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Abstract. Multiconjugate adaptive optics (MCAQO) employing several deformable mirrors conjugatefiieieedt altitudes has

been proposed in order to extend the size of the corrected field of view. A three dimensional measurement of the turbulent
volume is needed in order to collect the information to control the deformable mirrors. Given a set of guide stars in the
field of view, this can be done either using star-oriented or layer-oriented techniques. In the star-oriented measurement each
wavefront sensor is coupled to a guide star while in layer-oriented techniques, wavefront sensors are coufile@rib di
layers in the atmosphere and each of them collect light from the whole set of guide stars. This type of measurement is more
exactly calledoptical layer-oriented(OPTLO) as the co-addition of light is done optically. The same information can also

be obtained by combining, in a numerical way, star-oriented measurements. This hybrid approach rsucadiedal layer-
oriented(NUMLO). In order to compare their performance, we present an analytical study of the signal to noiseM&im(

the optical and numerical layer-oriented measurements. Optical layer oriented measurements are shown tdfozembire e

the regime of faint flux and a large number of guide stars, while low detector noise allows numerical layer-oriented schemes to
be more icient in terms oSNR
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1. Introduction images to be obtained. However, due to the vertical distribution

. ) ) of the atmospheric turbulence, the size of the corrected field of
The image quality of a ground-based telescope is severely dgs, (Fov) is limited to a few arcsecs. In order to extend the

graded due to the atmospheric turbulence. Fluctuations of H%ﬁnpensated FOV, the concept of multiconjugate adaptive op-
air refraction index are responsible for the loss of resolvipg (MCAO) has been proposed (Beckers 1989 Dicke 1975)
power for ground-based telescopes. This resolving power ifQ,hich several deformable mirrors are conjugated téed
longer depends on the telescope diameter, but on the Fried §d- 5 iitudes. These deformable mirrors are controlled using
rameter, which at the best observatories rarely exceeds 50 i jntormation about the phase measured using several guide
the visible range. In order to overcome this limitation, the US®ars. A star-oriented approach was first proposed (Tallon &
of an active optical element to correct the wavefront distortio&%y 1990) in which a wavefront sensor is coupled to each guide
in real time was proposed by Babcock (1953). This techniqu&lis, ang then all the information is processed and employed to
called adaptive optics and 35 years after being proposed, Opgfiro| each deformable mirror (see Fig. 1a). More recently
the technical solutions were found for a large number of proher concept, called the layer-oriented approach, has been
lems, COME-ON became the first adaptive optlgs syst.em qﬁbposed by Ragazzoni et al. (2000), Ragazzoni (2000) (see
voted to astronomy (Rousset et al. 1990). Adaptive optics S¥gg 1h) |tis based on measuring the phase with a single wave-
tems are now working on a large number of telescopes (seedQlyt sensor with one or more sensing planes which can be
instance Rousset et al. 2000; W|2|nOW|_ch et_al._ ZOQO;_ Grav@ﬁtically conjugated to given layers in the atmosphere. A de-
et al. 2000; Rousset et al. 2002) allowingfdiction-limited ¢, mape mirror (DM) is associated with each of the wavefront-
sensing planes, and the wavefront sensor collects light from
Send gprint requests toD. Bello, e-mail:cbello@ll.iac.es the whole set of guide stars. This technique was first conceived

* Appendix A is only available in electronic form at with the idea of making this kind of measurement in an optical
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(a) Star-oriented approach. (b) layer-oriented approach.

Fig. 1. Schemes of star-oriented and layer oriented approaches: @fle star, WFS= wavefront sensor, WFE wavefront controller and
DM = deformable mirror.

way. However, measurements of the same nature can be aplies to the phase derivative along directjoRointx in the
tained by numerically combining star-oriented measuremepigil plane corresponds to poixt h 6s in layerl, at altitudeh,,
where each wavefront sensor is coupled to a single guide stamhered; is a vector parallel to the plane of the aperture which
The objective of this work is to compare star-oriented argives the position of the guide star. The sampling of the vol-
layer-oriented measurements in terms of signal to noise tane of turbulence using several analysis directions allows one
tio (SNR. But in order to compar8NRvalues, measurementso reconstruct the turbulent volume. Figure 2a shows a block
of the same nature must be used. This is why we chose to tragiagram of star-oriented measurements when using three guide
late the problem to comparing numerical layer-oriented and agiars. We will assume in this development that the near-field ap-
tical layer-oriented measurements. proximation applies and that the wavefronts are geometrically
Section 2 explains in detail theftérences between opticalpropagated through the atmosphere.
and numerical layer-oriented measurements. Analytical formu- In the optical layer-oriented approacfOPTLO), a single
lae for theSNRcorresponding to each technique are developeavefront sensor collects light from the ensemble of guide stars
in Sect. 3, and a discussion is given in Sect. 4. An Appendix(Ragazzoni et al. 2000). For instance, pyramids can be placed at
included (Appendix A) which is devoted to the comparison dhe focal plane, and a common objective allows pupil images
the SNRof the two techniques for several study cases. from different guide stars to be superimposed. A beam split-
ter is employed to split light between thefdrent wavefront-
sensing planes which are conjugated tfiedent specific alti-
tudes in the turbulent profile. Each of these wavefront-sensing
planes will see the layer it is conjugated to, but also superim-
Figure 1 shows the schemes for the star-oriented and laygosed wavefronts corresponding to the other layers. When the
oriented approach. In the star-oriented approach, each wdeep is closed, each detector senses the perturbation that oc-
front sensor is coupled to a single guide star. The informadrred in its own layer, while the perturbations of the other lay-
tion from all the wavefront sensors is combined and processad are cancelled by the correction provided by the other DMs.
in the wavefront controller and allows one to obtain the conthis approach allows the system to have independent “classi-
mands for the deformable mirrors of the system. We consid=l adaptive optics” loops, linking each deformable mirror with
wavefront sensors of the Shack-Hartmann type (Rousset 19@9pssociated wavefront-sensing plane (see Fig. 1b). The mea-
or pyramid (Ragazzoni 1996), measuring the gradient of therement done for each detector plane can be written as a lin-
wavefront. Each wavefront sensor collects information froear combination of the star-oriented measurements weighted
the column of turbulence along the direction of the guide sthy the intensity of each of the guide stars. A wavefront-sensing
it is coupled to. If we consider an atmospheric turbulence wigilaned conjugated to a turbulent layer at altitudgewill mea-

2. Optical and numerical layer-oriented
measurements

L layers: sure, in the ideal case where there is no noise:
Ngs L 4
A0S(x) 8 L AD(X) 2oy ls X Xizy 531X + (hy — ha)6s)
= g D HxE hie) ) == ST @
1=1 s=1's

whereg, is the phase error introduced by tle layer, andd®> whereNgys is the number of guide stars, ahglis the intensity
is the wavefront measured using tste guide star. The sameof sth guide star (Diolaiti et al. 2001).
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(a) The star-oriented approach. (b) The layer-oriented approach.
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Fig. 2. Wavefront sensor measurements in star-oriented and layer-oriented approaches when employing three guide stars and two wavefront
sensor planes in the layer-oriented approach, conjugated to DM1 and DM2. For the sake of simplicity, DM1 is conjugated to the pupil plane,
and thus in its associated wavefront sensor plane, the footprints of the three guide stars perfectly overlap. This is not the case with DM2,
conjugated to a turbulent layer in altitude, where the star footprints are displaced by an amount depending on the star position in the field and
on the altitude of the layer.

When a wavefront-sensing plane is placed at the pupihus the upper layers will have a larger Fried parameter, and
plane, the footprints of each of the stars overlap at the same fhais the subaperture size in a wavefront-sensing plane conju-
sition (i.e. the telescope pupil) while for the wavefront-sensirgated to a high altitude layer can be larger than those employed
planes situated at any other altitude, the measured phase ik wavefront-sensing plane conjugate to the pupil plane. In
be the overlap of the phases sampled by each star with the tbe case of a wavefront sensor coupled to a guide star, the spa-
responding displacement given by= hés, whereh = hy — hy  tial sampling is given by the global Fried parameter which is
is the diference between the layer altitude and the wavefragitvays smaller than the Fried parameter corresponding to each
sensing-plane altitude of conjugation (see Figs. 1b and 2b) layer.
the illustrative case shown in Fig. 2, and assuming that the As we mentioned before, the optical layer-oriented ap-
guide stars all have the same magnitude and that the sgrgach is a linear combination of star-oriented measurements
spatial and temporal sampling is used in both star-orient@gpart from noise considerations) that is done optically. This
and layer-oriented measurements, the sum of the three sgammbination of star-oriented measurements could be also done
oriented measurements divided by three (the number of statgnerically after the detection of the phase error by each of
in this case) would give the layer-oriented measurements in the wavefront sensors. In this hybrid technique, which is called
pupil conjugate sensing plane. When reconstructing the laygmumerical layer-oriented schenf®UMLO), we pass from
oriented measurements in the sensing plane conjugated teading a set of measurements per guide star to having a set of
layer at an altitudd in the atmosphere, the star-oriented meaneasurements per layer. In the star-oriented measurements, the
surements have to be displaced at the position given by the fagiatial and temporal sampling is matched to the characteristics
print of the star at that layer before they are summed. Whefithe global atmosphere. In order to reproduce measurements
overlap exists, the phase measurement at those points has tefhee same nature as OPTLO measurements, the same inte-
divided by the number of guide stars that contribute to the megration time and integration area must be used. This is done
surement at those points. When guide stars fiédént magni- numerically from star-oriented measurements. For instance, if
tudes are used, the phase measurements are weighted byhéeoherence time of the upper layer is twice the global one,
intensity of the guide star relative to the total intensity. the integration time of the optical layer-oriented measurements

Due to the nature of OPTLO measurements where inirathis layer will be twice the integration time employed in the
closed loop each detector senses to the first order the wavefgiat-oriented measurements and we will have to add two stan-
perturbations occurring in its conjugated layer, the spatial afldrd frames in order to reconstruct a single frame obtained by
temporal samplingd| subaperture size\t, integration time) means of optical layer-oriented measurements. The same ap-
can be adjusted to the characteristics of layer to which the gdies to the subaperture size.
tector is conjugated (Ragazzoni et al. 2000). The vertical distri- In an ideal case, without any noise source, numerical and
bution of theC? profile (Le Louarn et al. 2000) is such that mosbptical layer oriented measurements would be the same. In fact,
of the turbulence is frequently in the layers near the grourttie only diference between the measurements done by the two
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Table 1. List of parameters necessary to computeShiR

N")h(r) Number of photons per second per square meter per bandwidth in a giveh ¢tdyee
atmosphere, depending on the guide stars geometry, and magnitude
Ngs(r) number of stars whose footprints contribute at the layen.

T Coherence time of the whole atmosphere

T Coherence time of layér

At Integration time employed for the whole atmosphere

Aty Integration time employed for layér

d Sampling pitch for the wavefront measurements in NUMLO approach.

d Sampling pitch for the wavefront measurements in OPTLO approach,llayer
fo Fried parameter describing the whole atmosphere.

roj Fried parameter associated to lajer

ro(dws)  Fried parameter describing the whole atmosphere at the wavefront-sensing wavelength.
RON read-out noise of the CCD detector.

a fraction of light arriving to the detectdrin the optical layer
oriented measurements due to the beam splitter.

Nig number of background photons'sn-2 arcsec?

Qe guantum éiciency (it includes also optical transmission)

techniques is due to thdfect of noise. Three sources of nois®PTLO a pupil plane wavefront sensor is required. It could be

have to be considered: the photon noise linked to the finite star instance a pyramid wavefront sensor. The noise of such a
photon flux, the background noise and the detector read-sensor is comparable to that of a quad-cell Shack-Hartmann
noise. One can foresee that since the NUMLO measuremenith a gain when operating in the closed-loop (Ragazzoni &

have been created from star-oriented measurements wherekarinato 1999; Esposito & Ricardi 2001). To be conservative

detector is employed per guide star, the read-out noise increasesvill still consider in this paper the noise expressions related
when the number of guide stars is increased. On the other handy quad-cell Shack-Hartmann sensor (Rousset 1999):

the photon flux is not divided betweenfidirent altitude planes

in this technique, and thus the number of DMs can be easily 5, 5,1 (6yd 2 &
increased without degrading ti&Rper layer. In the OPTLO Signal photon noiseos =z non\ 4 ra ®3)
a beam splitter is employed and there is a loss of flux in the

i i i 2
measur_ements per layer. Thigeet will great_ly increase when ector noise o2 — 4 ,RON? @ P @
employing more than two wavefront-sensing planes with tiole Os =41 2 1
same field of view. A multiple field of view layer-oriented ap- ph
proach (Ragazzoni et al. 2001) has been proposed in order to )
partlglly overcome §h|s I|m|_tat|0n, employing two Wave_fr_ontbackground noisec? = ﬁz% (L) rac (5)
sensing planes having afidirent FOV per plane. In addition, Mo A

studies concerning the viability of reconstructing the signal to

be applied to an additional DM without adding another detectgfered is the subaperture diameteps, is the number of pho-

are on-going (Farinato et al. 2001). Both techniques are beyqpfs per subaperture and exposure tiRON s the rms num-

the scope of this study, which is devoted to comparing the qfsr of noise electrons per pixel and per framg, is the total

tical and numerical layer-oriented measurements in terms fmber of photoelectrons from the sky background distributed

signal to noise ratiogNR. over the 4 pixels in the quadcell afglis the angular size of

the subaperture image of the source. For the sake of simplicity

. we will first consider the case in which subaperture images are

3. Computation of  SNR limited by diffraction, in which casé, = 1/d.

In this section, analytical formulae for the numerical and opti- 1he ratio Yo, whereo is the root square of the sum of the
cal layer oriented measurements are developed. A large nunfJépr variances due to photon, detector and background noise,
of variables are involved and they are listed in Table 1. We &&&n actually be interpreted as a signal to noise ratio in flux de-
sume that the sampling is adjusted to the local atmospheric cBiftion, as it gives the usual expression for&iéRgiven by the
ditions in each layer for the OPTLO, that &: = ro;, At = 7, ratio between the signal and square root of the sum of photon,
and to the global atmospheric parameters for the NUML@etector and background noise:
d= ro, At = 7.

In order to fairly compare both techniques, we assume tHatNR= :
the same type of wavefront sensor is used in both cases. For ﬂ\/nph + 4RON? + npg

Nph

(6)
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Using the notation introduced in Table 1, and considering tiseN F%\,UM(r) =

optical layer-oriented measurements, we can write for mea- 220N (r
surements in the layér 777 QeNyy(1) - (12)
S NF%JPT(r) — n \/VIdZTQeN,I)h(r)+4RO|\PNés(r)7I + VIdZTQergNés(r)
a|d|2‘r| QeN,'Jh(r) In these expressions (Egs. (10) and (11)), both the number of
> | > | (7)  stars and the number of photons perper second depend on
”\/aldl 71QeNy,(r) + 4RONF + 1071 QeNogNs(r) the position of the subaperture in the layer. For a wavefront-

. . sensing plane conjugated to any layer but the telescope pupil,
where the signal term, as well as the photon noise and bag tooprints do not exactly overlap (see Fig. 2b), thus giving a
ground noise terms are multiplied lay, a factor which de- 4o of photons and number dfective guide stars depend-
termines the fraction of light that is sent to detectowith o4 5y'the position of the subaperture in the detector. For a de-
Ya = 1. We consider a field of 1 arcseper guide star in ey, conjugated to the telescope pupil, all the star footprints
the computation of the background photons, and this termgSe 155 and thus the number of guide stars and the density of

then multiplied by the number of stars that contribute to thk?notons is constant. In the following, we will make the simpli-
corresponding subaperture. fying hypothesis of:
NUMLO measurements are created from star-orientgg (r) = Ngs, total number of guide stars

measurements in which both spatial and temporal sampling aj B . I
adjusted to match the global atmospheric characteristics. WQﬁ%g(gLiaeNgthégenS'ty of photons due to the contribution of all
re_producmg the_ layer-oriented measurements, the same S3\r§1'explained, this is perfectly valid in the pupil while in any
pling as layer-oriented measures has to be usedsithe pixel

size in the star-oriented measurementsartsithe pixel size in other layer it means that we consider a portion of the layer
P erere all the star footprints are super-imposed.

the layer-oriented measurements, the detector noise term has . -
be multiplied by a factord;/d)? to account for the spatial bin- cl‘Equatlons (10) and (11) allow us to deduce #eRratio:
ning requirgd for Iayer—ori_ented §patial sampling and by a fagNFKUM 1 \/ al)’lrgTQe(Nph + NogNgs) + 4RON2

tor 7 /7 thatis the summation of time samples to account for the—— = — > .
increased exposure time in layer-oriented measurements. AI§6\,IF%PT @\ 71757Qe(Noh + NogNgs) + 4RONNgsy1

a factorN'gS(r) accounts for the fact that star-oriented measure- (12)
ments employ one detector per guide star. Taking all this jin

. ) : . 7 In the simple case of having a detector without noR®ON =
consideration, we can write the following expression for the “g\s P g N

NUMLO SNR 0.), SN = v_lva > 1 as 0< o < 1. The same result applies to
very high flux cases where the read-out noise can be neglected.
SN F%\,UM (r) = In this situation there will be no advantage for the OPTLO mea-
d,aneN")h(r) surements. In any other situation, t8&lRratio depends on a
= - (8) large number of factordgs, Npn, Nog, RON, 1, 7, 7 andey, as
n \/d,2T| QeNy (1) + 4RONBNg(r) 7 + d271 QeNogNgs(r) we will see in the following section.

) . o Subaperture diraction limited images occur when the sub-
There is a potential gain in the OPTLO measurements Wheje. .y re diameter is smaller than the Fried diameter at the

photons are co-added before detection, and thus, the resyliyefont-sensing wavelength. This is the case studied so far.
ing read-out noise is reduced as seen in the denominatofpfyer to generalize expressions 10 and 11 to account for the
Egs. (7) and (8). However, there is a penalization in terms Qfse of subaperture images limited by seeing, the same process
signal for this type of measurement as we divide the flux bgeto|1owed, departing from Eq. (3) and substituting the angular

tween the dierent wavefront-sensing planes. This penalizgj,e of the imageds, by /ro(dwss), corresponding to seeing-
tion is represented by the facterwhich accounts for the frac- jiyited images (i.ero( ) < d). This results in:

tion of light that is sent to this wavefront-sensing plane, always
smaller than one. These are opposite@s, hence the detailed% 3 @171027QeNph
PT —

study presented in this paper. Background noise behaves in > >
same way for both techniques except that the division of flux "\/a'y'd 7QeNpn + 4RONE + 171027 QeNogNgs

in the OPTLO measurements alsfiegts background noise. Xro(/lwfs) (13)
Given: d
_ & ©) ,
n= d2 r SNF%\IUM _ ')’Id TQeNph
we can write: n \/)/|d2TQeNph + 4RONNgsy| + 71027QeNpgNgs
and’r QeN")h(r) d

(10) These are in fact the general expressions of ShiRat the
ﬂ\/m)’ldzTQeN,'Jh(f) + 4RON? + 7 d27QeNpgNgs(r) wavefront-sensing wavelength. When wavefront-sensing and
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imaging at the same wavelength, the subaperture size is sahta few figures the tendency of OPTLO and NUMLO ap-
match the size of the Fried parametdr<£ ro(dwis)). In this  proaches for some representative systems in adaptive optics.
case, the multiplying factor in Egs. (13) and (14) is equal fbhese graphics together with an extensive discussion can be
one, and we find again the expressions (10) and (11). found in the Appendix.

The present article derives tH&NR expressions but of
course théSNRis related to the adaptive optics performance ificknowledgementsThe authors would like to thank Dr. N. Devaney
terms of the Strehl Ratio (SR), generally approximated by tfﬂi his careful revision of this paper, and Thierry Fusco, Markus

2 . : E : Kasper and Stefan Hippler for useful discussions. This work has
coherent energy explre). The residual phase varianef.sis been funded by the European Research and Training Network

a sum of dfferent terms relatet_j to thg temporal error, the ﬁttin&%aptive optics for Extremely Large Telescopeith Contract
error and the wavefront-sensing noise. The contribution of e pN.cT-2000-00147.

wavefront-sensing noise to the residual phase variance is de-

rived from the subaperture noise variance propagated onto the

correction modes and filtered by the servo-loop. At the imaging

wavelengthlin,, it is approximately given by:
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Appendix A: Study cases 1000000 j— o
We have chosen three scenarios that are representative of dif- 9099 SR
ferent adaptive optics system characteristics: WOO.OO; —
— Case 1: wavefront-sensing and imaging K band i

(2.20um). 1000¢
— Case 2: wavefront-sensing and imaging R band 1ook

(0.64um). i
— Case 3: wavefront-sensing iR band and imaging in 0.10F

K band. i

0.01 I I
0] 5 10 15

Before studying these cases in the MCAO context, let us briefly
recall the correspondences with current classical adaptive op-
tics systems. Case 3 corresponds to most astronomical adagtigeA.1. Numerical and opticaSNRwhen wavefront-sensing and

optics systems in service. In such conditions the wavefrofffiaging in thek band (case 1) as a function of the equivalent magni-
sensingRONis small but the wavefront-sensing channel is seBde in thek band when employing 10 guide stars. Continuous lines

ing limited. Case 1 is interesting to extend the sky coverage$y¢SPond to numerical measurements and dashed lines correspond t
.optical measurements. Diamond symbols are useg fer10., while

regions W_here no bright \./iSible sources are_available. The ﬂrrwtsymbols are used for= 1. Parameters are given in Table A.1.
astronomical system to implement this option was NAOS on
the VTL (Rousset et al. 2002). THRON is larger, wavefront-
sensing is however firaction limited. Case 2 corresponds to &(1) = 10°%4M-~Zsavw | whereZganp is the zero point given in
system providing a good correction in the visible. This is a nefiable A.2 (Bessell 1979; Wilson 1972). The number of pho-
perspective for adaptive optics systems and has never yet b per square meter per secondyperis then found dividing
implemented due to technological limitations. It would correhe flux by the energy of the photon at the corresponding wave
spond to a smalRON and to difraction limited wavefront- length.

sensing. Figure A.1 shows the numerical and optical measure-

Since theSNRdepends on a large number of parameters, wieentsSNRas a function of the equivalent magnitude and for
decided to select the value of some of them, given in Table Adifferent values of (1 and 10) in the case of wavefront-sensing
This table shows the wavefront-sensing and correction wawnd correction in th& band (case 1)y are chosen as a pri-
length corresponding to each case. The bandwidth is equaldoir but reasonable values considering the turbulence profiles
the three casesy\d1 = 0.4 um. As a first approximation, the (Le Louarn et al. 2000). This figure demonstrates the main fea-
quantum éiciency Qe) is also equal for the three cases, evefures of signal to noise ratio behavior. At small equivalent mag-
if it could be smaller for infrared detectors. We recall that initude, theSNRis dominated by the photon noise, and both
this work, theQ. accounts also for optical transmission, adetector and background noise are negligible. In this case, the
stated in Table 1. The Fried parameter corresponds to a S8eMMLO SNRis larger than the OPTLO by a factoy {/a as
ing of 0.7 arcsec in the visible. THRON values correspond explained in Sect. 3, due to the flux division between the con-
to the state-of-art of visible and infrared (Rousset et al. 200Rgate planes done in the OPTLO configuration. Bi¢Ris
detectors accounting for the fast read-out frequency requirg@portional to the square root of the number of photons in
by wavefront-sensing. The termy,g accounts for the sky back-this region. Beyond equivalent magnitutie= 6 OPTLOSNR
ground magnitude at the wavefront-sensing wavelength. Thecomes however larger. In this region, we are dominated by
integration time is taken to be constant and equal to 5.0 mseetector noise and th8NRis proportional to the number of
Unless specified otherwise the number of guide stars is 10. photons. For the values &8ON considered (see Table A.1)

In the following sections, we will consider two conjugatevhich corresponds to state of the art infrared detectors, the de-
planes ¢; = a2 = 0.5) and study the dependence of OPTL@ector noise term is larger than the contribution of background
and NUMLO SNRon the amount of flux (Sect. A.1), we will noise. Furthermore, whep is large theRON limitation for
investigate the gain in magnitude as a function of the numbgUMLO is all the more apparent. In other words, the optical
of guide stars (Sect. A.2), and the linRON in order to have layer-oriented approach is particularly sensitive in high altitude
the sameé&NRwith both techniques (Sect. A.3). In Sect. A.4 wéayers where spatial and temporal sampling is optimized.
show the &ect of increasing the number of DMs. Notice that we have employed a constant exposure time.
In a real system, when tH8NRis too low to allow the recon-
struction of the phase, the exposure time is increased in order
to increase the signal. In that case, the detector noise per frame
We represent th& NRsas a function of the equivalent magniwill be the same, but the background noise will increase and
tude in the wavefront-sensing band. This equivalent magnitugiecome dominant. In that case tBRRdifference between the
is defined as the magnitude of a fictitious star with a numbgvo types of measurements will decrease.
of photons per square meter per second equilhtpwhich is This curve allows us to understand the asymptotic behavior
the total photon density given by the whole set of guide stard.the system (at very high and very low fluxes). The signifi-
The flux at wavelengtil in units of WnT2 yum™ is given by cant range oSNRis of course more limited. As explained in

m (equivalent magnitude in K band)

A.1l. SNR versus equivalent magnitude
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Table A.1.Basic parameters used for tB&IRestimation.

Aim (UM)  Aws (um)  AA(um) Qe rows(M) rom(m) RON my 7(msec)

Case 1 2.20 2.20 0.4 0.4 0.89 0.89 18.0 13.0 5.0
Case 2 0.64 0.64 0.4 0.4 0.20 0.20 3.0 205 5.0
Case 3 2.20 0.64 0.4 0.4 0.20 0.89 3.0 205 5.0

10.0RT N T T 10.0 T NG T T 10.0

\\\\ N Am \/:10 \\\ \Q\\
« N \ NS h
Z 10f 8 = 4 £ qob N 0 4 £ qob
@ . N in . . &

N . . .
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am N “

0.1 . N N 0.1 0.1

8 10 12 14 16 8 10 12 14 16 18 8 10 12 14 16 18
my (equivalent magnitude in K band) mg (equivalent magnitude in R band) mg (equivalent magnitude in R band)

Case 1 wavefront-sensing, Case 2 wavefront-sensing, Case 3 wavefront sensin@ band,
correction,K band. correctiok band. correctiork band.

Fig. A.2. SNRversus equivalent magnitude at the wavefront-sensing wavelength. Continuous lines stand for numerical and dashed lines for
optical. Curves corresponding to two valuesyadre showny = 1., without symbols;y = 10., diamond symbols. For the three cases we have
assumedys = 10.

Table A.2. Magnitude zero points employed in computing the equivanagnitude, this corresponds to individual star magnitudes of
lent magnitude corresponding to a number of photons per square metgr= 14.0). Both in case 1 and 2, the wavefront-sensing wave-

and per second equal M. length is the same as the correction wavelength, and we have
considered that subaperture images affadition limited. In
Band 4o (um) Zeanp case 3, the wavefront-sensing is done in Bieand while the
R 0.64 7.6408 correction is done in th& band, and thus subaperture im-
K 2.20 9.4367 ages are seeing limited. This means a losSHRby a fac-

tor ro(Awts)/ro(Acorr) With respect to the case when wavefront-
) ) . sensing and correcting in thé band, but the detector noise is
Sect. 3 forSNRabove 1 the impact on performance is very liMgs |imiting here as we use detectors in the visible range with
ited, and forSNRbelow Q2 the resulting SR is very small. Agaj1erRON The background noise is also smaller when the
gain inSNRin the range @-1.0 leads however to an important, oy efront-sensing is done in the visible with respect to the case
gain in performance. In case 3, the same loss in performancg,ifen the wavefront-sensing is done in the infrared. The point at
found for SNRs multliplled by the wavelength ratio (magmgwhich NUMLO and OPTLCSNRcrosses is nowng ~ 14 (see
over wavefront-sensing wavelengti3n our case). The perti- rig A 2¢). Star configurations with smaller equivalent magni-
nent range therefore become§®-3.4. _ _tude will have betteBNRwhen doing NUMLO measurements,
Figures A.2a—c show theNRversus the equivalent magni-yhile with larger equivalent magnitude, tS&Rwill be better
tude in each of the wavefront-sensing bands, for the three cag8sopTLO measurements (as before, individual star magni-
defined in Sect. A. ThBNRis limited to the range 0.1 to 10 andy,qe would correspond to two and a half magnitudes more, that

the number of guide stars is 10. Figure A.2a is in fact a z0g@\y, ~ 165 if stars are of the same magnitude).
of the center of Fig. A.1. The case pf= 1 rather corresponds

to the ground layer, where most of the turbulence is concen-

trated, and so the local Fried parameter is close to the glojaap. Magnitude gain

one.y = 10 could correspond to a high altitude layer with

a local Fried parameter approximately three times larger thdp to now, we have not considered the influence of the number
the global one, and an exposure time approximately 1.3 timefgyuide stars in th&NRcomparison. Figures A.3a—c show the
larger than the global one. Increasipénduces an increase ofgain in magnitudeAm = moptL0—MnumLo) for the three study
the SNRfor both techniques as the signal itself is increasedases and for threeftirent values o6 NR= 0.5,1.0,2.0 as a
However, in the NUMLO approach, thigfect is balanced by function of the number of guide stars. This gain in magnitude
the detector noise term which also increases witlEase 1 is is computed as the fierence in equivalent magnitude needed
the most favorable for OPTLO measurements (see Fig. A.2&)achieve a fixeNRwith the two techniques. An example of
For both values of, the OPTLOSNRIs larger than NUMLO its definition is given in Fig. A.2a, where we show the magni-
SNRin the domain shown. In this case, NUMLO measuremerttgde gain for two values of (1 and 10) when th&NRis equal

are penalized by the larg@ONof infrared detectors. In case 2to 0.5. The numerical values corresponding to this example are
shown in Fig. A.2b, OPTLO measurements have laig®R Am ~ 1.5 fory = 10 andAm =~ 0.5 for y = 1. It has been
than NUMLO measurements for equivalent magnitudes largigfined so that a negative gain is favorable for the numerical
thanmg = 11.5 (if we consider that all the stars have the sanapproach while a positive gain is favorable for the optical ap-
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10 15 20 0 5 10 15 20 0 5 10 15 20
Number of guide stars Number of guide stors Number of guide stors

Case 1 wavefront-sensing, Case 2 wavefront-sensing, Case 3 wavefront-sensingR band,
correctionK band. correctiomR band. correctiorK band.

0] 5

Fig. A.3. Gain in magnitude as a function of the number of guide starsyfer 1. andy = 10. and several values @NR Dashed lines
correspond t& NR= 2.0, continuous lines t& NR= 1.0 and dashed-dotted lines$aNR= 0.5.

proach. The gain in magnitude depends strongly on the vathe situation of the limitindRON, above which OPTLGSNR
of y, that is to say, on the local atmospheric conditions of the larger than NUMLOSNR This question is answered in
layer with respect to the global atmospheric conditions as cBigs. A.4a—c where we show the limitifgON as a function
be seen in Fig. A.3. Larger values gfmean an increase inof the equivalent magnitude in the three study cases and em-
terms of magnitude gain and increasing the number of guidi®ying 10 guide stars. This value depends on the Fried param-
stars also increases the magnitude gain. eter at the correction wavelength, the exposure time, number

Although the optical layer-oriented approach was proposetibackground photons, number of guide stars, etc., although
to employ and profit from a large number of guide stars, tifégs. A.4a—c show only the dependence on equivalent magni-
number of guide stars that can be used is finally limited by thiéde and for two values of (1 and 10). We recall that detectors
free space in the focal plane, and by the number of guide sthgying aRONvalue larger than the one plotted in these figures
available in the FOV. Three to five guide stars will be reasomll result in more dficient OPTLO measurements from the
able for the north galactic pole while at the equator, the numiggint of view of SNR while detectors wittRON smaller than
of available guide stars could be about ten. that shown in the figures will result in moréieient NUMLO

In the two first cases (Figs. A.3a and b) it can be seen tfBgasurements.
the OPTLO configuration can provide a magnitude gain even There is a general behavior of the limitiRON in these
with a small number of guide stars (3-4), provided> 1. figures;at high flux, the limitingRONis very high, while it de-
In the third case, when the wavefront-sensing is done at treases when the equivalent magnitude is increased and reache
R band and correction at tH€ band, Fig. A.2c shows that thean asymptotic value at faint luRON ~ 4 e /pixel case 1,
point where the NUMLO and OPTLSNRcurves cross is dis- RON ~ 0.15 € /pixel case 2RON =~ 0.6 € /pixel case 3). In
placed towards larger magnitudes, thus for the chosen valuethig region, due to the small valueRON, background noise is
SNR= 0.5,1.0,2.0, the gain is more modest than in the othetominant and this makes the limitiRONreach an asymptotic
two cases, as can be seen in Fig. A.3c. value.

The magnitude gain is relatively independendfRvalues In order to answer the question of the limitiRg@o Nwe will
in case 1, while in case 2 and 3, for the same valug thfe gain place ourselves at moderately I&NRbecause at largeNR
increases when th®NRdecreases. This is due to the fact thahe diference between NUMLO and OPTLENRIs not that
the magnitude gain depends on the point at which both OPTlifdportant. We notice in Fig. A.4 that the limitifrgON s dif-
and NUMLO SNRcurves cross and this point is determinefkrent depending on the value of In a real system, the star-
by the weight of the detector noise term (always more limitingriented measurements from which we construct the numerical
than the background noise term in this study) with respect to thger-oriented measurements are done with wavefront sensors
signal. In case 3 for instance, the spatial sampling is relaxeddyupled to guide stars and with a single CCD for both layers.
the fact that we are wavefront-sensing in RRéand to image TheSNRbeing always smaller when thas smaller (that s, for
in theK band. In this case, the amount of flux per subapertuiee low altitude layers), this is the most limiting part of the sys-
is larger and the detector noise is less limiting as explained atem and we will consider the limitinRON given by theSNR
in Sect. A.1. aty = 1. We can fix, for instanceS NR = 0.5 in order to
give an idea of the limitindRON for the three cases (although
Lo Fig. A.4 allows us to use any value 8NR. In order to achieve
A.3. Limiting RON higherSNRNUMLO that OPTLO with IZnS NR= 0.5 for the
As shown in the previous sections, the potential gain of tfiegeasurements of the wavefront-sensing plane conjugate to the
OPTLO approach with respect to the NUMLO is based onggound layer, we will need RON lower than 06 e /pixel for
better management of the detector noise in the optical c&@se 2 and lower than®e/pixel for case 3. Case 1 would
figuration. We have also seen that in the hypothetical case"§ed &RONlower than 4 e/pixel which is actually the asymp-
RON = 0, numerical measurements will always be better th&@fic value.
optical ones due to the penalty linked to dividing the flux be- The values required for infrared detector noise are still far
tween the dierent conjugate planes. Then one may ask fnrom the state-of-the-art for high read-out frequencies, when
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Fig. A.4. Limiting RONemploying 10 guide stars, in order to have the s&N&with NUMLO and OPTLO measuremenRON above this
value will give betteiSNRwhen using OPTLO measurements. Continuous lines correspdd@towhile dashed lines correspond to SNR. No
symbols are employed in the caseyof 1. while diamonds symbols are used foe= 10. Dotted lines have been drawn at I@pxel in case

1, and 3 e/pixel in cases 2 and 3, corresponding to the state-of-art of infrared and visible detectors respectively.

both the wavefront-sensing and correction are done in ttihe total flux equally shared between both (= @, = 0.5).
K band (case 1). In the case of wavefront-sensing iflRthand Simulations show that two DMs could befBaient for correct-
when imaging both in this band or in th€ band (case 2 ing a 2 arcmin FOV in a 8 m class telescope with a SR of
and 3), the requirements in terms of detector noise are notadmut 50%, but higher order correction will need a larger
far from state-of-the-art visible detect@©ONvalues especially number of DMs. The MCAO system planned for the Gemini
when measuring in the visible and correcting in the infraradlescope will employ three DMs and that will be also the
(case 3). Recently, Marconi Applied Technologies have prease for the Large Binocular Telescopes (Flicker et al. 2000;
sented a new CCD technology called E2V which holds thiRagazzoni et al. 2002). In the case of future extremely large
promise of achieving sub-electron noise. However, these delescopes it is still not clear if a larger number of DMs will
vices will be dfected by statistics corruption due to the fadte necessary to ensure atmospheric turbulence correction. In
that they give one count if one or more photons are detectétht case, in the OPTLO configuration the straightforward so-
hence introducing an error each time that more than one phdion (although not the only one, see for instance Ragazzoni
ton is detected. The influence of the statistic corruption usingeal. 2001; Farinato et al. 2001) will be to employ a wavefront
LLLCCD in the SNRis however out of the scope of this work.sensor with more than two detectors. We will analyze in this
It should be noticed that the value of the limitilRON Subsection thefeect of increasing the number of deformable
shown in Figs_ A.4a—c Corresponds to parameters given nrrors and therefore the number of detectors in ternsiR
Table A.1, and 10 stars. With a smaller number of stars (th¥yg will consider for OPTLO that light is split equally between
would be the situation when the scientific target is not at ti#l the detectors. We recall that in the numerical approach there
galactic plane), or under better global seeing conditions, the i®no loss in terms oBNRassociated with increasing the num-
quirement inRONis relaxed and could match current detectd¥er of deformable mirrors.

specifications. Figure A.5 shows the gain in magnitude as a function of

SNRfor four values ofr = 1.0, 0.5, 0.33 and 0.25 correspond-
ing to having 1 to 4 deformable mirrors, and two values of
v = 1 and 10. The number of stars is 5 and 10 (Figs. A.5a
and b respectively), and the wavefront-sensing and correction
Up to now we have considered a wavefront sensor with tvi® done at theR band. At high flux, the gain in magnitude is
wavefront-sensing planes conjugated thetient altitudes, with given byAmg = 2.5 log, (). It is negative whewm is smaller

A.4. Influence of the number of detectors in the optical
layer-oriented approach



D. Bello et al.: Signal to noise ratio of layer-oriented measuremédgine Material p 6

2F
F--B--8--8--8a-_
E G-g_

my| £
*2 4 Y=
OiDMs B F--B--89--8--4--
A ] £

T-g

o ] Book == %- - %— - % -

B — % — % - % ~ q
E * Rl S L= E 1E--%--%--85--5_=

E--A-—-A-—A-—— A _

—2F L L L ul -2k L ul
0.01 0.10 1.00 10.00 100.00 0.01 0.10 1.00 10.00 100.00

a) Five guide stars. b) Ten guide stars.

Fig. A.5. Gain in magnitude as a function 8NRfor several values o andy when wavefront-sensing and imaging in tRdand (case 2).
Continuous lines are used fgr= 1 and dashed lines for = 10. Symbols are also used for théfdrent numbers of DMs (i.e. fierent values
of @): squares for 1 DM, asterisks for 2 DMs, diamonds for 3 DMs and triangles for 4 DMs.

than unity: when employing more than one detector the gain In the ideal case of no detector noise, at very low flux, the
at high flux is actually in favor of the NUMLO configuration.gain will beAm = 1.25log,, (@), independent of the number of
At faint flux, in this case, read-out noise dominates and tlgeiide stars and thgfactor, and the previous discussion is still
gain in magnitude if\mg = 2.5l0g,, (@) + 1.2510g,5(¥Ngs).  valid.
Comparison between Figs. A.5a and b emphasizes the fact thatincreasing the number of detectors in the OPTLO configu-
OPTLO measurements are favored when using a larger numizgion can be done at the expense of some loss in the magnitude
of guide stars. gain when operating at low flux and limited by detector noise.
When wavefront-sensing and correcting in Kaéand, the In this case, increasing the number of stars, or with a better
same type of curves are obtained, but the inflection point is déspositive gain can be maintained. When at low fluxes we are
placed to higheBNRratios (about one order of magnitude). Wao longer limited by detector noise, but by background noise,
are still limited by the(RONas in the case of infrared detectorghe gain of the OPTLO configuration is lost, as the gain will
18 e /pixel for wavefront-sensing (Rousset et al. 2000). be fixed by the value of and independent of and number
In the case of wavefront-sensing in tReband and imag- of stars.
ing in theK band, we will reach the regime of high flux very
quickly (S NR~ 10.0), and from this value 08NR the gain in
magnitude is given bysmg = 2.5l0g,, (@), which is negative
(and thereby the gain will be for the NUMLO configuration).



