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I. INTRODUCTION

It is axiomatic that accurate wavefront aberration measurements are
indispensable in the performance evaluation of laser optical systems. However,
the diagnostic instruments used to obtain wavefront estimates don't give direct
messurements of wavefront optical path differences (OPDs). What can actually
be measured are the effects of the aberration, rather than the aberration
itself.

In the case of an interferometer, the measurement takes the form of an
interference pattern representing wavefront surface contours in specific
increments of wavelength. Conversion of this information into an OPD estimate
depends upon some mumerical algorithm to reconstruct the wavefront from its

contour curves.

For a Hartman-type sensor, the measured quantities are subaperture focal
spot displacements in a detector plane. These displacements are related to
near field local wavefront gradients, which must then somehow be integrated in
order to reconstruct the wavefront.

Even in such advanced diagnostic instruments as the heterodyne
interferometer, the actual measured quantities are not OPDs but (as the name
suggests) return-signal phase differences between two beams of differing
frequency. The measured phase difference is then converted to OPD by an
internal e2lgorithm which must account for the 2nmambiguity inherent in such

conversions.

In any case, the accuracy of the wavefront estimate depends not only upon
the accuracy of the measuring instrument, but also upon the fidelity of the
numerical process used to convert the raw measurement into the wavefront
estimate. In the case of the Hartmann sensor, the spatial filtering
characterigtics of the lenslet plate also impose a limit on the attainable
accuracy.

TET e v ———t ) % . s
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This report describes the development and validation of a computer
simulation of Hartmann sensor performance, together with the results of an
abbreviated parametric study performed using the completed and validated
simlation code. The report is divided into five sections. Section II
sunmarizes the code development effort. Section III describes the code
validation process and presents the results of the validation test cases.
Section IV discusses the scope and content of the parametric study. Section V

provides some recommendations, based on the results of this effort, for
additional areas in which further code development could significantly enhance
both this Hartman sensor simulation and other areas of computer analysis and
simlation.




II. CODE DEVELOPMENT

1. INITIAL CODE STATUS

The Hartmasnn sensor simulation code developed under this effort is
acutally an extension to and a completion of the simulation code initiated by
United Technologies of New Mexico (UTNM) under the fixed price, level-of-effort
contract F20601-82-C-0102, "Pointing and Tracking Modeling", acting as a.
subcontractor to Applied Technology Associates, Inc. The simulation code
consisted of an executive program and 55 supporting routines, organized
functionally into six modules: Initialization/Control, Field Generation,
Propagation, Phase Analysis, Output, and Graphics. The entire simulation was
built around two basic models (geometric and wave optics) of Hartmann array
optical peformance. At the completion of the allocated level-of-effort for the
earlier task, approximately 95 percent of the anticipated required code was
installed, and the code was sbout 75 percent checked out.

2. EXTENSIONS AND MODIFICATIONS

In this code development effort, the basic structure and modeling approach
of the earlier Hartmann simulation code has been preserved. There are still
the same six functional modules and the code is still built around the
geometric and wave optics models. However, a number of new subroutines have
been added in order to meet new computational requirements and provide
some expanded outputs. Consolidation of certain computational functions also
resulted in a slight increase in the number of subroutines, but eliminated some
redundancy of code. In its present configuration, the code consists of the

executive program and 71 supporting subroutines, including the phase
reconstruction algorithm provided to UTNM by the Air Force Weapons Laboratory
(AFWL) .
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III. CODE VALIDATION

1. TFORMAL VALIDATION TEST CASES

The contract Statement of Work (SOW) details three specific test cases for
validation of the Hartmann simulation code. This section describes each of
these validation test cases in terms of the SOW requirements, the necessary

inputs to the code, and the pertinent results.

a. Tilt/Pocus Validation Case

(1) Reguirements — The specifications set forth in paragraph
4.1.1.2.1.1 of the contract SOW are as follows: "For a phase front composed of
one wave (A = 0.5 microns) each of tilt and focus, the net wavefront tilt over
each subaperture of a 3 x 3 contiguous array as determined in the code, shall
be compared with the analytical solution. The results shall agree within
5 percent".

(2) Description of Inputs — Figure 1 shows the basic geometry for
this validation test case. The subapertures have 4-cm radii and the input beam

has a radius of 12 cm. The input Zernike coefficients are p, (y = tilt) = 1.0
end p, (focus) = 1.0. The Zernike polynomial scaling is such that a
coefficient of 1.0 corresponds to a maximum amplitude of one-half wave over the
normalization aperture (in most cases this is equivalent to a total variation

of one wave over the aperture).
(3) Results

(a) Subaperture Net Wavefront Tilts — The analytic form of the
input wavefront aberration functions for this case is

2
ooy = B2l apa ¥ (1)
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The analytic expressions for the gradient are then

—3 (X,y) = _r‘g;‘—

n
and
3¢ (x _ 2y 1
yy) = +
—ﬁ I.rl.2ﬁ Zrn

Y

el

/

Figure 1. Hartmann 3 X 3 array geometry.

(3)
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Table 1 compares the functional values of the expressions (Eq. 2, 3) for rp = }
12 with the corresponding values computed by the Hartmann code for both the ‘
geometric optics and wave optics models. In both models, the actual numerical

processes correspond to computing an average gradient over the illuminated

portion of each subaperture. The wave optics model exhibits very slight

asymnetries and tends to produce slightly larger errors than does the geometric

model. Even so, the worst error is less than 1.1 percent, more than a factor

of four below the 5 percent criterion. The worst error for the geometric model

is less than 0.2 percent, down a factor of more than 25 from the 5 percent

limit. :

(b) Other results of interest — The gradient criterion

discussed above was the only specification given in the SOW for this valida .r
test case. However, some other results are also of interest in understanding
and evaluating the performance of the Hartmann simulation code. Table 2 gives
a comparigon of the input and output Zernike coefficients through p,. The
output coefficients labeled "Compensated" are derived using a gradient fitting
technique in which each net subaperture gradient is assigned the coordinates of

the centroid of illumination for that subaperture. Thus, the procedure
compensates for partially illuminated subapertures. The output Zernike
coefficients labeled "Uncompensated" are similarly derived, except that the net
subaperture gradients are treated as if they occurred at the subaperture
geometric centers, irrespective of fractional illumination. As may be seen
from the table, the uncompensated procedure (for this 3 x 3 contiguous array
geometry) results in errors in the computed p, (focus) term on the order of 8
percent to 8.5 percent. In contrast, the errors for the compensated procedure
are about 0.1 to 0.4 percent.

Finally, some preliminary inferences may be made regarding the performance
of the phase reconstruction algorithm employed in the Hartmann code. This
algorithm (like most phase gradient and phase difference algorithms) is . J

structured to reconstruct phase on a uniform square grid from gradient data IA
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also given on a uniform square grid. In the presence of partially illuminated
subapertures, the phase gradient data used are not really representative of a
square grid, thus abusing the algorithm to s » extent. On the other hand,
these results should be fairly representative of simple Hartmann devices, which
normally do not measure near field subaperture irradiance centroids. Table 3
compares analytically determined phase (from By. 1) with numerically
reconstructed phase from the gradient data for both the geometric and wave
optics models. Because the gradient data are devoid of any piston information,
the phase reconstructions generally contain a piston error. TFor purposes of
the presentation in the table, a piston correction term was chosen using the
average error taken only over the fully illuminated subapertures. The "adj"
column in the table reflects the residual wavefront reconstruction error after
the piston correction is applied. As expected, significant errors occur in the
reconstructed wavefront on partially illuminated subapertures. These effects
may be strong contributors to the Zernike mode cross-coupling behavior which
has been observed in gradient-phase reconstruction techniques. The significant
improvement achieved in the Zernike polynomial fits by compensating for partial
subaperture illumination suggests that similar improvements in phase
reconstruction fidelity may be possible with a more general algorithm which is
not tied to a uniform square data grid. Such a generalized algorithm, coupled
with a device for sensing near field subaperture illumination, might
potentially provide a significant improvement in the accuracy of Hartmann-type

wavefront sensors.

b. Geometric Model Validation Case

(1) Requirements — The specifications set forth in paragraph
4.1.1.2.1.2 of the contract SOW are as follows: "A wavefront composed of low-
order Zernike coefficients corresponding to an inviscid flow only condition,

and supplied by the government, shall be sampled on a 6 x 6 contiguous array
Hartmenn plate. The analysis shall use a geometric (tilt only) propagation.
The resulting Zernike coefficients derived from the reconstructed wavefront
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shall be compared with each known input coefficient and agree within 10
percent. In a case where the criterion cannot be met, the contractor shall
submit to the government a written request to waive the criterion for that
specific case. The government will respond in writing to all such requests."

(2) Description of Inputs — Figure 2 shows the basic geometry for
this validation test case. The input beam still has a 12-cm radius, but the

subaperture radius is reduced to 2 cm.

“N

_.....'._
\ 13 | 14
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> - P - ~.
N7 | @ ' 9 0 Y 11 A 12 )
1o L2 3 )

i M ~ .
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Figure 2. Contiguous 6 X 6 Hartmann array.

(3) Results — Table 4 gives the input and output Zernike
coefficients, together with computed percent errors. The input coefficients

were provided by AFWL. For these low-order Zernikes, even the uncompensated

11
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procedure satisfies the 10 percent criterion specified in the SOW. However,
the coefficients determined by the compensated procedure reproduce the input to

within about 0.5 percent.

c. Wave Optics Model Validation Case

(1) Requirements — Paragraph 4.1.1.2.1.3 of the contract SOW
specifies: "For the input wavefront described in 4.1.1.2.1.2, a comparison
shall be made between the geometric and wave optics methods used in the code.
This shall be done by comparing the derived coefficients. In the absence of
severe point spread function distortion, i.e., by reducing the size of the
subaperture, the two methods shall produce coefficients which agree within
5 percent.”

(2) Description of Inputs — This case is identical to the case
described in Subsection 1b with the exception that the Hartmann array need not
be contiguous. That is, the dilution ratio of the array may be treated as a
free parsmeter in meeting the criterion of agreement between the geometric and

wave optics models to within 5 percent.

(3) Results — Since the wave optics model was involved in the
Subsection 1b case, those results may be used to demonstrate compliance with
the requirements for the test case. Table 5 shows that the agreement is well
within 5 percent. TFor comparison, a second run was made, using a dilution
ratio of 50 percent. That is, the subaperture radii were reduced to 1 cm.
Figure 3 illustrates the geometry and Table 6 shows the results, which are also

within the specified 5 percent limit, except for the uncompensated pg
coefficient.

13
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TABLE 5. ZERNIKE COMPARISON, 6 x 6 CONTIGUOUS ARRAY
Zernike Compensated Uncompensated

term Geomdl Wavmdl % dif Geomdl Wavmdl % dif
2 4.470 4.47 0.02 4.486 4.487 0.02
3 * * ¥* * * *
4 -0.6101 ~0.6087 0.23 ~-0.5940 -0.5924 -0.27
5 0.03102 0.3100 -0.06 0.03019 0.03015 =0.13
6 * * * * * *
8 * * * * * *

* Absolute coefficients <10-3; % difference not meaningful.

Figure 3.
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Hartmann 6 X 6 array, 50% dilution.
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TABLE 6. ZERNIKE COMPARISON, 6 x 6 ARRAY, 50% DILUTION

Zernike Compensated Uncompensated
term Geomdl Wavmdl % dif Geomdl Wavmdl % dif F
2 4.489 4.489 0.0 4.494 4.495 0.02
3 * * * * * *
4 ~0.6100 -0.6043 -0.93 -0.6044 -0.5986 ~0.9%
5 0.03101 0.03254 4.9 0.030TM1 0.03225 5.0
6 * * * * * *
7 -0.3159 -0.315% ~0.09 ~0.30% -0.3054 -0.07
8 * * * * * *

* Absolute coefficients <10-3; % difference not meaningful.

d. Code Performance

The Hartmann sensor simulation code meets the requirements established in
the three validation test cases specified in the contract SOW.

The gradient-based Zernike polynomial fitting and phase reconstruction
techniques employed in the Hartmann code appear to perform well, with the
exception of edge effects which are due to partially illuminated subapertures.
Since the Zernike fitting algorithm is a least-squares technique, it was a
simple matter to generalize it to compensate for these effects. However, some
considerable effort would be required in order to generalize the phase

reconstruction algorithm.

2. OTHER PERFORMANCE TESTS

a. Propegation — The wave optics propegation algorithm used in the
Hartmann simulation code was derived from the far field propagation portions of
the Chemical Laser Optical Quality (CLOQ) code, which is a variant of the
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System Optical Quality (SOQ) code. The SOQ code was developed for AFWL by United

Technologies as the principal physical optics analysis tool for studies and
performance evaluation of the Airborne Laser laboratory (ALL) resonator and
optical train. The S0Q code has been in active use at AFWL since 1973 and is
thoroughly validated.

Single-aperture propagation results from the Hartmann code have been
compared with both CLOQ and S0Q results using 32 x 32 point calculation grids.
The results agree extremely well. For example, for an input plane wave beam
with up to one wave of misfocus applied, the total far field power calculated
by the three codes differed by less than 0.2 percent.

b. Correlated Random Phase — A principal feature of the Hartmann code is
the modeling of phase aberrations due to turbulence effects in atmospheric

propagation. Such turbulence effects are modeled in the code as a correlated
random phase component generated from user-specified parameters describing the
strength and correlation properties of the turbulence. Statistics of the
Hartmann sensor performance are compiled from its responses to a sequence of

such random phase realizations.

The Hartmann code employs Fast Fourier Transform (FFT) numerical
techniques in the generation of correlated random phase. As a built-in check
on the actual correlation properties produced, the Hartmann code back-computes
the autocorrelation of each specific random phase realization. The average
autocorrelation function over the sequence of realizations is then compared
with the user-specified correlation function. These comparisons show a slight
systematic spreading in the achieved correlation function relative to the
specified desired correlation function. Although no detailed analysis of this
effect has been performed, it appears that the small observed spreading is
inherent in the FFT-based convolution used in the smoothing process. Figure 4
shows a sample three-dimensional and contour plot of a correlated random phase
realization.

e i
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IV. PARAMETRIC STUDY
1. ZERNIKE MODE FIDELITY

A question which is of both theoretical and practical interest is the
accuracy with which a Hartmann-type sensor, with its inherent spatial filtering
properties, can reproduce specified input Zernike phase modes. There are two
facets to this questions. First, for an input phase aberration consisting of a
single Zernike mode, how much of that aberration does the sensor think it sees?
Second, how much of the Zernike aberrations not present in the input does the

sensor think it sees? That is, if the input phase is given by

¢ (x,3) = p 2z, (x,5)

where zi is the kth Zernike polynomial, and the output (reconstructed) phase
is described by

n
b (x,5) =i=21 p; z; (%)

then the ratio Py/Py represents

the fidelity with which the sensor reproduces the kth Zernike mode. The ratios
Bi/pk (i # k) represent the ith Zernike mode cross~coupling in the

gsensor. For a perfect sensor, of course, the fidelity would be 1.0 for each
Zernike mode and all cross—coupling terms would be zero.

a. Unobscured Cage — Test cages were run using the Hartmann code to

investigate the fidelity and cross-coupling properties of 6 x 6, 9 x 9, and 12
x 12 element Hartmenn arrays for 8 Zernike modes ranging from z, to z,,.

Figure 5 shows the fidelity and cross-coupling results for coma (P7). Two
trends are fairly clear: (1) Increasing resolution of the Hartmann arrsy tends
to improve fidelity and reduce cross-coupling; and (2) the Zernike fitting
algorithm which compensates for partially illuminated subapertures has better
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fidelity and less cross-coupling than the uncompensated algorithm. These
results are qualitatively typical of the corresponding results for most other

,A___A._..

Zernike modes.

b. Obscuration Effects — A few test cases were run for low order Zernike

aberrations with central obscurations applied to the input beam. Figure 6
shows the effect of the obscuration ratio on the fidelity and cross coupling

for focus (p,). As expected, the compensated Zeranike fits are far less
sensitive to the central obscuration ratio then are uncompensated fits. Also,
both fidelity and cross-coupling are worse for larger obscurations. Similar

results are obtained for Zernike modes astigmatism and coma.
2. PLATE DESIGN PARAMETER VARIATIONS

In addition to the rather basic parameter variations described above, one
of the purposes of the parameteric study was to investigate the performance
sensitivity of various possible Hartmann plate designs to variations in the
input aberration characteristics. Time constraints prohibited a full design
sensitivity study, but some preliminary conclusions may be drawn from the

limited number of cases it was possible to run.

Three specific input beam aberration cases were provided by AFWL for
analysis in this part of the parametric study. ZEach aberration case is
descrived by a set of Zernike polynomial coefficient, together with a
turbulence strength parameter normalized to the input beem wavelength. TFor
each of the three aberration cases, the parametric study varied the turbulence
correlation length and the Hartmann plate resolution. The performance measure
for this study was Zernike mode fidelity. That is, the principal question of
interest was how well the Hartmann sensors could pick out the Zernike

aberration content from the turbulence (noise).

The turbulence strengths were described by the quantity of A, where ) is
the input beam wavelength and o is the standard deviation of a Gaussian
probability distribution describing the random (turbulent) component of the
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phase. Values of o/A = 0.13, 0.39, and 1.04 were prescribed. Using the range
of $30 as a practical bound on the random wavefront variation, one finds that
the values of of A given correspond to expected peak~to-valley wavefront
variations of about 0.78, 2.34, and 6.24 waves. In what follows, these cases

are referred to as Moderate, Strong and Severe turbulence cases, respectively.

a. Moderate Turbulence ( o/ = 0.13) — The input Zernike coefficients
prescribed by AFWL corresponding to this case were: p, = 1.243, p, = 1.217,
p,, = 0.087, p;, = 0.080 and p,, = 0.012. It is noteworthy that only p, and pg
in this case yield peak-to-valley variations greater than the noise
(turbulence) level.

Figure 7 shows the mode fidelity results for a 1.0-cm correlation radius
applied to the random phase. Only four random phase realizations were used.
The 12 x 12 - subaperture Hartmann array gives remarkably good phase fidelity
in view of the fact that the signal-to-noise ratios for p,, and p,, are on the
order of 0.1; i.e. the input signal for those modes is only one tenth as strong
as the noise. While these are very preliminary results, they do suggest that,
for moderately strong turbulence conditions and relatively short correlation
lengths, very respectable performance might be achieved with a 12 x 12 -
subaperture Hartmann array and a small number of data samples.

Results for longer correlation radii (2.5 and 5.0 cm) did not clearly show
convergence toward fidelity values of 1.0, indicating that much larger data
samples (numbers of random phase realizations) are probably required in order
for the statistics to settle.

b. Strong Turbulence (o/A = 0.39) — The input Zernike coefficient
prescribed for this case were: P, = 5.653, p, = 0.333, pg = 0.505, p, = 0.451,
Pq = 0.068, p; = 0.024, p;, = 0.028, and p,g = 0.022. The o range for the
turbulence is 2.34 waves peak-to-valley. Thus the input Zernike coefficients

correspond to signal-to-noise ratios ranging from a maximum of 2.4 for p, to a

minimm of 0.009 for p,e.
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FIDELITY
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Figure 7. Phase fidelity with moderate turbulence.

Figure 8 shows the Zernike mode fidelity results for four phase
realizations with a correlation radius of 1.0 cm. Only the tilt term (p,)
shows consistently good fidelity, suggesting that larger numbers of phase
realizations are probably required in this case.

c. Severe Turbulence (o/A = 1.04) — The input Zernike coefficients
prescribed for this case were: p, = 0.274, p,, = 0.361 and p;¢ = 0.012. The
30 range for the turbulence is 6.24 waves peak-to-valley. Hence, the input
Zernike coefficients correspond to signal/noise ratios ranging from a maximum
of 0.12 to p, to a minimum of 0.002 for p,..
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FIDELITY
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Figure 8. Phase fidelity with strong turbulence.

The Zernike mode fidelity results for this case were quite scattered, with
only the tilt term (p,) exhibiting any consistency for a correlation radius of
1.0 cm. The input signal for this case appears to be effectively submerged in
the noise, and probably only very large nubers of realizations would provide
any ressonable mode fidelity. For correlation radii of 2.5 and 5.0 cm, all
modes appear to be lost in the noise.
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V. CONCLUSIONS

1. CODE PERFORMANCE

a. Validation Test Cases — The Hartmann sensor code developed under this

contract effort meets the performance specifications set forth in the SOW. In

many cases, the code performance far exceeds the specifications.

b. Partial Illumination — The effects of partially illuminated
subapertures on Zernike polynomial fitting and phase reconstruction may be

significant for Hartmann arrays with relatively few subapertures. Increased
resolution tends to reduce the errors associated with these effects. Even for
very coarse (i.e., 3 x 3) Hartmann arrays, partial illumination effects can be
very satisfactorily compensated for in the Zernike fitting algorithm, provided
that the subaperture centroids of illumination can be accurately estimated.
The gradient-phase reconstruction algorithm presently implemented in the
simulation code, however, is not so readily adaptable to non-uniformly
distributed data.

c. Correlation Random Phase — The algorithms used in generating Gaussian
random phase with Gaussian correlation properties appear to perform in a

satisfactory manner. Some slight spreading has been consistently observed in
the correlation function re-extracted from correlated random phase realize-
tions. While a thorough investigation of this behavior has not been
performed, it is strongly suspected that the spreading is a simple consequence
of the effective truncation of the Gaussian correlation function in the FFT

process.
2. PARAMETRIC STUDY
a. Zernike Mode Fidelity — Hartmann arrays of 12 x 12 or more

subapertures give very reasonable Zernike mode fidelity, especially if the
algorithm is permitted to compensate for partially illuminated subapertures.
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b. Plate Design Parameter Variations — Only very limited conclusions are
possible from this brief study. Tor correlation lengths which are short
relative to the subaperture size, the Hartmann array appears to filter the

noise component fairly efficiently. It succeeds in extracting with good
fidelity Zernike modes as small as one tenth of the noise level. In those
cases for which the correlation length nearly matches the subaperture size,
however, it appears that large numbers of random phase realizations are
probably required in order to extract the Zernike modes with reasonable

fidelity, even for input Zernike modes with signal-to-noise ratios greater than
1.0,




AFWL-TR-83-115

VI. RECOMMENDATIONS
1. GENERALIZED PHASE RECONSTRUCTION ALGORITHM

In order to take advantage of the phase fidelity improvements made possible
by compensating for partially illuminated subapertures, it may be desirable to
investigate more general approaches to phase reconstruction algorithms. This
would especially be true if the expected values of random phase strength and
correlation radius would tend to drive the Hartmann array design toward
relatively few subapertures.

2. EXPANDED PARAMETRIC STUDY

Time constraints limited the parametric studies possible within this
contract effort. Better understanding of the impact on sensor performance of the
various design and input beam parsmeters really requires a much more detailed
analysis than that which could be provided in this effort.
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