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Abstract. All Wide Field Adaptive Optics (WFAO) systems for the ELTs need a precise tomographic
reconstruction of the turbulent volume. The C2 profile, representing the turbulence strength, becomes a
critical parameter to predict and improve WFAO system performance. CO-SLIDAR (COupled SLope
and sclntillation Detection And Ranging) is a method using both correlations of slopes and correlations
of scintillation measured with a Shack-Hartmann (SH) on a binary star. CO-SLIDAR leads to a precise
retrieval of the C2 profile for both low and high altitude layers. We present the first on-sky results of the
method. A SH with 30 x 30 subapertures is set up on a 1.5 m telescope. Images are recorded on a binary
star. Preliminary data reductions are performed to check the hypothesis of Kolmogorov turbulence. We
also control the hypothesis of weak perturbation regime. We finally estimate the C2 profiles. The results
are compared with those of methods which are only using correlations of slopes or of scintillation. We
discuss the contribution of the CO-SLIDAR as a new C2 profiler.

1 Introduction

The vertical distribution of turbulence strength, known as the C? profile, is a key-point in the
development of next-generation AO systems. A good knowledge of the C? profile is necessary
for site characterization and WFAO system design. High-resolution profiles would help WFAO
system optimisation [1,2], and are needed to perform accurate simulations of WFAQO systems
so as to predict their performance [3]. Moreover, the C? profile is a parameter of great impor-
tance in the case of AO-corrected image deconvolution with a variable point spread function
in the field of view [4-6]. An accurate knowledge of the C? profile could also support optical
turbulence forecast [7].

SLODAR (SLOpe Detection And Ranging) [8,9] uses correlations of slopes measured on a
binary star with a SH to estimate the turbulent profile. Other methods take benefit of correlations
of scintillation, such as G-SCIDAR (Generalized-SClntillation Detection And Ranging) [10,
11], also working on a binary star, and MASS (Multiple Aperture Scintillation Sensor) [12],
which uses the correlations of scintillation measured on a single star.

CO-SLIDAR [13] is a new C? profiler, combining sensitivity to both low and high altitude
layers, which jointly uses correlations of slopes and of scintillation, both measured on a binary
star with a SH. CO-SLIDAR’s first validation in simulation have been presented in [13]. The
next step is a full experimental validation of the concept.
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This paper presents the very first on-sky results of the CO-SLIDAR C? profiler. A more
detailed analysis will be presented in [14]. CO-SLIDAR is tested on-sky on the 1.5 m MeO
telescope. Images on a binary star are acquired to extract slope and scintillation data. Their
correlations are computed so as to estimate C2 profiles. Results are compared to those obtained
from correlations of slopes only or of scintillation only. We finally discuss the CO-SLIDAR
contribution in the C? profilers’ landscape.

This paper is organized as follows. In section 2 we recall CO-SLIDAR theoretical back-
ground. In section 3 we present the experiment and detail data analysis. Section 4 is dedicated
to experimental results. In section 5 we discuss the contribution of the CO-SLIDAR as a new
C? profiler. Our conclusions are given in section 6.

2 CO-SLIDAR theoretical background
2.1 CO-SLIDAR principle

Given a double star with angular separation @ in the field of view, the SH data at a given time ¢
are a set of wavefront slopes and scintillation indices per star.

For a star at angular position « and a subaperture with horizontal u# and vertical v coordinates
in the SH array, the slope measured in subaperture (u,v), denoted s, , (@), is a bidimensional

vector with components s’;’v along the k-axis, k € {x, y}. The star intensity in subaperture (u, v),
Tp(@)=(iy (@)

i,y (@), leads to the scintillation index 6i,, (@) = @)

average of i, (@).

Spatial correlations of slopes <sﬁ,vsi{ uot s, (@) and spatial correlations of scintillation indices
(00,,,00,+5u0+50) (0), calculated between subapertures (4, v) and (4 + du, v + 6v), of separation vec-
tor p = (u, 6v), are directly related to integrals of the C? (h) weighted by theoretical functions
W and W;.

In CO-SLIDAR, we compute both cross-correlations, combining the measurements on the
two stars, and auto-correlations, corresponding to the measurements on a single star. Corre-
lations of slopes bring sensitivity to ground and low altitude layers, whereas correlations of
scintillation mainly give sensitivity to high altitude layers.

where (i, (@)) is the temporal

2.2 Direct problem

In CO-SLIDAR, we exploit only correlations of x-slopes, of y-slopes and of scintillation. Corre-
lations are averaged over all pairs of subapertures with given separation and represented as auto-
and cross-correlation maps. Then, one pixel of these maps represents the pseudo-measurement
that can be written, respectively for correlations of slopes and of scintillation, as:

k ok
Zu,v(su,vsu+6u,v+6v> (0)

C* (6u, 6v,0) = , 1

s (0,00, 6) N (Su, 6v) 1)
Zu u<6iu véiu+6u v+6v> (0)

Cii (0u,0v,0) = ——— : 2

(6u, 60,6) N (ou, 60) @)

2.0 denotes the summation over all overlapping subapertures and N (du, 6v) represents the num-
ber of pairs of subapertures with separation p = (du, 6v). The pseudo-measurements given by
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equations (1) and (2) are then stacked into a single vector Cpes, related to the discretized C?
profile at different altitudes C2, by the following linear relationship:

Cues = MC2 + C4 +u. (3)

M is the matrix of the weighting functions W* and W;;. Slope and scintillation data are af-
fected by detection noises and the pseudo-measurements Cp,es are biased with their averaged
correlations Cq. As we estimate the correlations from a finite number of frames, u represents a
convergence noise, which we assume to be Gaussian in the following.

2.3 Problem inversion

The C? profile is retrieved minimizing the following maximum likelihood (ML) criterion, under
positivity constraint:

It (C2) = (Coes = Ca = MCZ)' €2, (Ces — Ca — MC2). @)

As the C,zl is always positive, we minimize Jy;, under positivity constraint. Ceopy = (uu') is the
covariance matrix of u.

Assuming that the noises are not correlated between the two directions of observation and
between different subapertures, only the variances of slopes and of scintillation are biased.
These variances are averaged over all subapertures and represent the central point of the auto-
correlation maps. Three new parameters, i.e. the variances of the noises on x-slopes, y-slopes
and scintillation indices, are estimated jointly with the C? profile, without changing the ML
criterion given by equation (4).

We can also minimize a metric composed of the ML criterion Jyy and a regularization metric
designed to enforce smoothness of the C2 profile. In this paper, we choose a gradient regular-
ization. The resulting maximum a posteriori (MAP) criterion is:

Juae (C2) = (Coes = Ca = MC2) €3,

conv

(Cumes = Ca = MC}) + I (VCE) IP- (5)

3 Experiment and data analysis
3.1 CO-SLIDAR instrument

The experiment took place on the Plateau de Calern, at the Observatoire de la Cote d’Azur,
near Nice, in South of France. We used the 1.5 m MeO telescope, with a central obscuration
of 30 %, coupled to a 30 x 30 subaperture SH, hence the subaperture diameter is dy, = 5 cm.
The observation wavelength was 4 = 517 nm, with 41 = 96 nm. The camera used was an
Andor-iXon3-885 electron multiplication CCD (EMCCD) with a quantum efficiency of about
50 %, and a detector read-out noise close to one e~ /pixel.

3.2 Observations

Observations were done on May 2012, on the binary star Mizar AB. We selected the data from
May, 15", around 01 : 00 UT. The zenith angle of the binary star was ¢ = 35°. The exposure
time was fo, = 3 ms, to freeze the turbulence. The separation between the two components is
6 = 14.4” and their visible magnitudes are 2.23 and 3.88, leading to about 260 and 60 photons
per subaperture and per frame. We recorded sequences of 1000 images at 15 Hz, so the sequence
duration is about 1 min. Typical on-sky images are shown in figure 1.
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Fig. 1. SH experimental turbulent images, for a 3 ms exposure time. Left: full SH long exposure image.
Right: subaperture short exposure image. Images were acquired around 01 : 00 UT, on May 15", 2012

3.3 Data analysis

We extract slopes and scintillation indices from these images. Slopes are measured using a
center of gravity (COG) algorithm, in windows of 9 X 9 pixels, centered on the maximum
of each star. The intensities, from which we deduce the scintillation indices, correspond to
the sum of all pixel intensities included in the windows. From slopes we compute the Zernike
coeflicient variances, presented in figure 2. We reconstruct 15 radial orders. The Fried parameter
ro 1s estimated excluding orders 1 and 2. We compare the experimental variances with the Noll
variances and the theoretical variances with outer scale effect. We assume that Ly = 27 m, which
is the median outer scale observed at the Plateau de Calern [15]. We find good agreement with
Kolmogorov turbulence, with outer scale effect. We check the hypothesis of weak perturbation
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Fig. 2. Left: experimental variances of Zernike coefficients and comparison with Noll variances and
von Karman variances. Right: intensity distribution and comparison with a log-normal distribution. Data
were acquired around 01 : 00 UT, on May 15, 2012, with a 3 ms exposure time.

regime using intensities and scintillation indices, by fitting a log-normal distribution. The result
is presented in figure 2. The intensity distribution is very close to the expected log-normal
distribution and 0')2( < 0.3 so we are in the weak perturbation regime.
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4 Experimental results
4.1 Correlation maps

The correlation maps are presented in figure 3. The auto-correlation maps have a maximum at
their center. They represent the response of the system to the integral of turbulence. The cross-
correlation map of scintillation shows peaks of correlation in the top right quarter of the map, in
the alignment direction of the stars, representing the turbulent layers’ signatures. In the cross-
correlation maps of slopes, only the peak of correlation corresponding to 2 = 0 is visible, at the
center of the map. The peaks of correlation associated to the other layers are also located at 6h,
but because of the width of the response and its decreasing strength with altitude, they are not
visible to the naked eye. In CO-SLIDAR, we use both slope and scintillation responses to be
sensitive to low and high altitude turbulent layers.

Fig. 3. Correlation maps from experimental slope and scintillation data. Top: auto-correlation maps,
bottom: cross-correlation maps. Left: correlations of x-slopes, middle: correlations of y-slopes, right:
correlations of scintillation. Data from May 15", 2012, around 01 : 00 UT.

4.2 Reconstruction of the C? profiles

As we use a von Karman model for turbulence, we have to choose an outer scale L. We assume

that Ly = 27 m. We checked that the results are not significantly affected by the outer scale

choice in the range [10 ; 50] m. We estimate 30 layers. The altitude resolution is 6/ =~ dsg‘"’ cos{ =~
~ D

600 m and the maximum altitude of sensitivity is Hyax =~ 5 cos{ =~ 17 km.




The C? profiles are estimated with the ML solution, from correlations of slopes only, of
scintillation only and with the CO-SLIDAR method. The results are presented in figure 4. We

10"3§ L 3

s glo—squll? E

B & opes on T

107" Scintillation only E
107" — 9 _

§ E 3
£ 1070 o o 3
N c E O — > & X E
© 10-17__ Ol J”L- © _'
10"8;— ’_\J —
10_19 [ ) 1 n Fa e N P VN PN n A n 1 x L ’\Alz‘ OO AN i

0 5 10 15

Altitude (km)

Fig. 4. ML reconstruction of the C2 profile from correlations of slopes only, of scintillation only and with
the CO-SLIDAR method. Data from May 15, 2012, around 01 : 00 UT.

see a good agreement between the CO-SLIDAR reconstruction and the estimation from corre-
lations of slopes at low altitude, but at medium altitude, the latter overestimates the turbulence.
The estimation from correlations of scintillation alone is more questionable. We observe a good
agreement with the CO-SLIDAR reconstruction at high altitude, but at low altitude, the turbu-
lence is strongly over-estimated, compared to the CO-SLIDAR estimation.

Then we estimate the C? profile with the MAP solution. The corresponding C? profile is
shown in figure 5, and compared to the one without regularization. We get a smoother profile,
slightly different from the ML one, because less layers are estimated to zero.

The CO-SLIDAR profiles show strong turbulence at low altitude, another strong layer around
5 km, and some weaker layers in altitude. This shape of turbulence profile is typical of an
astronomical site. The CO-SLIDAR method, with this instrument’s geometry, allows to estimate
the C2 profile from the ground to 17 km, with a resolution of 600 m.

5 CO-SLIDAR in the C? profilers’ landscape

The results presented in the previous section confirm that CO-SLIDAR on meter class tele-
scopes provides high resolution C? profiles. This new method could be used for site characteri-
zation to obtain relevant inputs for WFAO design and performance evaluation, or to help optical
turbulence forecast.

The joint use of correlations of slopes and of scintillation leads to a more robust profile es-
timation, with better resolution over the whole altitude range. Of course, inter-comparisons
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Fig. 5. CO-SLIDAR ML and MAP reconstructions of the C? profile. Data from May 15", 2012, around
01:00UT.

are needed, with the reference profilers SLODAR, G-SCIDAR and MASS, and with new-
generation profilers, such as PBL (Profileur Bord Lunaire) [16] and Stereo-SCIDAR [17]. A
multi-instrument campaign dedicated to this comparison is foreseen [18].

WFAO systems will include several wavefront sensors, leading to multi-directional SLO-
DARs [19,20], but external high resolution Cﬁ profiles are also needed for the calibration of
these systems.

6 Conclusion

We have presented the first-on sky results of the CO-SLIDAR C? profiler. C> profiles have
been estimated from both correlations of slopes and of scintillation. We plan a comparison with
free atmosphere C? profiles deduced from meteorological data. This work will be presented in
a forthcoming paper [14]. Other observation campaigns are needed to calibrate and compare
CO-SLIDAR with other C?2 profilers.
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