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Peculiarities of adaptive phase correction of optical wave distortions
under conditions of ‘strong’ intensity fluctuations

V.P. Lukin, N.N. Botygina, O.N. Emaleev, V.V. Lavrinov

Abstract. The reason for the loss of efficiency of adaptive phase
correction in the propagation of optical waves in a turbulent atmo-
sphere under conditions of ‘strong’ intensity fluctuations is experi-
mentally explained for the first time. Based on the data from exper-
iments conducted on both horizontal and vertical atmospheric
paths, we have found that intensity fluctuations begin to signifi-
cantly affect phase measurements when the coherence radius of the
optical wave becomes less than the radius of the first Fresnel zone.
Under these conditions, the main meter of adaptive optics systems,
i. e. the Hartmann sensor, no longer provides correct measurements
of the phase distribution in the presence of deep amplitude modula-
tion. Based on the study of the behaviour of the mode components
of the phase fluctuations reconstructed from the results of measure-
ments in various operating regimes, we have found that, first of all,
the amplitudes of the lowest modes of phase fluctuation expansion
(tilts, defocusing, and astigmatism) are distorted, which, as the
analysis shows, is very different from the regime of weak fluctua-
tions.

Keywords: adaptive phase correction, intensity fluctuations, tilts,
defocusing, astigmatism, atmospheric turbulence.

1. Introduction

The field of research related to the use of adaptive optics (AO)
systems to improve the characteristics of optoelectronic sys-
tems operating in the atmosphere is currently being inten-
sively developed. However, the effectiveness of such systems
largely depends on the level of fluctuations in the parameters
of optical waves caused by atmospheric turbulence. And this
turns out associated with the manifestation of not only phase,
but also amplitude fluctuations.

When analysing the efficiency of phase correction sys-
tems, it is usually assumed that there are no intensity fluctua-
tions. In this case, the devices for phase measurements (inter-
ferometers, phase meters, etc.) operate most correctly. It is
interesting to consider another limiting case — the presence of
‘strong’ intensity fluctuations, assuming that the adaptive sys-
tem has an unlimited spatio-temporal resolution for correct-
ing phase distortions. It is known that phase distortions acq-
uired during the passage of a wave through an optically inho-
mogeneous medium transform into a modulation of the spa-
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tial intensity distribution as the wave propagates further. If
the modulation is deep enough, the points with zero intensity
may appear.

If an optical wave is described in terms of its complex
amplitude U, then the points with zero intensity occur at the
points of intersection (or tangency) of continuous lines on
which the imaginary part vanishes. If ReU and ImU change
their sign from positive to negative when intersecting these
lines, such points are the points of wavefront dislocations. For
adaptive phase correction, it is of importance that the appear-
ance of dislocations violates the continuity of the two-dimen-
sional phase distribution [1,2]. When such discontinuities ari-
se, the errors of the wavefront reconstruction and its approxi-
mation by an adaptive mirror using data of optical measu-
rements increase significantly. In general, the use of special
correctors also has no effect, since when correcting turbulent
distortions, dislocations occur at randomly located points
within the aperture. Algorithms for constructing the aberra-
tion map of the measured wave, currently used in most wave-
front sensors (WFS’s), give a continuous function of trans-
verse coordinates. Herewith, they actually filter the vortex
part of the measurement vector.

2. Numerical experiments

We will analyse the results of our numerical experiments
[2—6], which indicate the impact of intensity fluctuations and
phase distribution dislocations on the efficiency of turbulent
distortion correction. Three aspects of this problem are of
practical and scientific interest. The first aspect is how much
the loss of amplitude information affects the efficiency of
phase correction. The second aspect is how much the loss of
information contained in the vortex part of phase measure-
ments reduces the adaptation efficiency. And finally, the third
aspect is the degree of effect of amplitude modulation on the
data of phase measurements performed, for example, by a
Shack—Hartman sensor. The latter circumstance seems to us
the most important, since it makes it impossible to conduct
direct phase measurements with significant amplitude fluctu-
ations of the optical wave wavefront.

It should be noted that the first two aspects of the problem
have been discussed in works [2—6]. In this case, numerical
experiments were performed for two correction schemes oper-
ating both for the reception of radiation and for its propaga-
tion. The first scheme is a typical correction scheme for image
reception. The second one is a correction scheme based on
phase conjugation (PC) using data of phase measurements of
the reference source.

When analysing the operation of these two schemes in
[4—6], two variants of the phase measurement algorithm were
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considered. The first one is an ideal adaptive system that
instantly and accurately reproduces the reference wave phase
over the entire cross-section plane, including singularities of
the wave front (dislocations). In the second variant, only the
component corresponding to the potential part of the vector
field of local tilts of the wavefront is corrected. We call this
correction a potential (or vortex-free) phase correction.

Thus, in fact, we have implemented [5, 6] four schemes of
a numerical experiment, namely an ideal reception compensa-
tion system, a compensation system for only the potential
part of phase aberrations, an ideal PC system, and a PC sys-
tem for only the potential part of aberrations.

As shown in work [7], to analyse the problem of propaga-
tion of optical radiation along atmospheric paths, four para-
meters should be employed: the propagation path length L,
the diameter D of the receiving system’s aperture, the wave-
length 4, and the turbulence intensity C2. According to the
similarity theory [7], the problem of plane wave propagation
in a turbulent atmosphere is characterised by only two scales:
the coherence radius ry can be chosen as the transverse scale,
and the diffraction length for a beam with a radius equal to
the coherence radius (Ly = kr3) may serve as the longitudinal
scale. Then the problem is characterised by the relative path
length /Ly and the relative aperture diameter D/ry. In this
case, the variance 3 of intensity fluctuations (scintillation
index) [7] calculated for a plane wave in the case of a power-
law turbulence spectrum is uniquely associated with the ratio
L/Lg: B2 =2.9(L/Lg)%0. Therefore, it can be used as a param-
eter instead of the L/L  ratio.

The results of our numerical experiments [4—6] are shown
in Figs 1 and 2. Figure 1 shows the dependences of the Strehl
ratio SR on the scintillation index for the distortion compen-
sation scheme. It is known that the Strehl ratio is numerically
equal to the ratio of the average value of the axial intensity of
an image formed in a turbulent medium to that of the system
operating in vacuum.

For an ideal compensation scheme, the Strehl ratio SR is
virtually independent of either the relative aperture diameter
or the path length. The difference between the SR ratio and
the value corresponding to the diffraction limit (SR = 1) is
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Figure 1. Dependences of the Strehl ratio SR on the scintillation index
for the image correction scheme at different values of D/r.

almost imperceptible. This is consistent with the idea that
phase fluctuations play a major role in image distortion, while
the role of amplitude fluctuations is insignificant. In this case,
the phase fluctuations are completely corrected. In the case of
ideal compensation only for the vortex-free part of the phase,
the correction efficiency decreases quite significantly with an
increase in the scintillation index. A twofold decrease in the
SR ratio is achieved already at 83 ~ 1-1.5. Further increase
in the intensity fluctuations leads to the fact that the intensity
at the lens focus tends to an uncorrected value. The correction
efficiency decreases by an order of magnitude at $3 =3, 1i.e. at
L~ Ly=krj.

Similar results were obtained for the PC scheme. This
means that the efficiency of this phase correction decreases
(Fig. 2) when the path length reaches the diffraction length
Ly. Tt turns out that the correction efficiency for an ideal PC
scheme (Fig. 2) depends on the magnitude of intensity fluc-
tuations. However, this dependence is not as strong as one
might expect. At 82 = 3, the SR ratio decreases to 0.8 and is
almost independent of the aperture diameter.
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Figure 2. Same as in Fig. 1 for the PC scheme.

3. American experiment

Until recently, there was only a limited amount of experimen-
tal data that could be compared with the results of numerical
analysis given in [5,6]. There is a single known experiment
conducted at MIT Lincoln Laboratory (USA) on an atmo-
spheric horizontal path of 5.5 km [8]. The adaptive system
included a Hartmann sensor and a deformable mirror. The
problem of focusing the radiation beam was solved using the
PC algorithm. The wavelengths of the reference and corrected
beams were 633 and 514 nm, respectively.

Figure 3 shows an approximation obtained from calcula-
tions performed in [4—6] using the experimental data of Ref.
[8]. From these data, it is difficult to judge to what extent the
reduction in the correction efficiency is associated with phase
discontinuity and filtration of phase dislocations, and to what
extent it is due to other factors, such as an increase in the ratio
of the aperture diameter to the coherence radius, the errors of
the wavefront distortion sensor and the adaptive system.
However, a good agreement with the results of our calcula-
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Figure 3. Dependence of the Strehl ratio SR on the variance of fluctua-
tions of the amplitude’s logarithm for a spherical wave, calculated by
formula (2) from [5]: (points) experimental data [8] and (solid curve)
their approximation.

tion suggests that mainly the use of the algorithm for recon-
structing the reference beam wavefront, filtering the vortex
phase, is the decisive factor determining the correction effi-
ciency reduction.

4. Preliminary conclusions

Based on the said above and the results of works [2—6], we can
formulate the following preliminary conclusions:

1. The proposed numerical model of the AO system,
which includes a ‘filtering’ algorithm for the wavefront recon-
struction, allows us to adequately model and quantify the adap-
tive correction efficiency under conditions of strong intensity
fluctuations.

2. When correcting turbulent distortions, the PC system
efficiency decreases by about half with an increase in the vari-
ance 33 of intensity fluctuations (scintillation index) from zero
to unity. In this range of B3 values, the correction efficiency
does not virtually depend on the ratio of the aperture diame-
ter to the coherence radius. With a further increase in inten-
sity fluctuations, the correction efficiency begins to depend on
the aperture diameter. The increase in the 83 value to 3 red-
uces the correction efficiency by an order of magnitude or
more, and the SR ratio tends to the value obtained in the sys-
tem without correction.

3. Since the variance value f; = 3 approximately corre-
sponds to the limit of applicability of the smooth perturba-
tion method (SPM) [7], it can be assumed that the SPM appli-
cability violation is associated with the occurrence of wave-
front dislocations. Note that the intensity vanishes at the
points of dislocations, and the logarithm of the amplitude
turns to infinity, while the SPM is actually a perturbation met-
hod for the logarithm of the field.

4. A decrease in the efficiency of the adaptive correction of
the vortex-free phase with an increase in the variance of inten-
sity fluctuations occurs in approximately the same way both
in the phase compensation scheme and in the PC scheme.

It is interesting to note that even at large amplitude fluc-
tuations, the use of adaptive phase correction still provides a
certain and quite significant gain (in terms of the Strehl ratio)
[6,9] compared to the case without correction. Table 1 con-
tains the ratios of the corrected SR, parameter to its uncor-

rected SR value for the vortex-free phase compensation
scheme at the variance of 3 = 3. It can be seen from Table 1
that for all values of D/r(, the corrected value of the Strehl
ratio is about four times greater than the uncorrected value.

Table 1. Relative gain in the Strehl ratio obtained when correcting only
the potential phase.

Diry SR, SR, SR, /SR,
10 0.0324 0.129 3.98
20 0.0106 0.038 3.58
30 0.0051 0.025 4.90

As we have shown earlier in [4—6], the greatest effect from
the application of the phase correction system can be only
obtained if certain conditions are met on the atmospheric
path. In particular, a good adaptive correction is only possi-
ble for atmospheric paths whose length is less than the turbu-
lent diffraction length, i.e., L < Ly = krJ. This condition can
be derived from the most natural condition, namely (see
[5,6,9,10]) from the fact that the effective operation of the
AOQ system on an atmospheric path of length L is only possi-
ble if the isoplanatism angle, numerically equal to ry/L, exce-
eds the angular resolution of the system:

r()/L >A,/7'0. (1)

Note that formula (1) deals with the coherence radius rg
(Fried’s radius) calculated for a short exposure [8]. It is easy
to show that condition (1) matches the condition

ro> VAL, 2)

which, in turn, corresponds to the manifestation of weak
intensity fluctuations on the path:

k7/6C%L11/6 <1. (3)

It is in this case that adaptive systems using the PC algorithm
are effective, and the Hartmann sensor gives correct phase
data, since the impact of amplitude fluctuations in the system
can be ignored.

On vertical paths, conditions (1)—(3) are almost always
met, but on horizontal paths the situation easily changes to the
opposite, i.e., the Fried coherence radius becomes less than
the radius of the first Fresnel zone [which can be easily obt-
ained from condition (1)]. This means that amplitude fluctua-
tions begin to appear, and the variance of intensity fluctua-
tions calculated from formula (3) becomes greater than unity.
Under such conditions, the AO phase systems become ineffi-
cient, and it is no longer possible to achieve any improvement
by using PC [5,6,9].

5. Experiments with strong fluctuations

It should be noted that the conclusions regarding a decrease
in the efficiency of phase AO systems with an increase in the
level of amplitude fluctuations were obtained by us in the cou-
rse of numerical simulation. In this case, the main distorting
factor was the inability to describe the phase front as a smooth
surface, and the simulation was performed in the absence of
noise. Under real conditions, in addition to the signal, the
WEFS is affected by all sorts of interferences and noises. This,
in turn, causes the phase measurement data to become incor-
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rect. The algorithms for the Shack—Hartmann sensor opera-
tion are protected to some extent from amplitude fluctuations
due to the fact that, when evaluating the centre of gravity of the
focal spot, the signal is normalised to the amount of the light
flux through the subaperture. However, the requirements for
improving the WFS accuracy necessitate the use of subaper-
tures with a size smaller than the coherence radius, and this
necessitates working with small subapertures when the level
of amplitude fluctuations increases. At small subapertures,
strong fluctuations in the light flux occur, which leads to the
phase measurement errors.

In our experiments [11], we found the dependence of
phase systems on the level of intensity fluctuations, which is
manifested primarily in the WFS operation. The appearance of
significant amplitude fluctuations leads to a change in the bri-
ghtness (scintillation) of focal spots on the Hartmann matrix.
In this case, the phase measurement results become incorrect.

There is a high level of fluctuations on horizontal atmo-
spheric paths, while the sensors operate under conditions of
high environmental variability, especially under urban condi-
tions; seasonal changes and a strong dependence of the opti-
cal signal amplitude on the aerosol content in the atmosphere
are also observed. Consequently, at real levels of turbulence
under urban conditions, phase systems can only operate over
limited distances.

To verify this statement, we performed numerous mea-
surements between August 2017 and August 2018. Below are
the results of analysis of experimental data obtained in recent
years using the AO system prototype [11] both on extended
vertical and horizontal atmospheric paths.

5.1. AO system prototype

To conduct experiments in the atmosphere, a prototype of the
AO system was designed, in which a PC scheme with a refer-

ence source was implemented (Fig. 4). To form a reference
source, we used the reflection of the light from an angle reflec-
tor illuminated by a semiconductor IR laser. This laser was
located behind the secondary mirror of the telescope in its
‘blind’ zone. The beam from the reference source was directed
to the atmospheric path through a forming device, which par-
tially compensated for the large original angular divergence
of the laser light. At the opposite end of the path, a special
measuring test pattern was installed with an angle reflector
mounted on it, which returned the light to the transmitter.
The size of the reflective element of the angle reflector was
varied by placing an opaque screen in front of the reflector.
By varying the size of the open part of the angle reflector, it is
possible to form the reflected light with both a plane wave-
front and a wavefront that occurs in the case of a point reflec-
tor-scatterer. On paths up to 2.5 km long, a reflector less than
1 cm in size was used, which corresponds to the spherical
wave approximation. Guidance of IR laser light on the reflec-
tor was carried out by observing the reflected signal on the
prototypes video camera.

In Fig. 4, a MEADE astronomical telescope without an eye-
piece, which we used in our experiments, is conventionally
shown as a lens L1. Reflected reference IR light and light
from the object (in the visible wavelength range) are fed to the
input aperture of this telescope, and then, using an optical
periscope formed by two plane mirrors, are transmitted to the
upper platform, on which the main elements of the prototype are
installed. Two lenses, L1 and L2, form the first scaling collimator
designated to match the sizes of the telescope’s input aperture
and flexible mirror. On the upper platform, after two reflections
from a plane rotating mirror and a flexible (deformable) mirror,
the radiation enters the WES input, in front of which a second
scaling collimator is placed, indicated in the diagram as lenses L3
and L4. This collimator ensures that the sizes of the flexible mir-
ror and the WFS analysis area are matched. In addition, a beam-
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Figure 4. Prototype’s optical scheme.
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splitter is introduced into the scheme, which directs part of the
corrected light to a high-resolution video camera. The separation
of the visible and reference IR light in the receiving system is
performed using two filters. One filter is installed in front of the
WES, while the second one is located directly in front of the high-
resolution video camera.

Phase fluctuations in the reference wave along the atmo-
spheric path were measured by a Shack—Hartman WFS. To
close the feedback loop at the atmospheric path end, a mea-
suring test pattern was installed as the test object of analysis,
at the centre of which an angle reflector was placed, providing
sufficient power of the reference light without the involve-
ment of a high-power laser for illumination.

5.2. WES parameters

Our prototype used a WFS implementation operating accord-
ing to the Shack—Hartmann scheme. The sensor is based on a
Mako G-223B NIR camera, which operates in the infrared
range and serves to measure phase fluctuations using a refer-
ence source. At full resolution, this camera produces about 50
frames per second. The choice of camera is consistent with the
choice of the reference source wavelength. The reference sou-
rce’s operating wavelength 0.808 um is in one of the transpar-
ency windows of the Earth’s atmosphere. In addition, tele-
scope glasses have high transmittance at this wavelength.

To develop a WFS operating according to the Shack—
Hartmann scheme, an element is needed that divides the rec-
eiving aperture into separate elements, the so-called subaper-
tures. To this end, diffraction microrasters were used in the
WES optical scheme. These microlens rasters were calculated
and manufactured using a unique technology developed at the
Institute of Automation and Electrometry, SB RAS (Novo-
sibirsk) [12]. These are diffractive optical elements. The pro-
totype used two rasters with different numbers of elements in
a matrix with square packing of elements: 10 X 10 and 18 X 18.
This made it possible to operate the prototype under different
turbulence conditions.

Table 2 shows the parameters of microrasters cut from
glass in the form of circles with a diameter of 12 mm. The mic-
rorasters are mounted close to the focal plane of the receiving
telescope directly in front of the Mako G-223B NIR camera,
thus forming an ordered system of focal spots on the camera
sensor. Therefore, all angular (or phase) distortions on the
input pupil of the telescope lead to linear displacements of the
centres of gravity of the system of focal spots formed through
these microrasters. Calculations show that, even with a micro-
raster of 10 X 10 subapertures, the developed WFS ensures
wavefront reconstruction [11,13,14] and expanding it to at
least the 35th Zernike polynomial.

Table 2. Parameters of microlens rasters.

Size Period/um Focus/um
10x 10 518 51377
18 x 18 259 8500

The WES operation was provided by a special program [13].
This program was used for computer data processing and cal-
culation of the phase distortion distribution by converting the
angular displacement matrix of the system of focal spots at
the telescope’s input aperture. Next, the expansion by Zernike
polynomials of the phase distortions measured at the tele-
scope’s input aperture was constructed. As a result, the WFS-

based measurements [11,13] give the current values of the
amplitudes of the mode components of phase fluctuations at
the telescope’s input aperture. Using the expansion of mea-
surement data by orthogonal Zernike polynomials [14], a for-
mula can be obtained for any mode component of phase fluc-
tuations, which relates the variance of fluctuations of this
mode component and Fried’s radius. Further, this character-
istic can be used to quantify image distortion.

Here we present the simplest calculation formulae for det-
ermining Fried’s radius using WFS data. In doing so, we pro-
ceed from the assumption that the angle reflector generates a
nearly spherical wave. This wave, having passed through the
IR filter, is separated from the visible range light and forms a
WES signal. Fried’s radius is calculated from the measure-
ment data of the variance of the difference of random dis-
placements (jitters) of two focal spots separated by a certain
distance, which are formed by two subapertures. Using the
well-known formula obtained in [15], which relates the vari-
ance X(d ) of the difference of random angular displacements
with Fried’s radius ry, the receiving aperture diameter D, and
the distance d between the subapertures, we obtain the exp-
ression for calculating Fried’s radius:

2@)=&#P—gmu»*ﬂ, )
where
atzow(%fw%f. (5)

These simple relations allowed us to estimate Fried’s
radius directly from experimental data. In this case, the cur-
rent measurement data of Fried’s radius were averaged dur-
ing the experiment. Based on the prototype parameters used,
it is possible to estimate the smallest value of Fried’s radius on
the atmospheric path, measured using the WFS. It turned out
to be about 2 cm. For such Fried’s radius, the worst value of
the viewing angle 0 in a turbulent medium [7] is determined by
the formula

0 ~ 0.98/r, (6)

and constitutes about 5 for a wavelength of 0.55 um.

The computer in the system’s prototype was used both for
calculating the coordinates of the centres of gravity of focal
spots and the variance of the jitter difference, and for estimat-
ing Fried’s radius according to formulae (4) and (5). Since our
measurements were conducted at the reference wavelength of
0.808 um, and the image formation in the system was per-
formed in the visible region (at 4 = 0.555 um), the measure-
ment data should be recalculated. According to calculations
[5,6,9], the following formula can be used to recalculate the
measurement data obtained for the wavelength 4, to the data
for the wavelength A,:

ro(A2) = (Aal2)*Pro(Ay). (7

If the WFS operates at a reference wavelength of 0.808 wm,
and the recalculation corresponds to the centre of the visible
wavelength range, i.e., at A = 0.555 um, the recalculation fac-
tor is 0.64.

However, the matter is not limited to the requirement to
recalculate Fried’s radius. In addition, if the wavelengths of
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the reference and fundamental radiation do not coincide, the
image correction efficiency decreases. In our works [6,9], it was
shown that the use of a reference source at a wavelength dif-
ferent from the wavelength of the original radiation leads to a
decrease in the correction efficiency, while the Strehl ratio
begins to decrease. From these results, it follows that the most
effective reference source is a source operating at the wave-
length of fundamental radiation.

In the prototype, a flexible U-Flex-36-MDL-24 mirror is
used for phase correction, which, thanks to its design [16], inc-
ludes a special arrangement of control electrodes on a piezo-
electric plate and thus makes it possible to form an optical sur-
face with a complex relief and compensate for aberrations up to
the 4th order (the degree of expansion by the Zernike polyno-
mials [14]). Thus, this mirror, together with a multichannel sys-
tem of amplifiers, can correct tilts, defocusing, astigmatism,
coma, and 4th-order aberrations. And, as estimates show, such
a mirror is ultimately capable of reducing the variance of resid-
ual phase fluctuations by about six to seven times [11, 15].

5.3. Revealed features of the operation of the AO system
prototype

In recent years, quite a lot of publications have appeared
on the operation of atmospheric systems on extended paths
[17-22]. However, no analysis of the possibility of operation
of such systems in the presence of strong intensity fluctua-
tions has been conducted in these works.

Perhaps, in this regard, only the paper [21] should be singled
out, which describes the AO system being developed for function-
ing within the city. It uses a telescope with an aperture of 127 mm.
The work was carried out on a horizontal path up to 3 km long
at a height of 10—12 m above the underlying surface. The AO
phase system used a Hartman sensor with 21 subapertures, and
the system operation was performed using a reference beacon in
the visible spectrum region. In [21], it is stated that the results are
not very good due to strong turbulence; in particular, it is noted
that it is necessary to quadruple the measurement point density
on the WFS. However, the authors of [21] did not even suggest
that the real cause of poor correction could be the inability of the
WES to operate effectively.

In this regard, we first of all tried to analyse the limiting
capabilities of the AO phase system prototype, proceeding
from the parameters of the components involved. If the sys-
tem is designed on the basis of a telescope with an aperture
diameter of 356 mm, and the camera in the WFS provides a
rate of about 50 Hz, then, with the number of subapertures in
the raster of 18 X 18, the minimum measured value of Fried’s
radius can be 2 cm. The number of control zones in the
U-Flex-36-MDL-24 flexible mirror is 24.

As a rule, on long horizontal atmospheric paths (in the
visible wavelength range), already at a length of ~1 km, the
Fried coherence radius becomes less than the radius of the first
Fresnel zone. This means that amplitude fluctuations begin to
appear, and the variance of intensity fluctuations calculated
by formula (2) turns out to be greater than unity. Under such
conditions, the AO phase systems become inefficient, and it is
no longer possible to achieve any improvement using phase
correction. In some cases, the measured phase obtained out-
side the non-isoplanar region can only degrade the image
quality.

Experimentally, the dependence of phase systems on the
level of intensity fluctuations manifests itself primarily in a
change in the brightness (scintillation) of focal spots in the

Hartmann matrix. In this case, the phase measurements bec-
ome incorrect. Consequently, under conditions of atmosphe-
ric turbulence on a 2-km-long path, the AO system can only
operate effectively if the coherence radius exceeds 4 cm. The-
refore, before starting to work with the phase correction sys-
tem, it is necessary first to evaluate the coherence radius and
only then decide whether the system can operate at such a
distance. Always, if an adaptive correction system is used, the
state of the atmosphere is studied in advance. For vertical
paths, atmospheric turbulence models are used.

As an example, we demonstrate a fairly rapid change in
the turbulence level that we found when working under urban
conditions. The data of current measurements performed using
the WES at a distance of 2 km are shown in Fig. 5. These mea-
surements were made in August 2018. It can be seen that alt-
hough Fried’s radius changes rapidly over time and its mea-
sured value is approximately 2.5 cm. It should be noted that
due to the low frequency of the WFS camera (50 Hz), there
are limitations on the prototype’s operation speed. Thus,
when using the traditional algorithm (fixed time-lag algo-
rithm [23,24]), the required minimum system’s frequency can
be calculated by the formula

. v —
Jor @D e, (8)

Here v is the transverse speed of the wind. Data from calcula-
tions performed using formula (8) show that on a 2-km-long
path, the prototype parameters ensure efficient operation of
the AO system with Fried’s radius greater than 5 cm and a
wind speed not exceeding 3.6 m s'. At higher wind speeds,
only a partial correction will be observed.
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Figure 5. Estimate of the coherence radius for a spherical wave, ob-
tained from differential measurements of the gravity centre’s displace-
ment of images formed by two vertically spaced WFS’s. Measurements
began at 7:20 am.

In our experiments (September—November 2017, May—
July 2018), atmospheric parameters (wind speed and turbu-
lence level) were being continuously measured using the
METEO-2 meteorological system installed at the level of the
system’s receiving telescope. As the measurement data show,
the overwhelming amount of measurements correspond to
the turbulence level above 1074 m 23, while the wind speed is
2.5-4.5ms!. At this turbulence level, there are indeed strong
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Figure 6. Estimate of the coherence radius for a spherical wave, ob-
tained (a) from differential measurements of the gravity centre’s dis-
placement of images and (b) from measurements of the structural con-
stant of the refractive index using the METEO-2 meteorological station
(averaging time is 1 min). Measurements were performed on 18 July
2018; measurements began at §:49 am.

fluctuations on the 2-km-long path. And only at a turbulence
level of no more than 107" m—27, the AO system will give a
positive result under the additional condition of a weak wind.
However, if the wind speed exceeds 3.6 m s™!, or at smaller
values of Fried’s radius, the viewing quality may even deterio-
rate [11,24].

It should be noted that atmospheric urban paths poorly
yield to parametrisation, and it is difficult to construct local
turbulence models for them. Therefore, the AO system
development requires a preliminary stage of studying turbu-
lence on the paths where the system will be operated. To this
end, one can use both the WES itself and the weather system
installed on masts, on a helicopter or on a tethered balloon.
In addition, information about the turbulence level and
wind speed should be used when formulating system require-
ments.

Based on observations made in July 2018 using a proto-
type of the AO system prototype, we compared the behaviour
of the measured mode components of phase distortions under
weak and strong intensity fluctuations. The analysis results
show that the appearance of intensity fluctuations leads to
parasitic modulation of the lower-mode spectra and, consequ-
ently, causes a decrease in the phase correction efficiency. This
primarily affects the data of phase measurements performed
using the classical wavefront sensor, i.e. Shack—Hartmann
WEFS [11].

The measurements analysed further were made on a hori-
zontal path up to 2 km long; the measurement time was the
morning of July 18, 2018. A bank of fog or haze was observed
on the optical path near the mira and the angle reflector. To
estimate turbulent distortions, we used 3000-frame WFS data
obtained with an image recording rate of 50 frames per sec-
ond and a frame exposure time of 2 ms. When collecting data
for subsequent processing, video frames were used in which
the maximum illumination value of the images formed by
each of the subapertures selected for measurements exceeded
the background illumination by at least two times.

Our optical measurements made with WFS were accompa-
nied by meteorological measurements with an acoustic mete-
orological station in the surface layer of the atmosphere (Fig. 6).
These measurements showed that, in addition to the seasonal
and daily variations, there was a rapid [11] variability (within
a few minutes) in the turbulence intensity, causing a change in
its integral value (cf. Figs 5 and 6a) even on extended horizon-
tal paths. At the same time, when comparing Figs 5 and 6a
with Fig. 6b, it should be taken into account that the meteo-
rological data (Fig. 6b) correspond to measurements at a sin-
gle point; therefore, it is impossible to talk of complete coinci-
dence of the values. At the same time, it should be noted that
changes occur synchronously, and the data are similar.

5.4. Wavefront aberration measurements

For optical phase measurements, the following parameters
were used: frame rate, 50 Hz; frame exposure time, 2 ms; real-
isation duration, 10 s; radiation wavelength, 0.81 um; angle
reflector diameter, 7 mm; and path length, 2 km. The values of
the structural constant of the refractive index, obtained using
the METEO-2 meteorological station at 8:30:30and 8:31:30
amare 5.87 x 10 m23 and 1.94 x 10~'*m2", and the coher-
ence radii of a spherical wave propagating along the optical
path are 5.9 and 2.9 cm, respectively. Figure 7 shows instan-
taneous intensity distributions (individual frames were recor-
ded at different time moments) in the focal plane of the video
camera sensor. Figure 7a presents a frame with the highest
illumination of the entire input aperture of the telescope,
where the extreme illumination values in the entire hartman-
nogram are at least four times higher than the background
illumination. Figure 7b displays a frame in which the maxi-
mum illumination in all focal images is at least three times
higher than the background value. In Fig. 7c, only the 92nd
subaperture forms an image of the background illumination,
in all other images the maximum illumination is at least 1.7
times higher than the background illumination. Figure 7d dem-
onstrates a frame with the lowest illumination of the entire
input aperture of the telescope; in this frame, already 17 sub-
apertures form images with maximum illumination below the
threshold. Here, the threshold illumination is 1.5 times higher
than the background one.

To further study the effect of amplitude fluctuations on
phase measurements, we analysed the accuracy of estimating
the position of the centres of gravity of the focal patterns of
the Hartmann sensor at various threshold illumination levels,
up to illumination levels 1.5 times higher than the background
value. To this end, the maximum illumination of images for-
med by each WFS subaperture was measured for a 10-second
realisation recorded on July 18, 2018 at 10:34 am. The struc-
tural constant value of the refractive index measured by the
meteorological station at 10:34:30 am is 4.86 X 107> m23,
and the coherence radius of a spherical wave propagating
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Figure 7. Maximum illumination values of images formed by each WFS subaperture, normalised to the background illumination.

along the optical path is 6.6 cm. Of course, as the amplitude
of fluctuations increases, the error in estimating the position
of local wavefront tilts increases. Then, based on the obtained
video frames and using the developed program, the coeffici-
ents of the wavefront expansion by the main aberrations were
calculated.

5.5. Expansion coefficients of wavefront aberrations

The data presented here were obtained from measurements
made on July 18, 2018 starting at 8:31 am. From the mea-
sured realisations, the first 14 Zernike polynomials were cal-
culated, starting from the wavefront tilts. Figure 8 shows only
a part of the thus obtained data, namely the data for the first
four Zernike polynomials with amplitudes C;, C,, Cs, and Cy.

Further, these data were used to calculate the correspond-
ing spectra of mode expansions of phase fluctuations (Fig. 9).
A decrease in the amplitude of the spectra by more than two
orders of magnitude at frequencies above 15-20 Hz shows
that the camera operation frequency (50 Hz) was quite suffi-
cient to evaluate the main fluctuations. If we compare the
spectra in Fig. 9 with the theoretical ones, calculated, for exa-
mple, by R.J. Noll [14], we can see the irregularity of the spec-
tra of the lowest mode components, which indicates their sus-
ceptibility to the action of amplitude fluctuations. This means
that when amplitude fluctuations appear, the amplitudes of
the lowest modes — wavefront tilts, defocusing, and astigma-

tism — are first distorted. At the same time, analysis shows that
the higher modes numbered 7—14 remain virtually the same
as in the case of weak intensity fluctuations.

The next step in the analysis of experimental data was to
study the dependence of the pattern of focal spots on the level
of amplitude fluctuations. Figure 10 shows the dependence of
the number of subapertures, for which the illumination maxi-
mum is below the threshold (which does not allow the correct
use of these subapertures in further analysis), on the frame
number. It was also noted that in some frames, the illumina-
tion level of the pattern ‘died away’ almost to zero. Such fra-
mes cannot be used for wavefront reconstruction with accept-
able quality, and they should be excluded from consideration.

In this regard, the next step in the development of phase
reconstruction algorithms based on Shack—Hartman WFS
data with adaptive control can be automatic discarding indi-
vidual subapertures in the pattern obtained by the sensor,
which will not be used for phase reconstruction. Then, only
‘good’ subapertures with the illumination exceeding the thre-
shold value will be used in the calculation of phase fluctua-
tions. In this case, of course, it is necessary to use a faster cam-
era with the accumulation of a series of frames and averaging,
while the phase reconstruction should be performed at the
frequency value imposed by the presence of phase fluctua-
tions. However, this can only be done if the signal level is suf-
ficiently higher than the noise level. In addition, to combat
the effect of amplitude fluctuations, multistage phase correc-
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Figure 10. Number of subapertures that form images with maximum
illumination below the threshold value ( the illumination threshold is 1.5
times greater than the background one ). Measurements were performed
on 18 July 2018 at 10:34 am.

tion can be used along with non-phase sensors to measure
fluctuations in the overall tilt and defocusing of the wave-
front.

6. Conclusions

Based on the study of the behaviour of the mode components
of phase fluctuations reconstructed from the results of mea-
surements in various operating regimes, we have found that,
as the level of amplitude fluctuations increases, the ampli-
tudes of the lowest modes of the expansion of phase fluctua-
tions — tilts, defocusing, and astigmatism — are first distorted,
and the behaviour of these modes is very different from the
classical behaviour corresponding to the regime of weak fluc-
tuations. To overcome the impact of amplitude fluctuations,
multistage phase correction can be used along with non-phase
sensors to measure fluctuations in the overall tilt and defocus-
ing of the wavefront.
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