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Abstract. We validate by simulations an extension of the phase diyetsthnique that uses long exposure
adaptive optics corrected images for sensing quasi-gthéorations during the scientific observation, in partcul

for high-contrast imaging. The principle of the method iat{Hor a stficiently long exposure time, the residual
turbulence is averaged into a convolutive component of t@ge and that phase diversity estimates the sole
static aberrations of interest. The advantages of such@guwe, compared to the processing of short- exposure
image pairs, are that the separation between static aloesadnd turbulence-induced ones is performed by the
long-exposure itself and not numerically, that only onedsaair must be processed, that the estimation benefits
from the high SNR of long-exposure images, and that only thgcsaberrations of interest are to be estimated.
Long-exposure phase diversity can also be used as a phasiagrfor a segmented aperture telescope. Thus, it
may be particularly useful for future planet finder projestsh as EPICS on the European ELT.

1 Introduction

Calibrating the quasi-static aberrations of a ground-tasgaptive Optics (AO) corrected imaging
system is an important issue, especially for extreme AO bagftrast instruments such as the proposed
planet finder instruments for the ESO and Gemini 8-metestelpes.

Measuring these aberrationf-tine, i.e., during a day-time calibration on an internal reference
source, has been successfully applied to existing systaatsas N [1,2] or Keck. The main lim-
itations of such a procedure directly stem from it-line nature: the aberrations located before the
internal reference source are not sensed, and the abesatiay evolve between the day-time cali-
bration and the night-time observation. These two limitasi can be circumvented by an appropriate
calibration performed on-line,e., during night-time observations, as described in the Vailhg.

A wave-front sensor (WFS) is able to measure the aberraiean by the telescope on-line, but
these consist of the sum of a turbulence-induced compowiith is partially compensated for by
the AO, and a static component. Because the turbulencehetatrrected or not, evolves quickly, the
WFS measurements are generally performed with integraitioes that freeze the turbulence evolu-
tion, typically a few milli-seconds.

A focal-plane WFS is the only way to be sensitivedd aberrations down to the focal plane,
and in particular to the so-called non-common path abematof an AO system, which motivates
our choice for a focal-plane WFS in the following. Estimatiaberrations from a single focal-plane
image of a point source is afficult problem known as phase retrieval. Gonsalgshowed that by
using a second image with an additional known phase vaniatith respect to the first image such as
defocus, it is possible to estimate the unknown phase even e object is extended and unknown.
This technique, referred to as phase diversity, has beeifisantly developed in the past twenty years,
both for wave-front sensing and for imaging; see for inseaRef. ] for a review.

The estimation of static aberrations from a series of segpesure phase-diversity data has been
performed using a series of image pairs of an astronomigato[b,6]. Leeet al. [7] have performed
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such a calibration of static aberrations with a series ofgesinstead of image pairs, and an original
diversity: no additional defocused image was used, andesgoe changes to the adaptive optics
introduced the required diversity.

In both approaches, the static aberrations are obtained ampirical average of the phase esti-
mates corresponding to each short-exposure data. Thisdblgsuboptimal for at least three reasons:
(1) the images correspond to short integration times, ae@d@nsequently noisier than the correspond-
ing long-exposure image pair, so each phase estimédiiersdrom this noise; (2) the computational
cost is high because many short-exposure images must bessextin order to estimate the sought
static aberrations; (3) the phase estimation accuracy m@ghalized because the estimation must be
performed on a number of phase parameters that is large Briowgscribe the short-exposure phase,
whereas only a smaller number of these parameters may beeoédt, if the sought static aberrations
are of lower order than turbulence-induced ones.

In this communication, we validate a recently proposgjcektension of the phase diversity tech-
nique that uses long-exposure AO-corrected images foirsggsiasi-static aberrations. This way, (1)
the separation between quasi-static aberrations andiémterinduced ones is performed by the long-
exposure itself and not numerically, (2) only one image paurst be processed, (3) the estimation
benefits from the high SNR of long-exposure images, and (§)tbe static aberrations of interest are
to be estimated.

2 Principle of long-exposure phase diversity

We consider a ground-based telescope observing Spacethtbe atmosphere. The long-exposure
optical transfer function (OTF) of the atmospheigstrument system is the product of the OTF of the
sole instrumeniys, called static OTF in the following, by the atmospheric sfm function (ATF)ha:

<ﬁo> = F]S ﬁa' (1)

The static OTF is a function of the unknown static aberratjavhich are coded in the phase function
¢ in the aperture; lIeP be the indicator function of the apertutg,is given by:

hs(¢) = P ® P& (2)

where® denotes auto-correlation. The phase funciitun v) is expanded on a badis}, which is typi-
cally either Zernike polynomials or the pixel indicator fitions in the apertures(u, v) = >y ¢xbk(u, v),
where the summation is, in practice, limited to the numbexraafticients considered flicient to cor-
rectly describe the static aberrations to be estimated. Wg# denote by the vector concatenating
the set of unknown aberration déieientsgy.

Assuming phase perturbations with Gaussian statistiesilir at spatial frequendyis given by:

ha(f) = e 20+ 3)

whereA is the imaging wavelength aridj; is the phase structure function. If the turbulence is pllytia
compensated by an AO system, Equatid)sapnd @) remain valid P], although slightly approximate
because the residual phase after AO correction is not statjo

With these equations in hand, and assuming that the imag# ianger than the isoplanatic patch,
we can now model the long-exposure image. The image is reddog a detector such as a CCD cam-
era, which integrates the flux on a grid of pixels. This candmeveniently modeled as the convolution
by a detector PSRy, assumed to be known in the sequel, followed by a samplingatipa. Using
Eq. (), the global long-exposure PSF of the instrument is thus:

hie = hg * (ho) = g % hs x hy, 4)

wherehg is the PSF due to static aberrations, given by the inversaérdatansform of Eq 2), h, is the
atmospheric PSF given by the inverse Fourier transform of{8gandx denotes convolution.
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Due to the inevitable sampling and noise of the detectiongsses, the imagerecorded in the
focal plane is the noisy sampled convolution of the longesyge point-spread function (P St with
the observed object This model is generally approximated by a noisy discretesotution with the
sampled versiowo of the objeci:

if = h|e *x 0+ N, (5)

wherehe is the sampled version ¢, andn is a corruptive noise process. If the noise is not additive
and independent from the noiseless image, for instancisipiedominantly photon noise, then E§) (
should read = h x 00 n, with the symbok representing a pixel-by-pixel operation. For legibility
we shall keep the additive notation. Combining Eg).With the discrete counterpart of Edt)(yields

the following discrete image model for the focused and de$ed images respectively:

it = hg*x h® % (hax 0)+n and ig= hg* h?*) % (hax o)+, (6)

where hq, hs and h, are the sampled versions bf, hs andh,, ¢4 is the known additional phase
introduced in imagéy, and the superscripts dn are reminders of the aberrations that enter the static
PSF of each image.

Let 0 be the convolution of the atmospheric PSF with the obsengelci 0 = hy x 0. The
phase-diversity data model of E®) (s strictly identical to the one that would be obtained byaging
the pseudo-objeat in the absence of turbulence and with the same static almrsafThus, all the
phase estimation methods developed for short-exposurgeishan which the OTF of the system is
completely described by a phase function, can be appliezltberstimate the sole static aberrations.

Additionally, it is well-known that, for a given noise leyahe estimation quality of the aberrations
in phase diversity depends on the spectral content of theredd scene. Thus, in the method described
here, the estimation quality of the aberrations will depleath on the spectral content of the observed
object and on the ATH,e., on the turbulence correction quality provided by the AO.

The appropriate implementation of this long-exposure plaigersity technique depends on the
type of instrument, and is described in Re. [

3 Chosen phase estimation method

Among all the possible estimation methods (seg, Ref. [4] for a review) in this communication we
choose, for simplicity, the conventional least-squared jgstimation of the phasgand the object!,
with a regularization on both quantitiesr (¢) = arg minJ(o’, ¢) with

1 . 1 .
(D, B) = =S5 llit = hg % b % Ol + ===lig — hg * h?") x g|| + Ry(0) + Ry(¢),  (7)
202 202

n

whereoZ ando? are the noise variances of the two images, estimated befodeThe object reg-
ularization is chosen as a quadratic function, so that thelevbriterionJ is quadratic with respect
to o and thus has an unique, closed-form solutibf@) for a given phase. This allows one to re-
place the optimization ad(0, ¢) with that of criteriond’ (¢) £ J(0' (), ¢), as commonly done in the
unregularized case[10].

Following the findings of Blanc11], we under-regularize the object in order to best estimate
the phase. This strategy is supported by the fact that itlyial phase estimation with satisfactory
asymptotic properties, as shown in Ref2], and that these properties hold even if the noise is not
Gaussian.

Concerning the phase, we choose the basis of the pixel idié@nctions rather thare.g., a
truncated basis of Zernike polynomials, in order to model eectonstruct phases with a high spatial
frequency content. Because of the potentially large nurobghase unknowns we are lead to regu-
larize the phase estimation. To this aim, we use a functiprigosed specifically for such a phase
basis f, Sect. 8] and recalled in Ref8]. This regularization function has been constructed irhsuc
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a way that it is insensitive, as the data is, to a global pigimtip-tilt, and to any 2 variation of the
phase on any pixel. This way, no local minimum is introducgthie regularization into the minimized
criterion.

4 Validation by simulations

We shall now validate the method by simulations. We sha#mtslly study the influence of the expo-
sure time. Indeed, the main specific assumption of the métheth Eq. (), because the factorization
of the OTF in a static OTF and an ATF is strictly valid only itkurbulence is perfectly averaged,

for an infinite exposure time. Note that by exposure time wamtbe (finite) number of independent
turbulence realizations, not the noise level. In all thewdations presented here, we have considered
noiseless images. We have checked that the behavior of tee@stimation in the proposed method
with respect to the noise level is not specific and is the sancemventional phase diversity with short-
exposure images: the estimation error is usually propoatito the average standard deviation of the
noise in the imagesl3 11]. Then we shall briefly study the influence of the AO correctipality.

4.1 Conditions of simulation

We consider here a point-like source, observed with an 8 mmgtehased telescope, equipped with
AO. The simulations take into account both the AO-correttetulence and static aberrations. The
baseline adaptive optics system considered is the higlorpesince AO system S of the S
instrument. We use a Fourier-based simulation method thstribes the AO via the spatial power
spectrum of the residual phask&4] The simulation takes the following realistic set of paraens:

a 41x 41 subaperture Shack-Hartmann, .2 kHz sampling frequency, a guide star of magnitude
8, and a Paranal-like turbulence profile, with a seeing.8faicsec at & um. Static aberrations are
randomly generated according tofa? spectrum,f being the spatial frequency in the pupil, with a
total wavefront error of @3 radian  at L6um,i.e,, 60 nm

For some of the simulations, the number of actuators on d digsheter will be decreased from
40x 40 to 14x 14 and &7 in order to study the influence of the AO correction qualitiie above
simulation conditions lead to a phase variance of the restdubulence which is respectively 1, 7 and
21 time(s) the variance of the static aberrations.

Two simultaneous long-exposure images are simulated,avithase diversity between these im-
ages consisting of a814 radian  defocus. The corresponding defocus distance is prop@ition
the square of the f-number of the system and,.@uuin, is 29 mm for anf /15 system such as N
and 2 cm for anf /40 system such as S . These images are simulated following two schemes:
finite exposure time images are made of the summatidh stiort exposures. The long-exposure OTF
is then the sum oN short-exposure OTFs, each of which being computed through @y, with a
phasep composed of the sum of the static aberrations and of thenitastaous AO-corrected turbulent
wavefront; the turbulent wavefront is randomly generatedia PSD that takes into account both the
turbulence profile and the AO correction. In contrast, inéirdxposure time images are not computed
as an empirical average. Instead, the residual phaseusteucinctionD,, is computed from the PSD
of the AO-corrected turbulent wavefront, then the AfiFis computed via Eq.3), and the imagek
andiq are computed according to Equatid).(

4.2 Influence of exposure time

We first consider the case of a high performance, Sike correction. The bottom curve of Figufie
shows the evolution of the reconstruction error with the benof exposures used for the simulation.
The first points (from 10 to 1000 exposures) are simulated wiinite exposure time, whereas the last
point (noted infinity on the X-axis) is simulated with an infenexposure time. Because the correlation
time of corrected turbulence is typically 10 to 100 milliseds depending on turbulence parameters
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and on the AO correction quality, the simulations with 108pa@sures correspond to an integration
time between 10 and 100 seconds.

The reconstruction error decreases with the number of expssdown to very weak values (less
than Q01 radian) for an infinite exposure time. As the number of expes increases, Ed.)(becomes
more valid, turbulence residuals become better fitted by dification of the estimated object only
(into an objecty = h, % 0), and the estimated phase is eventually only the set ot sth@rrations.
Incidentally, we have checked that for a single turbulemicsxre, the phase estimated is the sum of
the turbulent wavefront and the static aberrations.

This simulation study shows that the estimation of stat&rediions from a single pair of turbulence-
degraded images is possible. The quality of aberratiomnstecoction is directly linked to the conver-
gence of the images towards long-time exposures. For theyAt@is and the level of static aberrations
considered here, an integration time corresponding to aséwed independent turbulence realizations
yields a phase estimation error of abou®@I? radian, close to that obtained with an infinite expo-
sure time. At 16 um, this number translates into a 3nm optical path diference. This precision is
compatible with the 5- 10 nm static aberration residual that is needed for the detectfavarm
Jupiters on an 8-meter telescope. Incidentally, we seentitlatess than 1000 exposures the required
precision would not be obtained for such a mission.

4.3 Influence of AO correction quality

Figure 1 shows the evolution of the estimation error, foffdient correction qualities, obtained here
simply by varying the number of actuators of the AO systerhptiler parameters being equal. One
can see that as the correction quality degrades, the turbeileesiduals are more important and thus
the estimation of the static aberrations needs more expsgar the same error level. The estimation
errors for an infinite exposure time are equivalent for alethcorrection qualities. A spectral analysis
of the estimated aberrations yields more insight into thienedion quality and is given ing.

In the case of a N correction with 1414 actuators and 1000 exposures, the phase estimation
error is about A3 radian, which at 2um translates into a 45nm optical path diference. This
is almost three times smaller than the residual static abens of 1220nm  measured on N -
C after off-line phase diversity measurement and correct®nihe on-line long-exposure phase
diversity technique could thus be an attractive way to catdbquasi-static aberrations on non-extreme
AO systems too.
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Fig. 1. Evolution of the reconstruction error with the exposuredifm number of independent turbulence real-

izations), for several levels of AO correction. Static ab&ons are randomly generated according to conditions
described in Subsectichl
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5 Conclusion and perspectives

We have validated by simulations an extension of the phasediiy technique that uses long exposure
AO corrected images for sensing quasi-static aberrations.

The technical advantages of such a procedure are discunstfegtext. From a system point of view,
on-line long-exposure phase diversity opens a new aregaditagions, in particular it will allow one to
correct in real time (meaning during the scientific expoktoeany evolution of instrumental defects.
This may be considered for improvements to the S instrument and should significantly improve
the overall system detectivity. This technique can also setlas a phasing sensor for a segmented
aperture telescope. Indeed, phase diversity can be applibd peculiar aberrations constituted by the
differential tip-tilts and pistons of such a telescope.

Thus, long-exposure phase diversity may be particulagyul$or the future Planet Finder project
on the E-ELT called EPICS. Indeed, on the one hand, for thogept, the detectivity requirements
are by far more stringent than for S and the on-line correction of non-common path aberrations
is mandatory. And on the other hand, without any opto-meiclaamodification of the sensor, long-
exposure phase diversity should enable very accurate megasuts of the segments’ phasing.

Short-term perspectives include a more thorough study efgrformance of the long-exposure
phase diversity technique, coupled with a global systertyaisa
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