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RESUME - En vue d'accroitre leur résolution. les futurs instruments optigues
d’observation de la Terre depurs I'espace necessitent de grandes optiques. De ce
tait. 1ls sont extrémement sensibles aux déformations de la structure du telescope
et des optiques elles-mémes.  Ausst, afin de maintemir le niveau de performance
demandé pendant la durée de vie de ['instrument. le contréle optique actif parait
une solution prometteuse. Ce contrdle passe par la mesure des aberrations du
systeme optique. Nous présentons les ditférents analvseurs existant et indiquons
leurs performances. Ceci est illustré & 'aide de résultats obtenus a I'ONERA
par simulations numériques et expérimentations en laboratoire. La svnthese des
caractéristiques specitiques de chague analyseur est etfectuée en fonction des
hesoins (nature des défauts & corriger, fréquence de correction par exemple) et
des contrauntes apportes par les svsiémes de contrdle actif (nature de la source,
encombrement).

ABSTRACT - To enhance their accuracy, the tuture optical instrumenes for Earth
observaton from Space need larger oprics. Consequenily, they become extremely
sensitive to the delormdtion of the relescope structure and of the oprical elements
themselves. To maintain the requared performance level durimg the hie of the -
strument, the oprcal active control seems 1o be a promising soluton. Tias control
requires the measurement of the optical system aberrations. We present differens
Wave Front Sensor (WFS) concepes und give their performance winch is itlusirated
by reswles obrammed ar ONERA from mmertcal stnudations and laboraiory exper:-
ments. The sensor main features are given according 1o requirements (aberration
cltaracteristics, correction frequencyy and constraints brought by active control svs-
rems (source. overall dimensions)

1 - INTRODUCTION

To increase the resolution of new Instruments for Eurth observauon from space larger optical systems
are required. These Instruments become more sensitive 1o the detormation of the telescope structure
and of the large primary murror. To maintain the required performance level along the iastrument
Itfe ume. an active control opuical system seems to be a promising solution It may also relax some
design and manufactunng constratts, such as optical quality and thermal control. and o this way
reduce the cost of the instnument.

The ann of this paper is to deserthe the WES that can be usetul for the control of these active aptics
systems Firstowe list the main reguired specitications of WES, From these requirements, we present
three potenttal wavefront sensors: the Shack-Hartmann WES which measures the local slopes of the
wavetront. the curvature sensor which vives 1ts Jocal curvature and the phase diversity WFS which
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estimates the wavefront from intensity distributions near the focus. The phase reconstruction process
15 discussed. The masn errors tn the phase determtnation are estimated.

2 - ACTIVE OPTICS CONCEPT

An active optics syStem 1s a servo-system able to correct in real time the instrument aberrations whijch
can appear during its life time.

The active optics loop consists 1n measuring the aberrations. in computing 1n real ime the correction
to be upplied und 1n compensating for the aberrations with the wavefront corrector devices.

The onigin of the aberrations are the deformation of the structure and of the primary mirror.

The structure deformation can be measured directly from position or tilt sensors or ndirectly from
wavefront sensors that measure the aberrated wuavetront. The main aberrations induced by the struc-
ture deformation are defocus and decentering astigmatism and coma. The wavefront measurement,
directly refated to image guality, provides an estimation of the actual performance of the system.

For Earth observation optical systems. the general specifications of the wavefront sensors are:

- to be used with terrestrial scenes which are extremely extended sources with limited brightness.

- to be highly stable along the instrument life time.

- to be designed tor low order aberrations measurement which are the main sources of image degra-
dation.

- to deliver high accuracy wavefront measurement (typically ﬁ% ims) because of the wavefront error
budget for such instruments.

3-HOW TO SENSE THE WAVEFRONT ?

It 1s not possible at optical wavelength to measure directly the phase of the electromagnetic field. The
detectors are only sensitive to intensity. Generally, indirect methods must be used in order to translate
inforrmation related to the phase into intensity signals to be processed.

3.1 - Pupil plane techniques

Current wavefront sensing techniques are derived from methods used in optical testing. There are two
classes ot methods based on either interterometrv or geometrical optics concepts. The tirst one uses
the principle of coherent light beam superimposition to torm interference fringes while the second
one uses the property that the hght rays are orthogonal to the wavetront.

In the optical shop. the interferometer 1s &4 well known instrument. like Fizeau interferometer: the op-
ticaf path differences between the distorted wavetront und a reference plane are determined. But these
sensors can only be used with coherent sources and require a reference arm. Their implementation in
an active optics loop 1s relativelv complex.

The second class of methods has also been well known since a long time for optical testing: e.g the
Foucault knife and the Hartmann test{Mal 92] Since their principle 15 based on geometrical optics,
all these sensors can be used with white ight extended sources. More recently. two wavetront sensors
became avarfable: the Shack-Hartmann WFS | which measures the wavefront local slope. and the
wavetront local curvature sensot.

3.2 - Focal plane techniques

The focual plune technigues are based on the estimation of the phase trom the intensity distribution
near the focal plane. For a monochromauc Light point source. 1t 1s the point spread tunction (PSF)
(PSF = TFiP{Fexp”7 1% P} 1s the aperture function and ~(77 15 the optical aberration
function. For an extended object. this intensaty distribution 1s equal to the convolution of the object
hy the PSE
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The estimation of the phase 1s an inverse problem. It1s called phase retrieval{Fie 82}. The Gershberg-
Saxton iterative algorithm 1s a basic technique to solve this problem{Ger 71] In general. there 1s no
unigue solution and mulitiple measurements must be used. Recent developments{Pax 92] were made
in order to use a number of intensity distribution measurements encoded by known aberrations like
defocus. It 18 called the phase diversiry.

4 - THE MAIN WAVEFRONT SENSORS IN ACTIVE OPTICS

We have focused our works on three wavefront sensers: the Shack-Hartmann WFS | the phase
diversity technique and the curvature sensor. Even 1f the curvature sensor can not vet be used with
extremelyv extended source. 1t has the advantage of being easily implemented

4.1 - The Shack-Hartmann wavefront senser
4.1.1 - Principle

The principle of the Shack-Hartmann WFS 15 1l}ustrated on Figure 1.

~
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Fig. I Principle of the Shack-Hartmann wavefront sensor

A lenslet array. conjugated with the pupil plane of the instrument. samples the incoming wavefront.
If the wavefront 1s plane. each lenslet forms an image of the source at its focus {crosses i Figure 1),
If the wavefront is disturbed. each lenslet forms an image in an out of axis focus (circles in Figure 1),
The measurement of the image shift for each lenslet directly gives the local wavefront slope. It s
performed by the computation of the center of gravity {(,. (,} of the image. For a hmited extent
source. 1t 1s related to the mean local wavefront slope by:

ar A N
(‘[‘ = YR // ::\"(IQ .
: 285, JJ &

subaperury

v

where X 1s the observation wavelength, 5., the subaperture surface and ¥ the focal length of the
lenslet.

This sengor 1s compact and with no moving parts. An accurate calibration of the W’s posiion of the
lenslet array requires a plane reference wavetront.

If the sensor 1s used with an extended source. the field stop size 1s chosen to avoid the overlap of
the lenslet images. In that case the local wavefront slope 1s computed by a correlation method using
a reference image. Figure 2 shows an image pattern of the Shack-Hartmann WFES used with an
extended source.

The Shack-Hartmann WFS has been developed and used in ONERA for many vears. In the case of
point sources, the main application 18 the measurement of the wavetront residual error in an adaptive
optics system 1n order to correct the turbulence degraded rmages. In the case of extended sources. we
made laboratory expertiments and validated the concept for active optics m space{Fon 921
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Fig. 2. Focal plune of the Shack-Hartmann WFS with an extended source

4.1.2 - Wavefront reconstruction

The wavetront 1s reconstrucied from the slope measurements. The wavefront vector ¢ 1s deduced
from the ymeasurement vector S ol elements istopes in two directions) by the general relation
& = {35 T3 called the reconstruction matnx

A number of technigues are avatlable to compute B, Two classes are well identified 1n the hterature:
the zonal methods and the modal methods|Sou 30]. In the zonul methods. the phase 15 determined
on u discrete set of pornts distributed over the telescope aperture. [n the modal methods. the phase 1s
expanded on a setof basie funcuons Z, called the modes. We can expressed € by

B =N W70 (5.2)
et

where the «, are the expansion coefficients. In either case. least-square estimation 1s used for the
phase reconstruction.

The incomng aberraton vector 40 s refated to the vecror S by &> = A 4 s called the interaction
matnx Then to least mean square solunon. B s equat to 1474 74" Because, 1n uctive optics
svstemis, we are just mteresied i low order aberrations. the modal reconstruction method 1y well
adupted The ditferent terms ot the manx .4 are expressed by,

where the 7 can be the Zermke polvnomals and 7 he subaperture diameter
4.1.3 - Wavefront errors

Thewecuracy ot the Shack-Harnmanm WES s mandy iimned by three oy pes ot errors: the noise onthe
swanvetrent siope easurement which induces an error on the aberrution estimation, the fitiing error
and the aliasing erron

The novse influence on the slepe determunation is expressed

tor e pant sauree and pare photon nonse by (Rou 93]
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where Ny 15 the number of photoelectrons per subaperture and expuosure tme. # the aneuiar wize o)
the source mage.

for an extended source by[Fon 92}

1
i
T
I
i
\
1
=
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#

where 118 the full width at half maximum of the mage autocorrelation. 7. the width of the image
used for the correlanon. 35 the uniform noise per pixel (rmsy and 7 the spatal varnance in the
reference image. Eq. (4.5) assumes a Shannon samphing of the images

The noise from the measurements 1s propagated in the reconstruction process. By assunmng that the
<lope errors are independent. uncorrelated and equal. the wavetront error —;, after reconstruction s’

H

o= v v f.?;",r*f = tracet BB e 131 6%

When @ modal reconstruction 15 used. and for a Zernike expansion. the noise 1s essentially propagated
on the low order aberranons following a tr: = 177 law where n1s the Zemike radial degree{Riz 92]
We can wnite 77 = Ain ~ 117707

The nttng error is the contribution ot the hieh order aberrations which are not measured by the sensor

In the cuse of a modal reconstruction and for a Zerntke expansion. the error <7 can be expressed 1n
rd” by:

Ty = \7:‘ a’ t+. 7
P L

In an active optics svstem this error 1s essentiallv due to the residual uberrations atter polishing of the
optical components themselves.

Because the measurements are done on a finite gnd (number ot subaperiures). shasmg ot high order
aberrations oceurs (sampling theorem). This aliasing depends on the spatial spectunt of the mea-
sured wavetront and on the number of subapertures. To measure the aberranons due to the structure
detormation. tvpically twenty subapertures seem te be enough To correct the primary murror detos-
mation. the subaperture number will be higher and ot the order of actuators number  Because the
slope sensors are much more sensitive to fow spatial frequencies the ahasing due te the samphing
rematns quite low

4.2 - The phase diversity wavefront sensor
4.2.1 - Principle

Phuse diversity WES s based on the simultaneous measurement of two guist monochiromatic images.
The rirstiniage 1s recorded in the tocal plane of the optical svstem. The second image 1s recorded m
an out of tocus plane. The distance between these two planes iy assumied to be known. The detocus
mtroduces a quadrate phase diversity, The goad i~ to idenuty the object and the phase aberrattons
that are consistent with both collected images. given the known phase diversas This techmgue works
well with extended obrects and even terrestrial scenes.

The phase diversity techmgue was tirst proposed by Gonsalves{Gon 821 1o improve the quabity of the
aherranon degraded mmages and then applied by several authors. paruculuarly to ground-based solar
nnagiy through atmospheric warbulence. b uddinon to the restoration ot an aberration-tree image.
the phase diversny allows to detenimine the optival svstem aberrations. It was successtully apphed to

the deternination of the Hubble Space Telescope aberrationsfRod 93, Fre 93]

Proc. of SPIE Vol. 10570 105701D-6



ICSO 1997

Toulouse, France

International Conference on Space Optics 2 -4 December 1997

Telescope

7
Ymage |

—— . beam splitter

: \\w

= —

Eg— == == ~ =

E et

A e 4
{d

image 2
detector array

Fig. 3: Principle of the phase diversity sensor
The method of phase diversity offers several advantages. The optical hardware only requires a simple

beamn sphtter and a second detector array as 1llustrated in Figure 3. Both recorded images /; and /,
can be expressed as functions of the wavefront - and of the source O by:

];\»:O*Sk (1\212) (48)

where S 1s the point spread function 1n the phase diverse plane k.

In the data reduction. the wavefront estimation from the measurements of the two images is performed
by minimizing the distance E between the measured intensity distribution /; and /5. and the estimated
values of () and S. The error is expressed as:

E¢=1I, = Qg* S,/ + I = O % Snl* (4.9)
The subscript ¢ denotes the current estimation in the iterative algorithm.
Object O aberrated wavefront 2,

field of
view

Focused image I, Defocused image 7,

Esumated object (),  residual wavefront o, — .

Fig. 4. Example of simulation with an extended source (galaxy M31)
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To characterize the performance of phase diversity WFS, we have implemented and studied this
method first by numerical simulations and second by laboratory experiments{Mey 97]. Figure 4
illustrates the simulation. The determination of the phase is very accurate: the residual method error
between estimated and actual phases i1s less than T?u"ﬁ rms.

4.2.2 - Wavefront errors

We have studied the influence of the photon noise in the images on the wavefront estimation accuracy
using both analytical analysis and numerical simulations(Mey 97]. Assuming that the image noise
statistics obey a Poisson law, we have shown that:

- the error is inversely proportional to the total flux level and to the pixel number in the images.

- The mean value of estimated Zermike expansion coefficients 1s not biased at high flux.

It is important to notice that the noise propagation on the Zernike polynomials 1s nearly constant. At
the opposite. the noise propagation of the Shack-Hartmann WFS depends on Zemike polynomial
number with a {n + 1)~2 law. In fact, the phase diversity WFS indirectly measures the phase, while
the other WFS meausure a phase derivative.

The phase diversity WFS behavior is based on diffraction regime. With non mono-chromatic light. a
chromatic error occurs, reported in Table 1.

I spectral bandwidth A\ (nm) [

|

1| (A = 440 nm) | 100 200 | 300
|

[ residual error o, {A rms) A | N
|| o : 350 f 300

Tab. 1: Wavefront residual error vs spectral bandwidth

For practical implementation. a spectral filter is introduced. Its bandwidth hmits the flux level and
measurement accuracy. With Table !, we can see that the spectral bandwidth 1s not critical in the
visible domain.

Currently. the phase diversity technique 1s limited to phase amplitudes smaller than 25 radians. In-
deed, the PSF depends on exp(>) which is defined modulo 2. In the active optics case. the aberra-
tions to be measured are quite small and this restriction is not a limitation.

We must also take into account the fitting and the aliasing errors. The fitting error 1s also given by
Eq. 4.7. We have studied the ahasing error by numerical simulations and have shown that it is quite
low, less than five per cent of the fitting error. Besides. we have studied the contribution of a given
non reconstructed mode to the aliasing error. We have shown that its contribution decreases when its
order increases{Mey 97}.

4.3 - The curvature sensor
4.3.1 - introduction

Used with point sources or limited extent sources, the curvature sensor 1s implemented in several
adaptive optics systems{Rod 88]. It can also be used to control on-board active optical instruments.
In this case, the point source 1s on the ground or in the instrument.

4.3.2 - Principle

This sensor was first proposed by Roddier[Rod 88]. Its principle 1s described in Figure 5. It consists
of recording two symmetrical out-of pupil plane images. If necessary. a field lens 1s used for symme-
try 1n order to reimage the pupil. A local wavetront curvature produces an excess of illumination in
one plane and a lack of illumination in the other plane (Figure 5).
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Fig. 5: Principle of the curvature wavefront sensor

In the geometrical optics approximation the difference between the two irradiance distributions may
be expressed as a measurement of the local wavefront curvature inside the beam and of the wavefront
radial first derivative at the edge of the beam. The measured signal is the normalized difference
between the illumination /,(7) and I5(7) respectively in plane P, (intra focus) and P, (extra focus)
and is given by:

o LA -L{~F) AF(F-L) (b (FF\ . o, (FF
SO = TR LA = oL (a‘n.(f,)"‘ Vie ‘f,") (4.108

Eq. {4.10) is deduced from the irradiance transport equation, valid for paraxial beam propagation.
Therefore the diffraction effect is assumed to be negligible on the measured intensities. This condition
implies that (F — L)® < 8% where D is the aperture size and © is the angular diameter of the PSF
for a point source or of the object for a limited extent source.

The wavefront reconstruction is done by solving the Poisson equation (4.10) with the appropriate
boundary conditions.

Notice that the normalization by ,{7) + />(—7) yields to a sensor relatively insensitive to the non-
uniformity of the intensity repartition in the pupil plane.

1f L is large, the difference between the two intensity distributions produced by an aberration will be
smaller (Eq. 4.10) but the sampling of the wavefront can be higher than for L small.

4.3.3 - Wavefront errors

We have simulated the performance of this WFS. As an example , the signal S (Eq.4.10), obtained
with a spherical aberration, is shown in Figure 6.

Fig. 6: curvature wavefront sensor: simulations. Signal and cross section of the signal

We have studied the influence of the sampling on the wavefront estimation. It was found empirically
an optimal sampling step. It is roughly ten times the extra-focal point spread function width.
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The photon noise influence on the phase measurement can be expressed by[Rou 93}:

@ 1 (8D\?
o= 4#ﬁ (T) (rdy? 4.1
e /

Nph 1s the number of photoelectrons per sampling point. o? is directly proportional to L®. This
equation is similar to Eq 4.4. This demonstrates the equivalence of the signal-to-noise ratio for slope

and curvature sensors. 03 is proportional to N;;‘l. When a modal reconstruction is used and for a

Zernike expansion ¢Z; follows a (n -+ 1)~ law.

The fitting error is the same as that given by the other WFS. The aliasing effect is important{Rou 93}.
It depends on the spectrum of the aberrations of the active optical system.

Notice that the signal (eq 4.10) is not linear with respect to the aberration amplitude. This introduces
a bias in the measurement.

4.3.4 - Implementation

We have proposed a curvature sensor design in order to control the wavefront on an Earth observa-
tion instrument. The measurement is done with an internal point source by auto collimation using
the sight-change mirror. The two images are recorded by the same detector for compactness. The
proposed design is reported in Figure 7.

§J . | incoming light
gl

=

g

=

o

§ beamsplitter

reference source
S &

prism for image separatijm

i signal

Fig. 7: curvature sensor impiementation project

5 - WAVEFRONT SENSOR COMPARISON

The main properties of the three WFS are summarized in Table 2. The advantages and the disadvan-
tages are given for using them in active optics systems. The Shack-Hartmann and the phase diversity
WFS can be used with extremely extended sources. Even if the phase diversity WFS is monochro-
matic, it 1s possible to use it with quite large spectral bandwidth without noticeable degradation. The
curvature WFS presents the advantage to be easily implemented with a point source. The three pre-
sented WFS are well adapted to measure low order aberrations such as those appearing with structure
deformation.
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SENSORS

PERFORMANCE

ADVANTAGES

|

DISADVANTAGES I.

i

| Shack-Hartmann

| - slope measurement
ii rore=ip)
i (T.’,.Ll—\-‘—-

Nphat
a
o a{n+ 1
- aliasing error quite low

=

geometnical  optics |

| -
(white  light extended

sources usable)

| - extended sources usable

- high order aberrations |

—
ICS

possible misalignment
and need of calibration

Curvature sensor

- <urvature measurements

T
H

'rd
i i ”v’” Nohar
- UE’(Y(H + 1)

| - ahasing error important

Phase diversity

: 1
=7 Ay —
N kot

| - o,
|| - ahasing error quite low

constant versus n

- easy implementation

- geometrical  optics
(white  light, hmited |
extent sources usable)

- easy implementation
- adapted to low order

| aberrations
- extended sources usable

Tab. 2: Comparison of the different WES

- use with very extended |
sources to be proven I
- non linear response

T

i
- diffraction = spectral ||

]
bandwidth filter I
- time cost computation ||

To opumally design wavefront sensor, Table 3 shows which parameters of the sensor have an influ-
ence on the accuracy of the wavetront determination. As we have seen before, this accuracy depends
on the noise from the measurements but also on the number of sampling points. The optimal number
of these points are deduced from the type and the amplitude of the aberrations to be measured and
also from the high order residual aberrations of the optical components.

—— SEnsor |
key |
yarameters |
WE ~ __L ¢ Shack-Hartmann
charac-

1ensics

Curvature sensor

Phase diversity

aberration types

aberranion amplitude

- subaperture number

- pixel number

- distance L (the higher L I
the higher aberration order)

- distance L tthe higher L the
higher aberration amplitude))

- pixel number

- must be less than 27
radians

accuracy

- flux level
- subaperture number

- Hux ievel
- distance L. (the smaller L

the better accuracy)

- flux level

- polvnomial number |

- spectral bandwidth

6 - CONCLUSION

Tab. 3: Wavetront sensors design

In this paper. the three main wavefront sensors which can be impiemented in an active optics system
have been presented. Their performance have been compared. The main characteristics of their
design are given, depending on the main Wavefront characteristcs to be measured. The experimental
vafidation of the performance 1s under way.
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