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ABSTRACT

A large multiaperture telescope has the potential to reach the difiradimit
corresponding to its baseline. To do Adaptive Optics AO) and beam combination are
critical to good performance. Operation as an interferometer is a complicated mode for
the telescope. The system now has much tighter tolerances and idtdiffialign. The
alignment process needs to be planned in multiple steps, and tolerance and sensitivity
analysis needs to be performed for each step. Alignment tools can be prepared based on
the resolution found in the sensitivity analysis in each step.

Random fluctuation is another critical factor that reduces system performance. If
noise sources near the telescope are characterized and identified, image quality can be
improved by postmage processing.

Measuring the outer scale of atmosphere is alsofuielpr understanding the
system performance. The fringe tracking method in lthege Binocular Telescope
Interferometer I(BTI) system provides optical path difference (OPD) variation, and the

power spectral density of the OPD variation is used to estitinatgize of the outer scale.

However, this method is limited by the baseline of the LBTLi#g6, where B is the
baseline, and by this equation the outer scale size which is able to be estimated should be
more than 125 m.

AO simulation can provide an understanding of new AO system concepts and
parameter variations before they are applied ta¢hésystem. In this dissertation study,
we simulated an LBTI system with structural vibration of 10 Hz and 20 Hz and with

various amplitudes. From the simulation, we learned that the slower bandwidth of piston
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correcting systems allows stars as faint-a8"® magnitude to be observed. If there is
significant vibration on the structure, the increased baritiwidll limit the phasing star

to 10~11" magnitudes. This demonstrates the limits of the LBTI system regarding
structural vibration.

An alternativephasing sensor for the LBTI system, the pseudo phasing sensor,
can be used for more than 1000 m of outer scale of atmosphere. If the direct phasing
sensor embedded in the LBTI system cannot be used for a very faint star, the pseudo
phasing sensor, which pmximately estimates the phase difference by AO wavefront
sensor, can be useful for atmospheric conditions with estimated outer scale of about 1000
m.

The analyses in this dissertation provide a partial guide for developingsieatse

telescopes and astromical instruments.
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1 INTRODUCTION

Astronomers have always benefited from increases in the size of astronomical telescopes.
Using the 100 inch Hooker telescope located on Mt. Wilson in California, Edwin Hubble
discovered that the universe is corapd of countless galaxies. After a few decades, the 5

m Hale telescope extended their capabilities, enabling more and more aspects of space to
be discovered. It is now well understood that bigger telescopes can obtain better
resolution and ability to seaihter objects, and the scientists and engineers are now
facing the challenge of making bigger telescopes.

Two main concepts have been developed to increase the telescope size beyond 5 m. One
is the array concept in which several mirrors on the common maen combined
together to obtain the performance of the larger size of mitjoilhe first telescope to
implement this was the Multiple Mirror Telescope (MMT) on Mt. Hopkins, Arizona
(Figure 1.17 a). Six 1.8m mirrors are combined on a single mount, and it provides the
light gathering power equivalent to a 4.5 m telescope. This concept has been used for the
design of the Large Binocular Telescope (LBT). LBT consists of two 8.4 m mirrors
which is equivalent ta 12 m mirror telescope2]. The LBT has been built in Mt.
Graham, Arizona (Figure 1-1b), and many science instruments have been developed for
diverse astronomical studies. The new model in the array coisct Giant Magellan
Telescope (GMT) which has seven 8.4 m mirrors combined together on the single mount
for 25 m mirror telescope (Figure 1ilc) . The key feature for those telescopes is the
multiple mirrors are mounted on a single mount which cae giWwantages such as full

u-v coverage and a wide field view.
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(a) MMT (Multi -mirror (b) LBT (Large Binocular  (c) GMT (Giant Magellan
telescope) telescope) telescope)

(Taken from The MMT (Taken from LBT (Taken from GMT

Observatory homepage  Observéory homepage homepage

http://www.mmto.org) http://www.lbto.org/) http://www.gmto.org)

Figurel.1: Multiple mirror telescopes

Another concept is the segmented mirror concept in which many small segmented
hexagonal mirrors are combined, thus it works as a large size of aperture. Keck Ten
meter Telescope (Figuk2i a) has 36 hexagonal segments for a 10 m size mirror. The
primary mirror of HobbyEberly Telescope (HET) consists of 91 segmented hexagonal
mirrors (Figure 1.2 b). One of the recent projects with segmented hexagonal mirrors is

the Thirty Meter Telscope (TMT) which has abod00 segments (Figure 1Lix).


http://www.mmto.org/
http://www.lbto.org/observatory_images.htm
http://www.gmto.org/allery-stills.html
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(b) HET (HobbyEberly (c) TMT (Thirty Meter

(a) Keck Telescope) Telescope)
(Taken from Thekeck (Taken from TheHET (Taken from TherMT
Observatory homepage Observatory hmepage Observatory homepage

http://keckobservatory.orgy http://www.as.utexas.edy/ http://www.tmt.org/)

Figurel.2: Segmented mirror telescopes

One of the important issues that two concepts has been considered for successful
consequences is that all apertures or all segments need to be exactly phased each other,

and the methodolgy for phasing each of them is challenging.

1.1 Stellar Interferometer

The strong desire for better and better telescope angular resolution has led to the effort of
combining multiple apertures such that interferometric images are obtained. This
techniquas calledstellar interferometry. The resolution of the interferometric system can

be shaper than the diffraction limited image width from a single aperture telescope. This
revolutionary technique was proposed and used to measure diameter of stars and dupit
satellites in 1868 through 1890 by H. Fizeau and A. A. Michelson respectyelyere

are two distinct approaches to combine the beams from each aperture. One concept is to

combine the beams at the puplane (or Ceaxial beam combination), and the other one


http://keckobservatory.org/
http://www.as.utexas.edu/mcdonald/het/het.html
http://www.tmt.org/
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is to combine them at image plane (or Mualtial beam combination}]. The Figure 1.3
and 1.4show the schematic diagram of a pupil plane and angengane beam

combinatiornrespectively

Ceaxi al beam cor

Apert

Figurel1.3: Schematic diagramCo-axial beam combination

Apertu

wwwwwwwwwww

Figurel.4: Schematic diagram Multi-axial combination
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For either of the configurations, the interferometric results will give fringe visibility. In
the coaxial beam combination two beams are overlapped on a 50/50 beam splitter in
which half of beam is reflected, and the rest isgmaitted. As shown in Figure3Ltwo

out put beams from the beam spl i bshavsthdt av e
the output result (intensity vs. time) if one of the optical path lengths is gradually changed.
This configuration can have good sigit@noise ratio becauséé detector size can be

very small p].

Intensity

Time [Seconds]
Figurel.5: Temporal modulation of fringes
In contrast the muklaxial beam combination has direct images on the imageepl

through optics, such that the result will be spatial modulation of fringerpaas shown

in Figure 14.

Each configuration has its own advantages and disadvantages. The main advantages of

multi-axial combination are the wide field angle from lin@@apping from entrance to

"

2
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exit pupil, while the ceaxial beam combination has less limitation for increasing long

baseines [5].

1.2 Dissertation topic

Stellar interferometers with adaptive optics systems can mitigate atmospheric turbulence,
so that the intedrometer performance can reach theoretical limits. This innovative
harmony of the stellar interferometry and the adaptive optics can expand the area of
astronomical studies such as detecting zodiacal dust disks around stars and faint, high
resolution imagig.

For these reasons most current large telescope projects have interferometric instruments.
These provide an interesting set of design and assembly challenges. Due to their long
optical path length, small perturbations introduce significant errors. Airgy,
tolerances are very tight, and assembly of these complicated systems is inherently quite

demanding. This dissertation addresgd®mt level of assembly and what tests can be

utilized to obtain the desired performanddore specifically what precisiois needed to

reach the nominal performance. Factors or problems that reduce the system performance,
and solutions to the problems are discussed. In addition to the key assembly process, we

consider several important factors related to optical engineefiting system.
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1.3 Dissertation contents

No matter how well the optical system is designed, it is usually very difficult to get the
nominal performance in the real system. Many factors which cannot be exactly calculated
in the designing process affect thalreystem such as vibration, temperature variations,
and atmospheric fluctuation. This dissertation can be useful for general tolerancing and
assembly processing of any optical system, but the contents are much related to the
astronomical instruments. Thikey example described here is the most tests and
development of the Large Binocular Telescope Interferem@BTI) including its
system.

Chapter 2 will discuss system requirements and analyzing system tolerance and
sensitivity. Usually the stellar interi@metric system has very tight tolerance due to very
long baseline, causing the nominal performance to be very hard to achieve. One of the
possible methods is to process the alignment procedure inleudts of criterion such

that each level has its owolerance and performance requirement. The low level is
geometric optic approach for a rough alignment, and high level can be wave optic
approach for a fine alignment procedure. In the geometric optic approach the tolerance is
relatively loose and easy teeach. In the wave optic approach the interferometric
simulation results from a rayacing program are used. The results from the analysis for
multi-level alignment steps will give the quantitative and qualitative performance goal for
each level. The LBTbkystem is designed to preserve Sine condition to improve image
guality in the wide field angle. If the Sine condition is collapsed by shifting the primary

mirror, the image quality is reduced as much as amount of violation of Sine condition. It
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is simulaed by shifting the primary mirror to estimate how much the image quality is
reduced in the wide field angle.

The results from the analysis and simulation in Chapter 2 are used to create the alignment
plan and tools. During developing and building the LBWE procedure for making the
alignment plan and tools has been verified, and the Chapter 3 shows how the process has
been done. In addition to the main processes related to LBTI alignment, two extra useful
tips are presented which can be helpful for atigngeneral oHaxis conic surface and
designing the achromatic lens system betwadsible and infrared sources.

The topic of the Chapter 4 is "Measurement of phase variation". The factors that reduce
the system performance in the stellar interferomeder e not only from misalignment
result, but also caused from various environmental factors of the system. Even though the
perfectly designed interferometric optical system is well aligned, the vibration and
atmospheric turbulence which are usually unaabld factors have always frustrated at

the end because those factors can limit the system performance. Thus in the Chapter 4
the effects of perturbation due to vibration and atmospheric turbulence are described, and
measurement of vibration of telescogeusture and outer scale of the atmosphere are
also discussed. The measurements of phase variation help to correctuhsapert due

to those factors.

In Chapter 5, simulations of phase variation are discussed. Simulation of phase variation
of the two apertures telescope can examine how fast the phase correctors need to
compensate phase differences among the apertures. In the simulation measuring the phase

variation over the AO correction can be carried out in different approaches such as direct
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and pseado phasing methods. The fringe fluctuation from PSF and phase variation
detected by phase sensor can be measured by the simulation in direct method, and it can
be helpful to estimate RMS phase variation in various parameters. In the pseudo phasing
methodthe slopes of the average wavefront over the apertures are measured, and used for
estimating RMS phase variation in the same manner of direct phasing. This measurement,
however, might not be enough to take account of phase variation on the image plane. The
simulations in various parameters are valuable results. Even though both simulations are
working with AO correction, some residual errors exist. The comparison of residual error
from the direct and pseudo phasing methods are valuable information tdogtntri
improving performance of the mubiiperture telescope system.

The Chapter 6 is summarizing and concluding the discussion through all chapters.
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2 SENSITIVITY & TOLERANCE

A real, complex optical system needs to undergo sensitivity and toleeavatgsis
processes, since, in a real system, one never obtains perfect performance as designed. The
most important consideration of this analysis is that it affects both the cost of
manufacturing and system performance. In general, this procedure isl @utiduring

the design process, in order to efficiently optimize the fabrication and assembly budget.
Figure 2.1 is a general flow chart of the tolerancing process. In the system performance
of stellar interferometers this process would be more impottemt with other optical
systems as they usually have a larger volume and very long optical path lengths. Thus,

the result of this process is quite useful for alignment plans.

Define

?iefl';:g (c)|fu gr;tﬁf ]Eg/re Estimate component assembly/alignment
gre Lirements tolerances procedure and
q estimate tolerances

Adjust tolerances,

balance cost and . e
schedule with <:| Estimate performanc <:| Calculate Sensitivitie
performance

e

Iterate with system
engineer, fabricators,
and management

Figure2.1: Flow chart of Sensivity & Tolerance process
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2.1 Sensitivity and tolerance analysis for a stellar interferometer

In most cases, during the design phase of a stellar interferometer, the tolerancing process
covers every point of potential system performance degradation. Fapkxdabrication,
assembly, vibration, and atmospheric turbulence are the major factors of performance
degradation, and therefore they should be considered during the tolerancing process.
However, it is very difficult to perform an analysis on all of #héasctors simultaneously

due to the complexity of the device. Breaking down the total error budget into smaller

components of related errors will help with analysis and calculation as shown in Figure

2.2.
| ' 1 ) ' 1 ) ' 1 ) ' | ) 1
S D Atmosperic
[ ] Fabrication Assembly Vibration Turbulence [ ]

J \. J \. J \.
N e N e N e

Adaptive and

suboptics Structural & . .

Active optics
group errors others errors
each optics

error budget

N——

Figure2.2: Error tree of tolerance.

In this dissertation, the topics of assembly, vibration, and atmospheric turbulence will be
covered in Chapters 3 through 5. However, the analysis related to the fabrication is

relegated from this scope.
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2.2 Alignment of stellar interferometer

Simple optical systems wusually dondt need
more complex setup like most stellar interferometéysshould have a carefully planned
alignment to meet the designed performance specifications. [Yswsellar
interferometers have a very tight tolerance during the design process already, and
vibration and atmospheric turbulence make system performance even worse. Without
consideration of such factors as turbulence and vibration, an alignment plasesray
simpler, but an alignment process is never simple without the proper plan. Because it
takes a very long time for the alignment to reach the performance specification at each
step of the process, in most cases engineers select multiple levels ofealigoiem. In

her dissertation, Manuel described two steps in an alignment plan that can be achieved
for a complicate optical system [6]. The first step is rough alignment, in which each
optical element is placed in its physical dimension and measured aisireger stick or
protractor such that measurement error is within the range of a few millimeters or degrees.
The second step is fine alignment, whereby the interferometric result is used such that
measurement error for each element is placed within miet@r or nanometer range [6,

7]. The question then, is to what degree must each alignment be achieved? In each
tolerance analysis error budgets are created to support each alignment procedure, such
that the tolerance is determined as to the level of poeciequired by the alignment plan.
Thus, the rough alignment needs its own error budgets from the geometric optics point of
view, and the fine alignment from the wave optics point of view. Both are processed by

the error budgets for the final tolerancealysis. The tolerance in the rough alignment is
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relatively looser than that of the fine alignment, but the rough alignment should prepare
the device for the fine alignment process. In this chapter, tolerancing for the rough
alignment is described analytla using paraxial optics concepts, while the fine

alignment tolerancing is proceskusing a ray tracing program.

2.3 Alignment Analysis Goals

The alignment analysis for LBTI system needs to cover tolerances and sensitivities for
rough alignment as well amg alignment. Since the LBTI system has tight tolerances for
each optic, the fine alignment process has to be done by interferometric method in which
the system can produce simply fringes in the image plane. Therefore the rough alignment
analysis should pvide at least two overlapped spots image such that the fringe pattern

can be the starting poindifthe fine alignment process.

2.3.1 Rough alignment analysis goals

The goal of the rough alignment analysis
measired by simple tools, and after the rough alignment process the result needs to be
ready for the fine alignment process. In the rough alignment analysis the overlapped two

spots image gives Strehl ratio above 0.3 to visualize angdpattern.

2.3.2 Fine alignment analysis goals

In the fine alignment analysis the most sensitive optical element can be found, and it will
be given to the priority in the alignment process. In the sectibd, 2he tolerance and
sensitivity analysis is carried out in four methodsanning method with and without

compensator and statistical method with and without compensator. The scanning method
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allows an alignment engineer to understand how much individual optics motion changes

the system performance, in the meanwhile the stlsthethod can provide the overall

result which optics are the most sensitive and overall system performance with each
tolerance. Thus for the alignment engineer the scanning method can be more valuable
analysis because of un dee fne aignohennagalygsacanh o p't
also provide how to improve the image quality or system performance using
characterization of each optic element motions. The fringe pattern in LBTI system gives
many figure of merits such as Strehl ratio, fringe argtd,symmety of the fringe shape

which can be used to improve image quality. The goal of the analysis is to identify the
most sensitive optic and tolerance of each optic and prove that from those tolerance

values the alignment process can reach the critefitimee sytem in oraxis and offaxis.

2.3.3 Sine condition analysis goals

In Sine condition analysis, we can observe how much the image quality is reduced at the
field angle by shifting the primary mirror which also introduces optical path difference
betweerboth beam pathways. By simulation for violation of Sine condition, the tolerance
of the Sine condition preservation can be estimated at each wavelength for the criterions

with wavelength/5 of OPD at the fteangles

2.4 Large Binocular Telescope Interferomete

Two major tolerancing methods, scanning and statistical method, have been applied to
Large Binocular Telescope Interferometer (LBTI) during its assembling procedure. The

LBTI is one of the instruments of the LBT (Figure 2.3) and produces an interfeilometr
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image of the stars. LBTI (Figure 2.4), like other interferometric systems, has a very tight
tolerance on each optical element, due to its lengthy optical path length, therefore each
element needs to be welatched for an optimal interferometric resuit.this section,

the tolerance analyses based on the two methods mentioned above are described as
examples of the tolerancing process.

deformable secondary deformable secondary

/15 telescope foci

beamclmbiner é k

14.4 m separation

/

Figure2.3: Layout of LBTi LBT consists of two F/15 Gregorian telepes separated by
14.4 m of baseline, each of which is supported by two AO systems and deformable
secondary mirrors to correct atmospheric turbulence.

8.4 m LBT primary
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Lifting booms

Universal
Beam
Combiner
(UBC)

Wave Front
Sensor unit #2 Wave Front

Sensor unit #1

- /\i (WLBTI)

Vacuum System

Interface __|
Structure
Beam Diverter
: Combined
k:zzfmgﬁfl Imager/Nuller Instrument Bays
(Nil/NOMIC)

Figure2.4: The LBTI consists of a UBC, three camerats, and Wunits. All optics is
covered by stainless steel chambers to keep them in a cryostat state.

The LBTI consists of three parts: the Universal Beam Combiner (UBC), Camera ports,
and Wunits. The Camera ports are reserved for various scientiherees, and Winits
provide wavefront sensing for the adaptive optics system to correct atmospheric
turbulence. The UBC is the optical setup to combine and relay F/15 beams from the
primary mirrors of the telescope to the camera ports.

The UBC system corss of two pairs of flat mirrors and one pair of -affis
elliptical mirrors (Figure 2.5). Both sides have pupil mirrors to correct phase variation;
one is a FPC (Fast Path Corrector) to correct for high speed phase variation, and the other

is (SPC, or ®Bw Path Corrector) is for low speed phase variation. At the common focal
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plane, F/41.2 of each side of the beam creates a F/15 envelope, which is exactly the same
focal ratio as the LBTI systenthis conserves the Sine conditiaich is uniquéor the
currentstellar interferometers, argiich that one of the aberrationgn@a, is removed in

field angles This enablesvider angle of field of views.

When the designated specification of the system is achieved, the LBTI (Figure 2.5)

produces a Fizeau image a40x60 aresecond field with 20 milkarcsecond resolution

in the 2.2 micron region [8].

off-axis ellipse reimagers

r
FPC (Fast Path corrector)
PZT mounted mirror for pupil Tmage

fast tip, tilt and phase baffling
compensation

SPC (Slow Path corrector)

combined focal plane adjustable mirror for
/15 envelope, /41.2 tip, tilt, and path adjustment

individual beams

40 arcsec field

Figure2.5: Layout of Universal Beam Combinérelay F/15 input beams to camera port.
The combined beam produca Fizeau image with fringe pattern at image plane.
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2.4.1 Degree of Freedom

Defining the degree of freedom for each optical element is one of the most critical points
to reach before the tolerancing process can begin. In the LBTI, all optics in the UBC
systemhas piston (Z translation) and 4t (X and Y rotation) motion capabilities, and

we can access them during the alignment process before cooling down the system. This is
called warm alignment. Since the UBC system is a symmetrical structure, thedef sid
working as a reference while the right side compensates for the error due to the
misalignment of the left side. In the left side, the pupil mirror, or FPC, has three PZT
actuators for high speed piston andttipmotion. But the maximum allowable rtion is

only 1 milli-radian in tiptilt and 0.2 mm in piston mode. The rigsitle pupil mirror can
travel 14 mm for piston motion, but the it angle is also limited to about 1 m#li
radian. Once the system is cooled down after alignment processdmaddre, only pupil

mirrors can be accessed by the system controller.

2.4.2 Defining the quantitative figure of merit for requirement

For the LBTI the criterion for overall system performance is that the total wavefront error

is not more than 1/3 of that producéy the atmosphere after AO system correction,
equivalent to 98% Strehlratioenx i s, and 74% Str ehl rati o at
of 2.2 um [8]. Based on this criterion, Hinz has produced a table of tolerance and stray

light analysis (Table 2.1) #h and without compensators [9]. The table shows how much

each optic may perturb while staying within the required parameters for performance.
Without compensation, the tolerance of the system is extremely narrow, but only one

compensatd@ the right pupilmirrord can effectively alleviate that tightness.
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Table2.1: Allowable flexure movements from optical tolerance analysis and the
coordinate system of each optiased on local coordinates. Data are from refaxg8]

Uncompensated Allowable Movement due to Flexure

Element X(pm) Y(um) Z(pum) X-tilt (arc-sec) Y-tilt (arc-sec) Z-tilt (arc-sec)
Ellipse 0.9 0.1 0.013 0.018 0.09 1.44

Pupil - - 0.013 0.65 1.1

Roof - - 0.017 0.05 0.288

Compensated Allowable Mewment due to Flexure

Element X(um) Y(um) Z(um) X-tilt (arc-sec) Y-tilt (arc-sec) Z-tilt (arc-sec)
Right Ellipse 70 150 75 11 11 11

Right Pupil - - 50 72 72 -

Right Roof - - 50 22 22 -

Left Ellipse 70 150 75 11 11 11

Left Roof - - 50 22 22 -

2.4.3 Tolerancing for rough alignment

The rough alignment is a steppiatpne for the fine alignment process, and the
tolerancing of the rough alignment needs to be achieved based on one simple idea; not
too loose, and not too tight. The best starting point is to kégiking from a geometric

optics point of view, as the entire process can be easily drawn in the mind and given
quickly by approximate calculation.

In most cases the tolerancing process is achieved by lens design programs, but going
through the processf @pproximate tolerancing using a geometric optics point of view
can give some unique insight to the planning of the alignment process [10]. Burge
provides the best examples and descriptions of the effects of the perturbation of optical
elements in his pag [10], and rough alignment tolerancing is carried out based on the
methods described in the paper.

Since the UBC system consists entirely of reflective surfaces, the rough alignment

process to find the maximum allowable motions of the mirrors can beldsael on Eq.
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2.2, but both Egs. 2.1 and 2.2 can be used for an unfolded, simplified system. After
defining the maximum motion of the spot position, mathematical manipulation can help
in defining the sensitivity of each optical element. The following isgmple of the
tolerancing process for a simplified UBC system for rough alignment.
The tilt and decenter of the optical element is governed by Eq. (2.1); the first term is
related to the angle of perturbation, and second term is related to the detdhter o
element. In most cases the element is present in a combination of both statuses [10],

R '003— %3‘0.) (2.1)
where each pameter is defined as follows:

D; = diameter of oraxis beam at surfagé= 2y, NA= numerical aperture for system

NA = u;, = equivalent numerical aperture for the light F, =working focal ratio for system
after elemeni

a&} = change in angular deviation for light immediatel U = resulting i mi
after element

a8/, = change in lateral deviation for light immediately
after element

For the reflective surface, the secdrdn is ignored, but the first term is changed as the
reflected angle is twice that of the tilt angle. Thus, the equation is:

R ¢O003— (2.2)

The goal of rough alignment for an UBC system is to overlap both side spots, which are

about200um in diameter at 2 um at F/41.2. In order to be overlapping, the spot will shift
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not more than 100 um on the image plane, which will be the figure of merit for the rough

alignment tolerancing.

Greg. Focus
Elliptical mirror  py,0il mirror Roof mirror
F/ 15593“‘ \L \L \L F/41.2 beam
<— 1750 mm > 4812.5 mm >

Figure2.6: Unfolded UBC system. The optical elements are not scaled.

As the unfolded UBC optical layout in Figure 2.6 shows an F/15 beam is projected from
the Greg. focus point and focusing on the image plane after three reflections. The only
optical element hawig optical power is the ofixis elliptical mirror, which will affect
mostly image blurring and image shifting. The image shifting due to one of two flat
mirrors will be compensated by another flat mirror.

According to Figure 2.6, two elements can afféet image position and size; one is the
source position and direction, and the other one is perturbation of the elliptical mirror. A
useful assumption can be setting the source as positioned at a hominal position, thus Z
directional translation of the elligal mirror does not shift the spot on the image plane.

As such, the following are only parameters for each perturbation of the simplified UBC

system.
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1 Elliptical mirror: tilt 7 x and tiltT y
1 Elliptical mirror: decentef x and decentery
The tolerane of the tilts and decenters can be found by Egs. (2.3) and (2.4) when other

motions in the Eq. (2.1) are in nominal positions.

R
3>— E (2.3)
. R
SO (2.4)

m represents a magnification of the optical element.

In the alignment processing, one can actually consider sensitivities of each optic rather
than their tolerance values, because the resolutiodigsfnaent tool depends on these
sensitivities. From Eqg. (2.1) the derivatives of the merit function with respect to tilt and

decenter are expressed by the following:

I - N
T 0/ (2.5)

r- .
— 2.6
T 3w a (2.6)
The total nerit function can be found by the Root Sum Square of sensitivities multiplying

by each tolerance. Eq. (2.7) expresses total merit function from two perturbations, tilt and

decenter, in circularly symmetrical system.

T - T -
o 2.7
i3 ; 3— T3,3w (2.7)
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By substituting Eq. (2.5) and Eqg. (2.6) into Eq. (2.7), the relation between the tilt and
decenter for the maximum possible perturbation is expressed by the elliptical equation
form below:

RTC0  Bra P

(2.8)

Based on the calculation and derivation above, the tolerance and sensitivity of the UBC
system can be processed relatively simply, and this process can be extended to more
complicate optical elements systems. The following p&tars of a UBC system are
used for tolerance and sensitivity analysis and calculation.

1 Beam size on the elliptical mirror = 117 mm

1 NAin object space = 0333 from F/15

1 NAinimage space = 0.012 from F/41.2

1 Object distance = 1750 mm

1 Image distance = 4812mm

=a

Magnification = 2.75

Figure 2.7 shows that any combination of the tilt and decenter inside ellipse produces not

more than 100 um on the image plane.
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Figure2.7: An elliptical curve can represent deaanaind tilkcombination motion. Any

point inside of the elliptical curve is satisfactory to obtain a figure of merit.

From above calculations, the followings are the result of the tolerance and sensitivity of

UBC optics.

T
1

Maximum decenter without tilt : 86336 um
Maximum tilt without decenter : £20.745 prad or £4.279s@c
Sensitivity of tilt : 4820.4 mm/rad = 23.37 um /&ec

Sensitivity of decenter : 2.75 pm/um

In reality all UBC optics have three actuators to control translation on-thésZ

and rdation about X and Y, but thesannot controthe translation of the X and Y axes

and rotation about the Z axis. For those flat mirrors, these limitations do not affect the
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figure of merit, but the elliptical mirror does. In developing the mechanicaltsteuof

the UBC system, the mount of the elliptical mirror was given 0.002 inches of tolerance
for its position. It could introduce £50.8 pum and +£0.01078° of tolerance in translation
along the x and y directions and rotation about the z axis.

From the andysis we find that the results are much tighter than were expected
from a geometric optics point of view. We would have expected those numbers to be
around a few milimeters and a few degrees. Now, using the symmetrical structure of the
UBC system, all it mirrors can be used as compensators. Wherever one spot moves in
the image plane, the other side flat mirror can correct for two overlapping spots in some
range, which depends on the resolution of the deteByousing the overlapping process
the toleraces can be loosened without any limitation, It alignment simulation can
be used to define how much the tolerances cdnds=ned More detail of the alignment
simulation will be described later, but from the iterative alignment simulation we could
increase the tolerance values by 1.8 mm in translation and 5@@acd in rotation,
which is 50 times more in translation and 250 times more in rotation than the above
tolerance resultSinceonly some of optical elemengse used for the alignmeptocess,
we cannot increase the tolerances for all optics.

Table2.2: Tolerance of rough alignment of UBC optics

Element X(um) Y(um) Z(um) X-tilt (arc-sec) Y-tilt (arc-sec) Z-tilt (arc-sec)
Left Ellipse +50.8 508 +1818 +518.5 +518.5 +38.8
Left Pupil - - +1818 +518.5 +518.5 -

Left Roof - - +1818 +518.5 +518.5 -
Right Ellipse +50.8 +50.8 +1818 +518.5 +518.5 +38.8
Right Pupil - - +1818 +518.5 +518.5 -

Right Roof - - +1818 +518.5 +518.5 -
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The tolerances in anslation are not so tight for rough alignment, but the rotations are a
little too tight to make with a normal protractor. Thus, the alignments for rotation about
the x and y axes require the use of a more precise tool, pencil beam alignment tool, which
will be described in Chapter 3.

Based on the tolerancing result, we can estimate the expected performance with
alignment simulation. In the simulation, random numbers between the minimum and
maximum values in Table 2.2 are generated, and one of the raofrsnis adjusted to
overlap two spots together. The allowable overlapping distance between two spot centers
is about 30 um, which is 15% of the spot size. This is acceptable for use if we use the
value of 5~6 pm to represent the pixel size of the cameitzeimmage plane. Figure 2.8
shows one of the results of overlapping two spots from the random perturbation. Thus,
with only the overlapping process we can obtain a Strehl ratio of about .8, but the
overlapped spot is displaced 9 mm from the center and tilisd fringe pattern which is

abnormal and might affect system performance reducing.
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Figure 2.8: Overlapping process simulation: one of the roof mirrors changes own angles
to overlap two spots. This@cess can be carried out after random perturbation between
maximum and minimum tolerances are generated from Table 2.2. (Left) Strehl ratio of
overlapped spot, (Center) Fringe pattern has a small tilt, and (Right) the overlapped spot
is displaced from cdar.

Figure 2.9 shows the results of 201 alignment simulations after overlapping process for
the random perturbations, based on the tolerance of rough alignment. This demonstrates
that from any perturbation in the tolerance range, the only overlappinggsrocight

make the Strehl ratio from 0.2 to 0.95.
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201 of Simulations (Mean: 0.55, STD: 0.20)
30 T T T T T T T T T

# of simulation

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Strehl Ratio

Figure 2.9: Alignment simulation for overlapping after perturbation based on tolerance
for rough alignment. One of the roof mirrors is adjusted to overlap gpots. The
average Strehl Ratio is .55 with .2 of sigma.

Figure 2.10 shows that the overlapped spots are offset from the ddmerffset causes

the violation of Sine condition, and it will reduce performance at the wide field angles.

In practicedur ng t he ali gnment process, we donoét
image plane is, and we can guess the spot will be some offset ranges based on simulation
results, as shown in Figure 2.10.the alignment simulation in section 2.4.4e find

beg position process is described for approaching the center of the image plane.



58

201 of Simulations (Mean: 13655.93 um, STD: 6787.62 um)
35 T T T T T T

# of simulation

0 0.5 1 15 2 2.5 3 35

Distance [ mm] % 10°

Figure2.10: The overlapped spot might be located around 14 mm away from the center
of the image plane.

As the result of alignent simulation, we can understand how much of the Strehl Ratio

we can obtain and how far the spot will be displaced from the center of the image plane.

2.4.4 Tolerancing for fine alignment

With the results obtained from tolerancing of the rough alignment weficdnsome

range of allowable perturbation for each optic and obtain at least two overlapping spots
and some evidence of fringe pattern. The alignment in the range of the tolerance from the
geometric optics point of view indicates that every optic hasagt Itheir right positions

within a few millimeters and at right angles to within a small range of degrees.
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Tolerancing for the fine alignment can give the maximum allowable motions required for
final performance after the alignment is done.

The tolerancig process usually performs many iterations and optimizations in
order to obtain the best possible result, and even the same optical system can produce
different results depending on the person who executes the planning and tolerancing. The
methodology oftie tolerancing process can vary and is also dependent on the system to
be analyzed. More recently, most engineers have begun using optical ray tracing
programs such as Zemax, Code V, and Oslo, as they provide very powerful analytical
abilities for use on mtical systems for tolerancing while providing statistical results. In
this section, four different approaches are demonstrated to show various methods of
tolerancing UBC systems, and also describe how the alignment can be processed through

the useof alignment simulation.

2.4.4.1 Maximum allowable perturbation without any compensation

This method operates under the assumption that each perturbation does not affect the
others. The total figure of merit, then, can be found using the Root Sum Square (RSS)
method. Foexample, if one of the optics moves slowly in tilt or translation motion while
measuring the total figure of merit (called scanning method) we can define its merit
function by representing quantitatively the performance change with respect to the
specific motion. Figure 2.11 shows one example in which a Left Elliptical mirror rotates
about the x axis from:0.25 aresecond to 0.25 arsecond. The Strehl ratio here is

changing from 93.5% to 99.8% in the range of motibime blue line shows the results
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from a Zemax simulation for motion scanning, while the green line is from a-Gitixg
process in MatlabUsing the same method, other optics can also obtain their own merit
functions for each perturbation. Figure 2.12 shows the perturbation of each opiisin

and the various parameters and calculations in columns. The first two columns are optical
elements and their motions for only the left side, since the UBC system is symmetrical.
The third column is unit for each motion. The fourth column is the ftamsed to obtain

the merit function of the specific motion, and Gaussian equations are used except the
rotation about &axis of the left elliptical mirror. Even though the left elliptical mirror has
off-axis optical axis, the assumption that this mirratates about own axis is applied.

The next three columns are the coefficients for the merit functions defined by the curve
fitting shown in Figure 2.11. The eighth column, the column name 'Tol', presents the
tolerance of each optic in aseconds and micrmeters, for tilt or piston motion

respectively. As each value in this column is changed separately, each Strehl ratio, named

060SR6 in eleventh col umn, i s cal catommmed with e
isthe Strehlratio n nomi nad 6 viah uetentwiBRcol umn i s the dif
and 0SRO, and RSS of the O6SRAdO6 col umn gi ves

perturbation by each tolerance. In Figure 2.12 the RSS value is 0.0198, or the Strehl ratio
is 98.02% oraxis. In the last columthe sensitivity can be obtained by the derivative of
the merit function at the tolerance value 1in

might not want any motion too high value which is too sensitive to align.
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Motion of Left_Ellipse in X tilt
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Figure2.11: Left elliptical mirror rotates from0.25 to 0.25 arseconds about theaxis.

Optics Motion | Unit M/F al bl cl Tol TF SRd SR SRo Sensitivity
1 |Left_Elipse Trans¥X um al*exp(-((x-h1)/c1)"2) 09974 1.0740e-08 299796 | -2.4150 |[C] 00065 09910 09974 -0.0027
7 |Left Elipse Trans¥ um at *exp(-{(x-b1)ic1 1*2) 08847 02184 118802 | -0.8658 00079 08865 09944 -0.0092
3 |Left_Elipse TransZ um al*exp(-((x-h1)fc1)"2) 09944 1.47672-04 12734 | -0.0830 |[C] 0.0042 09902 09944 -0.0310
4 |Left_Elipse  Tikx arc-sec  al*exp(-{(x-b1)/c1)"2) 09949 00175 09457 | -0.0189 |[7] -33647e-.. 09949 0.9946 0m7s
5 |Left_Elipse TitY arc-sec  al*exp(-((x-b1)ic1)"2) 09974 25513e-13 24233 -0.2082 |[C] 00072 09902 09974 -0.0349
6 |Left_Elipse TitZ arc-sec  al*x + bl -1.4522e17 0.9970 of -29221 | 0 089970 08970 a
7 |Left_Pupil TransZ um al*exp(-((x-b1)/c1)"2) 09944 -6B580e-05 12696 | -0.0830 |[C] 0.0042 09902 09944 -0.0310
8 |Left_Pupil Titt arc-sec  al*exp(-((x-b1)/c1)"2) 09962 00303 23583 ) -0.1540 |[C] 00086 09864 09950 -0.0561
0 |Left Pupil  TitY arc-sec  al*exp(-((x-b1)ic1 1*2) 08874 3885612 34051 | -0.2840 [ 00088 08905 09974 -0.0243
10 |Left_Roof TransZ um al*exp(-((x-h1)/c1)"2) 09946 00014 16433 -0.1307 |[C] 00061 09885 09946 -0.0469
11 |Left_Roof Tittx arc-sec  al*exp(-((x-b1)ic1)"2) 09936 01253 39587 02235 || -38560e-.. 08950 09945 0.0017
12 |Left_Roof Titty arc-sec  al*exp(-((x-b1)c1)"2) 09975 22538:-09 81550 -06520 |1 0.0064 093911 089975 -0.0097
13 |RSS 0 a 0 o |1 0.0198 i} 0 a

Figure 2.12: The merit functions are obtained from the scanning method in which one
optical element gdually changes motion while measuring the figure of merit. As
changing each tolerancing value, 60Tol 6, th
each merit function. RSS of the difference
value, SRO, canige an expected degraded value, as shown in the red rectangle. In the
sensitivity column the values are calculated by obtaining the derivative of the merit
function at the tolerance value in 6Tol 6 c
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The UBC system tolerance process for all optigsaisied out using this method, and the
plot for each perturbation can be found in Appendix A. Since most merit functions are
fitted by the Gaussian function except the Left Ellipse Tilt Z, the sensitivity in which the
slope of the curve is less in small mom and more in large motion. Tabl2.3 and 2.4
showthe maximum allowable motion and sensitivity without opposite side compensation.
Without compensating for the other elements, the tolerance of the UBC system is very
tight, and the alignment proceduneeds to be prepared in ldban aresecond and
micro-meter increments. The blank cells in the table have no effect on the figure of merit.

Table2.3: Tolerance of the UBC system without compensator.
Units are um for translation and ageconds for tilt motion.

Element X-Trans Y-Trans Z-Trans X-tilt Y -tilt Z-tilt
Ellipse +2.4150 -0.8658 ~1.21 + 0.083 + 0.0189 + 0.2062 +2.9221
Pupil + 0.083 -0.1540~0.2840 + 0.2810

Roof + 0.1307 +0.2235 + 0.6520

Table2.4: Sensitivity of the UBC system without compensator.
Units are um per motion for translation and-seconds for tiltnotion.

Element X-Trans Y-Trans Z-Trans X-tilt Y -tilt Z-tilt
Ellipse 0.0027 0.0092 0.051 0.0178 0.0349 0

Pupil 0.051 0.0561 0.0243

Roof 0.0469 0.0017 0.0097

For the purposes of using the scanning method, repetitively entering long dedfoinaals
wide range of increasing or decreasing processes takes an excruciatingly long time.
Matlab software can control Zemax through a builDDE (Dynamic Data Exchange)
server such that Matlab script is programed for automatic processing. This procassing

be optimized through the simulation of alignment processes for perturbation or sequential
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correcting modes. This processing can save time, and also produceslabpsegtical

systems for simulating the automatic alignment process.

2.4.4.2 Maximum allowableperturbation with compensation

As mentioned earlier all optical elements in a UBC system have three actuators to control
rotations and translations. The FPC pupil mirror has three PZT actuators to cottiol tip

and piston motion in high speed, while BBC pupil mirror has both a PZT actuator and

a step motor also for tiplt and wide range of motion. Since the LBTI system is operated

at low temperatures and in a vacuum state, it is not possible to access all optical elements
by hand during system omion. Only the pupil mirrors can be controlled remotely for
rotation about X and Y and translation to Z direction. Thus, during the tolerancing
process the pupil mirror can be a good compensator for perturbation caused by other
optics.

In order to obtainthe merit function for this tolerancing process, the scanning
method is also used for optimization. As shown in Figure 2.13, the roof or elliptical
mirror increases perturbation from the nominal value, and the rotation and translation of
the pupil mirror & used to optimize for higher Strehl ratio. During increments of the
perturbation measurements of the figure of merit is taken and recorded to create merit
functions. The merit functions are similar to the functions in previous section, but they
have a mah slower slope due to compensating with the pupil mirror, as shown in Figure

2.14.
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Figure2.13: In the UBC optics, the roof mirror and elliptical mirror make perturbations,

and the pupil mirror correctbe error caused by those perturbations.
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Figure2.14: The left elliptical mirror rotates fror5000 to 5000 arseconds about-axis.
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Since most merit functions fit within the Gaussian function, the seitgitof each

perturbation depends on the tolerance of e

the small range around the nominal value, sensitivity is very low because the tangential
line (derivative of Gaussian curve around nominal value) haswva slope. Thus the

tolerance values (06Tol 6, in Figure 2.15)

sensitivity values are equalized with similar numbers, as the person doing the aligning
does not want too high a sensitivity. Figure 2.15 and Figure &ré6produced for

negative and positiveolerancegespectively using the same medis as in the previous

section.
Optics Motion | Unit M/F al bl cl Tol TF SRd SR SRo Sensitivity
| 1 |LefiElipse TransX um al®exp(-((x-b1)/c1 2} 0.9949 202054 6.3729...-2.5698.. [ 0.0M6 08933 08949  1.2688e-08
2 |LeftElipse TransY um at*exp(-((x-b1)ic1y'2) 0.9908 168.3252 2.2900.. -560.02.. [[] 9.4749c-04 09898 09907 27472e06
| 3 |LefElipse TransZ um at*exp(-({x-b1)/c1 '2) 0.9967 10.5324 2.5194... -328.65.. [ 0.0179 0.5738 0.9967  1.0462e-04
| 4 |LeftElipse TitX  arc-sec  alexp(-((x-b1)ct}2) 0.9890 496750 47085.. -259333 [0] 1.4484e04 09387 09389  6.7400e-08
| 5 |LefiElipse Tity  arcsec  alexp(-(0bilicip2) 0.9928 02739 9.0596..-122.18.. [O] 17977e-04 08926 08928 2.9439¢-06
6 |LeftElipse TitZ  arcsec al®x b1 6.05926-19 0.9994 0-287.24.. [[] 22204e-. 09994 0.9994 0
| 7 |LeftRoof Transz um at*exp(-((x-b1)ic1 12) 0.9939 0.8338 1.3862... -202.42... 2199504 0.9935 0.9939  2.1540e-06
| 8 |LefiRoof TitX  arcsec al%x+bi 3.4253e-07 0.9339 0-132.01.. [[] 45527e-05 09339 09339  3.4253e07
9 |LeftRoof Tty  arcsec alx b _5.4969e-09 0.9925 0-958.79.. [] 62291e-. 08925 08925 -6.4969e09
| 10 |mss 0 0 0-1.0000.. [ 0.0180 0 0 0

Figure2.15: Tolerance and sensitivity analysis for negative motion. Tolerance of each

. : : A : S A .
optic i s adjusted separat@bynomi@eqlal 0OB5KROS &8¢
with tolerangeiwvalthe, dand et 8Rce bet ween t
applied values.
Optics Motion | Unit M/F al bl cl Tol TF SRd SR SRo Sensitivity

1 |Left_Elipse TransX um a1*exp(-((x-b1)c1 '2) 0.9949 202054 63729 35574 [0 0.0031 08918 09949 -1.7276e-06
TLeﬂ_Euipse Trans¥ um a1 *exp(-((x-b1 el *2) 0.9%08 1683252 2.2000.. 8256365 || 7618304 09900 09907 -24798e-06
| 3 |Lefi_Elipse TransZ um at*exp(-([x-b1)ic1 }'2) 0.9957 105324 25194, 2484370 [ 0.0088 08879 0.0967 -7.4058e-05
ILeﬂ_Ellipse Tiltx arc-sec  al®exp(-((x-b1)c1)'2) 0.9890 49,6759 4.7096.. 321.3445 [ 0.0032 08857 09389 -24146e-05

5 |Left_Elipse Tity arc-sec  al*exp(-((x-b1yc1 P'2) 0.9928 -0.2739 9.0596.. 177.5528 [| 3.8243e-04 09924 0.9928 -4.3004e-06
TLeﬂ_EIIipse TiltZ arc-sec  al*x+bi -5.0592e-19 0.9594 0 58402 [O] 35527e-15 00994 00904 0
ILeﬂ_Ruuf TrangZ  um a1%exp(-((x-b1)ec11'2) 0.9939 0.8338 1.3862.. 682.3015 0.0025 09914 09939 -7.2390e-06

§ |Left_Roof Tiltx arc-sec  al®x+bl 3.4253e-07 0.9889% 0 21204.. [[] -7.2630e-.. 0.98096 0.9330 3.4253e-07
TLeﬂ_Ruuf Tty arc-sec  al*x+b1 -5.455%e-09 0.9925 0 57300.. I:‘ 37227e-05 0.5524 09925 -5.495%e-09
| 10 |rss 0 0 0 10000.. [ 00102 0 0 0

Figure2.16: Tolerance and sensitivity analysis for positive motion.
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Based on two Figure 2.15 (negative tolerance minima) and Figure 2.16 (positive

tolerance maxima), the maximum and minimum allowable tolerance of each optic can be

obtained and summarized, as in Taldldsand 2.6.

Table2.5: Tolerance with compensator. Unit: translation in pm and rotation isearc

Element X Y Z X tilt Y tilt Z tilt
Ellipse -2570~3557 -560~825 -328~248 -25.9~-321 -122~177 -287~5842
Puwpil

Roof -202~682 -132~2120 -958~5730

Table2.6: Sensitivity with compensator. The most sensitive optical element is the

EI'l i ptical mirrords Z transl asec)on and
Element X Y Z X tilt Y tilt Z tilt
Ellipse -1.7~1.2 -2.47~2.74  -74~104 -24.1~6.74  -4.3~2.94

Pupil

Roof -7.24~2.16  0.34 0.0065

2.4.4.3 Statistic tolerancing without compensator

The previous two methods take the assumption that each peduarisanot related to the
others, but the reality is that they are. Sometimes a combination of multiple perturbations
can make better performance than in single perturbation. This can be possible when one

perturbation is corrected by the other perturbai@uch that the overall performance can

X

be improved. This kind of situation is very difficult and takes very long time to simulate.

For this kind of problem ray tracing programs assist with the tolerancing process with
regard to statistical methodologyhdy usually use Monte Carlos simulation which
makes use of random motion in each optical element and gives statistical results. Figure

2.17 is the result of tolerancing process without any compensation. The tolerance data

t
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represents the possible perturbatof each optic within required performance parameters.
As shown in Figure 2.17, no optics can induce more than-$emand or 1 microneter

of motion, and the tightest optics are theilof left and right side elliptical mirrors. In
Figure 2.18, a Istogram shows that 27% of simulations include satisfying criterion, and
49% of simulations include 96.4% of Strehl ratios. The sensitivity of each optic can be

found by tderancing in the Zemax program.

Optics Mation Min Tolerance Min Sensitivity | Max Tolerance Mazx Sensitivity
Left_Elipse Posk -1 0.o0mz2 1 nomza2
Left_Elipse Pos -0.:5000 0.0035 1 0.00&5
Left_Elipse Posd -0.1250 0.0101 01250 0.0101

—
Left_Elipse Tilt -0.0825 0.0043 0.0625 0.0093
Left Ellipse Titt"y’ -0.2500 00112 0.2:300 0.0112
—
Left_Ellipse TittZ -1.0000 5.7362e-12 1.0000 ¥.6276e-12
Left_Pupil Posd -0.1230 0.0102 01230 0.0102
I
Left_Pupil Tilt X -0.1250 0.00v2 0.2500 0.00a7
Left_Pupil Tilty -0.2500 0.0056 0.2500 0.0056
Left_Roof PosZ -0.1230 0.00av 0.1250 0.0080
Left_Roof Tittx -0.5000 0.0080 0.2:300 0.007a
Left_Roof Tilt™ -0.:5000 0.0039 0.5000 0.0039
Right_Ellipse Posi -1 0.0mz2 1 nomaz2
Right_Ellipse PosY -1 0.00&85 0.5000 0.0033
Right_Elipse  PosZ -0.1230 001 01250 0.01M
Right_Ellipse  Tiltx -0.0625 0.0093 0.0625 0.0043
Right_Ellipse  TittY' -0.2500 00112 0.2:300 0.0112
I
Right_Ellipse TitZ -1.0000 3.8465e-12 1.0000 5.9053e-12
Right_Roof Posd -0.1250 0.0087 01250 0.0090
Right_Roof Tilt -0.2500 0.007E 0.5000 0.0090
Right_Roof Titt -0.5000 0.0038 0.5000 0.0039
Right_Pupil PosZ -0.1230 0.0102 0.1250 0.0102
I
Right_Pupil Tilt -0.2500 0.0097 01230 o.oovz
Right_Pupil Tt -0.2500 0.0056 0.2300 0.0056

Figure2.17: Statistical tolerance and sensitivity analysis without compensator.
Translation to Z of both sides elliptical and pupil mirrors, and tilt about Y of both sides
elliptical mirrors are of a higher sensitivity than other elements.
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Histogram of 100 Trials

Number of Trial
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Strehl ratio

Figure2.18: Statistical result for tolerance and sensitivity analysis.
2.4.4.4 Statistic tolerancing with compensator

As a more realistic tolerancing process for a UBC system, the same method in the
previous step is accompad by optimization of the right pupil mirror. The result, as
demonstrated in Figure 2.19, also shows that the most sensitive motions are tilt and

translation of both side elliptical mirrors. Theaxis of tilt of the left roof mirror is also

sensitive orpositive motion.



Optics Motion | Min Tol. Min Sen. Max Tol. Max Sen.
Left_Elipse  Trans_X 416 -48338e-05 16 -47770e-05
Left_Elipse  Trans_Y B 4 -1.3951e-04
Left_Elipse  Trans_Z -4 4  -5503%9e-05
Left_Elipse  Tit_x -1 00125 02500  1.5214e-04
Left_Elipse  Tit_Y -2 -45B87e-05 2 -4.3954e-05
Left_Elipse  Tit_Z A6 -4 9B58e-05 16 -4.9105e-05
Left_Pupi Trans_Z -0.2500 0.0031 4 0.0073
Left_Pupi Titt_ 2 00406 2
Left_Pupi Titt_ -2 -4.8076e-05 2 -4.8743e-05
Left Roof Trans_Z -4 -1.1415e-04 4 3.3144e-05
Left_Roof Titt_ A -1.3349e-04 1 3.54942-05
Left_Roof Titt_ -8 -46306e-05 B -4.7024e-05
Right_Elipse  Trans_X A6 -4.7529e-05 16 -48873e-05
Right_Elipse  Trans_¥ 16 0.0026 2 1.2221e-D4
Right_Flipse  Trans_Z -2 -32696e-05 4
Right_Ellipse  Tit_x -2 0.0085 2 0.0061
Right_Elipse  Tit_Y 4 -4 96BEe-05 2 -4.8488e-05
Right_Ellipse  Tit_Z 16  -47737e-05 16 -4.9055e-05
Right_Roof Trans_Z -4 -9.8009e-05 4  2.2664e-0B
Right_Roof Titt_ -1 4 5795e-04 1 0.0030
Right_Roof Titt_* B -4T7164e-05 8  -4.9352e-05
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Figure2.19: Statistical tolerance and sensitivity analysis with compensator. Left and right
elliptical mirrors have sensitive motions on tilt and translation. The red rectangles mark
the most sensitive motions. Units are pum for tolerance, Strehl ratio per um for sensitivity,

and aresec for tilt.
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The tolerances of each optic in the analysis with compensation have larger ranges than
those without compensators, and also the sensBvdre looser except in some of the
motions. Thus, the tolerance result shown in Figure 2.20 shows that more than 20% of

trials obtaine®9.38% and more than 50% of trials ha®&34% of Strehl ratio.

Histogram of 500 Trials
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Figure2.20: Statistical result for tolerance and sensitivity analysis.eMban 20% of
trials obtained 9.38% andmore than 50% of trials havé.84% of Strehl ratio.

2.4.4.5 Alignment simulation

So far, the tolerance and sensitivity analyses in this chapter leavedarried out using
the scanning method and the statistical method. Tolerance values have proven much
looser with compensators. Now, after each optic are placed in the tolerance range and the

alignment is processed, the performance is probably cloke fogtire of merit. However,
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there are often cases in which the tolerance values are too small to find equipment precise
enough to measure the exact value. Usually in fine alignment the interferometer is used
for very high precision alignment. The LBTI & interferometric system in which the
interference result can be used during the fine alignment.

As shown in Figure 2.8 earlier, the LBTI has a fringe pattern with a Sinc function
envelope, and this fringe shape is changed by misalignment. By charagtérzimotion
of each optic, we can find which specific motion of each optic can be used to generate
any specific fringe pattern. Each characterization of optics motion can be found in

Appendix B, and one of example is shown in Figure 2.21.

PosX Paosy PosZ Tiltx Tilty TiltZ
LEFT_ELLIPSE 0 ] ] ] 100.0000 ]
LEFT_PUPIL 0 ] -0.2851 0 0 0
LEFT_ROOF a -9 u] -0.3293 -336.3964 1]
RIGHT_ELLIPZE 0 ] ] 0 0 I
RIGHT_PUPIL 0 ] 0 0 0 a0
RIGHT_ROOF 0 9 ] 0 0 I
Cross Section of PSF LBT PSF (angle: 87.88 degree)
1
il
0.8 “ ; \“\
0.7 ““‘ I « \\
0.6 3“‘ \‘\
E 0.5 “‘ ) \ ‘\‘
ik
aNiin
AIINE
0.1 /s ‘\\
ZA AW

-200 -100 [0] 100 200 20 40 60 80 100 120
Huygens PSF: 0.987000

Figure2.21: Characterization for changing the angle of fringe pattern. Left elliptical
mirror changes its angle aboutyis with compensation of the roof mirror in the same
side.



72

The top table shows that, fromethominal design setup, the left elliptical mirror changes
angle by 100 arsec about yaxis in which the spot from the left path will be shifted on

the image plane, and the left roof mirror uses tilt about x and y axes to again overlap two
spots. At thigime there is a small phase difference introduced due to these motions, and
the left pupil mirror moves backward to correct for this phase difference. In this case, the
tilt about the yaxis of the roof mirror is the most dominant compensation. Thus by
measuring the spot positions from each side, any optics can be used for the overlapping
process, and the cross section of PSF in the left bottom can help the phase correction with
the peaks of two side lobes. By observation of the fringe pattern in the bajtdpmote

that the angle of fringe pattern has changed from 90°to 87.88° The angle of the fringe
pattern can be measured using image processing in the Matlab program. The
characterizations of other optics can be found in Appendix B, and based on these

characterizations the alignment simulation can be processed as follows:

1. Before starting the simulation, Zemax and Matlab need to be initialized to setup
the same environment every time.

2. Make random erturbatiors of each optic in the range between mimmand
maximum tolerance values as shown in Table 2.2 for the rough alignment.

3. Any one of flat mirrors can basedto overlap two spots, but the overlapping
processs muchsimple using the roof mirrothan with otherss the roof mirrors
are located clgestto the image plane. This process is already shown in section
2 4.3 for rough alignmenttatistically the Strehl ratio is 0.55 of average with a
standard deviation of 0.2 as shown in Figu@ 2.

4. After overlapping two spots, in the many cases thenbtagio is about 0.5, or
there is some evidence of a fringe pattern. This is a starting point to use to identify
the characteristics of the fringe pattern. From the result of the sensitivity analysis
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in Figure 2.19, the most sensitive motions are trainsland rotation of the
elliptical mirrors. Both actions can be considered a starting point, but the rotation
in arcsec unit is much harder to handle than translation in um units.

Since the most sensitive motion of the optical elemenitrazslation othe

elliptical mirror, the correcting misalignment of the motion can increase Strehl
ratio effectively. The following simulation is processed using thramzslation of
both side elliptical mirrors. In each motion the elliptical mirror moves forward by
a200 pm step followed by an overlapping process in which one of the roof
mirrors changes its angle to overlap two spots, with phase correction. This is
continuously processed until the Strehl ratio reaches maximum. This process
might move both elliptical miors back and forth to find the maximum Strehl
ratio. After completing this process in both sidesstatistical simulation the

Strehl ratio is 0.97 of average and 0.04 of standard devidtimnresuls of this
simulationare shown in Appendix B. Figu&22 is an examplef a simulation

after optimizatiorusingthe elliptical mirrorsThe Strehl ratio is 0.973vhich is

close enough tthefigure of merit (SR> 0.98), but visually the fringe pattern is a
little tilted which is not normal. This tiltedifige angle can be correctbyl
combination of the elliptical mirror and roof mirror motions as described in
characterization of UBC opticbés motion

Cross Section of PSF LBT PSF (angle: -78.69 degree)
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b
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Huygens PSF: 0.973000
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1
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|

|

Figure2.22: Optimization result with z traslation of the elliptical mirror. The angle of
fringe pattern is not corrected yet.
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5. Correct fringe angle

In order to correct the angle of the fringe pattern, the combination of the tilt about
y-axis of one side elliptical mirror and the same side noiofor can be used. This
process needs to be done in positive and negative angles for both sides until the
angle of the fringe pattern is closest to 90° Figure 2.23 shows the result after
correcting the fringe angle. The statistical result shows thatviikage Strehl

ratio is 0.95 with 0.04 of standard deviation in Appendix B. The Strehl ratio is
reduced a little, but it will be corrected after correction of theagf$ Strehl ratio.

Cross Section of PSF LBT PSF (angle: 89.66 degree)
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Figure2.23: The amle of fringe pattern is corrected by the tilt about thexis with the
left roof mirror. This process needs to be done on both sides.

So far each step of the alignment procedure has been processed based-on the on
axis figure of merit. But the actual figeiof merit is 98% of Strehl ratio eaxis as

we l | as 74% Strehl ratio with a 200 field
in four field angles after correction tfefringe angles. The eaxis Strehl ratio is
96.8%, but the Strehl ratiosinottfei el d angles (N180 in x and

low. These low values might be caused by incomplete alignment.
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Figure2.24: Intensity profile of PSF in the->and y axis. The center plot represents on
axis field, and rest of four plots are the intensity profile in theas#s of +18 arsec. In
the onaxis Strehl ratio is close to the-amis figure of merit after taking the previous two
steps, but offaxis results are significantly further from the figuof merit (more than 74%

6. Bestpositioning processing

at

N200o)

Until now the alignment procedure has been simulated without consideration of

the exact position of the center of the image plane. In practice, when the optical
axis is folded many times as UBC configuration, the center position on the

image plane might be very difficult to find. The best position might be in the

center of the image plane due to other perturbations. Thus, one needs to search for
that position manually. Figure 2.25 showstttee overlapped spot moves 9
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positions around the current position when measuring Strehl ratios in the field
angles. If one of the field angles has the highest Strehl ratio, the overlapped spot
moves to that position (position 3 in Figure 2.25). The naiten of this

procedure with several movements of small distances will make for an
increasingly better positioning result.

L Jo

5

Figure2.25: Searching for the best place for an optimal Strehl ratio. The pyperdispot
moves 9 different positions while measuring Strehl ratio, and moves to the best position
(position 3). Another 9 different positions with smaller ranges are evaluated to help better
calibrate the ideal position, and the overlapped spot will theve to an even better

position (position 5). This procedure can help find higher and higher Strehl ratios in the
field angles.
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Figure2.26: Intensity profile of PSF in the-xand y axis. The peaks iaff-axis intensity
profiles are shifted from the centers. The peak values are also different.

7. Correctng peak shiftsn field angles

Figure 2.26 is one result of bgsbsitioning processing, and it shows that the

Strehl ratios in the four offixes anlgs are more than 0.6. However, the peaks in
the field angles are shifted from the center (Not symmetric fringe shape) and have
different peak values in-and y axis. In this step the shifted peaks are corrected

by an overlapping process that involves thtations of one elliptical mirror and

the same side roof mirror. This process can shift the peaks in different directions.
For example, if after rotating about thexis of the elliptical mirror, you then

perform the overlapping process with the sarde soof mirror, the peak on the
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positive yfield is shifted to the right while the peak in the negaypfeeld is
shifted to the left.

Figure 2.27 shows one result of this process, the statistical result of which can be
found in Appendix B. After 201 sialations, the average @xis Strehl ratio is

0.95, with a standard deviation of 0.04. Averageaxif Strehl ratio is 0.81 with

a standard deviation of 0.04.
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Figure2.27: Intensity profile of PSF in #hx- and y axis. The Strehl ratios in the four
off-axes angles are more than 74 percent.
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8. Balanang Strehl ratio in field angles

From the previous step, the peaks can be shifted toward the center or symmetric
fringe shape, but the values are differemtdand y axis. As shown ifFigure

2.27,the Strehl ratios ithetop and bottonplotsdemonstrate a3percent

difference This might be corrected with two roof mirror motions, much like

action performed fothe bes{positioning procesas described in gbe6. At this

time the overlapped spot will move just around the current position in small steps
in an x or y direction. Figure 2.28 shows one result of this process, and also shows
how the figure of merit can be achieved. The statistical result is afopendix

B, and the average axis Strehl ratio is 97 percent. More than 54.7 percent of
onraxis simulations reached 98.2% of Strehl ratio, and the averaggisfStrehl

ratio was 84 percent with a standard deviation of 4 percent. The overlapped spot
position is located 14 mm away from the center, as shown in Appendix B.
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Figure2.28: Intensity profiles after balancing peak values-4mamxd yaxis. The Strehl
ratio is more than 98 percent in theaxisfield angle and 83 percent in the-affis field
angle.
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The alignment simulation begins with the rough alignment in Table 2.2, and the fine

alignment uses the fringe shape orandoffa x i s Strehl ratios to corr
deviations from the nomal values using various combinations of motions. Thus, if the

tolerance values of Table 2.2 are compared to the values from the tolerance analysis for

the fine alignment, the actual tolerance can be much looser. However, in the alignment
simulation some fothe optical elements are not used, and the overall performance after

correction depends on the tolerance of those elements. Taad®&vs which elements

are used or not wused in the alignment si mul at

tolerances are narrowed the performance can be increased.

Table2.7: 6xb6s are not ubsse dar & oot aa fef aucsteadd iam da l0i
simulation.

Element X Y Z X-tilt Y -tilt Z-tilt
Left Ellipse X X o] o] o] X
Left Pupil - - o] X X -
Left Roof - - X o] 0 -
Right Ellipse X X o] X 0 X
Right Pupil - - X X X -
Right Roof - - X o] 0 -

2.4.4.6 Summary

The alignment plan and tools can be prepared based on the tolerance and sensitivity
analysis for the alignment prase For the UBC system, some tools for which resolutions
are a few millimeters or less than a few degrees can be used for the rough alignment. The

fringe information can be used directly for the fine alignment. By characterizing the
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motion of each optic, @&/can identify which motion can be used to correct a specific error

or deviation. The alignment simulation can be preedsy sequential corrections.

2.5 Sine Condition

Previously the results of tolerance and sensitivity analysis were based on-aes on
status, but the offixis state also needs to be considered. As the LBTI system implements
a satisfactory Sine condition, Coma aberration from thexdif objects can be actually
corrected. This characteristic of LBTI design can provide Jojghlity Fizeau images at

or near the field angle, and can also give the opportunity to loosen tight tolerances for
off-axis objects. As shown in the optical layout in Figure 2.29, the Sine condition concept

is applied to the LBTI system.
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Qonceptual design

of Sine condition

UBC design

Figure2.29: LBTI system with Sine condition; complying with the Sine condition
provides a wider field angle and a good Fizeau image on the image plane.

2.5.1 Summary of Sine condition

The Sine condition was proposed by Abbe in 18/}, [and his theorem has since been
applied to many optical designs. In most optical imaging systems with finite conjugate
objects and image planes, the rays from the object traveling through any optical elements
to the image plane exhibit behavior which can beidiesd by the following the Eq. @.

[35],

€ Wi NE £ wi N (29

where subscripb orépresents the object white irepresents the image, y, andUstand

for index refraction, ray height, and ray angle, respelst
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In order to bring Coma to zero in the optical system, the ratios of ray heights in
object space and image space should be constant, and as per the paraxial ray concept, the
ratio of ray angles in object space to those in image space has the sastantcon
magnification, as described in Eq.1Q):

. . 0 ETQE |

we €1 O(?A)-EOm |— (210)
where6 o andoé i rppdesent the paraxial marginal ray in object space and image space.
In most telescope designs (Figure 2.30), we assumehbailject distance is infinite,

and the result of Eq. (B0) is converted to terms of focal length and ray height, using Eq.

211

08 I (2.11)

V f

Figure2.30: Most telescope designs have infintigiect distance and represent it in terms
focal length and ray height (aperture edge), or focal ratio.
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In the stellar interferometric system, complying with the Sine condition can allow the
system to have a wider field angle, for use in work such astoefexcplanets around a

distant star.

2.5.2 Zemax simulation

The criterion of LBT performance for the near field angle is 74 percent of Strehl ratio at

200, and in order to achieve that criterion,
the Sine Conditio such that a good Fizeau image can be obtained in a wide field angle,

as shown in Figure 2.31. Across the field angle the Strehl ratio decreases frorafie on

to off-axis as shown in Figure 2.32 and Figure 2.33. Figure 2.33 shows the Strehl ratios
overthe field of view in x and yaxis in nominal design in which the focal ratio is 15.

The red line represents 74 percent of Strehl ratio, and the optical design shows that the
nominal design can be executed at rate that exceed the standard criterion_LBT the

system in a range of N 200.
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Figure231: LBTI Fi zeau i mages over near field
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Strehl Ratio ( White Line: 0.74)
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Figure2.32: Mapping Strehlratoawr a 200 X 200 field of view
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Figure233: St r ehll ratio over the field of view at

red line represents 74 percent of Strehl ratio

If the Sine condition cannot be presahdue to misalignment of any optical elements or
otherwise, system performance for field angles may be negatively affected. Any optic in

the LBT system could potentially be the element introducing perturbation that could
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cause the Sine condition to be at#d. Any primary mirror or other UBC optics having

optical power can produce other -aftis aberrations. In the simulation, since we only

want to see the effect from the violation of the Sine condition, we select two flat
mirrord one of the pupil mirrorand the roof mirror of the same sidein the UBC

system. This situation can be simulated by a Ray tracing program (Zemax) as shown in
Figure 2.34. Here, the left roof mirror changes its angle to shift the spot, and the left pupil
mirror is then adjusted twompensate for this spot ghithe combined use of two mirrors
introduces a change t o handfin BEqp2Ll €husatehisU, wh i
changing with changes id asf remains constant. We can imagine that the left primary

mirror is shifting due to a violation ¢fie Sine condition if there are no other aberrations.
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Left pupil mirror: |
|
Compensating the shifting spg
position ~ \ h
Left roof mirror:

Changing angle (0G)
violated Sine condition

Figure2.34: Sine condition is broken by changing the left roof mirror with compensating
of left pupil mirror for overlapping two spots at the imadgne.

The mathematical expression can be started using Efj. Phe focal ratio as shown in

Eq. 2.2 can be used to obtaimin Eq. 2.B.

. Q P
| Qe|“Q o0 (2.12)

0

co0m (2.13)

Q
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The focal ratio is related to the angle (¢
the left pupil mirror, as shown in Figure 2.34. The relationship can be found using the
simulation in he Zemax program. In Zemax, the roof mirror changes in angle-Gid6

degrees to +0.06 degrees while optimizing with overlapping process for maximizing
Strehl ratio. At the end of the simulation, the relationship between the changing angle of

the roof miror and the focal ratio variation has a linear relationship, as shown in Figure

2.35.

15.3¢ r
Simulation

15.25 Fit result /
15.2 /

15.15 /

15.1 /

15.05
/ Fi# =3522*% +15.06
15 //

14.95
/

Working F/#

14.9 //
14.85° J J s
-0.0 -0.04 -0.02 0 0.02 0.04 0.06

Left roof mirror Motion ( f) [Degree]

Figure 2.35: The left roof mirror angle changes frof06 degrees to 0.06 degrees with
compensation of the left pupiirror, and the focal ratio is measured.
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If a linear relation is expressed in Eq. @,Jp1andp2 can be found by linear fitting, and
thehinEq.(2.B) can be explained by a sdandlte n@lG),srror
as shown in Eq. (25).

‘amn apd  ne (2.14)

-
¢oNp3 1¢

(2.15)

The focal lengthinEq. (281 i s found when both the angle (0

both zerohis given as half of the baseline of the LBT system (Eq6j2.1

Q ¢QT NP3 ¢ (MG aa (2.16)

Finally, the shifting error (in terms of the ratio of the primary mirror diameter) can be
obtained by dividing by the diameter of the primary mirror, as shown in EQ)(2.1

-
¢oNpd ng

NQOPpnmb (2.17)

Figure 2.36- 38 show the results between 1% of primary mirror diameter shifts such
that the Sine condition cannot be preserved, and can introduce a 0.025 mm and 0.05 mm

optical path |l ength variation at 100 and 200
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Figure2.36: OPD changes when the primary mirror is shifted ingidey s at a 6
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Figure 2.39 shows the LBT PSF over 200 X 2
simulation. When compared to the results of the nominal WéEigure 2.31) at 1% of

the primary shift (Figure 2.39), the differences in the optical path are longer than nominal
design in the 200 field angle. | f we con
wavelength/5 of optical path difference is acceptableacceptable errors of the primary

shift can be derived from similar simulations, as shown in Tabes 2.

Table2.8: The acceptable primary mirror shifts% of diametef or t he cri teri o
of optical path difference are dependent on the field angle as well as wavelength.

Field angles
Criteri
60 100 200
2 2um +0.05 % +0.03 % +0.02 %
js)
E 6um +0.15 % +0.09 % +0.05 %
(]
>
‘;“ 10um +0.26 % +0.15 % +0.08%

2.6 Condusion

Throughout this chapter the steps for the process by which tolerance and sensitivity
analysis are performed are outlined, as is the process for the design of an alignment plan
and tools. For a tight tolerance system, the alignment process can éendomiltiple

steps which include rough and fine alignment. In the rough alignment, the tolerance
values can be distributed across a few millimeters and a few degrees such that we can use
a simple meter stick or protractor to measure them. In the UBCspplie tolerance

values are about 1.8 millimeters and 500-seconds for translation and rotation,

respectively. The translation can be achieved with a meter stick, but the angles need to be
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measured with tool of higher resolution than a basic protratha.Zemax program can

be used to simulate to what level the performance of the device can be obtained after
performing a rough alignment, as per sectich3.For the fine alignment process, four
different general methods are used for tolerance anadsign section 2.4, but in
simulation the alignment can be processed with various information provided by the
interferometric result. The simulations are carried out over the course of about 200 trials,
and statistical results are obtained at each stepconclusion, the tolerance and
sensitivity analysis can be performed through various methods, and alignment simulation

can be used to verify the result of the alignment process.
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3 ALIGNMENT PROCEDURE AND TOOLS

Even if the optics used in the sgst were manufactured perfectly, poor assembly leaves

a large range of variance for the final system performance. For very tight tolerance
systems it can be difficult to reach the performance goal. Without an understanding of
proper alignment processes atmbls, the required system performance cannot be
guaranteed. Though the alignment process is usually straightforward when tolerance is
less tight, systems with a very tight tolerance, such as interferometers, require the
preparation of an alignment plandaaccess to the proper tools.

Using the tolerancing process and alignment simulation in the previous chapter,
we can predict what level of system performance can be obtained from the perturbation in
each step. With the tolerance at a few millimeters f@wahundreds of arseconds after
the rough alignment, we will obtain about a 55% Strehl ratio on average. After the fine
alignment process the system will reach the goal of the performance, in which the Strehl
ratio is 98% in oraxis and 74% in 20 arge®nds in offaxis at a wavelength of 2
microns.

For the rough alignment, meter sticks or protractors can be used to place each optic, but a
few hundreds of arseconds precision tolerances in UBC system are extremely difficult

to measure with a protractdro obtain a more precise measurement for the UBC optics,
more precise measurement tool should be used for the alternate method, such as a laser
tracker which provides a resolution in @&&cond unit. In the UBC system we have used
pencil beams and target¢hich indicate the center of the optics with a cross. For fine

alignment of the UBC optics, one can use LBTI fringe patterns and an artificial point
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source in visible and infrared coherent source. At the end of the alignment a broad band
white light sourceis used for phase correction caused by the optical path differences

between both optical pathways.

3.1 Alignment plan and tool for LBTI system

The LBTI system alignment plan can be broken down into three stages: internal UBC
alignment, Nulling Infrared Camerm@IC) or other camera system alignment with the
UBC system, and LBTI alignment to the telescope. The first and second stages are
carried out in a LBTI facility, and the third stage is conducted in the actual telescope
structure. The most important optiaignment process in this chapter is the focusing of

all optical elements within the UBC system, as the NIC system can be alignedligter

with a separate progrefkl].

The main job of the UBC system is to take two F/15 beams from both primary nbarrors
each camera port and combine them on the common focal plan to obtain a Fizeau image
or nulling interferometric imageThus, in the laboratory, the alignment process can be
started with a F/15 visible beams on the both sides when working under theoigsum

that the primary and secondary mirrors are well aligned already. In the UBC alignment
process we developed two simulation sources to imitate F/15 beams which can be used
for the alignment process and to measure system performance.

During the rough @jnment tolerancing process for only one side of the UBC system, the
maximum allowable perturbations for the elliptical mirror are 36.36 um of decenter

without tilt and 10.37 prad without decenter, but because of the symmetrical
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characteristic of the LBTIthe perturbation can be expanded to a few millimeters and a

few hundreds of arseconds with compensation of the flat mirrors. From a geometric

optics point of view, the range of tolerance can be measured by a meter stick or protractor,

but the narrowrame of t ol erance of UBC optics canno
alignment we prepare two visible laser sources and targets that indicate the center of each

optic as shown in Figure 3.1.

(a) Mask of elliptical mirror at DX (b) Mask of ellipticalmirror at SX

—

UBQ alignment tool

(c) Mask for Pupil mirrors

Figure3.1: Masks for UBC optics witthe center of each optic
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The rough alignment plan is carried out in 3 steps. In the first step, two visible lasers are
placed and aligned outside the UBC system (Figure 3.2) such that their beams intersect
the center of both focal plane wheels at the Gfegusing point. The diameters of the
beam size are approximately 4 mm and the holes of the focal plane wheel are about 1mm
diameter.

Thus we can estimate the deviation of the beam from the center of each target to be about

81 aresec. At this point we have yet to place any UBC optics.

Greg.Focus point

A

3809 mm

P

<
P
<«

alignment
lasers

Figure3.2 The initial UBC alignment wastarted with two visible laser alignments. Both
beams run parallel to each other.

In the second step, the UBC optics are placed in their approximate positions and angles,
as shown in Figure 3.3. Each optic is then adjusted such that both visible lassrdasa
propagate through each optic, cefttecenter, using the masks (Figure 3.1). The roof
mirrors are adjusted to allow the two pencil beams to overlap on the common focal plane.

The followings are estimated angle of error for each mirror.
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Figure3.3: The alignment lasers

In the third step, F/15 beams at both Greg. Bgooints are reimaged in the common
focal plane and overlapped. By adjusting roof mirror angles, the overlapped spot makes a
fringe pattern with a coherent source. The F/15 beam used in the rough alignment, called

a Telescope simulator, @escribed in fllowing section.

3.2 Telescope simulator

The F/15 beams are placed at the pencil beam positions in order to see the fringe pattern
produced as result of the rough alignment process, and that fringe pattern can be now

used for the fine alignment process, asudated in Chapter 2. In the fine alignment
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process, the tolerance is much tighter than in rough alignment. The perturbation of each
optic may be in micrometer or asecond units, which are difficult to measure using
mechanical tools or the simple visuarification of centering the beam on each optic.
But by using the UBC system itself, we can obtain a high enough resolution for the fine
alignment process. The telescope simulator imitates the LBT structure, such that the
simulation result will be a starbgervation. The requirements of thHegament tool are

listed below:

1 For both sides, an F/15 beam is focused at Greg. Focus point from outside UBC
system, and it is projected toward inside, such that the PSF at the Greg. Focus on
each side is reimaged airamon focal plane.

1 The beam size of each side to separation should be same ratio as in real LBT
apertures in which two 8.4 m apertures are separated by 14.4 m.

1 Coherent visible and infrared wavelength source are used to easily obtain fringe
pattern.

1 Broadband white light source is used to correct optical path difference of both
pathways.

The primary and secondary mirrors of the LBT produce F/15 focal ratio beams in the
UBC system, and each beam is then delivered by UBC optics to the common focal plane
with an F/15 envelope. It conserves the Sine condition in which one of Haxi®ff
aberrations, Coma, can be reduced. Thus, creating an F/15 beam in the UBC system is
one of the most critical factors for preparing/calibrating alignment tool. To obtain the

sane fringe shape, the ratio between aperture size and separation of both apertures needs
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to be the same as that in the LBT. For selection in an artificial source, the visible coherent
source offers a convenient vi shubwhenziveot i on
PSFs are overlapped on the common focal plane, the fringe pattern will be imaged at the
NIC, which is working at infrared wavelengths. Thus, two wavelength sources, one in
visible and one in infrared, need to be equipped at the same pesitiairection. While

the two sources are both coherent sources in which the fringe pattern can be easily seen,
the broadband source can be used to correct optical path difference for both pathways.
The final design is shown in Figure 3.4. It produces léintated beam from a single

point source after reflection of the first @fkis parabolic (OAP) mirror, and a right angle
beam splitter separates the collimated beam to both opposite directions in half and half
semicircles, which will be circular in shapagain after going through stops in both
pathways. After multiple reflections, the beams are focused at the Greg focus position
using F/15 beams after the second OAP mirror reflection. This F/15 beam is then used
during the alignment of the UBC optics,dais once again focused on the common focal
plane. This alignment tool consists of all reflective optics to be used in visible and
infrared wavelengths. As shown in Figure 3.5, just in front of the right angle beam splitter
is a mask. This mask is desigradth that the ratio of beams sizes and separations follow

those of the LBT.
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Greg. Focus

Beam splitter

Point source

Figure3.4: Telescope simulator. A collimated beam from a point source is separated by a
right angle beam splitter in the samatio as in the LBT aperture. The separated beam is
focused at Greg. focus point by OAP.

Figure3.5: Mask for imitating LBT aperture. The ratio between aperture size and
separation is same as in LBT aijpee.

This optical alignment tool uses three OAP mirrors; one is for collimating the beam from
the point source, and the other two are for focusing the beam at the both Greg. Focus
points. The original point source needs to be easily interchangeable beheegsible

and infrared source, and also the infrared source must be transferred easily to broadband
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source using folder mirrors. A note: the alignment tool itself must be well aligned before
it can be integrated with the LBTI system, because if theodeged point source at the
Greg. Focus is too distorted, we cannot expect a high quality image on the common focal
plane. Figure 3.6 shows a telescope simulator that has been integrated with an LBTI
system. Figure 3.7 shows the spot diagram of the femllr from Zemax simulation in
which the F/15 beams from both Greg. Focus points produce the overlapped spot with

smaller size of the diffractive limited image.

Figure3.6: Telescope simulator is insladl below UBC system. It is used for alignment
and measuring performance of the LTBI system.
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Figure3.7: Telescope simulator spot diagram.

One of the most challenging aspects of developing a telescopkataims the alignment

of the OAP mirrors. In many kinds of optical systems, theagi$ conic surface mirror

gives many advantages. For examples, using aaxufconic surface mirror rather than

a group of lenses can reduce overall volume and remaweenetic aberrations, which are

a critical factor of all astronomical instruments. In the telescope simulator using OAP is
essential because we need to use three different sources, visible and infrared coherent and
broadband source. The use of ana)is mnic surface mirror can also help to avoid loss

of light due to obscuration. However, a slight misalignment can introduce a number of
off-axis aberrations such as Coma, Astigmatism, and distortion. In the telescope

simulator, alignment of the OAP mirrors ia difficult task, but alignment with a
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commercial interferometer should be carried out to obtain the required performance. A
detailed explanation of how to calibrate an OAP mirror with an interferometer is
described in Appendix D.

After installing the teescope simulator to the UBC system, the F/15 focusing beam in
both sides is used for UBC optics alignment, and minor adjustments to each optic and
manual overlapping of two spots can produce a rough fringe pattern in visible wavelength,
as shown in Figur&.8, but a huge aberration will be present in the image. By visual
estimation, the presence of wavefront distortion on the pupil mirrors can be inferred due
to the placement of the actuators behind the mirror surface and misalignment of the
elliptical mirrors on both sides. The wavefront distortion cannot be removed until

supplemental steel is added to pupil mirror mounts.

Figure3.8: Initial rough alignment result. Some fringe pattern can be seen, bRSthe
includes aberrations.
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Based on the characterization of UBC optics as described in Appendix B, a lot of
aberrations can be reduced through the combined several iterative alignment processes.
As with replacing a broadband source, the optical pathrdifte can be corrected and a
better image on the NIC camera can be obtained, as shown in Figure 3.9. Figure 3.9
shows the PSF of two separate apertures; the bottom plot is cross section of intensity
distribution of the PSF. The source had a bandwidth &, 5@ntered at 10.6 um, and the
resulting visibility was approximately 30%. Since the source used in this alignment is
made from a few millimeters of nickel chrome wire with a narrow slit which is not really

a point source, and some aberrations exist assin Figure 3.8, weannot obtain better
visibility [11]. By shifting the point source in the transverse direction, the Sine condition
can be tested for otixis image quality. Despite the wavefront distortion and insufficient

point source shape, a friagpattern can be obtained.
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Figure3.9: Images at 10.6 pm wavelength from LBTI lab testing. The source used was a
hot nickel chrome wire, and a 50 percent filter at 10.6 pm. The visibility of this initial
imaging experiment was approximately 30 percent, due to the size of the source.

3.3 Star simulator

After alignment of the system with the telescope simulator, a number of difficulties arise
with respect to system alignment and performance measurement. Onershl&mp
concerned air fluctuation over the external optical path. The telescope simulator was
integrated behind the LBTI, and the two separated beams were propagated through the air
first. As a result, air fluctuation had an effect on the fringe patteroudtnthis was not a
critical alignment issue in a laboratory, when testing in practical the environment of the
telescope structure, air fluctuation was too great to obtain a stable fringe pattern. Another
issue concerned the alignment of the OAP. Evenghausing an interferometer helped

with alignment, the quality of the OAP mirror surface affected to image quality. The
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OAP mirrors were manufactured using a diamtumed technique which produced
periodic grooves on the surface of the mirror. These @®omntroduced more
irregularities than mirrors produced using the traditional method of grinding and
polishing. The poor image quality interfered with the alignment processing.

To overcome the difficulties of using a telescope simulator, an alternatikreotegy,
called AStar simulator o, was applied to the
The main purpose of the Star simulator is to imitate a point source propagated through
the LBT to the LBTI system. Two different wavelengths of laser diddmherent

visible and infrared sourcé&swere combined and separated via optical fibers and fiber
beam couplers such that the two outputs produced two sources with the same level of
intensity at the end of fiber, known as a Source combiner. The two sourceshesere
propagated through an Achromatic Lens System (ALS) in which the axial chromatic

aberration was corrected, and the F/15 beam was created [12].
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Figure3.10: Schematic diagram of the star simulator

The Figure 3.11 shows a detailed diagram of the source combiner in which 635 nm and
1550 nm wavelength laser diode sources are combined and separated by fiber couplers.
Since each fiber coupler can work only on its own specified wavelength, different types
of fiber couplers must be combined. The final fiber coupler works to maintain

polarization in order to avoid disturbance of the polarization state.
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Figure3.11: Source combiner. Visible and infrared laserddi® are combined with three
fiber couplers to equal the intensity of the point source.

As shown in Figure 3.10, the fiber optic output is connected to the ALS, which consists
of two pairs of doublets facing each other (Figure 3.12). Each doublet is cahgfose
plancconvex and plangoncave lenses made of MgF2 and NBK7 respectively . All
components of the ALS were purchasedtb#shelf. A more detailed description of the
ALS design is given in the paper [12], and Appendix E shows how to design andibuild
ALS that works in both visible and infrared wavelengths using onlythefshelf

products.
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Figure3.12: Achromatic lens system (ALS). MgF2 and NBK7 doublets are facing each
other and are arranged symneally.

As a result of the ALS performance, not only are the spot sizes of two different
wavelengths smaller than each diffractive limited image, but also axial chromatic

aberration is corrected (Figure 3.13).
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Figure3.13: Performance of the ALS. Two wavelengths, 635 nm and 1550 nm, are
axially corrected.
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The F/15 focusing beam of the ALS is split on a dichroic window of the LBTI entrance,
as shown in Figure 3.14. At the dichroic window any wavelengtha® than 900 nm is
transmitted, and any wavelength of less than 900 nm is reflected. The reflected beam is
propagated through Whnit which consists of folder mirror, beam splitter, a pyramid
wavefront sensor, tigilt mirror, and CCD cameras. Thus, treflected beam can be used

for the alignment of those optics and cameras. Figure 3.14 shows how the beam from the
ALS works for alignment of the Winit, and the resulting image as captured on a CCD

camera.
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Figure3.14: A beam from ALS is reflected by the dichroic window, and propagated to
CCD via a pyramid sensor.

The transmitted beam is then sent through the UBC system and used to align the UBC
optics. Figure 3.15 shows one of the images and its intensifjlepon a scientific

camera.
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Figure3.15: Result fronthe star simulator

The star simulator has thus far only been used feaxamalignment, but if it is able to
move transversely in the x and y directions, it can theoretically be foseaff-axis

alignment as well.

3.4 Super Luminescent diode

The alignment of the UBC optics was carried out using laser sources of a long coherent
length,and in that setup the fringe pattern can be easily seen even in very long optical
path difference. As a last alignment process the OPD correction was achieved by Super
Luminescent diode laser source which provides a bandwidth of 50 nm in 1.55 pum
wavelengh. As shown in Figure 3.16, the first zero visibility is seen at 48 um, and
thereafter the very low visibility can be observed as the OPD increases. Using a piston

correction mirror the OPD can be controlled, and the zero visibility can be found.
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Figure3.16: Visibility function with respect to OPD. The first zero visibility is seen at 48
pm for the bandwidth of 50 nm in 1.55 pm wavelength.

3.5 Conclusion

The alignment process is planned based on the toleraocess detailed in the previous
chapter, and the tools are thus designed and developed. Rough alignment is
accomplished using two pencil beams and targets such that a beam can hit the center of
each optic on both sides. In the fine alignment procesdelbscope simulator provides

an F/15 beam at each of the Greg. Focus points so that the spots overlap on the common
image plane, and it is also used to align UBC optics based on the characterization of
those components, as outlined in Appendix B. We cobldin a fringe pattern at the 10

pm wavelength even when facing problems such as defects on OAP surfaces and

misalignment. After the removal of those obstacles is complete, the employment of the
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star simulator as an alignment tool is the next logical stept allows simultaneous
alignment of UBC optics and Whit optics. Though the alignment has been
accomplished this way only for eaxis components, moving the ALS vertically or

horizontally can allow for ofbixis alignment processing.
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4 MEASUREMENT OF PHASE VARIATION FROM VIBRATION AND

TURBULENCE

Many optical systems are afflicted by various random perturbations, which need to be
measured or simulated. Two major contributors of random perturbations are the
mechanical telescope structure amatimospheric turbulence. For several decades,
scientists and engineers have studied how to correct random motion anhtying
perturbation, making remarkable technological progress. The best examples are adaptive
and active optics. In a stellar interdenetric system with large apertures, the fringe
motion is more sensitive due to its structure size and exceptionally long path length. The
optical path difference is continuously changing due to the fluctuating index refraction or
vibration of mechanicamnounts. The change in optical path difference is directly related

to the phase variation. Phase variation caused by external perturbation can be measured to
estimate the effect those variations may have on system performance.

We performed two kinds of meagment with LBTI; the first involved measuring
mechanical random vibration from the telescope structure to characterize vibration
sources, and the other one measured atmospheric parameters, including the outer scale of
the atmosphere to determine tempgahse variation. Atmospheric turbulence is closely
related to adaptive optics, but for the purposes of this dissertation, the primary focus of

the discussion will involve phase variation between the two apertures.
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4.1 Effects of random perturbation

In any sytem, the impact of random perturbation is negative, and for astronomical
instruments it is consistently the fundamental noise source which cannot be avoided. As
mentioned earlier, vibration and atmospheric turbulence are the major factors, the effects
of which astronomers are trying to reduce. Thus identification of noise levels and their
frequencies can be used to correct those negative impacts with active optics, and
fluctuation caused from atmospheric turbulence can be corrected adaptive optics. With
higher computation speed and stateart deformable mirror technology, the adaptive
optical system can correct the high order aberrations generated by atmospheric turbulence,
but in an interferometer the phase difference cannot be measured by the aqsajualte o
system. As described in [12], the adaptive optical system cannot measure structural

vibration or resonances of the telescope which cause phass between the apertures.

4.2 Measurement method: Fringe shifting measurement

The LBTI system is capablef collecting star light through two apertures. It then
produces interferometric results on the detector. The fringe pattern from the
interferometer is defined by the combination of the two distorted wavefronts from each
aperture. Once the AO system of tiedescope corrects the majority of the aberrations
caused by atmospheric turbulence, the point spread functions (PSF) of the LBT appears,
as shown in the picture on the left in Figure 4.1. With phase variation the peaks on the
intensity profile of the PS¥as in the picture on the right hand side of Figured4.1

gradually shifts to the left or right depending on the sign of the phase error.
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Figure4.1l: LBTI Fizeau image; point spread function (Left) and inigngrofile of the
PSF (Right).

This phenomenon can be used to measure phase variation due to both structural vibration

of the LBT system as well agmospheric turbulence.

4.3 Measurement of vibration of the telescope structure

Usually the effect of vibratio dur i ng a short exposure ti me
location on the image plane, or during longer exposure time, the result is an increase in
the size of the airy disk. In the stellar interferometer, if the fringe shift is faster than the
integrationtime, the fringes become washed out, resulting in decreased visibility. Thus,
measuring and characterizing the vibration is an important step in preserving fringe
visibility.

The methodol ogy of measuring the vVvibra

strudure. In the case of a single aperture telescope, normalized intensity distribution of
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the image and an AO system wavefront sensor can be used [13], but for the
interferometric system the fringe motion can simply be monitored.

In 2008, we carried out viation measurements of the LBTI system, and
characterized the vibration sources [12]. LBTI fringe shifting was monitored using an
artificial source ofan internal optical interferometric system (IOIS) and a high speed
camera, as shown in Figure 4.2. The3Qlonsisted of three additional parts: two flat
mirrors, a visible laser point source, and a high speed camera. An artificial point source
was reversely projected from the common focal plane and two flat mirrors were placed at
the Greg. Focus planes. A leaplitter was located in front of the artificial point source
such that the return beams from each reflection of the flat mirrors were reflected to the
high speed camera, which is capable of capturing each frame at 200 Hz. The PSF of the

combined beam madh fringe pattern which is shown in Figure 4.2.
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Figure4.2: An internal optical interferometric system (I0IS) consists of two flat mirrors,
a high speed camera, and an artificial point sourbe.beam paths inside red outline are
isolated to reduce effect atmospheric turbulence.
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The distance of the fringe shift is proportional to the optical path difference, and will be
affected by any structural vibration or air turbulence around the bedm lpathis
vibration measurement, the beam path in the UBC system is isolated in a vacuum
chamber except a small portion just in front of the artificial source, so that air turbulence
can be reduced.

Vibration could be caused by any moving mechanicalctire or machinery
operation connected to the telescope structure, such as air compressors, fans, ventilations,
and so on. The result obtained through measurement could be from any combination of

any of these, and from the results we could identify atehoaize each vibration source.
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The vibration measurement was carried out using both IOIS and seismic
accelerators. Both methods measured any vibration along the LBTI system, but the 10IS
took into measurement of the optical path difference resulting thanvibration. Thus
we could calibrate the seismic accelerators with the IOIS. Figure 4.3 represents the
measurements obtained through OIS with all mechanical systems off except the cooling
fans. The left plot shows a measurement of the fringe shiftomdtr 10 seconds, and
also shows jumping fringe motion, which produces a washedaffect when motion is
of a higher speed than the camerads capture r
caused by fringe jump, which might be from air fluctuat@nhe space not covered with
chamber and any hidden low frequency acoustic vibration. The right plot shows the
difference between the measurement at center and the measurement at left, which isolates
the high frequency part. Figure 4.4 shows the resulteiquency domain, as well as the
major frequency in the field environment. Figure 4.5 shows the measurement using
seismic accelerators in the same environment. Both results indicate about 30Hz as the
major frequency of vibration from the cooling fansn& the 10IS was working at less
than 200 Hz, the maximum frequency was less than 100 Hz. The seismic accelerators can
measure a wider variety of frequencies than the 10IS method, but only at 30 Hz was there
an effect on the variation of the optical paiffadence. The 10IS measured RMS OPD

variation of about 126 nm for this specific setup.
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Figure4.3: Measurement of fringe shift when all mechanical systems are off except
cooling fans. (Left) fringe peakhsts by number of pixels on the CCD, (Middle) low
frequency of the left measurement, (Right) fringe peak shift after removing low
frequency in middle.
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Figure4.4: Power spectrum of the measurement guie 4.3 (Right)
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Figure4.5: Vibration measurement with seismic accelerators in the same state of Figures
4.3 and 4.5.

The paper [12] describes overall measurement setup, and the table 4.1 summarizes the
result which can find the potential noise sources and their dominant frequency. In the
Appendix F more examples of measurements and results are shown in which what
frequencies and what level of optical path difference variation are introduced for the

particular noise sources.



Table4.1: Vibration measurement results.

Description

125

RMS double pass
(single pass)

Turn off every machinary power

Air compressor on, Flac ideooling device) off HBS on

56.5 nm (28.25 nm)
63.1 nm (31.55 nm)

3 PHO0401(pumping devicepff PH0402 on 78.9 nm (39.45 nn)
E HBS on, Left mirror ventilation off, right mirror ventilation 251.8 nm (125.9 nm)
%) on, all other system off
E Upper tree housg@evice storage on theBII'| mount)fans off, 216.4 nm (108.2 nm)
lower tree house fans on
Telescope drive up and down > 200 nm (100 nm)
Every machine power off except Flac Ice 30 Hz
Same above but Flac Ice off 45 Hz
" PA0402 is on 43
'§ Left and Right ventilatiorre on <10 Hz
% Walking from 4th to 2nd floor 38 Hz
T Elevator moving 43 Hz
Lower tree hose fan on <10 Hz
Drive down and up 7~8Hz

4.4 Measurement of the outer scale of the atmosphere (analytic simulation)

One of the fundamental factors that thewgrdbased telescopes need to take into account

for in optimization of the image is the impact of the atmosphere, which usually causes

various detrimental effects such as absorption, scattering, and turbulence. Turbulence in

atmosphere is caused by chamgtemperature and convective air motion, which affects

the refractive index of the atmosphere in the space and time domain [14]. Star light from

space is propagated through the atmosphere, and thus the light beam is randomly

modified by its turbulence. Téieffect has been studied for a few hundred years. The

major contributor to the study of atmospheric turbulence was made by A. N. Kolmogorov
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in 1941; thereafter the further development of the study of turbulence has proven

beneficial in many other areaacluding adaptive optics and free space communication.

4.4.1 Atmospheric turbulence theories

I n Kol mogor ovos t heory, turbul ence S mod e |
millimeters) to large (several hundred meters), as shown in Figure 4.6. These eddies are

called inner scaleld) and outer scaleL{) respectively. The range between these two

scales is rerred to as inertial sukange[15].

.
X
® o°

Energy dissipation

Figure 4.6: Schematic diagram of atmospheric structure with various stds. From
small size lp) to the large sizelL¢) are about a few millimeters to several hundred meters.

Energy is transferred from larger eddies to smaller eddies, and in the region of inertial
subrange the eddies are homogeneous and isotropic s@tistimeaning the mean

square of different wind velocities at two points at the moment derives its structure
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function by Kitbildpover taw,@ayshasvn in Bgo (4.1) within the inertial
subrange.
Os§s 60 0 O 81T
3 (4.1)
aLiL Oh

whered is velocity structure constant,is the distance between two points, &nd>
indicates the expectation over the ensemble.

The fluctuation of wind velocity is proportional to the fluctoati of the
temperature and the refractive index of the atmosphere, as shown in Eq. (4.2) [15].

Accordingly, the power spectrum of refractive index is derived by Eq. (4.3). [14]

0§s 617Tx61Tx 817

(4.2)
aLiL O
B | P LIELO . Q0 o rmoil —
ST i Qi Qi 0w (4.3)
gLk
V) a

Here, k is ¢“ "Qand f is spatial frequency, and is the refractiveindex structure
parameter, typically I& to 10'® m?? It describes how much the refractivelex is
fluctuating, and varies with respect to height.

The power spectrum in Eqg. (4.3) is derived using the Kolmogorov model, but it does not
cover inner scale or outer scale. Tatarskii and von Karman extended the Kolmogorov

theory to include more practical models in Egs. (4.4) through (4.6) [15].
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B I mrod I TQaonl A
(4.4)
AIIO pf N J LB J&
- T8l 00 _
[ (4.5)
Aimd I L vsoganl  prd
™od Qonl 7
B 7
(. (4.6)
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The differences between these equations lies in whether or not they include the
parameters related to inner scale and outer scale. Eq. (4.4) only includes inner scale
parameters, Eq. (4.5) includes outer scale parameters, and Eq. (4.6) includes the
parameters for both.

The actual atmosphere is randomly turbulent in every direction, but in the study of
atmospheric turbulence we assume that many thin layers are stragifieally such that
light propagates through many various tlager combinations of atmosphere.
The thin layer should satistize following conditions [16]:
1) The thickness of the layer is large enough that it is not affected by correlation of

fluctuation but also small enough for diffraction effects to occur.

2) The thin layer should not be effected by scattering
3) The only statistic property exhibiting change is height

4) O is not varying over the thin layer
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In analyzing thin layer atmospheric turbote, Egs. (4.4) through (4.6) are not
appropriate, because those equations are represented in three dimensions. The simple
conversion factor shown in Eq. (4.7) was developed by Fried [29], and has been used the

most to study atmospheric turbulence. Thevabequations can be converted in terms

ofi in EQs. (4.8) through (4.10).

i mco— A0 & Q00 i 4.7)

whereh is height, and- is zenith anle.

BI  micdol T
(4.8)
AN pfo N J LB J&
m8ic dow’
5 1 I Cquf
(4.9)
Aimd I L pFa
I T8t ¢ c‘loo7 Qawnl 7
5 w7 (4.10)
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Even though all models described above do notagx@tmospheric turbulence perfectly,

they can be used for study and simulation. A more complicated and precise model was
compiled by Andrews [15], but the simplest form is still Kolmogorov model, as
substituting zero for the inner scale and an infinittueafor the outer scale to the

Tatarskii and von Karman models, creates the same form as the Kolmogorov model.
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Figure 4.7 shows that some reductions at high and low frequency appear, but in the

inertial subrangethey all have the same slopes.

0
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Figure4.7: Power spectrum density of four different theoretical models

The model in the inertial range has been widely used in many applications related to
atmospheric turbulence, but if the outer scale needs to foeeddinitely, Tatarskii or

von Karmanés models are much more practical
effects of the outer scale was more i mportan
longer than the outer scale sj2€]. R. L. Lucke et al.dund through their research that if

the measuring separation between two positions over the atmosphere is longer than 5% of

the outer scalfl8], the Kolmogorov structure function ovpredicts by a factor of 2. Egs.

(4.11) t hrough ( 4ak 113]) repfesewnt idolntdgorown vod Kainsan, b o

and a modified von Karman structure functions, and Figures 4.8 shows the comparison of
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three structure functions of Egs. (4.11) through (4.13), representing up to 30 meters of
separation with §= 1000 m andy= 15 cm. A few meters of separation does not have
much of an effect on the difference between Kolmogorov and von Karman models, but a
separation of more than a few meters with an outer scale size shows larger errors. This
point has become very critical redgnsince most new generation telescopes employ
more than a few tens meters of separation. Therefore in the new generation, large
aperture telescopes must at least consider using the von Karman model as opposed to the

Kolmogorov model. Measurement of theter scale is importandtpredict performance,

as well.
O ds ofuiji ” (4.11)
i ¥

, . . o cll . .

o) T2 T a4 I (4.12)
48 ¢ o 5 sogo 7

7 7 U i

O ds o8ty 3 I p o PN —
¢ (4.13)
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4 Structure function for L = 1000 m
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Figure4.8: Lo = 1000 m andgr= 15 an over 30 m aperture

If the system is functioning as a stellar interferometric system with large apertures, the
outer scale is a critical parameter because the baseline can be considered with the
equivalent aperture size. Figure 4.9 shows the relatiofgtipeen phase fluctuation and
baseline distance. When the outer scale diameter is the same size as the baseline, the
saturation of phase fluctuation begid$][ Thus without consideration of the outer scale,

the interferometric result might be outside of the realm of expectations in the

Kol mogorovds model
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Figure4.9: Structure function is saturated at the baseline longer than outer scale size.
Each color of theurve represents a different outer scale size.

The stellar interferometer is not only affected by spatial parameters such as the outer
scale or Fried parameters, but it is also influenced by temporal factors which relate to
visibility quality for long exmsure time. In a single aperture telescope, the quality of the
image is defined by the Strehl ratio, but often visibility is more important in an
interferometric system. Atmospheric turbulence distorts the incoming wavefront, which
causes a broadening ¢fet pointlike star image. The development of the AO system has
contributed to a reduction in RMS residual wavefront errors, such that most low to high
order aberrations due to atmospheric turbulence can be removed. Another common
problem concerns phase iaion between two apertures due to low order mode

aberrations of atmosphere, called jitter, which reduce the visibility of fringes on
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interferometers for integration time longer than coherence time. Atmospheric jitter over
two or more apertures create$fetient optical path lengths for each beam path, and as a
result, the fringe pattern is shifted and visibility reduced [19]. Coherence time can be

derived using the structure function which includes wind speed and Fried parameter. [19]

~ A . § otT.
oot 6., . 0O @@y~ h (4.14)

wherev is effective wind speed, anids incremental time step in measurement.
Eq. (4.14) describes the structure function for determining phase difference at two
succesive times at a single poiiit. fepresents the distance during a period timend

when RMS temporal structure function over the Fried parametes 1 rad, it can be

simply expressed by the following:

+ 7
O v ft T (4.15)
Using Egs. (4.14) and (4.15), coherence tilnbcan be calculated by
i
T ™p 3 (4.16)

EqQ. (4.5) operates under the assumption that effective wind speetl| be used.

Eq. (4.14) is related to one single point measurement in twoessive times. In an
interferometric system, the structure function must take count of two separate points as
well. Thus the structure function has to take both, spatial and temporal domain, into
account, so that each structure function has 1 irathe spatial and temporal domain.

The coherence time can be easily derived by doubled to Eq. (4.14) as shown in Eq. (4.17).
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Th h (4.17)
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andty; T®& X h
In optical society the coherence time is not really well defined, but some of definitions

are universally used during analyzing and simulatir$yZ0, 31i 34].

As the characterization of phase variation in the spatial and temporal domains is
performed, and as phase corrector optics help to correct the phase variation at high speeds,
the fringe will be stable and visibility will increase, which resuft increasing angular
resolution. In order to characterize the phase variation, observation of the fringe motion is
easily achieved in the interferometric system. The fringe motion is changing as the
optical path difference varies through random fluctret of atmospheric turbulence.

The mathematical model for power spectrum density of phase difference between two

points in a spatial domain is described ir

phase at a position, JbyBRAdEqgq®M®B). del ta func
Y%, %o, z 1, OX 1, ©6Ic (4.18)

where B is the baseline of two apertures,46ide pr esent s phase in the

By squaring the Fourier transform of the phase variation as shown in Eq. (4.19), the
power spettum can be easily determined, as shown in Eq. (4.20). The power spectrum
density of the atmospheric model in Eq. (4.8) is applied to two points separaBeahloy

converted to meter scale by multiplying &/

"O"W%o, "O" Yo, oY , o0X 1, 6Ic (4.19)
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B I = mWicqdl Tt QFem (4.20)

Based on Eg. (4.20), if the baseline and spatial frequency are parallel, the power of the
spatial frequency is approxin@dy [ 7 in low frequency, and 7 in high frequency.

If the baseline is perpendicular to the spatial frequency, the power spectrum is
proportional tof 7 [16].

When the fringe motion is recorded in certain period time, the temporal pp&etrum

of the phase variation can be obtained and mathematically derived from the spatial power
spectrum by integrating the spatial power spectrum in a direg@pendicular to the
baseling[16]. In a simple example, if the direction of the wind isrg the xaxis, the
integration of the power spectrum in Eqg. (4.8) through tkexig wherell X
vhproduces a8/3 power slope, as shown in Eq. (4.21). If two points separated by B are
used in the calculation, Eqg. (4.20) should be used, and the resulting power spectrum
density will be estimated to have a power slopeB(8 in high frequecy and-2/3 in low

frequency with a relationship between wind speed and baseline in Egs. (4.22) and (4.23)

[22].
QO - T
E O gr 5 Gl A mex )13r a7 i QToq (4.21)
B Q 18 we ors Q7
T (4.22)

‘O T 0o



137

- 7
o o
8 TBLTT O W G (4.23)

‘A & 0o

So far Egs. (4.18) through (4.23) represent only phase values at two nadi@s than
apertures over the atmosphere. This means that the telescope apertures are incomparably
smaller than its baseline. However, recent trends in telescope construction include
increasingly large aperture sizes for improved angular resolutionpfidse value over
the large aperture is obtained by averaging the whole size of the aperture, and it can be
mathematically modeled through convolution of the aperture function wétlphase as
shown in Eq. (4.24)16].

3, s, ZQ, ooﬂ e ,a0, ,aQp (4.24)

where®, is aperture function, and is area of aperture.

This average phase variation with a finite aperture size is applied to Eq. (4.18), such that

the power spectrum of thdase variation can be obtained using Egs. (4.25) and (4.26).

"O"W%o | "O"Ybo |, oY, o6X 1, 6Ic (4.25)

o " Ql
51 = mwrcdw il 7 CW i QF b (4.26)

wherec 0 8 is the first order Bessel function.

By averaging over the aperture, the phase variation at high frequency is reduced to a

power slope of17/3 in Eq. (4.27)20].

. ofr-Q
B "Q T[8rnnp=nL?— — Q (4.27)

ol
'O T OFQ
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whered is diameter of the aperture.

Figure 410 shows a summary of the temporal power spectrum density separated in three
ranges. Each boundary is defined by its intersection with the asymptotic line-loglog

scde plot. The plot is created based on assumption that the wind speed is 10 m/s, baseline
is 14.4 m, and 8.4 m of aperture diameter. As indicated in Egs. (4.22), (4.23), and (4.27),
the first cutoff frequency,fy, is theoretically around® 0¥6, and the second coff

frequencyfs,, is around@® 0 FQ
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Figure4.10: Power spectrum density of phase variation for LBT, effective wind speed is
10 m/s and the baseline is 14.4 m
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Figure 410 does not show the outer scale parameter as it assumes that the outer scale to
be of infinite size. When we consider the finite outer scale, Eq. (4.28) can be used for the
frequency range below approximateig O[f0 [16]. Figure 4.1 shows how the uter

scale factor is represented in the power spectrum density in the low frequency range.

, T
. " U
B "Q @k "Q p E"_ (4.28)
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Figure4.11: Eq. (4.28) is added todtire 410 with 125 m of outer scale.

As shown in Figure 4.11, around the first-ofit frequency, Eq. (4.28) has a maximum. If
a stellar outer scale has a higher frequency peak, the outer scale cannot be estimated at
higher frequency after the first eaff frequency. Therefore, if the peak of Eq. (4.28)

affected by the finite outer scale is less than the firsbffutrequency, the outer scale
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size can be estimated by employing Eq. (4.28). Through the use dérikrative ofEq.

(4.28), the peak positias found by Eq. (4.29). For example, if we assume that the wind
speed is 10 m/s in Figure 4.10, the peak of the curve can be estimated at thediifst cut
frequency, or 0.1386 Hz, and the outer scale is about 125 m. Therefore this minimum
outer scale sethat can be estimated is found by Eq. (4.30), and it is only dependent on

the baseline.

—U ,
Q I/Iob— "Oa (4.29)

Vo U 0 . =
0— T[&E €10 Voo «a (430)

By using this calculation, the outer scale can be estimated when its size is bigger than

L Vo6 or 125m for 14.4 m of baseline between LBT apertuliethe outer scale is
smaller than 125 m, the curve will be shown between the first and secowodf cut

frequencies, and it follows the slope Bf*.

4.4.2 Outer scale of LBTI measurement

To apply this to the LBT, we first simulate the LBT setup. The LBTonfigured with

two 8.4 m apertures separated by 14.4 m. If wind speed is 10 m/s and is parallel to
baseline for easy calculation, the first and seconebffufrequencies can be found at
around 0.139 Hz and 0.357 Hz. Practically, these two boundaeesgyr close together

in log scale plot and are difficult to identify. Thus the LBT system will sh&{# slope

f -17/3

rarely, but slope will be easily shown. Figure 2.1s a result from a simulation

based on the parameters 10 m/s,d73 m of lp, and 15cm of ¢ for a phase screen and
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shows three power slopes. Those regression lines are intercepted, and -nib cut
frequencies can be found at 0.1618 Hz and 0.3578 Hz, which are closesiB &2l 0.3

v/D as shown in Figure 4.10. Since the-oftftfrequencies and peaks for the curve Eqg.
(4.28) are placed in low frequency range with low sampling points, the regression lines
might not be well fitted to the theoretical values. The approximate peak point for the
outer scale, however, can be found at 0.6f&] and the outer scale can be estimated
byd ¢ Vo OFQ ¢ ¢ 1.iBy considering the low sampling points in low frequency

range, the estimation is close to the theoretical value.
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Figure4.12: LBTI simulation results for estimating outer scalessiz
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The PSD in Figure 4.12 can be obtained by measuring phase variation from AO
simulations, called AOSim2, and its details will be described in the section 5.2.1. In the
AOSIim2 simulation, the phase variation can be measured by phase sensor and fringe
senso. The phase sensor can detect absolute piston values on each optical pathway, while
the fringe sensor only detects phase difference from fringe motion. The phase sensor is an
ideal method just for the simulation, but the fringe sensor can be used fobseafation

result. Figure 4.13 is the result from the fringe sensor for same simulation in Figure 4.12.
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Figure4.13: LBTI simulation results for estimating outer scale size with Fringe sensor.
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The overd PSD shape is same with the Figure 4.12 except high frequency range more
than about 1Hz. We identified that the difference in the high frequency range is caused by

a little error in fringe tracking algorithm. Figure 4.14 shows the error points which are
usually happened i-dff freéquensiés2are in®isattedeat thehlew c ut
frequency range, the fringe sensor method does not have a problem in estimating the
outer scale size, but for thether stellar interferometric system the fringe sensor

algorithm might need to be enhanced.

Phase sensor [pum]

Error from Fringe sensor [um]

Figure4.14: Fringe tracking algorithm test. Fringe peak detection has error hit #elt
introduces more power in higrequencyrange in PSD.
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The LBTI system was moted on October 2010, and has since been developed and
tested. We made initial observations for several days, and at that time only one of the
adaptive optics systems was working. The following image shows one measurement of
the fringe motion and power spead density. Since we could not obtain sufficient time to
record measurements, the outer scale size could not be estimated. -dffefreguency
was also not positioned where we expected, and we carefully considered other vibrations
or other effects thapplied to the measurement.

Figure 4.15 shows one of the snapshots during star observation. The left picture is
a PSF of the LBTI Fizeau image. The blue curve in the Hhglnid plot is the intensity
profile, which is a cross section of the PSF (througle bine in the PSF), while the red
curve is an envelope of the PSF. The fringe sensor algorithm measures the center of the

peak in every snapshot.
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Figure4.15: One of the LBTI Fizeau images. Right pictised®?SF of the LBTI. The blue
curve in left plot is intensity profile of the PSF. The red curve is an envelope of the PSF.

The measurement of the peak position which represents variation of optical path

difference (OPD) is shown in Figure 4.16, and the Rbdfie obtained is about 17.13

pum.
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RMS = 17.13 mm
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Figure4.16. Measurement result of peak position motion. It was measured for about 13.6
seconds with a 12 millisecond integration time. The RMS of the variation is higirer
calculations predicted in Eq. (4.31) for infinite outer scale grdliscmat 550 nm

(4.31)

In order to estimate the outer scale size, the OPD variation is converted to power spectral
density asshown in Figure 4 Due to very low sampling dat&;?® andf "% power
slopes cannot be seen in the pBytthe fringe sensor algorithm error the power in

the frequency more than 1 Hz is higher which makes it hard tb'%@qe)ower slope. For

the outer scale estimation, the total measurement time needs to be moréitiatin 1/

several sample points to find the peak frequency in low frequency range, and the outer
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scale size needs to be also more hidad. The measurement used in Figure 4.17 is not

sufficient enough to estimate the outer scale for few sample point in low frequency range,

but we can explain that there are some low frequency noises that are possibly present

during measurement because afitar power below the first caiff frequency.
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Figure4.17: Power spectral density plot for OPD variation. Mostly the power di8pe
can be shown, but the slopé”® can barely be seen. It is caussdthe fringe sensor
algorithm error. Due to very low sampling points, the peak point for the outer scale
cannot be found, but we can explain there are some low frequency noises present.

During star observation thgwas approximately estimated to 15 ctrb&0nm, and wind

speed was about 10 ~ 15 m/s. For simplifying calculation assumegttsainfinite. By

using Eq. (4.3) the RMS can be estimated about 10.3 um, and it is lower than the RMS
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from the measurement in Figure 4.17. Thus we can expect thatlsa frequency noise

might be present during observations. Figure 4.18 shows the power spectral density of the
simulation in Figure 43 with one wavelength of noises between 0.001 ~ 0.005 Hz.
Therefore the low frequency noises are also factors thattoesshsider for estimating

the outer scale.
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Figure 4.18: Power spectral density from the fringe sensor. The simulation used same
phase screen used in Figure3}.lut some of low noises are added toesyst
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In conclusion in order to estimate outer scale size with power spectral density, the

minimum outer scale size must o6, and more sample points are below the first cut
off frequency. If some of low frequencies are added to the system, the estimation of the

outer scale is more difficult in power spectral density plot.

4.5 Conclusion

The system performance of large multiplpedure telescopes can be impacted by
external random perturbations, which are the result of random vibration by various
mechanical motions or statuses, and atmospheric turbulence. Since these factors can
hardly be detected by wavefront sensors in an adapoptics system, their
characterization can be helpful when attempting to correct phase variation-tmagst
processing.

Vibrations can occur as a result of various mechanical motions. The LBTI group has
done vibration testing near the telescopecstme using both LBTI interferometer and
seismic accelerometers. We obtained the minimum RMS optical path difference due to
vibration of 28.25 nm when all machinery is off and 129.5 nm of RMS optical path
difference in maximum when the right side mirrantilation was working. The major

frequencies for particular mechanical motions are listed below:

A Everything off w/o flac ice (cooling device): 30 Hz

A PA0402 (pump device) is on: 43 Hz
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A Walking from 4" floor to 2" floor: 38 Hz
A Elevator moving: 43 Hz

A Turning on telescope azimuth axis +0.003 deg/s: 38 Hz.

The outer scale of atmospheric turbulence cannot be detected by wavefront sensors in an
AO system. Its value may affects the phase variations in an interferometer. By estimating
the outer scale size, wean estimate the ped&peak phase variations from the
atmosphere. With long enough measuring time and short integration time, by measuring
fringe motion we can estimate the size of the outer scale from the power spectral density
of OPD variation. In thénitial test of the LBTI system, star observation was achieved for
13.6 seconds of measuring time with 12 milliseconds of integration time, and thus we can
obtain power spectral densities. As per the results of the observations, we could not
estimate theuter scale size due to not enough measuring time, but we can explain there
was some low frequency noises present.

Based on random variation measurements, vibration, and outer scale, we can
anticipate how much the performance of the stellar interferonssisiem is reduced, and
the analysis of these measurements will help to compensate for the inevitable degradation

of the systemds performance.
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5 SIMULATION OF PHASE V ARIATION

As described in Chapter 4, atmospheric turbulence is one of the effects trededegr
image quality, especially in large aperture telescopes, and it causes reduced visibility in
the stellar interferometric system. Thus, as the size of the telescope aperture increases, the
importance of the role of the Adaptive Optics (AO) system ine®abhe AO system is
usually very complex and consists of various factors that affect system performance, and
optimization of these factors is the goal of the AO system design process. Because so
many factors affect system performance, it is very diffi¢altobtain precise system
performance expectations. AO system simulation is one solution that can help verify
whether the AO system satisfies the design requirements such that the scientific goal can
be met. AO system simulation is also very useful for mfyody or upgrading the AO
system and for testing new concepts [21].

There are various AO system simulation software packages from institutes,
companies, and research groups worldwide, but all present similar problems and
difficulties for simulation. Sincghe AO system works on a closed loop through the
wavefront sensor to deformable mirrors iteratively, the computer and camera system need
to have the required speed for operation. This requirement is resolved by a fast computer
and camera system.

Another dfficulty in simulating the AO system is numerical modeling of
atmospheric turbulence. To obtain realistic results from AO simulation, numerical
modeling of atmospheric turbulence should match the analytic model, which was

described in Chapter 4.
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Chapter 5begins with a discussion of numerical modeling of atmospheric
turbulence and then goes through an AO system simulation to measure phase variation
over the telescope aperture. After the incoming wavefront is corrected by the AO system
at maximum performamg phase variation is an important factor that affects visibility of
the interferometric system in the astronomical telescope. Phase variation is caused not
only by atmospheric turbulence, but also by other systematic parameters, such as
wavelength, struciral vibration, phase correction frequency, and so on.

Simulation results show the maximum performance of the astronomical telescope and the

phase correction bandwidth needed.

5.1 Numerical modeling of the atmosphere

As discussed in Chapter 4, overall atmasph turbulence can be expressed by
superposition multiple, thin phase screens over the telescope apertures. These screens
move horizontally in different directions and speeds at each height, as shown in Figure
5. 1. By Tayl or 6 s h gdpthmat eacé gin ghasg Scén,is frozén amds a s s un
moves in each direction.
By implementing this theory, several algorithms for numerical simulation have
been developed, and the Zernike mode, the Fourier transform, and the covariance method

are presented as theost frequently used in modeling atmospheric turbuleB2p |
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—

) Atmospheric thinlayers

Wind direction
(Phase screens)

_ >

Telescope aperture

Figure5.1: The concept of atmospheric phase screens illustrated with multiple phase
screens movin@ the wind.

In practice, numerical simulation of atmospheric turbulence has problems fully
representing the analytical expression, and those problems could be caused by

representing numerical Fourier tedlorm and computer memory size.

5.1.1 Fourier transform method

Among those algorithms mentioned previously, the Fourier transform method has been
used popularly because of its high computational speed, but there are some limitations to
this method. Since a numerical Fourier transform of the power spectruref@hase

screen has a characteristic periodic pattern, over long simulations it is difficult to obtain
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accurate results, and, in addition, it contains poor representation -@frdtaw mode like
tip-tilt mode [22]. This situation is even worse in simulations with telescopes with large
apertures, because of the very large phase screen required.

In the Kolmogorov model, the phase screen is relevant inside the inertial range,
but if the phase screen takes into act¢dbea outer scale, outside the inertial range, then
use of the von Karman model, Eq. (5.1), should be considered for accurate results. The
region of the smaller inner scale is not considerable because most power in the range is

dissipated.

[ (5.1)
Al I L pfa

Since the temporal frequency related to the outer scale is located below the {of§t cut
frequency, as shown in Figure 4,1he simulation time should be much longer thépg
which is the inverse of Eq. (B2 The phase screen size, then, can be decided by wind
speed multiplied by simulation time. For example, for a 500 m outer scale size with 10
m/s of wind speed, the simulation time should be much longer than 29 seanddbe

phase screen size needs to be more than 290 m x 290 m for 10 m/s of wind speed. For 4
cm of pixels, the phase screen size should be 7150 x 7150. This approximate size does
not consider aperture size. For telescopes with large aperture sizeizetloé the phase
screen needs to account for this. By the

transforms, the number of pixels is about 8192 x 8192, which might be fine for only one
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phase screen in the most recent computer speed. If more laydasef screen or a larger

outer scale are to be used in the simulation, the computer system needs more resources.

Based on the outer scale size, the phase screen needs to amiddowodes for
the relevant outer scale. So far, many AO simulation algonsthave implemented the
numerical Fourier transform, adding lewder Zernike polynomials.
Modeling is based on the theory, described in Chapter 4, in which the analytic expression
is begun with the structure function of the atmosphere, but in the siomyl#tie power
spectral density of the structure function is the starting point. The structure function can
be used to verify whether the created atmosphere is accepted by the theoretic structure
function.

In Chapter 4, the power spectrum of atmospherénénvion Karman model is
defined by Eq. (5.1), and it can be expressed in terms of the Fried param)eter &
two-dimensional thin layer in Eq. (5.2), which shows the relationship between the Fried

parameter and the refractiredex structure parameted, , as shown in Eq. (5.3).

¢ mro® Il 7 o 'QQ (5.2)

Wherek’=k,*+ k,* andh is the height of the thin layer.

T

i — 5.3
I T W .0 QaQ 3)
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In most cases, the phase screen is created in a stochastic process in which the fluctuation
of the index refraction of atmospheric turbulence can be represented by a combination of
the power spectrum, E¢p.2), and Gaussian white noise. By inverse Fourier transform of
the combination, as shown in Eq. (5.4), the phase random power spectrum can be

expressed by:

b A Qb B I Q™ 0b, (5.4)

wherell I I, andQlb is a random number based on zero mean and unit
variance.

To implement this equation for numerical modeling, it must be converted into a
finite, discrete grid, as in Eg. (5.5). One example is shown in Figure Biehvs 81.92
m x 81.92 m in size, with 2048 x 2048 pixels. This sample phase screer’ mafl0

outer scale.

¢ Gft QA B I Q I i (5.5)
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Figure5.2: An example of phase screen with=.10° m.

As important as it is to create the phase screen, it is equally important to verify how much
the created phase screen agrees with the theory. Even though the appearenpbasfe

screen conforms to the theory qualitatively, the quantitative result can be obtained only
by measuring the created phase screen. Since the actual phase screen is derived from the
structure function, measurement should use the same methodologystiittture

function for atmospheric turbulence is defined by the mean squared phase difference at

various locations with a pair of points, as shown in Eq. (5.6).

O b 0%D B %b O (5.6)
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where %orepresents phase valuejs the distance between two points, dnds the
location of measurement.

Since the phase screen is created by stochastic processing, each time it is created,
it has a certain amount of variation. For accurate results in measuring structure function,
the averaging value of the measurements can be more acceptable. Figure 5.3 shows one

example of measuring structure function, with 10 averaged phase screens created by the

Fourier transform method.

4

Structure Function @L 0= 1e+06 m, error: 90.08 %
x 10

15 T T T T T
—— Measured by Structure function

— Theoretical curve

10~

D, (Ir) [rad %

r r r r
0 10 20 30 40 50 60

Ir| [m]

Figure5.3: Structure function of 10 averaged phase screens withLlP m and §= 15
cm (blue curve). The green curve is a theoretical value in the von Karman model.
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As shown in Figure 5.3, the measurement of structure function is close to the theory at
very shot distances only, and Eq. (5.5) is not valid for long distances. The example in
Figure 5.3 used £am outer scale, but if the outer scale is different, the error could be
different.

As for the outer scale, Figure 5.4 shows measurement of structure functinen
range of 5 m to 1000 m of outer scale with the same size of phase screen as created by Eq.
(5.5). Errors are estimated by taking the difference between the von Karman model and
the created model. Figure 5.4 shows that the error increases withsedreuter scale,
but up to 50 m of outer scale can be used without any problem. As a result, Eq. (5.5) can

be used if care is taken with large outer scales and large phase screens.
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Figure5.4: As the outer scale size increases, the Fourier transform method has a higher
percentage of error.

This problem has been an issue when developimgdepes with larger aperture sizes,
although some algorithms can be used with confidence [14]. One simple solution is to
add arbitrary, loworder frequency to the phase screen. This is called théasutonics

method. It is suggested by R. G. Lane [24] asdd as an example in this dissertation.



161

The loworder, special frequency can be expressed by Eq. (5.7) and is combined with a

high-frequency phase screen.

¢ ofw Ql B I Q yi vl 8 (5.7)

Figures 5.5 and 5.6 are simulation results for phase screens created blg-the s
harmonics method with two different outer scales (5m afdr)and verified with the
structure function measurement. The structure function test for phase screens is well

matched to the von Karman model, and various outer scales can be applied for AO

system simulation.

Structure Function @L | = 5e+00 m, error: 1.99 %

—— Measured by Structure function
10 — Theoretical curve

&1 50 0 10 20 30
Irl [m]

Figure5.5: Phase screen created by-$#vmonics method.;E5m and g&=15cm. The
error is 1.99 %.
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. Structure Function @L | = 1e+03 m, error: 15.20 %
10

—— Measured by Structure function
. —Theoretical curve

c c c c
E00 50 4 10 20 40 50 60

Y [m] X [m] i m]

Figure5.6: Phase screen creategdubharmonics method.ge1000m andg=15cm. The
error is 15.20 %.

5.1.2 Covariance method
So far, phase screens created by using thénauhonics method can be used in most AO
system simulations with various outer scales. However, the phase screens laretetill
when the simulation is long or many layers are necessary. For example, the power
spectrum of spatial domain has been well implemented for correcting wavefronts of
highest and lowest frequency for short AO system simulations. However, for long
simulations, if the phase screen needs to move a long distance, a much larger phase
screen is required for a higksolution temporal power spectrum. The temporal spectrum
result is used to obtain information on l@nder atmosphere.

This problem has been a topf AO system simulation research. Assemat has
proposed a covariance methd@&®]] and Beghi 23] and Conan 26] have deeloped it.
The basic idea is to first make a phase screen by the Fourier method and then use the
covariance method for simulating the phase screen flowing due to wind velocity. For

example, as the finite size of the phase screen movestoigft over he telescope
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aperture, the phase screen adds a few columns from the right edge and removes the same
number of columns from the left edge so that the phase screen keeps its original size. In
the mathematical expression of Eq. (5.8), X is a phase valug,otddumns from the

right edge, and Z is the value from the left edge, with the same number of columns as X.

A and B are matrices based on the covari a
noise, with zero mean and unit variance. If the parameteasidAB are defined and

calculated before simulation, the vector X can be obtained from the rest of the parameters.

® h & (5.8)

As a quick summary of Assematodés method [ 2
following conditions.

1 1 and®are not correlated.

M I has zero mean and unit variance

P 8 @: O, (5.9)
and A is used for BBand B as shown in Eq. (5.10).

660 @8 O 18 O
(5.10)
" YD )
where U is the eigenvector of BBand L is the diagmal matrix. Once the valué8 & @

8 & G andd ¢ Gn two positions,i andj, are found by the covariance function, the

matrices A and B can be calculated.
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The structure function described in Eq. (5.6) can be exgulessEqg. (5.11) for the von
Karman model 27], and it has relationships with phase variance and covariance, as

shown in Eq. (5.12).

n 7 7
U 3 T
s | 1 c“gﬁcpcscp

7 “ N “ N
3 vfp [ , ¢
= - 5.11
VoL ¢’ 0 YT D ®-11)

where0 ¢ 1 is a modified Bessel function of the third kind, and is a gamma

function.

(5.12)

where, is the phase vaance, and 1 is a phase covariance function, which also can

be described as an average phase vé@le) %o 1 O Then, from Egs. (5.11) and

(5.12), the covariance function can be found, as expressed:

”n T T w v x w oy
V] 3 T l l
P ﬂ'(p %3 (_P c— 0 T C_ (5-13)

o i - — , ,
i ¢ctr«7 v 0 0

In two positions separated Ipyindexed withi andj, the covariance dB & Q@ & §

and@ ¢ QGare found by Eq. (52). Then, every time the wind shifts the phase screens in
each layer, Eq. (5.8) is used, adding columns on the right and subtracting columns from
the left.

One AO system simulation program that supports the covariance me2@pds|
OOMADOQ, and Figure 5.7 shows a sample phase screen produced by OQdAGth a

size of 30 m x 30 m and 750 pixels. One of the big advantages of using the phase screen

is that its small siz can be useful for long simulations and for various outer scales.
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8.0km: 100.0%
30.00m - 750px

-50 0 50 100

Figureb5.7: Phase screen produced by OOMAO with 30 m x 30 m size and 750 pixels.
One of the big advantages of using the phase screeat isstsmall size can be useful for
long simulations and for various outer scales.

The subharmonic and covariance methods can be implemented in any AO system
simulation software package to provide for various outer scales or longer duration
simulations.n the following simulation, which measures phase variation and outer scale,
these two methods are implemented in the AOSIim2 software package, developed by Dr.

John Codona, University of Arizona.
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5.2 Phase variation over two telescopes

As mentioned earlierhe most recent telescopes tend to have larger aperture sizes for
better resolution, and scientists and engineers are combining more and more mirrors to
further increase size. However, the more mirrors are combined, the more complicated the
system becomesinlike a singlemirror telescope, a telescope with multiple mirrors has
much more difficulty aligning. One of the biggest issues is tpltse each mirror to
imitate a singlemirror telescope. Due to various vibrations or turbulence effects near the
telesope, its structure is always moving, and it must be corrected by a-qiraseting
system. In most cases, the phaeerecting system works in real time on a cloksap,

so that the phaseorrecting optics compensate for detected phase differences.
Measirement of phase variations can be begun with the structure function from Eq. (5.6),
describing mean squared phase differences at various positions, and variance of OPD due

to atmospheric turbulence is defined by [28]:

” C “

$ 8 (5.14)
wher e B i s t he basel

i ne between two aperture
structure function.

The structure function can be deduced from the phase power spectral density, Eq. (5.2):

O ® 1™ Q Qp L QOW (5.15)
whereJ, is a zereorder Bessel function of the first kind.

By adding the aperture factor to Eq. (5.15), the structure function can be defined by [28],



167

b* 00 .
oO® 1™ Q Qp U 6"chW O (5.16)

whereJ; is a firstorder Bessel function of the first kind, and D is the aperture diameter.
Eqg. (5.16) now includes every factor that represents the atmospheric turbulence over two
aperturesseparated by a baseline B. g 5.8, derived fromEg. (5.16), shows the
relationship between the standard deviation of optical path difference (OPD) and the
outer scale for various largmperture telescopes with long baselines. The phase variation
is larger for longer baselines and for larger outer ssates. The theory predicts
variations of 28 um for the Large Binocular Telescope (LBT) baseline when the outer
scale is 30~1000 m. Thus, the effect of phase variation will reduce the visibility of a
coherent image for even lomwgavelength observations thithe LBTI. As a result, in
addition to the wavefront correction provided by the AO system, LBTI, as do most
optical interferometric systems, needs to have phase correction to provieesottion

imaging.
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Figure5.8: Baseline =5, 14.4, 30,85, and 200 mwjthr 15 c¢cm @amThe = 0.

phase variation corresponding to OPD between two apertures is more affected in longer
baseline interferometers with larger outer scale sizes.

The OPD variation does not affect fringe contrast in very short exposure timese but th
large OPD variation in the long exposure times will reduce ftimge contrast. As
described in the chapter set OPD variation can be estimatedrbgasuringhe fringe

motions, and the power spectral density of the OPD variation is presented bylE). (5.

o T
E Q mMinowc¢— OF
' (5.17

Ol m& 0716
where v is temporal frequency, and B is the baseline.
From Eq. 6.17) with a filter function, (isin(’ Tv)), in frequency domain, where T is

time period, the OPD variation in timeade can be calculated sisownin Eq. 6.18,

55
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I 1) R (5.18

[

0y
i

As the OPD variation in the time scale increases, the fringe visilgityeasesand it is

also mathematically expressed in Eg10 [16],

x
o 0" — oo 8 (5.19

By calculating T in terms of V as shown in E§.20, we can obtain how fast the

exposure time should be.
116 7 i
e 0

To effectively maintain the visibility, the OPD must beensed and correctedth a

Y% (5.20

timescalefaster than the exposure time, such that the phase correctirors of the
LBTI need to support a bandwidth of at leasI for correcting phase variation due to
atmospheric turbulencelf other parameters such as structural vibration affect the
interferometric system, the phase corn@tsystemwill require fasterbandwidth.

The integrationtime in Eq. (520) is applicable only for phase variation due to
atmospheric turbulence. If ah parameters, such as structural vibration, affect the
interferometric system, the phaserrection system will require higher bandwidth.

In the following two subsections, the ephasing process is simulated by two different

methods. One is a qahasingprocess using measurement and correction with phase

values over each aperture, and the other method uses measurement of phase difference

between two apertures.
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These two simulation methods can be done with various parameters to characterize the
system, andhe current study analyzed and concluded how the system can be optimized

for better performance.

5.2.1 AOSIim2i AO simulation software

One of the advantages of performing AO simulation is that it can derive results for
complicated systems that have random flatibn. In addition, it can explore parameters

that are not adjustable, or that cannot be measured in real situations. For example, the
actual piston of the wavefront cannot be measured in the real system, but in simulation,
the piston, rather than the @eadifference, can be obtained. In thepbasing process,

AO simulation can use absolute phases over the apertures, but in the LBTI system, the
phase difference can be measured by an interferometric phase sensor. This approach is
called the direct phasingethod.

AO simulation of the LBTI system is carried out with AOSIim2, which is a library of
Matlab® classes developed by John Codona and used to characterize phase variation with
respect to structural vibration and atmospheric turbulence.

The AOSIm2 consts of various classes, and the objects from those classes create each
numerical model of the AO components. The following tree chart represents the overall
AOSIim2 program, in which each AO system component has relationships with others in

its superclass ahsubclass.
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handle
AOFIFO AOGRID AOReconstructure
AOSegment & AOATMO AOScreen| [ AOPhaseScree AOWEFS AOField

AOAperture AODM

Figureb5.9: Tree chart of AOSim2.
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Define parameters (wind speed, wavelength, ...)

Define telescope structure
(AOAperture, AOSegment)

Define deformable mirror (AODM)

Build wavefront sensor (AOWFS)

Build reconstruction module
(AOReconstructure, AOField)

Create phase screens and add them
on atmospheric structure (ATMO, AOScreen)

Create science field and star light
for wavefront sensing (AOField)

Sensing wavefront of science field

Correct wavefront with deformable mirror

Propagate star light thought atmosphere

Calculate results (PSF, Strehl ratio, ...) —_—

Figure5.10: Flow chart for AO simulation algorithm.
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These objects are created and processed as shota flow chart, Figure 5.10, and the

wavefront sensing and correcting process is performed iteratively for dmged\O

simulation. Figure 5.11 shows simulation results with the following key parameters.

1
T

Structural parameters from LBT

AO system parameters

Wavefront sensor: Shailartmann sensor with 672 actuators for deformable
mirrors

Reference wavelength: 500 nm

Guide star height: ¥0n

Wavelength: 10.56 pm

Phase screen height at 1000 m with wind speed 10 m/s
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Figure5.11: Top-left: PSF of LBT, Topmiddle: Intensity cross profile of PSF, T-ojght:

Wavefront over LBT apertures, Bottelaft: Wavefront corrected by AO system,
Bottommiddle: Strehl ratio, Bottomnight: Visibility.

Aside from the above kgyarameters, more input parameters can be specified for results
that are more detailed. AOSIim2 software is used for various LBT simulations throughout

this dissertation.
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5.2.2 Simulation in direct phasing method

To measure phase variation for the LBTI systeising AOSIim2, two 8-4neter
telescopes are separated by 14.4 meters, reproducing the basic configuration of LBTI.
Both wavefronts are combined after propagation and AO correction through two separate
telescopes. As the optical path difference changegédak fringe moves to the left or to

the right. Figure 5.12 shows the result of the simulation without turbulence in the
AOSIim2. Figure 5.12 shows the PSF without any optical path difference, while Figure
5.13 shows the result with half a wavelength of agtpath difference. Figures 5.12 and
5.13 verify that the expected fringe pattern of the LBTI model in AOSIim2 is shifted by

the optical path difference between the beams.
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Figure5.12: AOSIim2 result fol.BTI in K-band without turbulence.
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Figure5.13: AOSIim2 result for LBTI with half wavelength OPD inland without
turbulence.

The LBTI equips Michelsotftype interferometer to sense phase variation.st#A®wvn in
Figure 5.14, two beams from each aperture are split at a beam splitter, such that detector
A and B have "/ 2 phase difference. The combi i

the phase difference which used for phase correction.
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\ Beam from DET A
Right aperture \ /\

Beam from Left /\ ~
’ aperture , \/ \_/

DET B

Figure5.14: One of the direct phasing method. The phase difference between detectors A
and B is used to correct the phase difference.

AOSIim2 employs phase screens that have a structure function following the Kolmogorov
turbulence model. Performance of the LBTI model in the simulation can be estimated for
a finite outer scale by the RMS phase variation from Eql]®@ad Figure 5.8:

" ™MLRB 6 78 (5.21)
wher e @& i s asphasesseucterefgnttion, andB is baseline.
By reference to Eq. (512, the RMS phase variation is about 7.04 um for 45 cm at
550 nm, 14.4 m baseline distance, and 300 uteroscale, and it is independent of
wavelength. The measurement of phase variation in Figure 5.14 is from a simulation in
AOSIim2 in Nband wavelength in an open loop without phase correction, so that the
phase variation due to atmospheric turbulence @ammbasured directly from fringe

motion. The blue line is measured by the phase sensor in AOSim2, which measures



178

absolute phase values using the direct phasing method, while the green line shows the
peak of the fringe motion with a small amount of noiseictvitauses more power in the
high-frequency area in the power spectrum density. Thus, the fringe motion also can be
used for measuring phase variation. The RMS phase variation in both measurements is
about 7.5 um, in agreement with the theoretical valles Simulation for measuring
phase variation demonstrates that the LBT model is working properly with the phase

screen in AOSIim2.

10 T T T T T
Phase sensor

Fringe sensor

'
o

-10

-15

Phase variation [ mm ]

-20

-25

% 5 10 15 2 2 30
Time [second]
Figure5.15: Phase variation measurement isbahd for 30 seconds faog* 15 cm at 550
nm, 14.4 m baseline distance, and 300 m outer scale. Green: the RMS from peak motion
of the fringe pattern is 7.57 um. Blue: the RMS from the phase sensor of AOSIim2 is 7.55
pm.
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In the direct phasing method, the piston position of the atmadspinebulence layer over

the aperture is measured by each phase sensor, as shown in Figure 5.15. Phase difference
is directly related to optical path difference (OPD) between two beam paths, and without
OPD correction, visibility is decreased by the antoaanOPD, as shown in Figure 5.16.

To maintain the desired visibility, the pistopnrrecting optics need to work with

sufficient distance and frequency.

Atmospheric turbulence layer

/ Left piston position

/ Right piston position

.
| Fre | | SpC |<—— Piston correcting mirror

| Phase sensor ‘

Figure5.16: Single atmospheric turbulence layer papertures of an LBT. Each
telescopebs aperture has an independent
corrected by the AO systems, while optical path differences can be corrected by the
phasesensor system.
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Figure5.17: Visibility vs. OPD.

In AO simulation, the phase difference is directly related to the OPD between the two
beam pathways, and without OPD correction, visibility is decreased for long integration
times. To maintain the desired visibyli the pistorcorrecting optic needs to work over
sufficient distance and bandwidth.

The kandwidth of the piston correction system can be defined by E20)/(5.
which is theintegrationtime with respect to the Fried paramete) &and wind speedvj.
For example for maintaining 80% visibilityif ro at areferencevavelength of 50 nmis
15 cm with 10 m/s wind speed parallel to the baseline, itibegrationtime is 30
millisecondsat K-band, 52millisecondsat L-band, and 144nillisecondsat N-band.The
integrationtimes depend on the wavelength, and they will be 33Hz, 20Hz, and 7Hz
respectivelyin frequency domainFigure 5.B shows simulation results with the above
parameters for visibility as a function of the pistmrrection bandwidths for and and

N-band. When piston correction is working at about 35.34tlézyisiblity of the system
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can be above 80% K-band, and’.79 Hz will perform also 80% visibility in ¥dand. By
comparing the simulations to Eq. (5.20), we confirm that the AOSIm2 simuletion

providing reasonable results.

K-Band: 7.79Hz, N-Band: 35.34Hz @V=0.8
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Figure5.18: Simulation results of phase correctidfisibility increases with piston
bandwidth, and higher piston frequency improves visibilithatd wavelength reqes
faster correction thanddand wavelength to maintain the same visibility.

The above AOSIm2 simulations are based on various pcsioection bandwidths with
atmospheric variation only. However, in reality, large telescopes also suffer from
structural vbrations, which are usually in lefvequency ranges, about 10 Hz to 20 Hz.

For the LBT structure, it can be observed thimtictural responsesf 10 Hz to 15 Hz
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affected the OP@&s shown in Figure 5.19 which assibration response measuremaesit

one sideof secondary mirror swing arms.
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Figure5.19: Vibration measurement results from the secondary swing arms. From top to
bottom, X, Y, Z1, Z2, and Z3. -éxis plot shows the most low frequenciesaXs plot
shows vibration around 20 ~ 30 Hn Z-axis plot affecting OPD variation, around 10 ~

15 Hz are mostly observed.
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The pathlength variations from these vibrations are not corrected by the AO system,
since they are not detected by the wavefront sensors.

Oneinteresting question is: if the telescope experiences thes&dqgwency vibrations,
then how fast should the pistaorrection mirrors operate to correct the vibration. The

following simulation is based on the following parameters.

1 Geometric parametersame as in LBTI system

1 Atmospheric parameters

9 Single turbulence layer at 1000 m height

91 Fried parameter: 21 cm at 550 nm wavelength

1 Weighted wind speed: 10 m/s in a direction parallel to baseline

1 Wavelengths: Kband, L-band, and Noand

1 Vibration frequencyt 10 Hz and 20 Hz at amplitudes from 0 to 20 um
1 Pistoncorrecting mirror working in range of 2 Hz to 1000 Hz

9 Integration time: 4 seconds
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The results in Figure 80 show visibilities with respect to vibration amplitudes and
pistoncorrection bandwidths. In each contour map, the blue line septe visibility of

0.8, and for a given amplitude of structural vibration, it can be estimated how fast the
piston bandwidth should be in order to get more than 0.8 visibility. As expected, the
higher the amplitude of vibration, the faster the piston gttt needs to be. Similarly,

at shorter wavelengths, a higher piston bandwidth is needed for the same visibility. For a
higher frequency of vibration, a faster pistoorrecting bandwidth is necessary.

For example, if a star is observed iFbEnd, assumgnthere is no structural vibration, the
pistoncorrecting system requires a bandwidth of 40 Hz to obtain 0.8 visibility. However,
with 1 um of 10 Hz structural vibration, the required bandwidth increases to 500 Hz.

From theresult in Figure 5.20, in thew bandwidth correction frequency the aliasing
between correction and vibration frequency is caused as shown in Figure 5.21 in which
the OPD variation isinexpectedlyhigher at multiples of the vibration frequency. This
phenomenon is rarely shown in rehfe observation because the most vibration
frequencies are not restrictemlasingle frequencyigure 5.21 illustrates this effect for a

20 Hz vibration corrected at different frequencies.
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Figure5.21: Smulation of Structural vibratiorAliasing between correction bandwidth
and the vibration frequen@ccursat multiples of the vibration frequency.

Table 5.1 shows the results for vibration amplitudes of 0.3 um and 1 pm at
frequencies of 10 Hz and 20 Hzom the bandwidth estimates in Table 5.1, it is possible
to approximate how bright a star is required for phase sensing. LBTI phase sensing is
carried out at Kband, using a bandwidth of 0.35 um. The light is sensed from two
outputs of a Michelsotype interferometer. Each output is a pupil image 20 pixels in
diameter. To sense the phase effectively using these two outputs, an estimated
approximate minimum flux of 1000 photons/frame is required. Assuming a throughput
for the system of 10%, Egs. (2)2and (5.23) can be used to determine the limiting
magnitude of a star in#and that is usable for phasing in the presence of atmospheric

turbulence only and turbulence with vibration.
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First, the number of photons on the detector fof en@gnitude star isadculated:

o IYDA >, (5.22)
where A is the area of a single aperture, T is the transmission of the whole system
including the atmosphere and every optical component, t is integration tigns,the
number of photons for a zeroth magnitudest, and @a[36.s bandwi dt h
Then, Eq. (5.2) shows the magnitude of the star that can be observed based on the

estimation of 1000 photons/frame and Eq. 25.2
a C®» € QU— (5.23)

wheremy is the magnitude of the star.

Using these estimates, the impact of the vibrations on observational constraints can be
guantified. If only atmospheric turbulence is present, the slower bandwidth allows stars
as faint as ~13magnitude to be used. However, in the presence of significamatidn,

the increased bandwidth will limit the phasing stars 6110 magnitudes (nearly ten
times as bright). This illustrates the importancénoiting vibrations on the LBT.

Table5.1: AO and vibratiorsimulations for various amplitudes and frequencies of the

vibration. The limiting bandwidth of the piston correction system is listed, along with
the limiting magnitude of star that can be used for phase sensing to achieve V = 0.8.

Avibraton O pm 0.3 um 0.3 um 1pum 1pum
o Cpﬂ"iston My Cp[fiston My q:)ﬂ"iston My q)[fiston My Cpﬂ,'iston My

K-band 40 13.2 150 11.8 300 11.1 500 10.5 1000 9.8
L-band 20 13.1 80 11.5 150 10.8 250 10.3 500 9.5
N-band 6 13.4 10 12.8 10 12.9 100 10.3 200 9.5
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5.2.3 Simulation in pseudo phasing method

In the previous section, the direct phasing method assumes that AOSIim2 can detect
absolute phase values for each aperture, and the LBTI Michiisenphase sensor
senses phase difference. However, the Michetfgoa phase sensor is impractical to use
when the sorce does not have enough intensity. If the starlight is so faint that the setup
in Figure 5.14 does not produce an accurate phase difference, system performance is not
guaranteed. Another idea is to use the slope of each aperture to estimate the afproxima
phase difference.

Even for a very faint source, wavefront sensors can be used on each side to estimate
average slope of the wavefront over the apertures to calculate the phase difference. This

method is called pseudo phasing and is shown in Figuge 5.2

N
v

B

Figure 5.22: Pseudo phasing method. By measuring overall slope of the wavefront over
the apertures, approximate phase difference can be estimated. This might not be an
accurate measurement, but it is ater@ate method in case the direct phasing method
cannot be used.
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In the simulation, a wavefront sensor is used for measuringptder modes (thailt) of
aberration, and the phase difference between two apertures is found by Eq.T(8e2,
the phase dfierence can be used for the correction. It must be noted that the pseudo
phasing method is only approximate.

% 2okl ol (5.22
where B i s t haen dassmglesioiwavefroatsioder tbe apertures.

Because the method is only approximate, it may not work with different
parameters, such as too small a Fried parameter sntath an outer scale size.

By using the calculation in Eq. (5.14), the phase variation can be found, as inZBY. (5.
and the structure function in E5.11) and(5.21) has a baseline, the Fried parameter,
and the outer scale as dependent variables@maffect the phase variation.

To verify whether those parameters affect performance after correction with the
pseudo phasing method, performance can be compared with and without correction with
the pseudo phasing method.

Based on Eg. (5.20), theoretigdhase variations are plotted in Figure®.Zhey
show the relationship between phase variation and the Fried parameter for various outer
scales from 30 meters to “ieters. The bigger the outer scale size, the higher a phase

variation is introduced. Tehphase variation also decreases with the Fried parameter.
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Figure5.23: Phase variation related to the Fried parameter and outer scale sizes

Figure 5.2 shows the phase screen with LBTI aperture configumatin the left figure,

the phase screen is created by the covariance method, as described in Section 5.1.2, and

the rectangle at the center of the phase screen includes two apertures of an LBT, which

are shown in the figure at right. The covariance meibaased rather than the Fourier

transform method, since more than 4 seconds is needed for measuring the phase variation.
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Figureb5.24: (Left) phase screen with LBT aperture position, and (Right) phasenscre
over the LBT apertures

Figure 5.5 shows a 1&econd simulation with arillisecond interval. In the left figure,

the blue line represents phase difference determined with the direct phasing method, and
the red line represents phase difference deteudmmth the pseudo phasing method. The
difference between the two lines is shown in the figure at right, in which the phase
difference between two beam pathways is corrected by the pseudo phasing method. In
this example, the outer scale is°10, and the Fied parameter is 35 cm. The standard
deviation is about 7 um for the wavefront of atmosphere, and the pseudo phasing method
also provides about 7 um. If the pseudo phasing method is used for phase difference
correction, the resulting phase variation canrbduced to 2.4 um in the right figure,
which means the ratio of the phase variation after correction to the phase variation before

correction is 0.346, and the RMS can improve 200% more.
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Figure5.25: Phase correction by the pseudo phasing method. (Left) Blue curve is
measured by the direct phasing method and the red curve by the pseudo phasing method.
(Right) The curve represents the result after phase correction by the pseudo phasing

method.

Figure 5.5 shows the result for one specific state only. By applying various parameters
in the simulation, we can find what level of each parameter can be used with the pseudo
phasing method for some specific level of performance improvement.

To find the level for ach parameter, the outer scale is increased from 30 m’tm,10

while the Fried parameter is increased from 5 cm to 35 cm. Since the phase screen is
created in statistical method, simulations with the same parameters have been done 10
times. The average oie 10 simulations before and after the pseudo phasing correction

shows how much system performance can be improved. Tablsutnmarizes the
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simulations and shows each averaged standard variation before and after correction. The
difference between befocor r ecti on and after correction
val ues I n parent heses for AnBefored and i
simulations, and the value for fARati oo i s

Table5.2: Simulation results using the pseudo phasing method. The phase screens with
more than 1000 m outer scales have ratios less than 1.

fo

5cm 10 cm 15 cm 20 cm 25cm 30cm 35cm

Before | 3.72(050)  2.19(0.2)  156(0.14) 1.23(0.11) 1.02(0.09) 0.88(0.08)  0.72(0.1)
30m | After | 10.25(1.66) 5.31(0.49) 3.79(0.35) 2.98(0.27) 2.48(0.23) 2.13(0.2)  1.9(0.14)

Ratio 2.76 2.43 2.43 2.43 2.43 2.43 2.62

Before | 8.32(1.64) 4.76 (1.05) 3.39(0.75) 2.67(0.59) 2.22(0.49) 1.91(0.42) 1.8(0.32)
100m | After | 11.84(1.46) 6.63(0.51) 4.73(0.36) 3.72(0.28) 3.09(0.24) 2.65(0.2) 2.4 (0.25)

Ratio 1.42 1.39 1.39 1.39 1.39 1.39 1.34

Before | 11.49 (1.79) 6.72 (1.63) 4.79(1.16) 3.77(0.91) 3.13(0.76) 2.69 (0.65) 2.44(0.59
Lo | 10°m | After | 12.27(0.71) 7.08(0.72) 5.05(0.51) 3.97(0.4) 3.3(0.34) 2.83(0.29) 2.51(0.14)

Ratio 1.07 1.05 1.05 1.05 1.05 1.05 1.03

Before | 25.68 (15.91) 11.84 (8.24) 8.44 (5.88) 6.64 (4.63) 552 (3.84) 4.74(3.3) 3.81(2.72)
10'm | After | 14.28(14)  7.14(0.75) 5.09 (0.54) 4.01(0.42) 3.33(0.35) 2.86(0.3) 2.45(0.17)

Ratio 0.56 0.6 0.6 0.6 0.6 0.6 0.64

Before | 26.53 (9.79) 14.49 (8.89) 9.52(5.53) 13.14(10.05) 14.55(6.96) 8.19 (7.16) 7.17 (5.58)
10m | After | 12.97 (0.78) 6.96(0.42) 4.97 (03) 4.17(0.26) 3.4(0.41) 2.87(0.36) 2.46 (0.16)

Ratio 0.49 0.48 0.52 0.32 0.23 0.35 0.34

The above table contains some interesting results. In each range of parameters, the ratios
of the standard deviations after and before are close values thedried parameter
with the same outer scale, even the standard variations are reduced as the Fried

parameters increase. The ratios also decrease with increased outer scales. Thus, to
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improve system performance with the pseudo phasing method, the aaleessould be
more than 1000 m, regardless of the Fried parameter size.

The Figure 5.8 shows the ratio of standard deviations after and before correction, and it
shows that a value larger than>10 for the outer scale can reduce phase variation with
thepseudo phasing method.
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Figure5.26: Ratio of standard deviation after and before correction with the pseudo

phasing method. Atmospheric turbulence with more than 1000 m outer scale achieves
good correctia performance.

If Lo is larger than 10m, the pseudghase methodhight be practical, but itould only
be used for the long wave length ranggure 5. Z shows the visibility with respect to
atmospherit¢urbulencelf the outer scale is smablyith fino phasing the visibility can be

reached up to more than 50 %.
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Figure5.27: Visibility with respect to Fried scale. Even though the outer scale is small,
the visibility can be improved in the long wavelendthe larger ¢is involved, the better

5.3 Phase correction

visibility can beobtained

For the LBTI configuration, the phase sensor can support both the direct phasing method

and the pseudo phasing method. The plcasection mirrors are designed to have

sufficient dynamic range. The slow path corrector (SPC) is capable of moving a long

distance in slow motion, and the fast path corrector (FPC) works for very fast correction,

up to 1 KHz, within short distances. In combination, the two mirrors are ablerto

from a distance of less than 1 Hz to 1 KHz, a range that covers enough distance to obtain
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0.8 visibility. The two mirrors are controlled by a system on a cksepg in the direct
phasing method, but in the pseudo phasing method, one must take cotmtabe

analysis in Section 5.2.3.
5.4 Conclusion

This Chapter has described two methods, the Fourier transform method and the
covariance method, for phase screen of numerical modeling of atmospheric turbulence.
Both methods can be performed with AOSIim2 Adhdation software. AOSIim2 can
simulate an LBTI system with various parameter changes. Sections 5.2.2 and 5.2.3
simulated the effects of structural vibration on telescope performance and phase
correction by the direct phasing method and the pseudo phamgtigpd. The pseudo
phasing method can be used when faint stars are observed and the guide star is not
sufficient to use.

In the structural vibration simulation, visibility contour maps showed vibration
amplitudes and phase correction bandwidth in 10 HzZn#iz of structural vibration.
Visibility curves on the contour maps show how fast the pbasecting system should
work for the required star brightness. According to the simulation results, only slow
bandwidth phase correction can allow observatiofaift stars ~18 magnitude, and in
some situations, with significant vibration present, the 10"-ntagnitudes of stars can
be observed.

The pseudo phasing method is an alternate method to measure approximate phase

difference between two apertures whbe direct phasing method cannot be used. This
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method is capable of reducing fringe fluctuation fatev scales of more than 1000 Ifn
the outer scale ismalt the visibility can bea useful level alonger wave lengthvithout

any phase correction
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6 CONCLUSIONS

Large-aperture telescopes promise astronomers higher angular resolution of stars, and the
trend toward larger apertures has become the guideline for building astronomical
telescopes. Stellar interferometers with Adaptive Opt{@é€) systems provide
extraordinarily improved image quality. Those three factors, large apertures, stellar
interferometers, and AO systems, confer huge benefits to astronomers; however, building
telescopes poses many difficulties. To deal with the ditfesiposed by large apertures,

two solutions have been developed in the history of the astronomical telescope. One is
the multiaperture telescope, and the other is the segmented telescope. In the stellar
interferometer, cgphasing between each apertigé¢he key point of interest.

Due to the large volumes of the telescope structures, they have very tight tolerances, and
without proper alignment, image quality cannot be guaranteed. A medtgpealignment
process has been developed, with a rough and #dine alignment. In the rough
alignment, the range of tolerance can be measured within a few millimeters and degrees,
while the fine alignment can be carried out by interferometric result, yielding a highly
accurate alignment. A tolerance and sensitidhalysis should be prepared for each
alignment phase.

Alignment engineers need to perform the tolerance and sensitivity analysis using analysis
for the geometric point of view and the wavefront point of view. Tolerance and
sensitivity analysis for the genetric point of view can be performed using the simple
equation in Eqg. 2.1, and for the wavefront point of view, the analysis usestracang

program. The analysis can be performed by a statistical method embedded in-the ray



199

tracing program, but an ghment engineer might prefer to use a scanning method, with
which s/he will gain more understanding of each optical element and its motion.

For rough alignment tolerance in the UBC system, all optics are placed in the ranges of
1.8 millimeters and 500 aeconds for translation and rotation, respectively. The
translation can be achieved easily by a simple meter stick, but the tolerance of rotation is
not accurate enough using a protractor, so a more accurate alignment tool must be
prepared. In Zemax simuian, the rough alignment can be simulated by putting random
values in each optic between £ 1.8 millimeters and + 508es@nds for translation and
rotation, respectively. By overlapping two spots, an average Strehl ratio of 0.55 with +
0.2 of standardeliation can be obtained. The tolerance and sensitivity analysis for fine
alignment can be performed by four different methods: the statistical method and the
scanning method, both with and without a compensator, as explained in Section 2.3.4.
Based on theolerance and sensitivity analysis for both alignment phases, Zemax can
simulate the alignment process from the LBTI setup, with various interferometric results.
Alignment simulation can help the system reach its performance goal.

The tolerance and sensity analysis is the fundamental process of an alignment plan.
Each level of the analysis provides the tolerance requirements for each alignment step.
Based on the requirements for each alignment, alignment tools with sufficient resolution
coverage can beesigned.

The LBTI is designed to reserve the Sine condition for reducing Coma aberration in the

off-axis. The Zemax simulation provides the acceptable primary mirror shift for the

criterion of a&/5 of optical plapsed. di f f erenc
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For the rough alignment process, two pencil laser beams and targets are used. This
alignment process allows all optics to be placed between minimum and maximum rough
alignment tolerances.

The telescope simulator produces F/15 focusing beams aGbeth Focus points, and it

is used to align UBC optics. After propagation, two F/15 beams wersaged on the
common focal plane. Even though there were some minor defects and misalignment of
the OAP, a fringe pattern was obtained in the laboratorieatt0 pm wavelength. The

star simulator, a new version of alignment tool, is used to align UBC optics amutW
optics at the same time, and it is capable of performing the alignment process outside the
laboratory. In future work, the Sine condition wilke tested by shifting the Achromatic

lens system (ALS) vertically or horizontally.

System performance is reduced by misalignment and other external perturbations caused
by random structural vibration and atmospheric turbulence. Characterizing the structura
vibration can help improve image quality.

In summer 2010, we measured structural vibrations and found noise sources by using a
process that includes 10I&and seismic accelerometers. Two measurements were
compared, and the 10IS was used to calibrate ¢imsgc accelerometerg& minimum

RMS optical path difference of 28.25 nm was obtained when all machinery was off, and a
maximum RMS optical path difference of 129.5 nm was obtained when thesight
mirror ventilation was working. Major frequencies farficular mechanical motions are
listed below:

Everything off w/o flac ice (cooling device): 30 Hz
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PA0402 (pump device) on: 43 Hz
Walking from 4" floor to 2 floor: 38 Hz
Elevator moving: 43 Hz

Turning on telescope azimuth axis + 0.003 deg/s: 38 Hz

Another factor that reduces system performance is the size of the outer scale. Usually, the
outer scale does not have much effect on small telescopes, buafengere telescopes
need to consider outer scale. Outer scale size affects visibility in longratiges, and it

is very difficult to detect. Outer scale size can be estimated from the power spectral

density of the phase variation by using the equaitién Vo 0F'Q but estimating outer
scale is limited by Eq. (4.30) in which for the LBT the owgeale more than 125 m can

be only estimated. In the initial test of the LBTI system, star observation was achieved
for 13.6 seconds of measuring time with 12 milliseconds of integration time, and, thus,
the power spectral density was obtained. The outalessize could not be estimated
because of insufficient measuring time, but some low frequency noises were detected.
Based on measurement of random variation, vibration, and outer scale, reduction of
performance in the stellar interferometric system canebtimated. Analysis of these
measurements can help to compensate for
performance.

AO system simulation can estimate system performance, and simulation can be used to

study new concepts related to AO systemshainging parameters. Two-phasing types,
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direct phasing and pseudo phasing, can be used to simulate structural vibration effects
and phasing sensor methods by wavefront sensor in the LBTI system.

In simulating structural vibration, visibility contour mapan be created with respect to

the amplitudes in 10 Hz and 20 Hz of structural vibration and phase correction bandwidth.
Visibility curves on the contour maps show how fast the phasecting system should

work for the required star brightness and threcdural vibration present. According to
simulation results, slow bandwidth phase correction alone can allow observation of faint
stars of about ~3magnitude, and in some situations, with significant vibration present,

10 ~ 11" magnitude stars can lbserved.

Pseudo phasing is an alternate method to measure approximate phase difference between
two apertures when the direct phasing method cannot be used. This method is capable of
reducing fringe fluctuation for outer scales of more than 1000 m.

Througdhout this dissertation study, many analyses have been performed related to
assembly of large stellar telescopes. These analyses contribute to knowledge about large
scale telescope instrumentation in general and about the LBTI system of multiple
aperture teescopes in particular. Moreover, many of the simulations, such those of
alignment and structural vibration, are applicable to development and assembly of any
optical system.

In conclusion, this dissertation can be a partial guide for developing and
asserbling largemount astronomical interferometers, and it is a useful reference on

aligning any optical system.
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APPENDIX A. SCANNING METHOD FOR SENSITIVITY

Scanning method is processed by gradually increasing translation or rotation ofi@ion

individual optical elemet in Zemax.In each time the Strehl ratio is estimated for the
motion. The following plot show angle or translation of motion vs. Strehl ratio for
Zemax resul{blue)and fitted curveggreen) This method is used for understanding how

the opticschangegheir figure of merit as the motion changes.

Motion of Left_Ellipse in X tilt

T T T

X TR From Zemax
0.99 Curwe Fitting ||
0.98
0.97

Strehl Ratio

0.96 /
/ \
; \
// \
0.95 / \
0.94

0.93

-0.25 -0.2 -015 -0.1 -0.05 0 005 01 015 02
Motion: Xtilt [arc-sec]

Figure A.1: Motion of the left ellipse mirror in X rotation.
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Figure A.2: Estimated Strehl ratio vs. rotation about X axis for Elliptical mirror.
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Figure A.3: Estimated Strehl ratio vs. rotation about Y axis for Elliptical mirror.
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Figure A.4: Estimated Strehl ratio vs. translation in X axis for Elliptical mirror.
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Figure A.5: Estimated Strehl ratio vs. translation in Z axis for Elliptical mirror.
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Figure A.6: Estimated Strehl ratio vs. translation in Y axis for Elliptical mirror.
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Figure A.7: Estimatel Strehl ratio vstotationaboutY axis for Pupil mirror.
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Figure A.8: Estimated Strehl ratio vs. rotatiaboutY axis for Pupil mirror.
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Figure A.9: Estimated Strehl ratio vs. translation irmxXis for Pupil mirror.



208

roof tiltx (Gaussl)

1 -

0.8

0.6

Strehl Ratio

0.4

0.2

-4 -3 -2 -1 0 1 2 3 4
tiltx [arc-sec]

Figure A.10: Estimated Strehl ratio vs. rotatiaboutY axis for Roof mirror.
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Figure A.11: Estimated Strehl ratio vs. rotation about Y axis for roof mirror.
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Figure A.12: Estimated Strehl ratio vs. translation in Z axis for Roof mirror.
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APPENDIX B. CHARACTERIZATION OF UBC OPTICSO6MOTION

1. Optimization with elliptical mirror translation

Translation in Z direction of the left elliptical mirror by 8Qén moves the spot by 2.41
pm in the image plane, and the left roof mirror is used to overlap the spot followed by
phase difference correction of the left pupil mirror. Theagis Strehl ratio is
continuously reduced by increasing the value of the elaptnirror and compensation
with roof mirror.

Posx Posy Poss Tiltx Tilty TiltZ
LEFT_ELLIPSE 0 200 1] 1 0
LEFT_PUPIL 1] 1] -1.2862 1] 1 n
LEFT_ROOF 0 4 0 0 0
RIGHT_ELLIP=E 1] n n 1] 1] n
RIGHT_FUPIL n 1] 1] 1 n
RIGHT _ROOF 0 0 1] 1] 0
Cross Section of PSF LBT PSF (angle: -90.00 degree)
1
0.9
0.8 r
0.7
IR
0.6 f {
£ o5 i \
» 0.4 A } \ A
i
AT
0.1 / \/ \/

-200 -100 0 100 200 20 40 60 80 100 120 -
Huygens PSF: 0.834000

Figure B.1: Combination of translation in z axis of elliptical mirror and a left roof
mirror reduce ofaxis Strehl ratio fast.
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2. Correcting fringe angle

The rotation abdwy-axis of the left elliptical mirror with compensation of the left roof
mirror changes angle of the fringe pattern without decreasing Strehl ratio. The rotation of
the elliptical mirrorand the pupil mirrocan beused for changing angle, hie angle 6

the fringe pattern is not changing much.

Posx Posy Posd Tiltx Tilty TiltZ
LEFT_ELLIPZE 1] 0 0 100.0000 1]
LEFT_PUPIL 1] n -0.2851 0 1] 1]
LEFT_ROOF 0 -4 ] -0.32935 -336.3964 0
FIGHT _ELLIPZE 1] 0 0 1] ]
RIGHT_PUPIL 1] 0 0 n 1]
RIGHT_ROOF 1] 0 0 n 1]
Cross Section of PSF LBT PSF (angle: 87.88 degree)
1
N
0.9 T
i =
il
0.7 | { \ | 40
0.6 ss‘
2 I \ 60
205 ) \ |
z | |
o il F\ *
R
0.2 100
AT
0.1 7 \
WEBLEN
O _ -
-200 -100 [0} 100 200 20 40 60 80 100 120

Huygens PSF: 0.987000

Figure B.2: Combination of rotations of a left elliptical mirror and a roof mirror can
change angle of fringe pattern.
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Posx Pos Paosd Tilt Tilty TiltZ
LEFT_ELLIPSE n 1] 1] 100.0000 1
LEFT_PUPIL 0 0 0.4456 00271 140 2305 ]
LEFT_ROOF 0 -9 0 1] 1] 1]
RIGHT_ELLIPSE 1] n 1] 1] 0
RIGHT_PUPIL 0 0 1] 1] 1]
RIGHT_ROOF 0 0 0 1] 1]
Cross Section of PSF LBT PSF (angle: 89.47 degree)
1 5
0.9 j’w\\\
0.8 f l \ |
0.6 ‘{J‘ ‘\\
2 ] \
£ os f l \ {
L
AT
JALHY
0.1 va
BE/AIIEWEN
0

-200 -10 [0} 100 200 20 40 60 80 100 120 -3
Huygens PSF: 0.949000

Figure B.3: Comhbnation of rotations of a left elliptical mirror and a pupil mirror can
change angle of fringe pattern, but the changing angle is smaller than the combination of
the elliptical mirror and the roof mirror.
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3. Correcting Phase differenceat off-axis

As the left elliptical mirror changes the angle abowatxs followed by overlapping two
spots with left pupil or left roof mirror, the peaks of the fringe patternsaxigyfield
angle are shifted. The peaks Haxis field angle are not changed much.

Posk Pasy PasZ Tiltx Tilty TiltZ
LEFT_ELLIPSE ] W -10.0000 0 0
LE FT_F' UPIL ] ] 03052 -13.2018 n] o
LEFT_ROOF ] A 0 0 0 0
RIGHT ELLIPSE 0 0 0 0 0
RIGHT PUPIL ] 0 0 0 0
RIGHT ROOF i i 0 0 0

_<

QD

X.

wn

X axis

Figure B.4: By increasing angle of the elliptical mirror with compensation the pupil
mirror, the peak of the fringe in y axis is shifted. The x axis peak stdlgecenter.



























































































































