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Abstract. Wide Field Adaptive Optics (WFAQ) systems require a prec&mnstruction of the turbulent vol-
ume. TheC2 profile, representing the turbulence strength, becomettieatiparameter for the final tomographic
reconstruction performance. We present a new method, CIOAR (COupled SLope and scintillation Detec-
tion And Ranging), that uses correlations of slopes andiiaiion indexes recorded on a Shack-Hartmann (SH),
to retrieve theC2 profile. A design is proposed for the instrument. Reconsimagperformances are showed in
simulation. Tests are carried out on the optical bench, emmtovements are suggested. Sensitivity of the method
to outer scale is demonstrated.

1 Introduction

The design phase for the WFAO systems for the ELTs has staéd (ATLAS), MCAO (MAORY)
and MOAO (EAGLE) systems have been studied for the E-ELT tldise systems have in common
a need for a precise tomographic reconstruction of the tartiwolume. The impact of? structure
on WFAO performance has been studied in [1]. In that framtirgeof high-resolutiorC2 profiles is
then a crucial point for the design of the E-ELT AO systems.

In this context, we propose a new profilometry method, nan@eSLIDAR [2]. Taking advantage
of correlations of slopes and scintillation indexes reeardimultaneously on a SH from a binary star,
CO-SLIDAR leads to an accurate retrieval of tBgprofile. It conjugates the sensibility to low altitude
layers, with correlations of slopes, like a SLODAR [3], afe tsensibility to high altitude layers,
delivered by correlations of scintillation indexes, lIkEI®AR [4] or MASS [5].

CO-SLIDAR has been validated in numerical simulations [#] &rst-tested on real SH data, using
a smart estimator to extract slopes and intensities [6].&&tension of the method to a single source
has also been tested on infrared data [7]. The next step isplete on-sky validation of the concept.
In that perspective, we designed a full-dedicateck 3D subapertures SH, that we set up onthe 1.5 m
MeO telescope, at the Observatoire de la Cote d’Azur, intlsotiFrance.

In section 2, we recall CO-SLIDAR theoretical backgroumdséction 3, we present the design of
the optical bench called ProMeO, for profilometry with Me@teope. Technical choices are mainly
made to get high resolution in altitude. The qualityQ3freconstruction is shown in simulation. Tests
performed throughout the first observation campaign arsgmmed in 4. In section 5, we begin to
investigate CO-SLIDAR sensitivity to outer scdlg by studying the inversion criterion value. Our
conclusions and perspectives to improve the experimeregx@esed in section 6.

2 Problem statement with SH slope and scintillation correla tions

Given a star with positiom in the field of view (FOV), a SH delivers a set of wavefront s@and
intensities per frame. The slope computed on & subaperture focal image is a bi-dimensional
vectorsy(a) with two components (), along thek axis K € {x, y}). Star intensities, denotegl()
and recorded in every subapertunglead to scintillation indexiny(a) = % whereon(«) is the
time-averaged star intensity.
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In Rytov regime, meaning weak perturbations, turbulen¢taycontributions can been considered
independent. Correlations of slopes and scintillationtaea written asC2(h) integrals, weighted by
functions, denotedlV& for slope correlations\; for scintillation index correlations and/X for cor-
relations between slopes and scintillation indexes, whatars to coupling in the following. These
functions are not detailed here, but their expressionsmttpa SH geometry, statistical properties of
the turbulence, star separatiéndistance between subapertudgg and altitudeh. These expressions
are derived from the calculation of the terms of the anisoglism error described in [8].

Finally, for two stars separated frofnslope correlationsst,s,)(), scintillation index correlations
(Simdin)(#) and their couplingst,6in)(6) are directly related to th€2 profile by expressions 1 to 3:

($.9)(0) = fo wCﬁ(h)W'g's(h,dmn,H)dh, (1)
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Experimentally, correlations of SH data are estimated feofimite number of frames. They are then
stacked in a single dimension covariance ve@ggs This vector is filled in with cross-correlations,
collected in the two analysis directions, correspondintihtostar separatiofy but also their autocor-
relations, corresponding to the case 0. Layer contribution t&Cnes have been discussed in [2]. We
only recall that slope correlation are mainly sensitivedw kltitude layers, while scintillation corre-
lations are more sensitive to high altitude layers. It eatirectly toC2 in the problem statement as
follows, assuming a discretized turbulence profile:

Cmes= MC2 + Cq + u (4)

whereM is the interaction matrixCq is the vector of correlations of measurement noises, inctud
photon and detector noisas.represents uncertainties @,s due to the limited number of frames.
The column vectors dfl are formed by the concatenation of the weighting functdhs
Assuming the system is well calibrated, it is possible to ptately determineCq and define a
non-biased estimation of the covariance veoB¥es = Cmes — Cqy- This would make it possible to
rewrite the direct problem:
Cimes= MC2 +u (5)

A sampled estimate ?, §, is retrieved from the inversion of Eqg. 5, assuming that thevergence
noiseu is Gaussian. For physical reas@fsis never negative, s minimizes the maximum likelihood
(ML) criterion J under positivity constraint:

J = (Crmes— MS)TC,(Cmes— MY) (6)

whereCeon, = (uu') is the covariance matrix af, the convergence noise, due to the limited number
of frames.

3 Design of the ProMeO experiment and performances in simula tion

In this section we describe the design of the first ProMeO bhefbe CO-SLIDAR instrument is
mounted at the Coudé focus of the MeO telescope of the Ohitméry de la Cote d’Azur, in South
of France. The diameter of the telescopeDis= 1.5 m and the central obscuration is 34 %. The
Coude train is afocal, composed of seven mirrors and onéldaurhe beam of light has a diameter
of @ = 60 mm at the output of the train. ProMeO optical diagram is showFRig 1. Two lenses of
focal lengths 800nm and 56mm are used to image the telescope pupil onto the 30 lenslet array.
The microlenses have a pitch of 1461 and a focal length of @ mm. As it is too short to form an
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image directly on the detector array, we use an additioriabpenses to transfer the focal plane, with
a magnification factor of .25. The camera used is an Andor iXon3 885 electron multipboaCCD
(EMCCD). The detectoris a 108000 8umpixel array. The quantunfiéciency (QE) att = 0.55um
is about 50 %. The SH array having 880 subapertures, then the subaperture diametkijis= 5cm.

phi=60 mm Field diaphragm Microlenses Camera
‘ A\
L
= - o > - - => - - > - - >
Mirror M7 800 mm 56 mm 120 mm 150 mm

Fig. 1. The ProMeO optical bench.

Observations being performed.at 0.55um, this leads to a pixel scale ofllarsegpixel at Shannon
sampling. As we want to observe binary stars with separatior20 arsec, the FOV in the subaperture
is 25 arsec.

SH sizing is mainly brought about by altitude resolution aeasitivity to scintillation. Small
subapertures bring high altitude resolution and high gkitiobn index as well without too much spatial
averaging. The altitude resolutieh and the maximum sensing altitutlig,.x are obtained with simple
geometrical rules using cross-correlations [3]:

_ dsup
sh=— )
D
Hmax = g (8)

This leads tosh ~ 500 m and Hnax =~ 15 km for stars separated from 20 arsec. In princiglg,
restoration above 1km should be obtained using scintillation autocorrelati@ssdetailed in [2].

This 30x 30 SH configuration has been tested in numerical simulatiSlope and intensity are
computed after 100 wave propagations through 32 phasers;respresenting 32 turbulent layers,
simulating the complete electromagnetic field at the telpsupil. As we perform 9 cuts on it at
each propagation, we get 900 SH frames for further procgssiere we do no take into account
measurement noises. The input outer stalis 8m. The input profile and the result after CO-SLIDAR
restoration are presented on Fig. 2. In this figure, we carvegegood agreement between the true
input profile and theC? restoration until 15%m, as expected. Layers underk are reconstructed
thanks to slope correlations, while both the plateau beatweand 12km and the layer at 1&m
are reconstructed thanks to scintillation correlationiserefore CO-SLIDAR retrieves an accurate
C2 profile from the ground to 1%&m of altitude, with a resolution of about 50, using slope and
scintillation cross-correlations. Nevertheless, theetgyover 15m are not so well reconstructed, but
this difficulty can be explained below. For one layer at altithgtihne weighting function relative to the
autocorrelation of scintillation (Eq. 2 witth= 0) has a full width at half maximum of aboufah, the
Fresnel radius [9]. This quantity decreases with decrgaiitude and for example, with= 0.55um,
vah =~ 10cmath = 20km, Vah ~ 7 cmath = 10 km and v2h = 0 cm at ground level Cf. Fig.

3). Knowing that the subaperture diametedis, = 5 cm, we have measurement points on the curve
peak only ford, = 0 and 5cm (respectively 0 and 1 in number of subapertures). Actualg/only
have two points of measurement with strong signal, for higjitude layers, and this may be too low
to get a good sensitivity from scintillation autocorretetti An improvement of the sensitivity could be
achieved using smaller subapertures, but this would leaetp low fluxes at subaperture level. An
other solution would be to change the wavelength and workeririfrared domain.
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Fig. 2. Inversion results from CO-SLIDAR data, with 32 estimategkls.
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Fig. 3. Weighting functions relative to scintillation autocowbn, forh = 20km andh = 10 km. Vertical lines
represent, = —1 and 1, in number of subapertures.

4 Returns on the first campaign: preliminary results

Several tests were performed on the ProMeO bench befordingupwith the MeO telescope. First,

the EMCCD camera was fully characterized in lab in termsraddirity, gain and noise. A good agree-
ment with constructor values was found. Then, we contraledslope measurement linearity on the
SH, to ensure that no distortion was induced by the focalpleansfer system. We formed the centered
image of a point like source through the microlenses and wed itsas a reference. Then, we made
small displacements around the reference betweeand 3 pixels. We checked the linearity between
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the input slope and the one we measured on the detector. Wel tbat the measurement is linear in
the region of interest, defined by a square afBpixels around the reference. The multiplying factor
is close to 1 and the measurement variation between the stthepat the center and at the edges of
the SH does not exceedl(ixel. This is weak, nevertheless, it is an instrumentsphomse that can be
fully calibrated in order to take it into account in the restmction process. Fig. 4 shows the results
for a vertical slope measurement with the reference at tige efithe subaperture image. The SH was
split into six rings, from the center to the edges, the finstyibeing at the center and the sixth ring at
the edges.

1% ring 2™ ring
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Fig. 4. Slope vertical measurements irfidrent rings of the SH, for a reference at the edge of the subape
image.

Second, we calibrated the transmission of the whole ProMalMeo telescope system. To do so
we used a He-Ne laser at= 5435 nm. The Coudé train gives a global transmission of 32 %. The
ProMeO bench transmission, obtained with the same methd®, %6. The atmospheric transmission
of the site being about 70 %, the full transmisson of the COEAR instrument iSTiog = 17 %.

We also check the agreement between theoretical flux andumegbBux, on a single star. We choose
Vega, withmy = 0 (see Fig. 5). The flux measurement is linear in the subaetiut we can see that
it is lower than the expected one. This point has to be studid¢ittd out where the signal loss comes
from.

Here we encounter one of the limitations of the experimestwé want to freeze the turbulence,
very short exposure times of a few milliseconds are manglatdith a subaperture of &mand such a
transmission, the number of detected photdpsper subaperture and per frame is very limited. Table
1 summarizes this numbal, for different visible magnitudes, and exposure times,,. Therefore,

a compromise must be done between exposure time and signaide ratio (SNR). Indeed, with
80 Npn/sub/ frame, and assuming 4 pixels in the image spot, this leads tdg0per pixel, and a
SNR =~ 4.5, decreasing t&NR ~ 3.5 with 50 Nyn/sub/ frame. We also see that with this 3030
SH configuration, stars with magnitude larger timap= 5 will not be available for the experiment, as
they produced too few detectable photons, then reducingiiieoverage.
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Fig. 5. Control of signal measurement at subaperture level, on \faga- 0.

my texp (MS) | Npn/sub/frame
134
402
671
53
160
267
21
63
106
8
25
42

Table 1. Number of detected photoris,, per subaperture and per frame foffdrent visible magnitudes and
exposure times.
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5 CO-SLIDAR sensitivity to outer scale

As the outer scalég will be a parameter of interest for the ELTS, we began to itigage its possible
retrieval with CO-SLIDAR, taking advantage of the telesedarge diameter. The first step of this
work is to study in simulation the method sensitivity ltg. Simulations with a 36« 30 SH being
very heavy to run, we perform them on downscaled cases. Wegaia wave propagations throughout
phase screens, to simulate 2000 frames of SH data, for whiphsand intensities are computed. The
SH has 16x 16 subapertures on a 4fn telescope, so that the subaperture diameterS<ra. The
input Lo for data simulation is 25 m. The inputC?2 profile is the same as in section 3. We study the
CO-SLIDAR reconstruction for dierentLy, between & mand 10m. We represent the ML criterion
minimum (see Eq. 6) for the givdr, on Fig. 6.

As we can see, the minimum of the ML criteridns for the truelLo, confirming that CO-SLIDAR
is sensitive to outer scale. This goes in the way of a combitezdrmination of theC2 and thelL,
profiles, using relations proposed in [10] and [11]:

C2 = aML] ©)
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Fig. 6. Minimum of the ML criterionJ for differentL, values. The dashed vertical line represdnts 1.25m.

wherea is a constant, ani¥l, the gradient of potential refractive index, is given by:

(10)

M= 78x 10°%p)\sing
a T 62

with 6 the potential temperature addthe vertical coordinatell and p respectively stand for temper-
ature and pressure.

6 Conclusions and perspectives

In this paper we presented the CO-SLIDAR method to retrieeel? profile with a SH, using the
information provided by both slope and intensity data. Weppised a design for the instrument and
we showed its performances in simulation. We have madexa®@Dsubaperture SH having a FOV of
25 arsec to observe binary stars. The profile is reconstlictgimulation from the ground to 26m of
altitude, with a 500n altitude resolution. We also demonstrated that CO-SLID#&Rensitive to outer
scale. Combined determination of the two parameters mustigostudied.

The tests on the ProMeO bench highlighted some limitatidrthie optical configuration. This
leads to the preparation of a new SH design, increasing thaparture diameter to get more flux.
Additional experimentation in lab is planned, to optimiz#ioal settings. The optical transmission of
the Coudé train is going to be improved. Another observatiampaign is being prepared, with this
time records of SH data on binary stars, in order to estint&€# profile of the site.

This work is in progress with a plan of simulations. Detegtimises must be taken into account.
Different SH geometries have to be compared. The accuracy atoliieness of the reconstruction
process should be estimated offelientC? profiles by defining a dedicated metric. The impact of the
convergence noise due to the finite number of frames shoutghaetified.
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