
 

 

 

 

ASSEMBLY OF A LARGE COMMON MOUNT ASTRONO MICAL 

INTERFEROMET ER 

 

By 

 

Jihun Kim 

 

 

 

_____________________ 
Copyright ©  Jihun Kim 2013 

 

 

A Dissertation Submitted to the Faculty of the 

 

COLLEGE OF OPTICAL SCIENCES 

 

In Partial Fulfillment of the Requirements 

For the Degree of 

 

DOCTOR OF PHILOSOPHY 

 

 

In the Graduate College 

 

THE UNIVERSITY OF ARIZONA 

 

 

 

 

 

 

 

 

2013 
  

 

 



2 

 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation  

 

prepared by Jihun Kim  

 

entitled ñAssembly of a Large Common Mount Astronomical Interferometerò  

 

and recommend that it be accepted as fulfilling the dissertation requirement for the  

 

Degree of Doctor of Philosophy 

 
 

_______________________________________________________________________ Date: April. 29, 2013 

Philip Hinz    

 

_______________________________________________________________________ Date: April. 29, 2013 

Michael Hart   

    

_______________________________________________________________________ Date: April. 29, 2013 

James Burge    

 

_______________________________________________________________________ Date: April. 29, 2013 

Johanan Codona    

  

 

Final approval and acceptance of this dissertation is contingent upon the candidateôs 

submission of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and 

recommend that it be accepted as fulfilling the dissertation requirement. 

 

 

________________________________________________ Date: April. 29, 2013 

Dissertation Director:  Philip Hinz 

 

 

 

 

 
 

 



3 

 

 

 

 

 

 

 

 

STATEMENT BY AUTHOR  

 

This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at The University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, provided 

that accurate acknowledgment of source is made.  Requests for permission for extended 

quotation from or reproduction of this manuscript in whole or in part may be granted by 

the copyright holder.  

 

 

 

SIGNED: Jihun Kim   

 
 

  

 

 

 

 

 

 



4 

 

ACKNOWLEDGEMENTS  

 

I would never have been able to finish my dissertation without the guidance of my 

committee members, help from friends, and support from my family and wife. 

I would like to express my deepest gratitude to my advisor, Dr. Philip Hinz, for 

his excellent guidance, caring, patience, and providing me. 

Thanks go to my dissertation committee, Professors Michael Hart and James 

Burge, who provide valuable insights during the work and gave their time to review both 

the dissertation proposal and this dissertation. 

I would like to thank Dr. Johanan Codona for sharing the AOSim2 code and for 

his invaluable support in learning to model LBTI system and atmospheric turbulence. 

I would like to thank Dae wook Kim, who as a good friend, was always willing to 

help and give his best suggestions.  

Many thanks to all my fellows in LBTI group for their help. 

Finally thanks to my family for your moral support and above all, I wish to 

express my gratitude to my wife, Jieun, for her love, support, and immense patience 

while I finished writing. 

 

 

 

 

 

 



5 

 

DEDICATION  

 

 

 

 

 

 

 

To Jieun 

Sue and Suwhan 

With LOVE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

TABLE OF CONTENTS 

 

LIST OF FIGURES .......................................................................................................... 10 

LIST OF TABLES ............................................................................................................ 26 

ABSTRACT ...................................................................................................................... 28 

1 INTRODUCTION .................................................................................................... 30 

1.1 Stellar Interferometer ......................................................................................... 32 

1.2 Dissertation topic................................................................................................ 35 

1.3 Dissertation contents .......................................................................................... 36 

2 SENSITIVITY & TOLERANCE ............................................................................. 39 

2.1 Sensitivity and tolerance analysis for a stellar interferometer ........................... 40 

2.2 Alignment of stellar interferometer .................................................................... 41 

2.3 Alignment Analysis Goals ................................................................................. 42 

2.3.1 Rough alignment analysis goals.................................................................. 42 

2.3.2 Fine alignment analysis goals ..................................................................... 42 

2.3.3 Sine condition analysis goals ...................................................................... 43 

2.4 Large Binocular Telescope Interferometer ........................................................ 43 

2.4.1 Degree of Freedom ..................................................................................... 47 

 



7 

 

TABLE OF CONTENTS - Continued 

 

2.4.2 Defining the quantitative figure of merit for requirement .......................... 47 

2.4.3 Tolerancing for rough alignment ................................................................ 48 

2.4.4 Tolerancing for fine alignment ................................................................... 58 

2.5 Sine Condition .................................................................................................... 81 

2.5.1 Summary of Sine condition ........................................................................ 82 

2.5.2 Zemax simulation........................................................................................ 84 

2.6 Conclusion .......................................................................................................... 93 

3 ALIGNMENT PROCEDURE AND TOOLS .......................................................... 95 

3.1 Alignment plan and tool for LBTI system ......................................................... 96 

3.2 Telescope simulator............................................................................................ 99 

3.3 Star simulator ................................................................................................... 107 

3.4 Super Luminescent diode ................................................................................. 114 

3.5 Conclusion ........................................................................................................ 115 

4 MEASUREMENT OF PHASE VARIATION FROM VIBRATION AND 

TURBULENCE .............................................................................................................. 117 

4.1 Effects of random perturbation ........................................................................ 118 

4.2 Measurement method: Fringe shifting measurement ....................................... 118 



8 

 

TABLE OF CONTENTS - Continued 

 

4.3 Measurement of vibration of the telescope structure ....................................... 119 

4.4 Measurement of the outer scale of the atmosphere (analytic simulation) ........ 125 

4.4.1 Atmospheric turbulence theories .............................................................. 126 

4.4.2 Outer scale of LBTI measurement ............................................................ 140 

4.5 Conclusion ........................................................................................................ 149 

5 SIMULATION OF PHASE VARIATION ............................................................. 151 

5.1 Numerical modeling of the atmosphere ........................................................... 152 

5.1.1 Fourier transform method ......................................................................... 153 

5.1.2 Covariance method ................................................................................... 162 

5.2 Phase variation over two telescopes ................................................................. 166 

5.2.1 AOSim2 ï AO simulation software .......................................................... 170 

5.2.2 Simulation in direct phasing method ........................................................ 175 

5.2.3 Simulation in pseudo phasing method ...................................................... 188 

5.3 Phase correction ............................................................................................... 195 

5.4 Conclusion ........................................................................................................ 196 

6 CONCLUSIONS..................................................................................................... 198 

APPENDIX A. Scanning method for sensitivity ........................................................ 203 



9 

 

TABLE OF CONTENTS - Continued 

 

APPENDIX B. CHARACTERIZATION OF UBC OPTICSô MOTION .................. 210 

APPENDIX C. STATISTICAL SIMULATION RESULTS FOR 

CHARACTERIZATION OF UBC OPTICS .................................................................. 217 

APPENDIX D. INTERFEROMETRIC ALIGNMENT OF AN OFF-AXIS 

PARABOLIC MIRROR (OAP) ..................................................................................... 224 

APPENDIX E. ACHROMATIC LENS DESIGN FOR VISIBLE AND INFRARED 

SOURCE ééé. ........................................................................................................... 231 

APPENDIX F. MEASUREMENT OF VIBRATION TESTS ................................... 244 

REFERENCES ............................................................................................................... 251 

 

 

 

 

 

 

 

 

 

 

 



10 

 

LIST OF FIGURES 

 

Figure 1.1: Multiple mirror telescopes.............................................................................. 31 

Figure 1.2: Segmented mirror telescopes.......................................................................... 32 

Figure 1.3: Schematic diagram - Co-axial beam combination ......................................... 33 

Figure 1.4: Schematic diagram ï Multi -axial combination .............................................. 33 

Figure 1.5: Temporal modulation of fringes ..................................................................... 34 

Figure 2.1: Flow chart of Sensitivity & Tolerance process .............................................. 39 

Figure 2.2: Error tree of tolerance..................................................................................... 40 

Figure 2.3: Layout of LBT ï LBT consists of two F/15 Gregorian telescopes separated by 

14.4 m of baseline, each of which is supported by two AO systems and deformable 

secondary mirrors to correct atmospheric turbulence. ...................................................... 44 

Figure 2.4: The LBTI consists of a UBC, three camera ports, and W-units. All optics is 

covered by stainless steel chambers to keep them in a cryostat state. .............................. 45 

Figure 2.5: Layout of Universal Beam Combiner ï relay F/15 input beams to camera port. 

The combined beam produces a Fizeau image with fringe pattern at image plane. ......... 46 

Figure 2.6: Unfolded UBC system. The optical elements are not scaled. ........................ 50 

Figure 2.7: An elliptical curve can represent decenter- and tilt-combination motion. Any 

point inside of the elliptical curve is satisfactory to obtain a figure of merit. .................. 53 

 

 



11 

 

TABLE OF FIGURES - Continued 

 

Figure 2.8: Overlapping process simulation: one of the roof mirrors changes own angles 

to overlap two spots. This process 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 center. ................................................................................................... 56 

Figure 2.9: Alignment simulation for overlapping after perturbation based on tolerance 

for rough alignment. One of the roof mirrors is adjusted to overlap two spots. The 

average Strehl Ratio is .55 with .2 of sigma. .................................................................... 57 

Figure 2.10: The overlapped spot might be located around 14 mm away from the center 

of the image plane. ............................................................................................................ 58 

Figure 2.11: Left elliptical mirror rotates from -0.25 to 0.25 arc-seconds about the x-axis.

........................................................................................................................................... 61 

Figure 2.12: The merit functions are obtained from the scanning method in which one 

optical element gradually changes motion while measuring the figure of merit. As 

changing each tolerancing value, óTolô, the Strehl ratio in SR column is calculated with 

each merit function. RSS of the difference between calculated value, óSRô, and nominal 

value, SR0, can give 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 óTolô column. ............................................................... 61 

Figure 2.13: In the UBC optics, the roof mirror and elliptical mirror make perturbations, 

and the pupil mirror corrects the error caused by those perturbations. ............................. 64 

Figure 2.14: The left elliptical mirror rotates from -5000 to 5000 arc-seconds about x-axis.

........................................................................................................................................... 64 



12 

 

TABLE OF FIGURES - Continued 

 

Figure 2.15: Tolerance and sensitivity analysis for negative motion. Tolerance of each 

optic is adjusted separately to equalize sensitivities. óSRoô is nominal, óSRô is Strehl ratio 

with tolerance value, and óSRdô is the difference between the nominal and tolerance 

applied values.................................................................................................................... 65 

Figure 2.16: Tolerance and sensitivity analysis for positive motion. ............................... 65 

Figure 2.17: 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. ..................................... 67 

Figure 2.18: Statistical result for tolerance and sensitivity analysis. ................................ 68 

Figure 2.19: 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 µm for tolerance, Strehl ratio per µm for sensitivity, 

and arc-sec for tilt. ............................................................................................................ 69 

Figure 2.20: Statistical result for tolerance and sensitivity analysis. More than 20% of 

trials obtained 99.38% and more than 50% of trials have 96.34% of Strehl ratio. ........... 70 

Figure 2.21: Characterization for changing the angle of fringe pattern. Left elliptical 

mirror changes its angle about y-axis with compensation of the roof mirror in the same 

side. ................................................................................................................................... 71 

Figure 2.22: Optimization result with z translation of the elliptical mirror. The angle of 

fringe pattern is not corrected yet. .................................................................................... 73 

Figure 2.23: The angle of fringe pattern is corrected by the tilt about the y-axis with the 

left roof mirror. This process needs to be done on both sides. ......................................... 74 



13 

 

TABLE OF FIGURES - Continued 

 

Figure 2.24: Intensity profile of PSF in the x- and y- axis. The center plot represents on-

axis field, and rest of four plots are the intensity profile in the off-axes of ±18 arc-sec. In 

the on-axis Strehl ratio is close to the on-axis figure of merit after taking the previous two 

steps, but off-axis results are significantly further from the figure of merit (more than 74% 

at Ñ20ò) ............................................................................................................................. 75 

Figure 2.25: Searching for the best place for an optimal Strehl ratio. The overlapped spot 

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 then move to an even better 

position (position 5). This procedure can help find higher and higher Strehl ratios in the 

field angles. ....................................................................................................................... 76 

Figure 2.26: Intensity profile of PSF in the x- and y- axis. The peaks in off-axis intensity 

profiles are shifted from the centers.  The peak values are also different. ....................... 77 

Figure 2.27: Intensity profile of PSF in the x- and y- axis. The Strehl ratios in the four 

off-axes angles are more than 74 percent. ........................................................................ 78 

Figure 2.28: Intensity profiles after balancing peak values in x- and y-axis. The Strehl 

ratio is more than 98 percent in the ox-axis field angle and 83 percent in the off-axis field 

angle. ................................................................................................................................. 79 

Figure 2.29: LBTI system with Sine condition; complying with the Sine condition 

provides a wider field angle and a good Fizeau image on the image plane. ..................... 82 

Figure 2.30: Most telescope designs have infinite object distance and represent it in terms 

focal length and ray height (aperture edge), or focal ratio. ............................................... 83 

 



14 

 

TABLE OF FIGURES - Continued 

 

Figure 2.31: LBTI Fizeau images over near field of view (20ò X 20ò) at nominal design

........................................................................................................................................... 85 

Figure 2.32: Mapping Strehl ratio over a 20ò X 20ò field of view ................................... 86 

Figure 2.33: Strehl ratio over the field of view at Ñ 30ò created by Zemax program. The 

red line represents 74 percent of Strehl ratio .................................................................... 86 

Figure 2.34: Sine condition is broken by changing the left roof mirror with compensating 

of left pupil mirror for overlapping two spots at the image plane. ................................... 88 

Figure 2.35: The left roof mirror angle changes from -0.06 degrees to 0.06 degrees with 

compensation of the left pupil mirror, and the focal ratio is measured. ........................... 89 

Figure 2.36: OPD changes when the primary mirror is shifted in side-ways at a 6ò field 

angle .................................................................................................................................. 91 

Figure 2.37: OPD changes when the primary mirror is shifted in side-ways at a 10ò field

........................................................................................................................................... 91 

Figure 2.38: OPD changes when the primary mirror is shifted in side-ways at a 20ò field

........................................................................................................................................... 92 

Figure 2.39: LBT Fizeau image over the field angle (20ò x 20ò) in 1% of diameter of 

primary mirror shift. More optical path differences can be seen in 20ò field angle. ........ 92 

Figure 3.1: Masks for UBC optics with the center of each optic. ..................................... 97 

Figure 3.2 The initial UBC alignment was started with two visible laser alignments. Both 

beams run parallel to each other. ...................................................................................... 98 



15 

 

TABLE OF FIGURES - Continued 

 

Figure 3.3: The alignment lasers ....................................................................................... 99 

Figure 3.4: Telescope simulator. A collimated beam from a point source is separated by a 

right angle beam splitter in the same ratio as in the LBT aperture. The separated beam is 

focused at Greg. focus point by OAP. ............................................................................ 102 

Figure 3.5: Mask for imitating LBT aperture. The ratio between aperture size and 

separation is same as in LBT aperture. ........................................................................... 102 

Figure 3.6: Telescope simulator is installed below UBC system. It is used for alignment 

and measuring performance of the LTBI system. ........................................................... 103 

Figure 3.7: Telescope simulator spot diagram. ............................................................... 104 

Figure 3.8: Initial rough alignment result. Some fringe pattern can be seen, but the PSF 

includes aberrations. ....................................................................................................... 105 

Figure 3.9: Images at 10.6 µm wavelength from LBTI lab testing. The source used was a 

hot nickel chrome wire, and a 50 percent filter at 10.6 µm. The visibility of this initial 

imaging experiment was approximately 30 percent, due to the size of the source. ........ 107 

Figure 3.10: Schematic diagram of the star simulator .................................................... 109 

Figure 3.11: Source combiner. Visible and infrared laser diodes are combined with three 

fiber couplers to equal the intensity of the point source. ................................................ 110 

Figure 3.12: Achromatic lens system (ALS). MgF2 and NBK7 doublets are facing each 

other and are arranged symmetrically. ............................................................................ 111 

Figure 3.13: Performance of the ALS. Two wavelengths, 635 nm and 1550 nm, are 

axially corrected. ............................................................................................................. 111 



16 

 

TABLE OF FIGURES - Continued 

 

Figure 3.14: A beam from ALS is reflected by the dichroic window, and propagated to 

CCD via a pyramid sensor. ............................................................................................. 113 

Figure 3.15: Result from the star simulator .................................................................... 114 

Figure 3.16: Visibility function with respect to OPD. The first zero visibility is seen at 48 

µm for the bandwidth of 50 nm in 1.55 µm wavelength. ............................................... 115 

Figure 4.1: LBTI Fizeau image; point spread function (Left) and intensity profile of the 

PSF (Right). .................................................................................................................... 119 

Figure 4.2: An internal optical interferometric system (IOIS) consists of two flat mirrors, 

a high speed camera, and an artificial point source. The beam paths inside red outline are 

isolated to reduce effect atmospheric turbulence. ........................................................... 121 

Figure 4.3: Measurement of fringe shift when all mechanical systems are off except 

cooling fans. (Left) fringe peak shifts by number of pixels on the CCD, (Middle) low 

frequency of the left measurement, (Right) fringe peak shift after removing low 

frequency in middle. ....................................................................................................... 123 

Figure 4.4: Power spectrum of the measurement in Figure 4.3 (Right) ......................... 123 

Figure 4.5: Vibration measurement with seismic accelerators in the same state of Figures 

4.3 and 4.5. ...................................................................................................................... 124 

Figure 4.6: Schematic diagram of atmospheric structure with various eddy sizes. From 

small size (l0) to the large size (L0) are about a few millimeters to several hundred meters.

......................................................................................................................................... 126 

Figure 4.7: Power spectrum density of four different theoretical models ...................... 130 



17 

 

TABLE OF FIGURES - Continued 

 

Figure 4.8: L0 = 1000 m and r0 = 15 cm over 30 m aperture ......................................... 132 

Figure 4.9: Structure function is saturated at the baseline longer than outer scale size. 

Each color of the curve represents a different outer scale size. ...................................... 133 

Figure 4.10: Power spectrum density of phase variation for LBT, effective wind speed is 

10 m/s and the baseline is 14.4 m ................................................................................... 138 

Figure 4.11: Eq. (4.28) is added to Figure 4.10 with 125 m of outer scale. ................... 139 

Figure 4.12: LBTI simulation results for estimating outer scale size ............................. 141 

Figure 4.13: LBTI simulation results for estimating outer scale size with Fringe sensor.

......................................................................................................................................... 142 

Figure 4.14: Fringe tracking algorithm test. Fringe peak detection has error at the Ñɚ/2. It 

introduces more power in high frequency range in PSD. ............................................... 143 

Figure 4.15: One of the LBTI Fizeau images. Right picture is PSF of the LBTI. The blue 

curve in left plot is intensity profile of the PSF. The red curve is an envelope of the PSF.

......................................................................................................................................... 145 

Figure 4.16: 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 higher than 

calculations predicted in Eq. (4.31) for infinite outer scale and r0 = 15cm at 550 nm. .. 146 

Figure 4.17: Power spectral density plot for OPD variation. Mostly the power slope f -8/3 

can be shown, but the slope f -17/3 can barely be seen. It is caused by the 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. ...... 147 



18 

 

TABLE OF FIGURES - Continued 

 

Figure 4.18: Power spectral density from the fringe sensor. The simulation used same 

phase screen used in Figure 4.13, but some of low noises are added to system. ............ 148 

Figure 5.1: The concept of atmospheric phase screens illustrated with multiple phase 

screens moving in the wind............................................................................................. 153 

Figure 5.2: An example of phase screen with L0 = 106 m. ............................................ 157 

Figure 5.3: Structure function of 10 averaged phase screens with L0 = 106 m and r0 = 15 

cm (blue curve). The green curve is a theoretical value in the von Karman model. ...... 158 

Figure 5.4: As the outer scale size increases, the Fourier transform method has a higher 

percentage of error. ......................................................................................................... 160 

Figure 5.5: Phase screen created by sub-harmonics method. L0=5m and r0=15cm. The 

error is 1.99 %. ................................................................................................................ 161 

Figure 5.6: Phase screen created by sub-harmonics method. L0=1000m and r0=15cm. 

The error is 15.20 %........................................................................................................ 162 

Figure 5.7: Phase screen produced by OOMAO with 30 m × 30 m size and 750 pixels. 

One of the big advantages of using the phase screen is that its small size can be useful for 

long simulations and for various outer scales. ................................................................ 165 

Figure 5.8: Baseline = 5, 14.4, 30, 85, and 200 m with r0 = 15 cm at ɚ = 0.55 Õm. The 

phase variation corresponding to OPD between two apertures is more affected in longer-

baseline interferometers with larger outer scale sizes..................................................... 168 

Figure 5.9: Tree chart of AOSim2. ................................................................................. 171 

Figure 5.10: Flow chart for AO simulation algorithm. ................................................... 172 



19 

 

TABLE OF FIGURES - Continued 

 

Figure 5.11: Top-left: PSF of LBT, Top-middle: Intensity cross profile of PSF, Top-right: 

Wavefront over LBT apertures, Bottom-left: Wavefront corrected by AO system, 

Bottom-middle: Strehl ratio, Bottom-right: Visibility. ................................................... 174 

Figure 5.12:  AOSim2 result for LBTI in K-band without turbulence. .......................... 175 

Figure 5.13: AOSim2 result for LBTI with half wavelength OPD in K-band without 

turbulence. ....................................................................................................................... 176 

Figure 5.14: One of the direct phasing method. The phase difference between detectors A 

and B is used to correct the phase difference. ................................................................. 177 

Figure 5.15: Phase variation measurement in N-band for 30 seconds for r0 = 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 µm. Blue: the RMS from the phase sensor of AOSim2 is 7.55 

µm. .................................................................................................................................. 178 

Figure 5.16: Single atmospheric turbulence layer over apertures of an LBT. Each 

telescopeôs aperture has an independent AO system. Distorted wavefronts can be 

corrected by the AO systems, while optical path differences can be corrected by the 

phase-sensor system. ....................................................................................................... 179 

Figure 5.17: Visibility vs. OPD. ..................................................................................... 180 

Figure 5.18: Simulation results of phase correction. Visibility increases with piston 

bandwidth, and higher piston frequency improves visibility. K-band wavelength requires 

faster correction than N-band wavelength to maintain the same visibility. .................... 181 

 



20 

 

TABLE OF FIGURES - Continued 

 

Figure 5.19: Vibration measurement results from the secondary swing arms. From top to 

bottom, X, Y, Z1, Z2, and Z3. X-axis plot shows the most low frequencies. Y-axis plot 

shows vibration around 20 ~ 30 Hz. In Z-axis plot affecting OPD variation, around 10 ~ 

15 Hz are mostly observed. ............................................................................................. 182 

Figure 5.20: Contour line at visibility 0.8 ....................................................................... 184 

Figure 5.21: Simulation of Structural vibration. Aliasing between correction bandwidth 

and the vibration frequency occurs at multiples of the vibration frequency. .................. 186 

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 an alternate method in case the direct phasing method 

cannot be used. ................................................................................................................ 188 

Figure 5.23: Phase variation related to the Fried parameter and outer scale sizes ......... 190 

Figure 5.24: (Left) phase screen with LBT aperture position, and (Right) phase screen 

over the LBT apertures ................................................................................................... 191 

Figure 5.25: 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............................................................................................................................. 192 

Figure 5.26: Ratio of standard deviation after and before correction with the pseudo 

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

good correction performance. ......................................................................................... 194 

 



21 

 

TABLE OF FIGURES - Continued 

 

Figure 5.27: Visibility with respect to Fried scale. Even though the outer scale is small, 

the visibility can be improved in the long wavelength. The larger r0 is involved, the better 

visibility can be obtained. ............................................................................................... 195 

 

APPENDIX A: SCANNING METHOD OF SENSITIVITY 

Figure A. 1: Motion of the left ellipse mirror in X rotation. ........................................... 203 

Figure A. 2: Estimated Strehl ratio vs. rotation about X axis for Elliptical mirror. ....... 204 

Figure A. 3: Estimated Strehl ratio vs. rotation about Y axis for Elliptical mirror. ....... 204 

Figure A. 4: Estimated Strehl ratio vs. translation in X axis for Elliptical mirror. ......... 205 

Figure A. 5: Estimated Strehl ratio vs. translation in Z axis for Elliptical mirror. ......... 205 

Figure A. 6: Estimated Strehl ratio vs. translation in Y axis for Elliptical mirror. ......... 206 

Figure A. 7: Estimated Strehl ratio vs. rotation about Y axis for Pupil mirror. .............. 206 

Figure A. 8: Estimated Strehl ratio vs. rotation about Y axis for Pupil mirror. .............. 207 

Figure A. 9: Estimated Strehl ratio vs. translation in Z axis for Pupil mirror. ............... 207 

Figure A. 10: Estimated Strehl ratio vs. rotation about Y axis for Roof mirror. ............ 208 

Figure A. 11: Estimated Strehl ratio vs. rotation about Y axis for roof mirror. ............. 208 

Figure A. 12: Estimated Strehl ratio vs. translation in Z axis for Roof mirror. .............. 209 

 

APPENDIX B: CHARTERZATION OF UBC OPTICSô MOTION 

Figure B. 1: Combination of a translation in z axis of elliptical mirror and a left roof 

mirror reduce on-axis Strehl ratio fast. ........................................................................... 210 



22 

 

TABLE OF FIGURES - Continued 

 

Figure B. 2: Combination of rotations of a left elliptical mirror and a roof mirror can 

change angle of fringe pattern......................................................................................... 211 

Figure B. 3: Combination 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. ......................................................................... 212 

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 stays in the center. .. 213 

Figure B. 5: The overlapping with pupil mirror shifts the peak more than with roof mirror. 

Also overlapping with roof mirror reduces Strehl ration on x-axis field angle. ............. 214 

Figure B. 6: The rotation about y-axis of the left elliptical mirror is same as in x-axis, but 

the peak in x-axis field angle is shifted. .......................................................................... 215 

Figure B. 7: By changing angles of two roof mirrors, the off-axis Strehl ratios can be 

balanced. ......................................................................................................................... 216 

 

APPENDIX C: STATISTICAL SIMULATION RESULTS FOR CHARACTERIZATION OF 

UBC OPTICS 

Figure C. 1: Simulation result after ñOptimization with elliptical mirror translationò 

process............................................................................................................................. 217 

Figure C. 2: Deviation of the spot from center after ñOptimization with elliptical mirror 

translationò process. ........................................................................................................ 218 

Figure C. 3: Simulation result after ñCorrecting fringe angleò process. ......................... 219 

Figure C. 4: Deviation of the spot from center after ñOptimization with elliptical mirror 

translationò process ......................................................................................................... 219 



23 

 

TABLE OF FIGURES - Continued 

 

Figure C. 5: Simulation result at on- axis after ñCorrecting phase differenceò process. 220 

Figure C. 6: Simulation result at off- axis after ñCorrecting phase differenceò process. 220 

Figure C. 7: Deviation of the spot from center after ñCorrecting phase differenceò process

......................................................................................................................................... 221 

Figure C. 8: Simulation result at on- axis after ñBalancing Strehl ratioò process. ......... 222 

Figure C. 9: Simulation result at off- axis after ñBalancing Strehl ratioò process.......... 222 

Figure C. 10: Deviation of the spot from center after ñBalancing Strehl ratioò process 223 

 

APPENDIX D:  INTERFEROMETRIC ALIGNMENT OF AN OFF-AXIS PARABOLIC 

MIRROR (OAP) 

Figure D. 1: Setup for alignment of OAP ....................................................................... 225 

Figure D. 2: Specification of OAP mirror. ..................................................................... 226 

Figure D. 3: Flat mirror tip/tilt alignment ....................................................................... 227 

Figure D. 4: Initial Seidel Coefficients. .......................................................................... 228 

Figure D. 5: Zernike Coefficients ................................................................................... 228 

Figure D. 6: Rotate the OAP in the setup. ...................................................................... 229 

Figure D. 7: Rotating OAP about the input optical axis. ................................................ 230 

 

 



24 

 

TABLE OF FIGURES - Continued 

 

APPENDIX E:  ACHROMATIC LENS DESIGN FOR VISIBLE AND INFRARED 

SOURCE 

Figure E. 1: Glass Category in Zemax program. ............................................................ 232 

Figure E. 2: Partial dispersion Vs. Abbe value from Code V lens design program. ...... 233 

Figure E. 3: Spot diagram in 635 nm. ............................................................................. 236 

Figure E. 4: Spot diagram in 1093 nm. ........................................................................... 236 

Figure E. 5: Spot diagram in 1550 nm. ........................................................................... 237 

Figure E. 6: Lens figure of the initial design. ................................................................. 237 

Figure E. 7: Chromatic focal shift................................................................................... 238 

Figure E. 8: Lens figure after optimization. The second lens moves over the first lens. 239 

Figure E. 9: Chromatic focal shift................................................................................... 239 

Figure E. 10: Spot diagram in 635 nm. ........................................................................... 241 

Figure E. 11: Spot diagram in 1093 nm. ......................................................................... 241 

Figure E. 12: Spot diagram in 1550 nm. ......................................................................... 242 

Figure E. 13: Lens figure of the achromatic doublet. ..................................................... 242 

Figure E. 14: Chromatic focal shift................................................................................. 243 

 



25 

 

TABLE OF FIGURES - Continued 

 

APPENDIX F:  ACHROMATIC LENS DESIGN FOR VISIBLE AND INFRARED 

SOURCE 

Figure F. 1: Vibration measurement in run #3. Details can be found in Table F.1. Two 

measurements are same in low frequency range. ............................................................ 244 

Figure F. 2: Vibration measurement in run #10. Details can be found in Table F.1. ..... 245 

Figure F. 3: Vibration measurement in run #12. Details can be found in Table F.1. ..... 246 

Figure F. 4: Vibration measurement in run #16. Details can be found in Table F.1. ..... 247 

Figure F. 5: Vibration measurement in run #10. Details can be found in Table F.1. ..... 248 

Figure F. 6: Vibration measurement in run #10. Details can be found in Table F.1. ..... 249 

 

 

 

 

 

 

 

 

 

 

 



26 

 

LIST OF TABLES  

 

 

Table 2.1: Allowable flexure movements from optical tolerance analysis and the 

coordinate system of each optics based on local coordinates. Data are from reference [8]

........................................................................................................................................... 48 

Table 2.2: Tolerance of rough alignment of UBC optics.................................................. 54 

Table 2.3: Tolerance of the UBC system without compensator.                                        

Units are µm for translation and arc-seconds for tilt motion. ........................................... 62 

Table 2.4: Sensitivity of the UBC system without compensator.                                        

Units are µm per motion for translation and arc-seconds for tilt motion. ........................ 62 

Table 2.5: Tolerance with compensator. Unit: translation in µm and rotation in arc-sec 66 

Table 2.6: Sensitivity with compensator. The most sensitive optical element is the 

Elliptical mirrorôs Z translation and X tilt. Unit: Strehl ratio/ (Õm or arc-sec). ............... 66 

Table 2.7: óxôs are not used, óoôs are used, and ó-ôs are not affected in alignment 

simulation. ......................................................................................................................... 80 

Table 2.8: The acceptable primary mirror shifts for the criterion of ɚ/5 of optical path 

difference are dependent on the field angle as well as wavelength. ................................. 93 

Table 4.4.1: Vibration measurement results. .................................................................. 125 

 

 

 



27 

 

TABLE OF TABLE S - Continued 

 

APPENDIX D:  INTERFEROMETRIC ALIGNMENT OF AN OFF-AXIS PARABOLIC 

MIRROR (OAP) 

Table D. 1: Specification of OAP mirror from Janostech .............................................. 225 

Table D. 2: Specification of OAP mirror from Janostech .............................................. 225 

APPENDIX E:  ACHROMATIC LENS DESIGN FOR VISIBLE AND INFRARED 

SOURCE 

Table E. 1: Properties of selected glasses; nr is index at 1093 nm, nS is at 635 nm, and nL 

is at 1550 nm ................................................................................................................... 233 

Table E. 2: Calculated data of the selected glasses. ........................................................ 235 

Table E. 3: Off the shell products based on calculations. ............................................... 235 

Table E. 4: Another solution for the lenses..................................................................... 240 

 

APPENDIX F:  ACHROMATIC LENS DESIGN FOR VISIBLE AND INFRARED 

SOURCE 

Table F. 1: 25 measurements in different setups. ........................................................... 250 

 

 

 

 



28 

 

ABSTRACT 

 

A large multi-aperture telescope has the potential to reach the diffraction limit 

corresponding to its baseline. To do so, 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 is difficult to align. 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 post-image processing.  

Measuring the outer scale of atmosphere is also helpful for understanding the 

system performance. The fringe tracking method in the Large Binocular Telescope 

Interferometer (LBTI) system provides optical path difference (OPD) variation, and the 

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

However, this method is limited by the baseline of the LBTI by υЍσὄ, 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 to the real system. 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 as ~13
the 

magnitude to be observed. If there is 

significant vibration on the structure, the increased bandwidth will limit the phasing stars 

to 10~11
th
 magnitudes. This demonstrates the limits of the LBTI system regarding 

structural vibration. 

An alternative phasing 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 approximately 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 developing large-scale 

telescopes and astronomical 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 composed 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 see fainter 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 mount are combined 

together to obtain the performance of the larger size of mirror [1]. The first telescope to 

implement this was the Multiple Mirror Telescope (MMT) on Mt. Hopkins, Arizona 

(Figure 1.1 ï a). Six 1.8 m 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 to a 12 m mirror telescope [2]. The LBT has been built in Mt. 

Graham, Arizona (Figure 1.1 - b), and many science instruments have been developed for 

diverse astronomical studies. The new model in the array concept is the Giant Magellan 

Telescope (GMT) which has seven 8.4 m mirrors combined together on the single mount 

for 25 m mirror telescope (Figure 1.1 ï c) . The key feature for those telescopes is the 

multiple mirrors are mounted on a single mount which can give advantages such as full 

u-v coverage and a wide field view.  
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(a) MMT (Multi -mirror 

telescope) 

 

(Taken from The MMT 

Observatory homepage - 

http://www.mmto.org/ ) 

 

(b) LBT (Large Binocular 

telescope) 

 

(Taken from LBT 

Observatory homepage - 

http://www.lbto.org/ ) 

 

(c) GMT (Giant Magellan 

telescope)  

 

(Taken from GMT 

homepage - 

http://www.gmto.org/ ) 

 

Figure 1.1: 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 (Figure 1.2 ï a) has 36 hexagonal segments for a 10 m size mirror. The 

primary mirror of Hobby-Eberly Telescope (HET) consists of 91 segmented hexagonal 

mirrors (Figure 1.2 ï b). One of the recent projects with segmented hexagonal mirrors is 

the Thirty Meter Telescope (TMT) which has about 400 segments (Figure 1.2 ï c).  

 

 

http://www.mmto.org/
http://www.lbto.org/observatory_images.htm
http://www.gmto.org/allery-stills.html
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(a) Keck 

 

(Taken from The Keck 

Observatory homepage - 

http://keckobservatory.org/  ) 

 

 
(b) HET (Hobby-Eberly 

Telescope) 

 

(Taken from The HET 

Observatory homepage - 

http://www.as.utexas.edu/  ) 

 

 
(c) TMT (Thirty Meter 

Telescope) 

 

(Taken from The TMT 

Observatory homepage - 

http://www.tmt.org/ ) 

 

Figure 1.2: 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 methodology 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 

technique is called stellar interferometry. The resolution of the interferometric system can 

be sharper than the diffraction limited image width from a single aperture telescope. This 

revolutionary technique was proposed and used to measure diameter of stars and Jupiterôs 

satellites in 1868 through 1890 by H. Fizeau and A. A. Michelson respectively [3]. There 

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

combine the beams at the pupil plane (or Co-axial 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 Multi-axial beam combination) [4]. The Figure 1.3 

and 1.4 show the schematic diagram of a pupil plane and an image plane beam 

combination respectively.  

 

Figure 1.3: Schematic diagram - Co-axial beam combination  

 

 

Figure 1.4: Schematic diagram ï Multi -axial combination 
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For either of the configurations, the interferometric results will give fringe visibility. In 

the co-axial beam combination two beams are overlapped on a 50/50 beam splitter in 

which half of beam is reflected, and the rest is transmitted. As shown in Figure 1.3 two 

output beams from the beam splitter have ˊ/2 phase difference, and Figure 1.5 shows that 

the output result (intensity vs. time) if one of the optical path lengths is gradually changed. 

This configuration can have good signal-to-noise ratio because the detector size can be 

very small [5]. 

 

Figure 1.5: Temporal modulation of fringes 

In contrast the multi-axial beam combination has direct images on the image plane 

through optics, such that the result will be spatial modulation of fringe pattern as shown 

in Figure 1.4.  

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

multi-axial combination are the wide field angle from linear mapping from entrance to 
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exit pupil, while the co-axial beam combination has less limitation for increasing long 

baselines [5].  

1.2 Dissertation topic 

Stellar interferometers with adaptive optics systems can mitigate atmospheric turbulence, 

so that the interferometer 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 imaging. 

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. Accordingly, 

tolerances are very tight, and assembly of these complicated systems is inherently quite 

demanding. This dissertation addresses what level of assembly and what tests can be 

utilized to obtain the desired performance. More specifically what precision is 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 engineering of the 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 the real system 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. The key example described here is the most tests and 

development of the Large Binocular Telescope Interferometer (LBTI) including its 

system. 

Chapter 2 will discuss system requirements and analyzing system tolerance and 

sensitivity. Usually the stellar interferometric 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 in multi-levels of criterion such 

that each level has its own tolerance 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 to reach. In the wave optic approach the interferometric 

simulation results from a ray-tracing 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 LBTI system is designed to preserve Sine condition to improve image 

quality 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 simulated 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 LBTI, the 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 aligning general off-axis conic surface and 

designing the achromatic lens system between visible and infrared sources. 

The topic of the Chapter 4 is "Measurement of phase variation". The factors that reduce 

the system performance in the stellar interferometer can be 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 unavoidable 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 telescope structure and outer scale of the atmosphere are 

also discussed. The measurements of phase variation help to correct the perturbation 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 pseudo 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 

method the 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 to contribute 

improving performance of the multi-aperture 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 tolerance analysis 

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 is carried out during 

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 important than 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. 

 

Figure 2.1: Flow chart of Sensitivity & Tolerance process 

Define quantitative 
figure of merit for 

requirements 

Estimate component 
tolerances 

Define 
assembly/alignment 
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Calculate Sensitivities Estimate performance 

Adjust tolerances, 
balance cost and 

schedule with 
performance 

Iterate with system 
engineer, fabricators, 

and management 
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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. For example, fabrication, 

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 these factors 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. 

 

Figure 2.2: 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 usually donôt need to have an alignment plan, but those with a 

more complex setupðlike most stellar interferometersðshould have a carefully planned 

alignment to meet the designed performance specifications. Usually stellar 

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 plan may seem 

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 of alignment plan. 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 using a meter 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 micrometer 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 precision required 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 tolerance analysis. 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 analytically using paraxial optics concepts, while the fine 

alignment tolerancing is processed using 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 as fine 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 provide at least two overlapped spots image such that the fringe pattern 

can be the starting point for the fine alignment process.  

2.3.1 Rough alignment analysis goals 

The goal of the rough alignment analysis is to provide each opticôs tolerances that can be 

measured 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 any fringe pattern. 

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 section 2.4.4, the tolerance and 

sensitivity analysis is carried out in four methods, scanning 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 statistical method 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 understanding each opticôs motion. The fine alignment analysis can 

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 angle, and symmetry 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 criterion of the system in on-axis and off-axis.   

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 

between both 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 field angles 

2.4 Large Binocular Telescope Interferometer 

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 interferometric 



44 

 

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 well-matched for an optimal interferometric result. In this section, 

the tolerance analyses based on the two methods mentioned above are described as 

examples of the tolerancing process. 

 

Figure 2.3: Layout of LBT ï LBT consists of two F/15 Gregorian telescopes separated by 

14.4 m of baseline, each of which is supported by two AO systems and deformable 

secondary mirrors to correct atmospheric turbulence.   
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Figure 2.4: The LBTI consists of a UBC, three camera ports, and W-units. 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 W-units.  The Camera ports are reserved for various scientific cameras, and W-units 

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 consists of two pairs of flat mirrors and one pair of off-axis 

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 Slow 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 system. This conserves the Sine condition which is unique for the 

current stellar interferometers, and such that one of the aberrations, Coma, is removed in 

field angles. This enables wider angle of field of views. 

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

produces a Fizeau image in a 40x60 arc-second field with 20 milli-arc-second resolution 

in the 2.2 micron region [8]. 

 

 

 

Figure 2.5: Layout of Universal Beam Combiner ï relay F/15 input beams to camera port. 

The combined beam produces a 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 

system has piston (Z translation) and tip-tilt (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, the left side is 

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 and tip-tilt motion. But the maximum allowable motion is 

only 1 milli-radian in tip-tilt and 0.2 mm in piston mode. The right-side pupil mirror can 

travel 14 mm for piston motion, but the tip-tilt angle is also limited to about 1 milli-

radian. Once the system is cooled down after alignment process has been done, 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 produced by the atmosphere after AO system correction, 

equivalent to 98% Strehl ratio on-axis, and 74% Strehl ratio at 20ò radius at a wavelength 

of 2.2 µm [8]. Based on this criterion, Hinz has produced a table of tolerance and stray 

light analysis (Table 2.1) with 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 

compensatorðthe right pupil mirrorðcan effectively alleviate that tightness.  
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Table 2.1: Allowable flexure movements from optical tolerance analysis and the 

coordinate system of each optic based on local coordinates. Data are from reference [8] 

Uncompensated Allowable Movement due to Flexure 
Element X(µm) Y(µm) Z(µm) 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 Movement due to Flexure 
Element X(µm) Y(µm) Z(µm) 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 stepping-stone 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 begin thinking 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 process of approximate 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 paper [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 be done based on Eq. 
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2.2, but both Eqs. 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 is an example 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 decenter of the 

element. In most cases the element is present in a combination of both statuses [10],   

 ʀ ὊὈɝ—
ὔὃ

ὔὃ
ɝώ (2.1) 

where each parameter  is defined as follows: 

Di = diameter of on-axis beam at surface i (= 2 yi) NA= numerical aperture for system 

NAi = ui = equivalent numerical aperture for the light 

after element i 

Fn =working focal ratio for system 

 

æɗi = change in angular deviation for light immediately 

after element i 

Ů  = resulting image shift. 

 

æyi = change in lateral deviation for light immediately 

after element i 

 

 

For the reflective surface, the second term is ignored, but the first term is changed as the 

reflected angle is twice that of the tilt angle. Thus, the equation is: 

 ʀ ςὊὈɝ—. (2.2) 

 

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

about 200µm in diameter at 2 µm at F/41.2. In order to be overlapping, the spot will shift 
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not more than 100 µm on the image plane, which will be the figure of merit for the rough 

alignment tolerancing. 

 

 

Figure 2.6: 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 having optical power is the off-axis 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 affect the 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 nominal position, thus Z 

directional translation of the elliptical 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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¶ Elliptical mirror: tilt ï x and tilt ï y 

¶ Elliptical mirror: decenter ï x and decenter - y  

The tolerance of the tilts and decenters can be found by Eqs. (2.3) and (2.4) when other 

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

 

 

 

ɝ—
ʀ

ὊὈ
 (2.3) 

 

 
ɝώ

ʀ

ά
 (2.4) 

mi 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 resolution of alignment tool depends on these 

sensitivities. From Eq. (2.1) the derivatives of the merit function with respect to tilt and 

decenter are expressed by the following: 

 

 

 

‬‐
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ά  (2.6) 

 

The total merit 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. 

 ɮ
‬‐

‬ɝ—
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‬ɝώ
ɝώ  (2.7) 
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By substituting Eq. (2.5) and Eq. (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: 

 
ῳ—

ɮȾὊϽὈ

ῳώ

ɮȾά
ρ (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 parameters of a UBC system are 

used for tolerance and sensitivity analysis and calculation. 

¶ Beam size on the elliptical mirror = 117 mm 

¶ NA in object space = 0.0333 from F/15 

¶ NA in image space = 0.012 from F/41.2 

¶ Object distance = 1750 mm 

¶ Image distance = 4812.5 mm 

¶ Magnification = 2.75 

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

more than 100 µm on the image plane. 
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Figure 2.7: An elliptical curve can represent decenter- and tilt-combination 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. 

¶ Maximum decenter without tilt : ±36.36 µm 

¶ Maximum tilt without decenter : ±20.745 µrad or ±4.279 arc-sec 

¶ Sensitivity of tilt : 4820.4 mm/rad = 23.37 µm /arc-sec 

¶ Sensitivity of decenter :  2.75 µm/µm 

 

In reality all UBC optics have three actuators to control translation on the Z-axis 

and rotation about X and Y, but they cannot control the 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 mechanical structure of 

the UBC system, the mount of the elliptical mirror was given 0.002 inches of tolerance 

for its position. It could introduce ±50.8 µm and ±0.01078º of tolerance in translation 

along the x and y directions and rotation about the z axis.  

From the analysis 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 milli-meters and a few degrees. Now, using the symmetrical structure of the 

UBC system, all flat 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 detector. By using the overlapping process 

the tolerances can be loosened without any limitation, but the alignment simulation can 

be used to define how much the tolerances can be loosened. 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 500 arc-second in rotation, 

which is 50 times more in translation and 250 times more in rotation than the above 

tolerance result. Since only some of optical elements are used for the alignment process, 

we cannot increase the tolerances for all optics.  

Table 2.2: Tolerance of rough alignment of UBC optics 

Element X(µm) Y(µm) Z(µm) X-tilt (arc-sec) Y-tilt (arc-sec) Z-tilt (arc-sec) 

Left Ellipse ±50.8 ±50.8 ±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 translation 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 roof mirrors is adjusted to 

overlap two spots together. The allowable overlapping distance between two spot centers 

is about 30 µm, which is 15% of the spot size. This is acceptable for use if we use the 

value of 5~6 µm to represent the pixel size of the camera in the image 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 has a tilted 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 process 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 center. 

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 overlapping process might 

make the Strehl ratio from 0.2 to 0.95. 
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Figure 2.9: Alignment simulation for overlapping after perturbation based on tolerance 

for rough alignment. One of the roof mirrors is adjusted to overlap two spots. The 

average Strehl Ratio is .55 with .2 of sigma. 

Figure 2.10 shows that the overlapped spots are offset from the center. The offset causes 

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

In practice during the alignment process, we donôt know exactly where the center of the 

image plane is, and we can guess the spot will be some offset ranges based on simulation 

results, as shown in Figure 2.10. In the alignment simulation in section 2.4.4.5, the find 

best position process is described for approaching the center of the image plane. 
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Figure 2.10: The overlapped spot might be located around 14 mm away from the center 

of the image plane. 

As the result of alignment 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 we can find some 

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 has at least their 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 tolerancing 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 of the 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 optical 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 use of 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. For example, 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 arc-second to 0.25 arc-second. The Strehl ratio here is 

changing from 93.5% to 99.8% in the range of motion. The blue line shows the results 
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from a Zemax simulation for motion scanning, while the green line is from a curve-fitting 

process in Matlab. Using the same method, other optics can also obtain their own merit 

functions for each perturbation. Figure 2.12 shows the perturbation of each optic in rows 

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 formula used to obtain 

the merit function of the specific motion, and Gaussian equations are used except the 

rotation about z-axis of the left elliptical mirror. Even though the left elliptical mirror has 

off-axis optical axis, the assumption that this mirror rotates 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 arc-seconds and micro-meters, for tilt or piston motion 

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

óSRô in eleventh column, is calculated with each merit function. óSR0ô in twelfth column 

is the Strehl ratio in nominal value. óSRdô in tenth column is the difference between óSR0ô 

and óSRô, and RSS of the óSRdô column gives expecting degraded value due to 

perturbation by each tolerance. In Figure 2.12 the RSS value is 0.0198, or the Strehl ratio 

is 98.02% on-axis. In the last column the sensitivity can be obtained by the derivative of 

the merit function at the tolerance value in óTolô column, and the alignment engineer 

might not want any motion too high value which is too sensitive to align.  
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Figure 2.11: Left elliptical mirror rotates from -0.25 to 0.25 arc-seconds about the x-axis. 

 

Figure 2.12: The merit functions are obtained from the scanning method in which one 

optical element gradually changes motion while measuring the figure of merit. As 

changing each tolerancing value, óTolô, the Strehl ratio in SR column is calculated with 

each merit function. RSS of the difference between calculated value, óSRô, and nominal 

value, SR0, can give 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 óTolô column. 
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The UBC system tolerance process for all optics is carried 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 motion and more in large motion. Tables 2.3 and 2.4 

show the 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 procedure needs to be prepared in less-than arc-second and 

micro-meter increments. The blank cells in the table have no effect on the figure of merit.  

Table 2.3: Tolerance of the UBC system without compensator.                                        

Units are µm for translation and arc-seconds 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 ± 0.2840  

Roof   ±  0.1307  ± 0.2235 ± 0.6520  

 

Table 2.4: Sensitivity of the UBC system without compensator.                                        

Units are µm per motion for translation and arc-seconds for tilt motion. 

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 decimals for a 

wide range of increasing or decreasing processes takes an excruciatingly long time. 

Matlab software can control Zemax through a built-in DDE (Dynamic Data Exchange) 

server such that Matlab script is programed for automatic processing. This processing can 

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 produces closed-loop optical 

systems for simulating the automatic alignment process. 

2.4.4.2 Maximum allowable perturbation 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 control tip-tilt 

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

a step motor also for tip-tilt 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 operation. 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 obtain the 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 are 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 much slower slope due to compensating with the pupil mirror, as shown in Figure 

2.14. 
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Figure 2.13: In the UBC optics, the roof mirror and elliptical mirror make perturbations, 

and the pupil mirror corrects the error caused by those perturbations. 

 

Figure 2.14: The left elliptical mirror rotates from -5000 to 5000 arc-seconds about x-axis. 
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Since most merit functions fit within the Gaussian function, the sensitivity of each 

perturbation depends on the tolerance of each opticôs motion. As shown in Figure 2.14, in 

the small range around the nominal value, sensitivity is very low because the tangential 

line (derivative of Gaussian curve around nominal value) has a slow slope. Thus the 

tolerance values (óTolô, in Figure 2.15) must be adjusted separately such that the 

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 2.16 are produced for 

negative and positive tolerances respectively using the same methods as in the previous 

section. 

 

 

Figure 2.15: Tolerance and sensitivity analysis for negative motion. Tolerance of each 

optic is adjusted separately to equalize sensitivities. óSRoô is nominal, óSRô is Strehl ratio 

with tolerance value, and óSRdô is the difference between the nominal and tolerance 

applied values. 

 

Figure 2.16: 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 Tables 2.5 and 2.6. 

 

Table 2.5: Tolerance with compensator. Unit: translation in µm and rotation in arc-sec 

Element X Y  Z  X tilt  Y tilt  Z tilt  

Ellipse -2570~3557 -560~825 -328~248 -25.9~321 -122~177 -287~5842 

Pupil       

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

 

Table 2.6: Sensitivity with compensator. The most sensitive optical element is the 

Elliptical mirrorôs Z translation and X tilt. Unit: Strehl ratio/ (Õm or arc-sec). 

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 perturbation is not 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 perturbations, such that the overall performance can 

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 methodology. They 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 
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represents the possible perturbation of each optic within required performance parameters. 

As shown in Figure 2.17, no optics can induce more than 1 arc-second or 1 micro-meter 

of motion, and the tightest optics are the tilt-x of left and right side elliptical mirrors. In 

Figure 2.18, a histogram 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 tolerancing in the Zemax program. 

 

Figure 2.17: 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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Figure 2.18: 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 accompanied 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. The X axis of tilt  of the left roof mirror is also 

sensitive on positive motion. 
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Figure 2.19: 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 µm for tolerance, Strehl ratio per µm for sensitivity, 

and arc-sec 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 sensitivities are looser except in some of the 

motions. Thus, the tolerance result shown in Figure 2.20 shows that more than 20% of 

trials obtained 99.38% and more than 50% of trials have 96.34% of Strehl ratio. 

 

Figure 2.20: Statistical result for tolerance and sensitivity analysis. More than 20% of 

trials obtained 99.38% and more than 50% of trials have 96.34% of Strehl ratio. 

 

2.4.4.5 Alignment simulation 

So far, the tolerance and sensitivity analyses in this chapter have been carried out using 
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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 is an 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 characterizing the motion 

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.  

 
 

 

 

Figure 2.21: Characterization for changing the angle of fringe pattern. Left elliptical 

mirror changes its angle about y-axis with compensation of the roof mirror in the same 

side. 
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The top table shows that, from the nominal design setup, the left elliptical mirror changes 

angle by 100 arc-sec about y-axis 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 this time 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 y-axis 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 bottom right, note 

that the angle of fringe pattern has changed from 90º to 87.88º. 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 perturbations of each optic in the range between minimum and 

maximum tolerance values as shown in Table 2.2 for the rough alignment.  
 

3. Any one of flat mirrors can be used to overlap two spots, but the overlapping 

process is much simpler using the roof mirror than with others as the roof mirrors 

are located closest to the image plane. This process is already shown in section 

2.4.3 for rough alignment. Statistically the Strehl ratio is 0.55 of average with a 

standard deviation of 0.2 as shown in Figure 2.9. 
 

4. After overlapping two spots, in the many cases the Strehl ratio 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 translation and rotation of the 

elliptical mirrors. Both actions can be considered a starting point, but the rotation 

in arc-sec unit is much harder to handle than translation in µm units. 

 

Since the most sensitive motion of the optical element is Z-translation of the 

elliptical mirror, the correcting misalignment of the motion can increase Strehl 

ratio effectively. The following simulation is processed using the z-translation of 

both side elliptical mirrors. In each motion the elliptical mirror moves forward by 

a 200 µm 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 mirrors back and forth to find the maximum Strehl 

ratio. After completing this process in both sides, in statistical simulation the 

Strehl ratio is 0.97 of average and 0.04 of standard deviation. The results of this 

simulation are shown in Appendix B. Figure 2.22 is an example of a simulation 

after optimization using the elliptical mirrors. The Strehl ratio is 0.973, which is 

close enough to the figure of merit (SR > 0.98), but visually the fringe pattern is a 

little tilted which is not normal. This tilted fringe angle can be corrected by 

combination of the elliptical mirror and roof mirror motions as described in 

characterization of UBC opticôs motion in Appendix B. 

 

 

Figure 2.22: Optimization result with z translation 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 roof mirror 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 90º. Figure 2.23 shows the result after 

correcting the fringe angle. The statistical result shows that the average 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 the off-axis Strehl ratio. 

 

 

Figure 2.23: The angle of fringe pattern is corrected by the tilt about the y-axis 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 figure of merit is 98% of Strehl ratio on-axis as 

well as 74% Strehl ratio with a 20ò field angle. Figure 2.24 shows the Strehl ratios 

in four field angles after correction of the fringe angles. The on-axis Strehl ratio is 

96.8%, but the Strehl ratios in other field angles (Ñ18ò in x and y axes) are very 

low. These low values might be caused by incomplete alignment. 
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Figure 2.24: Intensity profile of PSF in the x- and y- axis. The center plot represents on-

axis field, and rest of four plots are the intensity profile in the off-axes of ±18 arc-sec. In 

the on-axis Strehl ratio is close to the on-axis figure of merit after taking the previous two 

steps, but off-axis results are significantly further from the figure of merit (more than 74% 

at Ñ20ò) 

6. Best-positioning processing 
 

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 in 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 shows that the 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 reiteration of this 

procedure with several movements of small distances will make for an 

increasingly better positioning result. 

 

 

Figure 2.25: Searching for the best place for an optimal Strehl ratio. The overlapped spot 

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 then move 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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Figure 2.26: Intensity profile of PSF in the x- and y- axis. The peaks in off-axis intensity 

profiles are shifted from the centers.  The peak values are also different.   

7. Correcting peak shifts in field angles 
 

Figure 2.26 is one result of best-positioning processing, and it shows that the 

Strehl ratios in the four off-axes angles 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 x- and y- axis. In this step the shifted peaks are corrected 

by an overlapping process that involves the rotations 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 the x-axis of the elliptical mirror, you then 

perform the overlapping process with the same side roof mirror, the peak on the 
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positive y-field is shifted to the right while the peak in the negative y-field 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 simulations, the average on-axis Strehl ratio is 

0.95, with a standard deviation of 0.04. Average off-axis Strehl ratio is 0.81 with 

a standard deviation of 0.04.  

 

 

Figure 2.27: Intensity profile of PSF in the x- and y- axis. The Strehl ratios in the four 

off-axes angles are more than 74 percent. 
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8. Balancing 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 different in x- and y- axis. As shown in Figure 

2.27, the Strehl ratios in the top and bottom plots demonstrate a 13percent 

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

action performed for the best-positioning process as described in step 6. 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 also in Appendix 

B, and the average on-axis Strehl ratio is 97 percent. More than 54.7 percent of 

on-axis simulations reached 98.2% of Strehl ratio, and the average off-axis Strehl 

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. 

 

 

Figure 2.28: Intensity profiles after balancing peak values in x- and y-axis. The Strehl 

ratio is more than 98 percent in the ox-axis field angle and 83 percent in the off-axis 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 or on- and off-axis Strehl ratios to correct each elementôs 

deviations from the nominal 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 of the optical elements are not used, and the overall performance after 

correction depends on the tolerance of those elements. Table 2.7 shows which elements 

are used or not used in the alignment simulation. óxôs in the table are not used, and if their 

tolerances are narrowed the performance can be increased. 

 

Table 2.7: óxôs are not used, óoôs are used, and ó-ôs are not affected in alignment 

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 o - 

Right Ellipse x x o x o x 

Right Pupil - - x x x - 

Right Roof - - x o o - 
 

 

2.4.4.6 Summary 

The alignment plan and tools can be prepared based on the tolerance and sensitivity 

analysis for the alignment process. 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, we can identify which motion can be used to correct a specific error 

or deviation. The alignment simulation can be processed by sequential corrections.  

2.5 Sine Condition 

Previously the results of tolerance and sensitivity analysis were based on the on-axis 

status, but the off-axis state also needs to be considered. As the LBTI system implements 

a satisfactory Sine condition, Coma aberration from the off-axis objects can be actually 

corrected. This characteristic of LBTI design can provide high-quality 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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Figure 2.29: 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 1873 [35], and this 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 be described by the following the Eq. (2.9) 

[35], 

 ὲώίὭὲ‌ ὲώίὭὲ‌ (2.9) 

where subscript óoô represents the object while ói' represents the image. n, y, and Ŭ stand 

for index refraction, ray height, and ray angle, respectively. 
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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 same constant 

magnification, as described in Eq. (2.10): 

 ὧέὲίὸὥὲὸ
ώ

ώ
 
ὲίὭὲ‌

ὲίὭὲ‌

‌

‌
 ( 2.10) 

where óopô and óipô represent the paraxial marginal ray in object space and image space. 

In most telescope designs (Figure 2.30), we assume that the object distance is infinite, 

and the result of Eq. (2.10) is converted to terms of focal length and ray height, using Eq. 

2.11. 

 ίὭὲ‌
Ὤ

Ὢ
 (2.11) 

 

Figure 2.30: Most telescope designs have infinite object 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 as detecting exo-planets 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 

20ò, and in order to achieve that criterion, the LBTI system has been designed to preserve 

the Sine Condition 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 from the on-axis 

to off-axis as shown in Figure 2.32 and Figure 2.33. Figure 2.33 shows the Strehl ratios 

over the field of view in x- and y-axis 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 of the LBT 

system in a range of Ñ 20ò. 
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Figure 2.31: LBTI Fizeau images over near field of view (20ò X 20ò) at nominal design 
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Figure 2.32: Mapping Strehl ratio over a 20ò X 20ò field of view 

 

 

Figure 2.33: Strehl ratio over the field of view at Ñ 30ò created by Zemax program. The 

red line represents 74 percent of Strehl ratio 
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cause the Sine condition to be violated. Any primary mirror or other UBC optics having 

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

want to see the effect from the violation of the Sine condition, we select two flat 

mirrorsðone of the pupil mirrors and the roof mirror of the same sideð in 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 to compensate for this spot shift. The combined use of two mirrors 

introduces a change to the angle of Ŭ, which is related to h and f in Eq. 2.11. Thus the h is 

changing with changes in Ŭ as f remains constant. We can imagine that the left primary 

mirror is shifting due to a violation of the Sine condition if there are no other aberrations. 
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Figure 2.34: Sine condition is broken by changing the left roof mirror with compensating 

of left pupil mirror for overlapping two spots at the image plane. 

 

The mathematical expression can be started using Eq. 2.11. The focal ratio as shown in 

Eq. 2.12 can be used to obtain h in Eq. 2.13. 
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The focal ratio is related to the angle (ű) of the left roof mirror while compensating for 

the left pupil mirror, as shown in Figure 2.34. The relationship can be found using the 

simulation in the Zemax program. In Zemax, the roof mirror changes in angle from -0.06 

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

2.35. 

 

Figure 2.35: The left roof mirror angle changes from -0.06 degrees to 0.06 degrees with 

compensation of the left pupil mirror, and the focal ratio is measured. 
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If a linear relation is expressed in Eq. (2.14), p1 and p2 can be found by linear fitting, and 

the h in Eq. (2.13) can be explained by a shifting error (ŭ) caused by changing angle (ű), 

as shown in Eq. (2.15). 

 ὊȾΠ ὴρϽ• ὴς (2.14) 

 

 Ὤ ‏
Ὢ

ςϽὴρϽ• ὴς
 (2.15) 

 

The focal length in Eq. (2.15) is found when both the angle (ű) and shifting error (ŭ) are 

both zero. h is given as half of the baseline of the LBT system (Eq. (2.16)). 

 Ὢ ςὬ ‏ ὴρϽ• ὴς ςὬϽὴς άά (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. (2.17). 

‏ 
Ὢ

ςϽὴρϽ• ὴς
Ὤ Ὀ Ͻρππ     Ϸ  (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 length variation at 10ò and 20ò field angle respectively.  
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Figure 2.36: OPD changes when the primary mirror is shifted in side-ways at a 6ò field 

angle 

 

Figure 2.37: OPD changes when the primary mirror is shifted in side-ways at a 10ò field 
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Figure 2.38: OPD changes when the primary mirror is shifted in side-ways at a 20ò field 

 

 

Figure 2.39: LBT Fizeau image over the field angle (20ò x 20ò) in 1% of diameter of 

primary mirror shift. More optical path differences can be seen in 20ò field angle. 
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Figure 2.39 shows the LBT PSF over 20ò X 20ò with a 1% shift of the primary mirror in 

simulation.  When compared to the results of the nominal design (Figure 2.31) at 1% of 

the primary shift (Figure 2.39), the differences in the optical path are longer than nominal 

design in the 20ò field angle. If we consider the criterion of the system such that 

wavelength/5 of optical path difference is acceptable, the acceptable errors of the primary 

shift can be derived from similar simulations, as shown in Tables 2.8. 

Table 2.8: The acceptable primary mirror shifts in % of diameter for the criterion of ɚ/5 

of optical path difference are dependent on the field angle as well as wavelength. 

Criterion: ɚ/5 

Field angles 

6ò 10ò 20ò 

W
a

v
e

 l
e

n
g

th
s 2µm ±0.05 % ±0.03 % ±0.02 % 

6µm ±0.15 % ±0.09 % ±0.05 % 

10µm ±0.26 % ±0.15 % ±0.08% 

2.6 Conclusion 

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 be done in multiple 

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 UBC optics, the tolerance 

values are about 1.8 millimeters and 500 arc-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 protractor. The 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 section 2.4.3. For the fine alignment process, four 

different general methods are used for tolerance analysis as in section 2.4.4, 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 step. In conclusion, 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 system 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 and tools, 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 plan and access 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 or a few hundreds of arc-seconds 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 on-axis and 74% in 20 arc-seconds in off-axis 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 arc-seconds precision tolerances in UBC system are extremely difficult 

to measure with a protractor. To 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 arc-second unit. In the UBC system we have used 

pencil beams and targets which 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 source is 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 Camera (NIC) 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 optical alignment process in this chapter is the focusing of 

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

with a separate progress [11]. 

The main job of the UBC system is to take two F/15 beams from both primary mirrors to 

each camera port and combine them on the common focal plan to obtain a Fizeau image 

or nulling interferometric image. Thus, in the laboratory, the alignment process can be 

started with a F/15 visible beams on the both sides when working under the assumption 

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 alignment tolerancing process for only one side of the UBC system, the 

maximum allowable perturbations for the elliptical mirror are 36.36 µm of decenter 

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

few hundreds of arc-seconds 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 narrow range of tolerance of UBC optics cannot.  Thus, for the UBC opticsô rough 

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 elliptical mirror at SX 

 

(c) Mask for Pupil mirrors 

Figure 3.1: Masks for UBC optics with the 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 Greg. focusing 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 arc-sec. At this point we have yet to place any UBC optics. 

 

 

Figure 3.2 The initial UBC alignment was started 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 laser beams can 

propagate through each optic, center-to-center, 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. 

Greg. Focus point 

3809 mm 
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Figure 3.3: The alignment lasers 

In the third step, F/15 beams at both Greg. Focus points 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, is described in following 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, as simulated 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 arc-second units, which are difficult to measure using 

mechanical tools or the simple visual verification 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 star observation. The requirements of the alignment tool are 

listed below: 

¶ 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 at common focal plane. 

¶ 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. 

¶ Coherent visible and infrared wavelength source are used to easily obtain fringe 

pattern.  

¶ Broad band 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 the off-axis 

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 

same 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 visualization of spot on each opticôs surface, but when two 

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 position and direction.  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 a collimated beam from a single 

point source after reflection of the first off-axis parabolic (OAP) mirror, and a right angle 

beam splitter separates the collimated beam to both opposite directions in half and half 

semi-circles, which will be circular in shape again 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, and is 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 designed such that the ratio of beams sizes and separations follow 

those of the LBT. 
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Figure 3.4: Telescope simulator. A collimated beam from a point source is separated by a 

right angle beam splitter in the same ratio as in the LBT aperture. The separated beam is 

focused at Greg. focus point by OAP. 

  

Figure 3.5: Mask for imitating LBT aperture. The ratio between aperture size and 

separation is same as in LBT aperture. 

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 between the visible 

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 the reproduced 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 final result 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.    

 

 

Figure 3.6: Telescope simulator is installed below UBC system. It is used for alignment 

and measuring performance of the LTBI system. 
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Figure 3.7: Telescope simulator spot diagram. 

One of the most challenging aspects of developing a telescope simulator is the alignment 

of the OAP mirrors. In many kinds of optical systems, the off-axis conic surface mirror 

gives many advantages. For examples, using an off-axis conic surface mirror rather than 

a group of lenses can reduce overall volume and remove chromatic 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 an off-axis conic 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 is a 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 telescope 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 Figure 3.8, 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. 

 

 

Figure 3.8: Initial rough alignment result. Some fringe pattern can be seen, but the PSF 

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 path difference 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 of 50%, centered at 10.6 µm, 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 as shown in Figure 3.8, we cannot obtain better 

visibility  [11]. By shifting the point source in the transverse direction, the Sine condition 

can be tested for off-axis image quality. Despite the wavefront distortion and insufficient 

point source shape, a fringe pattern can be obtained. 
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Figure 3.9: Images at 10.6 µm wavelength from LBTI lab testing. The source used was a 

hot nickel chrome wire, and a 50 percent filter at 10.6 µm. 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. One such problem 

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 pattern. Though this 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.  Even though using 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 diamond-turned technique which produced 

periodic grooves on the surface of the mirror. These grooves introduced 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 alternative technology, 

called ñStar simulatorò, was applied to the new alignment tool, as seen in Figure 3.10. 

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 diodesðcoherent 

visible and infrared sourcesðwere 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 sources were then 

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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Figure 3.10: 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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Figure 3.11: Source combiner. Visible and infrared laser diodes 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 composed of a 

plano-convex and plano-concave lenses made of MgF2 and NBK7 respectively . All 

components of the ALS were purchased off-the-shelf. A more detailed description of the 

ALS design is given in the paper [12], and Appendix E shows how to design and build an 

ALS that works in both visible and infrared wavelengths using only off-the-shelf 

products. 
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Figure 3.12: Achromatic lens system (ALS). MgF2 and NBK7 doublets are facing each 

other and are arranged symmetrically. 

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). 

 

Figure 3.13: 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 wavelength of more than 900 nm is 

transmitted, and any wavelength of less than 900 nm is reflected. The reflected beam is 

propagated through W-unit which consists of folder mirror, beam splitter, a pyramid 

wavefront sensor, tip-tilt mirror, and CCD cameras. Thus, the reflected 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 W-unit, and the resulting image as captured on a CCD 

camera. 
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Figure 3.14: 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 intensity profile on a scientific 

camera. 
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LBTI fringe pattern at 2 µm 
 

Intensity profile of the fringe pattern. 

Figure 3.15: Result from the star simulator 

The star simulator has thus far only been used for on-axis alignment, but if it is able to 

move transversely in the x and y directions, it can theoretically be used for off-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 µm 

wavelength. As shown in Figure 3.16, the first zero visibility is seen at 48 µm, 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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Figure 3.16: Visibility function with respect to OPD. The first zero visibility is seen at 48 

µm for the bandwidth of 50 nm in 1.55 µm wavelength. 

3.5 Conclusion 

The alignment process is planned based on the tolerance process 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 process, the telescope 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 could obtain a fringe pattern at the 10 

µm 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 step as it allows simultaneous 

alignment of UBC optics and W-unit optics. Though the alignment has been 

accomplished this way only for on-axis components, moving the ALS vertically or 

horizontally can allow for off-axis 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 and atmospheric turbulence. For several decades, 

scientists and engineers have studied how to correct random motion and time-varying 

perturbation, making remarkable technological progress. The best examples are adaptive 

and active optics. In a stellar interferometric 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 mechanical mounts. 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 measurement 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 temporal phase 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 system, 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 state-of-art 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 adaptive optical 

system. As described in [12], the adaptive optical system cannot measure structural 

vibration or resonances of the telescope which cause phase errors between the apertures.  

4.2 Measurement method: Fringe shifting measurement 

The LBTI system is capable of 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 the telescope 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 PSFðas in the picture on the right hand side of Figure 4.1ð

gradually shifts to the left or right depending on the sign of the phase error. 
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Figure 4.1: LBTI Fizeau image; point spread function (Left) and intensity profile of the 

PSF (Right). 

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

of the LBT system as well as atmospheric turbulence.  

4.3 Measurement of vibration of the telescope structure 

Usually the effect of vibration during a short exposure time is movement of the spotôs 

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 

integration time, the fringes become washed out, resulting in decreased visibility. Thus, 

measuring and characterizing the vibration is an important step in preserving fringe 

visibility.  

The methodology of measuring the vibration could depend on the telescopeôs 

structure. 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 vibration measurements of the LBTI system, and 

characterized the vibration sources [12]. LBTI fringe shifting was monitored using an 

artificial source of an internal optical interferometric system (IOIS) and a high speed 

camera, as shown in Figure 4.2. The IOIS consisted 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 beam splitter 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 made a fringe pattern which is shown in Figure 4.2. 
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Figure 4.2: An internal optical interferometric system (IOIS) consists of two flat mirrors, 

a high speed camera, and an artificial point source. The beam paths inside red outline are 

isolated to reduce effect atmospheric turbulence. 

 

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 beam path. In this 

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 mechanical structure 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 and categorize 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 IOIS 

took into measurement of the optical path difference resulting from the vibration. Thus 

we could calibrate the seismic accelerators with the IOIS. Figure 4.3 represents the 

measurements obtained through IOIS with all mechanical systems off except the cooling 

fans. The left plot shows a measurement of the fringe shift motion for 10 seconds, and 

also shows jumping fringe motion, which produces a washed-out effect when motion is 

of a higher speed than the cameraôs capture rate. The center plot represents seeing motion 

caused by fringe jump, which might be from air fluctuation at the 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 result in frequency 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 fans. Since the IOIS 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 IOIS method, but only at 30 Hz was there 

an effect on the variation of the optical path difference. The IOIS measured RMS OPD 

variation of about 126 nm for this specific setup. 
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Figure 4.3: Measurement of fringe shift when all mechanical systems are off except 

cooling fans. (Left) fringe peak shifts by number of pixels on the CCD, (Middle) low 

frequency of the left measurement, (Right) fringe peak shift after removing low 

frequency in middle.   

 

 

Figure 4.4: Power spectrum of the measurement in Figure 4.3 (Right) 
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Figure 4.5: 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.  
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Table 4.1: Vibration measurement results. 

 Description RMS double pass 

(single pass) 

R
M

S
 V

a
lu

e
s 

Turn off every machinary power 56.5 nm (28.25 nm) 

Air compressor on, Flac ice (cooling device) off, HBS on 63.1 nm (31.55 nm) 

PH0401 (pumping device) off PH0402 on 78.9 nm (39.45 nn) 

HBS on, Left mirror ventilation off, right mirror ventilation 

on, all other system off 

251.8 nm (125.9 nm) 

Upper tree house (device storage on the LBTI mount) fans off, 

lower tree house fans on 

216.4 nm (108.2 nm) 

Telescope drive up and down >  200 nm (100 nm) 

F
re

q
u

e
n

c
ie

s 

Every machine power off except Flac Ice 30 Hz 

Same above but Flac Ice off 45 Hz 

PA0402 is on 43 

Left and Right ventilation are on < 10 Hz 

Walking from 4th  to 2nd floor 38 Hz 

Elevator moving 43 Hz 

Lower tree hose fan on < 10 Hz 

Drive down and up 7 ~ 8 Hz 

 

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

One of the fundamental factors that the ground-based 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 changing temperature 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. This effect 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 areas, including adaptive optics and free space communication. 

4.4.1 Atmospheric turbulence theories 

In Kolmogorovôs theory, turbulence is modeled with eddies from small (a few 

millimeters) to large (several hundred meters), as shown in Figure 4.6. These eddies are 

called inner scale (l0) and outer scale (L0) respectively. The range between these two 

scales is referred to as inertial sub-range [15]. 

 

 

Figure 4.6: Schematic diagram of atmospheric structure with various eddy sizes. From 

small size (l0) to the large size (L0) are about a few millimeters to several hundred meters. 

Energy is transferred from larger eddies to smaller eddies, and in the region of inertial 

sub-range the eddies are homogeneous and isotropic statistically, meaning the mean 

square of different wind velocities at two points at the moment derives its structure 
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function by Kolmogorovôs two-third power law, as shown in Eq. (4.1) within the inertial 

sub-range.  

 
Ὀ ȿὶȿ ộὺ ὺ Ớ ὅὶȾ 

 

             ὰ Ḻὶ Ḻ ὒ ȟ 
(4.1) 

 

where ὅ is velocity structure constant, r is the distance between two points, and ộỚ 

indicates the expectation over the ensemble. 

The fluctuation of wind velocity is proportional to the fluctuation 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] 
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Here, k is ς“Ὢ, and f is spatial frequency, and ὅ  is the refractive-index structure 

parameter, typically 10
-17

 to 10
-13

 m
-2/3

. It describes how much the refractive-index is 

fluctuating, and varies with respect to height.  

The power spectrum in Eq. (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 Eqs. (4.4) through (4.6) [15]. 
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(4.6) 

 

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 stratified vertically such that 

light propagates through many various thin-layer combinations of atmosphere.  

The thin layer should satisfy the 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)  ὅ  is not varying over the thin layer 
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In analyzing thin layer atmospheric turbulence, Eqs. (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. The above equations can be converted in terms 

of ὶ  in Eqs. (4.8) through (4.10). 

 ὶ πȢτςσ
ς“

‗
ÃÏÓ‒ ὅ ὬὨὬ

Ⱦ

      ȟ  (4.7) 

where h is height, and ‒ is zenith angle. 
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Even though all models described above do not explain atmospheric 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 infinite value for 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 sub-range they all have the same slopes. 

 

Figure 4.7: 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 be defined finitely, Tatarskii or 

von Karmanôs models are much more practical. G. W. Reinhardt et al. pointed out the 

effects of the outer scale was more important if a turbulenceôs moving distance was 

longer than the outer scale size [17]. R. L. Lucke et al. found through their research that if 

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

the outer scale [18], the Kolmogorov structure function over-predicts by a factor of 2. Eqs. 

(4.11) through (4.13) from Schmidtôs book [14]  represent Kolmogorov, von Karman, 

and a modified von Karman structure functions, and Figures 4.8 shows the comparison of 
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three structure functions of Eqs. (4.11) through (4.13), representing up to 30 meters of 

separation with L0 = 1000 m and r0 = 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 recently since 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 the outer scale is important to predict performance, 

as well. 

 Ὀ ȿὶȿ φȢψψὶὶϳ Ⱦ (4.11) 
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where  ũ is gamma function, and 1F1 is confluent hypergeometric function. 
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Figure 4.8: L0 = 1000 m and r0 = 15 cm over 30 m aperture 
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Figure 4.9: Structure function is saturated at the baseline longer than outer scale size. 

Each color of the curve 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 exposure 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 
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contributed to a reduction in RMS residual wavefront errors, such that most low to high 
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interferometers for integration time longer than coherence time. Atmospheric jitter over 

two or more apertures creates different 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] 

 Ὀ ὺ† ộ• ‚ • ‚ ὺ†Ớ φȢψψ
ὺ†

ὶ

Ⱦ

ȟ (4.14) 

where v is effective wind speed, and † is incremental time step in measurement.  

Eq. (4.14) describes the structure function for determining phase difference at two 

successive times at a single point. ὺ† represents the distance during a period time, †, and 

when RMS temporal structure function over the Fried parameter, r0, is 1 rad, it can be 

simply expressed by the following: 

 Ὀ ὺ†
†

†

Ⱦ

 (4.15) 

Using Eqs. (4.14) and (4.15), coherence time, †ȟ can be calculated by 

 † πȢσρτ
ὶ

ὺ
 (4.16) 

 

Eq. (4.16) operates under the assumption that effective wind speed, v, will be used. 

Eq. (4.14) is related to one single point measurement in two successive 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 rad
2
 in the 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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ȟ 

and †ȟ πȢςπχ  ȟ 

(4.17) 

In optical society the coherence time is not really well defined, but some of definitions 

are universally used during analyzing and simulating [19-20, 31ï34].  

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 results in 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 fluctuations of atmospheric turbulence. 

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

points in a spatial domain is described in Glindemannôs paper [16] with convolution of 

phase at a position, ɝ, and two delta functions separated by B/2 in Eq. (4.18).  

 Ў‰‚ ‰‚ᶻ‏‚ ὄȾς ‚‏ ὄȾς  (4.18) 

where B is the baseline of two apertures, and ‰ represents phase in the position ɝ. 

By squaring the Fourier transform of the phase variation as shown in Eq. (4.19), the 

power spectrum 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 separated by B and 

converted to meter scale by multiplying ɚ/(2ˊ) in Eq. (4.20).  

ὊὝЎ‰‚ ὊὝ‰‚ ὊὝ‏‚ ὄȾς ‚‏ ὄȾς  (4.19) 
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 ɮ‖
‗
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πȢπςςωὶ

Ⱦ
‖

Ⱦ
τίὭὲ“ὄᴆϽ‖ᴆ (4.20) 

 

Based on Eq. (4.20), if the baseline and spatial frequency are parallel, the power of the 

spatial frequency is approximately ʆ Ⱦ in low frequency, and ʆ Ⱦ in high frequency. 

If the baseline is perpendicular to the spatial frequency, the power spectrum is 

proportional to ʆ Ⱦ [16].  

When the fringe motion is recorded in certain period time, the temporal power spectrum 

of the phase variation can be obtained and mathematically derived from the spatial power 

spectrum by integrating the spatial power spectrum in a direction perpendicular to the 

baseline [16]. In a simple example, if the direction of the wind is along the x-axis, the 

integration of the power spectrum in Eq. (4.8) through the y-axis where ‖ ὪȾ

ὺȟ produces a -8/3 power slope, as shown in Eq. (4.21). If two points separated by B are 

used in the calculation, Eq. (4.20) should be used, and the resulting power spectrum 

density will be estimated to have a power slope of -8/3 in high frequency and -2/3 in low 

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

[22]. 
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(4.23) 

 

So far Eqs. (4.18) through (4.23) represent only phase values at two points rather 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 resolution. The phase 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 with the phase as 

shown in Eq. (4.24) [16]. 

 ʒ ‚ •‚ ὥz‚
ρ

ὥ
•‚ᴂὥ‚ ‚ᴂὨ‚ᴂ (4.24) 

where ὥ‚ is aperture function, and ὥ 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 the phase variation can be obtained using Eqs. (4.25) and (4.26). 

ὊὝЎ‰ ‚ ὊὝ‰ ‚ ὊὝ‏‚ ὄȾς ‚‏ ὄȾς  (4.25) 
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where ς ὐȢ is the first order Bessel function. 

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

power slope of -17/3 in Eq. (4.27) [20]. 
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(4.27) 
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where d is diameter of the aperture. 

Figure 4.10 shows a summary of the temporal power spectrum density separated in three 

ranges. Each boundary is defined by its intersection with the asymptotic line in log-log 

scale 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 Eqs. (4.22), (4.23), and (4.27), 

the first cut-off frequency, f1, is theoretically around πȢς ὺȾὄ, and the second cut-off 

frequency, f2, is around πȢσ ὺȾὨ.    

 

Figure 4.10: 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 4.10 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 approximately πȢς ὺӶȾὄ [16]. Figure 4.11 shows how the outer 

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

 ɮ Ὢ Ȣψ ɮ Ὢ ρ
ὺӶ

Ὢὒ

Ⱦ

 (4.28) 

 

Figure 4.11: Eq. (4.28) is added to Figure 4.10 with 125 m of outer scale. 
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size can be estimated by employing Eq. (4.28). Through the use of the derivative of Eq. 

(4.28), the peak position is 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 the first cut-off 

frequency, or 0.1386 Hz, and the outer scale is about 125 m. Therefore this minimum 

outer scale size that can be estimated is found by Eq. (4.30), and it is only dependent on 

the baseline. 

 Ὢ Ѝσ
ὺ

ὒ
  Ὄᾀ (4.29) 
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  έὶ  ὒ υ Ѝσὄ ά  (4.30) 

 

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

υ Ѝσὄ or 125m for 14.4 m of baseline between LBT apertures. If the outer scale is 

smaller than 125 m, the curve will be shown between the first and second cut-off 

frequencies, and it follows the slope of  f
 -2/3

.  

4.4.2 Outer scale of LBTI measurement  

To apply this to the LBT, we first simulate the LBT setup. The LBT is configured 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 second cut-off frequencies can be found at 

around 0.139 Hz and 0.357 Hz. Practically, these two boundaries are very close together 

in log scale plot and are difficult to identify. Thus the LBT system will show f
 -8/3

 slope 

rarely, but f
 -17/3

 slope will be easily shown. Figure 4.12 is a result from a simulation 

based on the parameters 10 m/s of v, 273 m of L0, and 15cm of r0 for a phase screen and 
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shows three power slopes. Those regression lines are intercepted, and two cut-off 

frequencies can be found at 0.1618 Hz and 0.3578 Hz, which are close to 0.2 v/B and 0.3 

v/D as shown in Figure 4.10. Since the cut-off frequencies and peaks for the curve Eq. 

(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 0.061 Hz, and the outer scale can be estimated 

by ὒέ Ѝσ  ὺȾὪ ςψτÍ. By considering the low sampling points in low frequency 

range, the estimation is close to the theoretical value. 

 

Figure 4.12: LBTI simulation results for estimating outer scale size 
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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 

AOSim2 simulation, the phase variation can be measured by phase sensor and fringe 

sensor. 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 for real observation 

result. Figure 4.13 is the result from the fringe sensor for same simulation in Figure 4.12.  

 

Figure 4.13: LBTI simulation results for estimating outer scale size with Fringe sensor. 
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The overall 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 in Ñ ɚ/2. Since the cut-off frequencies are intersected at the low 

frequency range, the fringe sensor method does not have a problem in estimating the 

outer scale size, but for the other stellar interferometric system the fringe sensor 

algorithm might need to be enhanced. 

 

Figure 4.14: Fringe tracking algorithm test. Fringe peak detection has error at the Ñɚ/2. It 

introduces more power in high frequency range in PSD. 
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The LBTI system was mounted 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 spectral density. Since we could not obtain sufficient time to 

record measurements, the outer scale size could not be estimated. The cut-off frequency 

was also not positioned where we expected, and we carefully considered other vibrations 

or other effects that applied 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 right-hand plot is the intensity 

profile, which is a cross section of the PSF (through blue line 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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Figure 4.15: One of the LBTI Fizeau images. Right picture is PSF 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 RMS value obtained is about 17.13 

µm.  
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Figure 4.16: 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 higher than 

calculations predicted in Eq. (4.31) for infinite outer scale and r0 = 15cm at 550 nm. 

 „
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ς“
φȢψψὄὶϳ  (4.31) 
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scale size needs to be also more than υЍσὄ. 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 of higher power below the first cut-off frequency.  

 

Figure 4.17: Power spectral density plot for OPD variation. Mostly the power slope f
 -8/3

 

can be shown, but the slope f
 -17/3

 can barely be seen. It is caused by the 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 the r0 was approximately estimated to 15 cm at 550nm, and wind 
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from the measurement in Figure 4.17. Thus we can expect that some low frequency noise 

might be present during observations. Figure 4.18 shows the power spectral density of the 

simulation in Figure 4.13 with one wavelength of noises between 0.001 ~ 0.005 Hz. 

Therefore the low frequency noises are also factors that need to consider for estimating 

the outer scale. 

  

 

Figure 4.18: Power spectral density from the fringe sensor. The simulation used same 

phase screen used in Figure 4.13, but some of low noises are added to system. 
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In conclusion in order to estimate outer scale size with power spectral density, the 

minimum outer scale size must be υЍσὄ, 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 multiple aperture 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 adaptive optics system, their 

characterization can be helpful when attempting to correct phase variation or post-image 

processing.  

Vibrations can occur as a result of various mechanical motions. The LBTI group has 

done vibration testing near the telescope structure 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 mirror ventilation was working. The major 

frequencies for particular mechanical motions are listed below: 

 

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

Å  PA0402 (pump device) is on: 43 Hz 
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Å  Walking from 4
th
 floor to 2

nd
 floor: 38 Hz 

Å  Elevator moving: 43 Hz 

Å 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, we can estimate the peak-to-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 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 we can 

obtain power spectral densities. As per the results of the observations, we could not 

estimate the outer 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 interferometric system is reduced, and 

the analysis of these measurements will help to compensate for the inevitable degradation 

of the systemôs performance. 
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5 SIMULATION OF PHASE V ARIATION  

As described in Chapter 4, atmospheric turbulence is one of the effects that degrade 

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 increases. The 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 difficult to obtain 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 modifying 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. Since the 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 difficulty 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 5 begins 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 performance, 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, structural 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 atmospheric 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 Taylorôs hypothesis [30], it is assumed that each thin phase screen is frozen and 

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 the most frequently used in modeling atmospheric turbulence [22]. 
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Figure 5.1: The concept of atmospheric phase screens illustrated with multiple phase 

screens moving in 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 transform 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 spectrum for the phase 

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 of low-order 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 account the 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. 

 
ɮ ‖

πȢπσσ ὅ

‖ ‖
 

ÆÏÒ πḺ‖ḺρȾὰ 

(5.1) 

 

Since the temporal frequency related to the outer scale is located below the first cut-off 

frequency, as shown in Figure 4.11, the simulation time should be much longer than 1/f0, 

which is the inverse of Eq. (4.29). 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 seconds, and the 

phase screen size needs to be more than 290 m × 290 m for 10 m/s of wind speed. For 4 

cm of pixels, the phase screen size should be 7150 × 7150. This approximate size does 

not consider aperture size. For telescopes with large aperture sizes, the size of the phase 

screen needs to account for this. By the ñpower of 2 lawò used for numerical Fourier 

transforms, the number of pixels is about 8192 × 8192, which might be fine for only one 
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phase screen in the most recent computer speed. If more layers of phase 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 add low-order modes for 

the relevant outer scale. So far, many AO simulation algorithms have implemented the 

numerical Fourier transform, adding low-order 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 simulation, the 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 atmosphere in the von Karman model is 

defined by Eq. (5.1), and it can be expressed in terms of the Fried parameter (r0) for a 

two-dimensional thin layer in Eq. (5.2), which shows the relationship between the Fried 

parameter and the refractive-index structure parameter,  ὅ , as shown in Eq. (5.3). 

ɮ ‖ ς“Ὧ ɝɟ ɮ ‖ 

(5.2)  ς“πȢπσσὯ ‖ ‖ Ⱦ  ὅὨὬ 

 πȢτωὶ
Ⱦ
‖ ‖ Ⱦ  

Where k
2
=kx

2
+ ky

2
 and h is the height of the thin layer. 

 ὶ πȢρψυ
‗

ὅ᷿ ὬὨὬ

Ⱦ

 (5.3) 
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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, Eq. (5.2), 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: 

 ʕὶᴆ Ḁ Ὤ‖ᴆ ɮ ‖ ὩᴆϽᴆὨ‖ᴆ, (5.4) 

where ‖ ‖ ‖ , and Ὤ‖ᴆ  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 Eq. (5.5). One example is shown in Figure 5.2, which is 81.92 

m × 81.92 m in size, with 2048 × 2048 pixels. This sample phase screen has 10
6
 m of 

outer scale. 

ʕὼȟώ Ὤ‖ȟ‖ ɮ ‖ Ὡ Ў‖Ў‖ (5.5) 
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Figure 5.2: An example of phase screen with L0 = 10
6
 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 appearance of the phase 

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 methodology. The structure 

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). 

 Ὀ ὶᴆ ộ‰”ᴆ ὶᴆ ‰”ᴆ Ớ (5.6) 
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where ‰ represents phase value, ὶᴆ is the distance between two points, and ”ᴆ is 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. 

 

 

Figure 5.3: Structure function of 10 averaged phase screens with L0 = 10
6
 m and r0 = 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 short distances only, and Eq. (5.5) is not valid for long distances. The example in 

Figure 5.3 used 10
6
 m 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 function in the 

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 with increased outer 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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(a) L0 = 5 m (error: 1.87%) 

 

 
(b) L0 = 50 m (error: 1.67%) 

 

 
(c) L0 = 100 m  (error: 16.66%) 

 

 
(d) L0 = 1000 m  (error: 74.23%) 

 

Figure 5.4: As the outer scale size increases, the Fourier transform method has a higher 

percentage of error. 

 

This problem has been an issue when developing telescopes with larger aperture sizes, 

although some algorithms can be used with confidence [14]. One simple solution is to 

add arbitrary, low-order frequency to the phase screen. This is called the sub-harmonics 

method. It is suggested by R. G. Lane [24] and used as an example in this dissertation. 
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The low-order, special frequency can be expressed by Eq. (5.7) and is combined with a 

high-frequency phase screen. 

ʕ ὼȟώ Ὤ‖ ȟ‖ ɮ ‖ Ὡ Ў‖ Ў‖ Ȣ (5.7) 

 

Figures 5.5 and 5.6 are simulation results for phase screens created by the sub-

harmonics method with two different outer scales (5m and 10
6
 m) 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. 

  

Figure 5.5: Phase screen created by sub-harmonics method. L0=5m and r0=15cm. The 

error is 1.99 %. 
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Figure 5.6: Phase screen created by sub-harmonics method. L0=1000m and r0=15cm. The 

error is 15.20 %. 

5.1.2 Covariance method 

So far, phase screens created by using the sub-harmonics method can be used in most AO 

system simulations with various outer scales. However, the phase screens are still limited 

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 high-resolution temporal power spectrum. The temporal spectrum 

result is used to obtain information on low-order atmosphere. 

This problem has been a topic of AO system simulation research. Assemat has 

proposed a covariance method [22], and Beghi [23] and Conan [26] have developed 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 moves right-to-left over the 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 value of Ncol columns 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 covariance function of the phase screen. ɓ is white 

noise, with zero mean and unit variance. If the parameters A and B are defined and 

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

 8ᴆ ὃᴆὤᴆ ὄᴆ‍ (5.8) 

 

As a quick summary of Assematôs method [2], A is calculated and described with the 

following conditions. 

¶ ‍ and ὤᴆ are not correlated. 

¶ ‍ has zero mean and unit variance 

 

 !ᴆ ộ8:Ớộ::Ớ , (5.9) 

and A is used for BB
T
 and B as shown in Eq. (5.10). 

 
ὄὄᴆ ộ88Ớ !ᴆộ:8Ớ 

 

"ᴆ Ὗὒ 

(5.10) 

where U is the eigenvector of BB
T
, and L is the diagonal matrix. Once the values ộ8ὢỚ, 

ộ8ὤỚ, and ộ:ὤỚ in two positions, i and j, 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 expressed in Eq. (5.11) for the von 

Karman model [27], and it has relationships with phase variance and covariance, as 

shown in Eq. (5.12). 

where ὑȾ ὶ is a modified Bessel function of the third kind, and ɜὶ is a gamma 

function. 

 
$ ὶ ς„ ὅ ὶ  

 
(5.12) 

where „  is the phase variance, and ὅ ὶ is a phase covariance function, which also can 

be described as an average phase value, ộ‰ὼ‰ὼ ὶỚ. Then, from Eqs. (5.11) and 

(5.12), the covariance function can be found, as expressed:  
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 (5.13) 

 

In two positions separated by r, indexed with i and j, the covariance of ộ8ὢỚ, ộ8ὤỚ, 

and ộ:ὤỚ are found by Eq. (5.12). 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 method [22] is 

OOMAO, and Figure 5.7 shows a sample phase screen produced by OOMAO [26] with a 

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

is that its small size can be useful for long simulations and for various outer scales. 
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Figure 5.7: Phase screen produced by OOMAO with 30 m × 30 m size and 750 pixels. 

One of the big advantages of using the phase screen is that its small size can be useful for 

long simulations and for various outer scales. 

 

The sub-harmonic and covariance methods can be implemented in any AO system 

simulation software package to provide for various outer scales or longer duration 

simulations. In the following simulation, which measures phase variation and outer scale, 

these two methods are implemented in the AOSim2 software package, developed by Dr. 

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

As mentioned earlier, the 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 becomes. Unlike a single-mirror telescope, a telescope with multiple mirrors has 

much more difficulty aligning. One of the biggest issues is to co-phase each mirror to 

imitate a single-mirror telescope. Due to various vibrations or turbulence effects near the 

telescope, its structure is always moving, and it must be corrected by a phase-correcting 

system. In most cases, the phase-correcting system works in real time on a closed-loop, 

so that the phase-correcting optics compensate for detected phase differences. 

Measurement 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]: 

 „
‗

ς“
$ ὄ (5.14) 

where B is the baseline between two apertures, ɚ is wavelength, and D is the phase 

structure function.   

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

 Ὀ ὄᴆ τ“ Ὢ  Ὢ ρ ὐς“ὄὪ ὨὪȟ (5.15) 

where J0 is a zero-order Bessel function of the first kind. 

By adding the aperture factor to Eq. (5.15), the structure function can be defined by [28], 
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Ὀ ὄᴆ τ“ Ὢ  Ὢ ρ ὐς“ὄὪ
ςὐ“ὈὊ

“ὈὊ
ὨὪȟ (5.16) 

where J1 is a first-order Bessel function of the first kind, and D is the aperture diameter. 

Eq. (5.16) now includes every factor that represents the atmospheric turbulence over two 

apertures separated by a baseline B. Figure 5.8, derived from Eq. (5.16), shows the 

relationship between the standard deviation of optical path difference (OPD) and the 

outer scale for various large-aperture telescopes with long baselines. The phase variation 

is larger for longer baselines and for larger outer scale sizes. The theory predicts 

variations of 2ï8 µm 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 long-wavelength observations with the 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 provide high-resolution 

imaging. 
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Figure 5.8: Baseline = 5, 14.4, 30, 85, and 200 m with r0 = 15 cm at ɚ = 0.55 µm. The 

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 times, but the 

large OPD variation in the long exposure times will reduce the fringe contrast. As 

described in the chapter 4, the OPD variation can be estimated by measuring the fringe 

motions, and the power spectral density of the OPD variation is presented by Eq. (5.17), 

ɮ Ὢ πȢππσως ‗
ὺ

ὶ

Ⱦ

Ö Ⱦ   

ÖḻπȢς ὺȾὄ 

(5.17) 

where v is temporal frequency, and B is the baseline. 

From Eq. (5.17) with a filter function, (1-sinc
2
( T́v)), in frequency domain, where T is 

time period, the OPD variation in time scale can be calculated as shown in Eq. (5.18), 
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 „ ȟ πȢρω‗ 
ὺὝ

ὶ
ȟ (5.18) 

As the OPD variation in the time scale increases, the fringe visibility decreases, and it is 

also mathematically expressed in Eq. (5.19) [16], 

 ὠ Ὡ ȟ  Ὡ
Ȣ

Ⱦ

 
(5.19) 

By calculating T in terms of V as shown in Eq. (5.20), we can obtain how fast the 

exposure time should be. 

 Ὕ
ÌÎ 6

πȢχρ

Ⱦ ὶ

ὺ
 (5.20) 

To effectively maintain the visibility, the OPD must be sensed and corrected with a 

timescale faster than the exposure time, such that the phase correction mirrors of the 

LBTI need to support a bandwidth of at least 1/T for correcting phase variation due to 

atmospheric turbulence. If other parameters such as structural vibration affect the 

interferometric system, the phase correction system will require faster bandwidth. 

The integration time in Eq. (5.20) is applicable only for phase variation due to 

atmospheric turbulence. If other parameters, such as structural vibration, affect the 

interferometric system, the phase-correction system will require higher bandwidth. 

In the following two sub-sections, the co-phasing process is simulated by two different 

methods. One is a co-phasing process 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, and the current study analyzed and concluded how the system can be optimized 

for better performance. 

5.2.1 AOSim2 ï AO simulation software 

One of the advantages of performing AO simulation is that it can derive results for 

complicated systems that have random fluctuation. 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 phase difference, can be obtained. In the co-phasing 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 phasing method. 

AO simulation of the LBTI system is carried out with AOSim2, 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 consists of various classes, and the objects from those classes create each 

numerical model of the AO components. The following tree chart represents the overall 

AOSim2 program, in which each AO system component has relationships with others in 

its superclass and subclass. 
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Figure 5.9: Tree chart of AOSim2. 
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Figure 5.10: Flow chart for AO simulation algorithm. 

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, ...) 
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These objects are created and processed as shown in the flow chart, Figure 5.10, and the 

wavefront sensing and correcting process is performed iteratively for closed-loop AO 

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

¶ Structural parameters from LBT 

¶ AO system parameters 

¶ Wavefront sensor: Shark-Hartmann sensor with 672 actuators for deformable 

mirrors 

¶ Reference wavelength: 500 nm 

¶ Guide star height: 10
7
 m 

¶ Wavelength: 10.56 µm 

¶ Phase screen height at 1000 m with wind speed 10 m/s 
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Figure 5.11: Top-left: PSF of LBT, Top-middle: Intensity cross profile of PSF, Top-right: 

Wavefront over LBT apertures, Bottom-left: Wavefront corrected by AO system, 

Bottom-middle: Strehl ratio, Bottom-right: Visibility. 

Aside from the above key parameters, more input parameters can be specified for results 

that are more detailed. AOSim2 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 system using AOSim2, two 8.4-meter 

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 changes, the peak fringe moves to the left or to 

the right. Figure 5.12 shows the result of the simulation without turbulence in the 

AOSim2. Figure 5.12 shows the PSF without any optical path difference, while Figure 

5.13 shows the result with half a wavelength of optical path difference. Figures 5.12 and 

5.13 verify that the expected fringe pattern of the LBTI model in AOSim2 is shifted by 

the optical path difference between the beams. 

 

 

Figure 5.12:  AOSim2 result for LBTI in K-band without turbulence. 
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Figure 5.13: AOSim2 result for LBTI with half wavelength OPD in K-band without 

turbulence. 

The LBTI equips Michelson-type interferometer to sense phase variation.  As shown in 

Figure 5.14, two beams from each aperture are split at a beam splitter, such that detector 

A and B have ˊ/2 phase difference. The combination of two signals is used to estimate 

the phase difference which used for phase correction. 
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Figure 5.14: One of the direct phasing method. The phase difference between detectors A 

and B is used to correct the phase difference. 

AOSim2 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 Eq. (5.21) and Figure 5.8: 

  „ πȢρυωϽ‗Ͻ$ ὄ ȾȢ (5.21) 

where ɚ is a wavelength, D ʟis phase structure function, and B is baseline.  

By reference to Eq. (5.21), the RMS phase variation is about 7.04 µm for r0 = 15 cm at 

550 nm, 14.4 m baseline distance, and 300 m outer scale, and it is independent of 

wavelength. The measurement of phase variation in Figure 5.14 is from a simulation in 

AOSim2 in N-band wavelength in an open loop without phase correction, so that the 

phase variation due to atmospheric turbulence can be measured directly from fringe 

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

Beam from 

Right aperture 

Beam from Left 

aperture 

DET A 

DET B 
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absolute phase values using the direct phasing method, while the green line shows the 

peak of the fringe motion with a small amount of noise, which causes 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 µm, in agreement with the theoretical value. This simulation for measuring 

phase variation demonstrates that the LBT model is working properly with the phase 

screen in AOSim2.  

 
Figure 5.15: Phase variation measurement in N-band for 30 seconds for r0 = 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 µm. Blue: the RMS from the phase sensor of AOSim2 is 7.55 

µm. 
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In the direct phasing method, the piston position of the atmospheric turbulence 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 amount of OPD, as shown in Figure 5.16. 

To maintain the desired visibility, the piston-correcting optics need to work with 

sufficient distance and frequency. 

 

 

Figure 5.16: Single atmospheric turbulence layer over apertures of an LBT. Each 

telescopeôs aperture has an independent AO system. Distorted wavefronts can be 

corrected by the AO systems, while optical path differences can be corrected by the 

phase-sensor system. 
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Figure 5.17: 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 visibility, the piston-correcting optic needs to work over 

sufficient distance and bandwidth. 

The bandwidth of the piston correction system can be defined by Eq. (5.20), 

which is the integration time with respect to the Fried parameter (r0) and wind speed (v). 

For example, for maintaining 80% visibility if r0 at a reference wavelength of 550 nm is 

15 cm with 10 m/s wind speed parallel to the baseline, the integration time is 30 

milliseconds at K-band, 52 milliseconds at L-band, and 144 milliseconds at N-band. The 

integration times depend on the wavelength, and they will be 33Hz, 20Hz, and 7Hz 

respectively in frequency domain. Figure 5.18 shows simulation results with the above 

parameters for visibility as a function of the piston-correction bandwidths for K-band and 

N-band. When piston correction is working at about 35.34 Hz, the visibility of the system 
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can be above 80% in K-band, and 7.79 Hz will perform also 80% visibility in N-band. By 

comparing the simulations to Eq. (5.20), we confirm that the AOSim2 simulation is 

providing reasonable results.  

 

 

Figure 5.18: Simulation results of phase correction. Visibility increases with piston 

bandwidth, and higher piston frequency improves visibility. K-band wavelength requires 

faster correction than N-band wavelength to maintain the same visibility. 

The above AOSim2 simulations are based on various piston-correction bandwidths with 

atmospheric variation only. However, in reality, large telescopes also suffer from 

structural vibrations, which are usually in low-frequency ranges, about 10 Hz to 20 Hz. 

For the LBT structure, it can be observed that structural responses of 10 Hz to 15 Hz 
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affected the OPD as shown in Figure 5.19 which is a vibration response measurement of 

one side of secondary mirror swing arms. 

 

Figure 5.19: Vibration measurement results from the secondary swing arms. From top to 

bottom, X, Y, Z1, Z2, and Z3. X-axis plot shows the most low frequencies. Y-axis plot 

shows vibration around 20 ~ 30 Hz. In Z-axis plot affecting OPD variation, around 10 ~ 

15 Hz are mostly observed. 
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The path-length variations from these vibrations are not corrected by the AO system, 

since they are not detected by the wavefront sensors. 

One interesting question is: if the telescope experiences these low-frequency vibrations, 

then how fast should the piston-correction mirrors operate to correct the vibration. The 

following simulation is based on the following parameters. 

 

¶ Geometric parameters: same as in LBTI system 

¶ Atmospheric parameters 

¶ Single turbulence layer at 1000 m height 

¶ Fried parameter: 21 cm at 550 nm wavelength 

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

¶ Wavelengths: K-band, L-band, and N-band 

¶ Vibration frequency at 10 Hz and 20 Hz at amplitudes from 0 to 20 µm 

¶ Piston-correcting mirror working in range of 2 Hz to 1000 Hz 

¶ Integration time: 4 seconds 
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(a) Contour map for 10 Hz of 

structural vibration in K-band 

 

(b) Contour map for 20 Hz of 

structural vibration in K-band 

 

(c) Contour map for 10 Hz of 

structural vibration in L-band 

 

(d) Contour map for 20 Hz of 

structural vibration in L-band 

 

(e) Contour map for 10 Hz of 

structural vibration in N-band 

 

(f) Contour map for 20 Hz of 

structural vibration in N-band 

Figure 5.20: Contour line at visibility 0.8 
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The results in Figure 5.20 show visibilities with respect to vibration amplitudes and 

piston-correction bandwidths. In each contour map, the blue line represents 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 bandwidth 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 piston-correcting bandwidth is necessary. 

For example, if a star is observed in K-band, assuming there is no structural vibration, the 

piston-correcting system requires a bandwidth of 40 Hz to obtain 0.8 visibility. However, 

with 1 µm of 10 Hz structural vibration, the required bandwidth increases to 500 Hz.  

From the result in Figure 5.20, in the low bandwidth correction frequency the aliasing 

between correction and vibration frequency is caused as shown in Figure 5.21 in which 

the OPD variation is unexpectedly higher at multiples of the vibration frequency. This 

phenomenon is rarely shown in real life observation because the most vibration 

frequencies are not restricted to a single frequency. Figure 5.21 illustrates this effect for a 

20 Hz vibration corrected at different frequencies. 
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Figure 5.21: Simulation of Structural vibration. Aliasing between correction bandwidth 

and the vibration frequency occurs at multiples of the vibration frequency. 

Table 5.1 shows the results for vibration amplitudes of 0.3 µm and 1 µm at 

frequencies of 10 Hz and 20 Hz. From 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 K-band, using a bandwidth of 0.35 µm. The light is sensed from two 

outputs of a Michelson-type 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%, Eqs. (5.22) and (5.23) can be used to determine the limiting 

magnitude of a star in K-band 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 for a 0
th
 magnitude star is calculated: 

 . ὃϽὝϽὸϽ. Ͻɝ‗, (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 time, N0 is the 

number of photons for a zeroth magnitude star, and ȹɚ is bandwidth [36]. 

Then, Eq. (5.23) shows the magnitude of the star that can be observed based on the 

estimation of 1000 photons/frame and Eq. (5.22): 

 ά ςȢυϽὰέὫ
ὔ

ὔ
  (5.23) 

where mk is the magnitude of the star. 

Using these estimates, the impact of the vibrations on observational constraints can be 

quantified. If only atmospheric turbulence is present, the slower bandwidth allows stars 

as faint as ~13
th
 magnitude to be used. However, in the presence of significant vibration, 

the increased bandwidth will limit the phasing stars to 10ï11
th
 magnitudes (nearly ten 

times as bright). This illustrates the importance of limiting vibrations on the LBT. 

Table 5.1: AO and vibration simulations 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. 

Avibration 0 µm 0.3 µm 0.3 µm 1 µm 1 µm 

fvibration 0 Hz 10 Hz 20 Hz 10 Hz 20 Hz 

ɚ ȹfpiston mk ȹfpiston mk ȹfpiston mk ȹfpiston mk ȹfpiston mk 

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 AOSim2 can detect 

absolute phase values for each aperture, and the LBTI Michelson-type phase sensor 

senses phase difference. However, the Michelson-type phase sensor is impractical to use 

when the source 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 approximate 

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 Figure 5.22. 

 

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 an alternate method in case the direct phasing method 

cannot be used. 
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In the simulation, a wavefront sensor is used for measuring low-order modes (tip-tilt) of 

aberration, and the phase difference between two apertures is found by Eq. (5.24). Then, 

the phase difference can be used for the correction. It must be noted that the pseudo 

phasing method is only approximate. 

 Ў•
ὄ

ς
ÓÉÎ‌ ÓÉÎ‌  (5.24) 

where B is the baseline, and Ŭ1 and Ŭ2 are angles of wavefronts over the apertures. 

Because the method is only approximate, it may not work with different 

parameters, such as too small a Fried parameter or too small an outer scale size. 

By using the calculation in Eq. (5.14), the phase variation can be found, as in Eq. (5.20), 

and the structure function in Eqs. (5.11) and (5.21) has a baseline, the Fried parameter, 

and the outer scale as dependent variables that can affect 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 Eq. (5.20), theoretical phase variations are plotted in Figure 5.23. They 

show the relationship between phase variation and the Fried parameter for various outer 

scales from 30 meters to 10
4 
meters. The bigger the outer scale size, the higher a phase 

variation is introduced. The phase variation also decreases with the Fried parameter. 
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Figure 5.23: Phase variation related to the Fried parameter and outer scale sizes 

Figure 5.24 shows the phase screen with LBTI aperture configuration. In 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 method is used rather than the Fourier 

transform method, since more than 4 seconds is needed for measuring the phase variation. 
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Figure 5.24: (Left) phase screen with LBT aperture position, and (Right) phase screen 

over the LBT apertures 

Figure 5.25 shows a 10-second simulation with a 1-millisecond interval. In the left figure, 

the blue line represents phase difference determined with the direct phasing method, and 

the red line represents phase difference determined with 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
5
 m, and the Fried parameter is 35 cm. The standard 

deviation is about 7 µm for the wavefront of atmosphere, and the pseudo phasing method 

also provides about 7 µm. If the pseudo phasing method is used for phase difference 

correction, the resulting phase variation can be reduced to 2.4 µm 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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Figure 5.25: 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 5.25 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 each parameter, the outer scale is increased from 30 m to 10
5 

m, 

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 of the 10 simulations before and after the pseudo phasing correction 

shows how much system performance can be improved. Table 5.2 summarizes the 
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simulations and shows each averaged standard variation before and after correction. The 

difference between before correction and after correction is shown below as ñAfter.ò The 

values in parentheses for ñBeforeò and ñAfterò are the standard deviations of 10 

simulations, and the value for ñRatioò is the ratio of after correction to before correction. 

Table 5.2: Simulation results using the pseudo phasing method. The phase screens with 

more than 1000 m outer scales have ratios less than 1. 

 

r0 

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

L0 

30m 

Before 3.72 (0.50) 2.19(0.2) 1.56(0.14) 1.23(0.11) 1.02(0.09) 0.88(0.08) 0.72(0.1) 

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 

100m 

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) 

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 

103m 

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) 

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 

104m 

Before 25.68 (15.91) 11.84 (8.24) 8.44 (5.88) 6.64 (4.63) 5.52 (3.84) 4.74 (3.3) 3.81 (2.72) 

After 14.28 (1.4) 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 

105m 

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) 

After 12.97 (0.78) 6.96 (0.42) 4.97 (0.3) 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 for all the Fried 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 outer scale should be 

more than 1000 m, regardless of the Fried parameter size. 

The Figure 5.26 shows the ratio of standard deviations after and before correction, and it 

shows that a value larger than 10
3
 m for the outer scale can reduce phase variation with 

the pseudo phasing method. 

 

 

Figure 5.26: Ratio of standard deviation after and before correction with the pseudo 

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

good correction performance. 
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atmospheric turbulence. If the outer scale is small, with ñno phasingò the visibility can be 
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Figure 5.27: Visibility with respect to Fried scale. Even though the outer scale is small, 

the visibility can be improved in the long wavelength. The larger r0 is involved, the better 

visibility can be obtained. 
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0.8 visibility. The two mirrors are controlled by a system on a closed-loop in the direct 

phasing method, but in the pseudo phasing method, one must take into account the 

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 AOSim2 AO simulation software. AOSim2 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 phasing method. 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 Hz and 20 Hz of structural vibration. 

Visibility curves on the contour maps show how fast the phase-correcting system should 

work for the required star brightness. According to the simulation results, only slow 

bandwidth phase correction can allow observation of faint stars ~13
th
 magnitude, and in 

some situations, with significant vibration present, the 10 ~ 11
th
 magnitudes of stars can 

be observed. 

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

difference between two apertures when the direct phasing method cannot be used. This 
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method is capable of reducing fringe fluctuation for outer scales of more than 1000 m. If 

the outer scale is small; the visibility can be a useful level at longer wave length without 

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 Optics (AO) 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 difficulties posed by large apertures, 

two solutions have been developed in the history of the astronomical telescope. One is 

the multi-aperture telescope, and the other is the segmented telescope. In the stellar 

interferometer, co-phasing between each aperture is the 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 multiple-step alignment 

process has been developed, with a rough and then a fine 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 sensitivity analysis 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 geometric point of view can be performed using the simple 

equation in Eq. 2.1, and for the wavefront point of view, the analysis uses a ray-tracing 

program. The analysis can be performed by a statistical method embedded in the ray-
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tracing program, but an alignment 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 arc-seconds 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 simulation, the rough alignment can be simulated by putting random 

values in each optic between ± 1.8 millimeters and ± 500 arc-seconds for translation and 

rotation, respectively. By overlapping two spots, an average Strehl ratio of 0.55 with ± 

0.2 of standard deviation 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 the tolerance 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 sensitivity 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 be designed. 

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 ɚ/5 of optical path difference when the Sine condition is collapsed. 
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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 at both Greg. Focus points, and it 

is used to align UBC optics. After propagation, two F/15 beams were re-imaged on the 

common focal plane. Even though there were some minor defects and misalignment of 

the OAP, a fringe pattern was obtained in the laboratory at the 10 µm wavelength. The 

star simulator, a new version of alignment tool, is used to align UBC optics and W-unit 

optics at the same time, and it is capable of performing the alignment process outside the 

laboratory. In future work, the Sine condition will be 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 structural 

vibration can help improve image quality. 

In summer 2010, we measured structural vibrations and found noise sources by using a 

process that includes IOIS and seismic accelerometers. Two measurements were 

compared, and the IOIS was used to calibrate the seismic accelerometers. A 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 the right-side 

mirror ventilation was working. Major frequencies for particular 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
th
 floor to 2

nd
 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, but large-aperture telescopes 

need to consider outer scale. Outer scale size affects visibility in long observations, 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 equation ὒέ Ѝσ ὺȾὪ, but estimating outer 

scale is limited by Eq. (4.30) in which for the LBT the outer scale 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 outer scale size 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 can be estimated. Analysis of these 

measurements can help to compensate for the inevitable degradation of the systemôs 

performance. 

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

study new concepts related to AO systems or changing parameters. Two co-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 maps can 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 phase-correcting system should 

work for the required star brightness and the structural vibration present. According to 

simulation results, slow bandwidth phase correction alone can allow observation of faint 

stars of about ~13
th
 magnitude, and in some situations, with significant vibration present, 

10 ~ 11
th
 magnitude stars can be observed. 

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. 

 Throughout 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 telescopes 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 

assembling large-mount 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 motion of an 

individual optical element in Zemax. In each time the Strehl ratio is estimated for the 

motion. The following plot shows angle or translation of motion vs. Strehl ratio for 

Zemax result (blue) and fitted curves (green). This method is used for understanding how 

the optics changes their figure of merit as the motion changes. 

 

 

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. 

 

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. 

 

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. 

 

Figure A. 7: Estimated Strehl ratio vs. rotation about Y axis for Pupil mirror. 
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Figure A. 8: Estimated Strehl ratio vs. rotation about Y axis for Pupil mirror. 

 

Figure A. 9: Estimated Strehl ratio vs. translation in Z axis for Pupil mirror. 
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Figure A. 10: Estimated Strehl ratio vs. rotation about Y axis for Roof mirror. 

 

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 OPTICSô MOTION  

1. Optimization with elliptical mirror translation  
 

Translation in Z direction of the left elliptical mirror by 800 µm moves the spot by 2.41 

µm 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. The on-axis Strehl ratio is 

continuously reduced by increasing the value of the elliptical mirror and compensation 

with roof mirror. 

 
 

 
 

Figure B. 1: Combination of a translation in z axis of elliptical mirror and a left roof 

mirror reduce on-axis Strehl ratio fast. 
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2. Correcting fringe angle 
 

The rotation about y-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 mirror and the pupil mirror can be used for changing angle, but the angle of 

the fringe pattern is not changing much. 

 
 

 
 

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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Figure B. 3: Combination 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 difference at off-axis 
 

As the left elliptical mirror changes the angle about x-axis followed by overlapping two 

spots with left pupil or left roof mirror, the peaks of the fringe patterns in y-axis field 

angle are shifted. The peaks in x-axis field angle are not changed much. 

 
 

 
 

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 stays in the center.  
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