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ABSTRACT 

The Shack-Hartmann test is described. An instrument capable 

of performing the Shack-Hartmann test was built and its design is 

discussed. A series of computer programs which reduce the data col

lected by the Shack-Hartmann instrument are also described. 

Both the instrument and the computer programs were tested 

by measuring a wavefront which contained a known amount of spherical 

aberration. The test results confirmed that the Shack-Hartmann instru

ment can accurately measure aberrations. 
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CHAPTER 1 

INTRODUCTION 

The Shack-Hartmann Test 

A common method of testing large telescopes is the Hartmann 

Test (Malacara 1978). In this test a carefully constructed screen 

is placed on the front of the telescope to divide the incoming wave-

front into discrete ray bundles. Photographic plates are placed 

before and after focus to record the location of the rays. Since 

the separation of the plates with respect to the focus is known, 

the slope of the rays in the image plane can be calculated from the 

ray intersections in the film planes. By integrating the slope data, 

the emerging wavefront can t)e reconstructed and the aberrations of 

the system under test can be calculated. 

This method of telescope testing has seme drawbacks. The 

screen that divides the wavefront into ray bundles must be large 

enough to cover the entrance aperture and is thus awkward to handle 

for large telescopes. The procedure of exposing the photographic 

plates to a star source and ranoving the screen occupies potential 

observation time. The wavefront is sampled only where holes exist 

in the screen and thus no slope data is collected over the large 

screen area where there are no holes. Another limit on the accuracy 

of wavefront reconstruction is the precision with which the ray inter-

secticxis with the photographic plates can be measured. 

1 
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The Shack-Hartmann (Wilson 1982) test is a modification of 

the standard Hartmann Test. It allows high sampling of the exit 

pupil wavefront along with improved precision in determining the 

slope of the sampled wavefront. The sampling screen consists of 

a sheet of clear acrylic plastic which is placed in the exit pupil 

of the syston under test. Each side of the sheet has cylindrical 

lenses pressed into it, on one side horizontal lenses and on the 

other side vertical lenses. The net effect.is that the screen behaves 

as a matrix of small square positive lens elements. 

Each element samples a portion of the wavefront and brings 

it to a focus. Since each lens has a large f number (about 150) any 

tilt of the wavefront over the sampled region causes a corresponding 

significant change in the position of the focused spots. If the 

centroid of the spot formed by the Shack-Hartmann screen can be located 

to within one or two microns, then the deviation of the wavefront 

over the sampled area can be determined to within about l/50th of 

a wave. Figure 1 shows how the accuracy of the wavefront deviation 

can be determined. 

Scope of Thesis 

This thesis explains the design and operation of both the 

Shack-Hartmann Test instrument and the data reduction system. The 

accuracy with which a simulated and real wavefront can be reconstructed 

is also discussed. 

In conclusicxi, improvements to the instrument and software 

are considered. 
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Figure 1. Calculation of wavefront deviation. 

e AX 
Using similar triangles: — = 

J? w 

where: e = deviation of focal point 
F = focal length of lens element 
W = width of element 

AX = wavefront deviation 

for W = 1 millimeter, F = 150 millimeters, 
e = 1.5 microns 

W 1 
AX = e p = = '01 microns 

thus the fraction of a wavelength corresponding, 
to AX is: (X= .5 microns) 

AL = = 1 
X .5 50 



CHAPTER 2 

PRINCIPLES OF INSTRUMENT OPERATION 

Shack-Hartmann Test 

The main purpose of the Shack-Hartmann instrument is to deter

mine, the aberration on the wavefront ecaerging from an astronomical 

telescope in the formation of the image of a star. Frcm this measure

ment the imperfections on the mirror or mirrors of the telescope 

can.be inferred. 

The instrument does this by first collimating the light emerg

ing from a star image. The collimating lens also forms a real image 

of the exit pupil of the telescope. At this relayed pupil a lenticular 

screen (a mat':-.v ox" tiny lenses) intercepts the nominally plane wave-

front and each lens in the array focuses its piece of the wavefront 

in a plane further down the optical path. A piece of photographic 

film in this plane records the spots that are formed. 

If the wavefront were unaberrated, the focused spots would 

be formed in a matrix having the same spacing as the lens elements. 

An aberrated wavefront, on the other hand, will produce local tilts 

in the porticxis sampled by the lenses which will be different for 

different elonents. These tilts produce displacements in the focused 

spots proportional to the magnitude of the tilt. By measuring these 

displaconents one can reconstruct the wave aberration function which 

was responsible for them. 

4 
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To allow an accurate measurement of the displacement of the 

spots, a small illuminated pinhole is used in place of the star image 

to produce a matrix of spots corresponding to an unaberrated wavefront. 

The light from the pinhole is collimated to produce a plane wave 

which is sampled by the lenticular screen. Each sampled portion 

of the wavefront is focused in the same plane as the spots formed 

by the starlight. Hovjever, since the li^t from the pinhole is col-

limated, the position of each spot (reference spot) becomes a reference 

locaticxi which determines where the spot (test spot) formed by an 

unaberrated wavefront should be located. Thus by measuring the distance 

between a spot formed "by the starli^t from the telescope under test 

and a spot formed by the pinhole source, one can accurately measure 

the amount of tilt in the sampled portion of the wavefront from the 

telescope. 

It should be noted that the displacement between the test 

and reference spots is a measure of the difference of aberrations 

between the two beams of light that form the spots. Since only a 

difference of aberrations is calculated, the aberrations introduced 

to both beams by the beamsplitter cube, collimating lens, and the 

lenticular screen are not measured. 

Figure 2 shows how the instrument design combines the light 

from the pinhole with the stsirlight from the telescope. A beamsplitter 

cube (4) reflects the li^t from the pinhole (2) to the collimating 

lens (6). The lenticular screen (7) then samples the wavefront at 

the exit pupil locatioi and produces a matrix of spots in the plane 
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Figure 2. Instrument design. 

1. piano convex lens places exit pupil at a convenient 
distance behind beamsplitter cube. 

2. pinhole lig^t source provides illumination of reference 
spot matrix. 

3. glass window provides same optical thickness as piano 
convex lens. 

4. beamsplitter cube combines li^t from telescope and 
pinhole. 

5. low power microscope allows one to view pinhole source 
and star image. 

6. achromat collimates diverging beam. 

7. lenticular screen at exit pupil divides and focuses 
portions of the wavefront. 

8. focal plane of screen containing recording film 
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where photographic film (8) is positioned. The li^t from the tele

scope also passes through the same beamsplitter cube, collimating 

lens, and lenticular screen. 

If the pinhole source and the star image are superimposed 

upon each other and the aberrations in the wavefront from the telescope 

are small, then the test spots formed by the starli^^t will overlap 

the reference spots formed from the light of the pinhole. To separate 

the test spots from the reference spots, the star image can be moved 

horizontally and/or vertically by adjusting the telescope tracking. 

This transverse displacement of the star image separates any overlap

ping spots and allows the position of each spot to be accurately 

measured. 

The m^surement of the wavefront is not degraded by the intro

duction of such a spot displacement. By calculating the mean, displace

ment between the test and reference spots in the x and y direction, 

the amount of added test spot displacanent in each direction can 

be calculated. This average displacement can then be subtracted 

to obtain the test and reference spot separation values that existed 

prior to the transverse movement of the star image. 

It should be noted that at any instant in time, the position 

of each test spot is a measure of both the aberrations in the telescope 

due to imperfections on the mirrors and the aberrations in the star

light itself due to atmospheric turbulence.' To remove the atmospheric 

aberration, a long exposure time of about one minute is used. In 

this way the time-dependent fluctuations in the positions of the 
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test spots are averaged out by the recording film. The centroid 

of each test spot on the developed film is the location of the average 

test spot location which is a measure of aberrations that are intrinsic 

to the telescope. 

To position the exit pupil near the collimatiog lens, a piano 

convex lens (1) is attached to the front of the beamsplitter cube. 

Since the image of the star is on the vertex of the lens, it intro

duces no aberrations. To have both the starlight and the light from 

the pinhole pass through the same amount of glass, a glass window 

(3) having the same optical thickness as the lens is attached to 

the side of the beamsplitter cube. Thus when the illuminated pinhole 

is placed in contact with the glass window, both the star image on 

the lens surface and the pinhole are in focus. A low power microscope 

(5) is used to view the location of the star image and the pinhole. 

Figure 3 shows a photograph of the Shack-Hartanann instrument. 

The large box contains the beamsplitter cube, pinhole source, and 

microscope. A cable release that controls a camera shutter is extend

ing from the box. Below the large black box is an adjustable battery 

power supply which controls the bri^tness of the illuminated pinhole. 

A tube containing the collimating lens connects the box to a large 

flange which is located at the relayed exit pupil. Inside the flange 

at the exit pupil location is the lenticular screen. A small tube 

connects the- large flange to a smaller flange on which is mounted 

removable ground glass viewing screen. The viewing screen 



Figure 3. Shack-Hartmann instrument with the lenticular screen 
at the exit pupil location and the viewing screen at 
the focal plane of the lenticular screen. 

9 
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can be replaced with a film holder to record the positons of the 

spots formed by the lenticiilar screen. 

Foucault Knife-Edge Test 

A Foucault knife-edge test can also be performed with the 

Shack-Hartmann instrument. Both the film holder and the lenticular 

screen can be removed to allow the film holder to be repositioned 

where the lenticular screen was located. This places the photographic 

film in the location of the exit pupil. A knife-edge is then inserted 

at the locaticxi of the star image in order to produce the Foucault 

shadows which are recorded on film in the plane of the pupil. 

In order to easily adjust the relative position of the knife-

edge to the star image, a plane-parallel plate is inserted in the 

beam before the star image is formed. By rotating the plate, the 

star image can be displaced towards or away from the knife-edge in 

order to obtain the proper beam cut-off. 

Although in principle the plane parallel plate introduces 

aberrations, these turn out to be negligible. For example, at the 

f number the instrument is designed to operate, (F/9), the spherical 

aberration is insignificant (-.005 microns). If the plate is tilted, 

both cana and astignatism are introduced; however, only at the maximum 

possible plate rotation is the amount of coma of any importance (.1 

microns). The amount of astigmatism that is introduced is of no 

consequence since the astigmatic axes are oriented with respect to 

the knife-edge in such a way that no visible effect on the Foucault 

shadows is produced. 



Figure 4 shows a photograph of the Shaok-Hartmann instrument 

with the lenticular screen removed and replaced with the ground glass 

viewing screen. The rotatable plane parallel glass plate assembly-

has been inserted into the main instrument box. A micrometer which 

allows a fine adjustment of the angle of the plate is located on 

the portion of the assembly which is on top of the box. When the 

desired Foucault shadows have been obtained, the ground glas viewing 

screen can be removed and replaced with the film holder to make a 

permanent record on film. 



Figure 4. Shack-Hartmann instrument with the rotatable glass 
plate inserted and the viewing screen at the relayed · 
exit pupil. 
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CHAPTER 3 

PRINCIPLES OF DATA REDUCTION 

The output of the Shack-Hartmann instrument is an exposed 

piece of film that contains both reference and test spots. By measur

ing the distance that each test spot has been displaced from the 

reference spot, one can determine the tilt of the sampled portion 

of the wavefront. Thus from each pair of test and reference spots 

on the film, a measuranent of the wavefront slope is obtained. This 

collection of slopes is then integrated to reconstruct the wavefront. 

Wavefront Reconstruction 

The integration of the slopes of the wavefront samples yields 

a wavefront map. To achieve an accurate representation of the wave-

front, the slope data in both the x and y direction is fit with one 

dimensional cubic splines (Forsythe, Malcom, Moler, 1977). The spline 

coefficients are then used to integrate analytically the slope data. 

Thus from each integrated spline in the x and y direction a one dimen

sional profile of the wavefront is obtained. To connect all the 

profiles together and obtain a two dimensional wavefront map, the 

constant of integration for each profile must be determined. This 

is done by requiring that the difference between crossing profiles 

be a minimum in the least squares sense. 

It should be noted that the wavefront is constructed from 

a discrete set of sampled wavefront slopes in both the x and y directions. 

13 
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Each slope value is the average of the wavefront slope over the sample 

region of one of the square lenses in the lenticular screen. Thus 

any variation of the wavefront slope within the sample region will 

not be resolved unless a finer sampling of the wavefront is used. 

Data Conditioning 

Before the slope data is fit with splines, both tilt and 

focus are removed. Each test and reference spot pair must not overlap 

if the separation between them is to be accurately measured. Thus 

the introduction of a large amount of tilt in both the x and y direc

tion is necessary. If the large amount of tilt is not removed, then 

the accuracy of the fit of the cubic splines and thus the accuracy 

of the reconstructed wavefront map is degraded. This degradation 

often causes spurious artifacts to occur at the edges of the wavefront 

map. 

Renoval of the large tilt is easily accomplished by computing 

the average spot separation of the spots in the x (x tilt) and y 

(y tilt) directicxi. The mean x and y displacement values are then 

substracted from each displacaaent along the x and y direction. 
t 

Since focus error is not an aberration of the system being 

measured but is an error due to positioning with respect to the focal 

point, it too is removed from the spot data by computing a linear 

term along the x and y direction which best fits the data. 
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Data Compression 

All of the procedures described above use the displaconent 

of the test spots from the reference spots. The conversion of the 

film from the Shack-Hartmann test to test spot displacanents requires 

an enormous amount of data compression. 

To determine accurately the deviation of each test spot, 

the film is scanned with a microdensitometer. Since the film is 

a positive the film spots appear as areas of high transmittance. 

The scanning process digitizes the transmittance of the film at user 

selected location intervals and stores the data on a magnetic canputer 

tape. Each transmittance value is stored as a positive twelve bit 

integer which allows a range frcan zero for no transmittance to ^1095 

for maximum transmittance. The x and y sample coordinates are recorded 

in microns and are also stored on the tape as positive twelve bit 

integers. The digitized coordinates are accurate to within one micron. 

To maintain the positional accuracy provided by the microden

sitometer, one would like to locate the centroid of each spot to" 

within a micron. Ccanputer analysis has shown that for a nominal 

spot diameter of 100 microns, the transmission of each spot must 

be sampled every 10 microns in order to locate the spot centroid 

to within one micron. 

A scan increment of 10 microns means that a large amount 

of data is collected. A typical film size of 40 by 40 millimeters 

when scanned, requires 16 million digitized samples stored on magnetic 

tape. (Since the values of the spot intensities were not known in 



advance, the software system was designed to read all the data col

lected in the scanning process. Experience has provided a knowledge 

of signal thresholds which may be used to eliminate the processing 

of background data thus producing a more efficient and cost-effective 

system.) Due to the large amount of data collected, the second step 

is scan data ccxnpression. Since only scanned spots are of interest, 

the background data which consists of scanned areas containing no 

spots can be removed. A substantial savings in data storage results. 

Figure 5 shows a typical case where 99 percent of the data can be 

discarded, thus reducing the spot data to about 200 thousand sampled 

locati(»s. 

The scanned spot intensities are then grouped together to 

form spot groups. The centroid of each group is calciolated along 

with the number of scan points within the spot and the maximum radius 

of the spot. Each centroid location is then designated as a test 

or reference point, which allows each test and reference pair to 

be properly paired together. 

Implementation of Data Reduction 

The above reduction steps are implemented by computer programs 

that are run on the University of Arizona's Ca)C 175 computer. The 

next chapter describes how a series of ccanputer programs acccsnplish 

the required data reduction. 
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Figure 5. Estimatioi of percent of scan data that contains spot 
intensity data, 

number of test and reference spots in circular area = 2,513 

number of sampled locations within each spot = 79 
(100 micron diameter spots sampled in 10 micron increments) 

total number of scanned points within spots = 198,527 

totcil number of locations scanned within square scan area = 16x10^' 

percent of total scan data which contains spot data = 

s 1.24 percent 
16x10° 



CHAPTER 4 

SOFTWARE DESIGN 

Data Reduction Software 

A number of canputer programs were developed to transform 

scanned film data into the wavefront of the telescope under test. 

Figure 6 shows a flowchart of the programs and the data flow between 

them.. 

The first program that is used is HISTOG. HISTOG reads the 

magnetic tape containing scan data and creates a histogram of the 

data collected as a function of the digitized intensity values. 

This histogram is very useful as it allows one to determine tha quality 

of the scan tape data. Figure 7 shows a histogram of a scanned slide. 

The large distribution to the left consists of background noise while 

the smaller distributicxi to the right contains the signal. Thus 

the histogram can be used to determine intensity thresholds which 

effectively separate signal data from background data. 

These signal .thresholds are the input to the SELECT program 

which reads the entire scan tape but stores on a disk file only data 

having intensity values within the prescribed limits. This data 

compression step is very important since any data processing using 

the entire set of scan data is not only unnecessary but also requires 

large amounts of computer time and storage. 

18 
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Figure 6. Flow chart of data reduction software 
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Figure 7. 

% transmission 

Histogram of scan data . 

The vertical scale was set to 5000 to have the 
signal data plotted. The number of scan data 
at ~ach transmission level below 9 percent 
exceeded 5000 and thus these values were not 
pl otted by the HISTOG program. 
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The next step, whicjh is to compute the centroid of each spot 

from the data stored by the SELECT program, is performed by the program 

called SPOTS. The number of scan points per spot and the maximum 

radius of each spot are also calculated and stored in a disk data 

file along with computed centroid locations. 

The SLOPES program is then used to edit the data file created 

by SPOTS and compute the slope of the sampled wavefront. This requires 

that each spot be classified as a test or reference spot and then 

each test spot be paired up with its corresponding reference spot. 

To assist in spot classification, histograms of centroid radii and 

the number of scan points per centroid are output. The program's 

user Cein then input spot classification criteria to the SLOPES program 

and a display of test and reference spots is produced. 

The pairing of test and reference spots can be done automatical

ly by SLOPES, since it assumes that a test and reference spot which 

are near each other consistutes a valid pair. However, if this method 

of pairing cannot be applied to all spots, then the test and reference 

spot pairs can be selected by the user. 

The disk data file that SLOPES produces contains two matrices 

which contain wavefront slopes along the x and y axes. Figure 8 

shows how an annular wavefront can be represented in a matrix format. 

Note that each matrix location can represent one of three data types: 

1. valid data 

2. no data; bad data is removed and the location is flagged 

with a value of -9999. 
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) ' 

Figure 8. Representation of an annular wavefront 
within a square sampling matrix. 

• = valid data 

o = no data; bad data point removed 

+ = null data in region where no valid 
data can exist 
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3. null data; sample locations are not in region where valid 

data can exist. A flag value of 9999. is present. 

The reconstructicxi of the wavefront from the slope data is 

done by the WAVES program. Before any integration of the slope data 

is attempted, both tilt and defocus can be removed. Since these 

aberrations can be introduced by alignment errors their ronoval from 

the data allows a more accurate measure of the test syston's aberrations. 

It should be noted that the Shack-Hartmenn test requires that a large 

tilt be present to separate the test and reference spots. If this 

Icirge tilt is included in the integration, spurious artifacts appear 

at the edge of the integrated wavefront. 

In order to perform an analytical integration, one-dimensional 

cubic splines are fitted to the 3].ope data along both the x and y 

directiais. The spline coefficients are then used to integrate analyt

ically the slopes. Thus two sets of wavefront profiles are produced, 

one from integratiai adong the x direction and the other from inte

gration along the y direction. These two sets of profiles are not 

located in a common surface since an arbitrary constant of integration 

must be determined for each profile. The integration constant for 

each profile is then calculated so that the mean square error at 

the intersections of the profiles is minimized. The minimization 

method is discussed in detail in Appendix A. 

A contour map of the resulting wavefront and the coefficients 

of the first ei£^t Zernike polynomials (Malacara 2979; Born and Wolf 

1980) are displayed on the line printer (Figure 9). Any of the Zernike 
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Figure 9. Contour map of reconstructed wavefront along with 
the coefficients of the fitted Zemike polynomials. 

1st nine Zernike coefficients 
ZO (Piston) = .246014E-01 
Z1 (Y Tilt) = -.187473E-02 
Z2 (X Tilt) = .166216E-01 
Z3 (Focus) = -.717255E-01 
Z4, Z5 (Astigmatism + Defocus) = .187924E-K)0 -.283706E+00 
Z6, Z7 (Coma + Tilt) = .268739E+00 .182547E-K)0 
Z8 (Spherical) = .134675E+00 
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terms can be removed and the resulting wavefront displayed (Figure 

10). Table 1 lists the Zernike polynomials used to describe the 

wavefront aberraticais. 

It should be noted that the Zernike polynomials are not strict

ly orthogonal over the discrete data set but their use in a least 

squares fit results in coefficients which are niimerically accurate. 

Appendix B discusses the suitability of using Zernike polynomials. 

Test Software 

The programs HARTSM and EPSDEV were developed to test the 

accuracy with which the WAVES program reconstructs the wavefront. 

The HARTSM program generates a disk data file which contains the 

wavefront slopes of a predetermined wavefront. The Zernike polyncanial 

coefficients for the first eight terms (up to third order spherical 

and excluding piston) kre input to the program by the user and the 

program then computes the wavefront slope in both the x and y direction 

for each sampled location. The wavefront slopes are calculated from 

a Zernike polynomial set that has had both the x and y variables 

partially differentiated. The generated slope data is exact since 

no scanning noise is present and thus the accuracy of the integration 

procedure used in WAVES can be easily tested. 

The EPSDEV program allows more realistic testing of the inte-

graticxi scheme of the WAVES program. EPSDEV reads in the file gener

ated by HARTSM and adds noise errors corresponding to the noise in 

real data. This is accomplished by modeling the spot intensity dis

tribution and sampling the spot at a finite number of locations. 
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Figure 10. Contour map of wavefront with the fitted Zernike 
terms removed. 

1st Nine Zernike Coefficients 
ZO (Piston) = .303420I'-13 
Z1 (Y Tilt) = .145840E-15 
Z2 (X Tilt) = .659246E-14 
Z3 (Focus) = .151798E-13 
Z4, Z5 (Astigmatism + Defocus) = -.132650E-14 

-.355263E-13 
Z6, Z7 (Coma + Tilt) = .578485E-14 .361991E-13 
Z8 (Spherical) = .210999E-13 
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Table 1. Zemike polynomials used to describe the aberrations of 
the wavefront. 

Designation Meaning Polar Form Monomial Form 

.-1 

1 

2 
2 

-2 

.0 

piston 

tilt in y 

tilt in X 

focus shift 

astigmatism plus defocus 

coma and tilt 

pcosS 

psinG 

2 
2p -1 

p^cos29 

2 
p sin20 

(3p -2)pcos0 

(3p -2)psin0 

X 

2 2 
2(x^+y )-l 

2 2 
y -X 

2xy 

3y(x^+y^)-2y 

3x(x^+y^)-2x 

2^ 2,2 ,, 2_^ 2, 
spherical and defocus 6p -6p +1 6(x +y ) -6(x +y )+l 



The centroid of the sampled spot is then calculated and the deviation 

from the exact spot centroid is ccxnputed and added to the HARTSM 

generated slope data file. The corrupted data file is read by the 

WAVES program and differences in the reconstructed wavefront due 

to the scanning process can.be measured. 



CHAPTER 5 

SOFTWARE TESTING 

In order to determine how accurately the WAVES program recon

structs a wavefront, the HARTSM program was used to create wavefront 

slope data that contained known aberrations. The EPSDEV program 

was then used to add scanning noise to the slope data file. 

Integration of Noiseless Slope Data 

The WAVES program was tested using the exact wavefront slope 

data generated by HARTSM. The generated wavefront slope data is 

typical of the data that will be encountered in testing large tele

scopes: 

number of sample points accross the pupil = 40 

radius of annular region = 6 samples 

magnitude of aberratiais = 

30 microns 

focus 

astigmation 1 micron. 

coma 

spherical aberration 
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The wavefront slope data that was created by HARTSM from 

the above was not read by the WAVES program. The resulting wavefront 

was then fitted with Zernike polynomials to determine the accuracy 

of the wavefront reconstruction. The Zernike coefficients were within 

10"^ microns of their original values. Thus the WAVES program can 

accurately integrate noisless slope data. 

Scanning and Film Noise 

The accuracy with which the centroid of each spot can be 

calculated depends upon the number of samples taken within a spot 

and the fluctuation of the film's transmission due to the film grain. 

To observe how the accuracy of centroid location depended 

upon scan incranent, a program called ACURAT was used to measure 

the average error as a function of scan step size. Figure 11 shows 

how the average centroid location error depends upon the number of 

samples. For a 100 micron diameter spot, a scan increment of 10 

microns allows the average position error to be less than one micron, 

which is the positional accuracy of the microdensitometer that is 

available for scanning. 

The EPSDEV program was run to simulate a scanning aperture 

diameter of 10 microns that samples the film in 10 micron increments. 

Both test and reference spot diameter were set to 100 microns while 

the noise level was varied from zero to thirty percent of the maximum 

spot intensity. The film noise was simulated by allowing the intensity 

values with a spot diameter to randomly vary within the percent of 
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Figure 11. Average centroid deviation as a function 
of the number of samples across the spot 
diameter. 

The spot is assumed to be a uniformly 
illuminated circle. 



the maxLmum spot intensity set by the user. Figure 12 shows a graph 

of the percent variation in the Zernike coefficients for coma, astig

matism, and spherical aberraticxi. 

As can be seen from Figure 12, the errors in the Zernike 

coefficients are smalls This is due to the large amount of sampling 

that is occuring. Each 100 micron diameter spot is sampled about 

80 times and thus individual sample variations due to film grain 

are averaged out very effectively. 



Figure 12. Percent change in Zemike coefficients 
as a function of simulated scanning noise. 



CHAPTER 6 

INSTRUMENT TESTING 

In order to test the accuracy of the Shack-Hartmann instrument, 

an aberrated wavefront produced by two lenses was measured. The 

lenses were also tested on a ZYSO interferometer and the results 

from both methods of testing were compared. 

Measurement of Spherical Aberraticai 

Two achrcsnats were used to produce a wavefront which contained 

a large amount of spherical aberration. Figure 13 shows how a pinhole 

source was relayed through the lenses to the Shack-Hartmann instrument. 

The source was positi<aied at the focal point of the 200 millimeter 

focal length lens so that the anerging beam was collimated. The 

100 millimeter focal length lens was positioned so that the beam 

was brought to a focus on the surface of the piano convex lens of 

the Shack-Hartmann instrument. This lens was also placed backwards; 

i.e. the more steeply curved surface was facing the shorter conjugate 

and thus a large amount of spherical aberration was produced. 

The reference pinhole of the test instrument was also illumi

nated and the Hartmann spot pattern shown in Figure 14 was recorded. 

The large square grid was found by the reference source while the 

smaller grid was formed by the aberrated wavefront. Note that the 

spacings between the third and fourth row and between the first and 

second column of the reference spot matrix are larger than nonnal. 
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pinhole 
source 

Lens 2 Lens 1 Sh ack-Hartmann 
instrument 

Figure-13. Lenses used to generate wavefront containing 
spherical aberration. 

Lens 1. 400 millimeter focal length achromat 
50 millimeter diameter, steeply curved 
side towards closest conjugate 

Lens 2. 200 millimeter focal length achromat 
50 millimeter diameter, steeply 
curved side towards infinite conjugate 



Figure 14. Test and reference spot pattern showing location 
of asymmetrical rows and columns. 



These manufacturing errors in the focusing Hartmann screen turned 

out to be very useful since one needs to identify which test spot 

belaig to which reference spot. Using these asymmetrical features 

one can tell that each test and reference pair are close to each 

other and that the reference spots are above the test spots. To 

eliminate the asymnetrical rows and columns from being recorded as 

valid data, the beam diameter was stopped down to 35 millimeters 

which resulted in the picture shown in Figure 15. 

The film was then developed using reversal processing so 

that spots appeared as areas of high transmittance. This offers 

two advantages when digitizing the film on the microdensitometer: 

1) The microdensitometer measures intensity directly and thus 

greater signal resolution is achieved. 

2) Since density is not being measured, one can disconnect the 

log converter that is normally used. This means that the 

scanning speed can be set to the maximum speed since no time 

consuming log conversion is being done. This feature is 

important since, even at top speed, the time to scan a 35 

by 35 millimeter piece of film requires about three and one 

half hours. 

A scan step size of 10 microns over a 35 by 35 millimeter 

area produced two magnetic tapes of data. Each set of scan data 

was then analyzed to determine signal thresholds and then the files 

were combined together onto a disk file. 
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Figure 15. Test and reference spot pattern used to test 
the Shack-Hartmann instrument. 



The end result of all the computer processing was a contour 

map of the wavefront along vd.th the Zernike polynomial coefficients 

(Figure 9). To determine the accuracy of this reconstructed wave-

front, both lenses were tested by creating interferograms using a 

ZYGO interferometer, digitizing the interferograms, and analyzing 

the digitized data with the FRINGE (Anderson, 1982) program. 

The FRINGE program computed the first 8 Zernike polynomial 

coefficients and frcan these coefficients the third order aberration 

coefficients were calculated. The formulae used are: 

astigpiatism = \/(ijj)^ + (aa^)^ 

coma =v(3ag)^+ (3a^)^ 

spherical = 6ag 

_2 
where a^,, a^;, ag, a^, and ag are the coefficients of the Ag , 

A,"*"^, Aj"^ and A^® Zernike polynomials respectively. It should 

be noted that only the magnitude of the astignatism and coma terms 

are computed by the above formulae while the spherical term contains 

both magnitude and sign. 

Table 2 contains both the results of the ZYGO/FRINGE tests 

and the Shack-Hartmann test. The large variation in the measured 

amounts of astigmatism and coma for lens 1 indicate that it was dif

ficult to test. 

Figure 16 shows the test setup used to obtain the interfero

grams. The plane wave from the ZYGO passes through the selected 

ZYGO lens and the beam is brought to a focus. The focal point of 
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Table 2. Results from the ZYGO/^RINGE and the Shack-Hartmann Tests. 

ZYGO/FRINGE TEST 

(Allnumbers- have units of Helium-Neon wavelength, X = .6328 microns) 

Astigmatism Coma Spherical 

Lens 1 

Test 1 2.3 3.5 1.5 

Test 2 1.6 3.1 1.5 

Lens 2 

Test 1 0.1 1.6 -0.3 

Test 2 0.1 1.6 -0.3 

Average spherxcal aberration measured by ZYSO/FRINGE Test: 

Lens 1 = 1.5 ±.l 
Lens 2 = -0.3 ±.l 

Total = 1.2 ±.2 

SHACK-HARTMANN TEST 

Astigmatism 

1.1 

Coma 

1.5 

Spherical 

1.3 
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ZYGO 

Lens 1 
reference 
flat 

F/11 ZYGO LENS 

ZYGO 

Lens 1 

F/11 ZYGO LENS 
reference 

flat-

Figure 16. Methods used to test the 400 millimeter focal 
length lens with the F/.75 and F/11 ZYGO lenses. 



the achromat under test was placed at the focus of the beam so that 

a collimated beam of light passes fran the achromat to the reference 

flat. Since lens 1 has a 400 millimeter focal length the F/.75 lens 

allowed only a small portion of the test beam through the lens. 

This resulted in interferograms which were unusable as the fringes 

had poor contrast and the physical size of the lens in the interfero-

gram was very small. The F/11 lens placed all of the beam throijgh 

the lens and so the lens picture was large and the fringes had excel

lent contrast. However, the fiducials on the edge of the test are 

were partly obscured and were not fully visible in the interferogram, 

since the lens diameter to be tested was 35 millimeters and the beam 

diameter was 36 millimeters. 

Two interferograms of lens 1 were taken using the f/11 lens, 

digitized, and analyzed using FRINGE. The error in locating the 

fiducials is responsible for the large variation in the astigmatism 

and ccxna since these aberrations are very sensitive to errors in 

locati<xi of the test origin. 

Lens 2 was tested on the ZYGO using the F/.75 lens and two 

interferograms were obtained which had clearly marked fiducials. 

Both of the tests of lens 2 are in good agreement and indicate that 

no problem in locating the fiducials was encountered. 

Since both tests of lens 1 indicates that neither astigmatism 

nor cona have been accurately measured, a comparison with the results 

from the Shack-Hartmann test cannot be done with much confidence. 



43 

However, the measurement of spherical aberration is consistent for 

each lens and thus can be used for comparison. 

By averaging the results of the ZYGO/FRIN(ffi tests one obtains 

a sum of 1.2 waves of spherical aberration. An accuracy of one-tenth 

of a wave can be expected for each lens tested and thus the value 

of 1.2 waves has an error bound of plus and minus .2 waves. The 

Shack-Hartmann test yielded 1.3.waves of spherical aberration and 

thus both methods of testing are in agreement with eacli other. 

The close agreement of the Shack-Hartmann test with the ZYGO/-

FRINCE test is remarkable when one considers that one method of testing 

measures the wavefront directly using interferometry while the other 

method measures wavefront slopes which must be integrated to obtain 

the wavefront. 



CHAPTER 7 

CONCLUSIONS 

The Shack-Hartmann instrument has demcaistrated the capability 

of measuring spherical aberration with an accuracy normally associated 

with interferometric testing. In the course of performing this test, 

a number of areas where improvement could be made became apparent.-

The focusing Hartmann screen has several rows and columns 

of lenses that are not equally spaced. To sample the exit pupil 

over a diameter greater than 35 millimeters a new screen with evenly 

spaced rows and columns should be constructed. However several loca<-

tiois on the screen should be unique in some way so that the test 

and reference spots formed by the screen can be properly paired. 

One possible approach is to purposely block out four lenses, each 

being at one of the four corners of the square focusing screen. 

This would produce a spot matrix that has a spot missing in each 

corner. Each missing spot in both the test and reference matrices 

would then allow one to properly pair up rows and columns. 

Another improvement which should be made is a change in the 

scan tape input format. Presently the software is setup to read 

a seven track magnetic tape which is written by the microdensitometer 

at a density of 800 BPI (bytes per inch). The scanning of a 35 by 

35 millimeter area produced two magnetic tape reels of data. The 

microdensitometer has the capability of writing nine track 1600 BPI 
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tapes whic5h would allow more data on a single reel of tape. Thus 

the input format of the two subroutines which are responsible for 

reading the magnetic tape (HEADER and RSCAN) should be modified to 

accomodate the higher density tape format. This change is not trivial 

as the data on the tape consists of strings of 12 bit integers which 

are packed differently for different tape formats. 

One aspect of the data reduction which was costly to perform 

was the editing of scan tape data. By setting intensity thresholds 

one can select the spot data from the data collected between the 

spots. However, several iterations of selecting thresholds and looking 

at the resulting spot centroid locations were necessary in order 

to extract all the spot intensity data. This was costly since a 

single reading of a tape cost $20. What would be useful is if, for 

a given set of signal thresholds, the location of each selected inten

sity .datum could be plotted on a graphicj;:. terminal. Then one could 

alter signal thresholds and monitor the appearance of all the spots 

at once. Any bad piece of data would also be easily noticed. Since 

the Optical Sciences Center has access to a Tektronix 4051 and an 

HP 2648A graphics terminal this option can be implemented with the 

addition of new software. 

If the collection of the scan data could be made more effi

cient, the above recomnendations for improved data editing would 

not need to be implenented. At present eill the sampled scan locations 

are stored on magnetic tape. Due to both the size of the scan incre

ment and the area scanned, a large amount of data is stored. If 



the minicomputer which controls the microdensitometer can be repro-

granmed to store only data that has a minimum signal thi'eshold, then 

a great savings in both data processing and storage can be achieved. 

This one improvenent would greatly increase the efficiency and lower 

the cost of operating the data reduction software. 



APPENDIX A 

DETERMINING THE CONSTANTS OF INTEGRATION 

Using the coefficients of the cubic spline which are fit 

to the wavefront slope data, one can integrate analytically the wavefront 

slopes and obtain two sets of wavefront profiles. One set describes 

the wavefront along the x direction and the other set describes the 

wavefront along the y direction. 

Each profile has a constant of integration associated with 

it. By defining an rms error which measures the differences between 

the profiles in both directions, one can use a convergent numerical" 

procedure to adjust the integration constants and minimize the difference 

between the two sets of wavefront profiles. 

If we define: 

Z = wavefront profile obtained by integration along 
the X direction 

Z = wavefront profile obtained by integration along 
" the y direction 

R = constant of integration for a profile along the 
y direction (row profile) 

C = constant of integration for a profile along the 
^ y direction (column profile) 

then the error at each matrix location where the profiles cross can 

be defined as: 

E = (Z +R ) - (Z +C ) x . y  X X  y  y  
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where Z + R is the wavefront profile along the x direction and 
A A> 

Zy + Cy is the wavefront profile along the y direction. The sum 

of the squared terms is: 

I (e )^ = I (Z +R ) - (Z +C )]^ 
, x,y ^ XX y y 

x,y x,y ^ ^ 

'  J ,  ^9y  
2 

where the sum is over all the x,y locations where the profiles cross. 

An error matrix can be defined as: E = Z -Z so the SUEI-
x,y X y 

of the squared errors can be rewritten as: 

1 r K  j . B - C ' v  " " t "  
X .'y ft.y - - =yD " ' y' 

where ij) is the function to be minimized. 

At the minimum we have for variable R 

|J- = 0 = 2y(E +R - C) 
3R ^ x.y X y 
X y 

or 

0 = y E  + R - C = N R + y E  - C  
x,y X y X ^ x,y y 

y y 

where is the number of column profiles that cross the particular 

row profile R^. Note that the sum over all profile crossings reduced 
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to a summaticxi over column profiles since the partial derivative 

was taken with respect to one particular row profile, R^. 

Solving for yields: 

R = - 1 y E -C 

y 

The column constants of integration can be found in the same 

fashion: 

|J-=0 = 2y-[E +R-C]=-2yE +R-C 
3Cy ^ x,y X X ^ ^ 

0  =  N C - y E  + R  
X y ^ x,y X 

C = I E + R 
V N x.y X 

X X 

Where is the number of row profiles that cross the column 

profile whose constant of integration is C^. 

The convergent numerical procedure that is used to determine 

the integration constants is: 

1) set R = C = 0 
X y 

2) determine the error matrix E 
XiY 

3) calculate the initial rms error 

4) calculate all the C constants of integration 
7  

5 )  calculate all the R^ constants of integration 



6) calculate the rms error and if it has decreased, go to step 

4. If the rms error has stopped decreasing, go to step 2 

to recompute the error matrix E 
* ly 

The above process can be repeated until the rms error has 

been minimized to the desired level or until the rms error stagnates 

and refuses to be reduced any further. Typically the rms error can 

be minimized until the noise present in the slope data causes the 

rms error to stagnate. 



APPENDIX B 

USE OF ZERHEKE POLYNOMIALS 

In order to quantify the aberrations of a wavefront which 

has been sampled at by a discrete set of locations, one would like 

to know the values of the classical aberration coefficients: 

W( p, <|) ) = WjjQ p'* + P̂  cos (|) + W22 P'̂  coŝ  9 

+ ̂ 20 P 

where 

Wj^Q = spherical aberration, coefficient 

= coma coefficient 

W22 = astigmatiai coefficient 
I 

= defocusing coefficient 

In order to determine the aberration coefficients one performs 

a least-squares fit of the above polynomial to the discrete data 

set. A matrix equatiai results which must be solved to determine 

the coefficients of the polynomial terms. However the matrix that 

must be solved may be either exactly singular or close to being sing

ular if the separate terms being fitted are not orthogonal over the 

data set (Forsythe, Malcolm, Moler, 1977). This means that the com

puted coefficients may be meaningless. 
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The classical aberration terms are not orthogonal over the 

unit circle that contains the wavefronto However, the Zernike poly

nomials (Malacara, 1978; Born and Wolf, 198O) which may be constructed 

as polynomial sets of the classical terms, are orthogonal in a con

tinuous fashion over the interior of a unit circle and the classical 

aberration coefficients can be computed from them. Thus Zernike 

polynomials are often used to fit wavefront data in order to obtain 

a measure of the classical aberrations. 

It should be noted that the Zernike polynomials are orthogonal 

for a continuous and not a discrete data set. However, if the data 

being fitted is a dense sampling of the wavefront over the interior 

of the unit circle, then the polynomials are almost orthogonal and 

the calculated coefficients are valid. This can be verified in two 

ways: 

1) The matrix that is used to determine the Zernike coefficients 

is close to being diagonal. This can be measured by computing 

the conditicxi number of the least-squares matrix since a 

condition number near unity means the matrix is close to 

32 
beit^ diagonal. A large conditicxi number (e.g. 10 ) indicates 

that the matrix is either exactly or close to being singular 

(Forsythe, Malcolm, Moler, 1977). The wavefront produced 

by the Shack-Hartmann test has a condition number less than 

15. 

2) The Zernike polynomials are close to being complete over 

the discrete data set. This can be determined by creating 



a discrete data set from Zernike polynomials, fitting the 

data with the Zernike polynomials, and then removing the 

computed Zernike terms from the discrete data set. The data 

set should contain zero values if the polynomials are complete 

and the actual values encountered are very small (less than 

-12 
10 microns). 

The reason v/hy the Zernike polynomial fit works so well for 

the discrete data sets used is that the data is a very dense sampling 

of the wavefront values. Experience with the fitting of the Zernike 

polynomials has also demonstrated that even for annular wavefronts 

which are typically encounted in large telescopes, the densely sampled 

data which is provided by the Shack-Hartmann test allows an accurate 

calculation of the Zernike polynomials. 
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