capable of measuring the tilt of segments,

piston discontinuity, and other low-order surface distortions in a single observation.

Additionally, it has increased sensitivity, adjustable gain, and variable spatial sam-

pling [86],[94]. However, the pyramid sensor suffers from a short operation range,

which can be improved with the help of modulation.

Unlike the Shack-Hartmann, the pyramid sensor seems to process both direct
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and a wavefront slope sensor’s behaviors. In this light, the phase sensing mode

of the Pyramid wavefront sensor was identified by Verinaud[86]. He showed the

behavior of the sensor in the diffractive optics regime. The implementation of

the pyramid as a direct phase sensor was showed by Renate [95], further, using a

pyramid sensor as a phasing system for segmented mirror telescope was shown by

Simone Esposito et al. [76], [75].

In this chapter, we present efforts towards developing a phasing system based

on the Pyramid sensor. The pyramid sensor operation is considered in the non-

modulated open-loop scheme. We present the basic concepts of the pyramid sensor

along with the mathematical methodology for reconstruction. We give details of

the MATLAB simulation. We also present the results of our experimentation on

pyramid operation.

5.2 Pyramid Based APS the Technique

Pyramid sensor can be equated to a Modified Knife-edge test, which is used ex-

tensively in optical metrology. In terms of geometrical optics, the Pyramid-based

wavefront sensor’s working principle is illustrated in figure 5.1.

Figure 5.1: Schematic showing working of the Pyramid based wave-front sensor.

As given in figure.5.1, when an ideal spherical wavefront is (shown in the green

color) formed by a converging lens, L1, hits the Pyramid tip. Then it gets split into

four identical parts, which are reimaged into four identical pupils using a reimaging

lens, L2. If there is an aberration in the incoming beam, the converging beam does
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not hit the Pyramid tip symmetrically due to the change in the ray direction, as

shown in the red color light beam. This shift will create variation in the intensity

distribution of the pupil images shown as I1 to I4. This phenomenon can be used

to identify the aberration present in the system. The change in intensity at a

pupil can be related to the change in the wavefront’s local slop. From these four

intensity images, two signal maps Sx, Sy can be derived as shown in equation 5.1

and 5.2.

Sx(x, y) =
(I1(x, y) + I2(x, y))− (I4(x, y) + I3(x, y))

Iavg
(5.1)

Sy(x, y) =
(I1(x, y) + I4(x, y))− (I2(x, y) + I3(x, y))

Iavg
(5.2)

Iavg(x, y) = I1(x, y) + I2(x, y) + I3(x, y) + I4(x, y) (5.3)

For a small wavefront aberration of the order of λ/2 , these signals can be

linked with the local derivative of the wavefronts given in equation 5.4 and 5.5.

Sx ∝ ∂w(x, y)

∂x
(5.4)

Sy ∝ ∂w(x, y)

∂y
(5.5)

In the geometrical optics regime, both the Pyramid sensor and Shack-Hartmann

sensor work on similar principles and provide the wavefront’s local derivatives.

However, Pyramid has enhanced sensitivity over SH, at least in close loop con-

trol. A pyramid sensor’s disadvantages are primarily a short operation range,

non-linearity, and cyclic ambiguity after capture ranges exceed λ/2 limit in phase.

To understand the ability of a pyramid sensor to find phase error, we need to

consider its operation in the wave optics domain. The Pyramid sensor’s ability to

identify phase discontinuity was numerically verified in [75] and it was experimen-

tally demonstrated as a prototype by the same group in [76]. As per the theory

[77] by avoiding modulation and assuming linearity, we can show that

Sx(x, y) ∝
∫ +B(y1)

−B(y1)

sin[ϕ(x, y1)− ϕ(x1, y1)]

2π(x− x1)
(5.6)
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Sy(x, y) ∝
∫ +B(x1)

−B(x1)

sin[ϕ(x1, y)− ϕ(x1, y1)]

2π(y − y1)
(5.7)

The equation 5.6 and 5.7 show that Sx signal for an aberrated wavefront is

proportional to the integration of the sin of the phase difference between each

point on the (circular pupil) chord y = yp (perpendicular to the y coordinate),

and Sy is proportional to the integration of the sin of the phase difference between

each point on the chord x = xp. The B(x1) is the y value of the pupil edge at

x=x1 and B(y1) is the x value of the pupil edge at y=y1.

Figure 5.2: Image of a Pyramid wave-front sensor courtesy of INAF - Osservatorio Astrofisico
di Arcetri, Italy.

The figure 5.2 shows a pyramid made by INAF-Arcetri. It shows a pyramid

having a vertex angle around 300 and made of N-SK11. In the Pyramid-based

wavefront sensing or phasing approach, the main issue is the Pyramid construction

itself. In a real Pyramid based system, an imaging lens focuses the beam into a

pyramid tip, and it gets divided into four parts, and we assume that the Pyramid

is ideal. But in reality, this is not the case.

In figure 5.4 we show an ideal pyramid designed with a perfect tip with an

apex angle of 50. However, since it is difficult to manufacture a pyramid with an

ideal tip and no edge, we need to consider a real scenario with tip and edge errors.

So next, we designed a pyramid with a tip of 30µm and edge 10µm. This is shown

in figure 5.3.

The tip and edge error can cause leakage of the light through these causing

error in the reconstruction. We can mitigate this issue by incensing the focal

length of the imaging lens system and making the spot size in the tip much larger

than these errors. The apex angle X as in figure 5.4 determines the divergence
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Figure 5.3: An illustration of exaggerated tip and edge of a deformed pyramid

Figure 5.4: Apex angle of pyramid

angle. As per theoretical equation for calculating divergence angle [79],

β = X(nglass − 1) (5.8)

X is the apex angle, and β is the divergence angle nglass is the refractive index

of glass. Like the tip and edge error, the apex angle differences across each face

can also cause error in the reimaged pupil position. The reimaging lens is usually

a standard telecentric lens to take care of differential path length errors in the

four pupil positions, if any. Another issue is the dispersion effects and chromatic

aberration produced by the Pyramid. To solve this a design with 2 pyramids

back to back was suggested by Pinna in 2008 [97]. Here two pyramids made of

N-SK11 and N-PSK53 is glued back to back with each other. Nevertheless, with

all these methods, the manufacturing of a precise tip and edge and aberration and

dispersion correction still stands to make using this sensor extensively. So various

groups started exploring ways to work around these problems

In 2006 Jess et al. [96] suggested an alternate approach for emulating a pyramid

sensor without using a glass pyramid and modulation, with a lenslet array of

4 units to generate four pupils. However, again making a precise lenslet array

consisting of 4 identical lenslets is a challenge. Another approach was by Vyas

et al.; in 2013 [98], here a spatial light modulator creates a digital equivalent of
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pyramid wavefront sensor. There was another try to make a pyramid sensor from

two, two-sided prisms [99]. Another method was tried by using four micrometers

to emulate four sides of the pyramid [100].In all these methods, various issues still

hamper the ease of operation. We intended to use this sensor for mainly metrology

purposes in a segmented mirror alignment and phasing. We observed that in a

system where static aberrations remain constant, a sequential approach in getting

the four pupil images might be acceptable. Due to various disadvantages and

difficulties in manufacturing and operation in various techniques we discussed, we

came up with an approach where a precise ’L’ shaped mask with only few micron

edge error is used along with a precision rotating stage to generate the four pupil

images sequentially. This new approach can be considered a modified knife-edge

test, keeping in line with the pyramid operation principle. With this, we developed

our simulation approach, as discussed in section 5.2.1.

5.2.1 MATLAB Simulation Tool for Generation of Pupil

Images

The MATLAB Fourier transform tool, along with Zemax, simulate the images as

one can expect from an ideal pyramid. The MATLAB simulation scheme is given

in figure 5.5.

Figure 5.5: Block diagram showing the steps involved in the MATLAB Simulation

The incoming phase ϕ, in the orders of wave, is converted into a wavefront

taking exp(iϕ). The pupil plane field is generated by taking Fourier transform.

We have considered an odd number of data points for obtaining an unambiguous

center ’zero’ point. Subsequently, the pupil plane field is multiplied with the four

masks M1 to M4, as shown in figure 5.5. The mathematical representation of

the masks are given in equations 5.9 to 5.12. The alignment of the center of the
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mask with the pupil plane field’s center is an essential requirement . Conversely,

a pixel misalignment could cause a shear / high order tilt error, introduced into

the reconstructed wavefront, as observed in figure 5.6 .In our simulation, we came

across the effects of misalignment of the mask (4 masks) as given in equation 5.9 to

5.12 . As the mask is misaligned, pyramid understands this incoming wavefront as

a sheared wavefront because the pyramid tilt, tip, and piston of the wavefront are

differential. This effect is described by Yong Liu [85]. Thus it is essential to have

the centroid of the PSF coinciding with the center of the mask. As in figure.5.6,

the lack of this alignment can cause a higher order tilt error in the reconstructed

wavefront. Since we have an odd number of points in the incoming wavefront,

care should be taken while simulating mask in MATLAB to create center point as

((No of pixels in X)/2+1), ((No of pixels in Y)/2+1).

Figure 5.6: higher order tilt error in the reconstructed wavefront due to 1 pixel misalignment
in the mask (Left) Incoming wavefront , (Right)Reconstructed wavefront)

M1(x, y) =

1, if x ≤ 0, y ≥ 0

0, otherwise

(5.9)

M2(x, y) =

1, if x ≥ 0, y ≥ 0

0, otherwise

(5.10)

M3(x, y) =

1, if x ≥ 0, y ≤ 0

0, otherwise

(5.11)

M4(x, y) =

1, if x ≤ 0, y ≤ 0

0, otherwise

(5.12)

Once the pupil plane field is obtained, the same is multiplied with the mask;
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upon taking inverse Fourier transform of the same, it produces four pupil images I1

to I4 in that order. In these simulations, a case of an ideal pyramid is considered.

i.e., no flat top and edges as well as no effect of dispersion. Though the technique

is developed for the PSMT( Prototype segmented mirror telescope), which is made

of seven hexagonal segmented mirrors, here first we present simulation results on

one mirror system to clearly state why we adopted our reconstruction procedure

and the different parameters to be considered, this is done to decide the choices

for PSMT simulation.

5.3 Methodology for Wavefront Reconstruction

In section 5.2.1, we described the methodology used to generate pupil plane images

and the technique to obtain Sx and Sy signal maps. In this section, we explain the

algorithms used to reconstruct the wavefront. These algorithms were then used

to generate the reconstruction code using the MATLAB platform. Once pupil im-

ages and signal maps are generated from the experimentation/optical simulation,

the next challenge is to reconstruct the wavefront. There are different approaches

explored in this area but most of these techniques are developed, keeping adap-

tive optics into consideration, where reconstruction is required for the continuous

wavefront. Whereas, the work done by Pinna [78], deal with the segmented wave-

front. Our focus is to retrieve piston, tilt, and defocus linked to the segmented

mirror telescope using a pyramid sensor. As described earlier, the intensity signals

obtained from pyramid pupil images are used to reconstruct the wavefront. From

these intensity images, two synthetic images will be generated using equations 5.1

and 5.2. The wavefront reconstruction techniques use Sx and Sy signals for their

operation.

Two approaches have been explored to reconstruct the wavefront from the data

obtained by the pyramid sensor.In the first approach ,equations 5.4 and 5.5 are

used . These equations and approaches describe the nature of the measurements

made by the pyramid sensor [86]. Hereby creating equations for the distribution

of electromagnetic field upon its interaction with the pyramid avoiding modula-

tion and the interference effects happening inside the pyramid, we deduce a set of
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relations between the slop of the phase distribution at each point to the intensity

variation across the Sx and Sy signal images. The intensity to phase relation at

each point is the cumulative effect of all the points in the X and Y cord of the

aperture passing through the point under consideration. This relation is obtained

by deriving the distribution of electromagnetic field considering the pyramid as a

modified knife-edge consisting of two perpendicular knifes. The phase is then rep-

resented as a set of discrete tilts obtained by matrix equations. This approach does

not require a calibration matrix. This can be equated to a zonal reconstruction

approach.

In the second approach assuming linearity, we formulate a relation for the phase

to intensity variation inside an aperture. Here we represent this as a combination

of a set of known push-pull errors. Here we need to generate a pre-calibrated

interaction -control matrix to train the system to identify the corresponding error.

This approach is equivalent to a model reconstruction approach.

5.3.1 Approach-I

This approch works as per the theory, given by [77]. as per equations 5.6 and

5.7, avoiding modulation and assuming linearity. In a symmetric pupil when

considering low order aberrations, the X and Y slop of wavefront on each pixel is

given with the approximation of sin θ =θ. So we tried to derive a matrix equation

approach for each pixel, given as in equations 5.22 and 5.23 the derivation of which

is given as:

ϕ(x, y) =
N∑

m=1

amZm(x, y) (5.13)

where ’am’ is the Zernike coefficients and ’Zm(x, y)’ are the Zernike polynomials.

The Sx and Sy are proportional to change in phase as given in equation 5.6 and

5.7. The equation can be written assuming linearity as

Sx(x, y) = C

N∑
m=1

am

∫ +B(y)

−B(y)

[Zm(x′, y)− Zm(x, y)]

(x′ − x)
dx′ (5.14)

Sy(x, y) = C
N∑

m=1

am

∫ +B(x)

−B(x)

[Zm(x, y′)− Zm(x, y)]

(y′ − y)
dy′ (5.15)
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For low order aberrations we can consider a wavefront as a combination of X and

Y tilts in each pixel. Considering all the multiplication factors outside the term,

Gxm =

∫ +B(y)

−B(y)

[Zm(x′, y)− Zm(x, y)]

(x′ − x)
dx′ (5.16)

Gym =

∫ +B(x)

−B(x)

[Zm(x, y′)− Zm(x, y)]

(y′ − y)
dy′ (5.17)

where ’C’ is the scaling factor. Upon writing this equation in matrix form we

get S=GA, where S is the signal obtained form synthetic images and A is the

coefficient matrix. here G=[Gxm’ Gym’] and S=[Sx’ Sy’].

Upon taking pseudo-inverse of G using SVD, we get A=G+S. Forming a ma-

trix for x and y slop of each pixel considering linearity and low scale aberration

approximation, we calculate the Gxm and Gym matrix for the X tilt and Y tilt by

considering Zernike in Cartesian coordinates Let m=1 (inclination in y-direction)

then Z1 (x,y)=y. By substituting this in the sensor signal equations Sx and Sy we

get:

Gx1 = C ∗ a1
∫ +B(y)

−B(y)

[y − y]

(x− x′)
dx′ = C ∗ a1 ∗ 0 (5.18)

Gy1 = C ∗ a1
∫ +B(x)

−B(x)

[y − y′]

(y − y′)
dy′ = C ∗ a1 ∗ 2B(x) (5.19)

Let m=2 (inclination in x direction) then Z2 (x,y)=x. Substituting this in the

sensor signal equations Sx and Sy we get:

Gx2 = C ∗ a2
∫ +B(y)

−B(y)

[x− x′]

(x− x′)
dx′ = C ∗ a2 ∗ 2B(y) (5.20)

Gy2 = C ∗ a2
∫ +B(x)

−B(x)

[x− x]

(y − y′)
dy′ = C ∗ a2 ∗ 0 (5.21)

From equations 5.18 ,5.19,5.20 and 5.21 we get

Sx = C(a1 ∗ 0 + a2 ∗ 2B(y)) (5.22)

Sy = C(a1 ∗ 2B(x) + a2 ∗ 0) (5.23)

where B(x) and B(y) are the pupil boundaries in x and y of the point considered
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(note that symmetry is assumed). With these equations, a matrix form of X and Y

tilts of the wave-front have been obtained per pixel. The results of the simulation

are given in section 5.4.1.

5.3.2 Approach-II

This approach works on the principle that in pyramid, for the low magnitude

aberration (order of λ/2 in phase) and considering linear sensor response, the

signals Sx and Sy represented by ’S’, can be written as a sum of static aberration

signal ’So’(i.e the aberrations inherently present in the ideal system) and rate

of change of signal with respect the some aberration, characterized by Zernike

polynomial [83] ( see equation 5.24 and equation 5.25).

Si+ = So+ ai
∂S

∂αi
(5.24)

Si− = So− ai
∂S

∂αi
(5.25)

where ai and αi are multiplier for zernike coefficient and related polynomial term.

From these two equations (equ5.24 & equ. 5.25) we can derive, So and the deriva-

tives as follows:

So = ((Si+) + (Si−))/2 (5.26)

∂S

∂αi
= ((Si+)− (Si−))/2ai (5.27)

From theory the So should be same for all the aberrations. The experimental

signal map can be represented with the matrix Se, the following matrix equation

can be formulated:

Se = So−


∂S1

∂α1
− − − ∂S1

∂αn

− − − − −
∂Sm

∂α1
− − − ∂Sm

∂αn



a1

−

an

 (5.28)

Where the matrix


∂S1

∂α1
− − − ∂S1

∂αn

− − − − −
∂Sm

∂α1
− − − ∂Sm

∂αn

 , is an equivalent to interaction matrix
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and may be represented as M.

Finally, the signals Se, generated from experimental/simulated error data’s

pupil images, carrying information related to aberration in the incoming wave-

front can be decomposed to Zernike polynomial as follows:


a1

−

an

 = M+[Se − So] (5.29)

Where the inverse of the matrix M is obtained by using SVD technique. In

order to make use of the outlined methodology, the task is to generate M i.e

control matrix and also estimate So as given in the equation.5.26. To obtain

this, the following approach is chosen. The aberrated wavefront was generated

by ZEMAX ray-tracing software and passed through a MATLAB based pyramid

simulation tool. The simulation tool generates four pupil intensity images. From

which we generate Signal matrix [S] composed of Sx and Sy, by using equations

5.1 and 5.2. Next using equation 5.27, M - matrix is populated. The number of

rows in the M matrix is dependent on the size of the signal map, whereas, the

number of columns is related to the number of aberration present (probed) in the

wavefront. In the simulation approach its better to set the calibration wavefront for

reference segment piston, tip and tit and defocus to ideal system wavefront. This

is due to the differential wavefront behavior of the pyramid. These aberrations

are estimated as a differential value with respect to reference segment. In our

approach, we do the open-loop operation of the pyramid in the diffraction limited

region. We do not consider any atmospheric turbulence effects or dispersion effects

due to the pyramid.

5.4 Single Aperture Simulations

This section will discuss the results of the wavefront reconstruction technique. We

explored two wavefront reconstruction procedures. Approach-II in section 5.3.2

was explored after we observed the issues associated with Approach-I in section

5.3.1. The various considerations and observations we had in different scenarios
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are presented in this section.

5.4.1 Reconstruction with Approach-I

In this approach, we convert the Sx and Sy signals to the wavefront using the

equations 5.22 and 5.23, The orientation of the mask and the corresponding I1 to

I4 images are very important in this mode of the reconstruction as the equations

depend on the coordinate system. The incoming and reconstructed wavefronts

and I1 to I4 images for a few standard Zernike polynomial aberration are listed

here. Some of them are defocus, astigmatism at 0 degrees and astigmatism at 45

degrees given by Zernike notations Z0
−2 (or Z4), Z2

−2 (or Z5 ), Z2
2 (or Z6).

I1

(a) I1 of Z5

I2

(b) I2 of Z5

I3

(c) I3 of Z5

I4

(d) I4 of Z5
Sx

(e) Sx of Z5

Sy

(f) Sy of Z5

Figure 5.7: Z5 Pupil images and Sx and Sy signals

In the figure 5.7, we have presented the I1 to I4 pupil images and the Sx and

Sy signals for Z5. The wave-front is reconstructed using the matrix equations 5.22

and 5.23 as described earlier and SVD techniques. The incoming, reconstructed

and residual wavefront for Z5 standard Zernike coefficients by this approach is

given in figure 5.8.

As we have observed in the in figure 5.8c, showing the residual wavefront, indi-

cates that the reconstructed wavefront suffers from the error in the reconstruction

at the boundary of the aperture. This reconstruction error is because Pyramid

works as a modified knife-edge test. In the wave optics domain, we can consider

pyramid as a type of spatial filter. Whenever a wavefront encounters any ob-

struction, there a diffraction effect that takes place. In the re-imaged pupil plane,

the edge effect manifests the high-intensity patterns towards the areas where the
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(a) Incoming (b) Reconstructed (c) Residual

Figure 5.8: Wavefront of Z5

wavefront experience sudden changes. As an example, for each point in the wave-

front’s field represented by a local tip & tilt with a certain magnitude, when this

complex field is passed through the pyramid, it manifests as the intensity variation

in the four pupil images. If a wavefront encounters an edge, it acts like an infinite

tilt that causes strong intensity variation in the re-imaged pupil. As a result of

this intensity variation, the signal mask generated i.e., Sx and Sy, show strong

signal variation over these areas of sudden phase variations. In this reconstruction

approach as explained in section (5.3.1), the equation uses these intensities and

their corresponding pixel position in the pupil images to reconstruct the wave-

front. Wherever there is this sudden variation, the approximation for continuous

wavefront does not hold. So it generates errors in the reconstructed wavefront.

Also gain of the slop variation of tip, tilt approximation has different values for

different aberrations patterns making a unified multiplication factor ’C’ as per

equation 5.22 and 5.23 difficult.

This method suffers from edge noise from the reconstructed wavefront. This

model is best suited for continuous wavefront. There is the scope of modifying

this approach for a segmented telescope, but with complication of need for pre-

calculated mathematical equations. Nevertheless, this technique’s main advantage

is the non-requirement of an interaction-control matrix of the system. In the exper-

imentation, this method can be used to evaluate the axis of the system,optimum

size of of re-imaged pupil, and alignment issues of the pupil image.

We also present few images of the same incoming wavefront with reconstruction

is performed only inside a selected circular region, where the approximation for

the continuous wavefront can be held with better accuracy.

The reconstruction inside the circular region produces better results compared
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Sx

(a) Sx

Sy

(b) Sy

Figure 5.9: Modified Sx and Sy of Z5 inside a circular region

(a) Incoming (b) Reconstructed (c) Residual

Figure 5.10: Z5 modified wavefronts

to the full aperture. The residual RMS errors can be seen to reduce for Z4 from

1.57 rad to 0.116 rad, around 14 times as we cut the aperture. For Z5 as per figure

5.8c 0.5035 rad to 0.0194 rad as per figure 5.10c, around 25 times. In the case

of Z6 we observed an improvement of 0.5146 rad to 0.06407, by almost 10 times.

This approach works in the geometrical optics domain. So we propose to use this

approach as a qualitative reconstruction method. The disabilities of this approach

can be overcome by the next approach, as given in section 5.3.2.

5.4.2 Reconstruction with Approach-II

The first approach suffers from errors at reconstruction, predominantly at the

edges. Approach-II was developed to solve the issues with Approach-I. This is

an interaction-control matrix based approach. The mathematics is explained in

section 5.3.2. The interaction matrix as explained, gives the relation between

the change of intensity signals Sx and Sy with the aberration present in the sys-

tem. Ideally, the interaction matrix needs to be generated for all the aberrations

aimed at exploration in this method. By using the SVD matrix inversion method,

the reconstructed wave-front can be generated. The images obtained using this

approach, have been shown in the figures 5.11 and 5.12.

This approach shows less residual RMS error compared to Approach-I. How-
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(a) Incoming (b) Reconstructed (c) Residual

Figure 5.11: Wavefront of Z4 with Approach II

(a) Incoming (b) Reconstructed (c) Residual

Figure 5.12: Wavefront of Z5 With Approach II

ever, in this Approach-II, we can find a very systematic residual for all the aber-

rations. The retrieved coefficients always show around 10% error in the recon-

structed value. This is mainly due to the leakage into the other calibrated but

non-present aberration coefficients. As Approach-I do not follow this kind of a

calibrated interaction - control matrix approach, so it is not subjected to leakage

to other aberrations. But in overall, accuracy of the Approach-II is far better

than Approach-I, especially in segmented apertures. Residual error is 0.0647 rad

as per figure 5.11c for Z4. Figure5.12c for Z5 has 0.0043 rad error and for Z6 it

is 0.0049 rad. This technique improves the reconstruction by another factor of 10

compared to Approach-I. The drawback of this method is the leaked coefficients

and miss interpreted coefficients to other calibrated aberrations. If the Interaction

matrix ’M’ is not adequately populated with aberration we try to explore, there

will be an error in the retrieved coefficient. In this method, we get back the mul-

tiplier of the corresponding calibration coefficient, which we supplied to generate

the interaction Matrix. The under-calibrated matrix will miss an un-calibrated

aberration for another aberration present in the calibration matrix. However, this

reconstruction is very sensitive. It can be used for a segmented approach, and

it works very well for the wave optics domain. So we selected this technique as
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an approach for segmented mirror wave-front reconstruction and as our preferred

reconstruction method for further studies.

5.5 PSMT: Segmented Aperture Simulations

PSMT is primarily an R&D effort to get acquainted with segmented mirror tech-

nology needed for the realization of National Large Optical Telescope (NLOT).

PSMT is described in Chapter 2 and NLOT is described in Chapter 3. The pyra-

mid sensor was seen as a potential candidate for the alignment and phasing system

of PSMT. We developed the methodology and did an experimentation as given

in Section 5.7 to validate our selected approach as in Section 5.3.2. As the next

step, we applied our tool in a ZEMAX based simulation platform for PSMT. In

the following sections, we will be explaining our methods. PSMT will have two

phases of operation. Phase-I is the laboratory demonstration using only primary

Spherical segments and a ROC (Radius of curvature) test beam. Phase-II is a full

telescope integrated with primary and secondary( see figure 5.13). In phase one,

the primary is considered ideal, i.e., no static aberrations is present in the system,

making it work like a diffraction limited system. However, PSMT fully-integrated

telescope has inherent aberrations present in the system. We studied the effect of

both approaches, and we will be discussing both. The numbering scheme of the

segments is given in figure 5.14.

Figure 5.13: 3D model of the PSMT phase-I which is a laboratory test-bed (left) and the
PSMT phase-II, a full-fledged segmented mirror telescope (right).
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Figure 5.14: The numbering style of 7 segments

5.5.0.1 Ideal Segmented aperture- Retrieval of Multiple Aberrations

In this case, we intend to study the system’s ability to operate in an ideal seg-

mented aperture without any static aberration within the high sensitivity linear

range of operation in the presence of multiple aberrations. The ideal system is

diffraction-limited and over which the aberrations are injected. We mainly intend

to sense piston, tip, tilt, and defocus as these are the four main aberrations in a

segmented telescope. Active optics can correct these aberrations. However, de-

focus is an aberration that is usually difficult to correct with warping harness,

which is a tool that is extensively used in active optics. As PSMT has spherical

segments, this defocus can be corrected by placing the segments onto a new global

ROC as required by the defocus error, using a piston, tip, and tilt of segments.

But this will create piston error in the system. For a set of Z1-Z4 aberrations

simultaneously applied in the system, the simulated incoming wavefront, recon-

structed wavefront and the difference in wavefront are given in the figure 5.15 and

Zernike coefficients in mm are given in Table 5.2.

The system shows an excellent reconstruction with an error of less than or

equal to 10%. One reason for the difference is the leakage of dominant aberration

signal intensities to other segments and vice verse. Another reason for these leak-

age coefficients is the intensity fluctuation in one segment affecting the next one.

We observed that the cause of this error is the similarity in the Sx and Sy sig-

nal patterns of different aberrations, causing wrong calculation of the aberration
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Seg
.NO

Input
Zernike
(Z1)

Input
Zernike
(Z2)

Input
Zernike
(Z3)

Input
Zernike
(Z4)

Output
Zernike
(Z1)

Output
Zernike
(Z2)

Output
Zernike
(Z3)

Output
Zernike
(Z4)

1 0 0 0 0 0 0 0 0

2 0 2E-6 0 5E-6 0
2.11E-
6

0
5.12E-
6

3 2E-6 0 1E-6 0
2.11E-
6

0
1.14E-
6

0

4 5E-6 0 0 2E-6
4.95E-
6

0 0
2.02E-
6

5 3E-6 -2E-6 0 1E-6
2.67E-
6

-
1.39E-
6

0
1.29E-
6

6 0 0 0 0 0 0 0 0

7
2.5E-
6

0
2.5E-
6

3E-6
2.53E-
6

0
2.11E-
6

2.91E-
6

Table 5.1: 7 mirror system with random piston tilt and defocus coefficients in mm, retrived
coefficients less than 10% of the maximum aberration coefficent are shown as zero

Figure 5.15: 7 mirror system wavefronts with all segments given random piston tilt and defocus
aberration.(top left)Incoming, (top right)Output, (bottom) residual.

coefficients. This can be observed in Table 5.2, where given piston (Z1) causes

dominant variation in defocus (Z4) and spherical aberration (Z11). We made an

optical system calibrated with Z1 to Z15 standard Zernike (Noll) and injected with

piston, tip, and tilt and defocus error (Z1-Z4) to study these. We observed that

by reducing the number of aberrations probed, we could reduce this leakage, but
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this may not be an acceptable approach, as in real optics where many aberrations

do come to existence. We also studied how different changes in PSF affect the

retrieved coefficients. An overview of this is given in section 5.5.0.2.

One other issue we faced in this reconstruction approach is the very short

capture range of aberrations. Modulation is usually considered an interesting

technique in improving the sensitivity of the pyramid to capture large magnitudes.

Modulation technique, based on different approaches, has been explored in detail

in multiple studies [86],[74],[73]. However, our studies were conducted without

using conventional modulation techniques.

5.5.0.2 Simulation on PSF Modification

Figure 5.16: ’L1’ is the imaging lens, ’L2’ is the re-imaging lens, and ’C’ indicates one simulation
condition iteration, indicating the variation in lens positions. Aperture cutting mask is kept at
the pupil

We did three simulation cases. All rooted in the same principle of PSF modi-

fication. Unlike a real optical system, in the software-based digitized simulation,

the pixel size Pixpsf in the focal plane of the simulated PSF which will be falling

at the tip of the pyramid can be given by,

Pixpsf =
λFnoD

N∆p
(5.30)

where N is the total number of pixels in Fourier transform matrix of size N ×

N, and Fno is the F-number of the system. ∆ p is the pixel size in the pupil plane,

D is the diameter of the aperture, and λ is the wavelength, all in units of length.
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Case-I Case-I is done by enlarging the PSF. As given in figure 5.16, ’L’

stands for the lens and ’C’ stands for simulation condition. ’L1’ is the imaging

lens, ’L2’ is the re-imaging lens ’C-n’ indicates one simulation condition, showing

the variation in lens positions. In this case, L1 and L2 simultaneously change for

all iterations in the optical system. An iteration is equivalent to a combination

of L1-Cn with L2-Cn, for n=I, II, III, along with a fixed aperture mask of seven

apertures, each of full segment radius. This simulation is equivalent to simul-

taneously increasing the focal length of the lens system (L1) for imaging to the

pyramid’s tip, along with the re-imaging lens (L2), to make sure the re-imaged

pupil sampling is constant. This operation results in the size enlargement of the

PSF falling at the pyramid’s tip without changing the imaging system’s angular

resolution.

As per equation 5.30, this analysis is equivalent to reducing the pixel size in

the PSF plane or analogously increasing the PSF size by keeping the re-imaging

pupil sampling same. The aberration magnitude and PSF Strehl ratios are kept

same. The results are presented in Section 5.5.1.1 and Section 5.5.2.

Case-II Case-II simulation can be considered analogous to an optical system

(see Figure 5.16) which has focal length of the imaging lens (L1) increased while

keeping the focal length of the re-imaging lens same. ’L1’ is the imaging lens, ’L2’

is the re-imaging lens, and ’C’ indicates one simulation condition, showing the

variation in lens position. Here, L2 remains in the same position for all iterations.

So each iteration is equivalent to a combination of L1-Cn with L2-CI, for n=I,

II, III, along with a fixed aperture mask of seven apertures, each of full segment

radius. In this simulation, as per equation 5.30, as the PSF is cropped to a reduced

size, the number of pixels over which the pupil is re-imaged is reduced. This results

in a reduction in the re-imaged pupil size with an increase in the size of the PSF.

This iteration can also be considered analogous to a system where the re-

imaged pupil plane detector system with an increased pixel size, consecutively

reduced the total sampling pixels for Sx, Sy signals. The results are presented in

Section 5.5.1.2 and Section 5.5.2.
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Case-III Case-III is the reduction of the pupil’s clear aperture over each

segment by varying the mask radius, ie., vary the aperture used to generate the

PSF. See figure 5.17. So as per figure 5.16 each iteration is equivalent to a fixed

combination of L1-CI with L2-CI, along with changing the aperture mask of radius

size over each segment.

Figure 5.17: Image of the circular mask with radius ’r’ covering 7 segments

The pixel radius is the radius of the circle created to cut down the aperture as

in figure 5.17. The total pixel radius considered in each case will be(
√
3/2×(side

length of hexagon in number of pixels)), because the segments are hexagon in

shape. A simulated optical system generates the segmented wavefronts required

for calibration and simulation of the analysis in our approach. The results are

presented in Section 5.5.1.3 and Section 5.5.2.

5.5.1 PSMT-Phase I

In this simulation approach, the telescope is considered ideal, ie., there is no static

aberration present in the system. This study is significant when considering the

pyramid sensor as a high-level correction sensor with high sensitivity and a short

operation range. We observed that the pyramid sensor has the ability to sense

multiple aberrations at one time. This ability makes it useful in sensing and

correcting multiple aberrations simultaneously. We explored up to 15 standard

Zernike aberration (Noll) coefficients staring from Piston. As it is a segmented

pupil, we use the approach as in Section 5.3.2 to reconstruct the wavefront by

finding the individual aberration coefficients of each of the segments. In the coming

sections, different pyramid sensor properties in the case of a segmented mirror

telescope and the fine-tuning of our aberration sensing technique are explored.
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5.5.1.1 Case-I

Since the system is analogous to increasing the focal length of the imaging and

re-imaging lenses simultaneously without changing the aperture size, we call the

ideal System Fno to be ’X’. The different observations are given in the figure 5.18

to figure 5.20.

Zernike No (Z4)F (Z4)F/3.35 (Z1)F (Z1)F/3.35
Z1 -0.253159 -0.253040 1 1
Z2 -0.014100 -0.014109 0.000974 0.000619
Z3 0.00E+00 -3.54E-15 1.87E-15 5.10E-16
Z4 1 1 -0.002042 -0.002540
Z5 -6.39E-16 -2.14E-15 2.97E-16 1.68E-15
Z6 9.88E-05 1.05E-04 -0.006547 -0.006472
Z7 1.61E-15 6.43E-16 -6.12E-16 2.72E-16
Z8 0.0022105 0.002204 0.006662 0.006641
Z9 -7.03E-16 -1.41E-15 1.30E-15 2.45E-15
Z10 -7.40E-05 -7.34E-05 1.56E-03 1.70E-03
Z11 -0.000487 -0.000355 -0.008113 -0.008324
Z12 2.97E-06 4.24E-06 -0.003352 -0.003322
Z13 -1.90E-16 2.84E-15 1.21E-16 -4.09E-15
Z14 0.000540 0.000534 -0.004523 -0.004769
Z15 -1.69E-16 2.66E-16 -1.00E-16 6.93E-17

Table 5.2: 7 mirror system with second segment given normalized defocus (Z4) or Piston (Z1)of
1 unit. Table shows the leakage coefficient to other calibrated aberrations of the same segment
for the imaging lens and re-imaging lens combination, each of focal length F and 3.35F.

(a) Z1

(b) Z4

Figure 5.18: RMS of leakage coefficients and retrieved coefficient v/s the applied error for
segment 2, imaging and re-imaging lens focal lengths F and 3.5 F. ’C’ denotes coefficient and ’L’
denotes leakage.
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(a) Applied Z1 in S2 v/s cross-talk in S4 (b) Applied Z1 in S2 v/s cross-talk in S6

(c) Applied Z4 in S2 v/s cross-talk in S4
(d) Applied Z4 in segment 2, cross-talk in S6

Figure 5.19: RMS of retrieved cross-talk coefficients Z1 to Z15 in segments 4 and 6 with applied
error in Segment 2

We observed a slight improvement in the coefficient properties with focal length

improvement of the imaging system( see Table 5.2). In the simulation with MAT-

LAB Fourier transform, this focal length improvement is achieved through zero

padding. It’s advisable to do a zero padding of at least twice the aperture size. If

the PSF is smooth and broad, the corresponding OTF (Optical transfer function)

is narrow and smooth, making the re-imaged pupil intensity variations better. If

the zero padding is not done, the resultant PSF will behave like a jagged PSF;

see the coefficient plot with final Fno = 1 × initialFno,(X) in the figure 5.20.

The effect of the jagged PSF as a result of no zero padding can be seen in the

non-linear region of coefficients. Without zero padding the telescope aperture is a

511×511 pixel matrix.

In figure 5.18, we observe that if the focal length of L1 and L2, as in Figure

5.16 is increased, the linear capture range remain the same. However, a closer

examination of the leakage coefficients in the other segments (figure 5.19) indi-
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Figure 5.20: Z1 retrieved coefficient for applied Z1, of segment 2 for various imaging system
Fno(X)

cates a reduction in the leakage coefficients. This can be directly related to the

improvement in PSF smoothing. The fact that the linear range is sustained in-

dicates that the Strehl ratio improvement helps in improving the sensor’s linear

range sensitivity. Our primary interest lies with the pyramid’s piston coefficient.

The sinusoidal cyclic nature considered in most approximations in the pyramid

coefficient becomes more prominent with the PSF’s enlargement. For simulated

Piston, this is shown in the figure 5.20.

We observed that as the total P.V (Peak to valley) error increases in other aber-

rations in the Zernike standard aberration system, there are strong non-linearities

introduced into the simulated Sx and Sy signals. Simply put, we can state that this

is due to a drop in the Strehl ratio. From this analysis, we concluded that improv-

ing the PSF sampling without actually improving the Strehl ratio, ie., changing

the PSF profile form jagged to smooth, will result in a smoother variation in

the intensity in the re-imaged pupil images. This PSF smoothening will reduce

the jump in non-linear regions of the aberration coefficients, mildly reducing the

leakage to other calibrated aberration coefficients of the same segment, and re-

duce the cross-talk between the segment edges. This can be seen in figure 5.19.

Nevertheless, this will not improve the linear range of the sensor.
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5.5.1.2 Case-II

In this case, from the focal plane complex field, we select a part equivalent to the

ideal wavefront size in the number of pixels, i.e., 511×511. This selection reduces

the re-imaged pupil sampling upon taking inverse Fourier transform of the PSF.

This system is analogous to increasing the re-imaged plane pixel size/ reducing

the re-imaged pupil size/ binning the re-imaged pupil.

(a) Z1
(b) Z2

(c) Z3
(d) Z4

Figure 5.21: RMS leakage and Retrieved coefficient v/s Applied coefficient for detector pixel
size variation from ≈X to 37X. ’C’ - coefficient, ’L’ - RMS of leakage into other calibrated coef-
ficients.

Figure 5.21 shows that as the re-imaged pupil pixel size increase (or re-imaged

pupil sampling reduces) as a consequence of the PSF enlargement, the retrieved

coefficient dynamic range varies. The reduction is more or less linear till the pixel

size reaches ≈22 times the initial value. However, there is a higher reduction

of dynamic range for Z1, Z2, and Z4 as the pixel size reaches ≈37 times. This

behavior is due to the reduction in the total number of pixels available for matrix

inversion, especially from the edges. However, in the case of Z3 or Y-tilt, as the
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pixel size reach ≈37 times, the dynamic range of the retrieved coefficient seems to

improve. Due to the axis alignment of the hexagonal segment with the pyramid,

Z3 appears corner to corner or with Y-axis alignment in a segment( see figure 5.14).

When we introduce a circular mask to make the Hexagon aperture to a circle, the

wavefront’s PV variation is reduced. The increase in the pixel size causes a binning

effect in this case. The signal intensities from the edges and corners add up to

give a better linear response in the signal patterns, slightly improving the dynamic

range. The variation in the retrieved coefficient’s dynamic range due to wavefront

PV reduction through aperture reduction is explained in section 5.5.1.3. When

we consider the leakage into other calibrated coefficients in the same segment as

in ’L’ of figure 5.21, within the linear range of the applied error, the leakage is

minimum, with a slight reduction in the leakage as we increase the pixel size. This

is due to the binning effect introduced by this simulation approach.

(a) S4 (b) S6

Figure 5.22: RMS of retrieved cross-talk coefficients on Segment(S) 4 and 6, for applied Z1 in
S2

(a) S4 (b) S6

Figure 5.23: RMS of retrieved cross-talk coefficients on Segment(S) 4 and 6, for applied Z4 in
S2

When we consider leakage into other segments as in figure 5.23 till the pixel
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size reaches ≈22 times the initial value, the leakage seems to reduce linearly then

as the the pixel size reaches ≈37 times it increases again. As explained earlier this

is due to reduction in the number of pixels with signals for matrix inversion.

(a) Z1

Figure 5.24: Retrieved Z1 coefficient v/s Applied Z1 coefficient for zero padded aperture,
resulting in detector system pixel size variation from ≈X to 37X .’C’ is for the coefficient and
’L’ is for the leakage into other calibrated coefficients,in S2

From the figure 5.24 for piston we can see that smoothing of the non-linear

region with the improvement of the cyclicity till pixel size is increased up to

22 times the initial value. This is showing the binning effect of this simulation.

However, suppose we increase the pixel size further. In that case, the total number

of pixels is reduced; the non-linear range’s intensity variation is interpreted as a

high magnitude variation in the signal value. This causes the non-linear region to

peak up again, as seen in pixel size is about 37 times of initial value.

In this simulation, we observed that the coefficient’s linear range does not

improve much. However, we observed that this kind of reduction in the re-imaged

pupil sampling could not be chosen arbitrarily. It has an improving effect by

diminishing the cross-talk to other segments, as seen in figure 5.23 for segment

numbers four and six. This re-imaged pupil sampling first also improves cyclicity

by smoothing and linearizing the nonlinear jump regions of the coefficient plot,

mainly in the case of piston, see Figure 5.24. In PSMT, starting with a PSF pixel

size of around 7µm in the ideal case, we can go up to 150µm (22 times) in the
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maximum pixel size as per equation 5.30. We consider the PSMT aperture size of

1.3m, with 511×511 pixels at the F/11 system and 632.8 nm wavelength.

5.5.1.3 Case-III

Once we observed the improvement in the re-imaging plane due to the PSF sam-

pling, we wanted to know the effect of reducing the aperture, analogously, reducing

the Peak to valley aberrations present in the system. The injected aberrations re-

main the same; the study aims to see the effect of reducing the clear aperture

over each hexagonal segment in the real-time scenario, so as to improve the sen-

sitivity of the pyramid to large aberrations. The pyramid’s sensitivity relates to

the Strehl ratio, especially when you consider the non modulated case. Also, in

the real system, we intend to use aperture masks to cut down the aberration in

sensing, but extrapolated aberration will be used in the total correction system.

Different aberrations will have different sensitivity profiles, but our interest

mainly lies with four aberrations from Z1 to Z4 (Piston to defocus standard Zernike

(Noll) coefficients). As Z2 and Z3, namely tip and tilt, behave in the same manner,

we will be discussing one of them.

In figure 5.25, we have plotted the behavior of Zernike aberrations Z1 to Z4

under various mask radii, in a zoomed range.

Tip/tilt, as in figure 5.25b shows improvement in the linear range as the aper-

ture is cut down. In figure 5.25a and figure 5.25c, we can see that in the case of

Piston and defocus, the approach of reducing the aperture had an effect in the

improvement of sensitivity of the system by eroding the low magnitude aberra-

tions. This eroding is, in turn, the behavior of pyramid signal as, f(x)=Sin(x)-x

given in the paper by Costa, et.al. in 2003[87]. This gives an insight into this

kind of behavior of the sensor. The large aberration has an eroding effect on the

small aberrations when the aperture is cut down for the pyramid. This approach

improves the system’s sensitivity in the case of aberrations, mainly like Piston

and defocus. At the same time, if we observe Figure 5.26, we can see that as the

mask radius is reduced, the aberrations whose intensity patterns are similar to the

probed aberration gets larger coefficients. This is a disadvantage. We propose this

approach with proper calibration in conditions where varying the dynamic range
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(a) Z1 Retrieved coefficient v/s Z1 Applied coeffi-
cient for various aperture mask sizes

(b) Z2 Retrieved coefficient v/s Z2 Applied coeffi-
cient for various aperture mask sizes

(c) Z4 Retrieved coefficient v/s Z4 Applied coeffi-
cient for various aperture mask sizes

Figure 5.25: Applied error ±1.5 radian, Zoomed image, for segment 2

(a) Z1

Figure 5.26: Retrieved coefficient v/s Applied coefficient along with leakage coefficients for
segment 2, mask radius of 50 pixel
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and sensor sensitivity are required. This technique can modify the linear range.

As expected, this is due to the change in Strehl ratio as the total aberrations are

reduced.

5.5.2 PSMT-Phase II

Pyramid sensor is mainly a high-level sensor, working best in the diffraction-

limited or near diffraction systems where static aberrations are significantly less.

PSMT, in its fully integrated telescope form, is having inherent aberrations on the

system (see Table 5.3). These inherent aberrations cause changes in reconstruction

behavior. We did studies to understand this. We generated the wavefront of the

fully integrated telescope with the ZEMAX software. Then, as in the case of a

system without static aberrations, we studied increasing the PSF size with and

without changing the re-imaging lens system and reducing aperture radius.

Table 5.3: Values of decomposed Zernike coefficients in the wave unit for the segment 2 of
PSMT fully integrated telescope of Phase-II, at 632.8 nm wavelength

Coefficient
Zernike- Zernike Equation Related aberration
Term
Z 1 -0.04804998 1 Piston

Z 2 -0.00983817 4
1
2 (p) cos(A) X-tilt

Z 3 0.0 4
1
2 (p) sin(A) Y-Tilt

Z 4 -0.01772813 3
1
2 (2p2 − 1) Defocus

Z 5 0.0 6
1
2 (p2) sin(2A) Oblique astigmatism

Z 6 -0.00690247 6
1
2 (p2) cos(2A) Vertical Astigmatism

Z 7 0.0 8
1
2 (3p3 − 2p) sin(A) Vertical Coma

Z 8 0.02258552 8
1
2 (3p3 − 2p) cos(A) Horizontal Coma

Z 9 0.0 8
1
2 (p3) sin(3A) Vertical Trefoil

Z 10 0.02647413 8
1
2 (p3) cos(3A) Horizontal Trefoil

Z 11 0.00785729 5
1
2 (6p4 − 6p2 + 1) Primary Spherical

Z 12 0.00876303 10
1
2 (4p4 − 3p2) cos(2A) Vertical Sec-

Astigmatism

Z 13 0.0 10
1
2 (4p4 − 3p2 sin(2A) Oblique Sec-

Astigmatism

Z 14 0.00000705 10
1
2 (p4) cos(4A) Vertical Quadrafoil

Z 15 0.0 10
1
2 (p4) sin(4A) Oblique Quadrafoil

In our analysis with the Case-I approach with static aberration, we noticed a

DC shift in the retrieved coefficient and a shift in the non-liner region’s position.
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(a) Z4 Phase-I

(b) Z4 Phase-II

Figure 5.27: (Case-II )Retrieved coefficient v/s Applied coefficient for detector system pixel
size variation from ≈X to 37X.

In the same way, the figure 5.27 gives two plots (a)Phase-I, and (b)Phase-II. For

the Case-II , the coefficient retrieved is DC shifted to the plot’s bottom regions

compared to the Phase-I image. This is due to the nominal telescope errors. When

we consider the signals Sx and Sy, the null signals Sxo and Syo are the average

of all the aberrations Sxo and Syo used for calibration. So even though the static

aberrations are taken care of in theory, effects created by these are retained in the

system in practice. The polarity difference in the coefficient axis is due to two

mirrors present in the system. Along with this, the static aberrations present in

the system cause a DC shift in the retrieved coefficient values. We observed that

upon subtracting the nominal system aberration coefficients from the unknown

aberration coefficients, the DC shift to the sinusoidal curve could be avoided.

However, the shift in the position of the non-linear range is not avoidable. This is

due to a shift in the saturation range due to inherent aberrations. Nevertheless, we
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present the result without the subtraction of nominal aberration. It is not easy in a

real system to separate nominal pre-existing aberrations from the newly introduced

unknown aberrations to the full extend. The figure 5.27b, is for the Case-II when

we have an inherent static aberration in the system, our system’s linear operation

range is limited. The coefficients obtained through matrix inversion depend on the

intensity patterns; the non-linear region can produce an error in the magnitude of

coefficients compared to the linear region when we reduce the pupil sampling. This

emphasizes our suggestion that re-imaged pupil sampling should not be chosen

arbitrarily but with proper optimization as per the user requirement.

(a) Z4 Phase-I

(b) Z4 Phase-II

Figure 5.28: Retrieved coefficient v/s Applied coefficient for various aperture mask sizes, Case-
III

In the case-III, as in figure 5.28b, plot with static aberration is shown. We

have observed that the DC shift and non-linearity region shift in the coefficients

are present due to static aberrations. The polarity of the retrieved coefficients

is inverted due to multiple mirrors in the system. The system follows the same



162

linearization behavior for large coefficients as in figure 5.28a without static aber-

ration. But the linearization also shows a DC shift. However, when we cut down

the aperture in a system where static aberrations are nominally present, due to

similarity in aberration patterns, there will be an issue with false identification of

an aberration as another aberration probed. This can reduce the retrieved mag-

nitude of the aberration probed, as in figure 5.28b. So, a proper prior calibration

is essential with varying aperture radius for implementing this technique in a real

system.

5.6 Increasing Piston Detection Range with Broad-

band Technique

In all our simulations, as in section 5.5.0.2, we observed that we still struggle

with the cyclicity and short dynamic linear range, which is an inherent problem

for the pyramid sensor. We observed in the KECK broadband technique [66]

that by varying the system’s temporal coherence length, we can create a signal

modulation in the PSF patterns. Also, in Simone Esposito et al. in 2003 [76] we see

that the pyramids signal has a sinusoidal dependency on the piston error present

in the system. So we tried to improve the capture range of piston by introducing

broadband technique into the pyramid. In all the analyses we have done, till

now, we consider only monochromatic wavelength. This causes cyclicity in the

frequency of λ/4 in the PSF, which in turn makes the capture length in piston

only of λ/4 in surface sag variation. As per temporal coherence length equation

λ2/(2 ∆ λ), the monochromatic wavelength has infinite coherence length. So this

PSF cyclicity will exist for infinity, causing a tiny capture range within λ/4 on

the surface. Broadband uses a band of wavelength, which makes it have a low

coherence length by the coherence length equation. This will give it a capture

range of few microns. This is ideal for finding unambiguous piston error, whereas

in a narrowband or ideally speaking monochromatic wavelength case, we have to

be satisfied by fractions of λ/4. The broadband technique uses Gaussian bandpass

filters for its working. For a phase error within the filter’s coherence length, the

amplitude and phase correlation of the wavefronts are not altered, thereby causing
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them to sum up coherently at the focus. Whereas once the wavefront deformation

is out of the filter coherence length, they will sum up incoherently only in intensity.

With this difference in the behavior of PSF, we can find the piston error in the

system. In the pyramid case, when you have a wavelength band, we can simulate

this effect by the basic pyramid behavior, as given below.

In the simulation, we create the wavefront with a particular piston error in

the segment under consideration. The focal plane field generated with both real

and complex part intact is multiplied with the filter transmission function and

co-added for multiple wavelengths. The final focal plane field obtained like that

is used to create the re-imaged pupil. The signal intensities [S]=[Sx Sy ] obtained

by this method for the segment under study can be given as

S = 4πδ

∫ 4πδ
λ2

4πδ
λ1

[
sin[t]

t2
]dt (5.31)

S = 4πδ[Ci[t]−
sin[t]

t
]
4πδ
λ1
4πδ
λ2

(5.32)

Upon integration we can write this equation as

S =
1

4πδ
[λ2sin

4πδ

λ2

− λ1sin
4πδ

λ1

] + ln
λ2

λ1

+
∞∑
k=1

−1k4πδ2k[
λ2k
2

λ2k
1
]

2k(2k!)
(5.33)

Whereλ1 and λ2 are the extreme wavelengths used in the Gaussian transmission

filter and δ is the piston error.

Retrieved coefficients are expected to follow an amplitude modulation,as the

same effect is seen in the Sx and Sy signals.

In figure 5.29, we give how the retired coefficient modulates the retrieved pis-

ton coefficient with the variation of coherence length with a Gaussian broadband

filter. We can see that the cyclicity is still present in the system. Then, we plotted

the leakage into the other calibrated Z1 to Z15 coefficients in the figure 5.30. We

can see modulation is not only for piston but also for the entire calibrated aber-

ration coefficients. This indicates that just by changing the system’s temporal

coherence length, we can achieve a signal modulation of all the aberration coeffi-

cients. This helps in the overall minimization of the wavefront error. By varying
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(a) Filter with capture length of ±1micron and
coherence length of ±1.2micron

(b) Filter with capture length of ±30micron and
coherence length of ±40micron

Figure 5.29: Retrieved Z1 coefficient v/s applied Z1 coefficient of segment:2, PSMT-Phase-I,
in micron

(a) Filter with capture length of ±1micron and
coherence length of ±1.2micron

(b) Filter with capture length of ±30micron and
coherence length of ±40micron

Figure 5.30: Retrieved Z1-Z15 coefficient v/s applied Z1 coefficient of segment:2, PSMT-Phase-
I, in micron

different Gaussian bandpass filters, we can have different maximum aberration

sensing range. This is a promising approach for phasing of the system.

Now we explain how we can retrieve an unknown piston from the system.

First, the current telescope segment state is assumed as the zero value or nominal

piston value. The segments are piston up and down in steps of ±25 numbers to

the nominal value. These unknown absolute piston values are known only as a

differential value to the nominal value. In a simulation, the wavefronts created

by optical software for the required number of steps are given to the pyramid

simulation system. Next, we obtain the coefficients for the given range of piston

values, ( outside coherence length of filter, the signal modulation will not be

present, causing an ambiguous finding of the piston error impossible). From the

retrieved aberration coefficient matrix, obtain the coefficient matrix corresponding
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to the piston (Z1). After DC subtraction, we find the absolute of the peaks of the

Z1 coefficient matrix. Then the peaks are smoothed. This final value is chosen

as the Y value, and the corresponding X values are chosen as the differential X

values, about the nominal mirror position value taken as Zero piston.

Then a first-order Gaussian is fitted into this X and Y values and the

General model Gauss1: f(x) = a1 ∗ exp(−((x − b1)/c1)2) the b1 coefficient

gives the approximate value of the actual piston error . In the figure 5.31 we can

see the curve fitted with this approch and its values. Y axis values are arbitrary.

Figure 5.31: Broad band fitted curve with found piston of 1.268µm given piston of 1.2µm

Once we find the approximate piston in this way, we can use the equation 5.33

to finally fine-tune the piston value to the exact value

In the figure 5.32 we can see the curve fitted with this approach and its values.

This approach is more time consuming but more accurate as the fitting is done

for more number of data points.We propose this technique is well suited for the

segmented mirror telescopes to minimize the overall wavefront error. However, the

requirement of many piston points to trace and fit the coherence coefficient plot

can make this technique time-consuming. As aberration signals in pyramid are

mainly localized, to solve this demand on time requirement, we propose to piston

all the segments from the nominal value by the required number of steps in one

continuous stepped motion. Then solving the matrix equations and finding the
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Figure 5.32: Broad band fitted curve with found piston of 1.26µm given piston of 1.2µm

corresponding piston error for all the segments simultaneously.

5.7 Experimentation of Pyramid Based Phasing

Scheme

After the successful completion of the simulation, we decided to set up an exper-

iment. This experiment’s primary objective is to get hands-on a pyramid-based

wavefront sensor and verify the simulation results. We have not used the actual

Pyramid in our experimentation. Instead, we have utilized a rotating mask, which

allows one quadrant of the PSF to pass at a time. This way, in a sequence, we

created four pupil images, which otherwise would have been done by a pyramid.

We have carried out our experimentation in the non-modulated scheme of the

pyramid sensor. Our aim is to demonstrate the principle of operation of Pyramid

based phasing scheme.

5.7.1 Optical Design

The system contains light sources; Spatial filtering and collimating setup also

mirror segments to mimic segmented telescope. The light from two edges of phase-

shifted mirrors are passed through two circular apertures. The beam focused on

the center of an ’L’ shaped mask using a long focal length imaging lens. The PSF
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contains information about the phase difference between the segments and other

aberrations. The PSF is cut into four quadrants sequentially. Correspondingly

four reimaged pupils are formed with a reimaging lens. The experiment layout

is given in figure 5.33 The intensity variation in the pupil image sensitive to the

piston error given to the beam. The optical design of this system is done using

off-the-shelf components available.

5.7.1.1 Part 1: Source

We use two diode lasers having wavelength of 532 nm and 650 nm. The lasers have

5mW Optical power, spot size of around 4mm. lasers are Holmarc made. Two

linear polarizes are used to control the intensity.

5.7.1.2 Part 2: Spatial Filtering

The spatial filtering setup consists of a microscope objective and a pinhole. We

had three choices in the microscope objective also a few no of pinholes Out of

them, we have chosen New port 20X, 0.4NA, 9mm focal length as the microscope

objective. As among all the objectives we had (40x, 45x, 20x), this one has the

longest focal length. With this objective and 4mm laser beam, the airy disk

diameter will be Da=(2*1.22*650*9/4)x10-9=7.14µm The recommended perfect

size pinhole diameter will be 1.5 times the size of the airy disk usually. This is

to ensure good spatial filtering. We can go for a 10.7µm pinhole for red laser

beam by this calculation. In the same way, it will be 8.8µm for green wavelength.

Nevertheless, among the pinholes, we had 12.5µm is the smallest one.So we use

this in the system.

5.7.1.3 Part 3: Collimation

The Collimator used is an achromatic doublet 50mm clear aperture 150mm focal

length Holmarc made.

5.7.1.4 Part 4: Focusing

After the collimation beam is made into two parts using a 50:50. Holmarc Optics

50mm X 50mm beam splitter. The reflected beam is allowed to fall onto two plane
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mirrors mounted on a kinematic mount. The reflected light is collected through

two circular apertures of 10mm each. The transmitted beam is not used. The

aperture is given in figure 5.35a. Then the two 10mm beams, each coming out

through the system is focused using a long focal length telephoto lens made of a

converging lens of 750mm and a diverging lens of -150mm focal length respectively,

together they create a 6000mm focal length. Then two PSF’s each of the order

of about 950microns for the red laser light at 650 nm and 780microns at 532 nm

green laser light are created using this telephoto lens.

5.7.1.5 Part 5: Rotating Mask

A closer look at the PSF grabbed at the imaging lens’s focal plane improves the

optical setup’s alignment. The tilt and tip of the segmented mirrors are adjusted

to displace all the stray PSF’s from the main mirror PSF. A field stop helps to

avoid all the stray light. Then a rotating ’L’ shaped mask is introduced into the

focal plane. The mask is precisely positioned such that it cuts the PSF of the

reference mirror (the one at the center of the optical axis). PSF is cut into four

parts. This mask mimics the effects of a pyramid without any dispersion effects.

5.7.1.6 Part 6: Re-imaging

Once the PSF is cut perfectly into 4 parts a 400mm focal length 50mm diameter

(A.R coated ) achromatic doublet lens is used to form 4 pupils sequentially with

each quadrant of PSF generated with a mask rotation. The re-imaging lens’s

position and focal length decide the pupil image’s size and pupil sampling. The

Detector used is Basler made with 7.4µm pixel size. This re-imaging lens selection

was due to availability as an off the shelf component and the maximum CCD chip

size.

5.7.2 Experimental Setup Block Diagram and Images

The figure 5.33 gives the layout of the experiment and figure5.34 gives the image

of the actual experimental set up . The experiment was set up in a 1.5m X 2m

vibration isolated optical table in a controlled environment. Once the experimental

setup is assembled, the setup is left to cool down and get socked into the cooled
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room temperature for few hours. The entire setup set under a PVC curtained

thermally stable area in the room to ensure the system’s stability.

Figure 5.33: Layout of Experiment

5.7.3 Procedure

We assemble the experiential setup and leave the system for a few hours to stabilize

the mechanical system. The room is cooled down, and the setup is allowed to sock

in the cooled room temperature thermally. Switch on both lasers and allow some

time for them to stabilize. Adjust the lasers and first beam splitter so that both

beams come through the same path. The beam splitters and lasers are aligned

to ensure the beam travels parallel to the optical table without any deviation.

Next, we use a linear polarizer to cut down the intensity. Both the beams are

spatially filtered simultaneously through the same spatial filtering setup. The

beam is passed through the collimating lens to collimate the light. Then mirrors

are mounted in the kinematic mount with one mirror kept on Throlab’s micro-

motion stage, which is capable of moving with a minimum step of nearly 50 nm.

Since the stage used by us is not very precise and for our experimentation, we
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Figure 5.34: Image of Experimental setup

(a) Experimental aperture

(b) Aligned Segments

Figure 5.35: Experimental Image

needed atleast to read the position of the mirror which is getting moved with a

few nanometer accuracy. Therefore, an external high precision optical encoder

from GSI Microsystems, which has got 1.2 nm resolution, has been installed along

with the stage.

Next, we align the mirrors such that light comes through two circular apertures

from each respective mirrors. The tip and tilt between the mirrors are corrected

with the help of long-distance alignment. The main beam is aligned such that it

gets separated from ghost reflections and stray beams. Cover the mirror mounted

on the moving platform and allow the light from the next mirror to pass. This fixed

mirror is considered a reference mirror. Place the Detector at the focal plane adjust
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the Detector’s position to get focused PSF of the reference mirror at the center

of the Detector. Introduce field stop to avoid stray beam PSFs. Then the light

from two mirrors is focused to create a total system PSF. By pushing the Detector

away from focus by a known amount and introducing a rotating ’L’ shaped mask

precisely in its position, we cut PSF into quadrants. Then we introduce and align

the reimaging lens to create a pupil image in the required sampling in the Detector

placed at the reimaged pupil plane. By rotating the mask, which is mounted on a

high precision rotating stage, we get the four pupil images. The ’L’ shaped mask’s

alignment is the most crucial thing in this experiment and should be done with

great care. The mask’s initial alignment is done with a small aperture collimated

beam centered on the reference mirror’s center. We learned from our rigorous

optical alignment exercise that the error in the mask’s alignment to an incoming

wavefront is seen as shear in the reconstructed wavefront. We use that technique

to center the mask to high accuracy.

As we stated, Once the mask is centered correctly, then the reimaging lens is

used to form the pupil. Rotate the mask in intervals of 900 to save four pupil

image for both wavelengths 650 nm and 532 nm one after another. Since a laser

with large coherence length has been used as a source, we expect a cyclic behavior

in signal over a sufficiently large piston range. We obtained a set of pupil images

by applying known displacement to one of the mirrors. For the same applied

piston error, the pupil images are generated first for red laser at 650 nm then

for green laser at 532 nm. After getting a required number of images, we use the

reconstruction approach in section 5.3.2 and retrieve the piston coefficient for each

mirror.

5.7.4 Results

A simulated example signal maps generated for the piston of λ/8 is given in figure

5.36. As we can see, the phase signal variation is high at the edge of the segment.

Also, proper calibration of the shape of the aperture is important. Once the

pupil images are obtained, we remove the rotating mask and take an image of

the two apertures in the reimaged pupil plane without the mask in place with the

laser intensity adjusted to get a clear image of the two apertures. This image is
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used as the aperture mask for making the interaction-control matrix. ZEMAX

generates a wavefront for a set of push-pull aberrations as per Zernike calibration

coefficients given. The wavefront gets multiplied with the aperture shape mask

obtained through the experiment. This modified wavefront is used to make the

interaction-control matrix. One of the important aspects of the experimental

reconstruction is registering the pupil boundary. We use the aperture mask as

a starting point and increase or decrease the boundary radius by one pixel such

that we get the maximum amplitude in the retrieved coefficients. This is done for

both red and green wavelength pupil images. Intensity variation within the pupil

boundary of both apertures are only considered for calculation of errors. This is

because we observed that the intensity variations due to differential piston are

localized during our simulation studies.This intensity variation will be seen inside

the segment and the nearby segment under this differential piston’s influence. Also,

the magnitude of these variations is equal and opposite as per image 5.36. As we

are only interested in the piston, all other aberrations retrieved are discarded, and

the variation of the retrieved coefficient for the moving segment is plotted.

Figure 5.36: The Sx and Sy signal maps for the two mirror system, in which one mirror is
subjected to the piston error.

The experimental figures are given in figure 5.37 and 5.38. These pupil images

are analyzed using the method outlined in section 5.3.2. The the plot of the

derived piston value against encoder reading is shown in the figure 5.38. From

the plot, it is clear that as expected the derived piston value is modulating as a

sinusoidal with a period of λ/4. This period is because the applied piston gets

distributed to both segments as a differential piston. We can see the red and

green laser wavelength’s retrieved piston following the expected cyclical pattern
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(a) Pupil 1 (b) Pupil 2

(c) Pupil 3 (d) Pupil 4

Figure 5.37: Data for Green laser

for each applied encoder value. During the experiment, we observed that there

is drift coming into the retrieved coefficient after some time due to cumulative

errors in the system over the experiment’s coarse. To minimize this, we make sure

the random errors present in the system is within ±5 nm. This is done by taking

the encoder reading without applying any piston and monitoring the variations.

We got the fit error in curve to be around 20 nm RMS. The curve reflects a

precise working of our experimentation as well as opted wavefront reconstruction

methodology. The beauty is that we could very successfully and precisely recover

the applied piston by using a very inexpensive optical setup and without using a

real pyramid.
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(a) For red beam 650nm

(b) For green beam 532nm

Figure 5.38: Exprimental Pyramid Retrieved piston plots



Chapter 6

Summary and Future Work

As astronomy progress to new frontiers, it requires finer resolving power as well

as enhanced light detection sensitivity. Therefore, it demands to build larger and

larger size telescopes in every wavelength regime of the electromagnetic spectrum,

starting from radio to gamma rays. For the optical and NIR observations, the

segmented mirror technology seems to be only viable solution to build large tele-

scopes of more than 8-10m diameter in aperture. In addition to being partner

to the TMT project which is going to be worlds second largest optical telescope

and having 3.6m DOT telescope, Indian astronomical community requires a 10m

class general purpose telescope. The project to install 10m class telescope named

NLOT has all ready been initiated. Surveying suitable sites, as well as designing

its optics and subsystems have been undertaken. Building a 10m class telescope

not only requires huge amount of money and a big workforce, but many techno-

logical challenges need to be also handled. The task becomes even more difficult

when telescope has to be developed using segmented primary mirror which is not

yet very standardized technology. Once segments are aligned and phased in any

segmented mirror telescope, then after keeping the alignment intact over weeks

and months, using a precision actuator, edge sensor, and primary mirror controller

in variable gravity and environment condition is a big challenge. Except the twin

Keck telescopes, all other segmented telescopes developed so far, such as HET,

SALT, GTC, and LAMOST, have gravely suffered over the years after their com-

missioning to deliver intended performances. Therefore, before embarking to build
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large telescope made of segmented mirror, it is always safer to get acquainted with

the technology by conducting experimentation using either a prototype system or

some realistic laboratory based simulator. There are two primary objectives of this

thesis work. The first objective is to provide optimum optics design for two differ-

ent size segmented mirror telescopes having very different requirements. Whereas,

the second motivation is to develop technology needed to align and phase the tele-

scopes made of the segmented mirrors. In this last concluding chapter, we briefly

summarize the work already done under this thesis along with the activities which

can be further undertaken in the near future.

6.0.1 Design of the PSMT optics

The PSMT is a small prototype segmented mirror telescope which will be used

primarily to demonstrate the segmented mirror technology. The entire develop-

ment activities of the PSMT is divided into two phases. In the first phase, a seven

segments laboratory test-bed will be developed. Whereas, in the second phase, the

full-edged telescope will be realized. The PSMT primary is decided to be made of

seven segments each of 500mm corner-corner in size. To reduce the developmental

cost of the PSMT, it has been decided to make use of spherical primary mirror.

Since the telescope with spherical primary mirror is subjected to large spherical

aberration therefore, we explored many design options in which primary can made

of spherical rather widely used parabola or hyperbola. However, after extensive

exploration and analysis, of many existing designs, we have come up with a new

two-mirror design which uses an oblate ellipsoidal secondary. The importance of

our this design is that it is a two mirror design which provides close to diffrac-

tion limited performances for the on-axis and then after image quality degrades

rapidly. The detailed design optimization has been carried out considering the

primary mirror as monolithic as well as segmented. We observed a noticeable im-

provement in the telescope’s performance when primary is segmented instead of

the monolithic. We attribute this to the reduction of the marginal rays as well as

reshaping of the segmented primary by providing additional tilt and the piston.

In the next step we have carried out a detailed sensitivity, tolerance and error

budget analysis. During the analysis we found that segment figure error is the
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most dominant factor to decide the telescope performance and hence we investi-

gated it thoroughly. The two mirror optics provide acceptable image quality up

to only one arc-minute then after presence of sever aberration makes off-axis field

unusable. The two mirror optics is good enough to use the PSMT telescope as a

technology demonstrator on the segmented mirror as well as to carry out few sci-

entific research with the narrow field. However, to use PSMT as general purpose

research grade telescope, its off-axis image quality need to be improved. We could

achieve this by designing corrective optics within the a faint object spectrograph

and camera (FOSC) system. This unit one hand correct the off-axis aberration

and hence act like aberration corrector which provide decent image quality up to

10 arc-minutes FOV. Whereas, on the other hand it works like very useful sci-

ence instrument which not only be used for the imaging but can also work as a

spectrograph.

The PSMT project is still under development phase, we plan to further im-

prove the design of the PSMT wide filed corrector cum FOSC. The current design

uses only air-spaced singlet to minimize the cost of manufacturing. However, it

introduces severe chromatic observations, which can be eliminated by changing

the collimator and camera lenses to doublets. We may also like to experiment

with aspheric refractive optics which is readily available nowadays. We also plan

to do a detailed tolerance and error budget analysis of the FOSC and finally we

like to realize it so the it can be used in the PSMT telescope.

6.0.2 Design of the NLOT Optics

Another optics design and analysis work which we have carried as a part of this

thesis is designing the NLOT optics. After exploring many potential design op-

tions for the proposed 10m class telescope, we finally ended up with a Ritchey-

Chretien(RC) type design. Likewise the PSMT, NLOT optics is designed around

segmented primary mirror. For a diffraction limited large telescope, various errors

linked with the segmentation plays very critical role to decide the performance

of the telescope. Therefore, to study the segmentation effects, we developed a

python-based tool that can be used along with ZEMAX ray-tracing software. In

the great detail, we have studied the effect of the segment piston, tip and tilt,



178

clocking, the radius of curvature, the shear, the segment size, inter-segment gap

as well as figuring error on the telescope performances. We have also carried tol-

erance and sensitivity analysis so that most sensitive opt-mechanical parameters

affecting the telescope performances can be identified. Once realistic tolerances

are derived then after we have generated the error budget for the NLOT. Since

manufacturing off-axis aspheric mirrors segments is a complex and expensive task,

therefore, an attempt has been also made by us to mimicking an aspheric primary

by using spherical mirror segments. From our this study, we have shown that by

introducing asphericity into spherical segments through a warping harness, it may

be possible to use a spherical mirror segment in place of an aspheric one.

All the analyses in this chapter have been carried out with the telescope pri-

mary facing toward the zenith direction. However, in a real telescope system,

there is a need to analyze the system’s segmentation effects while the telescope is

pointed at different directions in the elevation. This requires mechanical design

and analysis of the telescope structure to be completed. In the near future, once

the mechanical analysis is over, we plan to continue our study and explore the ef-

fect of gravity and temperature-induced problems in the telescope performances.

The segmentation analysis code which we have developed is a general-purpose

tool that will be a robust aid to conduct such analyses. We also plan to undertake

further studies into a warping harness as a potential asphericity-inducing system

for converting spherical segments to aspheric.

6.0.3 Alignment and Phasing of Segmented Mirror

Any large telescope made of a segmented primary mirror can not performed as

one can expect from a equivalent size monolith mirror, unless all mirror segments

are co-aligned, co-focused and co-phased. In terms of technique, co-aligning and

co-focusing are far less complex tasks than co-phasing and it is usually done with

a classical Shack-Hartmann based device. Whereas, phasing of mirror segment

requires a specialized device which works on the physical optics domain. The sec-

ond half of the thesis is dedicated to exploring and developing technology required

to phase the mirror segments. We have explored two potential phasing schemes,

which can be used in the PSMT and NLOT telescopes. The first phasing tech-
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niques which was initially developed for the Keck telescope uses Shack-Hartmann

kind of device working on the principle of physical optics. Whereas, the second

technique is based on the pyramid wave-front sensor. First the physical basis

of both the phasing schemes have been explored then after through extensive

simulation, we have studied their performances. Finally, laboratory experiments

have been setup on the both phasing techniques and experiments are conducted.

Through our experimentation, we could demonstrate that even by making use of

simple and crude experimental setup one can measure the phase error between two

mirror segment with an accuracy of 20 nm. The pyramid based system is expected

to give much more precise phase measurement but it has got a small operation

range, which can be improved by using a broadband light source. We have also

developed a robust code which can make use of conventional Shack-Hartmann

images and provides optical aberration present in the mirror segment. By mak-

ing use of warping harness these aberration can be corrected and hence telescope

performance can be further improved.

We have used relatively less precise inexpensive optics to conduct experiment

on phasing techniques. These optics suffers from aberration and hence affect the

phasing related measurements. In the future experiment we like to use the best

quality optics and more accurate measurements is expected. Another limitation

of our experiments is not having very precise actuator which can be used to create

small displacement of the order of just few nano-meter. We also like to conduct

experiments with a broadband light source, which will improve the capture range

of the piston measurement by many folds.

Finally the novel aspects of the thesis is enumerated below:

1. We have developed a scalable general-purpose code which can be used to

analyse segmentation related effect in the segmented telescopes of any size

and the optical configuration.

2. We have come up with an unique optical design of 1.3m Prototype Seg-

mented Mirror Telescope which uses a spherical primary mirror.

3. We have not only designed the optics of proposed 10m class NLOT telescope

but have carried out very extensive analysis to understand the effect of the
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segmentation on the telescope performance.

4. A detailed study on the possibility of using spherical mirror segments to

mimic an aspheric primary have been conducted.

5. We have carried out extensive simulation and experimentation on Keck type

and pyramid based wave-front sensor to precisely measure segment phase

error.

6. Experimentation on pyramid based phasing scheme using a rotating mask,

which emulates the actual pyramid sensor is some thing unique in approach.
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Appendix A

Segmentation

A.1 A segmentation tool

In a highly segmented telescope design, user has to input and optimize parame-

ters for many segments, making manual handling of these operations difficult even

with a optical design software like ZEMAX. We developed a python based generic

hexagonal segmentation code that generates different data required for segmen-

tation in the format required by ZEMAX optical design software. This tool was

used with the ZEMAX-python dynamic exchange platform to do segmentation

and corresponding studies. The tool has provision to create segmented primary

and calculate the segment elongation. It also has the option to calculate and input

various design requirements for various analyses like clocking, mimicking aspheric

primary with the spherical segments, surface figure, generating and importing Grid

sag surface, Zernike de-composition, etc.

A.1.1 Tool for Creating segmented primary mirror

The mirror segments are considered regular hexagons on projection to the primary

with a uniform gap between them. Only the side length characterizes the regular

hexagon. These hexagons fill the entire aperture by forming multiple rings, except
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any aperture positions that have to be avoided. The tool provides hexagonal

aperture files required by ZEMAX, called as user-defined aperture (UDA) file,

required for creating segmented primary. UDA files are apertures considered by

ZEMAX as a surface projected from the aperture’s vertex tangent plane into

the optical base surface. The code takes the inter-segment gap, the number of

rings/outer diameter, ROC, conic constant, and aspheric coefficients values for

various calculations. The code computes each hexagon’s center coordinate and

coordinates all six corners with equations of the law of cosines; these are available

in both the polar and Cartesian coordinate systems. Some of the results are shown

in figure A.1. The tool can also give a master sector to carry out segmentation

related studies, as shown in figure A.1c.

(a) Center coordinates in
anti-clockwise counting

(b) Six corner coordi-
nates in anti-clockwise
counting

(c) Master sector

Figure A.1: 300mm side length , 3 ring segmented primary

The code has an inbuilt option to calculate the sag value at any point on the

surface described by the optical system’s X-Y coordinate (rectangular/ hexagonal

grid) and design parameters. With this sag calculation option’s help, the code

provides a ’Grid sag surface file’ used with ZEMAX for creating surface deforma-

tions. As per requirement, the sag can be decomposed using the matrix inversion

technique to find Zernike coefficients. The code creates a UDA (user-defined aper-

ture) file for each segment as a regular or elongated hexagon(see section A.1.2).

UDA files can be created in Local (Same aperture file for the segments) or Global

(Unique aperture files for the segments) coordinate system, see figure A.6. If the

UDA files are designed in a Global coordinate system user has to input surface

parameters like ROC, conic constant, and aspheric coefficients to each segment.
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Suppose it is in the local coordinate system, along with these parameters, the

segment position and additional asphericity ( as Zernike coefficients ) to correct

for the surface sag errors have to be entered into the ZEMAX design. The global

ordinate system UDA is the preferred method for aspheric primary design.

A.1.2 Computation of irregular hexagon

In a segmented telescope, Segment support assembly (SSA), along with a segment

position control system consisting of an actuator and edge sensor and the control

software, maintains the segmented mirror’s global profile. The edge sensor, which

detects the local misalignment between two segments, is mounted between the seg-

ment edges. To accurately determine the edge movements, a uniform inter-segment

gap must be maintained across all the segments. Such that on the projection from

the top, all hexagons look regular with a uniform gap. As the optical surfaces

are curved, the hexagons that look regular on projection are, in reality, elongated

irregular hexagons. Usually the method to calculate this elongation is finding the

radial elongation as per angle θ and further optimization(see figure A.2)[91]. We

developed an alternative approach by Taking the 3D x,y,z coordinates of each

segment and then converting them to 2D X, Y elongated coordinates by solving

distance equations, assuming all the segments will be convex hexagons.

Figure A.2: Radial elongation approach, R:Radius, Z:Sag

As given in figure A.3asegments in projection looks as a regular hexagon

ABCDEF. With each corner defined by its x,y,z coordinates. The 2D irregular

hexagon defined by its X,Y coordinates is given as A’B’C’D’E’F’. The relation-

ship between the 3D regular hexagon and 2D irregular hexagon projection is given
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(a) Regular and elongated irregular hexagon

(b) regular hexagon in red and
elongated hexagon in blue

Figure A.3: Elongated Hexagon

by equations A.2 to A.7.

α1 = ∠BAF, α2 = ∠ABC (A.1)

[X1], [Y 1] = [0], [0] (A.2)

[X2], [Y 2] = [AB], [0] (A.3)

[X3], [Y 3] = [
√

|(AC2 − (BCsinα2)2)|]

, [−|(BCsin(α2))|] (A.4)

[X4], [Y 4] = [((AD2 −BD2 + AB2)/(2AB))],

[−(
√
|(AD2 − ((AD2 −BD2 + AB2)/(2AB))2)|] (A.5)

[X5], [Y 5] = [((AE2 −BE2 + AB2)/(2AB))],

[−
√
|(AE2 − ((AE2 −BE2 + AB2)/(2AB))2)|] (A.6)

[X6], [Y 6] = [−
√
|(AF 2 − (AFsinα1)2)|],

[−|(AFsinα1)|] (A.7)

The X, Y coordinates obtained from input local x,y,z of each regular hexagon

is called local elongation of each segment. Later, by 2D rotation of the local

elongation points by 300 in the anticlockwise fashion and decentering the center

of each elongated hexagon to make them coincide with the center coordinates of

a regular hexagon, we get coordinates corresponding to each irregular segment’s
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orientation in the telescope axis. See figure A.3b to see the plot of a regular

hexagon and elongated hexagon in a segmented primary.

A.1.3 Local Radius of Curvature

In astronomical telescopes making aspheric primaries made of off-axis mirror seg-

ment is a challenge. We have conducted a study in which we explored the possi-

bility of mimicking an aspheric hyperbolic primary mirror using smaller spherical

mirror segments. One method we explored to calculate this equivalent spheri-

cal radius of curvature(ROC) of the aspheric primary segment is using its Local

ROC(Rl) (see the Figure A.4) or the ROC given by a spherometer, commonly

used in meteorological purposes. The Rl of spherical hexagonal mirror segments

is chosen in such a way that it fits local sag at the center of the aspheric mirror

segments with a local sphere.

Figure A.4: Calculation of Local radius of curvature (Rl). ’S’ is the sag of the aspheric segment
with ideal vertex radius of curvature Ra

In a telescope optical system using aspheric mirrors, the equation of any as-

pheric surface can be given by:

S =
r2

Ra ∗
(
1 +

√
1− (1 +K) ∗ r2

R2
a

) +
n∑

i=1

A2i ∗ r2i (A.8)

where Ra is the vertex radius of curvature of aspheric, ’r’ is the radial coordinate,

’K’ is the conic constant. A2i is the higher-order aspheric coefficient, which is not

required while designing an RC kind of optics. We can equate the sag ’S’ at the

center of an aspheric to a local radius of curvature Rl as in Fig.A.4 corresponding

to a local spherical surface .Rl is given by equation A.9.

2Rl =
r2

S
+ S (A.9)
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where Rl is the local ROC corresponding to aspheric sag ’S’ at the center of each

segment. This ROC can be fed into each segment of the primary mirror system

using ZEMAX Python dynamic data exchange platform.

A.1.4 Best-fit radius of curvature

Another way to find a custom ROC for each aspheric segment is to find the best

fit sphere to fit aspheric mirror segments. In optical manufacturing, this is done

to find out the best fit sphere so that the volume of the material removed from the

aspheric is minimum. This method involves the fitting of the parameters either

through the least square or by geometric approach [15]. Both of these iterative

methods are time-consuming. Instead, we use the approach of the fitting sphere

through a set of 3D (x,y,z) data points to find the best fit sphere ROC [16].

The code calculates a set of x,y,z coordinates inside each aspheric hexagon

segment, with user-defined sampling. Using the matrix inverse equations,we find

the local center of curvature xc,yc,zc for the each segment. Once the center of

curvature is known, then the best fit radius is obtained using equation A.15. We

check the accuracy using the fit quality coefficient and iterate if needed to get the

best solution.

S =
√
(R2

b − (x− xc)2 − (y − yc)2) + zc (A.10)

where xc, yc, zc are the coordinates of the center of the sphere, and Rb is the radius

of the best fit sphere. We can form following matrix equations as

A = 2


n∑

i=1

xi(xi−x)
n

n∑
i=1

xi(yi−y)
n

n∑
i=1

xi(zi−z)
n

n∑
i=1

yi(xi−x)
n

n∑
i=1

yi(yi−y)
n

n∑
i=1

yi(zi−z)
n

n∑
i=1

zi(xi−x)
n

n∑
i=1

zi(yi−y)
n

n∑
i=1

zi(zi−z)
n

 (A.11)

B =


n∑

i=1

(xi
2+yi

2+zi
2).(xi−x)

n

n∑
i=1

(xi
2+yi

2+zi
2).(yi−y)

n

n∑
i=1

(xi
2+yi

2+zi
2).(zi−z)

n

 (A.12)
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Where, xi, yi, zi are the data points on the aspheric surface and

x =
1

n

n∑
i=1

xi, y =
1

n

n∑
i=1

yi, z =
1

n

n∑
i=1

zi (A.13)

Therefore, the solution for the center of the best fit sphere can be obtained by

matrix inversion as follows


xc

yc

zc

 = (AT .A)−1.AT .B (A.14)

Once the center of the best fit sphere is known, then the best fit radius of

curvature Rb can be derived.

Rb =

√√√√ n∑
i=1

((xi − xc)2 + (yi − yc)2 + (zi − zc)2)

n
(A.15)

A.1.5 Clocking Analysis

Figure A.5: Illustration of clocking

Clocking is the in-plane rotation of a segment about its center with segment

origin fixed as in figure A.5. As per the theory, we can state the error due to clock-

ing after correction of piston, tip and tilt as ∆Wi = (ka2bi
2/R3)(ρ2sin2θ)(∆θi)

where ∆Wi is the wavefront error of the ith segment for rotational error of ∆θi

in radian. In our analysis, we introduce the system’s clocking error as tilt about

Z-axis(Sag-Axis) in ZEMAX, such that ± X arcsec clocking the error is given
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into the system as a normal distribution with zero mean and standard deviation

as ±X/2. For the given tilt about Z-axis, the segment rotates about its local

segment center also about the global telescope center due to the UDA aperture

file created with the telescope’s global axis points. Using 3D rotational matrix

techniques, we find the change in each segment’s center coordinate in the X and

Y-axis. By applying the opposite polarity of this value as correction, we bring the

center coordinate of each segment to its ideal position. We call this called fixing

of the local axis. Then we correct the piston, tip, and tilt (PTT) error associated

with this transformation through Optimization, thereby correcting the segment

position displacement errors other than clocking. In a working telescope, a major

portion of these in-plane errors is correctable with Segment control systems.

A.2 Segmented Design

The segmented design was done exclusively with the help of ZEMAX ray-tracing

software. In this, the primary is segmented with a uniform inter-segment gap,

keeping all other telescope design parameters the same as monolithic design. This

design was done in two ways, one using a Sequential- Non-Sequential ’mixed-mode’

system and another using a Pure Sequential mode system, both with user-defined

aperture. In mixed mode, the segmented primary is considered a non-sequential

entity, and all other optical elements are placed in sequential space. A sequential

system, a ray can produce only one ray, with each optical element in the system

addressed sequentially. The non-sequential system design is more like a real phys-

ical optical system. Each element is defined with its own independent parameters,

where a ray can go anywhere depending on the position and parameters of optical

elements present in the system. In a segmented telescope, segments are entities

that are having individual control, but they need to work together as a single

equivalent optical surface. So the sequential mode design approach will present

with a complicated design if we want to avail control in all the six degrees of free-

dom(X, Y, Z rotation and displacement) of individual segments. Whereas in the

mixed-mode approach, the primary designed by individuality controlled segments

in the non-sequential space, we consequently have this opportunity, this aids in the
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ease of analysis of the segmentation effects and further optimization of telescope

performance.

A.2.1 Segmentation design using Sequential mode system

For this analysis, a single UDA file with all the segment positions is invoked on top

of the monolithic primary. This approach is equivalent to an ideal segmentation

in which projections of all the segments are regular hexagons, and they all have a

uniform gap. The optimized wavefront is equivalent to the monolithic wavefront

with ideal segmentation incorporated into the system, and we do not have control

over individual segments.

A.2.2 Segmentation design using Mixed mode system

In sequential- Non-sequential mixed-mode system, the segmented primary is de-

fined in a non-sequential space, with an entrance pupil and exit pupil, and other

optics are kept in a sequential space. We followed ZEMAX non-sequential mode

design principles to create the segmented primary. In this design approach, user

has control over individual segments six degrees of freedom and its optical param-

eters.

If the telescope has a spherical primary, it does not have a unique optical axis;

also, there are no off-axis aspheric segments. Because of this, we can develop

the segmented primary with segment apertures made of a single UDA file in lo-

cal segment coordinates defined about the center of the segment( See figureA.6).

Segments are placed at their respective position in the total telescope aperture by

pre-calculated X, Y, Z position, and tilt about X, Y, Z-axis. Tilt about Z-axis

or clocking is an important parameter in an aspherical segment, but it is not of

much consequence in spherical segments. The maximum aperture of each hexagon

is set as its side length. The required tilt about the axis for each hexagon can

be found with 3D rotational matrices. X Y position is the center coordinate of

each segment. The Z position of the segments is the relative sag difference of the

segments with respect to the center segment. Next, set the radius of curvature to
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Figure A.6: Global coordinate system of ’X,Y,Z’ and local coordinate system of ’α, β, γ’

the desired value, the conic as zero for a spherical mirror. The segmentation code

provides all these parameters into the ZEMAX file for the ease of design. In the

case of an aspheric primary, this design method will not be ideal due to the need

to provide asphericities to each segment, preferably through Zernike coefficients.

In the case of aspheric primaries, the use of aperture files defined in the global

coordinate system about the center segment’s vertex is the ideal design approach.

Here as UDA files are aperture files in the global coordinate system ( see figureA.6),

the user does not have to take efforts into calculating the X, Y, Z position, and

tilt of individual segments. Given the radius of curvature, conic, higher-order

aspheric coefficients, and other monolithic equivalent parameters to each segment,

the UDA file will create the segments with proper elongation and orientation and

place them at the required position. The segmentation code helps in providing all

the required parameters into the ZEMAX non-sequential data editor.
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Shack-Hartman wavefront sensor

MATLAB code (SWSMC) for co-

focusing

The light coming out of a telescope depart from its ideal performance as it un-

dergoes what is known as wavefront aberration. This degradation could be due

to existing aberrations on the incoming wavefront or aberrations induced by tele-

scope optics. The Shack-Hartman test is used to find these aberrations. This test

uses an array of small lenslets arranged in a regular manner spreading across the

entire telescope re-imaged pupil [52]. A collimated mirror beam is made to fall

into a detector through the lenslet array. If the telescope optics is perfect, then

the resulting array of spots on the detector will also be perfect and well arranged.

Any imperfection will shift the spots from their ideal position. For accurate mea-

surement of the wavefront, the optics will be chosen such that each spot will be

falling in a specific pixel area (PSD) assigned to it in the detector (See figure

B.1) The spot displacement can be related directly to the gradient of the incom-

ing wavefront [55],[54]. Thus they provide information about the telescope optics

aberrations.[52]. We use a reference beam to calibrate and avoid static aberra-

tions present in the lenslet array and imaging system. To retrieve the wavefront
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aberration from the spots, we need to calculate the mirror and reference beam

spot’s centroids. Next, we map each beam spot corresponding to each nominal

reference spot. Using a grid geometry that defines the relationship between the

X, Y gradient of local phase point, and the shift in the mirror spot position with

respect to the ideal reference spot location, we retrieve the wavefront as an array

of XY tilts [51]. Once the wavefront error is obtained, we do a Zernike decom-

position to find corresponding aberration coefficients. In the coming sections, we

explain important steps in our code.

Figure B.1: A diagram containing the incoming wavefront, SH lenslets array and the CCD
array. A PSD is shown as Zoomed image

B.1 Centroiding and shift calculation

One import task in finding wavefront error from a spot pattern is finding accurate

centroids of the spots. We use Gaussian bivariate function weighted centroiding

for this.[53]. The program requires the location of reference and the mirror image.

Users can choose the dynamic range, which is the number of pixels assigned to

each sub-apertures (PSD) which depends on the total size of array and number of

spots in the image. Code numbers all the PSD in ascending order. Subsequently,

code identifies sub-apertures or PSDs where the spot is present. To perform this

identification,we threshold the intensity of spot images. Spatial filtering is then

applied to each spot such that each spot is blurred out into the entire PSD assigned

for each spot. As a result, each PSD containing spot gets connected to each other.
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Using a MATLAB in a build function called ”bwlabel()”, all the pixels connected

are labeled as one group, thereby effectively achieving the aperture through which

the Shack-Hartman sensor receives the light. We call this a BLUR matrix. Our

code is unique in its ability to do wavefront sensing in segmented or irregular

apertures through this approach. Next, improve the image contrast of the spot

image. Then the center xo, yo coordinates, and extend of each spot are found

iteratively. For the Spot Profiling, the spot model used was a bivariate Gaussian

function as given in equation B.1

P (x, y) =
Nph

2πσspot
2
exp

[−(x− x0)
2 + (y − y0)

2]

2σspot
2

(B.1)

Here, (xo, yo) is the position of the center coordinate of the spot. The FWHM

(Hx,y)of such a spot is given by equation Hx,y = 2.3548σspot. Once we know the

extent of the spot which was found iteratively as Hx,y, we can get the σspot by the

same equation. The Gaussian spots are chosen as they are convenient for analytical

analysis. The other spot model that can be used is the aperture distorted by

atmospheric turbulence. In this case,profile P(x, y) becomes a random function,

and its parameters, like Hx,y, can be defined only in a statistical sense [58].Here,

σspot is the root-mean-squared deviation (RMS) from the mean. In this expression

x, x0, y, y0 and σspot are real values. For centroiding various position moments up

to the second order are given in equations B.2 to B.6.

Sw =
∑
x,y

I(x, y)(Fw)x,y (B.2)

Sx =
∑
x,y

xI(x, y)(Fw)x,y (B.3)

Sy =
∑
x,y

yI(x, y)(Fw)x,y (B.4)

Sxx =
∑
x,y

x2I(x, y)(Fw)x,y (B.5)
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Syy =
∑
x,y

y2I(x, y)(Fw)x,y (B.6)

Where Fw(x, y) is the function given as in equation B.1. The location of the

centroid is given in equation B.7.

X⃗c =
Sx

Sw

, Y⃗c =
Sy

Sw

(B.7)

For a Gaussian spot, the rms deviation of position can be calculated as:

σ =
1

Sw

√
SxxSw − Sx

2 + SyySw − Sy
2 (B.8)

Centroiding is done for both Reference and Mirror image. Before finding the

centroid of the reference image spots, the reference image is multiplied by a BLUR

matrix. The reason to do so is, reference image, in general, has more spots than

the mirror image. By this, we can reduce the computation requirement. Next we

need to calculate the shift of the mirror spots from the corresponding reference

spot. For this, a sub-aperture of rXc PSD’s is assigned around the reference spot,

keeping the reference spot at the center.

The reference spot is in the sub-aperture S, whereas Q, W, E, A, D, Z, X,

C are the other sub-apertures surrounding the reference spot (Qwerty Keyboard

geometry). The algorithm checks for a Mirror spot near the reference spot in E.

All the mirror spots with the surrounding eight PSDs, whose distance is less than

half of the dynamic range, are considered. The one with the smallest distance is

assigned as a pair to the reference spot and the reference spot is removed from

further comparisons.

Once a mirror spot is assigned to a reference spot, the distance between their

centroids is calculated by subtracting their centers X(difference) = (X(ref)–X(mir))

and Y(difference) = (Y(ref)–Y(mir)). These values are saved in a slope matrix for

each PSD as SPSD=

Y(difference)

X(difference)

 This process is iterated until all the required

reference spot is connected to the relative mirror spots.
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B.2 Wavefront Reconstruction and Decomposi-

tion

A variety of approaches have been proposed to accomplish phase reconstruction.

Each estimation approach may be categorized as either zonal or modal, depending

on whether the estimate is a phase value in a local zone or as a coefficient of an

aperture function. In either case, the least-squares estimation is used for the

phase reconstruction. One of the most critical factor is the selection of geometry

of relationship of gradient to wavefront points , considering, geometry of the slope

measurements given by the wavefront sensor,Numerical complexity, convergence

problems, storage, computation speed,Error Propagation and the effect of noise.

However, as we are not introducing any noise in our system, we ignore the Error

Propagation and the effect of noise.

The Reconstruction geometry used here is ”Fried Geometry.”

We also consider waffle[57] in our reconstruction. The reconstruction geometry

matrix or ’A’ matrix is formed by the relationship between the slop matrix. S=Sy
Sx

 and the local phase difference ϕ.Such as S = Aϕ,[59]. For each adjacent

phase points this relation can be given as in equations B.9 and B.10

Sijx =
[(ϕi+1,j + ϕi+1,j+1)− (ϕi,j + ϕi,j+1)]

2h
(B.9)

Sijy =
[(ϕi,j+1 + ϕi+1,j+1)− (ϕi,j + ϕi+1,j)]

2h
(B.10)

Here (i j) represents the cell, and in our case, the PSD, and ’h’ represents the

distance between centers two adjacent phase points.

To convert the retrieved coefficients to nanometer (nm) or millimeter (mm),

we need to multiply this A matrix with a scaling factor (SF),[51] given as B.11

ScalingFactor(SF ) =
FtFlλ

Fc2hCCDpixel2π
(B.11)

here, Ft = focal length of telescope; Fl= focal length of lens-let ; Fc=focal
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length of collimator; h= sub aperture length; CCDpixel = CCD Pixel size; λ =

Wavelength. The unit of SF depends upon the values provided . The standard

equation is:

S = SF ∗ A ∗ ϕ (B.12)

If we consider A = SF*A

S = Aϕ (B.13)

ϕ = A+ ∗ S (B.14)

Here, S = Slope matrix. A+ = pseudo inverse matrix of A (using Single Value

Decomposition technique. ϕ = Reconstructed wavefront. The ϕ obtained as a

1D matrix, it is made to a 2D matrix, and plotted. The reconstructed wavefront

is again multiplied with the BLUR MATRIX to get a wavefront called the final

wavefront.BLUR matrix acts as a mask, and we get the wavefront in the aperture.

Once the wavefront is obtained,we use the Zernike coefficient to represent the

decomposed wavefront obtained through Singular value decomposition (SVD)[60].

ϕ = A ∗ Z (B.15)

A is the Coefficient matrix Z is the Zernike matrix ϕ is the psi matrix

(reconstructed wavefront)

A = Z+ϕ (B.16)

Z+ Is the pseudo inverse matrix of Z.

The main advantages of Zernike polynomial is their orthogonality over the unite

circle, rotational in-variance, and direct relationship of expansion coefficients with

known aberrations of the optical system[61]. Each Zernike term is a product of

three components: a normalization factor, a radial part, and an azimuthal part of

type cos mϕ or sin mϕ. The Zernike decomposition is done as in equationB.15.The

Zernike matrix is generated using the Zernike polynomials. To find the coefficient

matrix ’A’, we use the equation B.16.

Once the tool was developed, to calibrate the code , it is run against a known

synthetic aberration based spot diagram. Another aberrated spot data are created
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through ZEMAX using ’physical optics propagation’ and this data is processed

with the code.

The parameters considered in generating the data are

CCD pixel size : 5 micron

lenslet focal length : 5.2 mm

lenslet pitch : 150 micron.

(a) Reconstructed Wavefront for
synthetic data

(b) Difference between Final
wavefront and Wavefront gener-
ated from Zernike for synthetic
data

(c) The vector plot of centroid
point differences between refer-
ence and mirror spots for Hanle
Data

Figure B.2: SWSMC results

The data generated consists of 17 spots, and the dynamic range of movement is

30 X 30 pixels for each spot.For the applied error of Z10 (trefoil) the reconstructed

wavefront is shown in figure B.2a. The applied error is ’Z10’ coefficient of RMS

-6.328E-4mm. The retried wavefront is decomposed and the Zernike Coefficients

are obtained, the Z10 aberration value is close to the value expected, as -6.25E-

4mm. From the figure B.2b, we can see that the residual wavefront errors are less

than 10% for the one time open-loop operation. Once the code’s calibration was

successfully carried out, we used data provided by the Shack-Hartmann sensor

existing in the 2m class HCT telescope in Hanle. A vector plot is plotted between

the centers of both referee and mirror spots . The red ”x” represents the reference

and the blue ”dot” represents the image; it is shown in figure B.2c. With the

addition of a GUI and with more work on calibration, this tool can be used to do

the fine alignment and find figure errors of the segmented telescope segments.
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