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Abstract

Two sharpness functions are considered for the problem of dynamic phase estimation and
correction of aberrated images. One is based on the integral of the square of the image
irradiance distribution. The other uses integration of the irradiance distribution over
an area smaller than the diffraction-limited resolution area. Examples of phase retrieval
using these sharpness functions are given, and laboratory experiments on their verification
are described. Applications of this technique to high-energy laser systems, thermal bloom-
ing, imaging through atmospheric turbulence, and large optical systems are discussed.

Introduction

An adaptive optical imaging system generally consists of an imaging element, a sensor
for determining the wavefront errors of an image forming wave, and an adaptive element
(corrector) to compensate for these errors. 1In this paper we use image sharpness func-
tions! for adaptive estimation and correction of aberrations of an incoherent optical
imaging system. An aberrated image is corrected by introducing aberrations into an adap-
tive element until a sharpness function, which is derived from the image irradiance data,
is optimized. The sharpness functions have the property that they achieve their extremum
values when the image is aberration free. Thus, by forming a closed loop between the image
and the adaptive element, an aberration-free image is obtained without the use of any
pupil-plane wavefront sensor. This method can also be used for phase retrieval of aber-
rated images.

Two sharpness functions are considered for the problem of phase estimation and correc-
tion of degraded images. One is based on the integral of the square of the image irradiance
distribution. The other uses integration of the irradiance distribution over a small area,
i.e., it is a measure of the encircled energy of a point-spread function. Examples of phase
retrieval using these sharpness functions are given, and lakoratory experiments on their
verification are described. Applications of this technique to high-energy laser systems,
thermal blooming, imaging through atmospheric turbulence, and large optical systems are
discussed.

Image sharpness functions

If I(T) represents the irradiance distribution of an image for a given shape of the pupil
and amplitude distribution across it, then the sharpness functions

S1 = [1%(¥) af (1)
and
S; = [, I() ar (2)
Ar

considered as functions of aberrations are maximum for an aberration-free image. Whereas in
Eqg. (1) the integration is carried out over the incoherent image of an isoplanatic extended
object with a uniform background, in Eq. (2) it is carried out over a small region of the
image of a point (i.e., unresolved) object. The sharpness function S, is sensitive to a
wavefront tilt, but S, is not. Therefore, when using S;, the motion of an image is correc-
ted separately, e.g., by centroid detection and a tilt-control mirror. It is evident that,
in practice, the use of S, requires sampling of the image by an array of small detectors.

Figure 1 shows how S§; and S, vary, for example, with balanced spherical aberration for a
point object. The spherical aberration is balanced with an equal and opposite amount of
defocus to yield a minimum variance. The region of integration of the point spread function
is a square with a full width of 2)AF, where ) is the optical wavelength and F is the focal
ratio {f-number) of the image. It is evident from this figure that when the aberration is
large, not only does the sensitivity of the sharpness functions decrease, but also, that
they do not necessarily increase with a decrease in the amount of aberration. A similar
behavior is found for the other primary aberrations.
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Figure 1. Variation of sharpness functions S, and S, with
balanced spherical aberration.

The problem of sampling the image can be avoided in the case of known extended objects
if a mask that has a transmission which is proportional to its unaberrated image irradiance
distribution I, (r) is placed over a large single detector. Thus, the detector signal given
by the sharpness function

Ss = [I(X)Io(F) dr (3)

is maximized when the aberrations are zero. 1Its maximum value is equal to that of S,.
Another possibility is the use of the sharpness function

Sy = [II(F) - Io(¥)]2 &r ()
which has a minimum value of zero when the aberrations are zero. 1In this case no mask is

needed, but again, the image has to be sampled. Both 5, and S, are sensitive to a wavefront
tilt.

A comparison of the various sharpness functions is given in Table 1. Note that whenever
the image must be sampled, a detector array is used and therefore, more data processing is
required. Accordingly, the rate of aberration correction will be lower.

Table 1. Comparison of the Various Sharpness Functions

. o e Bandwidth Sensitivity
Sharpness Function Object Detector . e ) B to il
2 a7 ' ;
S, = J1%? ar Point, Array Low No
extended
> : . - ;
S, = {,T1adr Point Single High Yes
Ar
> .
S, = fI'Io dr Point, known Single High Yes
extended
2 a7 : - 3
s, = J(1 -1 o)~ dr Point, known Array Low Yes
extended

Phase retrieval

Consider an imaging system with a circular pupil of unit radius aberrated by an aberra-
tion given by

W , = o1 ~2 2 = =Y 2 an
(p,0) I\.Lp cos 6 + P.Lp sin 6 + .’\d + J\dp cos 26 + B,p° sin 2

3 3 Y
+ A_o° cos 8 + Bcp sin 6 + A_p (5)
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where 0 < p <1 and 0< 6 < 27. Thus the aberration function is made up of tilt (A¢,B¢),
defocus Ka, 5étigmati§h (A5,B3), coma (Ac,Bc), and spherical aberration Ag. We have con-
sidered several combinations of these aberration coefficients such that the peak-to-peak
value of the aberration function is < 2A. As an example, let Ay = -0.376, By = -0.432,

Ag = -0.110, A; = 0.354, By = 0.338, A, = 0.564, Bc = 0.648, and Ag = 0.636 where all of
the coefficients are in units of the optical wavelength. For simplicity, the amount of
coma chosen is such that when combined with the tilt, it gives a minimum aberration vari-
ance. A plot of the aberration function and the corresponding point-spread function (PSF)
are shown in Figure 2. The peak-to-peak value of the aberration, Strehl ratio, and sharp-
ness value of the image are also given in the figure.

In
AN

Figure 2. Aberration function and the aberrated image. The peak-to-peak
value (Wp-p) and the standard deviation {ow) of the aberration
are given in units of A. The Strehl ratio (SR) and the image
sharpness values S; and S, are also given.

In our phase retrieval algorithm,? aberrations are introduced sequentially in terms of
ggi ﬁg, where € = 1//2 when m = 0 and

€m = 1 when m # 0. As a small amount of aberration is introduced, the sharpness function

is evaluated, and depending on the change from its previous value, more aberration with
positive or negative sign is introduced. From the original and the two new values of the
sharpness function, the required amount of correction of that aberration is estimated and

a correction is made. This procedure is repeated for each of the polynomial aberrations

in the algorithm, and the whole process is repeated iteratively. 1In practice, the aberra-
tions may be introduced sequentially or in parallel depending upon the bandwidth requirement
and affordable complexity. For parallel operation, the aberrations May be introduced with

a different harmonic dependence on time for each polynomial aberration, so that their ef-
fects on the sharpness function can be discerned.

orthonormal Zernike polynomials? em/Z(n + 1)R2(p)

Figures 3 and 4 show the progression of phase retrieval and image correction using sharp-
ness functions S; and s, respectively. Both the residual aberration function and the cor-
responding PSFs are shown in these figures. An iteration in these figures is defined to
be one pass through all the polynomial aberrations. It is evident from these figures that
both sharpness functions lead to an excellent correction of the image in two iterations.

The region of integration for calculating S; in this example was a square with a full width
equal to the radius of the Airy disc.

Experimental verifications

A schematic of the laboratory setup for testing the use of sharpness functions in a
closed-loop manner is shown in Figure 5. To simulate a point object, a pinhole is illumi-
nated by a He-Ne laser beam. The light from this object falls on a deformable membrane
mirror fabricated by the Perkin-Elmer Corporation.* ~The part of the optical train between
the laser and the deformable mirror can also be looked upon as a beam expander. The figure
of the membrane is controlled electrostatically by a set of 52 actuators distributed over
an area approximately 1 inch in diameter. We wired the actuators in such a way that the
membrane tfigure can be controlled in terms of Zernike modes. When the controller is off,
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Figure 3. Phase retrieval using image sharpness function S,. The residual wavefront
errors and the corresponding images after each iteration are shown.
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Figure 4. Phase retrieval using image sharpness function S».
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Figure 5. Schematic of the laboratory setup for adaptive correction of
aberrated images.

the figure is such that it gives the interference fringes shown in Figure 6a. These fringes
also include any errors in the rest of the optical train. The f-number of the imaging op-
tics, which has a circular pupil, is approximately 600. The image as observed by a 32 x 32
photodiode array (supplied by Reticon Corporation), with center-to-center spacing of 100 um
between two adjacent photodiodes, is shown in Fiqgure 6b. This array with its associated
processor was also used to measure the sharpness function S;. An appropriately sized single
detector was used to measure the value of the sharpness function S;.° A digital controller
addresses the actuators to deform the mirror in various Zernike modes. An example of a cor-
rected image obtained by addressing six Zernike modes is shown in Figure 6c. These modes
consisted of defocus (n = 2, m = 0), two astigmatisms (n = 2, m = 2), two comas (n = 3,

m = 1) and spherical aberration (n = 4, m = 0). No observable difference between the quality
of the images corrected by using sharpness functions S, and S, was obtained.

(a) ABERRATED WAVEFRONT (b) ABERRATED IMAGE {c) CORRECTED IMAGE

Figure 6. Adaptive correction of an aberrated image using sharpening.
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Applications

The image sharpening technigue described here is applicable to many problems where adapt-
ive optics is needed. These include deformable high-energy laser (HEL) systems, thermal
blooming, imaging through turbulent media, and disturbed large optical systems. Some of
the HEL systems require adaptive optics due to all of these factors. The optical elements
(e.g., mirrors) of an HEL system distort due to the high-power densities of the laser beam.
We have shown® that for circularly symmetric beams and an on-axis target, most of the
thermally induced distortion is defocus with a small amount of spherical aberration. For
an asymmetric beam and an off-axis target, tilt, coma, and astigmatism will also be intro-
duced. Thus, for the thermally introduced aberrations of the system, correction cf a few
Zernike modes will be adeguate.

For an HEL beam propagating through the atmosphere, depending on its power density, the
refractive index of the atmosphere can change significantly and thus alter the phase dis-
tribution across it. This phenomenon, called thermal blooming, can severely degrade the
target-plane irradiance distribution. However, by preaberrating the beam (e.g., with a
deformable mirror), the phase errors can be compensated in many situations.

The atmospheric turbulence can not only degrade the target-plane irradiance distribution,
but it can also degrade the image of the target observed at the HEL system. In fact,
atmospheric turbulence can degrade any imagery encountering it. The time-averaged
variance of aberrations introduced by Kolmogoroff atmospheric turbulence is given by’

op = 0.0261(D/ro)%/*? (6)
where D is the pupil (beam) diameter, and r, is a characteristic length of the atmospheric
turbulence.?® If the wave aberration caused by atmospheric turbulence is decomposed into
an infinite set of Zernike modes, the reduction in variance of the aberration after cor-
rection of the first J modes is given by

> (7)

where, the time-averaged variance of a modal aberration is given by

(n + 1)T(n - 5/6) 5/3 2 .

<a§> = 0.0192

In Eq. (8), I'(*), is the gamma function. The mode with j = 1 represents a uniform phase
error across the pupil and therefore does not contribute to the aberration variance. The
relationship between the indices n, m, and j} is given in Table 2. Note that the variance
of a modal aberration with a given value of n depends on n but not on m. Thus, all modes
that have the same value of n but different values of m contribute equally to the aberra-
tion variance.

Table 2. Relationship between indices n, m, and j. (Note that for every
nonzero value of m, there are two j values corresponding to the
modes with cos 6 and sin ¢ dependence.

n m ]

0 0 1

1 1 2,3

2 0,2 4,5,6

3 i,3 7,8;9,10

4 0,2,4 11;12,13;14,15

5 1,3,5 16,17;18,19; 20,21

6 0,2,4,6 22;23,24;25,20; 27,28

The standard deviation of the residual wave aberration after correction of the first J
modes is given by

o7 = (oé - oé)l/2 (9)

68 / SPIE Vol. 228 Active Optical Devices and Applications (1980)



ADAPTIVE OPTICS WITHOUT WAVEFRONT SENSORS

Figure 7 shows how 0y varies J. It is clear that the first few modes contain a large frac-
tion of the error. The reduction in error per mode decreases as the mode number increases.
Thus, in situations were correction of a small number of modes gives an acceptable level of
correction, the modal technique is very attractive. For example, if o5 < A/10 is accept-
able, then for D/r, < 5, J < 15. The first 15 Zernike modes include all the aberrations up
to the fourth order.
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Figure 7. Variation of oj; with J. (Note that the first mode,
which represents uniform phase error across the pupil,
does not affect the aberration variance.)

Large optical systems, especially the ones for space applications, use lightweight mir-
rors to reduce the weight and material cost. These lightweight mirrors are flexible and
therefore deform when the system is disturbed. However, again most of their distortion is
made up of the first few Zernike modes. Thus, the modal adaptive optics described herein
are applicable to many situations of practical interest.
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