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ABSTRACT

Using a fast-acting Shack-Hartmann wavefront sensor (WFS) under the conditions of artificially created pavilion
turbulence, the possibility of registering and recording the phase front of laser radiation with a high temporal resolution
has been experimentally demonstrated. A FPGA has been used as a control element of the WFS that provides an
operation frequency of the WFS and recording information about the wavefronts of 4 kHz. Analysis of the reconstructed
dynamics of the wavefront of the laser radiation makes it possible to determine in detail various spatiotemporal phase
characteristics and to identify non-Kolmogorov features of turbulent distortions.
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1. INTRODUCTION

A conventional adaptive optical system, including a wavefront sensor (WFS) and an adaptive mirror, is used for phase
correction of optical (including laser) radiation [1]. The WFS is designed to obtain the information about phase
distortions and to reconstruct the wavefront that is necessary for subsequent control of the correcting adaptive mirror in
the closed loop [2]. But WFS has, in addition, an independent value. Having information on the spatial and temporal
distribution of the wavefront registered by WFS, one can obtain estimates of the spatial and temporal parameters of the
optically inhomogeneous medium, through which the radiation beam has passed (for example, a turbulent atmosphere).
In WFS of Shack-Hartmann type, the determination of the phase surface dynamics and the subsequent analysis of the
characteristic parameters of the turbulent medium is based on the knowledge of coordinates of the centers of gravity
(centroids) of the focal spots of the hartmanogram [3]. In the case of the Kolmogorov turbulence spectrum it is well
known, how atmospheric turbulence affects the spatial and temporal parameters of the wave front radiation. In this
connection, it is of particular interest to identify the non-Kolmogorov features of turbulence.

This work is devoted to recording a series of hartmanograms of the wavefront of laser radiation under conditions of
artificial pavilion turbulence using a fast Shack-Hartmann WFS [4] and subsequent evaluation of spatial and temporal
parameters of turbulence, including the presence of its deviations from the Kolmogorov character. They are concerned
with the violation of statistical uniformity and isotropy, the fulfililment of the Taylor hypothesis, the known power
dependence of the phase fluctuations in the inertial interval, etc.

2. EXPERIMENTAL SCHEME AND PRIMARY EXPERIMENTAL DATA
Figure 1 shows a schematic of the experiment. The beam of a laser with a wavelength of 2=532 nm is collimated by a

telescope (f;=8 mm and f,=1.5 m) to a size of D=12 cm. Then the radiation propagates along the path of length L=20 m.

29th International Symposium on Atmospheric and Ocean Optics: Atmospheric Physics,
edited by Oleg A. Romanovskii, Proc. of SPIE Vol. 12780, 127800V
© 2023 SPIE - 0277-786X - doi: 10.1117/12.2690304

Proc. of SPIE Vol. 12780 127800V-1



As an artificial source of turbulent distortion in the first case has been used one fan F1 with blade size about 10 cm with
vertically directed transverse air flow, in the second case - two identical fans F1 and F2 with crossed transverse air flows,
spaced along the beam propagation axis. Then the radiation distorted by turbulent air flow through the telescope of the
registration system consisting of a parabolic mirror f;=1.5 m and a matching lens f,=50 mm is delivered to the Shack-
Hartmann WFS for registration of series of hartmannograms, their processing (determination of centroid matrices) and
their saving in computer memory.
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Figure 1. Schematic diagram of the experiment on registration of hartmanograms.
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The spatial resolution of the obtained wavefronts is fixed and limited by the size of the subaperture of the WFS. The
higher the temporal resolution, the greater the detail of the wavefront features can be studied. The exposure time of the
frame in the experiment is 10 ps. It is worth noting that the use of a personal computer to control the WFS imposes
significant limitations from above on the frequency of the WFS. Obviously, the images of halftone hartmannograms on
the full field of the CCD camera occupy a sufficiently large amount of computer memory and cannot be recorded with a
high frequency. Of course, the matrix of centroids (coordinates of centers of gravity of spots of the hartmanogram)
occupies significantly less memory and can be recorded at high frequency, but here, again, it is necessary to determine
this matrix by processing the whole hartmannogram at each cycle of the WFS operation that again requires significant
time.

Therefore, in the present work, a programmable logic integrated circuit, in particular, one of its varieties - a field-
programmable gate array (FPGA) with special software "written™" into it [4], is used to control the WFS to increase the
operation speed. This makes it possible to achieve a frequency of WFS operation equaled to the CCD camera frame rate
4 kHz, and at such a frequency to have time to process hartmanograms, calculate centroid matrices (i.e. local wavefront
tip-tilts) and write them into the computer memory. The parameters of the Shack-Hartman WFS are presented in Table 1.

Having a set of hartmanograms recorded at high frequency, it is possible to reconstruct wave fronts of radiation and
study their various dynamic, spatial and spectral characteristics in the post-processing mode.

Table 1. Parameters of WFS

Spectral range 350 - 1100 nm
Dynamic range (angles) +50A
Phase measurement accuracy (PV) 2150

2400 fps @ 1920x1080 pix.

Frame frequency of CCD camera under resolution 4000 fps @ 480x480 pix.

Interface Optical fiber, 40 Gbit/s

Focal length of lenslet raster f 12 mm
Number of working subapertures 20x20
Subaperture size d 240 pm
Pixel size A 10 um
Aperture size of input beam 4.8x4.8 mm
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The typical hartmanograms recorded under various conditions are shown in Figure 2.

Figure 2. Examples of hartmannograms.

Figures 3 and 4 show the fragments of centroid dynamics in two sub-apertures (central and peripheral) at registration
frequency 4 kHz and after application of a filter of frequencies above 400 Hz and 800 Hz for a case of one and two fans
accordingly (why such filters were chosen will be clear below). Figure 5 shows the centroid dynamics in the center sub-
aperture after applying a filter below 400 Hz and 800 Hz for the case of one and two fans, respectively. From Figures 3
and 4 we can see that the signal of the primary experimental information experiences temporal fluctuations with the
amplitude up to a few hundredths of a pixel size A. Obviously, this value is associated with an error in determining the
coordinates of the centroid at a finite number of pixels in the subaperture (6+8), which the spot occupies, as well as with
insufficient local spatial resolution. Figure 5 shows that this error does not exceed A/20. Therefore, the accuracy of the
local phase measurement is not worse than (kd/ f)(A/20)=2z/(204f /dA)=2x/55 rad. As for the RMS phase

measurement error, the calculation based on Figure 5 gives 21/300+21/250, i.e. about 5 times less.
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Figure 3. Dynamics of centroid fluctuations in the central (left) and peripheral (right) subapertures at the registration frequency of 4
kHz (markers) and after applying a frequency filter above 400 Hz (red line) when turbulence is created by a single air flow
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Figure 4. Dynamics of centroid fluctuations in the central (left) and peripheral (right) subapertures at the registration frequency of 4
kHz (markers) and after application of a frequency filter above 800 Hz (red line), when turbulence is created by two air flows
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Figure 5. Dynamics of high-frequency centroid fluctuations in the central subaperture after applying a frequency filter below 400 Hz
(left), when turbulence is created by one airflow, and above 800 Hz (right), when turbulence is created by two airflows

The coherence radius (in the free atmosphere, it would be the Fried radius) can serve as a spatial characteristic of
wavefront inhomogeneities. To determine the radius of coherence of radiation using the Shack-Hartmann WFS, we used
a method [5] based on measuring the difference in the angles of the radiation wavefront slope at the WFS subapertures,
naturally, assuming the Kolmogorov character of turbulence. The calculation has shown that in the case of single fan, the
coherence radius takes a value of ~2.2 ¢cm, and in the case of two crossed fans ~ 2.0 cm. In our case, the size of the
subaperture of the WFS in terms of the full beam aperture is s=0.7 cm (taking into account the scaling), which provides
the required spatial resolution: the size of the subaperture should not be larger than the coherence radius [6].

3. SPATIAL CHARACTERISTICS OF WAVEFRONT

For reconstructing the wavefront of the laser beam, Fried's discretization scheme [7] has been used. Figure 6 shows the
temporal evolution of the reconstructed wave fronts of the laser radiation when turbulence has been created by one fan.
Figure 7 shows similar patterns when turbulence was created by two crossed fans.

Figures 6 and 7 do not show a clear "wind" drift of the phase front, which has been observed in [4] and which would

clearly confirm the fulfillment of the Taylor hypothesis. This is apparently due to the fact that the size of the fan blade is
less than the laser beam aperture of 12 cm that caused noticeable mixing of the air within the beam aperture.
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Figure 6. Temporal evolution of the reconstructed wavefronts when turbulence is created by one airflow
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Figure 7. Temporal evolution of the reconstructed wave fronts when turbulence is created by two crossed airflows

According to the classical definition [8], the coherence radius for Kolmogorov turbulence is the size of the aperture, at
which the dispersion of phase fluctuations reaches 1 rad. Figure 8 shows the calculated dependence of the phase
dispersion against the aperture size. This dependence is averaged over the entire time interval of the hartmannogram
registration of 20 sec.
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Figure 8. Dependence of phase dispersion when turbulence is created by one flow (1) and two air flows (2)

As can be seen from Figure 8, in the case of one fan the coherence radius takes the value ~ 3.5 cm, and in the case of two
crossed fans it is equal to ~ 2.6 cm. These values of the coherence radius differ from the values (2.2 cm and 2.0 cm,
respectively) obtained from the analysis of the difference in the angles of the wave front slope of the radiation at the
subapertures of the WFS under the assumption of Kolmogorov turbulence statistics. A possible reason for this is that the
use of the Kolmogorov formalism in calculating the coherence radius in conditions where non-Kolmogorov turbulence
features are significant is unreasonable.
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4. TEMPORAL CHARACTERISTICS OF WAVEFRONTS

Let us move on to the dynamic characteristics of the wavefront. Figure 9 shows the phase dynamics in the central
subaperture of the WFS obtained at the registration frequency of 4 kHz. In the peripheral subapertures of the WFS, as the
experiment showed, the situation is similar.
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Figure 9. Phase dynamics in the central subaperture of the WFS when turbulence is created by one flow (left) and two crossed airflows

(right)

Figure 10 shows the spectral power of local phase fluctuations in the central subaperture of the WFS, associated with the
Fourier transform from the time dependences in Figure 9. It extends up to a frequency of 2 kHz in agreement with the 4

kHz working frequency of the WFS. The power dependence ~v 83 characteristic of the inertial interval of the
Kolmogorov turbulence [8], is shown in Figure 10 by a sloping straight line. As it can be seen from Figure 10, the
spectrum of artificial turbulence in our case differs from the Kolmogorov one. It decays according to a power law,

slower (rather ~ v 3) and completely uncharacteristic of coherent turbulence [9, 10], where there is a faster decay of

the spectrum, ~ v 3 This confirms the above conclusion about the presence of significant non-Kolmogorov features
of the artificial turbulence created and, in addition, suggests a variety of possible violations of the Kolmogorov law.
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Figure10. Spectral power of phase fluctuations in the central subaperture of the WFS when turbulence is created by one flow (left) and
two crossed air flows (right)

Note that at high frequencies in the spectrum of phase fluctuations in Figure 10 there is a kink, when the phase begins to

decrease according to the law faster than v~3 In the case of turbulence created by the air flow from one fan, the break
begins at a frequency of about 100 Hz, in the case of two cross-flows - at a frequency of about 250 Hz. This is due to the
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fact that phase inhomogeneities, the scale of which is smaller than the size of the WFS subaperture, give a significantly
smaller contribution to the local phase tip-tilts. Within the framework of the Kolmogorov model and fulfillment of the
Taylor hypothesis, the frequency at which the above kink is observed is determined by the ratio of the weighted mean
wind speed o to the size of the subaperture of the WFS s [8]. From this we can estimate the value of the weighted
average wind speed o, in the first case v=0.7 m/s, in the second v=1.7 m/s (of course, do not forget that the estimate
assumes the implementation of the Taylor hypothesis).

Further, as can be seen from Figure 10, starting from a frequency of about 400 Hz in the case of one fan and 800 Hz in
the case of two fans there is a noise "sole” in the spectrum. The spectral level of the "sole" is about the same. The
difference of frequencies, from which the "sole" is observed, is explained by the fact, that in case of two fans the spectral
power level of high-frequency harmonics is higher, than in case of one fan.

Figure 11 shows the absolute and normalized integrals from the spectral power of phase fluctuations by frequency in the
two described cases.
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Figure 11. Absolute (a) and normalized (b) integrals from the spectral power of phase fluctuations in the case of one flow (curve 1)
and two air flows (curve 2)

It follows from Figure 11a that the “energy” of turbulence in the case of two crossed air flows exceeds the “energy” of
turbulence in the case of one air flow that should be expected. However, according to Figure 11b, in the frequency range
from 1 Hz to 10 Hz, the relative contribution to the “energy” of turbulence is smaller in the case of two air streams.
Higher frequencies do not make a significant contribution - practically all “energy” of turbulence is contained in the band
up to ~ 100 Hz in both cases. Also note that the spectral "sole" does not contribute to the "energy" of turbulence, i.e., the
presence of noise does not affect the meaningful results.

Figure12 shows the dynamics of high-frequency phase component after filtering the frequencies below 400 Hz in case of
one fan and 800 Hz in case of two fans. It can be seen that the amplitude of phase noise does not exceed 0.1+0.2 rad (by
RMS 0.03+0.04 rad), i.e. the accuracy of local phase determination is 27/60+-27/30 (by RMS 27/220-+2z/150), which
agrees with the accuracy estimate obtained in section 2 based on the analysis of wavefront slopes (Figures 3-5).

Figures 13 and 14 show the spectral power of local phase fluctuations obtained after averaging the original series of
hartmanograms over 4 and 20 frames. This corresponds to a WFS operating frequency of 1 kHz and 200 Hz; the
spectrum extends to a frequency of 500 Hz and 100 Hz, respectively. Comparison of Figures 13 and 14 with Figure 10
shows that averaging did not lead to a deformation of the spectral distribution, including the "sole". This means that the
fast response of the WFS is redundant in the measurement of wavefronts under consideration. Naturally, if there are
high-frequency components in the wavefront with an amplitude exceeding the noise amplitude, they would be reliably
registered. Formation of such components in our experiments by increasing the fan rotation speed led to a decrease in the
coherence radius and a lack of spatial resolution.
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Figure 12. Dynamics of high-frequency phase fluctuations in the central subaperture after applying a frequency filter below 400 Hz
(left), when turbulence is created by a single airflow, and below 800 Hz (right), when turbulence is created by two airflows

10! 10"
5 107! % 10"
R E
107 103
2 2
= =
£ 107 £ 107
2 2.
%) A

107 107

10° ] 107

0,01 0,1 1 10 100 1000 0,01 0,1 1 10 100 1000
v, Hz v,Hz
a) b)

Figure 13. Spectral power of phase fluctuations at averaging the hartmannogram series over 4 (a) and 20 (b) frames, when turbulence
is created by single air flow
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Figure 14. Spectral power of phase fluctuations at averaging the hartmannogram series over 4 (a) and 20 (b) frames, when turbulence
is created by two air flows
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5. CONCLUSIONS

Thus, with the help of the fast-acting Shack-Hartmann wavefront sensor with a clock frequency of 4 kHz, the dynamical
wavefront of laser radiation under the conditions of artificial pavilion turbulence has been registered and the possibility
of analyzing the spatial and temporal parameters of the phase front for the detection of non-Kolmogorov features of
turbulence has been shown. The accuracy of the local phase measurement (PV) by the WFS is at the level of 1/60+4/30.
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