Solar-Terrestrial Physics. 2022. Vol. 8. Iss. 2. P. 20-25. DOI: 10.12737/stp-82202203. © 2022
A.Yu. Shikhovtsev, A.V. Kiselev, P.G. Kovadlo, D.Yu. Kolobov, 1.V. Russkikh, V.E.Tomin. Published by INFRA-M Academic Publishing House

UDC520.16, 520.18
DOI: 10.12737/stp-82202203

Received January 12, 2022
Accepted March 28, 2022

TURBULENT PARAMETERS AT DIFFERENT HEIGHTS IN THE ATMOSPHERE.
SHACK—HARTMANN WAVEFRONT SENSOR DATA

A.Yu. Shikhovtsev
Institute of Solar-Terrestrial Physics SB RAS,
Irkutsk, Russia, artempochta2009@rambler.ru

A.V. Kiselev
Institute of Solar-Terrestrial Physics SB RAS,
Irkutsk, Russia, kiselev@iszf.irk.ru

P.G. Kovadlo
Institute of Solar-Terrestrial Physics SB RAS,
Irkutsk, Russia, kovadlo2006@rambler.ru

D.Yu. Kolobov
Institute of Solar-Terrestrial Physics SB RAS,
Irkutsk, Russia, kolobov@iszf.irk.ru

1.V. Russkikh
Institute of Solar-Terrestrial Physics SB RAS,
Irkutsk, Russia, vanekrus@iszf.irk.ru

V.E. Tomin
Institute of Solar-Terrestrial Physics SB RAS,
Irkutsk, Russia, tomin@iszf.irk.ru

Abstract. The paper presents the results of studies
of wavefront distortions at different heights in the at-
mosphere. We have used measurement wavefront data
to determine optical turbulence parameters along the
line of sight of the Large Solar Vacuum Telescope.
Through cross-correlation analysis of differential mo-
tions of sunspots at spaced wavefront sensor subaper-
tures, we determined turbulent parameters at different
heights at the Large Solar Vacuum Telescope site. The
differential motions of sunspots characterize the small-
scale structure of turbulent phase distortions in the at-
mosphere. Synchronous temporal changes in the ampli-
tude of these distortions at certain regions of the tele-
scope aperture are conditioned by turbulent layers at

different heights. We have estimated the contribution of
optical turbulence to integral distortions at the telescope
aperture for layers 0-0.6, 0.6-1.1, 1.1-1.7 km. The con-
tribution of optical turbulence concentrated in a 1.7 km
atmospheric layer to the wavefront distortions at the
aperture telescope is shown to be ~43 %.

Keywords: telescope, wavefront, turbulence pro-
files, adaptive optics.

INTRODUCTION

Designing and refining the technical characteristics
of both a classical adaptive optics (AO) system and an
AO multisystem require information on the turbulence
structure in the atmospheric boundary layer and free
atmosphere [Bolbasova et al., 2021; Kleymenov et al.,
2021; Rasouli et al., 2009; Rasouli, Rajabi, 2016]. In
particular, it is necessary to know vertical profiles of the
structure characteristic of air refractive index fluctua-

tions C? and wind speed V. On the one hand, the verti-

cal profiles C? and V determine the dynamic range of

the AO system. On the other hand, the choice of param-
eters for deformable mirrors and Shack—Hartmann
wavefront sensors in the classical AO system depends
on the Fried parameter determined by the development
of optical turbulence along the telescope line of sight.
Classical adaptive systems are based on separate correc-
tion of wavefront slopes (tip/tilt aberrations) and aberra-
tions of higher orders. The field of view in which the
correction leads to a significant increase in the Strehl
parameter is narrow and limited by the so-called isopla-
natic angle of the atmosphere. At the Sayan Solar Ob-
servatory site, the characteristic values of the isoplanatic
angle in the optical range of the electromagnetic spec-
trum are quite small, ranging from 1 to 3 arcsec. The
isoplanatic angle changes mainly under the influence of
the upper atmospheric layers, its statistically averaged

value for the Sayan Solar Observatory is close to the
statistically averaged value for the Baikal Astrophysical
Observatory [Kovadlo et al., 2019].

The size of the field of view, within which high val-
ues of the Strehl parameter are observed, depends on the
nature of optical turbulence distribution along the tele-
scope line of sight and varies significantly with time. In
this case, the turbulence of upper atmospheric layers,
whose intensity may be high, makes the greatest contri-
bution to a decrease in the size of the field of view.
Modern AO systems that determine and correct wave-
front distortions in a wide field of view include several
wavefront sensors used to reconstruct vertical profiles
of optical turbulence.

The problem of determining the vertical profiles of
daytime optical turbulence should be solved to ensure
the operation of AO systems with a wide field of view
of an arbitrary large-aperture solar telescope. In particu-
lar, considerable attention is paid to measurements of
vertical profiles of optical turbulence for the AO system
of the European Solar Telescope (EST). Marco de la
Rosa et al. [2016] have examined Strehl parameter vari-
ations across the telescope field of view as a function of
the solar zenith angle, Fried parameter, and fraction of
optical turbulence energy in the lower atmosphere. The
variations were estimated for a field of view of ~1
arcmin. At a 10 cm Fried parameter, a 70° zenith angle,
and 80 % optical turbulence energy in the lower atmos-
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phere, the use of an additional deformable mirror is
shown to lead to a significant increase in the Strehl pa-
rameter across the field of view (approximately 1.7
times). Conversely, at a zenith angle of 10°, the use of
an additional deformable mirror leads to a decrease in
the Strehl parameter across the field of view. Marco de
la Rosa et al. [2016] show spatial distributions of the
Strehl parameter for different atmospheric conditions
and designs of AO systems. For correct comparison of
the efficiency of AO system designs, we present the
calculated data in a modified coordinate system aver-
aged Strehl parameter — the number of the region sepa-
rately for the periphery and for the central region of the
field of view in systems with three and four deformable
mirrors. This allows us to estimate the amplitudes of
Strehl parameter variations. Strehl parameter variations
across the field of view of a large-aperture telescope in
an adaptive system with three and four deformable mirrors
are depicted in Figure 1. Along the Y-axis are Strehl pa-
rameter values; along the X-axis is the region number.
Distances between the regions whose positions correspond
to certain areas at the telescope aperture are ~7 arcsec.

Analysis of Figure 1 shows that the amplitude of the
Strehl parameter variations in the center of the field of
view (lines 3 and 4) is much lower than that on its pe-
riphery. Such a pattern of changes in image quality
characteristics is consistent with our calculations [Shi-
khovtsev et al., 2020; Shikhovtsev et al., 2021a; 2021b].
The Strehl parameter on the periphery and in the center
of the field of view after wavefront correction depends
not only on the number of deformable mirrors, but also
on the vertical profile of the structure constant of turbu-
lent air refractive index fluctuations. The largest Strehl
parameter is achieved under light turbulence in the up-
per layers of the optically active atmosphere when the
effective height of the turbulent atmosphere is small.

Thus, optimization of technical characteristics of AO
systems requires information about vertical profiles of
optical turbulence.
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Figure 1. Strehl parameter variations across the telescope
field of view. In the system with three and four deformable
mirrors, lines 1 and 2 show Strehl parameter variations on the
periphery of the field of view; lines 3 and 4, those in the center
of the field of view. The dependencies are obtained from the
data presented in [Marco de la Rosa et al., 2016]
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METHOD OF MEASUREMENTS
OF WAVEFRONT DISTORTIONS
FORMED IN TURBULENT LAYERS
AT DIFFERENT HEIGHTS

Considerable attention is paid to measurements of
turbulent characteristics in the atmospheric boundary
layer and overlying atmosphere in terms of determining
the structure of atmospheric flows and the small-scale
turbulence [Kornilov et al., 2009; Nosov et al., 2017;
Banakh et al., 2021; Odintsov et al., 2019; Kamardin,
Odintsov, 2017; Potekaev et al., 2021; Song et al., 2020].

We have used observational data from the Large So-
lar Vacuum Telescope (LSVT) of the Baikal Astrophysical
Observatory with a primary mirror 1 m in diameter. The
telescope is located in the village of Listvyanka close to
the shoreline of Lake Baikal on one of the isolated
peaks 210 m high above the lake surface. LSVT is
equipped with a mock-up of AO system. Using the ex-
perimental base of LSVT, methods and approaches have
been developed for reconstructing wavefront distortions
[Botygina et al., 2018; Lavrinov, Lavrinova, 2019].

To determine the microstructure characteristics of
turbulent layers, we have adopted the S-DIMM+ meth-
od [Wang et al., 2018] based on processing the meas-
urement data obtained by the Shack—Hartmann wave-
front sensor. In the summer experiments of 2020, LSVT
made observations of sunspot center-of-gravity shifts in
focal planes of the Shack—Hartmann wavefront sensor
installed in the LSVT multicascade AO system [Lukin
et al., 2019]. The measurements were made using the
Shack—Hartmann wavefront sensor with a number of
subapertures of 6x6 at 60 cm aperture of the telescope
with a diaphragm. The sensor operation frequency was
100 Hz, the length in time realizations was ~30 000
frames. The August 11, 2020 observations provided time
series of hartmannograms of two sunspots (Figure 2).

For each subaperture of the wavefront sensor, we as-
sessed center-of-gravity shifts x, y in subimages of each
sunspot. To estimate positions of peaks, we used the
method of weighted centers of gravity [Kazakov et al.,
2018; Lavrinov, Lavrinova, 2019]. Fragments of time
realizations of the center-of-gravity shifts in sunspot
subimages in the focal plane of the LSVT Shack—
Hartmann wavefront sensor are presented in Figure 3.

Pearson's linear correlation coefficient between the
center-of-gravity shifts in the subimages of two sun-
spots at spaced subapertures is high and amounts to
0.93. We use the time realizations of the center-of-
gravity shifts in subimages of two sunspots to determine
turbulence characteristics at different heights in the at-
mosphere.

In this work, to identify turbulent layers, we em-
ploy the relationship between the spatial cross-
correlation function of differential center-of-gravity
shifts in subimages and the vertical distribution of the
structure constant of turbulent air refractive index
fluctuations.

In the S-DIMM+ method, the center-of-gravity shifts in
subimages along mutually perpendicular coordinate axes
are proportional to the total contribution of different at-
mospheric layers:
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Figure 2. Sunspot hartmannogram obtained in the AO sys-
tem of the Large Solar Vacuum Telescope on August 11, 2020
at 09:43:47 LT (a); a sunspot subimage in the focal plane of
the Shack—Hartmann wavefront sensor (b)
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where s is the distance from the reference subaperture
multiple of 6 cm; o is the angle between sunspot cen-
ters; hy, is the height of the turbulent layer n; 6x; and dy;
are differential center-of-gravity shifts in the first sun-
spot along conventionally chosen X- and Y-axes; 6x»
and 8y, are the same for the second sunspot. F,(s, a, hy)
and F(s, a, h,) are expansion functions depending on
the number of subapertures in the wavefront sensor, the
angular distance between sunspot centers, and height.
Expressions (1) and (2) are linear expansions of cross-
correlation functions Cs, and C, in dimensionless struc-
ture characteristics of turbulence c , taken with weights
Fx(s, o, hn) or Fy(s, a, hy) for the x and y components of
differential subimage shifts.
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Figure 3. Fragments of time realizations of center-of-
gravity shifts in sunspot subimages in the focal plane of the
Shack—Hartmann wavefront sensor. Line 1 indicates center-of-
gravity shifts in the subimage of the first sunspot in the refer-
ence subaperture of the wavefront sensor; line 2 shows center-
of-gravity shifts in the subimage of the second sunspot in the
wavefront sensor's subaperture offset by 6 cm

Using expressions (1) and (2), we can determine ver-
tical profiles of structure parameters of atmospheric tur-
bulence and wavefront distortions by analyzing the cross-
correlation functions Cy and Cs, calculated from meas-
urements made with the Shack-Hartmann wavefront sen-
sor. The differential motions of sunspot centers along the
X-axis are found as follows:

N
8X1(S!0) :Z{Xn (S)_Xn (0)}1 (3)
n=1
N
SXZ(Sya):Z{Xn(s+ahn)_xn(ahn)}l (4)
n=1
where h, is the position of the center of gravity of a sun-

spot.
The coefficients ¢, are proportional to the intensity of
optical turbulence in the atmospheric layer dh, thick:

-1/3
¢, =5.98D_" (h,)C7 (h,)dh, /cosy, (5)

where D is the effective diameter of the telescope; v is
the zenith angle.

OPTICAL TURBULENCE

AT DIFFERENT HEIGHTS
IN THE ATMOSPHERE

AT THE LARGE SOLAR
VACUUM TELESCOPE SITE

To determine optical turbulence characteristics at
different heights in the atmosphere, we have calculat-
ed spatial cross-correlation functions of differential
center-of-gravity shifts of two sunspots at spaced sub-
apertures of the Shack—Hartmann wavefront sensor.
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Figure 4 shows time realizations of dimensionless tur-
bulence energy in different atmospheric layers, estimat-
ed from LSVT observations. Along the X-axis are elev-
en 26 s time intervals N; along the Y-axis, values of
dimensionless turbulence energy I;.. When determining
I;, we assumed that the average maximum variance,
calculated from integral differential center-of-gravity
shifts in the subimages of the first sunspot, is equal to 1
(line 4). Turbulence energy in each layer was normal-
ized to the total energy, taking into account that the sum
of energies over the layers should be equal to the energy
calculated from the integral differential center-of-
gravity shifts in the subimages of the first sunspot (en-
ergy of the optically active layer of the atmosphere from
the telescope aperture to a height of 20 km). In other
words, we assumed that the sum of structure constants
of air refractive index fluctuations is equal to the sum of
C, values over the layers 8h, thick:

N N

2.Ca(h,)3h, =a > Dy (hy)c, (h,)3h,, (6)

n=1 n=1
where a; is the coefficient of proportionality.

Analysis of Figure 4 shows that over the period of
interest the amplitude of differential subimage motion
(integral over the line of sight of the telescope) de-
creased on the average, and the image quality improved.
Table lists average estimates of the contribution of at-
mospheric layer turbulence to the total intensity for a
series of LSVT measurements.

With height, the contribution of the turbulent layers
to the turbulence energy estimated from the integral
motion decreases. We can assume that the optical turbu-
lence concentrated in the atmospheric layer ~1.7 km
thick is ~43 % of the integral optical turbulence intensity.
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Figure 4. Time realizations of dimensionless turbulence
energy estimated from LSVT observations: 1 — layer at a
height of 564 m, 2 — 1129 m, 3 — 1693 m, 4 — variations
in the dimensionless turbulence energy integral over the line
of sight
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In practice, this means that the observed low image
quality is mainly due to optical turbulence in the lower
atmospheric layers (according to estimated turbulence
formed in a layer to 3.5 km).

Contribution to the total turbulence intensity of different
atmospheric layers

Distance. km| ... Layer Contributi.on to _total
' thickness, km | turbulence intensity, %
0-1.1 0-0.6 19.9
1.1-2.2 0.6-1.1 12.8
2.2-3.2 1.1-17 9.9
0-3.2 0-1.7 42.6
DISCUSSION

We have presented the results of studies of wave-
front distortions along the LSVT line of sight at differ-
ent heights in the atmosphere. Optical turbulence char-
acteristics at different heights were determined by ana-
lyzing spatial cross-correlation functions of differential
center-of-gravity shifts in sunspot subimages on spaced
subapertures of the Shack—Hartmann wavefront sensor.

The use of the differential center-of-gravity shifts in
subimages for the calculations made it possible to avoid
the influence of mechanical vibrations of LSVT. We
have drawn the following conclusions.

1. From measurements made with the Shack-
Hartmann wavefront sensor at LSVT, we have deter-
mined optical turbulence characteristics for the atmos-
pheric layers 0-0.6, 0.6-1.1, 1.1-1.7, and 0-1.7 km. The
contribution of optical turbulence in an atmospheric layer
~1.7 km thick to the amplitude of wavefront distortions at
the telescope aperture is shown to be ~43 %.

2. The high percentage of the contribution of the
lower atmospheric layers at the location of LSVT indi-
cates the presence of time intervals with low energy of
optical turbulence in upper atmospheric layers. To
achieve acceptable Strehl parameter, we assume that
under conditions of such an optical turbulence energy
distribution with height it can be effective to use a mul-
ticascade AO system with optical conjugation of de-
formable mirrors with turbulent layers. Heights of the
conjugation and parameters of the deformable mirrors
should be refined taking into account estimated phase
dispersion balance.

We have employed the S-DIMM+ method adapted
to work on two sunspots. A necessary condition for this
method is the presence of two sunspots within a field of
view limited to a few arcmin. Sunspots are associated
with emergence of strong magnetic fields from the con-
vective zone of the Sun. Due to emergence of magnetic
tubes, sunspots usually form in groups and are often
located relatively close to each other. Current views
about the emergence of magnetic fields explain well the
observed properties of sunspots such as bipolarity, their
orientation, polarity inversion with time and latitude, the
slope angle of group of sunspots and their position at
low latitudes.

The characteristic size of sunspots varies from 5 to
50 Mm, and their lifetime ranges from several hours to
several months. The spatial distribution of sunspots over
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the Sun and their number primarily depend on the solar
cycle phase. The cyclicity of sunspot formation is usual-
ly represented as the Maunder butterfly diagram [Arlt et
al., 2020]. Analysis of the Maunder butterfly diagram
makes it possible to determine the spatial localization
and number of sunspots. In this case, individual sun-
spots and sunspot groups are observed even during solar
minima. Turbulence monitoring using two sunspots can
be performed routinely in the AO system, excluding
periods of solar minimum when only individual obser-
vations are possible. In the future, the method can be
adapted to a large number of sunspots, providing addi-
tional nodes in the reconstruction of vertical profiles of
optical turbulence. Developing and applying optical
turbulence profiling methods, obtaining statistically
valid profiles of optical turbulence characteristics for
different levels of solar image quality are the steps nec-
essary to devise an AO system for a solar telescope,
which can correct images in a field of view above 1-3
arcsec. The development of an AO system for systemat-
ic observations under conditions of mean turbulence
intensity should be based on the cascade principle and
include a tip/tilt corrector and several deformable mir-
rors, including those coupled to the telescope aperture
and providing correction of significant amplitudes of
high-order aberrations. This approach is confirmed by
the results of testing of the adaptive LSVT system with
one deformable mirror providing incomplete (partial)
correction of wavefront aberrations [Lukin et al., 2020].
Our findings can be useful for commissioning the adap-
tive optics system of the Large Solar Telescope LST-3
[Grigoryev et al., 2020].

The results were obtained using the Unique Scien-
tific Facility “Large Solar Vacuum Telescope”
[http://ckp-rf.ru/usu/200615]. Measurements and analy-
sis of the formation of wavefront distortions were finan-
cially supported by the Ministry of Science and Higher
Education of the Russian Federation. The development
of the method for measuring wavefront distortions
formed in turbulent layers at different heights was finan-
cially supported by President’s grant MK-444.2021.4.
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