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ABSTR.ACT 

An achromatic shearing phase sensor is proposed as a phasing technique for the 

alignment of segmented telescopes. The sensor is based upon a shearing interferometer 

using tvvo-vvavelength interferometrv methods. The two beams are created with a 

diffraction grating. The diffracted orders are re-imaged such that the pupil plane is 

focused onto a CCD array with a shear displacing the two orders. The amount of shear is 

equal to the size of the re-imaged segments. The sensor was measured to have a capture 

range of at least 5 |j.m. and an accuracy of 0.3 nm or better. The repeatability was 

0.1 |im. The sensor is ver\' sensitive to field dependent aberrations in its optical design 

but the resulting errors can be calibrated. The sensor is an improvement over similar 

technologies because it can measure and compensate for segment aberrations with tilt 

and piston adjustments. The sensor is compatible with many mature interferometr>' 

techniques and can be used with extended and broadband sources. 
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1 

INTRODUCTION 

As with all endeavors of science, there is a never ending challenge to understand 

more. With astronomy, understanding more means observing more-more clearly. 

Telescopes are growing both at incredible rates and incredible costs. Ultimately, 

mechanical and financial constraints play a key role in determining what studies occur 

and what studies wait for future generations. 

In order to reduce some of the mechanical and fmancial burdens associated with a 

large aperture telescope, multiple mirror or segmented telescopes ha\ c found :i placc in 

the family of space based and Earth based optics. The most famous segmented telescope 

in the near term will probably be the space based Next Generation Spacc l elcscope 

(NGST). The TRW-Ball .Aerospace (left) and the Lockheed Martin (right) concepts for 

the new telescope are displayed in Fig. 1 . 

Figure 1. Proposed NGST Designs. TRW-Ball Aerospace (left) and the Lockheed Martin 
(right) proposed segmented telescope design for NGST. 
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The challenge of segmented optics is the alignment of the segments such that they 

perform as a contiguous surface. When this is accomplished, two benefits are obtained. 

First, the energy from each segment coherently sums at their focus and second, ihc higher 

spatial frequency information from the source is preserved-spatial frcquenc\ £ • 1 x 

where .\ is the largest spatial dimension of the telescope's aperture. The result is a much 

brighter and much smaller image of each point of the source. 

To behave as a contiguous surface, each segment must produce an image at the 

same place in all three spatial dimensions. .-Mignment in the two dimensions 

perpendicular to the direction of propagation, the x- and y-a.xes. is a relatively straight 

forward challenge. This task can be achieved by direct measurement of the irradiance 

from a particular segment. The third dimension, the z-axis. is more challenging because 

it is a measurement of the phase of a wavefront. To achieve this measurement, typically 

the phase is inferred from irradiance patterns. 

The alignment of the segment's wavefronts must be accurate to a small fraction of 

the wavelength for coherent imagery to occur. .VIeasurement of the wavefront's phase 

must be even more precise to achieve sufficient alignment for a given application. Figure 

2 is a graphic of the spot produced by a six segment hexagonal array with varying 

alignment accuracy. Alignment tolerance is system specific vvith a strong dependence on 

the number of segments. .An analysis by Chanan and Troy shows segment errors of A/40 

rms will reduce the MTF by -10% and the Strehl ratio to 0.91." For telescopes using 

wavelength of 2 ^.m. segment alignment needs to be 50-100 nm rms. 
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Figure 2. Point Spread Functions from Six Hexagonal Segments. The segments are 
randomly positioned along the optical axis with misalignments as large as 4k (left), A/4 
(center), and 0 (right). The scale of each image has been adjusted to allow the low irradiance 
structure to be observ ed. 

The alignment of most telescopes may be achieved in stages. The "yard stick" 

design for NGST suggests this multi-stage approach. The first stage, the course 

alignment, phases the segments to within a few wavelengths using a large capture range 

sensor that perhaps has less accuracy. The next stage finely aligns the system to a 

fraction of the operating wavelength using a sensor with a comparativeK small capture 

range but verv' good accuracy. Finally, the maintenance of alignment may be held by a 

third sensor that is fast and efficient. Combinations of wavefront sensing techniques. 

such as a Shack-Hartmann and a wavefront curvature sensor, have been investigated for 

two of the extra large telescope (ELT) designs.^ " Since phasing may be achieved in 

many stages by many sensors, the attributes of a useful sensor varies. The application of 

the sensor to a telescope that is space based looking out. spaced based looking in or Earth 

based can change the sensor's requirement dramatically. 

There are already many large segmented telescopes in use for astronomical 

studies and there are plenty more to come. The Hobby Eberly Telescope (HET) on Mt. 
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Fowlkes. TX is a 91 segment. 9.2 m telescope. On Mauna Kea. Hawaii, there are two 

segmented telescopes. Keck I and II. that are comprised of 36 segments at 10 m. The 

Gran Telescopio Canarias (GTC). located in La Palma. Canar> Islands, is 10.4 m and 

based on the Keck design and the South African Large Telescope. S.ALT, is a twin of the 

HET design. 

There is a competition underway for NGST that is anticipated to be put into space 

sometime around 2010 with 25 m- of collecting area. With regard to Earth based 

telescopes there are a number of telescopes being planned. The Giant Segmented Mirror 

Telescope (GSMT) hopes to be 30 m in diameter, comprised of 618 segments." The 

E.Ktra Large Telescope (XLT) is aiming at 20 m w ith 342 segments. Other concepts in 

the works are the California E.xtremely Large Telescope (CELT)'* and the most ambitious 

concept, the Overwhelming Large Telescope (OWL)." The OWL telescope planners are 

currently considering implementing two segmented mirrors, the primar\' and the 

secondary, with approximately 2000 segments in the 100 m primary alone. 

There are five categories of phasing techniques that have contributed to our 

understanding of the segmented telescope phasing problem. The first is a mechanical 

approach commonly represented by inductive or capacitive sensors located on the 

structure of the segments. The second is the accurate but sometimes mathematically 

complex phase retrieval techniques. Related to the phase retrieval techniques are 

curvature sensing techniques and image metric techniques. The fifth is composed of 

methods utilizing adjacent segment interferometry-this achromatic shearing phase sensor 

belongs in this category. 
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Some representative efforts from each categorv' are discussed with emphasis on 

the techniques used on the existing large segmented telescopes-K.eck and HET. The 

metrics for comparison of the techniques are capture range, accuracy and repeatability. 

Also important is the influence of wavefront errors-from the telescope, atmosphere or 

segments-on these metrics. And finally, the capability of each of the sensors to be used 

with broadband and e.\tended sources is evaluated. 

1.1 Mechanical Technique: Edge Sensors 

Edge sensors are typically inductive coil or capacitive sensors located on the 

structure of a segment to measure the position of one segment relative to an adjacent 

segment. They have been successfully employed on Keck.'" HET and the Phased .A,rray 

Mirror E.xtendible Large .Aperture (P.AMEL.A.)" and soon will be used on SALT and 

CELT. 

HET utilizes the Segment .Alignment Maintenance System (SAMS)'"* for 

maintenance of their center of curvature alignment sensor (CCAS)'" alignment. SAMS 

uses inductive edge sensors for piston information with high-fidelity electroKtic tilt 

sensors for tip and tilt measurements. In early experiments the system produced a 

maintenance accuracy of 50 nm rms and noise of less than 25 nm rms." Since October 

2001. the HET alignment has been fully maintained using 480 edge sensors. The noise is 

less than 50 nm rms and the accuracy is less than 50 nm. Long term maintenance of 

alignment is limited however by a 50nm/°C drift. 

1.2 Phase Retrieval Technique 

Phase retrieval techniques employed on segmented telescopes are based on the 

phase diversity concept introduced by Gonsalves. The phase diversity- method utilizes 
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two or more simultaneous, monochromatic images-one in-focus and one oui-ot-focus-to 

calculate the wavefront at the pupil plane. The in-focus image is mathematically 

described as the convolution of the point spread function with the object. The out-of-

focus image is similar e.xcept there is a known defocus term in the second point spread 

function. Since the defocus term is well quantified, the point spread function of the 

optical system and the object irradiance distribution can be mathematically estimated.'" 

Other phase diversity techniques employ many more images near to the focal plane with 

a comple.x algorithm for extracting the wavefront.' ' 

Phase diversity techniques as originally proposed are quite complex and time 

consuming making them impractical for use with segmented telescopes. The following 

methods, phase-diverse phase retrieval and phase diversity wavefront sensing, are 

moditled phase diversity techniques that greatly simplify the mathematics involved by 

removing one or more Fourier transforms required. 

1.2.1 Phase-diverse Phase Retrieval (PDPR)"" 

Phase-diverse method of phase retrieval images a point source (a star) through 

atmospheric turbulence. The measured data consist of N short-exposure image pairs 

(specklegrams) of a star—one in-focus and one out-of-focus. The specklegram pairs are 

analyzed by calculating the Fourier transform of each pair and using know ledize of the 

geometr\- of the source to estimate the pupil function. Each estimate is dominated b\ the 

aberrations induced by atmospheric turbulence but shares the "tlxed" aberrations ot the 

misaligned segments. The phase maps associated with segment misalignment are 

separated from the random turbulence by averaging the phase estimated. 
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In the PDPR simulations reported by the Keck researchers, averaged estimated 

wavefronts revealed the segment misalignments very well. The residual errors after 

alignment were between 5 and 10% of a wave. 

In PDPR experiments however, the turbulence associated with the expected 

r,| = 22 cm was too stressing for this phase alignment technique. Fhe technique was not 

capable of measuring the errors during the Keck experiment. It was expected that when 

adaptive optics became available for the Keck telescopes, the residual ;urbulence induced 

aberrations would be small enough for this technique to achie\e a phased array, fhe 

capture range and the accuracy reported was approximately /./3 and k! 10. respectively. 

There was no information reported on the repeatability. 

1.2.2 Phase-Diversity Wavefront Sensing*' 

This method of wavefront sensing increases its calculation speed by utilizing a 

clever condensed look-up table and a reduced number of Fourier transforms. 

Two images are taken of an extended object with sufficient spatial 

information—one at best focus and one a known distance from focus, fuo metrics 

requiring only 2 two-dimensional Fourier transforms per iteration were tested. ( [ he 

original Gonsalves metrics required 4 two-dimensional transforms.) The proposed 

metrics are the sharpness metric. Eq. (I). and the power metric. Eq. (2). (.-V, and .\j are 

Since adaptive optics have been employed at Keck there have been no 

published re-evaluations of this technique. The telescope is presently aligned using the 

phasing camera sensor, described in section 1.5.1. 
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the Fourier amplitude coefficient of the in-focus and out-of-focus images. 0 is the 

Fourier phase angle.) 

(The second metric, the power metric, will result in a sign ambiguity for radially 

symmetric pupil functions and so the first metric, the sharpness metric, was required to 

solve for symmetric pupil functions.) 

Instead of using a computationally intensive iterative algorithm, the technique 

employed a lookup table containing the values of the metrics for a given wavefroni. To 

constrain the size of the look up table, the wavefronts were limited in their form (only the 

first 5 non-trivial Zemike polynomials) and the magnitude of error (-0.4 A. to 0.4 k in 

steps of 0.2 A.) Moreover, only a small sampling of key pixels per image were stored. 

After searching for all matches of the metrics, a general regression neural network 

algorithm (GRNNV^ interpolates the actual wavefront from the possibilities it most 

closely resembled. Thus the GRNN supplements the algorithm with wavefronts that are 

not contained within the lookup table. 

The phase diversity wavefront sensing procedure was applied to a six-segment 

experiment by the Keck researchers. Only 100 pixels of the 256x256 array were 

analyzed from each image transform. A look-up table containing the metrics from 128 

7sin(6/„(,/ )- O A / ) )  ( 1 )  

(2) 



simulated entries were searched to find matching metrics. When the segmented telescope 

had wavefront errors of 0.2 - 0.3 k rms of error, the phasing algorithm corrected the 

segment positions to 0.05 - 0.07 k rms. The capture range and accuracy were 

approximately and A/15. respectively. No information was given pertaining to the 

repeatability. 

1.3 Curvature Sensing Technique 

Curvature sensing also compares two images, one before focus and one after 

focus, to compute the curv ature of the wavefront.-- Variations on this concept have been 

applied to segmented telescopes by a number of research groups.^" • 

Phase discontinuity sensing (PDS)-^ method is a curvature sensing technique 

tested on the Keck telescope. It compares two images of a point source formed by a 

segmented mirror. The images are far enough away from the focal plane that each of the 

mirrors are distinguishable from the others. The after-focus image is rotated 180° to 

compensate for the inversion upon going through an image plane. Then the two images 

are pi.xel by pixel subtracted. The difference image is compared to a template difference 

image. The comparison is mathematically similar to a correlation function. The 

resulting correlation coefficient varies linearly with piston error. 

Template images are numerically calculated difference images of a segment 

having a >78 piston error. .-Xn electronic library of templates are stored for comparison. 

The librar>' effectively contains 36 templates-one for each of the 36 segments of the 

telescope. When a segment is aligned appropriately, the images before and after focus 

are identical and the difference irradiance distribution is zero-the correlation coefficient 



between the measured image and the template image will also be zero. .As the mirror 

becomes misaligned the images change relative to each other and the difference 

irradiance increases-the correlation coefficient also increases. The correlation 

coefficient continues to increase until the piston e.xceeds A;'8 where it begins to decline. 

Scaling of the correlation coefficient by a factor of 0.7 yields an estimate of the segments 

piston error. 

This method offers a fast simple algorithm for analyzing the piston errors of a 

segmented mirror. The capture range is reported as ± a. 8 (= 400 nm). This technique 

was experimentally tested with reference data generated from using a PCS-phased 

contlguration." The results indicate an alignment of/.;45 rms (66 nm) after si.\ to nine 

iterations. .-X second test, referenced to the same PCS-phased contlguration. indicates 

that the repeatability was 40 nm. The technique was numerically e\ aluated using a 

Monte Carlo simulation to be able to align the mirrors to within 3 nm rms after 10 

iterations (with the global tip and tilt removed.) 

1.4 Image Metric Technique 

Image metric techniques are based upon calculating a single number (or a few 

numbers) from the image of a segmented telescope. The metric is recalculated after an 

adjustment has been made to the telescope. If the new calculation is improved compared 

to the original, the adjustment to the telescope is maintained as the new contlguration. 

There are many different metrics to indicate improved alignment such as ma.\imum 

irradiance. Strehl ratio, and total encircled energy. 

See section 1.5.1 for further details and references to the PCS technique. 
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The Sinus Group has investigated some image metric techniques and developed a 

metric based on the six-Iobed diffraction pattern from a hexagonal segment array."'' 

Another technique entitled. Far Field Optimization (FFO).'" utilizes a figure of merit 

based solely on simple attributes of a system's point spread function such as the encircled 

energy and the Strehl ratio. The optimization routine is composed of a Simplex 

algorithm that minimizes the figure of merit. 

The Far Field Optimization simulations and experiments were done for a 19-

segment mirror with 57 actuators. The algorithm generates 58 random mirror 

configurations (each with 57 random actuator voltages) and measures the far-tleld 

diffraction pattern. From the calculation of the figure of merit, the best configuration of 

the 58 is applied to the segments positions. The process is repeated until the figure of 

merit criteria are met. 

This algorithm was modeled for misalignments on the order of 3.5 waves peak to 

valley. After application of this technique, the encircled energy increased from -15% to 

94° b and the Strehl from -5% to 92%. The capture range reported is on the order of 

many waves and the accuracy is A./4 or better with a possible n/. ambiguity. 

1.5 Adjacent Segment Interferometry 

These techniques compare the piston positions of two adjacent segments using 

interferometry methods. The relative piston positions from each pair are reported to an 

algorithm that calculates the optimum mirror alignment. 

1.5.1 Phasing camera system (PCS)"' 

Used on the Keck telescope and soon die Gran Telescopio. - the Phasing Camera 

System analyzes the interference pattern generated by a small circular (or square for 
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GTC) sub-aperture located at each of the inter-segment edges. Figure 3 shows the 

geometry of the apertures relative to the mirror. The size of the sub-apertures is chosen 

to be smaller than the Fried parameter. r„. (The Fried parameter is die atmospheric 

coherence lenuth in turbulent conditions.) 

• • • 

• • • • 

• • • • • • • • 

•  •  •  •  

•  •  •  •  

* • • •  • • • •  

• • • • 

• • • • 

• • • 

Figure 3. PCS Aperture Configuration. The dark circles schemaiically represent ihe 
arrangement of apertures relative to the segmented mirror used with the Phasing Camera 
Svstem. 

For computational simplicity, the interference pattern transmitted through the 

sub-apertures are compared to a simulated set of templates. The templates are 11 

irradiance patterns that would be observed if the phase difference between the two 

segments (each filling one half of the circular sub-aperture) were translated from in-

phase (6 = 0) to out-of-phase (6 = A/4) then back in-phase (6 = A, 2) in steps of A6 = A/22. 

There were two techniques reported: a broadband and a narrowband technique. 

The broadband technique is performed first and is followed by the narrowband technique 

for increased accuracy. In the broadband technique, the measured data are taken with a 
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series of broadband sources. The sources are achieved by pointing at bright stars and 

using "narrow" filters. Each consecutive source has a broader band (i.e.. a shorter 

coherence length) than the previous source to ultimately find the absolute phase position 

of the segments. 

For each source, multiple measurements are collected as one segment scans 

through a distance corresponding to the coherence length of the source. Figure 4 

(bottom) illustrates some e.xample irradiance distributions. Each of the measured data 

sets is pixel by pixel compared to each of the templates, illustrated in Fig. 4 (top), to 

calculate their correlation coefficients. 

When a particular measured interference pattern correlates well with a template, 

this indicates that the segments are positioned within the coherence length of the source. 

The scanned mirror is then returned to the appropriate position where interference 

occurred. This process is applied with each successfully broader source (4 in total) to 

walk the mirrors into alignment from 2: 30 ^m to = 0.2 |j.m. 
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Figure 4. Template and Measurement Irradiance distributions for the PCS Technique. This 
figure illustrates example template irradiance distributions (top) and example measurement 
irradiance distributions (bottom). 

.•\fter applying the broadband PCS technique and achieving segment alignment to 

within one wavelength phase difference, the narrowband technique was employed. .A 

monochromatic source was used to measure the interference pattern data set. This data 

set was also compared with the original 11 templates, no longer to fmd the degree of 

coherency, but to fmd the absolute phase alignment position for each mirror. After the 

two images with the highest correlation coefficient is determined, a quadratic 

interpolation is used to achieve finer resolution of piston measurement. 

It was reported that the narrow-band phasing algorithm has an uncorrected mode 

that limited its accuracy to 30 nm. (The mode is caused by dispersion in the phasing 
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camera optics.) The capture range and accuracy of this technique is on the order of 30 

H.m and 0.2 |im. respectively. Repeatability was not reported. 

For the Gran Telescopio Canarias. the PCS method will be altered in its 

implementation." The correlation coefficient calculation is replaced by a faster metric. 

The metric proposed is the ratio between the two main peaks in the measured diffraction 

pattern. The new technique was analyzed via simulations and the results show much 

smaller systematic errors. The capture range was extended through use of multiple 

wavelength sources to a factor of 10 larger than the original implementation. The 

accuracy was also improved to 0.27 nm rms in simulations. 

I.5.2 Dispersed Fringe Sensor (DFS)"^ 

Like the PCS method, the Dispersed Fringe Sensor (DFS) uses an aperture arra\ 

aligned to the inter-segment edges to compare the irradiance from adjacent segments as 

shown in Fig. 5. The apertures are rectangular with the longer dimension being parallel to 

the gap between the segments. 
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Figure 5. Dispersed Fringe Sensor Aperture Configuration. The dark rectangles 
schematically represent the arrangement of apertures relative to the segmented mirror used 
with the Dispersed Fringe Sensor. 

The transmitted irradiance from two mirrors interfere. .\ dispersing optic such as 

a prism or diffraction grating separates the interference pattern generated by a white light 

source into a series of monochromatic fringe patterns perpendicular to the aperture 

orientation. .-Mong the vertical axis of the interference pattern, the wavelength is 

constant; along the horizontal a.\is. the wavelength varies. Each vertical cross-section of 

the pattern indicates the piston difference of the two mirrors as measured by the 

corresponding wavelength. The interferogram resembles Fig. 6. 



Figure 6. Dispersed Fringe Sensor Interferogram. This tlgure displays a simplistic 
interferogram generated by the Dispersed Fringe Sensor. The wav elength changes along the 
horizontal a.\is. The position of the dark fringe indicates the relative piston position of the 
segments. 

The period of the fringe pattern along the wavelength a.\is. measured as a function of 

space, is used to calculate the piston difference between tw o segments of a telescope. 

The sign of the error is determined by slightly moving one element and then re-

measuring the phase difference. 

The accuracy of this technique reduces as the piston difference approaches zero 

and the period of the overall pattern becomes large or infinite. At that point in the 

algorithm, there are several options. The first is to use an alternative technique to tlnish 

aligning the two segments: the second is have a calibrated piston difference introduced 

somewhere in the system, perhaps at the prism, that will allow a smaller period to 

indicate a zero piston ditTerence. 

The capture range e.xperimentally verified on the DC ATT telescope was 10 p-m 

and the accuracy over the range of 10 |im to 0.5 ^m piston shift was 5 % of the piston 

difference. 
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The Adaptive Optics Associates. Inc. group implemented a technique that is 

something like a hybrid of the PCS and DFS techniques. "' The DFS technique is utilized 

until it achieves its accuracy limit then a technique similar to the PCS method is 

employed. .A cross-section perpendicular to the wavelength axis of the interference 

pattern is captured and correlated to the expected phased irradiance distribution when 

aligned. high correlation indicates the piston difference is ver>- small. 

1.6 Performance Comparison 

The performance of each of the phase sensors is summarized based on individual 

criteria such as capture range and accuracy and are grouped where similarities allow. 

(The three techniques employed on the Keck telescopes are more fully compared by 

Chanan. et al. ") 

1.6.1 Capture Range. Accuracy and Repeatability 

The capture range of the mechanical methods are geometrical in nature-the 

physical size of the edge sensors and the spacing separating the sensors limit the capture 

range. The capture range was not reported with respect to the HET work but clearly the 

range must be on the order of millimeters not nanometers. The accurac\- and 

repeatability were reported to be around 50 nm rms. 

The phase diversity techniques have relatively small capture ranges. kJ2.  and ver\' 

good accuracy and repeatability. A./15. The curvature sensing techniques reported A78 or 

400 nm capture range and A/45 or 66 nm rms. Image metric techniques reported a 

capture range of a number of waves with A-4 accuracy. The repeatabilit\ uas not 

reported. 



Adjacent segment interferometry techniques capture ranges were variable 

depending on the number of sources employed but in general they were on the order of 

many microns. The accuracy was a 1/3 to 1/4 of a micron and the repeatability was not 

reported. 

1.6.2 Wavefront Error Management 

Wavefront error management is the capability to detect and correct any wavefront 

errors or align and maintain alignment in spite of wavefront errors. 

•Atmospheric turbulence: 

None of the techniques discussed are particularly useful for adaptive optics. 

Those techniques that are theoretically capable of measuring the turbulence, the phase 

diversity techniques, are. to date, not used for that purpose on segmented telescopes 

because of the limitations on their speed. The techniques instead strive to be useful in the 

presence of turbulence such that another sensor can do the adaptive optics. 

The mechanical techniques are particularly well suited to turbulent conditions 

since they do not use wavefront information for piston measurement. However, if the 

telescope environment, such as the dome temperature, induces physical changes in the 

segment, the technique can also have its limitations. The techniques employing masks 

get around the turbulence issue by having apertures smaller than the f ried parameter. 

The image based techniques (including the image metric, curvature sensing and the phase 

diversity techniques) average many measurements to reduce the effects of turbulence. 

Telescope aberrations: 

It would be usefiii if the phasing sensor could detect aberrations of the 

telescope-defocus in particular-for correction. The image based techniques, meaning the 



phase diversity techniques, the curvature sensing technique and the image metric 

technique, have this capability intrinsically but the adjacent segment techniques 

(including edge sensors) do not. When strictly comparing one segment to its neighbor, 

all the segments could be aligned to the wxong plane. 

Segment deformations: 

The optimal position of each individual segment is determined by the surtUce 

form of the mirror. The mechanical techniques are only as good as the original 

alignment technique used. If the physical properties of the segment change over time, 

the technique is not able to appropriately adjust for the change. The techniques 

employing masks are limited to measuring ver>- small proportions of each segment and 

thus could mis-align the telescope due to segment deformations. The image based 

techniques theoretically are capable of optimizing the segment position with regard to 

surface form but the phase discontinuity sensor was troubled by aberrations due its 

limited template correlation technique. Note that the image metric techniques can only 

optimize with regard to the metric employed and may not result in optimal alignment. 

1.6.3 Tip/Tilt .Alignment 

.A.11 techniques can achieve or maintain tip and tilt alignment with slight 

modifications with exception to the curvature sensing technique and the techniques 

employing masks. The sub-aperture's small size severely limits the tip/tilt capture 

range-a small tilt of one segment would prevent its irradiance from overlapping the 

neighbor's irradiance. The edge sensors technique would require an additional pair of 

sensors per segment pair to measure tip/tilt. 
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1.6.4 E.xtended Source 

The edge sensors can be used with any source or none. The adjacent segment 

sensors are all pupil based and can be used with extended sources if the source has 

enough spatial coherence over the small interference area. The image based techniques 

are mi.xed in regard to an extended source: the far field optimization techniques may be 

feasible but the configuration has not been investigated: the phase discontinuity sensing 

and phase-diverse phase retrieval techniques only use a point source: and an extended 

source with sufficient spatial information is required for the phase-diversity uavefront 

sensor studied by the LP.A.RL researchers. 

1.6.5 Broadband Source 

The edge sensors can be used with any source. The adjacent segment sensors" 

performances are enhanced (or require) a broadband source but in all cases the source is 

filtered for initial alignment purposes requiring a bright source. The phase diversity 

techniques would require significantly more sophistication to use a broadband source. 

The image metric and the curvature sensing techniques are well suited for broadband 

measurements. 

1.6.6 Constant Alignment Maintenance 

Image based techniques, by design, incorporate the science camera in their sensor 

to be efficient. In turn, the ability to constantly maintain alignment is often sacrificed. 

Constant alignment maintenance for these techniques require a narrow band filter or 

observation of a qualified source-either a point source or an extended source with 

sufficient spatial resolution. Imposing such limitations on the science camera is 

generally unacceptable. The adjacent segment interferometry techniques however can be 
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adapted for constant phase maintenance and the edge sensors are well suited for the 

purpose. 

1.6.7 Measurement versus Recognition 

Many sensors discussed do not have the ability to directly measure the piston 

position of the segments. Instead the sensors compare some attribute that has been 

measured with an expected attribute resulting under certain conditions. In order to 

complete the comparison, the segments under test must move through a series of 

positions. When the position of best correlation or highest merit function is identified, 

the segments arc returned to that position. 

The phasing camera system and the image metric sensors can only recognize an 

aligned system when it is achieved. The edge sensors and the dispersed fringe sensors 

can measure piston but cannot determine the direction of misalignment without a 

comparative measurement. The remaining image based sensors can directly measure the 

piston offsets. 

1.6.8 Science camera or .Additional Optics 

•All the sensors except the image metric sensor require some additional optics to 

be used for their alignment algorithms. The phase retrieval and curvature sensing 

techniques utilize two simultaneous images thus minimally require a beamsplitter and 

another detector to work in unison with the science camera. The adjacent segment 

interterometers require a beamsplitter, another optical system, a Hartmann mask, and 

another detector. 
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1.6.9 Unique Characteristics 

Each of the sensors has some uniqiie characteristics that can be considered 

particularly disadvantageous depending on the application. The edge sensors cannot be 

used for the initial alignment. The phase diverse phase retrieval requires at least two 

Fourier transforms per iteration. The sensors employing masks have very tight tolerances 

on mask alignment. The adjacent segment interferometers and the edge sensors need an 

algorithm to calculate the optimal position for the segments: this algorithm is prone to 

having modes that are not fully phased. 

1.7 .Achromatic Shearing Phasing Sensor 

The achromatic shearing phasing sensor is the technique proposed and analyzed 

by this document. This technique is most closely related to the adjacent segment 

interferometers but with some important advantages. This sensor measures a large 

portion of the segment area and can be used to align the telescope in tip and tilt. 

The sensor is based on a shearing interferometer using multiple wavelength 

interferometry techniques. ruled grating is inserted near to. or at. the pupil plane 

creating multiple copies of the original segmented beam. The -1" and -T' diffracted 

orders are collected and projected by an optical system. (The O"' order beam is blocked 

prior to tlnal imaging.) Since the diffraction orders have a lilt relative to each other. 

there is a variable shear between the wavefronts as the beams propagate. The CCD 

detector is placed at the plane where the -T' order from a particular segment cxactK 

overlaps the order from an adjacent segment; this plane is referred to as the 

interference plane and is marked in Fig. 7. 
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Figure 7. Achromatic Shearing Phase Sensor Alignment Schematic. The -f 1" and -1" order 
are sheared such that the -P' order of one segment overlaps the -P' order of its adjacent 
segment. 

The interferogram created by each segment pair is a set of tilt fringes oriented 

parallel to the segment pair's gap. The frequency of the fringes is determined by the 

geometry" of the system and the grating but not the wavelength of illumination. The 

position of the fringes is determined by the piston difference of the measured segments. 

Multiple images of the interferogram are captured using different wavelength sources. 

The fringes are analyzed to e.xtract a phase map associated with the interferogram. The 

phase maps from each different wavelength source are compared to generate a phase map 

in the equivalent wavelength. (The equivalent wavelength is defined = A., A.7(/.|-A.,).) 

The capture range and accuracy is determined by the equivalent wavelength, 

which is a fiinction of the illumination wavelengths. The capture range is /.^y2-on the 

order of 5 jim and the goal for the accuracy is A^yiO or 300 nm and possibly smaller. The 

repeatability should be much better than the accuracy-20. 
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Mathematically, the achromatic shearing phase sensor is insensitive to 

atmospheric turbulence due to the shearing interferometrv' attributes but this needs to be 

tested experimentally. .A discussion of the mathematics is included in .A.ppendi.\ F. The 

sensor is also insensitive to telescope aberrations, i.e. aberrations from the telescope that 

do not result from an individual segment. In particular, the sensor cannot detect a global 

defocus or tilt and errors will result in the presence of any chromatic aberrations. It is. 

however, particularly adept at measuring segment deformations and optimizing the piston 

position of each segment. 

Like the other adjacent segment interferometers, the achromatic shearing phase 

sensor requires additional optics and an algorithm to achieve alignment. The basic 

configuration employs spectrally filtered point sources but with minor modifications a 

broadband and/or e.xtended source can be utilized. See sections 5.1.2.2 and 5.1.2.2 for 

the discussion pertaining to extended and broadband sources. 

The mathematical theorv- behind the piston measurement is developed in 

Chapter 2. From the piston measurement theory, a tip and tilt alignment procedure is 

also proposed. Included in this chapter is an error analysis due to irradiance non-

uniformities. aberrations of the sensor optics, aberrations of the telescope optics, and 

segment deformations. Finally, a calibration technique for removing the sensor 

aberration errors is described. 

Chapter 3 reports the results from simulations of the sensor. The purposes of the 

simulations are I) to validate the theory developed. 2) to understand the implications of 

the aberration errors. 3) to quantity- the systematic errors and 4) to generate 

interferograms and phase maps for comparison with experiment results. The global 
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aberration induced errors are studied with respect to their effects as a function of aperture 

position, piston position and quantity of aberration. The local aberrations are studied by 

the amount of piston or tilt required. 

Chapter 4 reports the experimental results. The primarv- purpose of the 

experiments is to begin the alignment process of the segmented mirror. P.A.VIEL.\. 

Before P.AMELA's alignment can be achieved, the sensor itself needs to be characterized 

and calibrated. There were 4 experiments completed: 1) measurement of the sensor 

aberration errors. 2) quantification of the accuracy and repeatability of the measurements. 

3) application of the calibration technique and 4) a set of global and local tilt 

experiments. 

The conclusion chapter reviews the accomplishments of the study of the 

achromatic shearing phase sensor and suggests a method for improving the accuracy. 

The advantages and disadvantages of the phase sensor are discussed including the 

capabilities that are theoretically possible but have not been investigated yet. Finally, a 

design discussion highlights parameters that should be considered before 

implementation. 

The appendices include copies of all the source code used in the study of the 

sensor. .-Vnd. due to the particular importance of atmospheric turbulence in the t'leld of 

astronomy, a brief study of the sensitivity of this sensor to atmospheric turbulence has 

also been attached. 
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2 

THEORY 

2.1 System layout 

The system layout is shown in Fig. 8. After a segmented telescope collects the 

irradiance from a point source at infinity, a percentage of the irradiance is diverted into 

the achromatic shearing phase sensor using a beamsplitter. The irradiance is re-

collimated and a beamsplitting optic generates multiple copies of the vvavefront. For this 

discussion, a simple ruled grating will be the beamsplitting optic. 

segmented telescope 

beamsplitter 

pupil plane 

gratmg 
.A.chromatic 

Shearing 
Phase 

Sensor 
filter 

13 imaging optics 

-pupil plane 
CCD 

Figure 8. Schematic of the Shearing Phase Sensor Relative to a Telescope. .-\t the 
beamsplitter, a percentage of the irradiance is diverted to the achromatic shearing phase 
sensor. This irradiance is collimated and then a grating splits the beam into many orders. 
The orders are focused and the O"' order is blocked by a spatial filter. .\n imaging optic 
collects the remaining orders and re-images the telescope pupil plane onto a CCD. 
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The diffraction orders are separated by focusing the orders. A spatial filter is 

utilized to block the 0'*' order beam and any orders higher than the 1" orders. (The 0"' 

order beam could be transmitted and utilized for tip/tilt alignment.') 

The transmitted orders are collected by the imaging optics, u hich are placcd such 

that the emerging irradiance is appro.vimately collimated. (.\ convergent beam is 

discussed in this derivation for two reasons. First, it is the more general case and the 

mathematics of a collimated beam can easily be obtained by letting the radius of 

curvature go to infmity. .-Xnd second, this is representative of the actual system used in 

the laboratory measurements. Vloreover. in Eq.( 13) it is evident that the sensor cannot 

distinguish between a collimated. convergent or divergent beam.) Since there is a tilt 

between the two beams, it is possible to place the CCD array where the two beams 

overlap but with a shear. The required shear is determined by the size of the segments of 

the telescope as illustrated in Fig. 9. The wavefront from a segment of the -T' order 

beam overlaps an adjacent beam in the -T' order. This generates an interferogram 

comparing two adjacent beams. 

See section 5.1.2.1 for further details of this configuration. 
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Shear distance 

Figure 9. Irradiance Distribution at the Interference Plane. There are two images of the 
pupil plane shown (one from the -s-P' and one from the -P' order). Each image contains an 
array of 36 hexagonal segments with the center hexagon empty. The second image is shifted 
to the right of the first image by the distance marked as the shear distance. Where the two 
images overlap, the segments are darker. There will be an interference pattern in the areas 
of overlap. The shear distance is equal to the width of a segment. 

.\s described, the sensor can phase segments from rows parallel to direction of 

shear. To co-phase multiple rows, the diffractive optic can be rotated and the procedure 

repeated. A faster approach would utilize a diffractive optic to generate diffraction 

orders along the x-a-xis as well as along an axis at 60° to the x-a.xis. This approach would 

require two modifications. First, the shear needs to be reduced by a factor of 2; second, 

an aperture needs to be placed conjugate to the pupil plane to transmit onl\ the part of the 

segment's image. The apodized image would contain from the segment's center to half 

the segment's radius. (Using this configuration would prevent the optimal alignment of 

the segment under the condition of segment aberration.) 
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To improve the functionality of the sensor, the grating and the CCD array should 

be conjugate to the pupil plane as shown in Fig. 10. Using this design criterion, the 

images of the pupil plane (from the and -T' diffraction orders) will remain in a fi.xed 

position with a high degree of irradiance uniformity even when the point source is off-

a.\is or a segment is tilted. 

1 nterference 
Grating Plane 

i  -  -  •  o : :  : s z  \  

Telescope Imaging Telescope 
Pupil Lens Pupil 

Figure 10. Pupil Imaging Configuration. Placing the grating and the CCD conjugate to the 
pupil plane improves the performance of the sensor. 

2.2 Unaberrated System 

The ideal wavefront at the pupil plane of the telescope is a plane w avefront 

traveling along the optical a.\is. This wavefront is collected uith an optical s\siem thai 

projects a convergent wavefront onto a CCD detector. The imaged plane is far enough 

away from the focal plane that a far-field approximation can be applied to simplify the 

mathematics. Therefore, the ideal wavefront measured by the sensor is a spherical 

vvavefi"ont as described by. 
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{{/(x.y.z = 0) 5 (4) c 
R 

where the electric field. has an amplitude A. radius of curv ature R. and the wavefront 

converges to the point in space at (x,,. 0. R). The electric field's phase term can be 

broken into two terms. The tlrst term is dependent on x„ and the second term is 

dependent on It is shown below that the second term will cancel when the two 

wavefronts from different diffraction orders interfere and will not contribute to the 

calculations. The amplitude will be assumed constant within the aperture of the 

telescope, denoted by r. and zero outside. The radius of cur\ aiure. R. Joes not \ar\ 

enough during the phase alignment of the telescope to significantly changc the i*mnlitude 

between the two beams. .-\lso. x,, * 0 becau.se the diffractive optic is oriented to produce 

orders along the x-a.\is. Now. 

i  ) = Ae 

where 
A = constant for .r" -r < r '  

A = 0 for -v" - V > r '  

Figure 11 shows the geometry- of the Eq. (5). 
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Figure 11. Schematic of the Geometry. The two sheared wavefronts (represented by solid 
curves) are at the plane of interference of the sensor (vertical dashed line). The radii of 
curv ature are given by R. the extent of the aperture of the sensor is given by r. and the 
coordinate of the converging wavefront is given by .x,,. Each of these wavefronts may be 
composed of many wavefronts from the segments of a telescope. 

The coordinates of the wavefronts* foci are determined by the characteristics of 

the grating. In general. = R sin 0 where 0 is the angle of the wavefront's propagation 

direction with respect to the optical axis. For this discussion, the grating has a period, a. 

and the optical system has angular magnification. M. such that x„ = .VI a R a. .Also, the 

amplitude has been decreased by a factor of t. the transmission coefficient of the 

diffracted orders. Now. the two orders of interest can be detlned by 
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z x \ U  U.V/)*r,. ^ ^ 
( S )  

i//J'(.v. v) 5: lAe a 

The subscript on the electric field denotes a particular segment of the telescope: the 

superscript denotes the diffraction order. The term z is added to allow a piston shift of 

the segment and the resulting change in radius of curvature at the sensor. (The 

relationship between the amount of piston and the resulting defocus is different for every-

telescope and is unimportant for these calculations.) The terms a.\ and py are added to 

represent tilt in the beams. In the second term of the electric field's phase. ( R - /„) R 

in the denominator because R » z„. The part of x„" that is proportional to z„.( MA/a)-z„. 

is dropped since (MA/a)'z„ « z^. 

The detector plane is chosen such that the wavefront from the -P' diffractive order 

of segment 1 overlaps the diffractive order of the adjacent segment 2. The irradiance 

pattern collected by the CCD array is defined by 

E = ^  '  y/: ' )  dO) 

E = -  h-A'--

xM a -  xM A  ,  ,  v ' - v '  1 1 / ^ . ) ' / ?  V  -  !  i  M ^ . )  R  ( I I )  
k - «,.v - p.y - - «..v - //,;•) — ^ - K - K Li a  IR c/ Zt< c/  

E  = 2/".-J"i 1 - cos |A:|2-^-^^'^ -s - (cf, - or, ).r - (^, - f t ,  )y  - r, - r, )) (12) 
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E X I ^ cos j 
M'4;NV/ L7:\A\ 

(13) 
a /I 

The irradiance pattern varies sinusoidaliy in the x-direction and the period is 

dependent on the grating's period, a. .VI. Aa. and the was elength. a. A non-zero A{3 

rotates the fringes. There is no explicit dependence on the beam s curv ature. R. but 

inlierent in changing R is a change of the magnification. Therefore, the period of the 

fringes can be adjusted by the user by changing the magnification of the system-for 

e.xample. moving the imaging optics. 

For the discussion of the phase measurement, it is assumed that the tip and tilt 

corrections have been implemented by means of an independent tip and lilt measurement 

technique. This can be done by a number of techniques such as a Shack-Hartmann 

Tip/Tilt Sensor. •' .A. technique for calculating segment tilt using the phase sensor is 

discussed in the section covering segment aberrations. Three other tip and tilt alignment 

techniques based on different physics are outlined in section 5.1.2.1. 

With this assumption. Eq. (13) now simplifies to 

The period now has an achromatic attribute-it no longer is wavelength dependent. The 

particular beamsplitter used in this configuration, a ruled grating, generates orders whose 

tilt is linearly dependent on k. This cancels the inverse dependence on k found in the 

phase. The position of the sinusoidal pattern is wavelength dependent; it is shifted along 

the x-a.\is proportional to AZ/A. With the fringe spacing being independent of 

I 4XV/ 2/T ; ,[ 2/TV/ ,r  
£ X 1 -1- cosi .r R — Ar = 2cos" .r - —Ar 

a A a A 
(14) 
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wavelength and the fringe position dependent on wavelength, two-wavelength 

interferometrv'^'' can be used to isolate the piston term in the argument. 

In practice, any of a variety of algorithms "'' such as the Carre algorithm or the 

three step algorithm can be used to extract the argument of the cosine term from the 

irradiance pattern. This argument will be referred to as <t) with a subscript denoting the 

wavelength of illumination. 

AjtM 2.T 
=  X  -  —  \ r  ( 1 5 )  

a /•., 

The process of obtaining <I> is repeated for a second wav elength and the results are 

subtracted. The difference yields the quantity of interest. Iz. with a multiplicative factor 

of the equivalent wavelength. A.^.. divided by 2:i where = (/.| k. )/(A.2 - A.,). 

AO = O - O (16) 

AO 

\ /L, 

A r = A O ^  ( 1 8 )  
2.T 

Equation (18) shows the simple mathematics required to obtain the relative piston 

positions of two segments from an unaberrated system. When analyzing actual data, this 

equation must be integrated, or summed, over the area of the interferogram and 

normalized by the area. .A.- yielding the same result in this situation. 
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A (19) 
j j tZv dy 

The physics ofEq. (19) are important. Since AO is not a function ot'x or y. each 

pixel across a segment pair's interterogram reports the same result in the absence of 

noise and segment deformations. When noise and segment deformations are present, 

averaging over all the pixels reduces errors as well as finds the optimal piston position 

with respect to the segment deformation. 

.•\s in most interferometric techniques, there is a 2n ambiguity in Eq. (15). The 

inability to measure piston offsets larger than half the equivalent wavelength is ultimately 

a limitation on the capture range. Using two. or more, equivalent wavelengths allows the 

capture range to be increased. Using sources with a small wavelength separation extends 

the capture range to a very large distance but has relatively poor accuracy. (The accuracy 

of a measurement is limited by the errors associated with the calculation of A<t>. When 

A<I> is scaled by the equivalent wavelength, the errors are also scaled. Hence, the 

accuracy is. in general, proportional to the equivalent wavelength.) .After the segments 

have been confirmed to be within a tighter alignment specification, changing to sources 

with a larger wavelength separation will allow an accurate alignment to be achieved. 

With the ideal system characterized, it is important to analyze the performance of 

the sensor under non-ideal conditions. The assumptions made in the previous deri\ ation 

were that the wavefronts are spherical and the irradiance distribution is uniform. In real 

systems, neither of these assumptions are necessarily valid. The wavefronts will ha\ e a 
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non-spherical form in the presence of aberrations-aberrations from the sensor, the 

telescope or the segments. The irradiance can be non-uniform because of aberrations but 

also because of diffraction effects-particularly diffraction effects at the aperture edges. 

2.3 Errors from irradiance non-uniformity 

If the irradiance varies quickly over a few fringes, the phase calculated from the 

fringes can have significant errors. Figure 12 illustrates the affects of a non-uniform 

irradiance distribution. 

V \ A  
Idea 

E1, E2 

Measured 

• cm)r 

Figure 12. Non-Uniform Irradiance Errors. The top plot shows an ideal interferogram 
(dash-dot line) from two wavefronts with uniform irradiances. If the irradiances have the 
distributions indicated by the dotted lines, the phase extracted from the measured 
interferogram (solid line) will have errors. The errors, bottom plot, however average to be 
small-0.4 % of A^.-over many fringes. 
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The ideal interterogram is shown by the dot-dash line in the top plot. The 

measured interterogram is shown by the solid line. The two irradiance distributions 

generating the interterogram are indicated with the dotted lines. The botiom plots reports 

the possible errors from the measured interterogram. 

Depending on the phase e.xtraction technique, the errors \ ar>. Tor the simulation 

above, the phase was e.xtracted using an inverse cosine function. 

0 = cos '! 1; (20) 

when the slope was positive and 

0 = cos''| — li ^ ,T (21) 

when the slope was negative. The ma.\imum irradiance is detmed by The errors 

were as large as 15 ''b of A.,, for some data points. Since Eq. (l*->) shou.s that the pixels can 

be averaged, these errors will tend to cancel reducing the ov erall error reported for the 

segment. In this example, the average errors were only 0.4 " B of A. If the 

monochromatic phase distributions are similar in magnitude but uncorrelated. the 

equivalent phase map will have ( yl2 * 0.4 ) 0.6 % of 

Other techniques such as finding the fimdamental frequency of the signal and then 

extracting the phase will be influenced by periodicity in the irradiance. The best 

technique perhaps is phase shifting because the irradiance does not influence the error per 



pixel." Creath and Schmit reviewed the errors from non-uniform irradianco distributions 

on spatial carrier frequency techniques/" In this paper, it is reported that the error 

associated with a given pixel can be maintained to less that I % of a if the dc irradiance. 

w hich is assumed to have a Gaussian profile, varies by less than a factor of two across the 

aperture. (The dc irradiance is the E, E,.) In the example given above the dc irradiance 

varies by a factor of 1.4. 

Maintaining the errors to less than 1 "'o in the will monochromatic phase maps 

ultimately yields an error of 1.4 % ot'k^. if the errors are uncorrelated. Upon averaging 

over many pixels, the error will likely be reduced. 

2.4 Errors analysis of wavefront aberrations 

.Aberrations or other wavefront errors are introduced into the system from many 

sources. Some aberrations, such as trom the sensor itself, cause the technique to yield 

errors in the results. Other aberrations, such as from atmospheric turbulence, have ver>' 

little effect on the sensor's results. The wavefront errors to be discussed are non-

common path, common path, and segment aberrations. 

2.4.1 Non-common Path Wavefront Aberrations 

Wavefront aberrations can be quantified at the interference plane. The electric 

field described in Eq. (6) has had another term added to represent the phase due to the 

aberrations. 

» » r ," - i 
—T7^— (22) 

i f /^  -  Ae - • -c  -

Further discussion of phase shifting is found in section 5.1.1. 
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The term. AW. is the wavefront error term and is a function of the field coordinate, 

represented by H. as well as the pupil coordinates, p and 0. H and p are unitless ratios of 

the actual coordinate position to the maximum coordinate position. AdditionalK. each 

aberration is quantified by a Seidel coefficient. For this discussion, the Seidel coefficient 

is the maximum deviation of the wavefront at the edge of the aperture measured in 

meters (not waves, which is the convention.) 

Non-common path aberrations are field dependent aberrations introduced after the 

diffraction grating, i.e. by the sensor's optics. Because the diffraction grating makes the 

wavefront's field position a function of wavelength, the magnitude of the aberration is 

also a function of wavelength, see Eq. (23). Moreover, the sign of the odd aberrations is 

opposite for the two diffraction orders as described in Eq. (25). The errors resulting from 

non-common path aberrations are independent of the relative piston position and can be 

removed through calibration.' 

A .V - .v„) = .vj (23) 

-v„) = Afr-'(.v- .v„.cos-"0)= '(.v- .v„.cos-" .t) = Atr.  Jx-  x,) (24) 

AFR'Jy(.r- x„}= .y„.cos'""' O) = -APR"'(.r-i- .r„.cos""*' .t) = -AFRJ^(.v- .r„)(25) 

Using a Taylor series expansion about x„ allows easy manipulation of the 

wavefront error terms. 

See section 2.5 for calibration techniques. 



In Eq. (15 ). the new phase term is dependent on the symmetry of the wavefront 

error. For even aberrations, terms dependent on x,,"" cancel and terms dependent on x,,'" ' 

double. For odd aberrations, the opposite is true. 

•\rrM Iz t , ,v 
0 , ,  =  . r - — ( 2 7 )  

a A, 

4/-nV/ 
0 = A- - (P ' (28) 

u 

^ -> \ 11' 
(I) = V v i 'Vi ' f i  * til - _»»•! **• x — {2n^ I)! rx,, 

(29) 

The resulting error for one segment pair is the integration of the series over the 

segment's area, normalized by the area. 
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/I ? (2n)! 

2/1 In ^ 
-^0,1 -v„,: ^ 

^ /t, Jj ^ -" CXn anut 
cix civ (32) 

r„ =0 

The errors associated with the field dependent. 3 order Seidel aberrations are expressed 

below. Note that H = — where is the laruest converiience coordinate-in this 
V,.. ^ ^ 

configuration it is associated with the lonuest wavelenath. 

i",-., = . ; . 
Ar • x,„A, .v,„/u 

^ [ [(.V - V" -V )cLxdy • 31 
-V,, , .v., . 

X l L\  dv (34) 
.V /t, X /l, 
" ' " - .trw! 

. • -^'<n ff , , 
i",,, = ^ /t j r-;— - r-;— ^ M .f c/.V dv 

Ar-  '  x 'A,  X-/U i-
(35) 

tti ! ' »n 

6*-,. -
4rK,„ , -r, 
—^ /. 

Ar-

t , _ l  x„ .  
X dx dv ( 3 6 )  

"^IV Y ' V , "" 51 I -» " ' " 2 = —r— [ [ .V dx dy ( J 7 )  

Taking a close look at the form of these equations, one can see that the error from 

coma. E|3,. has terms that look like coma and tilt, (x'-^y-x) and x. In a traditional shearing 

interferometer, aberrations produce an interferogram whose fringe placement is 

determined by their derivatives. But the odd aberrations, such as coma, behave 

differently than in a traditional shearing interferometer. 
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Comparing itie wavefronls of the - I and - I orders, one could imagine that the 

second wavefront is an exact copy of the first but has been rotated Iabout the optical 

axis and then sheared, as shown in Fig. 13. The rotation about optical axis means that the 

odd derivatives cancel and the even derivatives remain. 

Figure 13. Odd. Non-common Path Wavefront Aberrations. For odd. non-common path 
wavefront aberrations the magnitude of the error has opposite sign on the two diffractive 
orders. 

Each of these errors have a tilt term and therefore the error varies from segment 

pair to segment pair. The segments closer to the optical axis have less error than the 

segments further from the optical axis. Moreover, segment pairs that are symmetric 

about the optical a.\is have zero error. 

Reducing the size of the segments decreases the influence of the errors because 

the required shear is less. .Also, decreasing the power of the diffractive optic, i.e. 

reducing x„, and x,,vvill reduce the error. Ultimately, the errors from the field 

dependent Seidel aberrations, if problematic, can be easily calculated or measured and 

then calibrated out of the results. 

Imaging Lens 

Interference 
Plane 
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2.4.1.1.1 Physical ramifications of aberration errors 

If left un-calibrated. the sensor vvill report a piston offset until the segments are 

moved to cancel the error. Figure 14 schematically illustrates the ramitlcations of these 

errors for any sensor aberrations. The aberration due to the sensor is transferred into a 

misalignment of the telescope. First, the piston position of the segments are adjusted due 

to the aberration errors. The segments furthest from the optical a.\is move the most-the 

amount of piston motion is quadratic with aperture position, see Eq (66). Then the tip/tilt 

alignment sensor turns the segments to realign their spots in the x.y plane. The new 

configuration is similar to a global defocus term." 

Figure 14. .Aberration Transfer Schematic. The first diagram shows the segments and their 
beams of a well aligned segmented telescope. When an aberration due to the sensor is 
present, the sensor will transfer the errors into the configuration of the telescope's segments. 
For all of the non-common path aberrations, the transferred error will generate a 
configuration that is loosely approximated by defocus. 

See the end of section 3.2.3 for detailed explanation. 

Tclcscopc alignment .\lignmcnt after aberration 
w itli no aberrations has been transfcrcd 
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2.4.1.1.2 Error estimation 

When estimating the size of the error from wavefront aberrations the first 

simplification can be made after noting that equals zero for a simple ruled 

grating. Now all the Seidel coefficients are ver\' similar in that they all have a tilt term 

but the coetficient. / ^ . varies ureatlv. It the ratios ot the two 

vvav elengths is --0.9. the tilt coefficient from comatic error is proportional to 

for astigmatism and field curvature, it is( ̂ ^) : and distortion it is . 

The value of M/a is specific to a given system. .A. typical telescope that would 

utilize this sensor might have 10 segments across its aperture. .And a reasonable number 

of fringes per segment pair interferogram is 5. This yields 25 fringes from the optical 

axis to the edge of the aperture. Now. the equation for determining the number of fringes 

.cr„ r\/AR V/ 
R = Ra = t h e r e f o r e — = -  .  

I j" 
Since there are 10 segments, the integral .j J J  - is e\ aluated from 

X = 0.8 r tol.O r and will be approximately 2 r when normalized by the area. .A. = 0.01 r. 

The last assumption required is the size of the sensor aperture: let r = 1 cm for 

convenience. Making the appropriate substitutions into Eq.s (34)-(37). the error terms 

for one wave of aberration are approximately 3.8 a. for coma; 20 "o for astigmatism 

or tleld curvature and 80 % A,, for distortion. If the ratio of the two wavelenuths is 0.99. 
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one wave of distortion yields an error of 8% of the equivalent wavelength. This means 

that longer equivalent wavelengths will be disproportionately better. 

With such great sensitivity to distortion, it is almost imperative that the sensor is 

calibrated before use. Discussion on calibration procedures follow the analysis of errors 

due to aberrations of the telescope and segments. 

2.4.2 Common Path Wavefront Aberrations 

Common path wavefront aberrations are field dependent aberrations that are 

introduced before the diffraction grating and all the field independent aberrations. These 

aberrations could result from a misaligned telescope optic or from a poor sensor design. 

Common path aberrations are not associated with wavefront error from a single segment 

however. 

2.4.2.1 Chromatic .Aberration 

The effects of chromatic aberration can be seen in a ro\ icu of the derivation 

following Eq. (14). Chromatic aberration has two effects on this optical s>stem. li 

makes the radius of curvature. R. and the magnification. M. a function of wavelength 

such that x,, = M(/.)-R(/.)-A,'a. The following equations now become. 

4/T iV/(a )/?(.1 i/t 
£ X I - cosi —: 

^ /I Rii \a  A 
(38) 

2/T a 
(39) 

(40) 
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If M(/.) is not constant then an error term. e^-^. will be introduced that varies across the 

interterogram. 

Chromatic aberration can be readily observed in the laboratory w hen two sources 

ofdifferent wavelengths illuminate the sensor simultaneously. Since the fringes from 

each source have different periods, the superposition of the two sinusoidal paitems 

creates a beat frequency that would not occur under ideal conditions. 

If the period of the beat frequency is large, there is little chromatic aberration and 

the errors will slowly accumulate as a function of aperture. Where the modulation goes 

to zero, the error will be half of one equivalent wavelength. Everx additional cyclc of the 

beat frequency accumulates another ^ . of error. 

.An apochromat from Zema-x's"" example lens files uas used lo investigate the 

effects of this aberration.' Table I shows the results from the lens design. The grating 

had a 0.01 cm period and the sensor aperture was r = 0.5 cm. The telescope was assumed 

to have 10 segments across its diameter. After substituting these results into Eq. (40). the 

error is 27 % of the equivalent wavelength. = 3.8 ^m. Note that this apochromat was 

not designed for the wavelengths used and did not have particularly good performance. 

The lens design is shown in Appendix A. 
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k  0.543 |im 0.633 (im 

2.41 mm 2.8 mm 

R 53.77 cm 53.81 cm 

M 8.39 S.37 

Table I. Chromatic Aberration Results. The results from the error analysis of a color 
corrected system. The lens used in the system was an apochromat from Zema.\ software 
e.\ample lens files. 

2.4.2.2 Seidel Aberrations 

Low order aberrations are not easily detected by the sensor due since it is a 

shearing interferometer with regard to common path aberrations. Defocus and tilt result 

in zero piston offset after the two-wavelength interferemetry step. Astigmatism, field 

curvature and distortion are also not detected because they are identical to defocus or tilt 

when the field position is constant. Coma and spherical aberration can be detected but 

the measurement is only a fraction of the actual piston correction required to t'ully correct 

the wavefront errors. 

Equations (41) - (49) predict the measured relative piston offset. The derivation 

of these equations follow from the derivation of sensor aberration except coma and 

distortion. Az,,, and Az-,,, have different forms since the and -P' diffraction orders 

have aberration with the same sign. If a ruled grating is employed as the beamsplitter. 

-^'1 1 / _ z/ 
the simplitled equations apply because //^-z equals zero. 



62 

A-„„ = 0 (41) 

A _ - „ , = 0  ( 4 2 )  

Ar,„„ = I —) Jj(x . y x)dxciy . \  — - — ] JJ x c/v j (4.) 
^ i _ .1/1*1/ ' - • trx ' t i  j 

Ar 
7^^ "'' - I \ \xcbcdv (44) 

'•• t. •' iL  

2ff',-;|// , I I -^(11 -^'r) ; I ff/ ^ • \ , , "^"1 '^''l - ' , • i-> 
Ar,., = ^—/i. ; 1 —:— - —:—| - V" fcixJv - —;— - —; . ! ' (4>) 

Ar 'I A, /u 
I  _  . i r t ' i i  

/ t ! ^ - — ( 4 6 )  

Ar„, = — A.L —;— - —;—! 11 .V (iv civ = 0 (47) 
Ar'  

, 
/U 

j 
.v„. 

• 
/L 

.v„ , 
1 . 
• •  

yL 

.v„. 

A r , , „  =  — / L j  ̂  ̂ :  1 1  - r  dx dy  =0 (48) 

Ar-„, = A.:-7^--r^ =0 (4^)) 
r  • A;  

The sensor is insensitive to low order Seidel aberrations but not to chromatic 

aberration. Chromatic aberration resulting trom the sensor is easiK calibrated using the 

technique to calibrate the sensor's Seidel aberrations. Chromatic aberration resulting 

from the telescope creates identical errors to the chromatic aberration from the sensor but 

this error cannot be as easily calibrated. It is theoretically possible however. There are 
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two approaches: First, simulate the telescope and the sensor and use the simulations to 

estimate the error. Second, build a scaled down model of the telescope, with a 

monolithic primarv' instead of a segmented primar\'. and use it in conjunction with the 

sensor  whi le  implement ing the  cal ibra t ion technique proposed in  sect ion 2.5 .  

2.4.3 .Aberrations of the segments 

Segment aberrations are the result of wavefront error from an individual segment. 

For e.xample. a segment could have the wrong curvature, or its surface could be distorted 

due to pressure from the actuators, or the segment could be placed in the wrong position. 

When measuring segment aberration, the sensor no longer functions as a shearing 

interferometer but as a classic interferometer. The sensor is capable of measuring the 

amount of piston offset or tilt required to balance the effects of aberrations and improve 

the imager\ . 

To investigate the pertbrmance of the sensor under these conditions, the 

wavefront error is written as the sum of an even function and an odd function-Zemike 

polynomials are a good choice if the aperture is circular or appro\miatel\ circular. 

S f f  =  A  f f  ~  A  »  (50) 

(51) 

IK 
(52) 

(53) 
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( 5 4 )  

where is the amount of piston required to improve the imagery. If there is onl\ 

defocus, for example, the subtracted piston is half of the magnitude of the defocus term. 

This means the interferometer will measure the average position of the segment and 

report a piston offset of W.,,/2. if W.,, is the amount of defocus. 

Without the piston adjustment, the incorrect cur\ aturc ot'thc mirror degrades the 

imager\' of the telescope by focusing at the wrong plane. The sensor reco\ crs some of 

the quality of the imagery by adjusting the mirror segment's position and moving the 

focused spot to the correct plane. This capability is advantageous over edge matching 

techniques. If a segment has astigmatism in its surface form, the edge matching 

technique will align adjacent segments to different planes. The achromatic shearing 

phase sensor aligns all segments to the average position of the segment's surface. 

Odd aberrations, however, integrate to zero and do not contribute to the measured 

piston offset. These odd aberrations should be balanced by the tip and tilt alignment 

procedures. 

One method of correcting the odd aberrations is to measure the phase associated 

with each half of the segment pair aperture. Subtraction of the two results will yield a 

signal that is proportional to the amount of tilt required to correct the odd aberration. 

(55) 

A.V = (56) 
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-^3' ~ (57) 

Depending on the criteria chosen to optimize the imager\. this will yield different 

amounts of residual error but will, in general, improve the alignment of the tip and tilt h\ 

an order of magnitude. For example, if the criterion is the reduction of the wavefront 

variance to zero, this is a ver\ good approximation. To tiilly correct coma. W the tilt 

term W,, needs to be -2/3 VV-.,. This correction yields W,, = -3 5 VV, , The wavefront 

variance has improved from 0.125 W.,,- to 0.015 

The effects of deformations in a segments surface is likew ise reduced by 

optimizing the position of the segment. This aberration correcting characteristic of the 

sensor allows small defects in the surface of a segment to contribute proportionally to its 

area. 

2.5 Calibration techniques 

Sensor aberrations remain unchanged during the alignment process and should be 

calibrated whenever possible. The calibration technique is relatively simple. .\ known 

collimated source is required to illuminate the sensor, by-passing the collimating optics. 

.•\ measurement is taken with the wavelengths that will be used for the phasing process. 

The source does not have to be segmented, in fact, it is much better to have a continuous 

wavefront whose flatness is either known or is flat to within the alignment specification 

required of the telescope that will be eventually measured. 

'Further tip/tilt correction techniques are described in section 5.1.2.1. 
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Figure 15. Source Wavefront Map for Calibration. The average vvavefront error must be 
known for each window corresponding to a segment of the telescope. 

Figure 15 shows the required map of the source wavefront for error calibration. 

Each window is aligned to the corresponding position of a segment. The average 

wavefront error for each window is A fF, „. where s denotes the source and n denotes the 

measurement window. The measurement proceeds as usual and the results yield the 

average piston position of the sum of the source wavefront and the sensor wavefront. 

Ar, „. where c denotes the calibration measurement. Ideally, there would be no 

wavefront error and the following equation would equal zero. 

Note that segment n and segment n+1 have overlapping wavefronts at the interference 

plane. 

A 
A f r .  :  -  A l t '  ;  .  '  M r  

160) 
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. ! „ - Afr, ,;i „.| A ff' ,,.i2.ri - A fJ" i ,z:tx 
A—st'iiMir./i ~ A—t 7i ~ I 2 ~ , t (61) 

AT., = Az.,„ - Az,„ (62) 

Finally, the measurements of the sensor are removed from the measurements of the 

telescope. 

Ar,,„,.„^,„ = Ar- Az... „ (63) 

If the vvavefront map of the source is not known, then this will be a source of residual 

error and the sensor will ultimately attempt to align the telescope to the shape of the 

source's wavefront. 

2.6 Summar\ 

Non-common path aberrations as small as 1/8 waves of distortion can result in 

significant error terms and degrade the function of the sensor if un-calibratcd. All the 

non-common path Seidel aberrations and chromatic aberration can add error but the 

errors are trivially calibrated out of the system with one simple mea.surcmeiil of the 

sensor. .Aberrations of the telescope are either not detected (lower order aberrations) or 

their measurements are smaller than the anticipated sensor resolution ( 20). e.xcept 

chromatic aberration. Aberrations due to the telescope, including atmospheric 

turbulence, are. in effect, unseen by the sensor. This sensor cannot detect the need for a 

global tilt, global piston or global defocus adjustment. (Since these wavefront errors are 

indistinguishable from a simple misalignment of the telescope to the phasing sensor, 

correction of these aberrations would not prove advantageous.) 
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j 

SIMULATIONS 

The purpose of the simulations are to validate the theor\ de\ eloped in the 

previous chapter, offer a deeper understanding of the implications of the aberration 

errors, quantify the systematic errors, and generate interferograms and phase maps for 

comparison to the results of the next chapter. There are two types ot'simulations 

explored: simulations of global aberrations such as sensor and telescope aberrations and 

simulations of local aberrations. The simulation of global aberrations are discussed with 

regard to three error variables: error versus aperture position, versus aberration 

magnitude, and versus piston position. The simulations of local aberrations are 

discussed with regard to piston correction of even aberrations and lilt correction for odd 

aberrations. 

3.1 Software 

The software used to model the pertbrmance of the achromatic shearing phase 

sensor was GLAD"*" and LabVIEW."'-' All the code used for the simulations and analysis 

of the simulations are shown in Appendices B-C (GLAD) and E (LabVTEW). 

GL.AD software calculates the propagation of laser illumination through an 

optical system using the angular spectrum decomposition method. The software was 

used to generate text files recording the irradiance pattern of the single wavelength 

interferograms. LabVIEW software was chosen because of its ease of use in the 

laboratory and practicality. The analysis program was created to analyze the simulations 

as well as the experimental data. Ultimately, the code is intended for integration with the 

hardware code to have closed loop capability. 



6<-) 

The code has 2 major components (see Fig. 16 for the schcmatic How chart). The 

first component takes a text irradiance map and converts it into a phase map. The 

irradiance map is normalized by its ma.\imum irradiancc then the phase is calculated 

using a sinusoid fitting technique.^"* The Fourier transform of the irradiance pattern of 

pixels number 1-20 of a row is calculated to yield the fundamental frequency associated 

w ith that section of pixels. Using the calculated frequency, a sine curve is fit to the 

section and a phase is assigned to the first pixel of the section. Then the section is 

changed to pi.xels 2-21. This process is repeated until all the pixels have a phase assigned 

to them. (The phase of the last 20 pi.xels of each row cannot be calculated accurately 

since there is not enough data to accurately extract the frequency. These pixels are 

discarded.) This procedure is repeated for each row of the irradiance map. fhe phase 

map is calculated for each measurement wavelength. 

Note this phase extraction method is not particularly fast or noise resistant. It was 

chosen for its compatibility with the available equipment. For example, the large amount 

of sensor aberration caused the fringe spacing to change greatly for the different 

wavelengths. This prohibited the use of a spatial carrier frequency technique from being 

employed. In addition, the technique used was easily implemented though use of a pre

existing LabVIEW sub-routine. Other, more robust, methods are discussed in section 

5.1.1. 
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Figure 16. Data Analysis Flow Chart. From each irradiance map row. the Fourier transform 
is calculated to extract the fundamental frequency. L'sing the calculated fundamental 
frequency, a phase is extracted and assigned to each pixel. Phase maps are calculated from 
each wavelength. The phase maps are subtracted and the mode calculated. The data are 
unwrapped such that no data points are further than :: from the mode. The output is the 
mean or the mode times A^y2~. 

The second part of the program compares two phase maps, unwraps the results, 

and calculates the overall phase from the map. The phase maps arc subtracted pixel b\ 

pixel yielding the equivalent phase map. .A.ny pi.xels with values greater than (mode - -) 

or less than (mode - :i) have -2:i or 2k added to them such that they are returned to within 

the appropriate range. Then the mode or the mean of the data array is calculated and 

multiplied by an appropriate factor. XJl-n.. This yields the relative piston measurement.' 

The mathematics for this relationship is derived in Chapter 2.  
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The unwrapping step was necessarv' to improve the accuracy of the mode and 

mean calculation. It is expected that the original phase maps will not precisely a."ign 

since they are created from different wavelength sourccs. When the phase discontinuities 

do not align, the equivalent phase map has approximately a 2" discontinuity. The data 

set has a bi-modal distribution with each mode approximately 2:: separated. If the mean 

were taken without the unwrapping, the result would be approximately the average of the 

modes-a quantity that can be as much as n inaccurate. 

Calculating the larger of the two modes and then requiring all the results to be 

within :i of it. removes the second mode. Now. not only is the mode calculation more 

accurate because there range of data is smaller but the mean is likely to he \cr> similar to 

the mode. For all of the simulations the mean was reported. 

.Application of the unwrapping process requires a priori knowledge of the 

interferograms. It is reasonable to expect that the wavefront from :m indi\ idual segment 

will not have a discontinuity of A^'2 in magnitude. In general the segments" surface tbrm 

will be accurate to within a small fraction of a wavelength and continuous to ensure 

sufficient imager> capability. 

3.2 Error analysis of global aberrations 

Global aberrations resulting from common path and non-common path 

aberrations were simulated by studying continuous wavefronts to simplify the 

simulations. .Aberrations were applied to each diffraction order as determined by their 

symmetry and their origin. For example, non-common path coma had positive aberration 

on one order and negative aberration on the other. Also, the magnitude varied with 
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wavelength since its field angle is wavelength dependent. Common path coma, however, 

had identical aberration added to both ditlraction orders. 

3.2.1 System Layout 

The global aberration simulation configuration is shown in Fig. 17. The input 

beam is a collimated beam at the wavelengths of a, = (J.543 iim. a. - (J.633 |im and 

A-. = 675 |j.m. These wavelengths were chosen because thc> ucre the wa\elcnuths used 

in the laboratory measurements. The grating simulated is an absorptive grating with a 

cosine structure; the period of the structure is 0.03 cm. The period and the beam 

diameter were chosen to have ample sampling of the wavefront given the memory 

constraints of the computer. The sampling of the wavefront at the grating was twenty 

pixels per line pair in the x-direction but it was sampled much more coarsely in the y-

direction. 

cosine absorption 
grating 

a = 0.03 cm 

r = I cm 

f = 10 cm 

Interference 
Plane 

\ =0 21 cm 

R = 110 cm 

Figure 17. SensorandTelescope Aberration Investigation Configuration. The configuration 
used in the first simulation of wavefront aberrations of the sensor and telescope. 

The focal length of the lenses used to focus and then re-collimate the diftraction 

orders are 10 cm: the spacing between the first lens and the spatial filter is 10 cm. (Using 
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such a large //# reduces the sampling artifacts-//# is the ratio of the diameter of the lens 

to the focal length. ) The spacing between the spatial filter and the second lens is 11 cm 

creating a slightly convergent vvavefront-working //# = 55. The spatial tllter is a pair of 

clear apertures passing the and -T' diffraction orders of each wavelength, blocking 

the 0"' orders. The interferogram is analyzed at a distance of 53 cm from the imaging 

lens. This is 43 cm from the back focus of the lens creating a shear. A.v = 2* 0.43 * A / a . 

approximately a tenth of the beam diameter for the central wavelength. (This shear 

would be appropriate for a system with 10 segments across the diameter.) In summary. 

x,i 1= 0.21 cm. R = 110 cm. r = 1.0 cm. 

The system simulated was not identical to the system from which the equations 

were derived. Instead of applying the aberrations at the interference plane, the 

aberrations were added to both diffraction orders just after the imaging lens then 

propagated to the interference plane. Since the aberrated wavefront is propagated to the 

interference plane, the aberrations observed have an additional defocus term. .As 

previously noted, defocus does not atTect the sensor and does not significantly influence 

the results. The aberrations were not added before the spatial filter, i.e. at the entrance 

pupil, because the spatial filter's position and size would need to be varied for each 

simulation. (The spatial filter's apertures could not be sufficiently large enough to 

transmit the aberrated spots because a significant amount of irradiance from the 0"" order 

beam was also being transmitted. Utilizing phase grating would avoid this problem.) 

The aberrations studied could be the result of sensor aberrations or telescope 

aberrations. For example, a poorly designed sensor might have spherical aberration or a 

tilted optic in the telescope would create a comatic wavefront. The aberrations analyzed 
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are tilt, defocus. spherical aberration, coma, astigmatism, field curvature and distortion. 

(Note astigmatism and field curvature are plotted together because they result in identical 

errors.) 

3.2.2 E.xample Images 

.\n example of an interferogram can be seen in Fig. 18. This interferogram was 

generated with no piston shift between the two wavefronts and no wavefront aberrations 

on either of the wavefronts. This figure also illustrates the measurement windows (white 

rectangles) used with the global aberration simulations. For an actual segmented 

telescope, the windows would be aligned with the interfering segment pairs. Since the 

wavefronts simulated are not segmented, the position of the windows have been arranged 

to highlight the effects of segment aperture position. The segments are numbered from 

left to right with 6 and 7 being the central segments. 
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Figure 18. Ideal Imerferogram of a Continuous Wavefront. This is a typical interferogram 
generated by GLAD software in the first set of simulations. There was no piston shift 
between the two wavefronts nor wavefront aberrations on the wavefronts. The white 
rectangles indicate the measurement windows with their corresponding number. 

Some of the images generated for spherical aberration simulations are shown in 

Fig. 19 and 20. These images are useful for comparison with the equations derived in 

Chapter 2 as well as for discussions of the sensor aberration observed in the experiments 

(see Chapter 4). The interferogram generated with 12 waves of spherical aberration is 

shown in Fig. 19. The figure illustrates the curved fringes e.xpected in a single 
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wavelength interferogram. The curv ing of the fringes is due to the y- term seen in Eq. 

(43). A bright fringe has been highlighted to facilitate observation. .A. straight line has 

also been added for comparison. The results reported below show that this large quantity 

of aberration. 7.6 nm. yields only around 0.3 p.m of error in the piston measurement. 

Figure 19. Interferogram with Spherical Aberration. This interferogram illustrates the 
curvature of the fringes when spherical aberration is present. One fringe has been 
highlighted for easy observation. A straight line has been superimposed for comparison. 

The ne.xt figure. Fig. 20. shows the irradiance distribution within measurement 

window #12 for two measurement wavelengths. (Window ^12 was chosen because it is a 

window near the edge of the wavefront.) Also shown are the two calculated phase maps 
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associated with the irradiance distribution and the equivalent phase map. (In a real 

experiment, the irradiance maps are measured results; the phase maps are calculated 

results. There is no irradiance map for the equivalent wavelength thus the it cannot be 

shown.) 

>A >2 

S " ' ) ) ) ] ) ) ) ]  

))) ))) 
Figure 20. Simulated Data t'rom Window ft 12. The top row shows interterograms simulated 
with 12 A."s of spherical aberration for two different wavelengths. The bottom rov\ shows 
the phase maps calculated from the two interferograms as well as the phase map of the 
equivalent wavelength. The curved structure is lost in the equivalent wavelength map. 

The curved structure common to both phase maps cancels upon subtraction-the 

equivalent phase map is almost flat. This result is predicted and discussed in section 

2.4.1.1.2. The configuration using a ruled grating allows the coefficient of the comatic 

term, see Eq. (). to equal zero upon the two-wavelength interferometry step, leaving only 

a tilt term. The tilt term is very small for even large amount of spherical aberration 

resulting in an approximately constant equivalent wavelength phase map. Most of the 

phase variation that can be seen in the equivalent phase map is due to noise from the 
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sampling of the wavefront in the GLAD simulations and from conversion to phase in the 

Lab VIEW analysis. 

3.2.3 Error versus segment position 

Seidel aberrations are defined such that the wavefront error is zero at the chief ray 

and increases as a function of pupil position. Therefore, it is not surprising that the errors 

resulting from aberrations defined in such a way also increase with pupil position. 

However, it is surprising that the errors from all 3"* order Seidel aberrations increase 

linearly with pupil position-independent of the aberration form. 

The even aberrations are measured by the sensor as a shearing interferometer-in 

other words, the odd derivatives (with respect to the shear direction) ot'ihc \\a\cfruni arc 

reported. Spherical aberration yields an and an x term: astigmatism and field 

curvature yield an x term. The odd aberrations, due to the negative magnitude in one of 

the diffraction orders, is measured quite differently. The even derivatives, including the 

original wavefront form, are reported. Coma yields x^ and x terms; distortion yields only 

an X term. Higher order Seidel aberrations would yield terms with a higher dependence 

on X but their magnitudes would be much smaller than the tilt term. 

To more easily observe the errors' dependence on aperture position, it is tirst 

necessary to remove any systematic errors. The systematic errors, calculated from a 

simulation of an ideal system, are shown in Fig. 21. The vertical axis is relative piston 

position measurement error in percent of the equivalent wavelength. The horizontal a.xis 

is the segment number. The error threshold of 10% of k.. is marked with a dashed lines. 

From Fig. 21 the accuracy of the technique can be seen to be -3 % or better. 
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The results indicate that the systematic errors vary from segment to segment. The 

variation in error is due to sampling the fringes in each window. There are 

approximately 4 fringes per window but not precisely 4 fringes per window. Therefore, 

the sinusoidal fringe pattern is sampled ditTerently for each window and the resulting 

errors are different. If there were many more windows, the errors would c\ cntuall\ shou 

a periodic behavior and would not continue to increase with segment position. 

Xe 
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with no aberration 

X" .  \  9 
"il' 

1 0  

^1: 

—•— Xe = 3 82 
—•— xe = 10 17 

Seoment 

Figure 21. Systematic Errors vs. Segment. The vertical scale has been normalized by the 
equivalent wavelength. The dashed line shows the boundar\' of the e = 10 % of A.^.. The two 
data sets show the results from simulations with /.^= 10.17 and 3.82 |j.m. 

Figure 22 shows the results from all the Seidel aberrations simulated with the 

maximum amount of aberration noted in the heading. The systematic errors have been 

subtracted from the errors of the aberrated simulations leaving only the errors due to the 

added aberration. The errors plotted are the maximum reported errors for a gi\ en 
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segment as the amount of aberration varied as well as the piston position. See Eq. (65) 

for the mathematical definition of the vertical a.xis. (In all cases, the ma.\imum error 

results from the same simulation-the simulation with the maximum aberration.) 

MAX 
£ = 

«i/» 

100 (65) 
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The character of the plots in Fig. 22 agree with the form of Eq.s (34) - (37) and (41) -

(44). In other words, defocus and tilt have no variation in error versus aperture position 

and the 3"^ order aberrations var\- linearly with aperture position. .As anticipated, the 

errors from astigmatism are non-zero because the amount of aberration varies as a 

function of wavelength due astigmatism's field dependence. 

The defocus. tilt and spherical aberration simulations are noisy because of the 

large amount of aberration in the simulations-10. 10 and 12 waves respectively. The 

systematic noise of the highly aberrated interferogram correlates poorly to the systematic 

noise from the ideal simulation. Thus subtraction of the ideal case systematic noise does 

not remove the noise. For the distortion simulation, the opposite is true. The ideal case 

systematic noise correlates well and the fluctuations are removed. 

If left un-calibrated. the erroneous phase tilt across the aperture causes the sensor 

to introduce defocus as it attempts to phase the segments. Upon the first measurement in 

the alignment process, the sensor reports the amount of piston offset measured between 

the left segment. SI. and the right segment. S2. (This result is associated with window 

Wl.) To correct the measured offset, the left segment, for example, moves the indicated 

amount relative to the right segment. The second measurement now reports .Iz = 0 for 

Wl but the other windows" results are unchanged. .As the correction process continues, 

the left segment of the ne.xt window, S2. moves relative to S3 but b> a smaller amouni. 

To maintain the alignment between the SI and S2. SI moves an equal distance with S2. 

From the first two iterations of the correction, it is clear that a global defocus-like 

configuration would be introduced due to the linear offset. 
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(Mathematically, the amount any segment is moved to compensate for the un-

calibrated error is given by 

where the subscript m denotes the segment number and r is the full extent of the aperture 

and Xn is the position of the segment along the x-axis. Since the dominant term for all the 

Seidel aberrations is the tilt term where E(X)«X. the resulting piston shift is quadratic with 

aperture position.) 

3.2.4 Error versus wavefront aberration 

The amount ofdefocus introduced depends strongly on the form of the aberration. 

Simplistically stated, the errors increase as the field dependence increases. I'ield 

independent aberrations such as defocus, tilt and spherical aberrations cause little 

problem and field dependent aberrations such as distortion cause great errors. 1 his 

relationship is true because field aberrations destroy the achromatic characteristic of the 

sensor. 

To understand this relationship consider the objects that the sensor's imaging 

optics project. The diffracted wavefronts are equivalent to a pair of point sources whose 

field angle is determined by their wavelength, i.e. ^.^'a where a is the grating's period. If 

the imaging optics have no aberration, the projected angle remains proportional to 

wavelength. If there is distortion in the imaging optics, for example, the projected angle 

goes as the cube of the wavelength. Now. when the two phase maps are subtracted in the 

(66) 
m -  n  
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two-wavelength intert'erometry step of the analysis, the frequency terms are wavelength 

dependent and no longer cancel. Thus errors result. 

Figure 23 shows the resulting errors from the different aberrations. The vertical 

a.\is is unchanged from the previous plots. The horizontal a.\is denotes the amount of 

aberration for each simulation. The maximum amount of aberration simulated is adjusted 

for each aberration to find the threshold where the aberration causes the error to exceed 

the goal of e < 10 % of The amounts are: W,,,,, = 10/.. W,,,, = 10 /.. = 12 a. 

W,-,| = 5 a. W-22 = 2 a. W;.;,,, = 2 a. and W..,, = I a at a = 0.633 |im. (Since defocus and 

tilt are not detected by the sensor the ma.\imum aberration wa.s arbitraril> ciiDsen lo he 1 0 

a"s.) .A.s in Fig. 22. the plots only show the ma.ximum errors from all the segments and at 

all the relative piston positions. .Also, the systematic errors have been removed. (.\s 

noted earlier, the ma.\imum error occurs for the segments furthest from the optical a.\is.) 

These plots show good agreement with the theory derived in Chapter 2. The 

simulations show that defocus and tilt add no errors. .Mso. large amounts of spherical 

aberration and coma have little effect on the errors associated with the sensor but 

astigmatism, field curvature, and distortion quickly make the errors too large to leave the 

system un-calibrated. 
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strongly dependent on the form of the aberration. 
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3.2.5 Error versus piston position 

One key assumption of the calibration technique proposed in section 2.5 is that 

the sensor aberration errors are independent of the relative piston position. If the 

assumption is invalid, then the errors would change as the alignment process progressed 

and the errors could not be easily removed from the measurement. The following plots 

validate the assumption. 

For each of the sensor aberration simulations, the relative piston position of the 

two diffraction orders was adjusted from 0 ^m to 4.43 (im covering the capture range of 

the longer equivalent wavelength. Since some of the simulated relative piston positions 

were outside the capture range of the shorter unwrapping the results associated with 

this simulations was required. (In practice, removing the ambiguity is usually not 

possible and the capture range has a limit at ^^-'2.) 

•As in the previous simulations, it is necessary to remove the systematic errors 

from the results. Figure 24 shows the systematic errors as a function of relative piston 

position. The vertical a.\is in Fig. 24 is the same as Fig. 21; the horizontal a.\is quantities 

the simulated relative piston position. From Fig. 24 it is evident that the systematic 

errors do not significantly increase over the entire capture range of the longer equiv alent 

wavelength. 



87 

Error vs. Piston Position 
with no aberration 

—•— ve = 3 32 ;im 
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Figure 24. Systematic Error vs. Piston Position. The vertical scale has been normalized by 
the equivalent wavelength. The dashed line shows the boundary of the e = 1(J " o of A. .. The 
two data sets show the results from simulations with /.^.= 10.17 and 3.82 |im. 

Figure 25 shows the error versus relative piston position with aberrations present. 

The plotted error is the ma.\imum error calculated from all the segments as the amount ot 

aberration varied. (The ma.\imum error is always from the simulation with the most 

aberration and from the segments furthest from the optical a.\is.) For all of the 

simulations-including the results not shown-there is no trend indicating that the errors 

are influenced by Az. 
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3.2.6 Common path aberration aberrations-Coma 

Compared to non-common path aberrations, common path, tield dependent 

aberrations are much less problematic. There are two fundamental differences in the 

measurement causing the decreased sensitivity. First, the magnitude (in (i.m) of these 

aberrations are constant with respect to wavelength and there ctTcci.s are subiracied in the 

two-wa\elength interferometrv' step. Second, odd aberrations have the same sign in each 

diffraction order. This means that the sensor is simply a shearing interterometer for 

common path aberrations. 

In a real system, common path aberrations from the telescope would be present at 

the diffraction grating. The simulated aberrations were not added before the spatial filter 

to simplify the simulation-instead they were added at the exit pupil of the sensor. If the 

aberrations were placed onto the beam at the diffraction grating, the focused spot at the 

spatial filter would vary in size and position for each iteration, as discussed previously. 

With these two differences in mind, we can conclude that astigmatism and field 

curvature, become mathematically identical to defocus and distortion becomes equi\ alent 

to tilt. Neither tilt nor defocus are measured with this sensor. The only field dependent 

aberration left is coma. Coma, like spherical aberration, is detectable but generates very 

small measurements. 

Figures 26 and 27 show the lessened sensitivity to coma. The axes of these plots 

are the same as the plots of Fig. 22 and 23. respectively. The measurement of coma is 

constant as a function of aperture. Integration of a constant fianction as shown in Eq. (66) 

reveals that correction from this measurement would add a global tilt, not a global 

defocus. and would theoretically improve the functionality of the comatic telescope. For 
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example, if a tilted secondary resulted in a comatic vvavefront. tilting each segment by an 

identical amount would better align the optical axes of the primary' and the secondary. 

thus reducing the amount of coma. Practically, however, the measured results are likely 

to be smaller than the resolution of the sensor. Here they are shown as smaller than 
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Figure 26. Coma Measurement vs. Segment. The vertical scale has been normalized by the 
equivalent wavelength. The dashed line shows the boundary of tlie Az = 10 % of a^.. The 
two data sets show the results from simulations with a^=10.17 and 3.82 nm. 

Figure 27 shows the measured piston versus the amount ot coma, l or reasonable 

amounts of telescope aberration, the measured aberration is comparable to the noise lc\ cl 

as seen in Fig. 21 and 27. In this simulation, there were 5 waves of error-over 3 iim of 
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wavefront deviation at the edge. The piston measurement is merely 3 % of the 

equivalent wavelength. 
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Figure 27. Relative Piston .Measurement vs. Coma. The vertical scalc has been normalized 
by the equivalent wavelength. The dashed line shows the boundar> i>t the Az ^ 11) " n of /. 
The amount of coma varies from -5 to 5a. The t\so data sets show the results trom 
simulations with /.^.= 10.17 and 3.82 nm. 

The capability of the sensor to common path aberrations will increase as spatial 

frequency of the wavefront errors increase. When the spatial frequency of the wavefront 

errors matches the spatial frequency of the segments, the sensitivity will be the highest 

(see next section). In other words, the wavefront errors will appear to be associated with 

an individual segment not the entire telescope. As the spatial frequency continues to 

increase, the sensitivity will begin to decrease again. The sensitivity to higher order 
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aberrations is investigated further in Appendix F with respect to atmospheric turbulence. 

Since atmospheric aberrations are mathematically identical to common path aberrations 

the theorv developed can be applied to common path aberrations as well. 

3.3 Error analysis of local aberrations 

Local aberrations are defined by aberrations associated with an individual 

segment, for example, a segment with the wrong curvature, a scratch in its surface, or 

placed in the wrong position. To simulate these aberrations, only two segments were 

modeled-one is perfect and one is aberrated. The code is supplied in .Appendix C. 

Example interferograms from this simulation are shown in Fig. 28. The left image shows 

two unaberrated segments. The white box is the measurement window. The right image 

shows the interferogram from a segment with 2 waves of W,„ (defocus.) 

Figure 28. Interferograms from Segment Aberration Investigation. The left interferogram 
was generated with no aberration on either segment. The white rectangle indicates the 
measurement window . The right interferogram is created when 2 ua\cs ot \\ is present 
on one of the segments. 
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For these simulations the first term of the Zemike polynomial is applied to the 

segments for each of the simulations. The aberrations that were modeled follow this 

relationship = p" cos m6 or p" sin m0. .A.lso. the aberrations were studied in two 

groups-even and odd aberrations. (The symmetry of the is indicated by n.) The 

even aberrations are corrected by introduction of piston and the odd aberrations are 

corrected by tilt. 

3.3.1 Piston correction for even aberrations 

The effects of even aberrations can be mitigated by adjusting the piston position 

of a segment compared to its neighbor. The amount of piston correction is dependent on 

the form of the aberration as well as the geometry of the measurement window. (Since 

the overlapping area varies with wavelength, a single measurement window cannot cover 

the entire interferogram for each wavelength.) 

In Fig. 29. the amount of measured piston (vertical a.\is) \arics lincarK uith 

wavefront aberration (horizontal a.\is) for even aberrations. The slope of ihe plots in 

Fig. 29 show that different wavefront errors require different amount of piston correction. 

Calculating the wavefront error variance. Eq. (67). one finds that the piston correction for 

defocus (in a rectangular window) is W,o/3 and for spherical aberration. 7*\V _,„,45 is 

required. The results closely match these calculations-tbr 1.2 ^.m of defocus. 

approximately 0.4 ̂ im was reported and for 1.2 nm of spherical aberration. 

approximately 0.18 nm was reported. 

A W'dxdy - m A Wdxdy^ (67) 
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Variations between the results for W,, x-axis and y-axis are sampling errors. (The large 

amount of tilt along the x-axis results in a more coarse sampling of the wavefront error in 

the x-direction.) The variations between the measurements made with the different 

measurement wavelenuths are neulisiible. 
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Figure 29. Piston Correction vs. Even Aberrations. The vertical and horizontal scales are 
in ^m. The two data sets show the results from simulations with k^= 10.17 and 3.82 ^.m. The 
even aberrations result in a measurable piston misalignment. 

The relative amount of correction prescribed by this technique is strongly 

intluenced by the geometry of the m.easurement window. For example, the largest 

rectangle that fits within a hexagon covers less area than the largest circle that tits inside 

the same hexagon. If there is defocus present, the circular measurement window will 
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report a larger amount of piston correction is needed as compared to the rectangular 

window. 

In practice, it is advantageous to measure the area corresponding to the segment 

geometry as fully as possible to optimally correct for the aberrations with this technique. 

If the full area of the segment is measured, the piston measurement will optimize the 

position of the segment to minimize the wavefront variance appropriatel\ for the 

segment's geometry. 

When measuring segment aberration, the sensor acts as a classic interterometer 

not a shearing interferometer. In a classic interferometer, the two interferring 

wavefronts* have independent errors; in a shearing interferometer, the two interferring 

wavefronts" have the same error with a shear displacing them. Because of this 

fundamental difference aberrations along the y-a.\is (i.e. the a.\is perpendicular to the 

shear) can be measured. 

3.3.2 Tilt correction for odd aberrations 

Measurement of odd aberrations is achieved as described in section 5.1.2.1. The 

piston measured from one half of the segment is subtracted from ihc other hallot ihc 

segment yielding results proportional to the tilt required to compensate for the aberration. 

Figure 30 illustrates the results of the investigation of W . and \V,;. The difference of 

piston measured (y-axis) is plotted versus the amount of wavefront error (.\-axis). The 

results suggest that W,, wavefront error requires more tilt compensation than does an 

equal amount of a W^, wavefront error. Theory- suggests that the amount of tilt required 

to correct Wj, is a factor 2/3 smaller than the amount of tilt required to correct the same 

quantity of W,,. The plots of Figure 30 are not in agreement with theory for two reasons. 
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First, this approach will align the centroid of the two focused spots, not minimize the 

wavefront variance. This a fundamental disadvantage of this approach. The second 

reason is due to the geometr\' of the measurement window. The calculation that yields a 

factor of 2/3 is over a circular measurement window; these results are from a rectangular 

window. 

(X-axis) 

(^u») 1 0 -
Wjj (A-axis) 

0 0 0 6 12 18 

1 .0 

0 5 -

0 0 

(Y-axis) 

2 \ 

-0 5-

- 1 0 -

1 0 

0 5-

0 0 

1-8 12 0 .6 0 0 *11^ 
Tx ' I ' ' 

r* 

- 1 . 0  - J  

-0 5 -

-10-1 

(Y-a:-as) 

•• 

T' • r T I ' I ' I ' 

-B 12 0 6 0 0 13 

—•—Ae = 3.82 iim 
—•—\s = 10 17 iim 

Figure 30. Difference Piston Measurement vs. Odd .-\berrations. The vertical and horizontal 
scales are in [im. The two data sets show the results from simulations with a.= 1().17 and 
3.82 |im. More correction is required for tilt wavefront errors. W,,. than for coma. W-.,. 

.As was found for the even aberrations, the results from the two equivalent 

wavelengths are in good agreement. However, the errors in this measurement are larger 

because there is an additional step in the analysis. The subtraction of the piston sub-

measurements introduces another source of errors. 
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4 

EXPERIMENT AND RESULTS 

The ultimate goal of this research is to test the achromatic shearing phase sensor 

by aligning the segmented mirror. PAMELA. The first steps toward this goal are 

calibrating the sensor and characterizing the accuracy and the repeatahiliiv Dt'thc sonsitr 

To characterize the sensor, the e.xperiments begin with an ia\cstigaiion ot'ihc 

sensor aberration errors. Measurement of a flat mirror allows quantification of the 

sensor's errors. The sensor's repeatability is also measured under the ideal conditions 

associated with the flat mirror. .Vlultiple measurement sets are obtained and the 

comparison yields the sensor's repeatability. N'e.\t. the accuracy of the sensor is 

measured through an e.xperiment utilizing segments of the P.AMEL.V telescope. One 

segment is moved along the z-a.\is while its neighbors are fixed. Reference 

measurements are simultaneously obtained such that the sensor's accuracy can be 

calculated. With the repeatability and accuracy quantified, the calibration technique is 

analyzed using two "bootstrapping" methods: a two window analysis and a two 

wavelength analysis. Finally, experiments studying the effects of global and local tilt are 

performed and analyzed. 

4.1 System Layout and Software 

The optical table layout for the experiment is illustrated in Fig. 31 and 32. Two 

diagrams are used to show the initial and return paths of the beams clearly. There are 

three laser sources used in the measurements. The sources are co-aligned using multiple 

variable ND filters as beam-combiners. This enables the three beams to pass through one 

spatial filter with similar irradiances. Co-alignment is necessary for pixel by pixel 
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subtraction of the phase maps. If there is misalignment of the sources, errors will result 

in the measurements. 

•After the spatial filter, an asphere collimates the beams. I sing an aspherc 

reduces the amount of spherical aberration in the illuminating wavefront. Any residual 

aberrations are fi.\ed with respect to the sensor measurements and will be characterized in 

the calibration of the sensor. 

A l  the beamsplitter marked BSl. the three beams are joined by a collimated beam 

from the Wyko interferometer. The four beams then proceed into the P.A..V1ELA 

segmented telescope. (P.A.MELA is a 0.5 m Cassegrain segmented telescope with a 

spherical primarv'. There are 36 he.xagonal segments. 7 cm in width, forming three rings 

of segments. The telescope has been corrected for spherical aberration using refractive 

optics that in turn introduce some chromatic aberration. The telescope is a Cassegrain 

design with up to 36 hexagonal segments in the primar> mirror. The segments are of 

varying quality-the inner segments are better than a/20 and the outer segments are better 

than A/10 with astigmatism being the largest contributor. This wavefront quality is 

sufficient for these experiments.) The beams are focused by the correction optics then 

reflected by the secondeu^- and the segmented primary . Finally, the beams are again 

collimated as they propagate to the telescope flat. The purpose of the optics thus far is to 

generate a multi-wavelength large collimated beam for the telescope. 
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Figure 31. Optical Table Layout-Source Generation. This schematic illustrates the 
generation of the sources used with the achromatic shearing phase sensor. Three lasers are 
co-aligned through a spatial filter. The emerging wavefronts are collimatcd b> an aspheric 
lens. Beamsplitter BSl combines the three beams with a fourth beam from the \\\ko 
interferometer where they all are enlarged by the telescope. 

Figure 32 shows the return path of the beams. The four beams retrace their paths 

through the telescope and. at the beamsplitter marked BS2. the interferometer beam 

returns to the interferometer; the other beams proceed to the achromatic shearmg phase 

sensor. Since the beamsplitter c£innot differentiate between the beams, all the beams go 

in both directions. However, the beams are slightly vertically misaligned such that the 
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Interferometer beam is blocked by the ditTraction order filter and the other beams are not 

accepted into the interferometer. 

Achromatic Shearing 
Phase Sensor — ^ 

Diffraction Ordor 

PAMELA Tclescope — — 

Correction 
Optics Secondarv 

BS2 

Segmented 
Primarv' 

Telescope 
Flat 

BSI 
Phase Shifung 
Reference Flat 

Figure 32. Optical Table Layout-Wavefront Generation. This schematic illustrates the 
measurement layout of the achromatic shearing phase sensor relative to the telescope and 
the Wyko interferometer. Both the phase sensor and the interferometer are imaging a pupil 
plane of the telescope. 

The LabVIEW code used to analyze the experiment results is the same code used 

to analyze the simulated data with two exceptions. The experiment data has ten sets of 

images per measurement averaged pixel by pixel. Also, the results reported were from 

taking the mode of the equivalent phase map. not the mean as was the case in the 
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simulations. Both of these differences improve the accuracy of the results. (For the 

repeatability experiment, both the mean and the mode results are analyzed.) 

4.2 Sensor Calibration Measurements 

To calibrate the sensor for measurement of a telescope, a measurement of a 

known wavefront is needed. To this end. the P.'\MELA telescope was replaced by a flat 

known to be better than /./20 over the entire 6 inch aperture. The P.-\.MEL.A optics, the 

optics enclosed by dashed line bo.\ in Fig. 31. are replaced by the Hat mirror. 

.An e.xample of a shearing interferogram generated by the phase sensor testing the 

flat can be seen in Fig. 33. It was generated with a collimated source at /. = 0.543 p.m; 

the amount of shear is equal to the spacing of the P.-X.VIEL.A, telescope segments. This 

interferogram is equivalent to the simulated interferogram shown in Fig. 18. 

From this image, it is evident that the uniformity of the beam is good except 

where dust particles caused diffraction rings. Effort was made to sample areas that had 

no anomalies in the beam uniformity. 
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Figure 33. Laboratory Interferogram of a Flat. This figure shows a typical interferogram 
seen in the laboratory experiments. The source was collimated and the PAMELA telescope 
was replaced by a flat mirror. 

The amount of error due to sensor aberration can be visually estimated by 

observing superimposed interferograms created with different wavelengths (0.543 ^m 

and 0.633 nm for Fig. 35 and 0.633 nm and 0.675 |j.m for Fig. 35.) In the absence of 

sensor aberration, each of the underlying interferograms have the same frequency, as 

predicted by Eq. (14). and no beat frequency is seen. The presence of a beat frequency in 

these figures indicates there are aberrations in the sensor and/or illuminating wavefronts. 



Figure 35. Two Wavelength Exposure-Short k^. This is the error in the experimental 
measurements for = 3.82 |im. There is ~ 4 k^ of error at the edge of the aperture. 

Hlpi: 

Figure 34. Two Wavelength Exposure-Long This is the error in the experimental 
measurements for = 10.17 ̂ lm. There is ~ 1.5 k^ at the edge of the aperture. 
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There is a large difference in the fringe spacing resulting from the wavelengths of 

0.543 ^lm and 0.633 |im. Fig. 35. and less difference between the wavelengths of 

0.633 |im and 0.675 ^m. Fig. 35. Counting from the optical a.\is to the aperture edge, 

the modulation envelope cycles -4 times in the first figure and -1.5 times in the second 

figure. This results in approximately 4 and 1.5 equivalent wavelengths of error, 

respectively, for the outermost segments if the wavefront were segmented. (Of course, 

the piston reported is modulo [A.J so the ma.\imum error is actually only a^..) 

Zeiss camera lens was used as the imaging lens. It was impossible to get the 

prescription for this lens so the aberration causing the modulation pattern is 

undetermined. However, using the information from chapters 2 and 3 it is possible to 

discount spherical aberration and coma from the potential contributors. (Spherical 

aberration or coma will yield curved fringes in the single wavelength exposures as 

simulated in Fig. 19 but the fringes are quite straight in Fig. 33.) The mostly likely 

aberrations to be causing this much error is distortion and perhaps chromatic aberration. 

Regardless of the aberration generating these errors, the theory and simulations predict 

that the errors are constant with respect to relative piston position and can be calibrated. 

(It should be noted that when the system is well aligned, the modulation envelope 

is centered in the aperture. The images show the modulation envelope is shifted from the 

optical a.\is due to a slight tilt in the sensor's optics. This tilt was not removed for any 

measurements.) 

The measurement of the sensor's errors proceeded by capturing a set of images 

comprised of single wavelength interferograms for the three different wavelengths: 

A., = 0.543 ^.m. a, = 0.633 ^.m. and = 0.675 fim. .A-s mentioned earlier, there ucre 10 
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sets of images captured for noise reduction purposes. The measurements were analyzed 

in the windows marked with the white rectangles shown in Fig. 36. (The positions of 

these rectangles were chosen to accommodate measurement of the segmented mirror.) 

Figure 36. Calibration Windows. This figure shows the measurement windows (white 
rectangles) used for calibration of the sensor. These windows correspond to the 
measurement windows of the phase sensing experiment utilizing the PAMELA telescope. 

Following the calibration technique outlined in section 2.5. the calibration results 

are lZc.n where c denotes the calibration measurement and n denotes the window-

number. The flat was also measured using a Wyko interferometer-using an independent 

source; these results are where s denotes the source errors due to (he flat and n 

denotes the window again. The measurement of the flat's wavefront was subtracted from 

the calibration results (leaving the errors from the sensor and the source.) This yielded 



106 

the errors due to the sensor and the source vvavefront. Ar,.,.,,,,„. tor each window. The 

errors due to the sensor are reported in Fig. 37. These results will be subtracted from the 

telescope measurements, window by window, as described by Eq. (63). 

(Note that the calibration described here was slightly different than the calihraiion 

outlined in section 2.5. In general, one would want to also rcmo\e the errors tnmi the 

illumination source from the calibration results. The illumination source during 

calibration will typically be a laboratory laser. When the sensor is used for lelcscopv; 

alignment the source would be a star perhaps. Therefore, the error's from the source 

would not remain consistent during calibration and use. In this e.xperiment. however, the 

source will remain the same during calibration and use. It is therefore recommended 

leave the errors inAz.,,.,,,^™ as was done here so that they can later be removed from the 

measurement data.) 

The calibration results have been unwrapped and plotted in Fig. 37 to show the 

measured phase slope across the aperture. (It is unnecessary to unwrap the calibration 

errors before removing them from the data. The unwrapped results are only needed to 

make the plot more easily understood.) This plot is equivalent to the plots in Fig. 22. 

The results match the errors estimated from Fig. 35 and 35 and show that there is an error 

slope of 0.07 ^.m/pixel for = 3.8 |im and 0.06 M,m/pi.\el for k^= 10.17 ^.m. The error is 

linear across the aperture and varies with equivalent wavelength as predicted by theory 

and simulations, see Fig. 22. 
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Figure 37. Error Slope due to Sensor Aberration. The errors (|im) across the aperture 
(pixels) have a slope of approximately 0.07 |im/pi.\el for \= 3.82 nm and 0.06 ̂ m/pixel for 
A^.= 10.17 |im. The error is linear across the aperture and varies with A.^. just as theory 
predicts. 

To validate the calibration technique, another known wavefront must be available. 

Ideally, this wavefront would not be optically flat for two reasons. First, an optically flat 

wavefront would measure similar to the reference flat measurement and would allow any 

potential errors to be similar also. Comparison of the results yield the subtraction of 

those errors and thus some errors may be unidentified. Second, the basic assumption for 

the calibration technique, is that the errors are independent of relative piston position. 

With this noted, the ideal test for this calibration technique is multiple measurements of a 

segmented optic with known segment positions as the segment positions change. .\ 
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sufficient substitute would be a series of optics with known steps. Unfortunately, the 

positions of the segments of the PAMELA telescope were not known with enough 

confidence to have a reference measurement and an optic with a known step could not be 

obtained in a timely manner. .As an alternative, a "bootstrapping" approach was used. 

The bootstrapping approach lakes two measurements of an unknown 

quantity-using the sensor for both measurements. Each measurement has some variation 

that depends on the calibration to achieve agreement between them. For example, the 

calibration measurements var\' across the aperture. If a given segment pair were 

measured with two windows having different aperture positions, the un-calibrated results 

would not agree but the calibrated results, if calibration technique is valid, would agree. 

The difference between the two results is an indication of the validity of technique. 

.\ second method hinges upon the calibration variation versus wavelength. The 

aberration errors measured are not proportional to the equivalent wavelengths-the 

relationship between the equivalent wavelengths is comple.x as indicated in the 

derivations in Chapter 2. Un-calibrated measurements of the same segment pair ith 

different equivalent wavelengths will not yield similar results but calibrated results 

should. .-Kgain. the difference between the two measurements is an indication of the 

validity of the technique. 

These two examples are the bases for the bootstrapping techniques used to 

attempt to support the calibration technique. But before those measurements can be 

made and trusted, some characteristics of the sensor must be established. Characteristics 

such as repeatability and accuracy must be measured in a way such that calibration is not 

required. The repeatability and accuracy are important for a number of reasons. First. 
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they indicate when data results are meaningfiil and second, they will be useful for 

quantifying the errors associated with the calibration technique. The following 

discussions relate to the measurement of the repeatability and the accuracy of the phase 

sensor. 

4.3 Repeatability Measurement 

This experiment tested the phase sensor under the most ideal conditions 

available-a stable, flat mirror. With this configuration, the beam was quite uniform over 

the measurement windows, the vibrations were minimized, and the relative piston 

positions between the areas under measure were constant. .\lso. the modulation of the 

interference fringes was relatively high. 0.35. The measurement windows were located 

in the same place as shown for the previous experiment (see Fig. 36.) There ucrc 2S 

measurement sets-3 measurements with different wa\elengths per set-tor ihis 

experiment. 

The data were analyzed in two ways. Using the established procedure to calculate 

the equivalent phase map. it is then analyzed by taking the mode and by taking the mean. 

To calculate the mode, the number of bins must be specified. The number of bins used 

was 40 thus the maximum resolution is a/40. Increasing the number of bins, increases 

the resolution but also decreases the repeatability in the presence of noise. Since the goal 

for the repeatability is AV20 (i.e. much better than a; 10) and accuracy is /u 10. a ma.\imum 

resolution of a/40 is sufficient. 

Comparison of the two result sets (see Fig. 38) indicate that the mean gives 

resolution improvement as well as repeatability improvement. In practice, if the noise of 



110 

the phase maps allow, the mean is preferred over the mode. Table 1 reports the standard 

deviation of the results sets. 

•Mean .VIode 

Window fr A, = 3.82 nm = 10.17 ^m A. = 3.82 p.m A = 10.17 ^im 

W! 1.0 % 1 .0 "'Q 4.4 % 3.3 " () 

W2 1.9 % 0.6 % 4.4 2.5 " o 

W3 3.2% 0.6 % 8.2 % 1 » 

W4 1.0 % 0.9 % 4.6 " 1.4 "o 

Table 1. Repeatability Results. The standard deviations ("o of a ,) of the measurements 
from the repeatability e.xperiments. 
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Figure 38. Mean and Mode Comparison. The vertical axis is the relative piston position 
(jim) versus measurement number. These plots compare the results from the same data set 
when the mean and the mode are calculated. With relatively noise free data, the mean gives 
better resolution and repeatability. The averages (dashed lines) differ by < 1 % of 
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Figure 38 plots the relative piston measurements from one window in boih plots. 

(Since a tlat was measured, one might expect the values to be \ery small but these are the 

im-calihrated results and have a large sensor aberration otTset.) l-iach plot represents 

different result sets, one from the mode (top) and one from the mean (bottom), of the 

same sensor images. Since the mean and the mode data result from the same data set but 

have different characteristics, the cyclical behavior of the mean data and the drift of the 

mode data are attributable to noise from sampling differences. These results are 

consistent with each other, on average, to within of the equivalent wavelength 

indicating that each method, the mode and the mean, can give accurate results. 

In the mode data one can see that the results are selected from 4 different bins (of 

the possible 40.) The bins are approximately:-6.2 to - 6.6 ^m. -6.6 to -6.9 p.m. -6.9 to -

7.3 |im and -7.3 to -7.6 p.m. Variations in the distribution of noise and the slight changes 

in the sampling cause the most populous bin to change. Also, the bin range changes 

between measurements because the range of the data changes-again due to noise. 

"^he mean yields 2 to 4 times better repeatability in this experiment due to the low 

noise conditions. In the noisier conditions of the P.A.MELA experiments, tlie mode 

produces more consistent results. The repeatability while using the mode is commonly 3 
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times better than the repeatability with the mean under the noisy conditions associated 

with measuring the segmented telescope.' 

4.4 Accuracy Measurements 

The accuracy of the sensor's ability to measure relative piston change is 

quantified by comparing sensor measurements of the PAMELA telescope to reference 

measurements. The segmented telescope. P.AMELA. was populated with two rings of 

segments totaling 18 segments. Only four of the segments, all from a single row. were 

used for the e.xperiment as indicated in Fig. 39. The four segments were manually 

aligned in tip and tilt with reference to the interferometer reference Hat. ( The other 

segments were tilted out of the field of view of the telescope.) The tip and tilt alignment 

was achieved by visually nulling the interferogram on the interferometer display. No 

active tip/tilt alignment was employed except where described. 

' Tlie increased noise characteristics are due to the mcrcascd surtace intcracuons 

associated with the P.^MELA telescope. The telescope has many optical surfaces that 

are encountered 2 times (for reflective surfaces) or 4 times (for transmissive surfaces.) 

The large number of surface interactions causes stray reflections as well as a large loss of 

irradiance. The end result is a low signal to noise. 
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S4 S2 S3 81 

Figure 39. Segments used from the P.A.MELA Telescope. Four segments of the P.A.MELA 
telescope were used for the accuracy experiments. The four segments were from one row 
and are indicated by the gray color. 

4.4.1 Reference Measurements 

Reference measurements were achieved by use of the W yko interferometer 

measuring the piston positions, modulo 2:i. of each of the 4 segments relative to its 

reference tlat. .\s the sensor images were collected, the interferometer uas triggered to 

take measurements of the wavefront. The interferometer phase shifts the transmissive 

reference tlat to calculate the position the segment surface ver> aeeurateK. The 

interferometer manual reports a /..'100 accuracy in surface measurement. 

Since the measurement wavelength of the interferometer is 0.633 nm. the 

maximum relative piston difference measurable without unwrapping would be 0.316 |im. 

Because of this limitation, the reference results were unwrapped using the code in 

Appendix D. 

-A. sample of the original reference measurements are shown in Fig. 40 to help 

illustrate the unwrapping procedure. The plots show the reported position of three 



segments over a series of 50 measurements. For all 50 measurements the segments did 

not significantly move though the measurements show large jumps in the results. Tlie 

distance between the telescope as a whole and the reference flat is ver> long, more than 2 

meters. The jumpy nature of the results is due to variations of this distance in lime from 

a number of sources such as air currents, table vibrations, etc. Since air currents could 

change the results differently from segment to segment the beam was enclosed m P\ C 

tubing for most of its path. The entire table was also enclosed in a drape to prc\ em air 

currents. With this effort, the assumption could be made that the results Irom the 

stationar\' segments, though jumpy, should jump in a similar way. This assumption is 

reviewed in later discussions. 
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Figure 40. Original Reference Results. The original results reported from the interferometer 
are shown. The vertical a.\is is the absolute piston position of each of three un-driven 
segments relative to the reference tlat. The horizontal a.\es is the measurement number. 

Comparing the three segment positions from measurement ^1 to measurement f?2. 

one can see that the reported position of two of the segments changed in a similar way 

and one changed differently. Specifically, segments 1 and 3 jumped down by about 

0.1 |im and segment 4 jumped up by about 0.2 nm. The unwrapping algorithm decides 

that the odd behaving segment needs to be changed by A-'2 in the direction that corrects 

its odd behavior. .A.fter the first iteration of the algorithm all three segment 

measurements jump down by about 0.1 ^m between measurements I and 2. .All the data 

points following the measurement #2 for the odd segment 4 also have the correction 
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added to their positions. This is done to leave the subsequent measurements unchanged 

relative to measurement #2. The procedure is repeated for subsequent measurements 

until all the segments behave similarly over the entire measurement cycle. Note that only 

the quantity of a/2 can be added or subtracted-/./2 is the size of the ambiguity of the 

measurements. 
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Figure 41. Unwrapped and Original Results Comparison. The vertical vixis is absolute 
piston position in nm and the horizontal a.\is is measuremeni number. I'lic ihrcc plots 
compare the unwrapped results (solid line) to the original data (dashed lino. The dots show 
the points that have had A- 2 added or subtracted relative to the pre\ ious data pomt. 

Tlie results of applying the algorithm to this data set are shown in Fig. 41 with the 

original data. The solid line is the unwrapped results; the dash line is the original results. 
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The dots on the original data set show the data points that have kll added or subtracted. 

The extremely similar behavior of the three segments after unwrapping indicates that the 

unwrapping procedure was successful and the assumption that the jumpy behavior of the 

measurements should all be similar was correct. 

Finally. Fig. 42 shows all three segments" unwrapped positions on the same scale. 

Tw o of the segments, show n w ith the solid and dotted lines, stay quite fixed relative to 

one another even though the data points jump around by a large amount. The third 

segment, represented by the dashed line, slowly moves relative to the first two over the 

time elapsed for the experiment, which was a few minutes. Segment drift such as this is 

commonly seen when observing the system with no perturbations and is further 

motivation for reference measurements. (The origin of this drift is suspected lo be a 

relaxation of the viscoelastic damping devices that are present in the actuators of the 

segments.'") 
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Figure 42. Sample Reference Data. The axes are the same as the prc\ ious plot. IZach line 
type-solid, dashed and dotted-represents the measurements ot thc absolute positu>n ot the 
three un-driven segments. The reference data shown here illustrate the slovs drill ol one 
segment relative to the others. 

In Fig. 42. each of the three segment measurements is offset with respect to one 

another because the segments are in random (unknown) positions relative to one another. 

The actual initial relative segment position is not needed for the successful completion of 

the next experiment. Only the change in the relative segment positions for each 

measurement is important. 

4.4.2 E.xample Sensor Images 

To understand the challenges associated with the sensor measurements. Fig. 43 

shows a set images captured by the sensor of four PAMELA segments. The set of 

images is taken with different wavelengths- A., = 0.543 nm (top). A., = 0.633 nm (middle), 

and A- = 0.675 jim (bottom). One can see that the images are more complex than four 

hexagonal mirrors. For example, the unilluminated diagonal lines are shadows of the 
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telescope's secondary support struts. And though most segments are hexagonal in shape, 

the segments closest to the optical a.\is have an arc as one bounding side. The uniformity 

of the segment irradiance distribution can be observ ed in the outside segment 

images-there are various anomalies found in every segment. 

Figure 43. Sample Data Images. These images are sample data images from the phase 
sensing experiment. The two diffraction orders of the 4 segments overlap creating 
interference fringes. The unilluminated diagonal lines are shadows of the secondary- support 
struts. The wavelengths of illumination are: 0.543 ^m (top). 0.633 nm (middle), and 
0.675 jim (bottom). 

Due to the imperfections of the images, the measurement window positions, 

indicated by a white rectangles in Fig. 44. are carefully placed to avoid measuring 
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problematic areas. Irradiance non-uniformity due to diffraction and due to the shadow of 

the struts would only cloud the fundamental physics under test. Further experiment is 

required to establish their influence on the sensor's performance. .\ddiiionall>. effort 

was taken to balance the irradiance between the three wavelength sources (with the N'D 

filters used as beam combiners) to maximize the signal to noise ratio in all the 

measurements. 

-1 Order 
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Orders 

VV4 

Actual 
[maae 

Figure 44. Position of the Measurement Windowrs. This image shows position of the 
measurement windows compared to the data images. The position of the four w indows were 
chosen to accommodate the requirements of the experiment goals. 
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With reference to Fig. 44. the left most windows. W1 and W2 respectively, 

measure the relative piston position between segments S1 and S2. These windows 

should report identical results with exception to the following conditions: 

• Segment surface deformations and tilt: The windows are measuring different 

areas of the underlying wavefronts. Since this technique averages the wavefront 

position within the measurement window, the average position measured w ill be a 

function of the position of the window. The difference due to this effect is 

anticipated to be small because the surface of the segments are vers- good (the 

tlatness was measured independently to be < A/10) and the tilt is controlled. 

• Sensor aberration: Any aberration that results in a variation of error over the 

aperture will cause the reported relative piston position to be different. (Removal 

of this error is the ultimate goal of the calibration measurement.) 

Window W3 measures the relative piston position between segments S2 and S3. 

Window 4. the right-most window, measures the relative piston position of segments S3 

and S4. Both of these segments are un-driven and should give identical results in all the 

measurements with exception to the following condition: 

• Segment drift: The segments of the telescope are known to drift in time ver\ 

slowly. This can clearly be seen while viewing the interferometer displav while 

the system is undisturbed by the user. The reference measurements vmII allow 

this quantity to be removed from the measurements. 

Typical window images and the corresponding phase maps for two wavelengths 

are shown in Fig. 45. Also shown is the difference phase map. i.e. the phase map in the 

equivalent wavelength. 
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Figure 45. Sample Images from One Window. These are typical images from one window 
for a single measurement. The top row shows irradiance distributions associated with two 
wavelengths. The bottom row shows phase maps for the two wa\ elcngihs and the CL|Lii\ alcnt 
wavelength. 

Even though the modulation depth on the interferogram is not panicularK largo, ii is 

possible to detect a sinusoidal pattern along each row of pi.xels and extract the 

fundamental frequency. .-Xfter the strongest frequency is identified, a sinusoid is fit to the 

irradiance pattern. For each pi.xel. the best fit phase is calculated. 

The phase maps highlight the erroneous pixels. In these images, the upper right 

portion shows fringes barely resembling the straight line fringes expected. The 

equivalent phase map is quite uniform over the area where the fringes are well behaved. 

In the upper right comer, the equivalent phase map shows clearly the errors that result 

from the irradiance distribution non-uniformities. Since the erroneous data points are 

fewer than the accurate data points, an accurate phase of the segment can be extracted by 

taking the mode of the phase map. 
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4.4.3 Error Sources 

Comparison between the reference measurements and the sensor measurements 

yields an estimate of the accuracy of the sensor under laboratory conditions. However, 

any of the errors that are known to be independent of the sensor need to be quantified and 

removed from the sensor accuracy estimate appropriately. 

The sensor independent error is estimated b\ 

cr^; = yicr^- - err •••• <'72) 

where o,. o^.. . . are the standard deviation of the various sensor independent errors. The 

error sources include measurement accuracy of the interferometer, vibrations of the 

segments during measurement, and misalignment of the reference measurement window 

to the sensor measurement window. 

• The accuracy of the interferometer reported from the vendor is A/100. 

0| = 0.006 nm. 

• Errors due to vibrations can be estimated in the following way; The Wyko 

interferometer was programmed to take 100 measurements of a PAMELA 

segment over a 5 minute period. The measurements were averaged over a 15 sec 

interval (the time of a typical sensor measurement) and then the standard 

deviation was calculated. The standard deviation of averaged measurements, o,. 

is 0.025 Jim. (There was no active control over the tip and tilt alignment of the 

segments.) 

• The last sensor independent error is due to measuring different areas of the 

segments with the reference and the sensor. It was very difficult to exactly align 
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the measurement windows of the two apparatuses. An effort was made to align 

the windows but it was not fully successful. Since this error cannot he estimated 

it will not be subtracted from the measurement errors. 

In summary-, the sensor independent error is 0^, = 0.025 ^m. 

4.4.4 Relative Piston Change E.^periment 

The relative piston change e.xperiment measures the accuracy of the sensor: it is 

also useful to verify Eq. (18). namely a; = ao . In this experiment, three of the four 

PAMELA segments were left in their tip/tilt aligned position with no further adjustments. 

One segment was driven using the PAMELA hardware and software along the piston 

a.\is. Since there is cross-talk between the piston axis and the tip and tilt axes, correction 

to the tip and tilt of the driven segment was manually maintained between measurements 

when required. This alignment was done by visually nulling the segment's 

interferogram. 

The driven segment was adjusted along the piston axis in steps of smaller than k'2 

as estimated from the interferometer display. Figure 46 illustrates the procedure. Three 

sets of 10 images were captured per measurement-each set with a different wavelength. 



Stationary 
Segments 

j Driven Segment 
y (along piston axis) 

Figure 46. Schematic of the E.\periment Procedure. The experimem consists of multiple 
measurements with the relative piston position changing between some of the segments. 
Three of the segments are stationary (or at least un-driven) while one segment has a different 
position for each measurement. The size of the step is approximately kiI. 

The results from a measurement are shown in Fig. 47. The four plots correspond 

to the four measurement windows W1 (top) - W4 (bottom). They show the measured 

relative piston position of their respective segments (in (im) \'ersus the measurement 

number. The original data (dashed lines) have been unwrapped by adding or subtracting 

A.^. where needed, resulting in the unwrapped data (solid lines). The data points that have 

added or subtracted are marked with a dot. 
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Figure 47. .Achromatic Shearing Phase Sensor Data. These plots present the achromatic 
shearing phase sensor data (p.m) versus measurement number from windows W1 (top) to W4 
(bottom). The data have been unwrapped by adding where needed. The original data are 
shown with a dashed line: the unwrapped data are shown with a solid line; and the data 
points requiring to be added or subtracted are marked with a dot. 

The top plots, from windows W1 and W2. show approximately equal slopes. 

-0.0672 and -0.06681. respectively, as expected. These windows measured the same 
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From the 10 global tilt measurements over 4 windows and 2 equivalent 

wavelengths (80 measurements total), the standard deviation is 7 ° b of A.-the same as the 

un-tilted measurements from the first experiment. 

4.6.2 Local Tilt E.xperiment 

The procedure for the local tilt e.xperiment used the P.\.MIT..\ segmented 

telescope as the optic under test. Segment S2 was rotated to create tilt along the \-axis 

and y-a\is as shown in Fig. 52. The amount of tilt across the segment is estimated by use 

of the interferometer. 

Figure 52. Schematic of the Local Tilt Procedure. The experiment consists of multiple 
measurements with the tilt of one segment changing. Three of the segments are stationary 
while one segment rotates. 

The measured piston position is not affected by tilt when the tilt is about the 

center of the segment and the measurement window. This is because integration of an 

Stationary 
Segments 

Tilt 

Tilt 
v-axis 
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odd function over an even interval results in zero. For this experiment, the x-tilt axis is 

not necessarily in the center of the segment and it is certainly not in the center of the 

measurement window, .\veraging of an odd function over an asymmetric inter\ al will 

result in an error proportional to the amount of tilt. The proportionality constant will be a 

function of the distance of the window from the tilt a-xis. 

Figures 53 and 54 are the results for x-axis tilt and y-axis tilt for = 3.82 ^im. 

Window W1 is positioned furthest from the center of the segment (see Fig. 44). and the 

assumed tilt axis. Figure 53 shows a definite trend of increasing piston with increasing 

tilt. Window W3 shows a less strong trend because this window is positioned closer to 

the center of the segment. 
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Figure 53. Relative Piston Measurement with a Local X-Tilt. The plot reports the piston 
positions (|j.m) versus .x-axis tilt (fim) for two measurement windows W1 and \V3. There 
is a trend of increasing piston with increasing x-a.\is tilt for Wl. (This is due to the 
misalignment of the window compared to the center of the segment.) 

To independently estimate the results e.xpected. the position of the measurement 

windows must be known. From Fig. 44. Wl covers from approximately - r to -0.1 r of 

the segment's aperture. Integrating the measured piston, as shown in Eq. (78). of tlie 

wavefront with -2.75 jim of tilt yields approximately 3 ^im. 

, - - 3//W7 (78) 

I, 
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The total change in piston measurement of Fig. 53 is about 3 (j.m showing agreement to 

theor}'. Figure 54 does not show a clear trend of increasing error with increasing tilt for 

windows W1 and W2 since these windows are placed symmetrically about the vertical 

mid-point of the segment. 
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Figure 54. Relative Piston Measurement with a Local Y-Tilt. The plot reports the piston 
position (nm) versus y-axis tilt ([im) for two measurement windows W1 and W2. There is 
not a clear trend of increasing piston with increasing y-a.\is tilt. 
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4.7 Measurement Summary-

The first steps towards phasing the P.A.MELA telescope were taken. There was 

strong evidence presented to support the proposed calibration technique from the two 

calibration validation experiments. These results improved the agreement between two 

measurement windows over the same segment pair and between two equivalent 

wavelengths. The second method showed less accuracy than was expected from the data 

sets analyzed but was better than kj 10. 

The measurement accuracy of relative piston change was estimated to be 7 " o ot' 

the equivalent wavelength with some measurements having errors as large as almost 

15 % of the equivalent wavelength. 

The repeatability was measured to be 10 % or better of the equivalent wavelength 

in all measurements with the standard deviation being ~ 3 % under optimal conditions. It 

was also found that using the mean instead of the mode increased the resolution and 

repeatability for data with little noise. For noisier data, such as data from the P.A^MELA 

telescope, the mode improved the repeatability and the accuracy of the results. Finally, 

the effects of global tilt and local tilt were seen to match theory in the global and local tilt 

experiments. 
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5 

CONCLUSIONS 

5.1 Summarv' 

An achromatic shearing phase sensor was proposed tor the alignment of a 

segmented telescope. The sensor was challenged to meet an accuracy goal of 10 " o of 

and have a significantly better repeatability. By simulating the phase sensor using the 

three wavelengths 0.543 ^m. 0.633 nm. and 0.675 ^m. the accuracy was found to be less 

than 3 % of = 3.82 ^.m and 10.17 |i,m.) In experiments using the same wavelengths, 

the accuracy was found to be 7 % of rms and the repeatability was 4 % and 1 % of a^. 

rms. for the mode and mean analyses, respectively. The simulations and experimental 

results provide proof that the sensor is a viable tool tor phase alignment of segmented 

telescopes. 

5.1.1 .-Vccuracy improvement: phase extraction techniques 

The accuracy estimates reported are strongly intluenced by the phase extraction 

technique employed-a sinusoid fitting method. The technique employed was not 

particularly elegant, nor robust. (It was chosen due to its compatibility uith the 

equipment available.) With a modified sensor design, a phase extraction technique could 

be selected for its insensitivity to the largest noises source. For example, if irradiance 

non-uniformity is a large problem, a phase shifting technique is ideal. 

There are many, well understood, phase extraction methods that can be applied to 

this sensor. Phase shifting can be implemented by means of dithering indiv idiial 

segments, phase delaying one diffraction order using a wedge of glass or liquid cry stals. 
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or translating the grating. For each of these methods there are numerous more 

algorithms'^ for reducing the data. 

.Additionally, the sensor is particularly well suited for spatial linear carrier 

analysis'" since the diffraction orders naturally provide the tilt fringes. Similar to the 

technique employed for this research is a Fourier transform analysis.'' And finally, 

electronically or optically superimposing the original interferograms yields data for a 

Moire analysis.'" 

Ultimately, the goal of this research was to begin the alignment pruccs^ ol'ihc 

P.AMELA telescope using this sensor. To initiate this process, the sensor was 

characterized and calibrated. The theory developed in Chapter 2 predicts that the sensor 

is sensitive to aberrations resulting from its optical design and alignment and the 

resulting errors are linear across the aperture. The simulations and the experiments 

supported this prediction. .A calibration technique was also proposed in Chapter 2. This 

technique was implemented experimentally with positive results. There were two 

methods used to validate the calibration technique, the two window analysis and the two 

wavelength analysis. 

The two window analysis compared the un-calibrated and calibrated results from 

two windows. The calibrated results showed a large impro\ ement compared lu the un-

calibrated results. The residual error was within the measurement accurac\ of the sensor. 

The two wavelength analysis compared the un-calibrated and calibrated results 

from the two equivalent wavelengths. The calibrated results were again greatly improved 

compared to the un-calibrated results but still had large residual errors. These errors 

were larger than the errors expected from the individual data sets but were smaller than 
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10 % (for the longer k^.) In summarv'. the calibration was supported but further work 

needs to be done to prove its validity. .A. simple method for providing proof could be 

accomplished by measuring a set of tlat surfaces that ha\c a known step. 

5.1.2 Sensor advantages 

Compared to other phase sensors, the achromatic shearing phase sensor has a 

large capture range. The capture range. can be adjusted b\ choice of measurement 

wavelengths. The simulations and e.xperiments verified a capture range off |im or 

appro.ximately 10 /."s of piston misalignment. The accuracy was better than 0.1 1 ^m and 

0.27 |im for the simulations and experiments, respectively. In the event that this 

accuracy will not meet tolerances for a particular telescope, there are at least two options. 

First, the shortest equivalent wavelength could be reduced by using different 

measurement wavelengths. Second, the sensor could be used in conjunction with other 

sensors to achieve fine alignment. 

This sensor has many advantages compared to similar technologies. It is 

compatible with many mature interferometr> techniques, as pre\ iousK described, that 

utilize simple and fast mathematics. It measures a large portion of the segment area 

allowing optimal aligrunent even in the presence of segment errors. .-Mso. the sensor hiis 

the capability to tip/tilt align a telescope in at least four different ways: sub-detector 

piston measurement. O"' order Shack-Hartmann. Irequency analysis and image 

subtraction. 
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5.1.2.1 Tip/Tilt .'\lignment Techniques 

.As briefly descnbed in Chapter 2. tip/tilt alignment can be achieved by 

subdividing the measurement window along an a.\is perpendicular to the shear direction. 

Each sub-aperture is averaged separately and compared to detect tilt. 

-i;, - A-„ X ((•;„„ (79) 

The subtraction is proportional to the amount of tilt. W,,, and the direction and the 

magnitude of the tilt correction is available from the results. 

Sensor aberration will result in errors if not calibrated. .\ calibration technique 

similar to the one presented in the Chapter 2 can be used to remove any errors. The 

modified calibration technique would require a pi.xel by pi.xel error subtraction, instead of 

a window by window error subtraction. This tip/tilt alignment technique aligns the 

centroids of the segment's focused spots and may not be sufficient alignment for all 

applications. 

.As an alternative, the 0"* order can be utilized to tip/tilt align the segments in a 

Shack-Hartmann'^ configuration. In order to use the 0'" order with the sensor's detector 

there must be some illumination blocked from the other orders to allow the signals to not 

overlap and interfere. This can be done in a number of ways. 

•A. mask could be placed at a pupil plane to obstructs some of the irradiance near 

to the inter-segment gap. The 0"" order beams will naturally fall in the center of the 

unilluminated areas. Figure 55 illustrates a mask that discards a minimal amount of 

information from the phase sensor. 
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Figure 55. Pupil Mask to Enable a Shack-Hartmann Tilt Sensor. Blocking some irradiance 
from the segment images provides space on the sensor detector to achieve tip/tilt alignment 
with the 0'" order beam. 

In a traditional Shack-Hartmann wavefront sensor/'' the beams are focused down 

to fairly small, but not perfectly focused, spots. This could be achieved b\ replacing the 

diffraction order filter with a small lens near to the focal plane. The lens changes the 

curvature of the O"' order beams allowing them to focus on the detector. This technique 

must be calibrated in all situations. .And as with the sub-detector approach, this 

technique aligns the centroid of each segment's focused spot. 

The next tip/tilt alignment concept compares the period of two interferograms 

generated with different wavelengths by means of a Fourier transform to yield till 

information. The procedure is: 
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Capture two interferograms of the segment pairs, each from a different 

wavelength. Fourier transform the images to extract the fundamental period of the 

sinusoidal pattem in the x- and y-directions. Subtract the x-a.xis periods corresponding to 

each wavelength: the tilt is proportional to the period difference. 

2!t^a 
(80) 

^  P i x ,  -  f ' l ,  ( 8 1 )  

! I 1 1 
A/', = 2:A.a\ — - — I (82) 

(83) 

This technique also would be sensitive to sensor aberration but could be 

calibrated. The residual errors with associated segment aberration have not been 

calculated as it is not within the scope of this project. 

The last technique involves subtracting two interferograms generated b\ iwo 

wavelengths to e.xtract till information. Since the frequency of the interferograms should 

be equal, subtraction of the two images will yield a constant irradiance distribution. 

When tilt is introduced, the frequency of the images changes differently for the tw o 

wavelengths. Subtraction of the images will result in a beat frequenc\ . Measurement of 

the irradiance variance will be proportional to the tilt. 

This technique is not particularly robust however. First, this measurement does 

not indicate the direction of the tilt, just the magnitude. Second, any aberrations will 
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result in errors and would be impossible to calibrate. Third, any irradiance variance 

between any of the wavefronts will yield errors. 

5.1.2.2 Broadband and E.xtended Sources 

Like the other adjacent segment interferometers, the achromatic shearing phase 

sensor can be used with an extended source or a broadband source if some appropriate 

modifications are implemented. Utilizing a broadband source is most appropriate for 

alignment maintenance. 

Since the fringe spacing in monochromatic interferograms is independent of 

wavelength, a perfectly aligned system would have fringes with perfect modulation in 

white light. .As piston is introduced to one segment, the modulation would decrease until 

the piston shift equals the shortest equivalent wavelength. This technique is less useful 

for initial alignment because the capture range is generalK too short and the dirccuon ot' 

piston misalignment cannot be measured-it must be inferred from multiple 

measurements. .Also, in order to use a broadband source, the sensor must have excellent 

aberration control particularly distortion control. The modulation would be lost if there 

are even small amounts of aberration in the sensor and would not be recoverable through 

calibration. 

This sensor can also be used with certain extended sources as described by 

Wyant."'' The requirement for use of an e.xtended source is spatial coherence at distances 

equal to the shearing distance. 

The Van Cittert-Zemike theorem states that the spatial coherence of an object can 

be determined by the Fourier transform of the objects irradiance distribution.-' 
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Imaging the source through a periodic mask located at a plane conjugate to the source 

would generate a periodic coherence function. The mask would look something like the 

Fig. 56. Choosing the period ot the mask appropriately, the coherence peaks will be 

separated by the shear distance. (Note that this mask would ha\e to be rotated if the 

shear rotated. .Alternatively, a more complicated 2D pattern would be necessars. i 

Penodic 
Mask 

AS 

Spatial Domain 
Figure 56. Van Cittert-Zemike Theorem. Using the Van Cittert-Zemike theorem, the spatial 
coherency of an extended source can be modified to have a periodic spatial coherency. 

The extended source concept is compatible with the multiple wavelength 

measurements required for this sensor. The coherence function and the shear scales 

linearly with wavelength thus maintaining a high degree of spatial contrast for all 

wavelengths. 

5.1.3 Sensor Disadvantages 

The disadvantages of the sensor are also similar to other adjacent segment 

interferometry technologies. First, there are modes of misalignment the sensor cannot 

detect such as a global defocus and tilt. Second, the sensor shares the telescope's 

collected irradiance with science camera. The amount of irradiance required for the 
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sensor is determined by the characteristics of the noise and the magnification of the pupil 

plane-smaller images will be brighter thus require less irradiance. Third, additional 

optics are needed to achieve alignment thus the weight, cost and space requirements of 

the telescope are increased. 

5.2 Design and Implementation 

There are several design parameters that can be optimized depending on the 

sensor's application. The following discussion reviews some of these parameters and 

discusses their effects on the implementation of the sensor. The issues discussed are 

segment density, measurement wavelengths. CCD location and irradiance uniformity. 

5.2.1 Segment Density 

The number of segments that can be aligned using the sensor is detlned by the 

number of pixels required per segment assuming a fixed CCD size. The phase extraction 

method determines how many fringes and/or pi.xels are required to extract the average 

piston position associated with a segment. 

Phase shifting techniques, for example, theoretically require as few as 1 pixel per 

segment to calculate the segment pair's relative piston positions. (This example is 

extreme but it useful to illustrate the upper bound for the number of segments that can be 

aligned for a given CCD.) .A spatial frequency phase extraction method requires slightly 

more than one fringe per segment. The number of pixels per fringe is determined by the 

algorithm utilized. A pixel efficient algorithm would use a 3-bucket algorithm needing 3 

pixels per segment. Therefore. 1/3 as many segments could be aligned with this 

configuration as compared to the previous contlguration. A sine-fitting algorithm would 

require approximately two fringes with 2 pixels per fringe. This translates to a minimum 
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of 4 pixels per fringe-again this is a theoretical lower bound and a larger number is 

required for practical use. 

Phase E.xtraction Method 
Minimum Number of 
Fringes per Segment 

Minimum Number of 
Pixels per Segment 

Phase Shifting <1 1 

Spatial Frequency J 

Sine Fitting 4 

Table 4. Pixel Efficiency of Phase Extraction Methods. 

For a telescope such as the OWL where there are an anticipated 64 segments 

along the longest axis, a minimum of 64x64 pi.xels is the theoretically smallest number of 

pixels required. However, a ratio of 10-40 pixels per segment would be more realistic 

because of geometry issues and to allow the implementation of error reduction 

techniques: this requires a detector with 2048x2048 pixels. For telescopes with large 

numbers of segments, this technology is capable of aligning the telescope but the phase 

extraction method must be pixel efficient. Other, less pixel efficient techniques, such as 

the Phasing Camera System, would be challenged to align the entire arra\ u ith a single 

CCD."-' 

5.2.2 Measurement wavelengths 

When choosing the measurement wavelengths, the equivalent wavelength should 

be long enough to cover the capture range required by the instrument but also be short 

enough to phase the segments to the required tolerance. This may require three or more 

measurement wavelengths, i.e. two or more equivalent wavelengths, to fulfill both 

requirements. 
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Another wavelength issue concerns the higher diffraction orders. It is necessary 

to block any higher diffraction orders (if they exist) to prevent a noise source in the 

interferograms. However, if the wavelengths of measurement are far apart. 

approximately a factor of 2 relative to another, then the second diffraction order of the 

shorter wavelength will be in close proximity to the tlrst diffraction order of the longer 

wavelength. Fully filtering the second order my prove challenging or impossible. 

This constraint is particularly important to broadband sources where all the 

wavelengths transmit simultaneously. This either limits the range of wav elengths to 2 

times the shortest wavelength or the beamsplitter cannot generate liighcr orders \ good 

choice would be a sinusoidal grating. 

In order to further extend the capture range, it is possible to use the rc.suli.s of two 

equivalent wavelength measurements to get a third equivalent v\a\elenglh. Hov\e\cr. the 

errors from the two original measurements will severely reduce the accuracs ot the third 

measurement. Using the methods described by Lofdahl and Eriksson."" the accuracy can 

be improved. 

5.2.3 CCD detector position 

The detector position relative to the z-axis is determined by the angle of the 

exiting orders and the size of the segments. The CCD should be placed where adjacent 

segments are interfering. There are two places howe\er that meet this criteria. One is 

before the back focal length of the imaging optics and one is after the back focal length. 

Either of these positions are acceptable but the fringe spacing will be different for the two 

positions. 



In a convergent system, the interference plane furthest from focus has fewer 

fringes due to the increased radius of curvature of the wavefronts. Also, this plane will 

yield a shorter total system length. For a divergent system, the interference plane furthest 

from focus will still have fewer fringes but be the longer total system length. Since the 

fringe spacing can play a critical role in the phase extraction method. ha\ ing more than 

one option for CCD placement is helpful. 

5.2.4 Irradiance Uniformity 

The uniformity of the irradiance distribution at the interference plane can he 

influenced by the sensor lens design. The irradiance distribution will be quite uniform if 

the optical system is designed such as illustrated in Fig. 57. The important concept is to 

image the telescope pupil plane onto the interference plane such that diffraction effects 

are reduced. 

Gratuiu 

Telescope Iniuiiuig Telescope 
Pupil Lons Pupil 

Figure 57. Pupil Imaging Diagram. This diagram shows one e.xample of how to image the 
pupil of the telescope onto the interference plane where the CCD will be located. This 
design technique reduces the irradiance non-uniformities associated with diffraction from 
the telescope's finite pupil size and the segment apertures. 

This design configuration will greatly mitigate non-uniformit>' issues but it is not 

mandatory to have a successful sensor. Upon propagating away from the image of the 
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telescope's pupil, diffraction effects from the tinite pupil size and the edges of the 

segments begin to cause the irradiance to have a "ringing" pattern near the 

discontinuities. Figure 58 illustrates a typical irradiance distribution created b\ a finite 

aperture. .A. similar distribution will be created over the entire aperture as well as the 

beams from each segment. .Another technique to control non-uniformity is achieved by 

adjusting the size of the apertures of the filter at the focal plane show n in Fig. 8. This 

will tilter out high frequency variations and leave a smoother distribution. 

Irradiance Distribution 

Figure 58. Typical Irradiance Distribution. This is a typical irradiance distribution when 
the imaged plane is not the pupil plane. The frequency of the "ringing" can be controlled 
by reducing the size of the apertures of the filter. 
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APPENDIX A: Zemax Apochromatic Lens Prescription 

System/Prescription Data 

SURFACE DATA SUMMARY: 

Surf Type Comment 

OBJ STANDARD 

1 STANDARD 

2 STANDARD 

3 STANDARD 

4 STANDARD 

5 DGRATING 

STO STANDARD 

7 STANDARD 

8 STANDARD 

9 STANDARD 

10 STANDARD 

11 STANDARD 

12 STANDARD 

13 STANDARD 

14 STANDARD 

IMA STANDARD 

SURFACE DATA DETAIL: 

Surface OBJ : STANDARD 

Surface 1 ; STANDARD 

Surface 2 ; STANDARD 

Surface 3 ; STANDARD 

Radius Thickness 

Infinity 97.83 

74.2175 2 

-28.579 1 

38.1839 1 

-60.6053 10 

Infinity 10 

60.60529 1 

-38.28385 1 

28.57897 2 

-74.21748 220 

74.2175 2 

-28.579 I 

38.1839 I 

-60.6053 10 

Infinity 528.1152 

lnfinit% 

Glass 

FK.5I 

KZFSN5 

F2 

F2 

KZFSN5 

FK5I 

FK51 

KZFSN5 

F: 

Diameter 

0 

7.77471 

7.805945 

7.87192 

7.905614 

7.909742 

8.049859 

8.022325 

7.967574 

"951-56 

12.38481 

12.39152 

11 

12.5()«)92 

12.15869 

5»t)8633 

Conic 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

II 

0 

0 



Surface 4 ; STANDARD 

Surface 5 : DGRATING 

Lines Micron: 0.01 

Diffract Order: i 

Surface STO : STANDARD 

Surface 7 : STANDARD 

Surface 8 ; STANDARD 

Surface 9 : STANDARD 

Surface 10 : STANDARD 

Surface 11 : STANDARD 

Surface 12 : STANDARD 

Surface STANDARD 

Surface 14 STANDARD 

Surface IMA : STANDARD 



157 

7 

APPENDIX B: GLAD-Global Aberration Simulations 

mem/set/b 64 

macro/def majorloop/o 

wavelength 0 lambda 

array/s 0 4096 512: array's 4 1024 64; units 0 .03 20 .03*8 20 

clear/intensity 1 1; clear/intensity 2 1; clear/intensity 3 0 

#create the beams 

clap/cir/con I 1; clap/cir/con 2 1 

#piston adjustment of one beam 

phase/piston 2 pwav*360*.636/lambda 

splace the grating 

grating/cosine/absorption 1 .03 1; grating/cosine/absorption 2 .03 1 

"propagate, focusing lens, propagate to focal plane 

dist 10 1; lens 1 10: dist 10 1; dist 10 2: lens 2 10: disi 10 2 

^obstruct the zero order 

clap/cir/con 1 .003 .0205 0; clap/cir/con 2 .003 -.0205 0 

^propagate, collimating lens 

dist 11 2; lens 2 10; dist 111; lens 1 10 

#defocus 

c aberration/focus 1 10*ab\vav*(.633/lambda) morm = 11/10 

c aberration/focus 2 10*abwav*(.633/Iambda) morm = 11/10 

Afield curvature 
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c aberration/focus I 2*abvvav*(.633/lambda)*(lambda/.675)'^2 morm = 1110 

c aberration/focus 2 2*ab\vav*(.633/lambda)*(lambda .675)"2 rnorm =11 10 

#astigmatism .\-a.\is 

c aberration/ast/cartesian 1 2*abwav*(.633/lambda)*(lambda'.675)'^2 0 rnorm = 1110 

c aberration/ast/cartesian 2 2*abvvav*(.633/lambda)*(lambda .675)'^2 0 rnorm = 1110 

j^spherical aberration 

c abr/sph 1 12*abwav*(.633/lambda) rnorm = 11/10 

c abr/sph 2 12*ab\vav*(.633/lambda) morm = II/IO 

"coma 

c aberration/coma 1 5*abwav*(.633/lambda)*(lambda/.675) 90 rnorm = 1110 

c aberration/coma 2 -5*ab\vav*(.633/lambda)*(lambda/.675) 90 rnorm = 11/10 

"distortion 

c aberration/tilt 1 ab\vav*(.633/lambda)*(lambda/.675)^3 90 rnorm =1110 

c aberration/tilt 2 -abwav*(.633/lambda)*{lambda/.675)'^3 90 morm = 11/10 

:?coma of the telesccope 

c aberration/coma 1 5*abwav*(.633/lambda) 90 morm = 11'lO 

c aberration/coma 2 5*abwav*(.633/lambda) 90 morm = 11/10 

dist 53 1; dist 53 2 

add/coh/con 3 1 2 

copy/con 3 4 

macro/end 

nbeam 4 

end 
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APPENDIX C: GLAD-Local Aberration Simulations 

mem/set/b 64 

macro/def majorloop/o 

wavelength 0 lambda 

array/s 0 512 512; array/s 3 256 256 

units 0 .03/20 .03/20 

clear/comple.K 2 0 0; clear/complex 3 0 0 

^create the beams 

lensarray/hex/paste/e 2 1 0 0 .2 

clear/complex 1 0 0 

#place the grating 

grating/cosine/absorption 2 .03 1 

^propagate, focusing lens, propagate to focal plane 

dist 10 2; lens 2 10; dist 10 2 

copy 2 1 

^obstruct the zero order 

clap/cir/con 1 .006 .0205 0; clap/cir con 2 .006 -.0205 D 

"propagate, collimating lens 

dist 11 2; lens 2 10; dist 10 2; dist 111; lens 1 10; dist 10 1 

#tilt y-axis 

c abr/tilt 1 2*abwav*(.633/Iambda) 0 morm = . 1 

#tilt x-a.\is 



c abr/tilt 1 2*ab\vav*(.633/lambda) 90 morm = .1 

#defocus 

c aberration/focus 1 2*abwav*(.633/lambda) morm = .1 

^astigmatism x-axis 

c aberration/ast/cartesian I 2*abwav*(.633/lambda) 0 morm • 

#astigmatism y-axis 

c aberration/ast/cartesian 1 0 2*abwav*(.633/Iambda) morm 

?^spherical aberration 

c abr/sph I 2*abwav*(.633/lambda) morm = .1 

#coma X axis 

c aberration/coma 1 2*ab\vav*(.633/lambda) 90 morm = .1 

#coma y axis 

c aberration/coma 1 2*abvvav*(.633/lambda) 0 morm = .1 

add/coh/con I 2 

copy/con 1 3 

macro/end 

nbeam 3 

end 
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APPENDIX D: LabVIEW-Unwraping Reference Data 

treads the Files and generates the position Cable I 'ath1 <•1 

liisTr 
& 

CO-

jCalgjat^ the mean of the segment surface I 

Edqetablel 

lumericl 
1.6331 



I0.3165K 
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Numeric 

3 

Generates the difference tables 

generates derivativ^ 

Numeric 

9^ 

D D Q o a a D Q a D a D D a a d D O G O D D D D Q D D Q a n D D Q D a p Q a n a d a d  
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Numeric 

Generates the difference tables 
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Numeric 

<1-1. De^ 

a a a a D a a D a a D a D a D D a D D n D D n a D n D a a n Q D D D a a a D n Q a a o c i i o n  t f o  d  
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>1 False 
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Q Q Q O Q O Q O D O O Q Q O D a O Q a Q O  jH|3rQ..4l H 

Numeric 

1 

0-

0-

& 

Generates the difference tables 
l(Y) Single Plot 51 
Io«iI I 

:;a 

ih 

:::a l:̂  
iGenerates derivatives I 

il 
1 aa 

- 1 0 -
o.r 
m 

Numeric 

fS—i 

—^ 
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APPENDIX E; LabVIEW-Analyzing Simulated and Experimental Data 

IjDatesetpatir j 

^>1 "short" 
•H'Mode" Vi t 

—1 • 
P fchortmode.bcti i 

IS 
jSmnmary oucpuc 

I Output Data 

of Jfrtyl 

'long". Default 

i.67g 
1.6331 

1601 
o g g 
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i*'-*%l"tona". PefauFW" 

Mode 

i|"Mean". Default • 

p lonqmean.txtI 

^|"Mean", Default 

rl fchortmean.txtl 

short' 

543 

Lvaatvt».g.vi*d»d*VMiVttatv»1 
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Kt<d in fil« njm«i| 

Loop through m«jiurnTnnti 

N"Data", Defait 

H««dinfil.,in«hof40j E;r7?r,o,fro^,.(ofi0l 

Pfocessinq file: 

hoffnalttcr.vi 

necn Ormau2er.vi 
tumeric 

bimtnsion oP arravl 

. Convtrf fo phase, subtract ohase maos. 
Ltnswrap any Urqt phasts. 

node/mtan oP data 

iunwraplargeg 

Mode 
shasefind.vi 

bhasefind butpuC Da^ 



['Mean", Defa • yytiM h • 
cr —I g 3 
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I Summary output file: 

wlfactor 

a a Q a o a o a a a a a a n a n a a a n o n o o Q o n a a n a a a n n n n n a n a o n D n n n a d d c  

List of SubVIs 

phasefind.vi 

normalizer.vi 

unwraplargephases.vi 

readtoarray.vi 
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phasefind.vi 

normalizer.vi 

•irst row I 

ftrray 
[set] 

unwraplargephases. vi 

ftrray 21 
I— [«m] 
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readtoarray.vi 

[132] 
a -»« 

labe.-l| 

impwpBwigpmpnBWwnBwnBHB 
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APPENDIX F: Atmospheric Turbulence Theory 

Relative piston error due to any wavefront error derived in scction 2.4.2.2 is given 

bv 

A  2 -v.,,-"' r r r ' -""Sir  
A (2/7 • D! 

When a ruled sratinu is used 

/l, /i, " r.v 

-V, , ,  ,  
= 0 (S5) 

A, 

The remaining terms are 

\ -'"-I "• ^:».i /L. ^ — -^111 -^(1; j'rr AU 

^ A, A, '11 
(86)  

where N = ^ but N = 1 yields all the terms ot'signiticance. W hen N = I. the error from a 

particular wavefront is 

1 -'*•'.11 •''^0 •> ffc' AK' 
g= —; ; LLXCIV*/.. (87 

J A  [  A ,  / U  C X , ,  1 - ' anut '' ' T. =0 

For a generic telescope that would use the achromatic shearing phase sensor, 

there might be 10 segments across the diameter and 5 fringes per segment yielding 25 

fringes from the optical axis to the aperture's edge. A good working//# of the sensor 

would be 150. Therefore, x,, = (# of fringes)*: k ^ 2Y/# =7500 k. Finally, if A, = 0.633 



rs 

|im and the k, = 0.9 * A,, the intluence of any atmospheric turbulcncc can be 

a p p r o x i m a t e d  a s  a  f u n c t i o n  o f  e q u i v a l e n t  w a v e l e n g t h .  A . .  =  k,  

The wavefront error over a circular aperture can be represented as a sum of 

Zemike polynomials. 

5 6 
D V- , 

'1) J 

where the wavefront error coefficients, in m. is defined by Knoll. ' 

= — Oi472./ ' (89) 
2yT 

Table F-l. column 2. lists the values of the third derivative with respect to \, as 

calculated using the Knoll's technique for representing the derivative of a /.ernike 

polynomial as the sum of other Zemike polynomials. 

4^= Z,, (90) 
'*!) - I ;• 

Nouce that the highest mode Zemike polynomial reported is 6-2^ is astigmatism. For 

derivatives with a Z^ term, the error is not a simple tilt function across the equivalent 

wavelength's interferogram; the error is quadratic versus segment pair. The integral of 

the 3"^ derivative over the area of the segment pair, normalized by the area, is the 

sensitivity of the sensor to each Zemike mode (in m 



J 

1-7.9 0 

8 36V2 Z, 

10 I2v2 Z, 

11 72v5Z. 

12 4VT0Z, ^4V30Z4 ^ 8 vT5Z^ 

13 24VT0Z; 

14 12vT0Z, 

15 
12v5Z.. 

16 216 v3Z, -360Z, - 150 v2Z^ 

17 120v2 Z< 

18 480 V 3 Z: 

19 180 V 2 Z. 

20 60v2 Z. 

21 60v2 Z. 

Table F-1. The 3"^ derivative with respect to x,, of the Zernike Polynomials. The 
technique used to calculate this table is given by Knoll. In this paper, the derivatives are 
a sum of the original Zemike polynomials. 

Finally, the error from each Zemike polynomial is given by 
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1 * i« 

D 
dx ch ' /I ' — (92) 

...0 " ' 

where A is the wavelength factor (in m\) 

Figure F-16. top plots the sensitivity of each aberration as seen by the segment 

most affected by the aberrations-the segment that is furthest from the optical axis along 

the x-axis. The middle plots shows the diminishing contribution of each Zemike order as 

given by Eq. (89). The bottom plot shows the product of the top and middle plots along 

with the wavelength factor. A = 0.11 m*. and the seeing parameter. (D/r,,)'" = 206. (Note 

that when n = 3. the wavelength factor for the S"' derivative term is only 2 * 10"^. i 

Clearly, the Z|„ shows the greatest sensitivity and results in the largest error. 0.()()3 "u of 

A,. 

The root sum square of all the errors tor the first 21 /.ernike poKnomials yields 

an error of 0.004 % of A .. If the sensor were used such that two shearmg axes were 

available consecutively, there would be error from each measurement axis. This sum of 

both these errors would be larger than a single axis but less than double. 

As the seeing parameter gets larger, i.e. the telescope's primar>' gets larger, the 

error will increase. Decreasing the working//# of the sensor will reduce the error and 

maintain the limited sensitivitv to turbulence. 



181 

1000 

800 -

600 -

400 -

O 200 -y: 
0 -

— 2 
.£ = 
~ c 

6x10 -

5x10 " -

4x10 -

3x10'  

2x10 

1x10 

0 0035 
0 0030 
0 0025 

I; 0 0020 
= 0 0015 
.= 0 0010 -
v: 0  0005 -

0 0000 -
-0 0005 

—T" 
10 

—I— 
12 

—I— 
1 4 

—r-
1 8  

—T" 
20 

—r-
1C 

—T" 
1 4 

T-
10 

—T" 
1 4 

—r— 
1 8  

I 

20 
I 

22 12 

Modes. J 
Figure 16. Error from .Atmospheric Turbulence. The lop plot shows the sensitivity (in m '). 
see Eq. (89). ofthe sensor versus the Zemike mode. J. The middle plot shows the magnitude 
of each wavefront error term. AVV , in m. The bottom plot shows the error in " o of 
versus the mode. 

Since the induced error from atmospheric turbulence is smaller than the accuracy 

requirement of the sensor, a segmented telescope can be aligned w ithout adaptive optics 

correction using this sensor observing a star. It also means that atmospheric turbulence 

cannot be measured and corrected using this sensor. 
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