Robustness properties of hill-climbing algorithm based
on Zernike modes for laser beam correction
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A modified hill-climbing algorithm based on Zernike modes is used for laser beam correction. The algo-
rithm adopts the Zernike mode coefficients, instead of the deformable mirror actuators’ voltages in a
traditional hill-climbing algorithm, as the adjustable variables to optimize the object function. The effect
of the mismatches between the laser beam and the deformable mirror both in the aperture size and the
center position was analyzed numerically and experimentally to test the robustness of the algorithm.
Both simulation and experimental results show that the mismatches have almost no influence on
the laser beam correction, unless the laser beam exceeds the effective aperture of the deformable mirror,
which indicates the good robustness of the algorithm. © 2014 Optical Society of America
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1. Introduction

Adaptive optics (AO) is a well-established technique
for correcting wavefront aberrations of the laser beam
and improving beam quality, which thereby can im-
prove the performance for fabrication or imaging of
the system. The AO technique has been developed
quickly and plays important roles in astronomical
imaging [1,2], vision science [3,4], microscopy [5,6],
and high-energy lasers [7,8].

The wavefront sensor-less AO system has been
widely used for laser beam correction applications,
since this system has a relatively simple structure
compared to the traditional AO system with a wave-
front sensor. In the wavefront sensor-less AO system,
the optimization algorithm is adopted to find an
appropriate set of control voltages from the sets that
form the solution space. Various kinds of model-free
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stochastic algorithms, such as hill-climbing algo-
rithm (HC) [9], genetic algorithm (GA) [10,11],
stochastic parallel gradient descent (SPGD) [12,13],
and simulated annealing algorithm (SA) [14,15],
have been used for laser beam correction. Alterna-
tively, several algorithms based on Zernike modes
have also been proposed for their fast-converging
speed. For example, the algorithm based on Zernike
mode has been used in laser beam aberration correc-
tion to improve the confocal microscope imaging
resolution [6], and the GA based on Zernike mode
has been used in intracavity transverse modes
control for the Nd:YAG solid laser [16].

A modified hill-climbing algorithm based on Zer-
nike modes (ZMHC) adopts the Zernike mode coeffi-
cients as the adjustable variables to optimize the
object function [17], while a traditional HC algorithm
uses the DM actuators voltages. This ZMHC algo-
rithm has been proved to have an ability to correct
the aberrations of the laser beam with a fast speed.
However, in practical application for laser beam
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correction, the diameter of the laser beam may not be
exactly equal to the effective aperture of the deform-
able mirror, and the center of the laser beam is
possibly misaligned to that of the deformable
mirror. The effect of these mismatches on correction
results based on such the aforementioned modal
algorithm has not been researched yet. In this paper,
the effect of the mismatches for laser beam correction
will be investigated by simulation and experiment.

2. Principle of ZMHC Algorithm

It is known that for small aberration the Strehl ratio
(SR) of a laser beam does not depend on the form of
the wavefront aberrations but only on its variance
[18]. And the SR can be expressed simply as

SR~1 —6(2/), 1)

where ¢(r, 0) is the wavefront aberration and 6421) is
the variance of the wavefront aberration. The r
and 6 are polar radius and angle in the aberration
plane. As it is known, the aberrations ¢(r,6) can
be expressed as a series of N Zernike polynomials,
which is denoted by Z,(r, 6)

N
O(r.0) = Y cnZy(r.0). (2)
n=1

As the finite modes Zernike polynomials of N are
used, a residual aberration exists due to the trunca-
tion of Zernike polynomials. Here, this residual aber-
ration is omitted, since it is usually very small. For
the orthogonality of the Zernike modes, the variance
of the aberration can be as

N
op = Zc,% (3)
n=1

So the far field intensity I on the focal plane can be as

N
Iz%(l—E:ﬁ), (4)

n=1

where I is the ideal intensity without aberrations.

In order to obtain the global maximum value of F,
¢,, should be adjusted to be 0 for n from 1 to N. Based
on this principle, the ZMHC algorithm adopts the
Zernike mode coefficients as the adjustable varia-
bles, replacing the actuator voltages in the tradi-
tional HC algorithm [17]. The procedure of the
ZMHC algorithm is as follows: First, to adjust ¢,
to be 0, an increment Ac, is added to ¢, to judge
the right adjusting direction, and second, c,, is ad-
justed in the right direction with the increment
Ac,, continuously until the evaluation function be-
comes worse. In actual operations, the voltage incre-
ment Av, that generates the amount of the nth
Zernike mode (equal to Ac,) is applied to the control
voltages to get the corresponding adjustment of c,,.

3. Mismatch Problems in Laser Beam Correction

In the ZMHC algorithm, the Zernike expansion and
the increment Ac,, of the Zernike coefficient is calcu-
lated in a given circular field of the deformable
mirror’s effective aperture. However, the aperture
diameters of the DM and the laser beam are difficult
to match exactly. The size of the laser beam is usually
decided by the specific applications. Since the de-
formable mirror is not specially designed for the
application, the aperture diameter of the DM and
the laser beam is difficult to match exactly. Though
a telescope system can be used in some AO systems
to match the apertures of the DM and the laser beam,
the mismatch may still exist. In addition, it’s also dif-
ficult to precisely align the center of the laser beam
with the center of the DM’s effective aperture. There-
fore, the effect of the mismatches on correction
results is analyzed in this study. The mismatch
situations were categorized into three cases: Case I
[Fig. 1(a)], the aperture of the laser beam does not
match the effective aperture of the DM. Case II
[Fig. 1(b)], the center of the laser beam is not aligned
to that of the effective aperture of the DM but does
not exceed the DM’s effective aperture. Case III
[Fig. 1(c)], the two centers are not aligned, and the
laser beam exceeds the DM’s effective aperture.

4. Simulation

In most applications, the dominant aberrations are
low-order aberrations. The laser beam can get much
improvement after low order Zernike aberrations
corrected [19]. In this study, two different kinds of
DMs (both have 19 elements and 10 mm effective
aperture) were employed. The first DM (DM1) is a
homemade unimorph deformable mirror with a high
interactuator coupling [20]. The dual direction maxi-
mum defocus deformations of this DM are —14.3 pm
and 14.9 pm. The 19 elements in the three inner
rings were used for laser beam correction. The elec-
trodes are arranged in the hexagon pattern, as
shown in Fig. 1. The other DM (DM2) with low
inter-actuator coupling is simulated according to pie-
zoelectric stack DM [21] and BMC MEMS DM [22].
The influence function is in the form of Gaussian
distribution and the interactuator coupling value

The effective
aperture of the DM

The aperture’of The arrangement
the laser beam pattern of electrodes

(a) (b) (c)
Fig. 1. Schematic illustration of (a) Case I: the aperture diame-
ters do not match, (b) Case II: the two centers are not aligned, with
the laser beam still in the DM effective aperture, and (c) Case III:
the two centers are not aligned, with the laser beam exceeding the
DM effective aperture.
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Fig. 2. Simulated normalized rms error for correction Zernike
aberrations.

is 0.15. The simulated normalized root mean square
(rms) errors for Zernike aberrations correction using
these two DMs are shown in Fig. 2. It can be found
that these two DMs have good correction ability for
the 15th Zernike modes aberrations. Besides, the tip/
tilt aberrations are usually corrected by tip/tilt
mirror; thus only the third to the 15th Zernike modes
are considered here.

In the simulation, two different aberrations were
generated randomly to be the supposed aberration,
denoted as aberration 1 and aberration 2. And the
Zernike expansion coefficients of the two aberrations
are shown in Fig. 3. The rms values of the two sup-
posed aberrations were 150 and 385 nm, respectively.
In correction process, the rms value of the residual
wavefront aberration was selected to be the evalu-
ation function. Both DM1 and DM2 are used to cor-
rect the supposed aberrations to analyze the effect of
the mismatch problems.

For Case I, the effective aperture of DMs was
10 mm and the aperture diameter of the laser beam
varied from 5 to 10 mm. The simulation results are
shown in Fig. 4. When two different aberrations with
different aperture change from 5 to 10 mm, the rms
values of the residual wavefront after correction us-
ing DM1 and DM2 change less than 10 nm, as shown
in Fig. 4. Compared to the initial rms values of the
supposed aberrations, the rms values of the residual
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Fig. 3. Zernike coefficients of the generated wavefront.
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Fig. 4. Correction results for mismatched apertures: the DM’s
effective aperture was 10 mm and the laser beam aperture varied
from 5 to 10 mm.

wavefront after correction have very little significant
change. It can be found that similar correction re-
sults are achieved for different laser beam apertures
mismatched with the DM effective aperture.

The simulation results of effects of center offset
(Cases II, III) are shown in Fig. 5. For Case II, the
laser beam aperture of 7 mm was selected, which
was smaller than the DM’s effective aperture
(10 mm). To make sure the laser beam does not ex-
ceed the DM’s effective aperture, the center offset is
0, 0.5, 1, and 1.5 mm, respectively. The residual
wavefront rms errors after correction using DM1 in-
crease from 36 to 40 nm for aberration 1 and increase
from 38 to 45 nm for aberration 2 as the increase of
center offset. The rms values after correction using
DM2 for aberration 1 and aberration 2 also change
less than 10 nm with the center offset changes [as
shown in Fig. 5(a)l. It indicates that the offset of
the center almost has little effect on the correction
results. For Case III, the laser beam aperture was
10 mm; thus the laser beam would exceed the DM
effective aperture with its center offset. As shown
in Fig. 5(b), all the rms values of correction results
for both two supposed aberrations and DMs increase
rapidly with the increase of the offset. In other words,
the correction results become worse with the in-
crease of the center offset.

5. Experiment Results

A. Experimental Setup

In order to evaluate the effect induced by the
mismatches of the aperture diameter and the center
position, an AO system for laser beam correction was
established. The schematic of the experimental setup
is illustrated in Fig. 6. A polarized 633 nm helium—
neon laser was selected as the light source. After
being expanded, the light beam passed through a
beam splitter (BS) and reached the DM that was
driven by 19-channel high-voltage amplifier (HVA).
Here, the 19-element unimorph deformable mirror
(DM1) was employed. Then the reflected beam from
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Fig. 5. Correction results for different center offsets. (a) The laser beam aperture did not exceed the DM’s effective aperture. (b) The laser

beam aperture exceeded the DM’s effective aperture.

the DM passed through an aperture (AP). The size
and center position of the laser beam to be corrected
could be adjusted by the AP. Finally the laser beam
was focused by a focus lens (FL, focus length
120 mm), and the focused spot was magnified 10
times by an objective lens (OL) and captured by a
CCD camera.

B. Results and Discussion

In the experiments, the CCD-measured maximum
intensity of the far field focal spot was selected
as the evaluation function for the ZMHC algorithm,
and the appropriate Zernike mode coefficients
were found by the ZMHC algorithm in the closed-
loop. The experiments for each situation were
repeated 10 times to analyze the effect induced by
the mismatches of the aperture diameter and center
position.

To evaluate the effect of the mismatch of the aper-
ture diameter (Case I), the aperture of the laser beam
to be corrected was selected to change from 5 to
10 mm, and the effective aperture of the DM was con-
stant (10 mm). The far field focal spots after correc-
tion with different apertures are shown in Fig. 7. It
can be found that circular light spots have been
achieved for all the apertures, though a few speckles
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Fig. 6. Schematic illustration of the experimental setup for
aberration correction.

appear around. It is known that the diameter of Airy
disc’s central spot can be calculated by equation:
D = 2.443f/d. As the diameter of the laser beam
changes from 5 to 10 mm, the size of the far field
central spot also changes, which coincides with the
calculated results based on the equation.

Since the power of the laser could fluctuate during
repeated tests, intensity concentration instead of the
maximum light intensity was adopted to evaluate
the corrected spots of different experiments, which
is defined as the ratio of the intensity concentrated
in the region of the Airy disc’s central spot to the total
sum of intensity in the whole region. The intensity
concentration of all the results is calculated, and
the average values and standard deviations of the
concentration with different laser beam apertures
are shown in Fig. 8. It is known that the ideal inten-
sity concentrate of the Airy disc is about 83.8% [23].
As it is shown in Fig. 8, all the intensity concentra-
tion results have an average value about 0.75 with a
small standard deviation less than 0.03. Comparing
to the calculated intensity concentration with that of
the Airy disc, it can be found that good correction re-
sults are achieved for all the laser beam apertures,
which indicates the mismatch of the aperture has al-
most no effect on the laser beam correction results.

To analyze the effect from the mismatch of the
center position, the experiments for Case II and
Case III were performed, respectively. For Case II,
the aperture of the laser beam was selected as
7 mm, which was smaller than the DM’s effective
aperture (10 mm). To make sure the laser beam does
not exceed the DM’s effective aperture, the center off-
set is from 0.5 to 1.5 mm. The far field focal spots
after correction with different center offsets are
shown in Fig. 9. From the correction results of differ-
ent center offsets, it can be found that the central
spots have the similar shape and maximum inten-
sity. Besides, few speckles appear in all the spots
in Fig. 9. So it can be seen that similar far field focal
spots are achieved after correction. The average val-
ues and standard deviation values of the concentra-
tions of different center offsets were calculated. The
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results are shown in Fig. 10. It can be found that all
the intensity concentrations results have an average
value about 0.75 with a small standard deviation less
than 0.02. The results of both the far field spots and
the intensity concentration indicate that small offset
between the centers of the laser beam and the DM’s
effective aperture will bring little effect on the correc-
tion results, when the laser beam does not exceeded
the DM effective aperture.

For Case III, the aperture of the laser beam was
selected as 10 mm, and the center offset between
the laser beam and the DM effective aperture was
set to be from 0.5 to 2 mm. As the increase of the
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Fig. 8. Intensity concentration of the laser beam spots of different
apertures.
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offset value, the area of laser beam exceeding the
DM’s effective aperture increases. The far field beam
spots after correction with different center offsets are
shown in Fig. 11. It can be found that the central spot
becomes worse in the respects of the shape and maxi-
mum intensity with the offset of the centers increas-
ing. Besides, the amount of speckles also increases.
The average values and standard deviation values
of the concentration results are shown in Fig. 12.
It can be found that the intensity concentrations be-
come worse obviously even the center offset is only
0.5 mm. And the intensity concentrations become
worse continuously with the center offset increasing.
The results of both the far field spots and the inten-
sity concentration indicate that the correction effect
becomes worse rapidly as the offset of the two centers
increases if the laser beam exceeds the effective
aperture of the deformable mirror.

From all the experimental results, it is demon-
strated that the mismatches of the aperture diam-
eter and the center position have almost no effect
on the laser beam correction results, when the laser
beam does not exceed the DM’s effective aperture.
And the same conclusion can be also drawn from
the simulation results. The reason for that the mis-
matches have no effect on correction results in Case I
and Case II can be considered simply as follows.
Though the mismatches exist, the laser beam is still
in the DM’s effective aperture area. Here the DM
controlled by the ZMHC algorithm can correct the
wavefront aberrations in all the area of the effective
aperture; thus the aberration of the laser beam area
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is also corrected. However, when the laser exceeds
the effective aperture with the offset of the centers,
the correction ability out of the effective aperture be-
come worse fast. It is the reason that the correction
results become worse fast in the Case III.

6. Conclusion

This paper proposes a modified hill-climbing algo-
rithm based on the Zernike modes for the laser beam
correction and demonstrates its robustness. This al-
gorithm adopts the Zernike mode coefficients instead
of the actuators voltages as the adjustable variables.
The effect on laser beam correction of the mis-
matches of the aperture size and the center position
between the laser beam and the deformable mirror’s
effective aperture was investigated. The results of
both simulations and experiments demonstrate that
the mismatches of the aperture diameter and the
center position have almost no effect on the laser
beam correction results, unless the laser beam ex-
ceeds the DM’s effective aperture. For this advan-
tage, the alignment precision and aperture match
demand of the laser beam correction system can be
reduced, and this algorithm can have a wide applica-
tion space in the wavefront sensor-less AO systems.
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