
 

 

MCAO WaveFront Sensing only as a tool for high precision 
photometry? 

V. Viotto*a, R. Ragazzonia, M. Bergomiab, A. Brunellia, M. Dimaa, J. Farinatoa, D. Magrina, L. 
Marafattob, V. Nascimbenib, G. Piottob, 

a INAF - Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, Padova, Italy;  
bUniversità degli Studi di Padova, Dipartimento di Fisica e Astronomia, Vicolo dell’Osservatorio 3, 

Padova, Italy 

ABSTRACT   

In MCAO the correction of the wavefront for an extended Field of View is obtained at the expense of a stretching of the 
actual instantaneous meta-pupils over the high altitude layers, just to compensate their average curvature. While this 
effect does average out in long term exposures and is of secondary interest in compensated imaging, it gives the input for 
the idea of using MCAO-like information, collectable over a certain Field of View, to assess in a time resolved mode 
(not necessarily in real time) the actual geometrical light throughput in a given direction. In principle this would allow, 
with proper time tagging, to achieve high precision photometry, as part of the scintillation could be measured on line 
during the observation. Simple averaging of neighbor stars to flat field starlight, for example, represents the equivalent of 
this concept for the ground-layer correction only. It can be seen that, once a direction is defined, it is relevant only the 
derivative of the wavefront around or in the proximity of that edges, but the range at which this happen is a crucial 
parameter. However, the strong interest in high precision measurements of exoplanetary transits or asteroseismology 
could make this approach not as lunatic as it could sound. 
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1. INTRODUCTION  
In the last decades, the Multi-Conjugated Adaptive Optics (MCAO) concept, firstly introduced by Beckers in 1988 ([1]), 
has been studied with simulations ([2]), adapted to different usages, and translated into detailed drawings, which then 
turned into optics and mechanics ([3]), able to prove the concept feasibility. Different MCAO systems implementations, 
whose designs often involve also the introduction of new techniques, are in progress at the moment ([4], [5]). In these 
systems, the sensing of the atmospheric behavior over an extended Field of View (FoV) is obtained monitoring a number 
of references (being them natural or laser guide stars) in such (or wider) FoV. The goal of this procedure is to fill the 
meta-pupil, namely the telescope entrance pupil projection over the FoV to be corrected, with the pupils projections in 
the reference stars directions, in principle up to a height in which the atmospheric contribution is negligible. An 
analogous tomographic approach ([6], [7]) would allow to retrieve the actual geometrical light throughput in a given 
direction, with the goal to measure the atmospheric scintillation, which causes intensity fluctuation of the source and 
introduces strong limitations in the precision achievable with ground-based photometry. Several astronomical research 
fields require high-precision photometry, like asteroseismology and searches of extrasolar planets through the 
transit method, where the signal to be detected can be smaller than 100 ppm. The development of new generation 
detectors and instruments, characterized by a low introduced noise, or the increase of quantum efficiency are totally 
useless if the scintillation effect introduced by the atmospheric turbulence is not corrected, and this is the main reason 
to put in space planet-hunting instruments such as Kepler and CoRoT. Beating scintillation would help ground-based 
facilities to gain competitively over their (much more expensive) space-based counterparts. 

A typical application of ultra-high precision photometry (σ << 1000 ppm) is the study of transiting extrasolar planets. An 
Earth twin orbiting a Sun-like star yields transits only 80 ppm deep, whose measurement is extremely challenging for 
ground-based facilities. Most planet-hosting stars are bright (V<13). It is easy to show that when observing such targets 
with a 2-m class telescope equipped with a standard CCD camera, photometric errors are dominated by scintillation and 
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photon noise, while other sources (background, readout noise, dark current, etc.) are negligible ([8] and [9], Fig. 2). At 
V~10.75, scintillation and photon noise equal each other, while at V~8 scintillation is by far the primary contributor to 
the noise budget, being ~3.5 times larger than all the other noise sources combined together (39 ppm/h vs. 11 ppm/h). By 
beating scintillation, the ground-based detection of a short-period Earth-sized planet would then be feasible even on a 
medium-size telescope. Transit time variation (TTV, [10]) studies would particularly benefit from scintillation 
suppression, as this technique requires an independent analysis of each individual transit, and combining several light 
curves in order to increase the S/N is not possible at all. A third promising application is the study of atmospheres of 
giant exoplanets through multicolor transit photometry. On a typical "hot Jupiter" target the expected variation of the 
transit depth observed through different wide passbands is of the order of ~100 ppm, and the most limiting factor is again 
scintillation.  

To take advantage of the concepts - although not necessarily the same technology- developed for the MCAO would 
allow to reduce the scintillation effects, in the light of the renewed interest into exo-planet transits. MCAO-related 
concepts can either allow the proper reconstruction of the incoming wavefronts or the detection of the amount of 
scintillation introduced by the atmosphere, in order to consequently apply a correction factor in the data reduction phase. 
Considering the cost and complexity of a complete MCAO system, and the requirements that its usage introduces, in this 
paper we focus on the second approach, which consists in find a way to disentangle the source light variations from the 
fluctuations due to scintillation. In this case, the “Adaptive” part is left aside, while we consider a Multi-Conjugation 
approach (in  the sense that effects coming from different altitude layers are separately detected) for the atmospheric 
scintillation sensing. 

1.1 Atmospheric scintillation 

The atmospheric scintillation consists in the fluctuation of the intensity of a source due to the seeing. The continuous 
spatial and temporal variation of the air refraction index causes the deflection of the light coming from the astronomical 
target, resulting in a fluctuation of shape and size, at the entrance of the atmosphere, of the collimated light beam which 
is going to be collected by the telescope at the level of the ground, translating into a variability in the source detected 
photometry.   

 
Figure 1. Effect of turbulence on incoming wavefronts (WFs). Because of local convergence and divergence effects on the 
WF, the pupil plane is not uniformly illuminated. 

In other words, refractive-index spatial variations in the atmosphere cause local lens-effects on the starlight, which 
translate into an inhomogeneous illumination of the telescope entrance pupil, due to locally focusing or diverging of the 
beams (Figure 1). We can then say that, while the angular seeing (driving the image structure and motion) depends on 
the local first-derivative of the incoming wavefront, the scintillation effect is related to the second-derivative. Temporal 
variations of the shape and position of these “atmospheric lenses” make the pupil illumination pattern continuously 
change, and the intensity of the star image obtained by the telescope fluctuates according to the light pattern variations 
occurring at the edge of the pupil itself. Because of a geometrical lever-arm effect, the scintillation is dominated by the 
perturbations introduced by the higher atmospheric layers. 
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The parameter used to quantify the scintillation effect is the variance 2
Iσ  of the relative intensity fluctuations, I, of the 

image. For wave-optical description and geometrical-optics case, respectively, this parameter varies as ([13], [14]): 
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where λ is the wavelength, ξ the zenithal distance, D the telescope entrance pupil diameter, h the altitude above the 
telescope aperture and )(2 hC n the refractive-index structure coefficient. For larger telescopes, then, the scintillation 
becomes achromatic and the power of the height, weighting the )(2 hC n coefficient inside the integral, further increases 
([15]), strengthening the dominance of the higher turbulent layers contribution. 

Several methods have been proposed to overcome or minimize the scintillation effect: time averaging and defocusing 
([11]) are not always possible and strongly depend on the source flux and intrinsic variability timescale, while 
differential photometric measurements, performed normalizing the target photometry with the one of a nearby star (e.g. 
[12]), require for a reference which is closer to the target than the coherence angle, strongly limiting the sky coverage of 
this technique.  

Since the distance from the telescope entrance pupil acts as a lever, to correct for the higher layers contributions would 
strongly reduce the overall scintillation. In fact, if it would be possible to introduce a physical stop at the entrance of the 
atmosphere, smaller than the telescope entrance pupil of an amount depending on the maximum deflection which can be 
experienced by a light ray in its last, let’s say, 20 km of travel to the telescope, no residual scintillation would be 
detected. To move such stop to the corresponding conjugate plane after the telescope entrance pupil would not correct 
the scintillation effect in the same way, but it would just move the lever-arm effect from the higher to the ground layer, 
often resulting in an even worse effect, because of the ground layer typical strength. This type of approach has been 
proposed and analyzed in [16], but of course either a Ground-Layer AO correction or a comparison with reference stars 
is required to obtain any increasing in the performance.  

 
Figure 2. Light beams collected by the telescope with physical stops in different positions. Orange and red beams represent 
the extreme beam projections, considering the deflection effects introduced by both the High (with r0H high layer local 
seeing parameter) and the Ground (with r0G ground layer local seeing parameter) layers. If correctly dimensioned, only a 
physical stop positioned on the High Layer (center image) can completely remove the scintillation effect. 
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Not so far from this approach and also recalling [17], we will consider a true Multi-Conjugation layout, to be used as a 
tool for the scintillation measurement, in order to obtain a correction factor to be applied, not necessary in real-time, to 
the observed object photometry.  

Let us assume a very simple atmospheric turbulence model, in which all the wavefronts distortion occurs in two main 
layers, one of them very close to the telescope entrance pupil (Ground Layer, GL) and the other placed at an altitude of 
10 km (High Layer, HL). It is clear that this configuration does not resemble a realistic atmospheric turbulence, since at 
least a continuous component should be introduced. Figure 2 shows the maximum relative variation of the beam 
projections, with the physical stop positioned in different planes. Given that the diameter fluctuation of the collected 
beams projection at the entrance of the atmosphere (in this simplified example at the HL altitude) translates into 
scintillation, since different amount of light reaches the telescope entrance, only with a stop (properly dimensioned) 
physically placed on the HL the scintillation effect is avoided. 

Since, of course, this approach is not realizable, we focused on the possibility to measure the scintillation, in order to 
correct its effect in the photometry data reduction phase. 

1.2 A new kind of scintillometer 

Let consider again the simple atmospheric turbulence model introduced in Section 1.1, in which all the wavefronts 
distortion only occurs in two main layers, placed close to the telescope and at a 10 km altitude. In the following 
discussion, a geometrical approximation approach will be considered. Defining a polar planar coordinate system on the 
telescope entrance pupil projections at the level of the two layers, centered on the center of the meta-pupils themselves, a 
ray, coming from the astronomical target, will cross the first layer (HL) in the local coordinates (ρH,θH), and the second 
layer (GL) in the local coordinates (ρG,θG). The HL will deflect the ray of an amount α(ρH,θH), while the GL will 
introduce a further deflection β(ρG,θG) on it. Of course, the values which can be assumed by α and β are related to 
(limited by) the local seeing parameters, r0H and r0G, respectively. 

Let’s consider a weak turbulence case, in which the following relations are always satisfied: 

)()(, 00 rrrrH +≅<⋅ ααβ         (3) 

where r0=(r0H
-5/3 + r0G

-5/3) -3/5 is the site Fried parameter and H the HL altitude. 

 
Figure 3. Maximum and minimum diameter footprints on the HL-conjugated plane, due to the turbulence occurring on the 
GL. 

Figure 3 shows the maximum and minimum diameter footprints on the HL-conjugated plane, due to the turbulence 
occurring on the GL. We can divide such plane into two main areas: the green area, whose total flux variation depends 
on the source intrinsic luminosity variations and on the GL turbulence effect (it’s the same result one can obtain with a 
stop on the HL-conjugated plane, as described before), and the red area, in which the total flux fluctuation is affected 
both by the HL and the GL. The incoming direction of the rays reaching that area (like the rest of the pupil, of course) is 
α+β. Let’s now define the mean (over a circular 2π domain) of the deflection angles ϕ, measured for all the rays on the 
edge of the pupil projection at a given height, as f(ϕ).This function is influenced only by radial variations of the 
incidence angle, as shown in Figure 4.  
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Figure 4. f(ϕ) is the mean (over a circular 2π domain) of the deflection angles ϕ, measured for all the rays on the edge of the 
pupil projection at a given height. f(ϕ) is influenced only by radial variations of the incidence angle. If, at a given time τ, the 
green arrows in the left picture represent the directions of rays “a”, “b” and “c” after the turbulence perturbation, and the 
orange arrows show the relative incidence angles after a further Δτ timeslot, the f(ϕ) value will change according to the 
radial variations of the incidence angles. Only the radial component of the Δϕa deflection of the ray “a” will affect f(ϕ). 
Consequently, the deflection Δϕc experienced by the ray “c” (only radial) will translate into a f(ϕ) variation, while Δϕb will 
not affect f(ϕ) at all. 

The total flux reaching the scintillometer (green + red area) will then fluctuate accordingly with the star variations ΔF, 
combined with f(α), which is the scintillation effect due to the high altitude layer HL, while the flux detected in the green 
area will depend, as already mentioned, on the source intrinsic luminosity fluctuations and on f(β), representing the GL 
contribution. If we could find, then, another measurable quantity depending on f(α+β)=f(α)+f(β), we could combine it 
with the already mentioned quantities, in order to isolate the source intrinsic luminosity fluctuations and correct the 
scintillation effect, in the data reduction phase. In other words,  we’re interested in the integral of the incidence angles of 
the rays reaching the red area. 

 
Figure 5. Section of a conceptual optical setup for a new kind of scintillometer. 

Figure 5 shows a possible conceptual solution to this problem. A first mirror, wide as the green area in Figure 3 and 
positioned on the HL-C plane, focuses the light on a photometer, which measures a flux A. The light reaching the red 
area in Figure 3 is focused by a toroidal lens on a ring. A sharp-edged second mirror, whose radius corresponds to the 
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nominal radius of the focused circle when the incoming beam is perfectly collimated, focuses the fraction of light which, 
while crossing the torus, was converging toward the optical axis, on another photometer, which measures a flux B. The 
light which is not collected by the mirror (diverging while crossing the torus) is focused by a lens on a third photometer, 
which measures a flux C. According to what we already discussed, it’s clear that the flux variation in A only depends on 
the source intrinsic luminosity fluctuations and on f(β), representing the GL contribution, and the flux A+B+C, being the 
total flux reaching the scintillometer, is related to f(α), that is to say the HL effect. Nothing new so far. To measure the 
integral f(α+β) of the rays reaching the toroidal lens in Figure 5 (or the red area in Figure 3) corresponds to quantify the 
fraction of light C with respect to B, that is to say C-B/C+B~ f(α+β). 

Table 1 Summary of the main dependencies of the fluxes measured by the photometers in Figure 5. 

MEASURABLE FLUXES AND DEPENDENCIES  
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After geometrical considerations on the meta-pupil size fluctuations, we derive the dependencies reported in Table 1. 
Qualitatively speaking, then, we can conclude that: 
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where F is the source flux, in absence of scintillation. We can notice, from (4), that the first order term describing the 
scintillation effect on the sum of our measured fluxes depends on the height of HL, the telescope aperture D and on the 
term  f(α)+f(β) = f(α+β), that we can measure as C-B/C+B. Finally, then, we can correct the measured flux for the first 
order scintillation term and obtain: 
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Considering the contribution of all the layers at heights hi, the residual second order term becomes: 
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where αeq=Σf(αi)~λ/r0 is the total deflection experienced by the edge rays through all the layers and heq=Σf(αi)hi /Σf(αi) 
the equivalent height at which we can consider the deflection occurring.  

1.3 Conclusions 

With a qualitative and purely geometrical approach, we described a concept to measure a correction factor to be applied 
to photometric measurements in order to reduce the scintillation effect to its second order term.  

The order of magnitude of the residual second order term of the flux fluctuation due to scintillation (6) can be estimated 
considering typical values for the seeing (αeq), the large telescopes diameter and the equivalent altitude heq. The resulting 
expected residual fluctuation is of the order of ~10-6, to be compared with typical scintillation fluctuations (without 
correction) of ~10-3. Provided that this is only a preliminary study, based on purely geometrical assumptions and not 
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quantitatively detailed, the gain in flux stability seem to be huge. Such an improvement would be essential in any high-
precision photometric measurement where bright stars are targeted, such as exoplanetary transits. This is especially true 
when stacking many light curves to increase signal-to-noise ratio is not possible, as in the case of a TTV study. 

The described concept still need to be studied in more detail, in order to quantify with simulations the correction which 
could be achieved, but also identify possible error sources and technical limits. Of course the presented layout could be 
simplified, in terms of requirements and specifications on the mechanics – here not presented –, using other smart 
configurations (like a 2-curvatures field lens instead of the sharp-edged mirror in Figure 5, to separately focus the light 
reaching two different annular areas), but this detailed design is beyond the scope of this paper.  
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