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Abstract

In this article, a method for measuring the performance of adaptive optics (AO) systems is designed and validated by
experiments. The Strehl ratio (SR) which is based on the target images is used to evaluate the performance quantitatively
because it relates to the effect of AO correction directly. In the calculation of the SR, to avoid energy scaling in the
diffraction-limited point spread function, an algorithm based on the integral of the optical transfer function (OTF) is
proposed. Then, a 97-element AO system is established to validate this method, and a white-light fiber source is used as a
point-like target. To simulate the practical conditions which influence the performance of the AO system, targets of
different brightness are simulated in terms of different signal-to-noise ratios (SNRs) of the Shack-Hartmann (SH), and
atmospheric turbulence is simulated in terms of the Fried’s coherence length and the Greenwood's frequency. Finally, two
experiments are conducted in which the SR of different simulated conditions are measured. The results of the experiments
show that for a moderate SNR of SH the experimenting AO system is capable of closed-loop wavefront correction when
the Fried’s coherence length is larger than Scm and the Greenwood’s frequency is lower than 60 Hz. The results also show
that the performance of AO is susceptible to the SNR of SH. The experiments validates the effectiveness of this method.
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1 Introduction

Recently, AO receives increasing attentions, not only
owing to its traditional applications in the fields of
astronomy and military equipments [1], but also owing to
its fresh applications in laser communication [2],
ophthalmology [3] and high-resolution microscopy [4].
Typically, an AO system is composed of a wavefront
sensor (WFS), a wavefront corrector (WFC) and a control
system [5]. When AO is working, the WFS measures the
wavefront distortion in real time and the WFC counteracts
this distortion accordingly. And then, the resolution of
target images are improved after the AO correction. The
most common-used WFS is SH and the common WFC
includes deformable mirror (DM) [6] and liquid-crystal
corrector [7-8].
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The motivation of this article is the requirement of
developing a method for assessing the performance of an
experimental AO system. Through this method, the factors
which affect the performance of AO system, such as the
control strategies and calibration strategies can be
researched. Also wusing this method, the wavefront
processor (WFP) [9], an embedded system which can
accelerate the process of wavefront control, can be tested.

The performance measurement of an AO system can be
conducted on the telescope in which the AO system is
integrated. Then the performance can be measured in terms
of the residual wavefront aberrations, when the AO system
is correcting the wavefront which originates from a star
and is distorted by the real atmospheric turbulence. Similar
measurements have been carried out by Liu et al who
measure the performance of an AO system for free-space
coherent laser communication [10], by Roberts et al who
characterize the AO system of the advanced electro-optical
system (AEOS) telescope [11], and by Dam et al who
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characterize the AO system of the W. M. Keck
Observatory [12]. However, this configuration is only
suitable for a finishing AO system and is not appropriate
for a laboratorial AO system which is being optimized. In
this paper, the performance measurement will be
implemented on an optical bench where an atmospheric
turbulence simulator is configured.

For the purpose of performance measurement, an
evaluation index is required to measure the system
performance  quantitatively in  different testing
environments simulated in the laboratory. SR is a
common-used metric for the performance measurement of
AO systems [13—-14]. In Ref. [11], Robert et al
characterized the AEOS AO system using the SR which is
calculated from the images of stars. SR outperforms other
evaluation indices based on SH such as root of mean
square (RMS) of residual aberrations because SR can be
measured based on the AO-corrected target images directly.
Also, SR may directly relate to certain system parameters
for some applications of AO. For example, when AO is
applied to compensate aberrations in the free space optical
communications, SR can be used to approximate
fiber-coupling efficiency [15—17]. Although SR has been
used to estimate the correction accuracy of AO system
[18—19], essentially, the calculation of SR is based on SH
in these papers, because it is calculated by residual
aberrations measured by SH. As a result, SR calculated by
this method are susceptible to non-common path
aberrations between SH and imaging camera [5,20]; also,
it can be influenced by truncation error caused by finite
Zernike polynomials which is use to fit residual
aberrations measured by SH. Therefore, SR is calculated
according to the AO-corrected target images. For the
calculation of the SR, to avoid energy scaling in the
diffraction-limited point spread function, an algorithm based
on the integral of the OTF is proposed.

The rest of this article is organized as follows. A method
for calculating SR based on target images is developed in
Sect. 2. The experiment system for AO performance
measurement is established in Sect. 3. The method of
simulating practical environments are introduced and how
to measure testing parameters are discussed in Sect. 4. The
experiment results of performance measurement are shown
and discussed in Sect. 5. Sect. 6 summarizes this article.

2 Method for calculating SR

The SR Ry, of an optics system is defined as the ratio

of the peak intensity of a measured point spread function
(PSF) to the peak intensity of a diffraction-limited PSF
[13],
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where the vector x denotes coordinates in the imaging
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plane, 7 (x) denotes the measured PSF and 7, (x)

denotes the diffraction-limit PSF. The measured PSF can
be obtained from the imaging camera when a white-light
fiber source is source. The
diffraction-limit PSF can be obtained by using an Inverse
Fourier transform of an aberration-free generalized pupil

function P(u) [21],
1, (x) =7 {P(a)} (2)

where the vector u# denotes coordinates in the pupil plane,
and the functor '
transform. The function P(u) is a binary mask which is

defined as follows [21],
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where 7, denotes the radius of the pupil. Easy to find

from Egs. (2), (3) that an energy mismatch exists between
the measured PSF and the diffraction-limit PSF, therefore,
the latter should be scaled to match the former's energy.
Lewis et al. proposed an equation for calculating SR in
spatial frequency domain in Ref. [13],
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where the vector f denotes coordinates in spatial frequency
domain, f, denotes the cut-off frequency of the optical

system, 7, (f) and 7Z,(f) denote the OTF of

AO-corrected system and diffraction- limit system,
respectively, which are defined as follows
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where the functor # refers to the Fourier transform.
Seen from Eqgs. (5), (6), energy normalization is done
when calculating the OTF; therefore, the energy match is
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unnecessary when using Eq. (4) to obtain SR.

3 Experiment setup for AQO performance
measurement

The layout of optics for AO performance measurement
is shown in Fig. 1. The light source is a white-light source
(The wavelengths of the light distribute from 400 nm to
2 400 nm.) comprising a single fiber and the diameter of
the fiber is 25 pm. Because the diameter of the fiber is
much smaller than the focal length of the lens L1 (3 000 mm),
this light source can be considered as a point-like light
source approximately. The turbulence simulator is a phase
plate which is produced by Lexitek Co., and its coherence
length is 0.6 mm (at the wavelength of 632.8 nm). The
phase plate simulates atmospheric turbulence of a certain
Greenwood's frequency when it is rotating at a constant
angular velocity. As will be discussed in Sect. 4, when the
angular velocity of the phase plate and the distance
towards light source of the phase plate are changed, two
atmospheric parameters, i.e. the Fried's coherence length

Light
source [

Turbulence
simulator

and the Greenwood's frequency are adjusted respectively.
In other words, all kinds of atmospheric turbulence can be
simulated using this method. The tip/tilt mirror (TM) is a
fast steering mirror which can correct aberrations of low
orders, i.e. the tip and tilt. The DM is a 97-element
continuous-surface DM. The RMS and peak to valley (PV)
of this DM is 0.043 wave and 0.521 wave, respectively,
when it is flattened as the method proposed in Ref. [22],
using a Zygo interferometer. The SH has 97 subapertures,
as is shown in Fig. 2. Both the DM and the SH are
developed by Electro-Optical Detection (EOD) Department,
Changchun Institute of Optics, Fine Mechanics and
Physics (CIOMP), Chinese Academy of Sciences. As is
designed and simulated by Zemax, the entrance pupil is the
DM, so the extent of the optical wavefront is limited by the
DM. In Fig. 1, the real lines represent the rays emitting
from the fiber source, and the dashed lines represent the
practical rays which pass the entrance pupil of the AO
system.

Tip/Tilt mirror

JE
ES
SH
A N
S e K| Wavefront
o el sensing
- = N camera

L2 beam splitter L3

Fig.1 Layout of optics for AO performance measurement

4 Testing environment simulation
4.1 The brightness of target

The brightness of different targets for AO correction is
often different, which causes different SNRs in SH.
Because the average SNR of SH is much easier to measure
than the brightness of targets, this SNR is adopted to
represent different brightness. To simulate different
brightness, an adjustable light source is chosen.

The SNR of each subaperture is calculated as Ref. [23].
The SNR of the i-th subaperture is as follows,

2. 1(%)

X€ 4;

Z —Hy;

R — x€ 4; (7)

where i, and oy, are the average and the standard

variation of the background in the i-th subaperture,
respectively. The background can be obtained from the
imaging camera when the light source is tuned off. 7(x)

is a image obtained by SH with the light source on, and
A, refers to the spot area of the i-th subaperture. To be
simplified, the spot area is set to be a 4 pixel by 4 pixel
area sharing the same center with the spot. Then, the
average SNR can be obtained by calculating the average of
all the subapertures. Several SH images of different
average SNR are illustrated in Fig. 2, after a threshold
process as in Ref. [24]. In Fig. 2, the number printed in
each subaperture is the SNR of each subaperture,
respectively.
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(c) Average SNR is 86
Fig. 2 Illustrating images of SH with different average SNR

4.2 The Fried’s coherence length

The Fried’s coherence length 7, is a common-used
descriptor to represent the strength of atmospheric
turbulence. As is shown in Ref. [25], the Fried's coherence
length can be calculated by

1D

W= (8)
where 7, denotes the coherence length of the phase plate
(0.6 mm@632.8 nm). D denotes the diameter of the pupil
of the telescope where the AO system is used (It is
supposed D is 1.2 m in the simulation.). D’ denotes the
effective diameter of the beam at the phase plate, because
the extent of the optical wavefront is limited by the
entrance pupil, i.e. the DM. D’ can be calculated by
L2
dl - hl

As is shown in Fig. 1, A denotes the distance between
the lens L1 and the fiber source, and H’ denotes the

distance between the phase plate and the fiber source. Here,
d, denotes the effective diameter of the beam at the lens

(9)

L1 which can be obtained by

d =dcosa (10)
where d denotes the diameter of the DM and « denotes
the angle as is shown in Fig. 1. Then, different 7, can be

obtained by adjusting the distance between the light source
and the phase plate. The Fried’s coherence length in this
paper corresponds to a wavelength of 632.8 nm, and the
Fried's coherence length at other wavelength can be
calculated similarly, using the coherence length of the
phase plate at the corresponding wavelength.

4.3 The Greenwood’s frequency

The Greenwood’s frequency f; is always used as a

measure of the rate at which the turbulence changes with

time. With different angular velocities of the phase plate,

different Greenwood’s frequencies can be simulated.

According to Ref. [16], the Greenwood's frequency can be

obtained by

£ :0.4271, (1)
To

where V denotes the linear velocity of the phase plate at

the center of the optical beam.

5 Results of AO performance measurement

Two experiments are carried out to measure the
performance of the AO system as shown in Fig. 1. First,
AO performance are measured for different 7, when the
SNR of the SH is fixed at a moderate value. Second,
performance measurement is conducted for different SNR
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of the SH, when 7, is llcm.

Before the experiments, the AO system are calibrated
using the method of controlling gradient directly (CGD)
[27] in order to obtain an influence matrix. The influence
matrix represent the responses of AO system in terms of
the spot shifts of the SH, when the voltage on each
actuator of the DM is increased by a unit quantity one by
one. Then, the reconstruction matrix can be obtained by
calculating the pseudo-inverse of the influence matrix,
using a singular value decomposition (SVD) method. With
the reconstruction matrix, the voltage on each actuator can
be evaluated for wavefront correction. A proportional-
integral (PI) control strategy is adopted for a closed-loop
wavefront correction. The
correction is 500 Hz.

frequency of wavefront

5.1 AO performance measurement for different 7,

In the first experiment, the SNR of the SH is fixed. So in
the beginning, the brightness of the light source is adjusted
until the SNR of the SH is about 30. Then, four kinds of
r, are simulated, i.e. 5 cm, 7 cm, 9 cm and 11 cm. For
each 7, ten Greenwood's frequencies are simulated, from

10 Hz to 100 Hz with an increment of 10 Hz. For each
condition, AO correction is conducted, and 50 images are
recorded by the imaging camera to calculate the average
SR. The result of this experiment is shown in Fig. 3. The
images of targets before and after AO-correction, which
are obtained from the imaging camera, are shown in Fig. 4.
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Fig. 3 Measured average SRs versus different Greenwood’s
frequencies for different Fried’s coherence lengths (The
average SNR of SH is 30)

Seen from Fig. 3, it can be found that for the cases when
7y is 7 ¢cm, 9 cm and 11 cm, the AO correction is good
when f; is lower than 60 Hz. It can be also found that

AO system works poorly when 7, is 5 cm. Here, a

criterion that SR is over 10% is adopted to decide whether
the AO correction is good or not. Also, it can be noted that
SR decreases as the Fried’s coherence length is reduced,
when the Greenwood’s frequency is fixed. This can be
explained by a fact that the fitting error of the closed-loop
AO system increases as the Fried’s coherence length is
reduced, and consequently, the SR decreases.

Fig. 4 Images of the target before AO correction (top four
images) and after AO correction (bottom four images) for
different ro (The images are obtained when the average SNR of
the SH is 30 and the Greenwood’s frequency is 30 Hz. The
images from top left to bottom right correspond to the Fried’s
lengths of 11 cm, 9 cm, 7 cm and 5 cm, respectively)
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5.2 AO performance measurement for different average
SNR of SH

In the second experiment, AO performance of different
average SNR of SH is measured when 7, is 11 cm. By
adjusting the brightness of the light source, the average
SNR of SH are set to four values, i.e. 10, 20, 40 and 100.
And for each SNR, similar to section 5.1, the turbulence is
simulated at ten Greenwood’s frequencies from 10 Hz to
100 Hz with an increment of 10 Hz, and SR is measured
during AO correction. The result of this experiment is
shown in Fig. 5.

It can be found that the decrease in average SNR of the
SH lowers AO performance considerably, when the
average SNR is reduced from 40 to 20, and from 20 to 10.
This is resulted from the decrease in the accuracy of the
centroid extraction of SH. However, it can be noted that a
significant decrease in the average SNR of the SH from
100 to 40 results in only a slight decrease in SR on the
whole. Furthermore, it can be observed that SNR-40 SR
surpasses SNR-100 SR a little when the Greenwood's
frequency is 80 Hz. It can be concluded that increasing the
average SNR of the SH will not have very obvious effect
on the performance of a closed-loop AO system when the
average SNR of the SH is high enough. This can be
explained by the fact that the noise error of a closed-loop
AO system is not in a dominant position when the average
SNR of the SH is high enough. And at that time, efforts
should be made on suppressing other errors which may be
in a dominant position such as the calibrating error, the
fitting error and the bandwidth error [1], so as to improve
the system performance.

—e— Average SNR=100
—¥— Average SNR=40
—8— Average SNR=20
—A— Average SNR=10

(=]

Average strehl ratio/%
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Fig. 5 Measured average SRs versus different Greenwood’s

frequencies for different average SNR of SH( 7, =11 cm)

6 Conclusions

This study mainly designs a SR-based method for
measuring the performance of AO systems and validates
its effectiveness by experiments. In order to simulate
different practical conditions which affect the performance
of the AO system, targets of different brightness are
simulated, and different atmospheric turbulence is simulated
in terms of different Fried’s coherence lengths and different
Greenwood's frequencies. Two experiments are conducted
on a 97-element AO system to measure the SR under
different simulated conditions. The results show that the
experimenting AO system is capable of closed-loop
wavefront correction when 7, is larger than 5 cm and

fs 1s lower than 60 Hz for a moderate SNR of SH (about

30). The results also show that the performance of AO is
susceptible to the SNR of SH. The experiments validate
the effectiveness of this method. This method is feasible
for laboratorial performance measurement of closed-loop
AO systems, which can be applied to the fields such as
astronomical telescopes and laser communications.
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