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ABSTRA CT

A model of a multi-conjugate adaptive optics systemis usedto estimate the
performance of such a systemin the infrared and in the visible. It is shovn
that the corrected eld of view can be largely increased,using a Gemini-like
system. Residual anisoplanatism is studied, when di®erert natural guide star
sthemesare used. In any casethe "eld of view is signi cantly increased. A
schemeto increasethis "eld evenmore, at the expenseof Strehl ratio stability is
preserted. It is also noted that very high angular resolution (» 20 milli-arcsec)
can be obtained over a 70 arcsec(diameter) eld of view, even if this systemis
designedfor IR use.

1. INTR ODUCTION

In this paper, the results of a Multi-conjugate adaptive optics (MCA O) system are preseried. A Gemini like
system s preseried, including 5 laser guide stars (LGSs) and shak-Hartmann (SH) wavefront sensors,and 3
deformablemirrors (DMs). The lower order modesare measuredthrough 1 Natural guide star (NGS) and a 3x3
SH sensoror with 3 NGSsplaced in the corrected eld of view (FOV), measuredby a quad-cell type detector.
The simulation is donein closed-lmp, including temporal ewvolution. The results are described in terms of Strehl
ratio and full-width at half maximum (FWHM) of the point spreadfunction (PSF).

In the “rst section, the model is described and the hardware parameters are summarized. The second
section preserts the results in the infrared, for which the systemis designedfor, in terms of sub-aperture size
and number of actuators. In the following section, its behavior in the visible is computed and analyzed. Finally,
the conclusionsare presened.

2. AO SIMULA TION MODEL

The AO systemis modeled using a complex end to end simulation tool, which shall be described more in detail
in a forthcoming paper.

The atmosphereis modeled with 7 in nitely thin phasescreensgeneratedwith the algorithm preseried by
Mcglamery, 1976. Therefore, these screenare circular, i.e. they can be wrapped around as they are shifted
to create temporal ewlution. This production method createsan ad-hoc outer scaleof turbulence of » 30 m,
compatible with recert measuremets (Martin et al., 2000). The turbulence characteristics are the sameasin
the Gemini simulations (Ellerbroek and Rigaut 2000, Ellerbroek and Rigaut 2001). These phase screensare
shifted and magni ed to producethe e®ectof o®-axisguide stars and LGSs, respectively. LGSs are placedat a
constart height of 90 km above the telescope. The screensare then summed (geometric optics) and the sum is
sert to the wavefront sensormodule.

The wavefront sensorsmodule take the phase screencreated as described in the previous section and cut
it into small sub-aperture sized squarepieces. The PSF in ead sub-aperture is computed using a fast Fourier
transform. Then these PSFs are re-sampledto take into accourt the pixelelization of the WFS detector, a
CCD. Finally, photon, read-out and dark current noiseare addedto the images. Then the certroid is computed
and this forms the measuremen of a sub-aperture. Throughout this paper, it is assumedthat both LGSs
and NGSs are bright, and therefore the photon noise is the dominant source of error. The wavefront sensor
module is adapted from the European Training and Mobilit y of Researbiers (TMR) for \laser guide stars on
8-m telescopes" simulation tool, LA30OS2 (Carbillet et al. 1999).

Further author information: (Send correspondenceto MLL)
MLL: E-mail: lelouarn@ucolidk.org




Figure 1. Imagesof the SH wavefront sensors,as produced by the simulation. The left hand-sideon is a high
order WFS observingan LGS, the right hand side oneis a low order WFS observinga NGS. Notice the spedle
structures in the WFS sincethe wavefront sensingis done at visible wavelengths.
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Figure 2. Strehl ratios as a function of "eld angle for the SVD cortrol algorithm (left) and the MAP cortrol
algorithm (right), after 100iterations (i.e. 200ms), in the K band. Notice how the Strehl ratios are consisterly
higher with the MAP approad, and how the spreadin Strehl at di®eren position anglesis reduced.

This procedureis repeatedfor ead sub-aperture and ead guide star, and the wavefront slopesare concate-
nated into a single measuremen vector, corntaining a number of slopesequalto the number of guide stars times
the total number of sub-apertures.

The systeminteraction matrix is constructed asdescribedin , Le Louarn and Tallon, 2001. This interaction
matrix can be used (using an SVD inversion) to cortrol the MCAO system. However, a more sophisticate
approad, basedon a Maximum a Posteriori (MAP) approad is used, sinceit producesbetter results (Fusco
et al. 1999),asshown on Fig. 2. The algorithm is a linear operation applied to the measuredslopes, producing
commandsto be sert to the 3 DMs, which are optically conjugatedto 0.0, 4.5 and 9.0 km, asin the Gemini
system. The corrected eld of view (FOV) is 30 arcsecin radius. The DMs are sized accordingly.

This systemis run in closedloop by injecting the corrected phaseas a new measuremen to the wavefront
sensor. In order to take into accourt the slow decorrelation time of the low-order modes, the simulation is
run for 2000 iterations, corresponding to 10 s in real life. It was veri ed that if the low order modes are not
measured,the performanceof the systemis signi cantly reducedand therefore thesemodesa modeled properly.
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Figure 3. Strehl ratio as a function of "eld angle for three AO systems: a corventional NGS AO system
(dot-dash), a 1 NGS MCAO system (solid) and a 3 NGS MCA O system (dash, the top curve being with 28
arcsecNGS separation, the lower one for 42 arcsec), for two wavelengths, K band (left) and J band (right).

The 3 NGS with 14 arcsecNGS separation was omitted for clarity. It overlaps almost perfectly the 28 arcsec
3NGS curve. The triple-dash dot curve correspondsto the casewhere only tipt-tilt  is measuredfrom the single
certral guide star.

All results preseried here are made at zenith, with a Fried parameter of ro of 20cm (at 0.5t m).

3. SIMULA TION RESUL TS IN THE IR

Three AO systemsare considered. A convertional NGS AO system, using a single wavefront sensor(same
number of sub-apertures asa LGS WFS in the MCAO system), an MCAO systemusing 1 NGS (called INGS
system) and a system using 3 NGSs placed in the corrected "eld of view, called the 3NGS system. Three
di®erert NGS con gurations are usedin that system, where the 3 NGS are placed at radii of 42, 28 and 14
arcsecfrom the certer, in a triangular con guration. The “rst point represens an extreme case,sincethe stars
are already slightly outside the corrected FOV (30 arcsecin radius). Each point is the averageof 6 Strehl ratios,
obsened at 6 \prob e stars" obsened at di®erert position anglesin the corrected FOV.

On Fig. 3, the Strehl as a function of "eld angleis plotted, for two wavelengths (K and J), for the di®erert
AO systems. The NGS AO systemsis usedto shown the improvemert brought in "eld stability by the MCAO
systems. It can be seenthat anisoplanatism reducesthe Strehl signi cantly, evenin the K band, sinceit drops
from 0.85to 0.35 over the 35 arcsecprobed eld. For the MCAO case,the Strehl drops slightly for the INGS
case(from 0.83to 0.6) and the stability is even better with the 3NGS system, sincethe Strehl is almost constart
at 0.77. Slight anisoplanatismbeginsto appear, asexpected, outside the deformablemirror (at distancesbeyond
30 arcsec,the nominal corrected FOV). It should be noted that the position of the 3NGS is not very critical
within the studied range, the most signi cant e®ectappearing when they are outside the corrected FOV. Of
course,if they are too closeto one-another,anisoplanatismwill appear. In that case,the performancewill tend
to the casewhereonly tilt is corrected. That caseis also shovn on Fig. 3.

An interesting e®ectappearswhen onewants to obsene beyond the "eld correctedby the deformablemirrors
(seeFig 4). Indeed, part of the phasecoming from the object is corrected, while another part is uncorrected
atmospheric turbulence. Therefore, residual anisoplanatism will appear, but not as sewerely asin corvertional
AO, sincesomeparts are still corrected. This is demonstratedon Fig. 5. The Strehl (in K band) asa function of
“eld angleis plotted. This plot takesonly into accourt onedirection and not 6 di®erert probe stars at di®erert
position angles,hencethe slight di®erencewith Fig. 3. It can be seenthat the Strehl ratio slowly rolls o® after
the vertical bar, indicating the edgeof the DM. The Strehl ratio of the MCA O systemachievesthe Strehl ratio
obtained with the NGS AO systemat 30 arcsecat 57 arcsecondgradius), in the K band. The brake due to the
edgeof the DM s clearly seen. This approac of letting someuncorrected phasebe taken into account seems
to work as expected, allowing one to furthermore increasethe corrected FOV without increasingthe DM size
(i.e. systemcomplexity). Another method would be to mask out the photons coming from outside of the DM.
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Figure 4. The DMs (arrows) limit the corrected FOV (solid lines). If a larger angleis obsened (dashedlines)
someuncorrected turbulence will appear. Howewer, a part is still corrected (especially the ground turbulence)
and the performancedoesnot drop as sharply aswith corventional anisoplanatism.
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Figure 5. Anisoplanatic behavior when one obsenes\outside" of the corrected FOV. Only the rst 3 arcsec
are covered by the DMs. The solid line is the convertional NGS AO system, the dashedline is the 3NGS (28
arcsec)system. After 30 arcsec,only a part of the wavefront is corrected.

This hasthe advantage of not reducing the Strehl ratio. Howewer, the °ux from these objects is then reduced
by vignetting.

The choice betweenthe two approaches must obviously be made by consideringthe astrophysical problem:
an integral "eld spectrometer, for example,will benet from the light conceriration brought by the AO system,
and will not bevery sensitive to the lossin Strehl ratio. However, alossin °ux dueto vignetting will signi cantly
increasethe integration time, a critical parameter in imaging of faint objects.

4. SIMULA TION RESUL TS IN THE VISIBLE

Although these AO systems are designedto give optimum performancein the IR, it is well known that a
signi cant performance gain can still be obtained in the visible, if good seeingconditions are presert and
obsenations near zenith are done.

To investigate this phenomenonin MCAO systems, PSFs are computed in the V band (0.55tm). The
results are shovn on Fig. 7. Both Strehl ratios and FWHM are plotted, as measuredfrom the simulated PSFs.
No analytic approximation to the FWHM has beenused. These gures show that the Strehl ratios are low for
all systems,since aliasing and "tting errors are large. The maximum Strehl ratio is obtained on-axis with the
NGS-AO system, 0.09. Howewer anisoplanatism rapidly reducesStrehl, and at 20 arcsec,it is only 0.003. On
the other hand, MCA O systemshave an almost constart Strehl ratio, sincefor the 3NGS system, it rangesonly
from 0.025 (center) to 0.015(at 35 arcsec). Although low, these Strehl ratios still show interesting properties,
as showvn by the FWHM. On the NGS-AO system, it rangesfrom 0.016 arcsec(certer) to 0.212 (35 arcsec),a
signi cant degradation indeed. The MCA O system on the other hand shows very little ewolution in the “eld,
sincethe FWHM variesfrom 0.022to 0.025. Therefore, very high resolution imaging is available on large FOVs



1007 1 107
80
60

40

20

oL . . — R N
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Arcsec Arcsec

Figure 6. Radial averagePSF proles, for on-axis PSFs (left) and 35 arcseco®-axis(right). Two AO systems
are represeried: The NGS-AO system (top curve on the left, bottom curve on the right "gure) and the MCAO
systemwith 3 NGS at 28 arcsec.

(over 70 arcsecin diameter) in the visible, an extremely signi cant improvemert over corvertional AO systems.
It is surprising at rst sight that sudch good performance can be seenand that residual anisoplanatism does
not appear. Howevwer, it has beenshown (Tokovinin et al. 2001) that the limiting factor in such an MCAO
con guration is beamoverlap and not the intermediate turbulent layers. Moreover, the PSF behavior is di®eren
in an MCA O system: the low order modes (measuredfrom the NGS) contribute signi cantly to anisoplanatism
(as showvn by the di®erencein "eld stability betweenthe 3NGS at di®erert anglesand the INGS methods).
Howewer, the FWHM is less sensitive to the low order mode errors as is the casefor single LGS PSF when
tilt is poorly measured. Indeed, as showvn by Rigaut et al. (1998) and Le Louarn et al. (1998), when tip-tilt
is not well corrected, the well corrected short exposure PSF is jittered. This reducesthe Strehl ratio, but the
FWHM (or the encircled energy) changeby small amourts, sincethe energydoesnot go into a large halo asin
corvertional AO. A similar phenomenonis seenhere, for the rst time, in MCAO.

The di®erencein PSF shape ewlution can be seenon Fig 6. It shaws the radial averagedprole of the
NGS-AO PSF and the MCA O PSF, for the on-axis and o®-axiscase. The MCA O caseclearly shaws that the
PSFis not di®action limited (o®-axis), but there is no large halo. The FWHM hasincreasedfrom the di®raction
limited case,but still hasa FWHM a roughly 20 mas. The di®raction limit at 0.551 m is 14.1 mas.

Therefore, it is suggested,that a large “eld of view visible camerabe a part of the instrumentation of an
MCA O system designedfor the IR. For example, high angular resolution imaging of planets (Jupiter is » 40
arcsecin diameter), globular clusters, galactic and AGN nuclei would greatly benet from such an instrument.
It should be noted that the 20 mas resolution is 5 times better that the HST planetary camera(PC), if the
limited sampling is taken into accourt.

5. CONCLUSIONS

In this paper, simulations of an MCA O system, designedto work in the visible are presened. It is shown that

3 DMs allow to signi cantly increasethe corrected FOV. No signi cant anisoplanatismis seenover a 30 arcsec
(radius) diameter, when 3 NGSs are used. When only 1 NGS is used, anisoplanatism appears, but slightly

higher Strehl ratios in the certer of the FOV are obsened. Moreover, a schemeto increasethe FOV even more,
at the expenseof FOV stability is presernied. This could be useful for example on integral "eld spectrographs,
where energy conseitration is more important than the highest angular resolution and "eld stability.

A remarkable property of MCA O systemsis then presened,.e. its ability to provide a high angular resolution
over a wide FOV, ewven if Strehl ratios are low (a percert, or so). This could have a signi cant impact on the
instrumentation of future MCA O systems,which could include a visible light high angular resolution camera,
ewven if the systemis designedfor visible light operation.
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Figure 7. Strehl asa function of distance from the FOV certer in the V band (left) for the three AO systems.
On the right, the Full Width at Half Maximum of the PSF for the same systems,alsoin V. Notice how the
FWHM of the NGS-AO systemincreaseswhen the MCAO systemsshaw a quasi-constann FWHM.
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