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ABSTRACT

We present the optical design of the layer-oriented wavefront sensors for two 8m class telescopes. By a combination of
fast optics and "stars enlargers" it is possible to shrink the pupil image in a way to fit the available detectors. These
concepts are then extended to the design of a wavefront sensor for a lOOm class telescope.
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1. INTRODUCTION

In the optical implementation of layer-oriented adaptive optics' a single pupil re-imager, positioned after a focal plane,
combines the beams of the reference sources, suitably split by the pyramids, forming a scaled copy of the atmospheric
volume above the telescope. Two or more detectors, optically conjugated to different ranges, may be placed in the
image space in order to measure the wavefront aberrations and reconstruct the three dimensional structure of the
turbulence (Figure 1). The layer-oriented scheme might be implemented also in a numerical way, measuring the
wavefront of each reference star separately and then combining the signals numerically. Until low noise CCDs2 will be
fully operating and available for wavefront sensing, probably the former optical mode will be more appealing, because
it allows the exploitation of even very faint reference sources, which would be otherwise useless.
In the optical mode the above mentioned pupil re-imager has to be very fast, in order to produce a pupil image of
reasonable size to fit the detectors. According to Figure 2, the size ofthe pupil image is

D'=LFeDF
wherejj and FL are the focal length and the focal ratio of the re-imaging lens, F the focal ratio of the incoming beams
focussed by the telescope, 0 the FoV and D the pupil diameter. The same relation applies to any length scale on the
pupil plane, like the subaperture size and the Fried parameter r From the results shown in Table 1, derived under the
assumptions of a fast re-imager with FL = 1 and a reasonable Field of View (FoV) e = 2', it is clear that this approach
produces a large re-imaged pupil, which requires both a large detector and big pixels (or a massive binning).
In order to reduce the size of the pupil image a new approach has been introduced, based on the socalled "star
enlargers". A star eni&ger (Figure 3) is basically an afocal system, composed by two lenses of focal lengthfj andf2,
which magnifies the size of the selected reference star without changing the global plate scale of the focal plane. The
magnification factor, given by

11

corresponds to a shrinking of the pupil image. With a suitable combination of k and of the pupil reimager focal ratio, it
is possible to obtain a reasonable pupil image size, which can fit the detector with adequate spatial sampling.
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Detector 1

Figure 1. Layer-oriented basic layout. Several pyramids are placed in a focal plane, splitting the light of the reference stars into four
beams each (only two are shown here), which are then collected by the re-imaging optics to form four pupil images from which the
wavefront derivatives may be retrieved. The two detectors represented here are conjugated to the telescope pupil and to a high
altitude layer. Of course a proper light splitting is required, not shown in this picture.

FOCAL PLANE

Figure 2. Pupil re-imaging by means of a single "lens" placed after a focal plane. The pupil size depends on the focal ratio F of the
incoming beams and on the focal lengthf of the re-imager.

I() re—iIHdtC(I Ij
O.5.tm O.15m 87.tm
1.Oj.tm O.34m 198

2.2im O.89m 518.tm

Table 1. Size ofre-imaged r0 as a function ofwavelength for a 0.73" seeing, assuming a 2' FoV and a fast F/i pupil re-imager. These
results should be compared with the typical pixel pitch ofthe currently available fast detectors (24 jnn).

In the layout shown in Figure 3 it is implicitly assumed that the entrance focal plane is telecentric, i.e. that the exit pupil
appears at infinity. The two lenses in the stars enlargers, moreover, are arranged in a way to preserve the telecentricity.
This configuration ensures that the exit pupil images formed by the various stars enlargers are all co-aligned and are
properly superimposed by the pupil re-imager, in order to avoid a blurring ofthe combined pupil image.
Another issue concerning the superimposition of the exit pupils is represented by the differential flexures and random
tilt of the stars enlargers as they are moved across the focal plane to pick the light of the reference stars. A tilt of astar
enlarger translates into an angular shift of the exit pupil by approximately the same amount, hence it produces a pupil
blurring when the stars enlargers are randomly tilted one with respect to the other. The random tilt iO of the stars
enlargers should be much smaller than the angular size of one sub-aperture on the reduced pupil, i.e.

NkF

PUPIL RE-IMAGER
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where N is the number of sub-apertures across the pupil diameter. It is clear that the alignment tolerances become
tighter and tighter as the enlarging factor k increases. There is another good reason to keep this factor as small as
possible: as the enlarging factor increases, also the outer diameter of the star enlarger becomes larger, hence the
minimum distance between any two reference stars is also larger, translating into a decrease of the sky coverage.

2. WAVEFRONT SENSOR OPTICAL DESIGN FOR 8 METER CLASS TELESCOPES

The Multi-Conjugate Adaptive Optics Demonstrator (MAD)4 is a prototype instrument that will be installed at the ESO
Very Large Telescope (VLT), with the purpose to test the MCAO technique on the sky, while comparing two different
wavefront sensing methods: star-oriented and layer-oriented. This demonstrator will perform the wavefront sensing in
the visible/red, while the correction will be evaluated in the near infrared. The main constraints and requirements
concerning the layer-oriented WaveFront Sensor (WFS)5 are listed in Table 2, while Table 3 reports the first order
choices to meet these basic requirements. In particular, the star enlarging factor k = 15 imposes an alignment tolerance
Lo 10" on the stars enlargers, which can still be achieved with commercial linear stages. The minimum distance
between any two reference stars, related to the star enlarger diameter, turns out to be ofthe order of 20".
The overall optical design of the layer-oriented WFS is illustrated in Figure 4 to Figure 6. The optical performance of
the pupil re-imager is shown in Figure 7: 80% of the energy is concentrated in approximately 1/5 sub-aperture, while
the Modulation Transfer Function (MTF), which gives an indication of the gain with which the modes are measured, is
always larger than approximately 90%. A key issue is the combined optical quality of the system, including the stars
enlargers, the pyramids and the pupil re-imager: the fmal blurring of the pupil image, evaluated considering several
stars scattered in the field of view, turns out to be approximately GB 8 .tm RMS, corresponding to 1/6 sub-aperture.

FOCAL PLANE PUPIL RE-IMAGER

IL
7/P. 1 12

PUPIL IMAGE

Figure 3. The reference stars are "&ged" by simple parallel afocal systems, which increase the focal ratio ofthe beams separately,
thus reducing the angular size of the pupil. Since the reciprocal distances among the "enlarged" stars remain unchanged, the
properties (diameter and focal length) of the pupil re-imager remain the same as in the approach shown in Figure 2, hence the
diameter of the pupil image turns out to be smaller.

(on st ta Ill tIre(I lii ICIIIC iii \aI ii e
Input focal ratio
Field of View
Focal plane diameter
No. of reference stars
CCD size
Conjugation altitude
WFS wavelength range
Science wavelength
Ground layer pupil sampling
8.5 km meta-pupil sampling

F/20

93 mm
up to 8
64 x 64 pixels, 24 .tm pitch
0 km, 8.5 km
0.45 — 0.95 j.tm
J, H, K bands
16 x 16 pixels (8 x 8 sub-apertures with 2 x 2 binning)
28 x 28 pixels (7 x 7 sub-apertures with 4 x 4 binning)

Table 2. Layer-oriented WFS for MAD. Main constraints and requirements on the optical design.
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I'
12I
Pyramid vertex angle

10.0mm
150.0 mm
115.7mm (FIll)
1.176° (for BK7 glass)

Table 3. Layer-oriented WFS for MAD. First order choices.

AM COMPRSQR
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Figure 4. Layer-oriented WFS for MAD. Optical layout. The pupil re-imager is composed of two main components: a beam
compressor and an objective, which is replicated into two copies, one for the ground and one for the high altitude channel. The beam
after the beam compressor is collimated: this allows the insertion ofthe beainsplitter without introducing static aberrations in the two
beams.

Figure 5. Layer-oriented WFS for MAD. Star enlarger prescription data. All surfaces are spherical.

Figure 6. Layer-oriented WFS for MAD. Pupil re-imager prescription data. All surfaces are spherical.

Priuiue1er \aIue

BEAMPLTTR
GROU LAYE
PUPIL MAR

Coent Rdiu Thickne5$ G1 Diameter
Y/20 FOCAL PLJ.NE Infinity 6.809 0.6

T0 ACIIRONAT 5.6 3.205 S—FPL53 6
-4 0.6 F2 6

—8.3 7.957 6

INTEPE. PUPIL Infinity 147.881 0.4951592
F150 ACIIRONAT 167.4 1.5 F2 12.7

77 3 S—TPL53 12.7

—82.1 150 12.7

F/300 FOCAL PLANE Infinity 12.18735

Cozment Radius Thickne3a GLea Diameter
OBJECT Infinity Infinity 0

STOP Infinity 50 110
Li 102.84 30 N—PR5I 128

Infinity 6.669 128
L2 —273.249 25.4 SILICA 120

71 1 104
L3 70.1 30 N—PK51 104

Infinity 24.743 104
Li 98.53'? 10 N—LAK6 80

44.85 125 70
L5 77.536 28 N—FX51 78

—68.09 0.534 78
L6 —65.05 15 SF2 70

Infinity 7.302 78
L7 109 20 N—FE5L 68

—167.966 13.645 68

L8 38.14 20 SILICA 50

Infinity 20 50

IMAGE Infinity 1.924157
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Figure 7. Layer-oriented WFS for MAD. Diffraction ensquared energy (left) and Modulation Transfer Function (right) of pupil re-
imager.

LINC-NIRVANA6'7 is the near infrared Fizeau interferometer for the Large Binocular Telescope (LBT). The
interferometric camera, provided with a fringe tracker able to measure and correct the optical path difference between
the two apertures of LBT, is integrated with a two-channel MCAO system, one channel per aperture. Each MCAO arm
is composed by two WFS units: a Ground layer Wavefront Sensor (GWS) driving the adaptive secondary mirror8 and
characterized by a 6' annular FoV (2' inner diameter, 6' outer diameter) and a Mid-High layer Wavefront Sensor
(MHWS), looking at the central 2' FoV and driving two deformable mirrors conjugated to different ranges. This layout,
featuring two different FoVs, has been called Multiple FoV layer-oriented and has been conceived to maximize the
photon density both in the ground and high altitude layer WFSs. The main constraints and requirements for the LINC-
NIRVANA MCAO modules are listed in Table 4, while the first order choices are reported in Table 5.

Ji
12I
Pyramid vertex angle

Table 5. Ground and mid-high layer WFS for LINC-NIRVANA. First order choices.

The stars enlargers optical design is similar to the one presented for MAD (Figure 6). The adopted star enlarging factor
(k = 12.5 for the GWS and k = 11.25 for the MHWS) translates into an alignment tolerance iO 5" - 10", while the
minimum distance between any two stars turns out to be approximately 30" for the GWS and 20" for the IvIHWS. From
the opto-mechanical point ofview, the Multiple FoV approach translates into a GWS having a central obstruction with a
1/3 obstruction ratio, which is well suited to a reflective solution for the design of the pupil re-imager. This component,
in fact, is a 200 mm class parabolic mirror with a prime focus corrector, which also reduces the primary mirror focal
ratio (Figure 8 and Figure 9). The MHWS pupil re-imager is a refractive F/O.9 objective, made of 5 spherical lenses
(Figure 10 and Figure 1 1). The energy concentration, represented by the size of the region including 80% of the PSF

(Toiistraiiitlrctitiiiciuciit GiOtIfl(1 Ia CF M1(J—h1211 Ia er
input iocai rauo ill i rizu
Field of View 6' 2'
Focal plane diameter 2 15 mm 93 mm
No. of reference stars up to 12 up to 8
CCD size 128 x 128 pixels, 24 im pitch 80 x 80 pixels, 24 im pitch
Conjugation altitude telescope exit pupil (approx. 100 m

above ground)
from 4 km to 15 km

WFS wavelength range 0.6 —0.9 jim 0.6 — 0.9 .tm
Science wavelength 0.9 —2.4 m (Z, J, H, K, bands) 0.9 — 2.4 p.m (Z, J, H, K, bands)
Pupil (meta-pupil) sampling 48 x 48 pixels (24 x 24 sub-apertures

with 2 x 2 binning)
up to 38 X 38 pixels (19 x 19
apertures with 2 x 2 binning)

sub-

Table 4. Ground and mid-high layer WFS for LINC-NIRVANA. Main constraints and requirements on the optical design.

;ataiuetei :; ro 11(1 Id ci. f1 id—hi2h Ia ci.
13.0mm
162.5 mm
215.0 mm (F/i)
1.192° (forBK7 glass)

14.0 mm
157.5 mm
99.0 mm (F/O.9)
1.612° (for BK7 glass)
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energy, ranges from 1/3 to 1/4 of sub-aperture for the GWS and the MHWS respectively, while the MTF is always
larger than 80% and 85% respectively. The overall pupil blurring, including the effects of the stars enlargers, the
pyramids and the pupil re-imager, has been evaluated considering several reference stars in the FoV and amounts to
approximately 8 pm RMS for the GWS (1/6 of a sub-aperture) and 6 pm RMS for the MEIWS (1/8 of a sub-aperture).

PME FQCU$ CORRECTQ

F:QLDNG MPOR

Figure 8. Ground layer WFS for LINC-NIRVANA. Optical layout. The folded design is necessary for the insertion of the CCD.

Figure 9. Ground layer WFS for LII4C-NIRVANA. Optical prescription data.

TAF ctLAR(W
PYRAM R

Figure 10. Mid-high layer WFS for LINC-NIRVANA. Optical layout.

PYRAMD

Conient Rdiu$ Thicknezz G1a Diemeter Conic
OBJECT Infinity Infinity 0 0
STOP Iniiniy —620 215 0

PhRABOLIC RIRROR 620 V70 NIRROR 225.8547 -
Li -43.221 3 N—LAKS 46 0

IniiniLy 1.365 48 0
L2 —790.191 8.346 N—PK51 48 0

—46.274 1 46 0
L3 153.971 7.404 N—TK51 48 0

-63.525 1 48 0
L4 39.778 9.894 N-BK7 40 0

Infinity 15 40 0
IMAGE Infinity 3.850958 0

BRAMSPLTTER MW AYER
PJL RMAGER

4
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P)PL RRM.4GER
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Coent RacLiu3 Thickness G1a33 Dieneter
OBJECT Infinity Infinity 0
STOP Infinity 50 110
Li 157.555 30 N-PK52 134

—226.461 9.599 134
L2 84.567 25 N-PK52 106

939.356 8.734 94
L3 —149.832 25 N—LAT7 94

65.363 25.089 60
LI 130.247 30 N—PK52 64

—79.56 1?.647 64
L5 38.491 23.213 N—PX52 58

Infinity 10 56
WINDOW Infinity 2.5 N—BX7 30

Infinity 7.5 30
IMAGE Infinity 2.809802

Figure 1 1. Mid-high layer WFS for L1NC-NIRVANA. Optical prescription data. All surfaces are spherical.

3. WAVEFRONT SENSOR OPTICAL DESIGN FOR 100 METER CLASS TELESCOPES

Several Extremely Large Telescope (ELT) concepts have been proposed recently10'11'12, with diameters ranging from
30m to lOOm. The implementation of adaptive optics, both in the single and multiple reference modes, looks like a
necessary step to take full advantage ofthe potentialities ofthese instruments.
In the case of a layer-oriented system for a lOOm class telescope, probably the most difficult optical design task is, as
usual, the one related to the pupil re-imaging. Assuming a multiple FoV layout with annular 6' FoV on the ground layer
WFS (Table 6), the first problem to solve is the diameter of the entrance focal plane. For an F/25beam, this diameter
would be of the order of 4.4m, posing serious problems on the positioning of the reference stars probes. Therefore it
might be desirable to reduce the focal ratio to a more convenient value, say F17, corresponding to a focal plane diameter
ofapproximately 1.2m, which would allow the positioning ofthe probes with 500mm linear stages. Although this is not
the only solution, we assume an F/7 input focal ratio, as a reasonable though not mandatory choic&3. Of course the
design of the focal reducer is in itself a challenge. Given the diameter of the optical components, a refractive solution
might be very hard or even impossible and probably it would be necessary to adopt a reflective (or hybrid) solution,
with the additional drawback of some central obstructio&3. The second issue is represented by the pupil sampling,
which is related to the scientific requirements on the instrument. For an ELT the adaptive correction is likely to be
required not only for the near infrared but also for the visible/red, hence the WFS sub-aperture size should match the
typical r0 at these wavelengths, let us say for instance r0 =O.3m, translating into a rather large number of sub-apertures,
N = 333. Assuming a convenient 2 x 2 sampling per sub-aperture arid that a suitably large CCD with 24 m pixels
would be available, one readily obtains a pupil diameter d = 16 mm. This can be achieved, for instance, with an
enlarging factor k = 10.7 and an F/i pupil re-imager (Table 7).

Input !ocal ratio F77
Field of View 6'
Focal plane diameter 1200 mm
WFS wavelength range 0.7 — 1.0 .Lm
Science wavelength 0.7 — 2.4 im
Pupil sampling 333 x 333 sub-apertures (ro =0.3 m)
Minimum CCD size 666 x 666 pixels (2 x 2 binning)

Table 6. Ground layer WFS for lOOm telescope. Main constraints and requirements on the optical design.

Par a.neter C tOLii1(1 Lt ci
50mm

f2 535mm

f 1200 mm(F/1)
Pyramid vertex angle 2.1180 (for BK7 glass)

Table 7. Ground layer WFS for lOOm telescope. First order choices.

(onst IdiIIt/iC(IUiiciuciit 1 101111(1 Ia CF
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Figure 12. Ground layer WFS for an ELT. Pupil re-imager optical layout. Ifthe central obstruction diameter of400min is enough to
fit the camera with related electronics and cooling system, the folding might be avoided.

Figure 13. Ground layer WFS for an ELT. Pupil re-imager optical prescription.

I /
4/

SPRTIAL FREQUENCY IN CYCLES PER MILLIMETER

Figure 14. Ground layer WFS for an ELT. Diffraction Ensquared Energy (left) and Modulation Transfer Function (right) ofpupil re-
imager.

The design of the star enlarger lenses is a fairly easy task, being simple 50mm class optics. A good starting point is to
scale up the design proposed for the 8m class telescopes, possibly introducing an airspace between the two lenses or
replacing the doublets with triplets to improve the optical quality. It should be stressed, however, that the alignment
tolerance on the star enlargers becomes really tight on an ELT, less than O 1" : with this precision one cannot rely on
the mechanical accuracy of any linear stage and an active control ofthe stars enlargers would be required14. Concerning
the pupil re-imager, one may exploit the central 113 obstruction ratio and try a reflective design with prime focus
corrector, like the one already presented for the LINC-NIRVANA GWS. In fact this solution is very promising: the

Con*uen Rctiu Thiekne3 G1 Diazieter Conic

Infinity Infinity 0 0
Infinity -2000 1200 0

El 2385.603 835.48 MIRROR 1280 —
Li 240.341 53.106 SILICA 380 0

257.054 171.218 330 0
L2 674.895 15 SILICA 180 0

54.51 48.792 24 —0.4372
L3 75.708 42.108 N—FK51 24 0

1330.278 1 124 0
LI 143.878 23.074 SILICA 104 0

Infinity 20 104 0
Infinity 46.43686 0
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prime focus configuration15 allows the achievement of fast speed with good optical quality. A possible design is
presented in Figure 12 to Figure 14: a simple im class F/i parabolic mirror with a 400mm class refractive prime focus
corrector allows to achieve the goal quite easily. This very preliminary design already yields a satisfactory optical
quality, both in terms of energy concentration (80% of the energy is included in 1/4 of sub-aperture) and MTF (larger
than 85% for all the spatial frequencies of interest). It should also be stressed that this design scheme would be well
suited also in case oflarger diameters or to implement new ideas on the layer-oriented approach16 (Figure 15).,

//' :*•
\\

III/2/'
•••i

Figure 15. Implementing new ideas on layer-oriented. The 6' FoV is partitioned into five regions, four on the annulus plus the central
one. This five adjacent FoVs may be associated to five different MCAO systems, each featuring two or more layer-oriented loops
conjugated to different ranges. The information retrieved by these independent systems might be combined in any non-linear fashion,
to improve the correction ofthe turbulence. From the optical design point of view, the pupils concerning the four outer FoVs might
be re-imaged onto a single detector, divided into four quadrants, in such a way that the four pupils/meta-pupils related to one MCAO
system fit into a detector quadrant. These four annular segments might be coupled to a single centrally obstructed pupil re-imager,
having the same entrance diameter as the one shown in Figure 12 but with twice the field coverage. The separation of the pupils
related to the four adjacent FoVs might be accomplished using wedged pyramids, deviating the reference stars beams into four
slightly different angular directions, corresponding to the four detector quadrants. Finally the light from the central FoV might be
deviated by a fqlding mirror and sent to a separate WFS having an entrance field diameter equal to 1/3 ofthe one illustrated here.

Up to now the ground-layer WFS has been described. Concerning the high-altitude layer WFS, assuming again an input
focal ratio Ff7, the entrance focal plane diameter turns out to be around 400 mm; an F12pupil re-imager coupled with a
star enlarging factor k = 7. 1 ensure the proper pupil image size. For this class of optics a refractive solution might be
tried, scaling up the designs found for the 8m class telescopes. Probably for lenses of 400mm class only a limited glass
choice would be available, even though the slower focal ratio (F/2 compared to F/i for the 8m class telescope case)
should allow a proper optimization of the image quality. For larger focal plane diameters, however, a partly reflective
solution (e.g. in the prime focus configuration) also for the high-layer pupil re-imager might become the preferred
choice, especially if the focal reducer introduces some central obstruction, and would become mandatory for diameters
larger than approximately im.
As a final comment, all the considerations reported above might become somewhat questionable if very low-noise
detectors will be available for ELTs. In this case, in fact, the numerical layer-oriented approach might become more
appealing, placing one detector for each reference stars. The single star pupil re-imager would be in this case a single
iOnim class F/iO piece of optics, easy to design and manufacture. However, since the pupil sampling would still be
determined by the need to match the sub-aperture to the turbulence length scale, the requirements on the detectors, in
terms of number ofpixels basically, would remain exactly the same as in the optical co-addition mode.

4. CONCLUSIONS

The optical design of two layer-oriented WFSs for Sm class telescopes has been presented. One of these modules, the
layer-oriented WFS for MAD, is already in its realization phase and all the concepts implemented in it have already
been successfully tested in a laboratory prototype17. The complex MCAO system for LINC-NIRVANA is still in a
design phase, although a satisfactory preliminary optical design already exists. These examples show that the optics for
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the 8m class telescopes WFSs are feasible, through a combination of stars enlargers and fast pupil re-iniagers, based on
refractive and reflective solutions. Concerning ELTs, most ofthe concepts applied to current telescopes are scalable and
a simple solution has been presented here, based on the prime focus configuration, which looks very appealing and
effective. Probably the main issue going from an 8m to a lOOm design is the necessity to introduce an active control on
the stars enlargers, although other strategies are currently under study'6 to design a new type of star enlarger
intrinsically insensitive to mis-alignment errors.
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